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AN ASSESSMENT OF THE LONG TERM SUITABILITY
OF PRESENT AND PROPOSED METHODS FOR THE
MANAGEMENT OF URANIUM MILL TAILINGS

A study prepared for the Atomic Energy Control Board by
Kilborn Limited and Beak Consultants Limited.

ABSTRACT

The uranium mine/milling industry in Canada is undergoing a major
expansion. This industry is a large producer of tailings, and the
safe containment of these tailings in the Jong term is an issue
of some concern.

The present uranium mine/mill operations or developments in Canada
are in Ontario, and in Northern Saskatchewan. The deposits vary
significantly in mineralogy and therefore the tailings also vary.
In Ontario, the Elliot Lake ores contain substantial amounts of
thorium and pyrite, with the latter introducing a potential for acid
production in the tailings. Also in Ontario, the Bancroft ores contain
thorium but pyrite is absent. The Saskatchewan ores are higher grade,
free from thorium, but contain a wide variety of accessory elements
and minerals which may include arsenic.

Proposals for safe long term containment of conventional tailings
include 1) storage under water, 2) storage in active, abandoned or
specially created underground mines and, 3) storage in open pits,
with subsequent flooding ox covering with overburden. On a site
specific basis the underwater proposal can meet most of the require-
ments of long term containment. However extensive study of existing
tailings deposits in deep water locations will be needed to substantiate
this approach. Underground mines cannot provide sufficient storage
capacity, since the tailings bulk during mill operation and occupy
about twice the volume of the original ore.

It is also possible to reduce the hazard by reducing the radium and
thorium content of the tailings. Proposals for such an undertaking
include ore beneficiation with rejection of the relatively innocuous
fraction, radium-thorium removal in the mill, and significant changes
in both ore processing and treatment of tailings.

It is concluded that surface stored tailings are vulnerable over
the long term to dispersion by leaching and water erosion, and that
access to a tailings site cannot be prevented. In contrast, only a
major climatic or seismic event could disturb tailings stored in suitable
underwater or underground mine sites. The criteria for determining
suitability of each method, however, will need to be identified, tested,
and accepted through the normal process of modeling, pilot plant
evaluation, monitoring and evaluation.

DISCLAIMER

The opinions expressed in this report are those of the authors and
do not necessarily reflect those of the Atomic Energy Control Board.
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RESUME

L'industrie de 1'extraction et de la•concentration de 1'uranium
traverse actuellement une période d'expansion majeure. Elle produit
une grande quantité de résidus dont le confinement â long terme est
un sujet de préoccupation.

Les activités et les progrès qui s'accomplissent dans le domaine I
de l'extraction et de la concentration de l'uranium au Canada sont •
concentres en Ontario et dans le nord de la Saskatchewan. La minéralogie
de l'uranium varie considérablement d'un gisement â l'autre, et
ainsi en va-t-il des propriétés des résidus. En Ontario, les
minerais d'Elliot Lake renferment des quantités appréciables de
thorium et de çyrite, cette dernière pouvant accroître 1'acidité _
des déchets. Également en Ontario, les minerais de Bancroft I
contiennent du thorium, mais pas de pyrite. Les minerais de la •
Saskatchewan ont une plus forte teneur en uranium, sont dépourvus
de thorium, mais renferment une large variété d'éléments et de •
minéraux secondaires qui peuvent contenir de l'arsenic. I

Parmi les solutions proposées pour le confinement sûr, â long terme,
des résidus classiques, figurent 1) le stockage sous l'eau, 2) le
stockage dans des. mines souterraines actives, abandonnées ou
spécialement créées ä cette fin, et 3) le stockage dans des mines
â ciel ouvert qui sont par la suite inondées ou remblayées de I
morts-terrains. Pour un emplacement donné, l'option du stockage sous- •
marin réunit la plupart des conditions nécessaires ä un confinement à
long terme, Cependant, pour approfondir cette approche, il faudra •
procéder à une étude détaillée des emplacements sous-marins qui sont déjà|
aménagés en dépôts de résidus. Les mines souterraines ne peuvent
fournir une capacité de stockage suffisante, étant donné que les résidus a
augmentent de taille pendant le traitement au point d'occuper environ I
deux fois le volume du minerai initial.

Il est également possible d'atténuer les risques en réduisant la teneur I
des résidus en radium et. en thorium. Pour ce faire, on a proposé •
notamment l'enrichissement du minerai avec rejet de la fraction
relativement inoffensive, la suppression du radium et du thorium dans •
l'usine de concentration et des changements importants dans la |
transformation du minerai et le traitement des résidus.

Les auteurs concluent qu'à long terme, les résidus stockés en surface •
sont sujets ä dispersion â cause du lessivage et de l'érosion par l'eau, *
et que l'on ne peut empêcher l'accès à un dépôt de résidus. En revanche,
seul un événement climatique ou sismique d'importance pourrait avoir des I
effets sur les résidus stockés dans des endroits sous-marins ou souterraiB
convenablement choisis. Il faudra néanmoins établir, éprouver et adopter
les critères qui nous permettront de déterminer l'utilité de chaque
méthode, suivant la voie habituelle: établissement de modèles,
évaluation en usine pilote, contrôle et évaluation.

I
I

Les opinions exprimées dans ce rapport sont celles des auteurs et
n'engagent pas la Commission de contrôle de l'énergie atomique. I
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1.0 INTRODUCTION

The concentration of uranium in ore is of the order of 2 to 3
pounds of uranium per ton. Since the mine/mill industry normally
processes the entire bulk of the as-mined ore, a prodigious
amount of waste tailings are produed. These tailings retain most
of the radionuclides present in the initial feed together with other
unwanted minerals as they are present in the original deposit.

The industry is now undergoing a major expansion with Canada as
the world's second leading producer. This growth is occurring at
both existing and new mining areas across the country. At Elliot
Lake, for example, the amount of tailings produced and stored in
the area will increase to an estimated one billion tons over the
next 30 to 40 years. By mid-1978, approximately 100 million tons
had accumulated at various mine sites.

Uranium mill tailings are classified as low level wastes* in contrast
to the wastes produced by nuclear power plants. Nevertheless,
they remain radioactive virtually in perpetuity, because the
parent materials, such as uranium and thorium, have extremely
long half-lives. These elements sustain the decay chain. Of
particular concern to health and safety is the production of the
daughter products radium and radon.

Large scale production of uranium ore is a relatively recent
development in the history of the mining industry. An initial
boom in the 1950fs was followed by a slump in the early 1960's,
and now by the current major expansion. The early producers
took a simple approach to tailings disposal. They discharged the
tails slurry into convenient places such as surface depressions.

*Canadian Transport Commission Regulations (for emissions at one
metre) Low: 1 R per hour; Medium: 25s R per hour; High: greater
than 2*s R per hour
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I
small lakes, impoundments formed by damming a stream, where it
slowly dewatered or even into flowing streams. When the oper- •
ation produced excess water, this was released untreated into the

local waterway. Often, little or no effort was made to stabilize
the partially dewatered tailings piles. These simple practices •
permitted disturbing incidents of pollution to occur in all of the ™
major producing countries. For example: A

At the Elliot Lake area in Canada, where precipitation exce-
eds evaporation and excess tailings water is discharged out |
of the system, the Serpent River system was found to con-
tain high levels of radium. I

In the western United States, dust was blown from aban-
doned tailings piles into urbanized areas. Also, tailings 1
were used for building aggregates and landfill. ,-.

Wind dispersion of tailings over populated areas also occur-

red in South Africa. |

In the Northern Terr i tory of Australia, a tailings retention S[

embankment b u r s t , spreading contaminants over a wide area.

These practices are no longer allowed by regulatory agencies. •

Rigid controls for tailings dam construction and effluent quality I

have been enforced in Canada since 1960. Other major producing

countries have also established new codes for tailings manage- |

ment. However, the Canadian regulations a re more extensive.

Most of the foreign operations do not produce excess tailings ]

water because of evaporation loss, whereas the Canadian uranium

mine-mill operations generate more waste water than can be recir - :

culated in the process . This surplus must be treated before -

release. Treatment includes pH adjustment to precipitate heavy

metals with barium chloride dosing to precipiate radium.
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Currently, operators in all the major producing companies are
developing methods of stabilizing ihe surface of tailings piles with
vegetation. The acidic conditions created by certain minerals in
the tailings, however, are a deterrent to sustained growth. The
presence of sulphates for example may be cause for future con-
cern. Since any subsequent acid production could leach heavy
metals and radium from the tailings.

The effectiveness of vegetative cover in suppressing radon emana-
tion from a tailings area has not yet been demonstrated. Thick-
ness of soil cover and use of synthetic cover materials for this
purpose are presently being investigated in the United States.

It may be reasonable to assume that *Jie application of existing or
proposed methods of tailings management will ensure safe contain-
ment of the radioactive hazard for the present. There remains,
however, the question of adequacy over the very long term, when
climatic and/or geologic changes could disturb existing stable
conditions.

The objective of this study, as established by the Atomic Energy
Control Board (AECB) was to:

"assess the current and proposed methods of uranium
tailings management, with respect to their suitability
in the long term".

The AECB considers that the criteria for a satisfactory long term
method of control would:

(1) Contain the tailings in a state sufficiently passive to
eliminate the need for continued supervision.
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(2) Restrict to an acceptably low rate, the transfer of
contaminants through the containment barrier to the |
environment.

1(3) Prevent unauthorized access to the containment area
while the tailings remain hazardous.

simple cost estimates of the various management
methods were examined, but subsequent evaluation of
the data showed this objective to be unattainable at
this time.

I
The evaluations obtained from applying the AECB criteria could 1
also possibly suggest how existing methods could be improved to
achieve the control objectives. m

While the foregoing investigation was the major issue, the study
would also direct to the following aspects of tailings management: I

effect on tailings management of removing radium and I
thorium in the mill; degree of removal necessary to
achieve acceptable passivity of tailings. 1

control of heavy metals and pyrite in tailings. In »
certain mining areas, this is a source of greater 1
concern than the radioactive hazard, but for the
relatively short term, rather than long term when f
compared to the radioactive half lives (approaching
100,000 years for thorium-230 for example). I

I
I
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2.0 CRITERIA FOR DEFINING THE URANIUM MILL
TAILINGS HAZARD

2.1 INTRODUCTION

Conventional uranium milling practices recover only ura. 'um from
the ore and reject the bulk of the associated radionuclides with
the tailings. Although the principal source of the tailings radio-
activity is the uranium U-235, the contribution from the thorium
(Th-232) decay series can be significant if thorium minerals are
present in the original ore, as in the Elliot Lake and Bancroft
areas.

The most critical of the decay products is radium because:

of its chemistry and therefore its behaviour in the chemical

process being used,

radium is significantly radiotoxic both in air and water,

dissolved radium is readily transported out of the tailings
area and can contaminate water sources and be widely dis-
persed,

it has a half life of 1,620 years and decays to a series of
relatively short lived daughters with a high potential for
damaging biological tissue.

Uranium mill tailings can also release non-radiological but never-
theless toxic wastes to the environment. If pyrite or other sul-
phides are present, their oxidation creates acidic conditions
conducive to the dissolution of heavy metals and the remobilization
of radionuclides. The result is dispersion of heavy metals and
radionuclides with contamination of aquatic and terrestial environ-
ments.

This presentation on the potential hazards of uranium mill tailings
continues with a review of the following aspects:
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The number of disintegrations occurring per unit time is a
exp
0

I
I

1. Principles of radioactivity
2. Properties of the U-238 decay series g
3. Maximum permissible concentrations of radionuclides
4. Components of the tailings hazard I
5. Major exposure pathways
6. Non-radiologic concerns •

2.2 PRINCIPLES OF RADIOACTIVITY ~

Some isotopes of naturally occurring elements are unstable and
spontaneously emit particles and electromagnetic radiation to £
achieve a more stable nuclear arrangement. This disintegration
or radioactive decay process results in a daughter nuclide which, I
if also unstable, will itself decay. The series of decay reactions
terminates once a "table daughter nuclide is formed.

measure of the activity and is expressed in curies, where one I
curie (Ci) is equal to 3.7 x 10 disintegrations per second.
Tailings activity is measured in picocuries (pCi), where 1 Ci I
= 1012 pCi.

Each radionuclide has a unique decay rate. The time required
for a 50% loss of the original amount through decay constitutes a 1
half-life which is characteristic of that radionuclide. •

Particles and electromagnetic radiations emitted during radioactive 1
decay, and their energy levels, are also characteristic of the
radionuclide. They are often sufficient to ionize atoms with which |
they come in contact. lonization of cellular molecules is thought
to be the means by which biological damage is induced. 1

Nuclear radiations associated with the uranium decay series are as j
follows:
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Alpha particles &) are positively charged helium nuclei which
penetrate matter to a very limited degree. They travel only a
few centimetres in air, and are effectively stopped by the epider-
mal layer of the skin. The transfer of energy to the surround-
ings is very localized and highly concentrated.

Beta particles ((?) are small, high speed electrons with somewhat
greater penetration potential than the alpha particles. They
travel several metres in air or several centimetres in tissue.
Their energy transfer rate is less intense and is extended over a
larger area than alpha particles.

Gamma radiation (#) is electromagnetic radiation with a broad
energy spectrum and very high penetration. The energy transfer
rate is very low along the lengthy incident path.

Radiation exposure is expressed in the following units:

Roentgen (R), a measure of the ionization produced in air

rad, a measure of the absorbed dose, defined as that quan-
tity of radiation which will cause one kilogram of material to
absorb 0.01 joules of energy. It is used to describe the
differential absorptions of ionizing radiations by different
materials.

rem, a dose of ionizing radiation tliat has the same biological
affects as 200-250 Kilovolt x-ray whose energy is absorbed
by the body or any tissue or organ thereof in an amount of
0.01 joule per kilogram.

Working Level (WL), a exposure unit applicable to atmos-
pheric Rn-222 in an occupational environment. It is defined
as any combination of radon and short-lived radon daughters
in one litre of air that will result in the ultimate release of
1.3 x 10 Mev of alpha energy. One WL is equivalent to
100 pCi/L radon in equilibrium with its daughters.
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Working Level Month (WLM), exposure to 1 WL over a
working period of one month, assuming a 40 hour week (170
hours per month).

2.3 PROPERTIES OF THE URANIUM DECAY SERIES

2.3.1 Radioactive Properties '

Natural uranium is a mixture of three isotopes, U-238, U-235, and I

U-234, which occur in the relative atojnic weight proportions of
approximately 99.28%, 0.72%, and less than 0.01%. Each uranium I
isotope is unstable and decays through a series of unstable
daughter products to achieve stable nuclear configurations as I
non-radioactive isotopes of lead.

Illustrations of the uranium decay series, with their radionuclide £
half-lives and major nuclear radiations, may be found in Figures
2-1 and 2-2. The decay series of natural thorium (Th-232), fre- I
quently found associated with uranium in nature, is depicted in
Figure 2-3 (half-lives shown in years, radiation in MeV). tt

Undisturbed uranium ores may contain a complete radioactive
decay series in equilibrium, with daughter radionuclides present I
in concentrations proportionally equal to the ratios of their half- _
lives. For example, the exceedingly small proportion of U-234 p
found in natural ore is explained by the fact that the half-life of
U-238 is 104 times greater. I

Radioactive equilibrium is disturbed by any process which causes 4
the removal of members of the series. Subsequent daughter
products gradually disappear through radioactive decay. When
the missing chain member is replaced by ingrowth from its parent
radioit'iclude, the radioactive daughters will reappear and equili- ^
brium will be re-established. j |

I

r



1167 83*

0.09 0.045

Figure 2-1
Uranium - 238 Radioactive Decay Chain

0.055

0.007

Stable

Most restrictive
MPCa+MPC*

Less restrictive

Least restrictive

Principle Decay Scheme

Key. - • • — denotes CX disintegration

*V denotes (b disintegration

<W\A».denotes If radiations

a.z&.'fl energies expressed in MeV.

Half-lives given



1167 833

0.022
0.085
0.059

Figure 2 -2
Uranium - 235 Radioactive Decay Chain

0.829

0.87

0095
0.294
0323

0.043-0.638

Principle Decay Scheme

by inhalation Key: ~m— denotes ex. disintegration

by ingestion

Most restrictive
MPCa + MPCw

Less restrictive

Least restrictive

denotes fo disintegration

denotes if radiations

OC./bTf energies expressed in MeV.

Half-lives given



1167 832

Figure 2 - 3
Thorium -232 Radioactive Decay Chain

0.055

0.300
0.250
0.238
0.176
0.115

- by inhalation

-byingestion

Most restrictive
MPCa+MPCw

Less restrictive

Least restrictive

0.083
0087

Principle Decay Scheme

Key: -^—denotesOt disintegration

^ V denotes (b disintegration

v w / v denotes 7/ radiations

ot./biJ energ. JS expressed in MeV.

Half-lives given



2-8

Where there is no replacement of a radionuclide by the decay of a
radioactive parent, that radionuclide will gradually diminish
through decay. Again, the half-life determines the concentration
through time of the radionuclide. For example, Th-230 of the
U-238 series with a half-life of 81,000 years will be reduced to
less than 1% of its original amount after 500,000 years if the
parent U-238 is not present.

2.3.2 Biological Properties

Since elemental uranium, thorium, radium and radon have dif-
ferent chemical properties, they can be expected to behave dif-
ferently in biological systems. The concentration of these ele-
ments in tailings varies according to the particular characteristics
of the ore and milling practice, so that the impact on the bio-
logical systems, is to some extent, "site specific". The biological
effects of the radionuclides are as follows:

Uranium metabolism depends on solubility of the compound and
uranium valence. Soluble compounds after inhalation are more
readily absorbed than insoluble compounds. The biological half-

I life* for inhaled uranyl or particulate UO2
+ radical or both, is

estimated to be 120 to 380 days. Hexavalent uranium concentrates
predominately in bone and kidneys, the tetravalent species in
bone and liver. Absor
uranyl compounds only.

I

• bone and liver. Absorption through the skin is significant for

I
Thorium metabolism studies indicate significant absorption from

I inhalation, with very poor absorption from the gastrointestinal
tract. Biological half-life is estimated to be 200 years.

*The time taken by the body for excreting one-half of the radio-
nuclide uptake is known as the biological half-life.
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Radium absorption from the gastrointestinal tract into blood and
soft tissue is significant with eventual deposition in bone marrow.

Radon, because it is a gas, has great environmental mobility, and
contributes to the dispersion of its long-lived alpha emitting

nuclides and maximum permissible concentrations of these nuclides

i
I

As with uranium, the environmental solubility of radium com- •
pounds increases with factors such as temperature, extremes ot
pH, redox potential and carbon dioxide. •

I
daughters, Pb-210 and Po-210. Although radon itself is an alpha m

emitter, its inhalation hazard is considered significant primarily in 0
enclosed spaces, where there is potential for the build-up of
short-lived, high energy emitting, daughter products. •

2.4 MAXIMUM PERMISSIBLE CONCENTRATIONS |
(MPC) OF RADIONUCLIDES *

2.4.1 General ' I

The radiological hazard of each radionuclide is a function of {
biological availabilities, exposure pathways, degree of uptake,
biotransference, accumulation and excretion. - •

The International Commission on Radiological Protection, ICRP, S
recommends values of maximum permissible body burden of radio-

8in air, water and food.

2.4.2 MPC for Air and Water |

Specific values of MPC for the various radionuclides and the parts I

of the body most critically affected are presented in Table 2-1.

I
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Maximum Permissible
and Water

RADIONUCLIDE

U-238 Series

U-238
Th-234
U-234
Th-230
Ra-226
Rn-222
Pb-210
Bi-210
Po-210
Th-232 Series

Th-232
Ra-228
Ac-228
Th-228
Ra-224
Rn-220
Pb-212
Bi-212
U-235 Series

U-235
Th-231
Pa-231
Ac-227
Th-227
Ra-223

Table 2-1
Radionuclide Concentrations in Air

(MPC) and Critical Organ for Occupational Exposure

MPC
(pCi/m3)

3
1,000

4
0.08

1
1,000

4
200

7

1
1

600
0.2

20
10,000
60,000
3,000

4
40,000

0.04
0.08

6
8

AIR

CRITICAL
ORGAN

S = Soluble
I = Insoluble

Kidney (S)
Lung (I)
Lung (I)
Bone (S)
Bone (S)
Lung
Kidney (S)
Lung (I) Kidney
Lung (I)

Bone (S)
Lung (I)
Lung (I)
Lung (I)
Lung (I)
Lung
Kidney (S)
Kidney (S)

Lung (I)
GI (S,I)
Bone (S)
Bone (S)
Lung (I)
Lung (I)

WATER

MPC
(pCi/L)

600
20,000
™,ooo2,000

10

100
(S) 40,000

700

2,000
30

40,000
7,000
2,000

20,000
400,000

4,000
200,000

900
2,000

20,000
700

Reference: International Commission on Radiation Protection ( I .C.R.P

CRITICAL
ORGAN

S = Soluble
I = Insoluble

Kidney (S)
GI* (S,I )
GI (S,I)
Bone (S)
Bone (S)

Kidney (S)
GI (S,I )
Spleen (S)

Bone (S)
Bone (S)
GI (S,I )
Bone (S)
Bone (S)

Kidney (S)
GI (S,I)

Kidney (S)
GI (S , I )
Bone (S)
Bone (S)
GI (S)
Bone (S)

• )
Report of Committee II on Permissible Dose for Internal Radiation Publication No. 2

*Gastro-Intestinal Tract
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Their relative hazards are also expressed in Figures 2-1 to 2-3
by the following scheme of colour coding:

1

1

most restrictive, 1
MPC less than 10 pCi/unit volume (RED) ™

less restrictive, I
MPC from 10 to 1,000 pCi/unit volume (YELLOW) •

least restrictive, 1
MPC above 1,000 pCi/unit volume (BLUE) "

•From Table 2-1, it will be noted that the most severe restrictions,
both in air and water, apply to Ra-226 from the U-238 decay
series and Ra^228 from the Th-232 series. J

2.4.3 Summary of Standarization Status I
for MPC's for Tailings and Other Solids

Standards developed from the MPC's established for air and
drinking water have not been developed for solid materials. Only •
in the case of building materials has there been widespread I
interest in establishing a guideline. This is the result of radium
levels in gypsum, which may be derived from uranium bearing I
phosphate rock.

The uranium industry needs a set of guidelines to assist in eval-
uating alternative decontamination schemes (presented in a later f
section), and to determine permissible access to storage sites or
use of low level wastes such as decontaminated tailings, low grade j
ore and waste rock. I

The guidelines should consider that the radionuclides may be }
either stable or unstatJe. The stable form is less hazardous,
since the radionuclijes are locked in refractory mineral particles I
or large pieces of ore and rock. A realistic standard would
therefore permit the presence of the stable form over and above •
the unstable form.
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The criteria which determine the present handling of uranium ore
and tailings in Canada are as follows:

The AECB is responsible for issuing licenses to producers.
Under The Atomic Energy Control Regulations, no license is

( required in respect of; (1) ore containing uranium or thorium
in percentages less than 0.05 percent by weight; (2) a

I substance containing radioactive isotopes of elements of
' atomic number less than 90, if the quantity of such isotopes

I per kilograiii of substance does not exceed the scheduled

quantity. (Items 6(2)(a) and 6(2)(b) respectively in Part II
2

of the Regulations).

Gypsum product building materials have been found to contain in
J some instances of the order of 25 pCi of Ra-226 per gram. In

the United States a limit of 20 pCi of Ra-226 per gram has been
• considered for soil and building materials. This value formulated

from the Surgeon General, indicates that 0.05 milliroentgen per
M hour of radiation from tailings used as a building material was not

hazardous.

1 A study commissioned in the early 1970's by the National Radio-

I
logical Protection Board in Great Britain similarly concluded that:

I "sources of the raw material giving rise to
concentrations of radium in the firioJied

I product significantly in excess of 25 pico-
™ curies per gram should be avoided so that
I the average over the whole country shall

not exceed 25 picocuries per gram."



2-13 I

I
This study also pointed out that building materials containing
25 pCi of Ra-226 per gram resulted in: |

beta dose rates which are two orders of magnitude below the 1
ICRP recommendation,

gamma dose rates of about 0.03 rad per year, or only 6% of
the ICRP limit of 0.5 rem per year. »

radon gas exposures calculated to be about 0.04 Working
Level Months per year, or about one-tenth the permissible |
annual exposure for members of the general public.

I
It has been reported that a total of 20 pCi of Ra-226 and related
radionuclides per gram is permitted in the USSR.

It can be concluded from the foregoing review that the presence
of 25 pCi of radium in labile form per gram in solid materials does
not pose a hazard. The total permissible content in uranium mill
tailings, and rejected low grade ore and rock, could be higher if f
non-labile radium is also present. It is suggested that the emana-
tion power of the tailings or reject be used to determine the I
appropriate level.

2.5 POTENTIAL RADIOLOGICAL HAZARDS OF TAILINGS

Potential radiological hazards of tailings include, dissolution of '
radium, emanation of radon gas, dispersion of radioactive parti- .
culates, and external irradiation. •
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2.5.1 Radium Contamination of Water

Although Ra-226 is sparingly soluble in the presence of sul-
phates, i.e. 0.001 ppm or 1000 pCi/L, it is highly radiotoxic.
The ICRP maximum permissible concentration in water is 10 pCi
/L. Radium is known to accumulate in calciferous (bone)
tissues. Since radium is mobile in the hydrosphere and meta-
bolically active, significant sources of entry into the biosphere
must be controlled.

2.5.2 Radon Emissions

A fraction of the Rn-222 gas produced on decay of Ra-226 in the
tailings is released from the mineral matrices into the surrounding
interstices. This availability is frequently described as "radon
emanating power". The gas is subject to transport and diffusion
processes and migrates through the air or water in the interstices
to the tailings air interface. The rate of migration is influenced
by the porosity of the tailings and the interstitial medium. The
diffusion is significantly slower in water, e.g. coefficients of

-1 2 -5 2 5
10 cm /sec and 10 cm /sec in air and water respectively.
Tailings at Canadian operations, some of which have higher mois-
ture contents, may have Rn-222 migration rates which are sub-
stantially lower than typical "dry" United States tailings.

The Rn-222 flux at the tailings-air interface expressed in pCi/m2

/sec is termed "radon emission". The rate at which the Rn-222
leaves the interface is the actual "radon emission" or "exhalation
rate". It is a function of the Rn-222 diffusion co-efficient which
takes into account the Ra-226 concentration, emanating power,
porosity, bulk density as well as temperature, pressure and
atmospheric stability.

The contribution of Rn-222 to the surface emission of the tailings
pile is very difficult to calculate, since the diffusion in the non-
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homogeneous tailings is poorly understood and the available data
is inadequate.

The atmospheric concentration of Rn-222 depends on the rate of
emission, rate of atmospheric dispersion and a time factor deter-

dry tailings site with a 1500 pCi/g activity* and 10 mph average
wind, has yielded the following results: (See Section 4.2.1)

i
I

1
mining Rn-222 progeny in-growth. Assuming a long-term dis- _

-7 3 I
persion factor of 10 sec/m , it has been determined that the w
average concentration at a distance of 1-2 km from the source
would be indistinguishable from the background. The theory is I

7supported by limited monitoring data in the Elliot Lake area.

The atmospheric radon gas contributes significantly to the

environmental distribution of the daughters Pb-210 and Po-210. •

2.5.3 Particulates .

Particulates can be re-suspended from dry, uncovered tailings

piles and subsequently dispersed into the atmosphere. Particles I
less than 80 p (approximately 200 mesh) are most subject to
dispersal in air streams while larger particles move principally by I
surface creep. Pulmonary deposition is negligible for particles
larger than 10 ji. In Canadian operations the fraction of tailings •
particles finer than 80 u is nominally about 50%. ™

Dust suspension and transport have not been studied extensively |
in Canada. Nevertheless, the potential for this mode of radio-
nuclide transport can be estimated, using data on tailings particle 1
size distribution, particle suspension, and models of atmospheric
transport. This approach, when applied for example to a 100 acre I

1
•Comparative values are 270 pCi/g at Bancroft and 1050 pCi/g at f
Rabbit Lake.

1
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I
I Dust concentration - 18 pg/m3 at 100 m from tailings site boundary

(ground level) 2 ug/m3 at 1,000 m from tailings site boundary

Activity - 2.8 x 10 pCi/m3 at 100 m from tailings site
a boundary

This estimate of activity shows insignificant fractions of MPC
§ would occur for all radionuclides except the thorium isotopes.

The estimate is consistent with the average of measurements

( obtained over a long term in the United States southwest, i.e.

I
2.8 x 10"2 pCi/m3 for 10 mph wind, and 0.4 to 7.0 x lO^pCi/m"
for 8.8 mph wind.8

I Based on the foregoing examples and the wet conditions which

prevail, dust dispersion is not usually considered to be a signi-
ficant factor in Canada.

2.5.4 External Radiation

I
Tailings emit alpha, beta and gamma radiation. The alpha
particles are slow moving, lose their energy in a short time and
are not very penetrating. Beta particles vary widely in their
energy, their paths are erratic, and they are easily deflected.
Gamma radiation, however, is very penetrating. The radium
decay series produces gamma rays with a broad spectrum of
energies and emission rates, particularly the short life radon
daughters Pb-214 and Bi-214. Since the fraction of radon free to
diffuse in tailings is typically 20%, the major source of the radia-
tion is within the tailings.

Exposure to radiation can cause cell and genetic damage, with the
consequences normally appearing after a delay of years or de-
cades. The ICRP recommended in 1965 that an atomic radiation
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worker should not receive more than 5 rem per year whole body
dose and an individual in the general public only 1/10 that

The environmental pathways for human exposure to uranium
tailings emissions are as follows:

1. Diffusion, atmospheric transport, and inhalation of radon and

radon daughters.

2. Resuspension, atmospheric transport, and inhalation of
radioactive particulates.

1
I

amount. In the opinion of the United States Surgeon General, .
continuous exposure to gamma radiation at 0.5 mrem per hour fl
(4.38 rem per year) was not considered a significantly hazardous

9 I
occupational exposure. I

2.6 MAJOR EXPOSURE PATHWAYS

The potential routes of radionuclide transference among environ- "
mental compartments are outlined in Figure 2-4. Usually one or _
more pathways and radionuclideS are identified as being most |
significant in exposure to man and therefore considered "critical".

In the U.S. with dry tailing management practice, atmospheric
dispersion of radon and radon daughters constitute the most I
significant exposure pathway in the short term, accounting for
greater than 90% of the dose to individuals adjacent to taiiings }
piles. Direct gamma radiation accounts for about 10% of the "
individual dose. Whereas the radon diffusion pathway is con- .
sidered to offer the greatest potential for human exposure in the f
short term, the relative importance of long term (10 years)
exposure hazards cannot always be judged without detailed cal- I
culation of the incremental and total doses.

I
I



Expoawe Pathway Model (SoHat,197t)
Figure 2.4
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I
3. External whole-body gamma radiation. ^

4. Deposition and uptake of radioactive isotopes by vegetation
and food crops, with subsequent ingestion. m

5. Uptake and transfer of radioactive isotopes into meat and
dairy produce, with subsequent ingestion. m

6. Release into ground or surface water, with ingestion of
drinking water. ft

7. Uptake by aquatic species, with subsequent ingestion.

8. Release into irrigation water and uptake by food crops, I
followed by ingestion.

9. Release into water and external irradiation. I

2.7 NON-RADIOLOGICAL CONCERNS 1

Seepage from tailings can impair the quality of the receiving ~
water by introducing heavy metals, sulphates and other dissolved %
or suspended solids. Impairment is great where pyrite or other
sulphides are chemically or bacterially oxidized to generate acids I
or acidic solution which, in turn, dissolve the metals and othor
toxic materials. I

Effluent regulations issued by the Federal Government and guide-
lines issued by the Province of Ontario are presented in Table J
2-2.

| |
The Provincial guidelines were developed *o protect drinking "
water sources. The criterion that 50% of the rainbow trout speci- «
mens survive the 96 hour flow through test for acute lethality 1)
was developed under the Federal Fisheries Act to complement the
provincial guideline and to maintain desirable water quality manage- j '
ment objectives. This criterion is intended to account for the
varying toxicities of heavy metals, according to such factors as I
pH, hardness, and organic carbon content in the receiving water.
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TABLE 2-2

EFFLUENT REGULATIONS AND GUIDELINES

Guidelines
Prov. of Ont.
May 1, 1978

Regulations
Federal Government

April 1, 1977
Monthly

Arithmetic
Mean Composite

Suspended solids mg/1 15 at any time

Total Dissolved Solids 500

Sulphates 250

25 37.5

Metals (excluding Ca,
Mg, K and Na) mg/1

Cu
Pb
Zn
Ni
Fe
As

1.0
0.05
5.0
0.3
0.3
0.01

0.3
0.2
0.5
0.5

-
0.5

0.45
0.3
0.75
0.75

-
0.75

pH

Ra-226 pCi/L

6.0 - 8.5

3.0

6.0 min 5.5 min

10.0 20.0
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3.0 REVIEW OF CANADIAN URANIUM MINING, MILLING
AND TAILINGS MANAGEMENT PRACTICES

3.1 GENERAL DESCRIPTION OF TAILINGS SURFACE
MANAGEMENT PRACTICES

All but an insignificant portion of uranium mill tailings produced
in Canadian operations are impounded on the surface. Impending
uranium projects appear to have adopted the surface storage
practice also, except for the processing of a single particularly
rich deposit located in Northern Saskatchewan. Conventional
tailings management practice consists essentially of neutralizing
the tailings in the mill (not required where carbonate leaching is
employed), pumping the slurry to the impoundment site, and
treating any overflow before release. A typical tailings storage
system is illustrated in Figure 3-1. The operational and post-
operational configuration are shown. The various components of
the operating system are as follows:

1. Slurry pumping and pipeline system for transporting tailings
and perhaps other process wastes to the impoundment site;

2. Dam or dyke earthfill construction to retain the solid phase
of the tailings slurry;

3. A spigotting, cycloning or open end discharge pipe system
for distribution of the tailings slurry in the containment
area;

4. A system for moving excess liquid from the primary basin to
the secondary basin for treatment, e.g. decant pipe struc-
ture, spillway, pumps, etc; and.
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5. A secondary and often tertiary effluent treatment and
storage pond to facilitate adequate settling of the barium-
radium sulphate sludge and suspended solids prior to
effluent release to the environment.

Descriptions of these facilities follow.

3.1.1 Slurry Pumping and Pipeline Facility

The slurry is usually pumped at a solids density of about 25% to
45% by weight and at a velocity of 1 to 2 m/sec from the mill to
the impoundment site, which may be 2 or 3 km away. The pipe-
line may be polyethylene or steel, with pressure and slurry
volume determining wall thickness and diameter. Wood stave
pipes have been used in a few cases and are still in service. In
areas where a line separation or break may result in a loss of
tailings out of the waste management system, an external pipe
encapsulation system equipped with pressure sensor equipment,
may be installed.

3.1.2 Design of Tailings Impoundment Earthworks

The primary storage basin is often located in a valley or depres-
sion to minimize the perimeter of the containment barrier and,
thereby the volume of construction material required. A dis-
advantage of a valley site is that the substructure may consist of
compressible alluvium or permeable granular soil.

Good engineering practice often involves geotechnical consider-
ations related to seepage and stability. Construction may include
seepage cut-off keyways, grout curtains, and multiple embank-
ment zones, with appropriate stable dam side slopes. Dependant
upon the specific location, it may also be necessary to isolate the
tailings system from that of the watershed by means of diversion
dykes and ditches.
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I
Most existing tailings retention dams have been built up in stages _
as required, with the extension occurring either on the upstream |
slope, or downstream slope and occasionally on both slopes.

Construction materials may be used in various weys, i.e. alter-
nate zones of earth and rock, or a homogeneous embankment of I
earth. Examples of upstream and downstream designr are illus-
trated in Figure 3-2. |

Upstream construction was favoured in the past. In this method, _
a "starter" dam is constructed from free draining soils, and a |
shell is gradually built up with other materials such as locally
available till but most often coarse tailings. The latter material is •
obtained by hydrocycloning or dredging up coarse tailings from
the "beach" area of the impoundment. •

IUpstream construction offers the advantage of cost savings, but
has many disadvantages. Such a structure is substantially less
stable than a conventional earthfill dam built with internal filter _
drains and an impervious upstream clay zone or clay core. Also, |
a dam constructed with tailings is particularly sensitive to seismic
effects. Another major disadvantage is that leaching of radio- I
nuclides could occur relatively rapidly over the long term unless
extensive drainage and reclamation work is carried out on final 8
abandonment, e.g. covering the surfaces with impervious over-
burden. I
Downstream construction is often the choice when ample supplies _
of natural pervious materials are at hand, but impervious |
materials are scarce. In the absence of the latter, synthetic
membrane (eg. plastic or asphalt) may be used on the upstream I
face to reduce seepage. The membrane is extended with each
raising of the dam. The use of a synthetic iiner or impervious |
material such as clay helps reduce seepage to acceptable levels.
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system. The tailings discharge point is usually kept remote from
the system's decant structure, pump barge or spillway.

I
I

I

Seepage through unlined dams constructed largely of tailings can _
-3 B

be in the order of 1 x 10 to 1 x 102 cm/sec in the way of |
permeability.

I
AECB guide 23d indicates the advantages of using the more
expensive impervious earth-fill structure for tailings storage, fi
similar to the design of water reservoir dams. A typical cross-
section of this design is shown in Figure 3-1. In this design,
there is provision for seepage cut-off in the form of an imper-
vious clay zone and key trench. The design also incorporates _
adequate internal drainage which ensures long term downstream |
slope stability. Well-compacted, random size overburden or, clean
waste mine rock, may be used in the construction. In the case I
of the rock, it must be demonstrated that its radiological and
heavy metal leachability and acid generation characteristics, will I
not have an adverse effect on the downstream environment.

1
AECB guidelines as well as regulations issued by the National •
Regulatory Commission in the United States currently disallow the
use of tailings on the downstream face of the embankment. |

3.1.3 Tailings Distribution Systems I

Tailings are discharged into the impoundment site by open-end 1
pipe, spigotting or from a hydrocycione located in the storage

I
The open-end system is favoured when the slimes content of the |
slurry is high, thus requiring greater time, i.e. area, for set-
tling. The optimum residence time for contained process water is I
usually gained by locating the slurry discharge and decant points
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as far apart as possible. A major advantage to this form of
operation relates to its simplicity and reliability during winter
months.

Spigotting is a method usually employed for upstream dam
building, in which the tailings are discharged from various points
in a pipeline laid along the upstream edge of the crest of the
dam.

Hydrocycloning from the dam crest produces a coarse underflow
fraction which is suitable for upstream or downstream dam con-
struction material. This coarse fraction is directed to the dam
for that purpose while the overflow is discharged to a location
remote from the dam site.

3.1.4 Water Storage, Collection and Treatment

The neutralized slurry, which may contain excess lime, is dis-
charged from the mill to the primary tailings storage basin at a
pH of about 8. The supernatant liquid overflows through a
decant structure or spillway to treatment facilities located adjacent
to a settling pond. Sufficient barium chloride is added to the
effluent in the treatment facility to decrease the dissolved radium
content to a concentration below 10 pCi/L. In the case of in-
active tailings sites in which contained pyrite has produced an
acidic seepage, lime may also be added. The treated effluent is
retained in the settling pond for at least 48 hours before release
to the watershed. In present practice, the barium-radium sul-
phate sludge remains in the pond, but it is generally agreed that
safer methods of containment and eventual disposal are required.
Accordingly, a study was recently commissioned by CANMET on
the future management of this waste.
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I
3.2 REVIEW OF PRACTICES IN CANADIAN INDUSTRY ~

The Canadian uranium mining industry has been established at
three widely separated mining areas, located at: M

1) Elliot Lake, Ontario I

- Denison Mines _
- Rio Algom %
- Agnew Lake Mines

2) Bancroft, Ontario

- Madawaska Mines •

3) Northern Saskatchewan 0

I- Eldorado Nuclear, Beaverlodge
- Gulf Minerals, Wollaston Lake

Differences in the geochemical properties and mobilization factors W
unique to each ore body, have resulted in a uranium minerology
completely different for each mining area in Canada. At Elliot •
Lake, the ores typically contain about 6% pyrite and about
0.4 kg/tonne of thorium (Th-232), the latter partly in the refrac- I
tory mineral monazite. Sulphides are virtually absent in the
Bancroft area while natural thorium is present, but in an easily
leached mineral.

The thorium content of northern Saskatchewan ores is very low, |
and the accessory minerals differ significantly from deposit to
deposit. Also, high levels of carbonate in some of the ores favour I
use of basic rather than acid leaching media for extraction of
uranium. f

I
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I

I
1

As a consequence of the different types of mineralization, the
milling practices and tailings characteristics differ in the various
mining areas. Descriptions of these operations follow.

3.2.1 Elliot Lake Mining Area

.01 General

Uranium mineralization was first discovered in the area in 1953.
Within three years, about 450 million tonnes of ore grading about

§ 1 kg U per tonne had been defined and contracts were arranged
for the supply of $1 billion worth of uranium. To meet this

I demand, 11 mills were constructed and commissioned in 1957 and
1958 (Pronto was commissioned in 1955).

I
Up to the time of writing, the E'liot Lake mills have produced

( about 100,000 tonnes U from less than 100 million tonnes of ore
by conventional milling practice. Virtually: all of the tailings
produced from the ore now reside on 10 sites within the Elliot

I Lake Area.

I
.02 Mineralogy

The productive capacity of the area mines is now being expanded.
By 1980, the mills will discharge about 18,000 tonnes of tailings
per day, and by 1985, between 25,000 and 30,000 tonnes. Cur-
rently, the mining operations are Denison Mines Ltd., Rio Algom
Ltd. and Kerr-Addison's Agnew Lake mine.

The uranium in the Elliot Lake deposit occurs in conglomerate
beds consisting of quartzite pebbles in a pyrite uraniferous
matrix. The predominant uranium mineral is brannerite in the
Denison and Rio Algom mines, and uranothorite at Agnew Lake.
The analysis of a typical Elliot Lake ore is shown in Table 3 .1 .
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TABLE 3.1

ANALYSIS OF TYPICAL ELLIOT LAKE URANIUM ORE

Element

1
I

I
U 1.0 kg/tonne
Th-232 0.4 kg/tonne I
Ra-226 335 pCi/g I
Si 39% '
Al 3.6%
Fe 3.1% I
S 3.1% »

The variability of the Elliot Lake ores from the composition shown f
in Table 3.1 is minor. The principal change encountered is in
the U:Th ratio, which ranges from 2:1 in the north to 1:3 at I
Agnew Lake in the south. The pattern of change reflects the
declining incidence of brannerite and uraninite and increasing I
presence of uranothorite, from north to south.

.03 Mining Methods «

Elliot Lake ores are sedimentary in origin and occur as relatively |
flat, tabular deposits up to 10 m thick. The deposits are mined
by room and pillar stoping methods, except at Agnew Lake, where I
shrinkage stoping is practiced in conjunction with insitu leaching.
Ore removed from underground at Agnew Lake, in order to facili- fl
tate rock expansion, is leached on the surface.

.04 Milling Methods •

With the exception of Agnew Lake, the ores available to the f
several active and inactive mills in the area are similar, resulting
in similar milling circuits. Denison processes about 6,500 tonnes I
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of ore per day, Rio Algom about 4,000. A typical circuit is
shown in Figure 3.3. Also shown is the distribution of uranium,
thorium, and radium at selected points in the circuit.

The predominant uranium mineral in the typical mill feed is bran-
nerite. Because it is not readily solubilized, an extended leach
time at high temperature and high concentrations of sulphuric
acid is required to dissolve the uranium.

During separation of the leached ore slurry, the solids are neu-
tralized with lime while the pregnant liquid is processed through
ion exchangers to recover uranium. The uranium is stripped
from the ion exchange resin and precipitated from the stripping
solution. Part of the barren solution resulting from ion exchange
is recycled in the process while the remainder is neutralized with
the solids. The neutralized tailings slurry is pumped to a tail-
ings impoundment area.

As shown in Figure 3-3, very little Ra-226 remains dissolved
since the leach process converts it to a sulphate, which has a
very low solubility. At the same time, a substantial amount of
the thorium enters the solution but is precipitated during tailings
neutralization. This latter behavior suggests that it may be
possible to isolate thorium in the mill.

An exception to the typical Elliot Lake mill circuit is the practice
at the Agnew Lake property of Kerr-Addison Mines. Whereas the
principal source of uranium in the bulk of the Elliot Lake opera-
tions is brannerite, it is virtually absent here, being replaced by
the much more leachable uranothorite. The conditions are there-
fore favourable for the practice of insitu and heap leaching.
After blasting, from 60% to 70% of the ore is left in place and the
uranium dissolved by bacterially-oxidized leaching solutions. The
remainder of the broken ore (swell) is hoisted to the surface,
crushed, heaped on impervious pads which are fitted with drain
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pipes, and leached with the same lixivianl. Pregnant liquor from
both sources is collected and combined. Uranium is extracted by
ion exchange and the barren solution is returned to the ore.
Thus, the Agnew Lake operations do not produce conventional
tailings. The leached ore in the stope and the spent ore on the
surface heaps are left in place upon completion of the process.

.05 Tailings Characteristics

(a) General

Simple chemical analysis would suggest little difference in the
composition of tailings and ore, except for calcium, sulphur
and uranium. Studies on the mineralogical and physical
characteristics of Elliot Lake tailings, however, have shown
that the changes which occur in many of the components,
particularly radionuclides, are profound.

It is probable that these findings are not "site specific", but
apply also to tailings from other acid leach operations in
Canada. In general, the tailings can be expected to contain
about 335 pCi/g of Ra-226 for each 0.1%U in the ore.

An analysis of acid tailings characteristics follows.

(b) Uranium

The Elliot Lake tailings contain about 0.04 kg U/tonne
which, at equilibrium, provide an activity of 328 pCi/g
Ra-226 . Uranium minerals are largely absent from the

2
tailings and CANMET data indicates that much of the
uranium present is associated with monazite, rutile and
zircon. These minerals are extremely refractory and quite
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I
inert under the leaching conditions employed by the Elliot K
Lake mills. *

Another source of uranium in the tailings is the hyc>olysis £
products formed on neutralization of a small amount c ? leach
solution. However, it amounts to less than 1% of the I
uranium in the ore. The product, whose identity has not
been reported, can be expected to exist in the finer size •
fractions of the tailings. Initially it will not contain any ™
daughters but is of concern because of its high mobility and m
toxicity. I

(c) Thorium J

The EJliot Lake uranium ores contain about 0.4 kg/tonne of M
thorium (Th-232) in both refractory and leachable minerals.
Most important of the refractory group is monazite, which ft
contains about 3% Th-232, while zircon and perhaps rutile •
are present in insignificant amounts. The leachable group a
consists of brannerite, uranothorite and uranothorianite. •
The extraction of Th-232 from these minerals must approach
that of the associated uranium. The dissolved thorium, £
including the Th-230 isotope produced by decay oi natural
uranium, is precipitated during neutralization as the I
hydroxide, although in some instances the oxycarbonate may
also form. The precipitate stays in the tailings. Both •
isotopes are also present in the tailings as refractory ™
minerals and leachable mineral particles embedded in inert m
material. This latter form of leachable thorium amounts to I
about 30% of the total thorium content in tailings,

a
Information on the distribution of thorium in tailings ac-
cording to particle size has not been published. In the case H
of the inert product, it must remain relatively unchanged
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from the disposition in the ore feed and also correspond to
that for inert uranium. Subjective analysis would suggest
that the content is relatively uniform across the various
screen sizes, except for slightly higher concentrations in the
finer sizes.

Of far greater interest is the distribution of the precipitate,
since the Th-230 constituent of this product provides about
95% of the total thorium activity in the tailings. Because of
the mode of formation, the precipitate is very fine and
should therefore report in the finer fractions of the tailings.
Such disposition is indicated by the very limited data avail-
able. Screen analysis results from these sources have
indicated that the thorium content of tailings in a particular
location is strongly dependent on the degree of particle

3 4segregation. '

The lack of firm rfata on thorium distribution in tailings
needs to b? rectified.

(d) Radium

About 95% of the radium in the ore feed reacts with various
components of the leach slurry to form sparingly soluble
radium compounds. The remainder passes through the mill
in unaltered forms.

Wo? k on identifying the form of radium in Elliot Lake tailings
2

is incomplete and data is sparse. Some of this data sug-
gests that about 50% of the Ra-226 in the -150 to +200 mesh
size fraction of weathered tailings was associated with
jarosite, i.e. KFe3(OH)6(SO4)2. Another source indicates
that the gypsum in a radioisotope flotation concentrate con-
tained 7,000 pCi/g. Other evidence, however, suggests that
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only about 10% of the radium was contained in gypsum, ss a

calcium-radium sulphate.

example, after comminution of a typical 6% pyrite ore, the

I
I
I

There is ample evidence to indicate that the radium-bearing f

material is very fine. It was found that 87% of the radium
was contained in the -325 mesh fraction of weathered I

6tailings. This fraction represented 53% of the total mass of
the tailings. Another investigation showed that in current I
Elliot Lake tailings, the -200 mesh fraction was three times
richer in radium than the +200 mesh fraction . Based on the i
latter results, the milling operation increases the amount of i
radium in the -200 mesh fraction of the ore from 55% to 80%. .

Results of studies in other uranium mining areas are in
agreement with the Elliot Lake work. For example, it was I
reported that the tailings from the Vitro acid mill in Utah
could be separated by sedimentation into slimes containing I
almost 2,000 pCi/g and a coarse fraction with 50 pCi/g
radium activity. Similar conclusions were reported from i
another source . The high specific area of the finer tailings I
particles must explain in part the high concentration of
radium in this fraction. The latter source of information |
also offered evidence that the radium is associated with
alkaline earth coatings on the tailings particles, e.g. I
gypsum.

(e) Pyrite "

Pyrite in the ore tends to be fineground during feed pre- •
paration because of high relative density and friability and _
is therefore concentrated in the finer fractions of ore. For fll

I
I1
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-200 and +200 fractions might contain 9% and 3% pyrite res-
I pectively. The significance of the foregoing is that the

finer particles in the tailings are more readily oxidized to
I produce acidic solutions.

jj (f) Reaction Products

From 30 to 40 kg of sulphuric acid are required per tonne of
I ore leached in the mill. All of the acid is neutralized by

components of the ore and by lime, or in the case of one
I acid leach operation, limestone. The sulphate from the acid

eventually reports in the tailings as gypsum and minor
| amounts of jarosite and basic sulphates. The tailings also
™ contain small amounts of ferric hydroxide or other basic iron
g compounds, hydrolysis products of aluminium, the lanthan-
1 ides (including yttrium) and other compounds, the latter

probably of low significance. These reaction products are
I believed to have little impact on the environment.

1 (g) Other Constituents

_ The bulk of the gangue constituents in the ore passes
| through the mill unchanged. Thus, the content, chemical

form and particle size of silica, silicates,pyrite and many
I other tailings constituents will be very similar to that of the

crushed and ground ore.

.06 Tailings Management

• (a) Denison Practice

I The lay-out of the Denison system is shown in Figure 3-4.
The tailings are pumped about 3 km from the plant to an

1 impoundment area formed by Long Lake and the surrounding
height of land. This topography is supplemented in places
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by dams to increase the storage capacity of the basin, with
the main dam located at the west end of the Long Lake
basin. The coarse tailings solids tend to settle out at the
east end of the lake near the point of discharge, and the
slimes fraction along with the liquid effluent moves to the
west end of the lake where it ponds and is decanted, treated
with barium chloride and discharged to a second natural
basin, Stollery Lake. This lake is divided by a dyke to
produce a containment with 20 days detention. During this
period, the Ra-226 forms a precipitate and settles to the
bottom. The radioactivity of the liquid effluent is thereby
reduced from 150-550 pCi/L to 1-5 pCi/L dissolved. The
precipitate remains as a sludge in the upstream portion of
the lake and the final effluent discharges over a weir and
through a culvert to enter the Serpent River system.

(b) Rio Algom Practice

The Rio Algom system is outlined in Figure 3.5. The im-
poundment area is located about 2 km west of the plant. It
is formed by the Bud Lake drainage basin supplemented by
small dams at the eastern and western extremities. The main
dam and decant tower are located on the north side. Super-
natant water is decanted through a channel cut in the rock
abutment on the south side of the main dam. The effluent
flows through a series of two large retention ponds formed
by three dams. About 80% of the barium chloride is added
near the entrance of the first pond, the remainder at the
flume which carries the outflow to the second pond. The
effluent under normal flow conditions has a residence time in
the ponds of about 30 and 58 hours respectively. The
treatment reduces the dissolved Ra-226 level from
560-1060 pCi/L to 1-10 pCi/L before discharge to the Serpent
River system.
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I

I
(c) Agnew Lake Practice

The in-situ and heap leaching practice at Agnew Lake does
I not generate conventional tailings. The mill does produce a

relatively small amount of waste solids, estimated at less than
1 14 tonnes per day, from treatment of excess barren solution

in the mill. These solids consisting of ferric hydroxide,
gypsum, thorium hydroxide and radium sulphate, are pumped
as a slurry to a 29 hectare settling pond. The waste water
is retained for approximately 45 days before decanting into a

I small secondary settling pond and subsequent release to the
natural watercourse. The smaller pond if required, could be

I used for additional effluent treatment.

I
The Agnew Lake effluent treatment system is shown in

Figure 3.6.

| 3.2.2 Bancroft Mining Area

.01 General

Four mines were established in the area between 1956 and 1958.
Operations were terminated in the early 1960's, after more than
4 million kg of U had been produced from slightly more than
5.5 million tonnes of ore. The terminations were the result of a
depressed market.

However, the recent escalation in uranium prices has revived the
local industry. The Madawaska Mines Ltd. operation was recently
re-opened and is currently milling 1500 tons per day. The area
is also being extensively explored and there is a strong possibi-
lity that new mines will soon be producing (i .e. Rare Earth
Resources Ltd.)-



<
LEACH PONDy^

1
1
I

/£}

TAILINGS

DAM

V PRECIPITATE* /
\ SETTLING POND /

N

S * WATER
D A M - ^ / COURSE

• ^ POTENTIAL SECONDARY

URANIUM TAILINGS MANAGEMENT SYSTEM
ELLIOT LAKE,ONTARK): AGNEW LAKE
FIGURE 3.6

I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I



3-23

.02 Mineralogy

The principal uranium and thorium minerals in the Bancroft
deposits are uraninite and uranothorite. These are easily
leached, compared to the brannerite and particularly the thorium-
bearing monazite which are found at Elliot Lake. The dissolution
of thorium from Bancroft ore then is essentially the same as that
of uranium.

Another major difference at Bancroft is the virtual absence of
pyrite and other sulphides. The potential for autogenous gener-
ation of acid by the ore is much lower than for the Agnew Lake
in-situ and heap leaching operation. This is confirmed by the
substantial voluntary growth of vegetation on the inactive tailings
impoundment site.

The chemical composition of a typical Bancroft area ore is given

in Table 3-2.

.03 Mining Methods

The deposits occur in pegmatitic granite dykes. They are the
only known deposits of the general pegmatitic class in Canada
that contain uranium in economic amounts. Mining methods em-
ployed are shrinkage stoping, cut and fill and longhole stoping.

.04 Milling Methods

Since the content of refractory minerals containing ore grade
uranium is low, the ores are readily leached at low acid levels
(pH 1.8) and ambient temperature.

Solids are separated from the leached slurry by filtration or
thickening, and washed free of uranium. Uranium is recovered



TABLE

CHEMICAL COMPOSITION OF

Element

U
Th
Ra-226
Fe
S
Ca
Zr

3.2

BANCROFT URANIUM ORE

Analysis

1 kg/tonne
0.8 kg/tonne
335 pCi/g
3.2%
0.03%
0.4%
0.2%
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1

I
1

•
I

from the pregnant solution by ion exchange. The barren liquor •
and the wast* solids are neutralized with lime and the slurry _
pumped to u tailings impoundment area. I

The ion exchange resin is eluted with acidic sodium chloride I
solution and the uranium then precipitated with MgO.

An interesting variant of the standard Bancroft ore milling pro-
cess was practiced by Bicroft Uranium Mines Ltd. They bene- m
fidated plus 3 inch size ore by radiometric sorting. The practice •
eliminated about 11% of the as-mined ore in 'a fraction grading _
approximately 0.01% U from feed containing 0.1% U, at a recovery •
rate of about 99%. The equipment designed by Kelly and Hutter
was also installed at Beaverlodge in Northern Saskatchewan. I

.05 Tailings Characteristics II

As far as is known, a systematic study on the characteristics of ,_
Bancroft tailings has not been published. However, there are ; |
many similarities between the Bancroft mill process and the Elliot
Lake practices. It is probable that the physical and chemical > I
characteristics of the radionuclides of concern in the tailings from
the two mining areas are similar. ^
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.06 Tailings Management

Neutralized mill tailings and mine water are pumped to a tailings
retention site immediately east of the mill. The lay-out of the
system is shown in Figure 3-7. The area of confinement is
formed by blocking the eastern and western ends of a valley
respectively by till and waste rock/till dams. Tailings water is
decanted from the south-west side and flows by gravity into the
mill. About 50% is recycled to the process. The remainder is
treated with barium chloride and discharged to a concrete settling
pond located south of the mill. The pond has a nominal 3-day
retention time thus providing a period for barium-radium sulphate
precipitation and settlement. Liquid effluent overflows the pond
into a large pit excavated in the gravel overburden, enters the
groundwater system and returns to Bow Lake, the original source
of the water. Some untreated tailings water however, seeps
through the east dam into the underlying deep alluvium and into
nearby Bentley Lake. The seepage is controlled but not entirely
cut off by a grout curtain constructed of bentonite, other clays
and cement, which extends deep into the alluvium.

The Madawaska Mines tailings management system \s producing
interesting results with regard to radium control. The diluted
Ra-226 content of groundwater upstream from the grout curtain
has been as high as 40 pCi/L, but reduces to a low of 1 pCi/L on
the downstream side. The diminution could be attributed to
materials in the grout curtain.

Zeolitic gravels in the gravel pit area, situated downstream of the
concrete settling basin, are reportedly removing Ra-226 from the
effluent.
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3.2.3 Northern Saskatchewan Mining District

.01 General

The Saskatchewan uranium mining industry was originally confined
to an area around the north shore of Lake Athabaska. Pitch-
blende was discovered there in 1935 and by 1958 three mills
having an aggregate capacity of 4000 tonnes per day were in
production. Loredo terminated operations in 1960, Gunnar in
1963, with Beaverlodge remaining active to this day. Total pro-
duction from the three mills to date is about 24.5 million kilograms
U from approximately 13.6 million tonnes of ore. Gunnar tailings
were deposited in small lakes; tailings from the other operations
are stored on the surface.

Commencing in 1968, important new discoveries have been made
over a wide area of Northern Saskatchewan. The local industry
is now experiencing a major expansion. The Gulf Minerals mine
at Rabbit Lake came into production in 1975 while the Amok mine
at Cluff Lake is under construction. Also under study are pro-
jects at Key Lake and McMahon Lakes.

The measured, indicated and inferred reserves of uranium in the
province now stand at 107,000 tonnes of U, with indications that
an additional 77,000 tonnes of U will be proven in the near
future. The corresponding Ontario reserve is approximately
155,000 tonnes as U.

.02 Mineralogy

The uranium mineralization of Northern Saskatchewan ores is
almost all in the form of pitchblende. Because these ores are
hydrogenic in origin ( i .e . deposited from solution), the thorium
content is much lower than that encountered in the Elliot Lake
mining camp. However, the ores differ significantly in the acces-
sory minerals present. The mineralogy of the deposits is shown
in Table 3.3.



TABLE 3.3

MINERALOGY OF NORTHERN SASKATCHEWAN URANIUM DEPOSITS

DEPOSIT

Uranium
Minerals

Ore Grade

% u

Important
Accessory
Minerals

Other
Minerals

Beaverlodge

Pitchblende

0.2%

Calcite 5-8%
Pyrite 0.3%

Quartz
Chlorite

Gunnar

Pitchblende
Uranophane (minor)

0.2%

Pyrite

Quartz
Chlorite

Chalcopyrite
Galena

Rabbit Lake

Pitchblende
Uranophane

0.4%

Pyrite
Calcite

Quartz
Chlorite

Chalcopyrite
Galena

Cluff Lake

Pitchblende
Coffinite

8% (D Ore body)

Pyrite
Ni-Co Arsenides

Graphite

Quartz
Molybdenite

Key Lake

Pitchblende
Coffinite

2%

Gersdorffite)
Millerite) about 2
Bravoite)

Pyrite
Graphite

Quartz
Carbonates
Chlorite
Sericite

% Ni

3-28
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As can be seen from the mineral analyses, the content of uranium
and predominant, accessory minerals differ widely over the area.
For example, the Beaverlodge ore has a high calcite content.
This ore would consume inordinate amounts of acid if the conven-
tional acid leaching process was used. The cost of reagents at a
remote location was a consideration in selecting a carbonate
leaching system in this project. The ore composition is much
different for the more recently discovered deposits. These ores
are generally characterized by high uranium content, low calcite
content and, in some cases, the presence of commercially
recoverable accessory minerals.
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I
. 03 Description of Operations

1
(1) Beaverlodge

The Beaverlodge mill (see flowsheet Figure 3-9) has a
nominal capacity of 1625 tonnes per day but for the last ft
several years has operated at the rate of 900 tonnes per
day.

The ore is ground to 75% minus 200 mesh. Pyrite in the _
feed is removed by flotation since it would consume the |
carbonate reagent used in leaching. The pyrite flotation
concentrate contains some uranium, which is recovered as a I
crude precipitate by leaching in acid, filtering and precipi-
tating with MgO. The precipitate is added to the carbonate I
leach feed while the pyrite tailings are rejected with the
main tailings. a

The preoared feed consisting of pyrite-free ore and the
crude precipitate is leached in a hot mixed solution of bicar- }
bonate, carbonate and sulphate of sodium. The leached pulp
is cooled and the liquid/solid separation made in two stages I
of filtration. Uranium is precipitated from the pregnant
solution as sodium diuranate by the addition of caustic soda. I

The tailings are classified in a Doraclone plant, into a fine
and coarse fraction, the latter nominally being plus
200 mesh. The fine fraction is impounded on the surface,
while the coarse fraction, which constitutes up to 50% of the
total tailings mass, is used as mine backfill. The slurry of
fine tailings is discharged to the impoundment area and the
effluent is treated in a series of four lakes before release to
Beaverlodge Lake. The tailings are first deposited in the
largest lake, where primary sedimentation occurs. Additional
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settling is achieved in the second lake. The outflow from
this lake is treated with barium chloride. Mine water, which
has been treated with barium chloride at the mine site, also
flows into the third lake, so that the lake serves both as a
mixing and settling pond. Most of the settling of the barium-
radium sludge, however, is achieved in the final pond,
which leads into Beaverlodge Lake.

The tailings management system is outlined in Figure 3-8.

(b) Gulf Minerals Rabbit Lake

Since the calcite content of the ore is low, it is amenable to
acid leaching. The nominal capacity of the mill, which
started up in 1975, is 1275 tonnts per day but at present
1800 tonnes per day is being processed. The mine operation
is open pit.

The ore responds to leaching at a fairly coarse grind, i .e.
100% minus 28 mesh, 50% minus 200 mesh, which is obtained
by semi-autogenous grinding. The ore is laached in sul-
phuric acid at pH 1.8 and temperature of about 40°C in the
presence of a chemical oxidant. The leaching solubilizes 96%
of the uranium in less than 8 hours. Pregnant solution is
separated from the barren solids in a series of thickeners.
Uranium is recovered from the pregnant solution by solvent
extraction. The final product is ammonium diuranate. The
tailings are neutralized with lime and pumped to an impound-
ment area.

The design of the tailings system allows substantial amounts
of the tailings water to be recycled to the mill process
stream, with any surplus being treated before discharge to
Hidden Bay. The system, shown in Figure 3-10, consists of
three sections: 1) a large basin for settling of the solids
and 2) and two ponds for co-precipitate formation and settling.
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(c) Cluff Lake

The very high grade 'D' deposit at Cluff Lake was located in
June, 1971 by Amok, the French consortium, after they dis-
covered that the Carswell Dome area of Saskatchewan con-
tained radioactive anomalies. In the next few years they
defined the 'D' and other ore bodies in the immediate area
and initiated environmental and engineering studies.

The Saskatchewan government in February, 1977 established
the Cluff Lake Board of Inquiry to review the Amok develop-
ment proposals. The Board filed their report in May, 1978.
As a result. Amok was permitted to proceed with Phase I of
the project, provided they agreed to incorporate additional
worker safety reiated and other measures in their plans.
Amok is presently commencing development work.

In Phase I, material from the 'D' orebody will be processed
into a high grade feed (about 30% U) which will be leached
in sulphuric acid with an oxidant. The leaching residue, a
low grade ore (about 0.3% U), will be stockpiled for later
treatment. The leached solids in Phase I, being extremely
radioactive, will be filtered from the pregnant solution and
stored in concrete vaults. The leach solution will then be
purified by addition of lime, filtered and treated with MgO to
precipitate magnesium diuranate. The projected annual
production is 1700 tonnes U.

Amok have published few details of the Phase II operation.
However, assuming no change in uranium output it may be
possible to anticipate some of the details. Since the feed
will be low grade ore, prrbably obtained from new mines as
well as the stockpile, it will assay between approximately 0.3
and 0.5% U. The ore processing rate will then be between
355,000 and 500,000 tonnes per year. Conventional proces-
sing will almost certainly be employed, i.e. sulphuric acid
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leach, filtration, solvent extraction or ion exchange recovery
of uranium, and neutralization of tailings. Current plans for j
low specific activity tailings (1500 to 2500 pCi/g Ra-226)
containment involve surface management in a conventional j
tailings pond system.

(d) Key Lake *

The Key Lake deposits were discovered in 1968 by Inexco Oil •
Co., who were joined by Uranerz Exploration and Mining
Ltd. in 1969. The deposits contain at least 2 million tons of |
ore grading in excess of 2% U as pitchblende. The ores also
contain about 2% nickel as sulphides and arsenides, and I
graphite. Very little data has been issued on the process.
However, it has been revealed that recovery of the nickel 1
and possibly graphite is warranted.

Published reports indicate a start-up as early as 1984, "
assuming technical problems and regulatory requirements are
resolved. Site impact assessments and safety reports out- P
lining plans for tailings management are expected to be
published in early 1980. I

I
I
I
1
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4.0 SUITABILITY OF CURRENT TAILINGS MANAGEMENT

I

B

I
I

I
I

I

I

PRACTICES FOR THE LONG TERM

4.1 CURRENT OPERATION EXPERIENCES

The preceeding Section presented specific Canadian uranium
mining, milling and tailings management practices employed at

| Elliot Lake (Ontario), Bancroft (Ontario), Beaverlodge and
Wollaston Lake (Northern Saskatchewan). In this section, the

• short term suitability of current tailings management practices are
reviewed in a generic sense, followed by an assessment of the

§ long term suitability of such practices. In this latter context,

three pathways for potential contaminant release are assessed,

I namely; airborne, surface water and subsurface transport from

non-stabilized tailings areas.

4.1.1 Treatment Process

As was previously outlined in greater detail in Section 3.0, the
current surface management systems involve the neutralization of

I acid tailings, impoundment of solids in the tailings area. Bad,
treatment of the decanted effluent to co-precipitate Ba(Ra)S04 in
the secondary pond, and finally release of the treated liquid
effluent to the receiving watercourse.

4.1.2 Contaminants Impounded

I The contaminants impounded in the tailings pond as a result of
neutralization, chemical precipitation and settling include the

t radionuclides of the uranium and thorium decay series, in the
relative proportions in which they were present in the original
ore. They also include toxic and deleterious heavy metals (for
example: Ni, Cu, Zn, As, Pb, Fe), and, at Elliot Lake, pyrites.

I
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TABLE 4.1

RANGE

Source

OF RADIOACTIVITY LEVELS

Ra-226
pCi/L

AT SELECTED

Thorium*
pCi/L

URANIUM MINE/MILLS

Uranium
mg/1

Pb-210
pCi/L

Mine Water (F) 2-4 7-170

Surface Runoff (F) 2-4 15

Seepage (F)

Mill Waste to
Neutralization (F)

Neutralized
Tailings (F)

2-4 1-12

5-17,000

7,000

3-10,000

0.1

1-8

2-3,000 70,000-360,000 1-4,300

6-9 200-800

Discharge to
Receiving Water (F) 6-9 2-8

(UF) 6-9 50-200

20-40

10-40
10-100

0.15

3-7

2-8
3-10

NOTES: (F) = Sample Filtered on 0.45 or 3.0 micron filter;

(UF) = UnfUtered

* = Thorium-230 and Thorium-232

SOURCE:

"Mine and Mill Wastewater Treatment" Economic and Technical Review Report
EPS3-WP-75-5, Environment Canada.

I
I
I
I
I
I
I
I
I
I
1
f
1
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Typical radioactivity levels, at various mill process stages shown
on Table 4.1, indicate the necessity for treatment with Bad- to
reduce the dissolved Ra-226 in the effluent to regulation levels
(Federal 10 pCi/L dissolved*; Ontario 3 pCi/1** and Saskatchewan
objective of 10 pCi/1 total Ra-226*).

Remedial construction and treatment systems have been required
at current tailings management facilities at Elliot Lake and Ban-
croft which have demonstrated contaminant levels in excess of
regulatory requirements. The contaminants have been released to
the environment by air, surface water and groundwater seepage
routes.

Figure 4.1 illustrates a typical tailings impoundment area and the
escape routes, considered in this report.

The impoundment facilities discussed hereafter are described ,as
first and second generation to differentiate the technological,
regulatory and philosophical aspects of their design, which are
considered a part of current management practices to be assessed
for suitability in the long term. Figures 4.2, 4.3, 4.4, and 4.5
illustrate current management practices.

4.1.3 First Generation of Uranium Mine Tailings Facilities

The first generation of Canadian uranium mine/mill operations and
associated tailings impoundment facilities were constructed in the
1950's and 1960's at Elliot Lake, Beaverlodge, and Bancroft. The
original objective of tailings impoundment was to permit chemical
precipitation with subsequent settling of solids to reduce the

* mill effluent after filtering with 3 micron filter
** receiving water quality
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I
amount of Total Suspended Solids (TSS) in the effluent dis-
charge. As described in Section 3.0, the employment of natural I
lakes and watercourses as an integral part of the impoundment
facility minimized the number and size of containment embankments |
(dams, dykes) required. "

Embankments were constructed by upstream or downstream con- I
struction techniques (as described in Section 3.0) sometimes using
the coarser fraction of the tailings. |

Although ^n effort was made to use relatively impervious local I
borrow materials, stringent measures such as liners, were not a
regulatory requirement for the first generation facilities. |

Seepage through the relatively pervious embankments during the .
operations of these mills did not manifest itself in any identified I
problems.

During the 1960's, however, the uranium industry entered an
economic slump, which caused cessation of operations of the less I
profitable mines. These first generation impoundment facilities
were left exposed to the elements. The inadequacies of past I
measures to contain the tailings are presented in Section 4.2. •

4.1.4 Second Generation of Uranium Mine Tailings Facilities |

The second generation of impoundment facilities will be con- I
structed during the 1980's at Cluff Lake, Key Lake, Birch Island
etc. They will ensure the integrity of the impoundment facility 1

after abandonment.

I
I
I
f
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TYPICAL TAIUNGS IMPOUNDMENT AREA

PLAN VIEW

TAILINGS DAM

ELEVATION VIEW A - A

ASSUMED VALUES FOR
SIMULATIONS

A = Watershed area
= 130 acres
= .203 sq. miles

L = Hydraulic length
= .46 miles

W = Average width
= A/L
= .44 miles

H = D i f f e ren t i a l Height
= 5 f t .

(^Discharge Structure
(see Figure 4.7)

S.W.R •- SURFACE WATER RUNOFF

G.W.S. — GROUND WATER SEEPAGE

FIGJRE 4 1
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CURRENT TAILINGS MANAGEMENT PRACTICES

OF FIRST GENERATION URANIUM MINES

DURING OPERATIONS

1.

2.

3.

4.

5.

6.

7.

8.

6 w s

Neutralization of Mill effluent by the addition of Mme/limestone

Neutralized Tailings - Radionuclides, Heavy Metals, Silicates Precipitated

Decant Tower/Gravity Discharge Pipe for Clarified effiuent

Tailings Dam - Constructed from the coarser fraction of tailings

{permeability 10"3 -10" 5 cm/s)

Barium Chloride Treatment to precipitate Ba(Ra)SO^

Ba(Ra)S0. precipitated (Ra-226 regulated concentration, 10 pCi/L

dissolved)

Secondary Dam - earth/rock (permeability 10" -10" cm/s) - overflow

spillway

Receiving water - high concentrations of SO., N0 3 > NH., TDS, TSS

GWS - Grotmdwater seepage through and under Tailings Dam

\

1
I
I
I
I
I
I
I
I
I
I
I

FIGURE 4 2
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CURRENT TAILINGS MANAGEMENT PRACTICES
OF FIRST GENERATION URANIUM MINES

AT DECOMMISSIONING- EXPOSED - NO STABILIZATION

ACIDIC GW.S

POST-OPERATIONAL TAILINGS
STORAGE AREA

POST-OPERATIONAL TREATMENT
POND

S.W.R. - SURFACE WATER RUNOFF

G.W.S. - GROUND WATER SEERAGE

2.

3.

4 .

5.

6.

7.

Acidic Tailings (Elliot Lake) - result of biochemical oxidation of
pyrites, which generates acidic ground
water seepage (pH2-4.5) and acidic
surface water runoff (pH3-4.5), both
wi*h high concentrations of Ra-226,
Th-23O, and heavy metals.

Decant Tower/Gravity Discharge Pipe for storm water/snow melt runoff

Tailings Dam - acidic groundwater seepage through tailings dam

Some sites employ chemical treatment - Lime and/or Barium Chloride

Ba(Ra)S04 precipitate - some dissolution of Ra

Secondary Dam with overflow structure

Receiving water - high concentration of radionuclides and heavy metals
if no chemical treatment.

FIGURE 4-3



4 - 8

CURRENT TAILINGS MANAGEMENT PROPOSALS
FOR THE SECOND GENERATION OF URANIUM MINES

DURING OPERATIONS

\ \ \

1. Neutralization of Mill effluent by addition of lime/limestone.
2. Neutralized Tailings

3. Decant Tower/Pump System - see Figure 4.7, for Pump Barge Alternative

4. Engineered Embankment - see Figure 4.6, for Centre Core Cutoff Alternative

5. Downstream Collection/Pump System Contingency

6. Barium Chloride Treatment to Precipitate Ba(Ra)SQ.

7. Ba(Ra)S04 precipitated in l ined Secondary Pond

8. Overflow weir/spil lway

9. Receiving water

10. Impervious Strata.

M - Monitoring Station

FIGURE 4 4



CURRENT TAILINGS MANAGEMENT PROPOSALS
FOR THE SECOND GENERATION OF URANIUM MINES

AT DECOMMISSIONING - REVEGETATED

ABANDONED TREATMENT POND

SI

m

Ol

1.
2.
3.
4.
5.

6.
7.
M

Abandoned tailings contoured for natural drainage
Top soil and revegetation
Abandoned decant Tower/Pump Chamber - sealed by grouting
Overflow spillway for surface water runoff
Ba(Ra)S04 Complex encapsulated or transported for separate storage

Earth Cover Contoured for natural drainage
Extension of downstream embankment slope
Monitoring Station
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For licensing of Waste Management Facilities, the AECB provides
guidelines for site selection, design, construction tnd operation in B
Licensing Document No. 23 D. A brief description of the guide-
lines included therein follows. •

.01 Site Selection

I
Containment dykes may fail due to flooding caused by ar.
intense rainstorm or quick snow melt. Flooding should be I
minimized by locating surface impoundment areas within the
headwaters of watersheds to minimize the upstream catchment I
area and 'Jie resultant flood volume to be contained.

Site selection should be based on consideration of the hydro- •
geologic nature of the regional groundwater environment.
Groundwater recharge areas provide the source and the j |
mechanism for the transport of tailings seepage into local or
regional flow systems, hence such areas should be avoided if I
at all possible.

Geologic formations of low permeability and suitable morph-
ology, such as basins are ideal features to contain the m
tailings. •

.02 Engineered Embankments Q

Impervious embankments must have a permeability less than I
10 m/sec. An upstream impervious liner (clay, bentonite,
synthetic line ) or an impervious core can be used to •
linimize seepage flow. Various embankment configurations
are illustrated in Figure 4.6. m

Materials used for the embankment and liner should be geo- _
chemically and biochemically inert, to prevent degradation of J
the structure and to maintain <VR ̂ nment. Tailings are not
to be used. Acid producing materials are not to be used. 1

I
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Construction techniques should be employed to minimize
differentia] settlement of the embankment. Construction
phasing must be employed to permit consolidation of found-
ation and embankment fill. Fill material should be quality
controlled and compacted at optimum moisture content.
Upstream construction is no longer permitted at new mining
operation.

.03 Engineered Discharge Structures; Decant System

Differential settlement of earthfill embankments at decant
systems has caused breaks in the buried decant pipe, there-
by promoting piping through embankments. This phenome-
non has caused embankment failures.

To avoid the risk of embankment failure, surface pumping
facilities should be used. This method can be seen in
Figure 4.7.

Overflow spillways must be built to allow maximum flood flows

and to prevent flood damage to the impoundment structure.

.04 Precipitation Pond Construction

Impervious-lined, precipitation ponds to contain the
Ba(Ra)SO« precipitate are now required.

Impervious liners may be constructed from clay, bentonite/
soil, synthetic membranes (PVC, polyethylene, chlorosulpho-
nated polyethylene, etc.) asphalt, or concrete. The liners

can be selected on the basis of economics and with the aim
-7 ft

of achieving a permeability in the order of 10 to 10 m/sec.

Synthetic membranes can be employed where clay and/or
bentonite are not readily available or uneconomical. How-
ever, they can be punctured or ripped during construction,
or ripped by differential settlement after installation.
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ENGINEERED EMBANKMENT ALTERNATIVES.

ALTERNATIVE * H . UPSTREAM CUTOFF SYSTEMS.

1. Cutoff Wall - Clay, Bentonite/Soil, or Concrete Keyed to impervious layer

2. Downstream Toe Drain - Sand/Gravel

3. Earth Fill

4. Synthetic Membrane - PVC, CPE

5. Upstream Impervious Blanket - Clay, Bentonite/Soil

6. Upstream Erosion Protection Blanket - Sand, Gravel, Rip Rap or
Soil Cement

7. Downstream Erosion Protection - Seed, Sod, Mulch or Soil Cement

8. Impervious Strata

ALTERNATIVE i»2. CENTRE CORE CUTOFF SYSTEMS

9. Centre Core - Clay, Bentonite/Soil

10. Centre Core - DiaphragmWall - Bentonite/Soil, Concrete

FIGURE 4 6
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Hence, synthetic membranes may be viable only for a short
term.

Locating the precipitation pond downstream of the tailings
dam is potentially hazardous since failure of the tailings
embankment may result in full or partial loss of Ba(Ra)SO.
from the secondary pond. A pump system from the tailings
decant system would permit the precipitation pond to be
safely located upstream of the tailings pond or at a higher
elevation to prevent the risk of washout.

4.2 FORECAST CONSEQUENCES Of CURRENT TAILINGS
MANAGEMENT PRACTICES

The first generation of idle tailings storage areas received minimal
attention upon decommissioning. Basically, they ware simply
permitted to drain and were left exposed to the environment with
no stabilization. Contaminants impounded in the tailings were
allowed to be transported by air, surface water and groundwater
seepage.

The oxidation of pyrites (at Elliot Lake) created an acidic envi-
ronment which leached radioactive substances and heavy metals
(Ni, Zn, Cu, Fe), resulting in extensive contamination of the
Serpent River system. Table 4.2 illustrates contaminant con-
centrations in seepage and runoff samples obtained at idle tailings
storage, areas in Elliot Lake.

A review of first generation abandonment practices and their
suitability for the long term is presented in this sub-section as a
basis for assessing proposed decommissioning measures, for the
second generation of tailings facilities. In order to quantify the
assessment, most of the discussion is centered around the Elliot
Lake area. It should be appreciated that the intention is not to
specifically single out this mining area, but rather that the Elliot
Lake area provides the greatest documentation period of sampling
test results. As a consequence, this area best serves as a model
for the assessment.
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ALTERNATIVE DISCHARGE STRUCTURE
AT TAILINGS PONDS.

ALTERNATIVE # 1 , DECANT TOWER AND PUMP SYSTEM.

TO

/ / / / / / / / / / / / / / •

0 Engineered Embankment as per Figure 4.6
® Decant Tower - clarif ied effluent overflows into pump chamber
© Submersible Pump(s)
0 Settled Tailings and Precipitate: Ra-226, Th-23O, Metals, Silicates
® Neutralized/Clarified Tailings Effluent
ALTERNATIVE # 2 . FLOATING PUMP BARGE

TO teCI. TWC4

Floating Pump Barge - Aeration/Bubbler system for winter operation

ALTEBMAnVE * 3 . DISCHARGE THROUGH EMBANKMENT

©Conventional Decant Tower/Gravity Pipe - potential embankment
failurp mechanism

® Reinforced Concrete & Stop Log weir spinway .

expensive and must be periodically raised
potential embankment failure mechanism

I
I
I
I
I
I

FIGURE 4 - 7
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TABLE 4.2X

CHEMICAL ANALYSIS OF EFFLUENTS FROM SELECTED TAILINGS AREAS

*PH

TDS

so4

NO3

NH3

Ca

Fe + 2

F e + 3

Pb

Zn

Cu

Mn

Ni

Ra-226
dissolved
(pCi/L)

U

Active Tailings Areas
Decant and Seepage

6.5 - 9.0

I C . J - 2500

600 - 1500

100 - 200

5 - 1 5

250 - 450

0.1

0.1

0.05

0.1

0.1

0.01 - 1.0

0.1

10

1.0

Idle Tailings
Seepage

2.0 - 6.5

1000 - 6000

600- 3200

5 - 1 0

0.05 - 3

250 - 600

10 - 400

10 - 500

1.0

1.0

1.0

1 - 3.5

1.0

10 - 300

1.0

Areas
Runoff

3.0

300

200

5

0.05

50

5

5

0

0

0

0.5

0

1

1

- 4.5

- 1500

- 1000

- 10

- 3

- 350

- 20

- 20

.5

.5

.5

- 1.5

.5

- 100

.0

Federal
Regulation

Limits

6.0 min.

-

-

-

-

-

-

.2

.5

.3

-

.5

10

-

* All analyses in ppm except pH and Radium-226
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Air transport, surface water transport and ground water trans-
port of contaminants and their relative importance as a pathway to
man is presented in the following subsections.

4.2.1 Air Transport

Radon gas and daughter products, and suspended particulates are
identifiable airborne contaminants transportable from the exposed
tailings surface.

The transportability of the above contaminants by air is affected
by both physical and chemical tailing characteristics as well as
topographic and climatic conditions (i.e. surface winds).

.01 Tailings Characteristics and Surface Winds

Non-operative tailings storage areas typically consist of
finely ground cohesionless, soil material containing silicates,
radioactive substances, heavy metals, pyrites and chemical
reagents, etc. from the ore and milling processes.

If idle tailings ponds are allowed to drain, the tailings pile
attains a natural moisture content reflective of local precipi-
tation and evaporation conditions, groundwater conditions
and the water holding capacity of the tailings material. Pore
water forces and capillary forces provide some stability to
the tailings particles near the zone of optimum moisture
content.

Elliot Lake's climate provides 5 to 6 months ">f snow cover
which reduces air transportability. Precipitation, averaging
75 cm, provides surface moisture which increases the surface
stability of the tailings. However, the hot summer will
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readily dry opaque tailings thereby increasing dust for-
mation. Air transport of contaminants at Elliot Lake is
consequently most severe during the summer.

The transportability of cohesionless tailings particles by wind
action is a function of wind velocity, surface stability, and
size (weight) of the particle.

A sieve analysis of 'wind blown tailings' at the idle Stanrock
tailings site (Elliot Lake area) produced the following
gradation.

Mesh Size

10
25
45
100
200

Passed No. 200

Percentage Retained

.021

.029
1.47
85.3
11.7
1.44

Assuming the samples used for the sieve analysis were
representative, the limiting particle size for aerial transport
for the Elliot Lake environment appears to be 45 mesh

(0.5 mm).

A typical sieve analysis of unclassified tailings in the Elliot
Lake area, as shown below indicates 94% of the unclassified
tailings are potentially transportable by air, based on wind
blown tailings analysis at Stanrock.

Mesh

48
65
100
150
200

Size

(45 approx.)

Percentage Finer

94
84
70
58
47
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Of particular note is the fact 47% of the tailings as shown
above are finer than the 200 fraction, which is associated
with 75% of the radioactivity as shown in Section 3.2.1.
05 (d) . If the minus 200 fraction are dry and not stabili-
zed, the radiologic hazard of airborne particulates is
intensified.

1
I
I
I

.02 Radon and Radon Daughters

Inhalation of radon gas and radon daughters is probably the
most significant airborne radiologic pathway to human ex-
posure . ' '

Radon diffuses from its point of origin into the interstitial
spaces of the tailings, moving through the tailings by dif-
fusion to the tailings/atmosphere interface.

The diffusion rate is a function of partial pressures and the
properties of the tailings which include mineralogy, radium
concentration, porosity, moisture content, air content,
particle size. Meteorologic conditions which include tempera-
ture, pressure, and air movement also affect radon
diffusion.

Schroeder et al (1975)"
coefficients, K, as follows:

established radon diffusion

I

I

Soil Type

Unconsolidated
Glacial debris

Consolidated
Sandstone

Alluvium
(Yucca Flat)

Alluvium

Soil Condition Depth

Moist - matted grass 0-28 cm
40% porosity

Mine Tunnel
25% porosity

Dry, Sandy

Bulk Diffusion
Co-efficient
K (cmVsec)

.02

0-1.6 m

1-3 m

Very Dry, Powdery 0-30 cm
Sparse ground cover

.03

.036

0.10

I
I
I
I
I
I
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Culot et al (1973) applied Fick's diffusion equations to
describe the migration of Rn-222 through tailings materials

1 covered with concrete. Goldsmith (1976) subsequently
. derived the following equation describing the Rn-222 flux
I diffusing from a bare tailings pile.

I
K.,q,REd K-q-cosh q^t + J^q, sinh q,t - K2q2 (1)

I J = x 104
p, K,q,cosh q,t + Koq^sinh Qjt

• where

qj = («* P/ty* (2)

2
and J is the Rn-222 flux from the pile surface (pCi/m - s ) ,

2
K is the bulk diffusion coefficient (cm / s ) ,

<*. is the decay constant of Rn-222 (2.10 x 10"6 . s " 1 ) ,
p is the porosity of the medium (fraction),
E is the emanation factor, dimensionless,
R is the Ra-226 content of the tailings (pCi/g),
d is the bulk density of the tailings (g/cm ) ,
t is the depth of the tailings pile (cm),
subscript 1 refers to tailings,
subscript 2 refers to soil below tailings.

Schiager (1977) simplified the above equation by considering
only terms related to the tailings medium (subscript 1).

Snowcover, rainfall and other weather disturbances can
affect radon emanation by a factor of 10 while complete
saturation of the tailings may reduce radon emanation by a
factor of 25.

g
Kraner et al found the following relationships:
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Location

Crotch Lake
over tailings
*near tailings

Nordic
over tailings

Stanrock
over tailings
•near tailings

No. of
Samples

14
2

4

4
3

Ra-222
Range

0.6-4.8
0.3-0.4

2.2-9.3

0.3-1.2
0.1-0.5

(pCi/L)
Average

2.5
0.4

4.5

0.6
0.3

I
Iincreases in barometric pressure of 2,5 to 10 mm

mercury reduce radon concentration up to 15% while _
reductions in barometric pressure of 2.5 to 10 nun |
mercury increase radon concentration up to 15%.

frozen ground (15 cm depth) may reduce the radon flux •
rate by 40%.

wind action may facilitate radon gas migration from 0 to •
1.8 m depth. • _

thermal atmospheric instability increases convective •
forces which facilitate migration of soil gas near the _
surface. |

precipitation and snow cover reduces the porosity and • g
reduces the flux rate. I

Shearer and Sill (1969) demonstrated the limitations of I
short term sampling, which lead to serious errors in repre-
senting annual average radon flux rates. Atmospheric •
dilution, prevailing meteorologic conditions, and moisture
content of the tailings may not be representative during •
short term sampling. •

Ambient radon measurements reported by MacLaren at #
non-operating mill tailings sites are tabulated below:

I
I
1

*near tailings readings taken within 90 m of the edge of
tailings areas. m

P
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It should be noted that the drier Nordic (partially stabilized)
and Stanrock sites, exhibited lower Rn-222 results than the
wetter Crotch Lake site.

A survey of radon exhalation from Elliot Lake tailings sites
2

showed that the emission rate varied from 6 to 1905 pCi/m /
sec. In the United States, where considerably more data
has been compiled, the corresponding range is 10 to
1400 pCi/m2/sec. The wide range of values reflects the
site specific characteristics of tailings and also the effect of
weather at the time of measurement.

It has been predicted that if all current and projected
uranium mill tailings piles were left uncovered in the United
States, the world-wide radon emanation rate would increase
0.2% by the year 2000. The estimate is based on an average
radon flux of 570 pCi/m2/sec.

In the future, as in the past, it is expected that during the
operational period, Canadian tai!mgs sites with their higher
moisture content in the upper surface, will continue to have
lower emission rates than for semi-arid tailings areas in the
American southwest. The fact that the tailings surface is
frozen and/or snow covered for almost half the year in
Canada, is also expected to result in lower average radon
emission rates.

A simple numerical relationship has been established by
12Schiager (1974) for determining radon flux:

9
Radon flux (pCi/m /sec) = 1.6 x concentration Ra-226 (pCi/g)



TABLE 4.3

RELATIONSHIP BETWEEN RADIUM-226 CONTENT

AMD RADON-222 EMISSION RATES FROM TAILINGS

Location

Ore Production
(tonnes/day)

-

6000

-

900

1800

Ore Assay

% u

0.1

0.14

0 .1

0.2

0.37

Estimated *
Ra-226 Content pCi/g

335

470

335

670

1240

Estimated
Potential Radon
Emission Rate
pCi/m2/sec

535

750

535

1070

1980

Denison

Rio Algom

Bancroft

Beaverlodge

* Based on (Schiager, 1974 relationship)14
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Table 4.3 is an application of this relationship in determining
potential radon emissions at Canadian milling operations.
Based on radioactive equilibrium in the original ore, for each
0.1% by weight U, tailings should theoretically contain
335 pCi/g Ra-226. Estimated potential radon emission rates

2
range from 535 to 1980 pCi/m /sec.

.03 Airborne Particulates

Radioactive particulates escape from the exposed, unstabi-
lized tailings by wind action and are dispersed beyond the
limits of the impoundment area.

The Ontario Ministry of the Environment (MOE) particulate
hi-vol sampling program in Elliot Lake from November 1976 to
August 1977, yielded an average suspended particulate
concentration of 33 ug/m3, with only one Ra-226 reading
recorded at 0.02 pCi/m3 (lower than MPCft of 1.0 pCi/m3).
MOE dustfall results were reported less than the MOE
criterion (7 g/m2 in 30 days)1 1 .

Environmental Air Quality Objectives have been established
for suspended particulates and dustfall, as follows:

For Suspended Particulates:

24 hour average 120 ug/m3 (M.O.E.)
Max. tolerable objective 400 ug/m3 (D.O.E.)
Max. desirable objective 48 ug/m3 (D.O.E.)

For Dustfall:

Annual geometric mean 60 ug/m2 (M.O.E.)

The results of a 1977 Elliot Lake dust sampling program by
13MacLaren are presented in Table 4-4. They show that the

concentration of suspended particulates remained below the
MOE limit of 120 ug/m3 at 6 of the stations and exceeded



• SITE

Stanrock

Long Lake

Nordic

Crotch Lake

Panel

Quirke

Sheriff Lake
Control

SUMMARY OF '.

1 Inactive
2
3

1
2
3

1 Inactive
CANMET Lab

1 Inactive
2
3

1 Inactive
2

1
2
3

Number of
Readings

31
30
29

13
13
15

73
66

38
35

9

5
2

48
28
8

51

TABLE

TAILINGS SUSPENDED

4-4

PARTICULATE SURVEY (in air)

(After MacLareh, 1978)13

Distance
To Dry

Tailings
(m)

100
100
250

50
50

1000

100
200

20
20
50

10
20

120
30

1000

1000

Average
of

Readings
(pg/m3)

115
91
22

44
15
38

94
24

54
43
15

10
44

42
48
67

21

Geometric
Mean of

Readings
(ng/m3)

45
55
19

26
13
19

32
20

27
22
13

7
30

33
23
42

18

Highest
Reading
(jig/m3)

1051
575

60

240
49

262

1965
65

341
300

34

24
75

147
441
276

48

Lowest
Reading
(Wj/m3)

14
9
6

4
6
1

0
4

4
4
5

1
12

7
1

16

5

Readings
Above 120
Vig/m3 (%)

16
17

0

8
0
7

10
0

13
9
0

0
0

2
7

13

0

Readings
Above 400
ug/m3 (%)

6
7
0

0
0
0

5
0

0
0
0

0
0

0
4
0

0
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this standard by 2% to 17% at the other 10 stations. At 4 of
3

the locations the D.O.E. limit of 400 ug/m was exceeded,
notably at idle tailings areas.

The Elliot Lake environmental studies also considered the
transport of dust over longer distances. Using a dispersion
model, it was estimated that dustfalls 2 and 3 km away from
the tailings piles would be about one-sixth the Ontario limit
of 60 ug/m2. It was also calculated that the tailings piles
would contribute 10% of the background level of dust fall at
the town of Elliot Lake, 20% at Quirke townsite and 40% at
the Denison townsite. Corresponding estimates of suspended
particulates were 10% at the town of Elliot Lake and 40% at
the Denison townsite.

The following hypothetical example, based on Canadian
conditions, indicates the level of radioactivity in the sus-
pended particulat.es:

Tailings Area - 40 hectares

Wind Velocity - 16 km/hr

Tailings Activity - 1500 pCi/g

Concentration of
Suspended Particulates - 18 jag/m3 at 100m from edge

Airborne Activity
100 m from Edge - 0.027 pCi/m3

This level of activity is below the values of the Maximum
Permissible Concentration (M.P.C.) in air presented in
Table 2-1. Analysis of suspended particulate samples at the
idle Nordic mill reported a Ra-226 concentration of
0.035 pCi/m3. It is also consistent with findings in the
southwest United States region, which are as follows:
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Activity
Radioisotope

Ra-226
Pb-210

Po-210
Th-230

pCi/m3

0.04 to 0.07
0.01
0.061
0.0009

% of MPC

4 to 7
0.3

0.9

1.0

Reference

(Sears et al

(Goldsmith,

(Goldsmith,

(Goldsmith.

1975)2

1976)7

1976)7

1976")7

As noted earlier, approximately 75% of the radioactivity from j

Ra-226 and Th-230 is associated with the less than 200 mesh '

fraction. This material is easily windblown and probably trans- ,

ported off the site during the early post-operational period. I

.04 Airborne Particulates as a Pathway to Man j

An assessment is made in this sub-section of the probable «

intake of radio toxic elements derived from airborne particu- '

lates for a hypothetical person living within 100 metres of a -

tailings site. Five intake routes are examined as follows: J

(a) Inhalation of suspended radioactive dust I
(b) Ingestion of vegetation contaminated by dustfall '
(c) Consumption of water contaminated by dustfall
(d) Ingestion of local animals or animal produce feeding on

dustfall vegetation
(e) Radiation from dustfall J

For our analyses the inactive or "abandoned" Stanrock and
Nordic tailings areas are considered as dry surfaces while

I

I
Crotch Lake and Panel are considered submerged. .

(a) Inhalation

A- a first step in the analyses, the radioisotope concen-
tration in air will be derived for the total dust with its i
mixture of radioisotopes. 1
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Our estimate of the long term lower atmosphere dust concen-
tration, at 100 m from the tailings, based on measured
values is:

- highest suspended particulate concentration = 1051
(see Table 4.4 Stanrock)

- activity level of suspended particulate = 470 pCi/g
(see Table 4.3 Rio Algom)

Therefore the concentration in Air
CA = 1051 x 10"6x 470 = 0.49 pCi/m*

This concentration is considerably greater than the lowest.
MPC. value which is 0.04 pCi/m3 for Pa-231 as given in
Table 2-1 and evidences the hazard for persons living close
to tailings sites.

(b) Dustfall on Vegetation

Vegetation and crops may become contaminated from foliar
deposition and uptake of radioactivity deposited on the
ground. The contamination level is given by the relationship
of14:

CV = Foliar Deposition + Soil Uptake pCi/kg

Where foliar deposition is a function of deposition rate D
(pCi/m2.hr) crop yield (kg/m2) and dimensionless factors
related to the fraction of deposital activity retained on vege-
tation, effective elimination constant from vegetation per
hour, and period of time over which folier deposition occurs..

The soil uptake component is a function of the biological
"concentration factor" B for uptake from soil to vegetation
(pCi/kg vegetation per pCi/kg soil), the surface density for
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soil kg/m2, the deposition rate D as above, the time t over
s

which solids deposition takes place (hr) and the physical
decay constant for radionuclides per hour. Environment
Canada have found that the soil uptake term is negligible
compared to the folier deposition term unless t is very large

s
such as after many years of deposition.Using the above expression, a jr^asured concentration of
Ra-226 in vegetation (C,.), of 6 pCi/kg was derived by

14Environment Canada , based on an assumed concentration in
air (Ca) of 0.01 pCi/m3 and a deposition velocity (V ) of
0.003 m/s, along with appropriate parameters selected for
the vegetation.

The (Vg) value for our example using Nordic and Stanrock
tailings areas was derived as follows. The sieve analysis of
wind blown tailings at Stanrock has 74% of the material be-
tween Mesh Sizes No. 45 and 100 (0.5 mm to 0.15 mm).

Using the particle diameter of 0.15 mm, the deposition velo-
city (V" ) would be 0.4 m/s.

9

For a Ra-226 concentration in air, Co of 0.035 pCi/m3 as
a

measured at Nordic, and V = 0.4 m/s, the deposition rate,
D is 0.035 x 0.4 or 0.014 pCi/m2.s and 50 pCi/n)2.hr*.
When using the same parameters for vegetation as were used
earlier by Environment Canada, the concentration of Ra-226

14in vegetation can be calculated as:

=
=

*At Surface

57D
57 (50)
2850 pCi/kg
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Assuming an annual per capita consumption of 150 kg of
vegetation (Statistics Canada, 1975), 0.43 uCi of Ra-226
would be ingested annually. The gastro-intestinal absorption
of radium from food is assumed to be 20% of the amount
ingested . Therefore the estimated annual absorption of
Ra-226 per capita living solely on vegetation grown near a
tailings site would be 0.086 pCi/yr.

Since the maximum body burden for the general public, as
recommended by the International Commission on Radiological
Protection is 0.01 pCi/yr (Ra-226), the computed value is
significantly above recommended levels and hence precludes
the habitation or use of lands near tailings sites.

There is enough public awareness, and documented results
to prohibit farming of food crops on land subject to dustfall
from adjacent tailings areas, and certainly on the tailings
themselves. As a consequence in the short term, ingestion
of contaminated vegetation is not considered a significant
pathway to man. However, in the very long term, man-made
restrictions to a tailings site either physical barriers (such
as fencing) or legislated restrictions are bound to fail. The
possibility of access onto natural revegetated tailings areas
is greatly enhanced as years pass. While foliar deposition
would be practically eliminated with revegetation the possibi-
lity of root uptake followed by plant ingestion is increasingly
more likely to occur, so long as tailing areas can be rehabi-
litated for use.

(c) Dustfall on Water

In order to assess the potential hazard of the ingestion of
surface water contaminated by radioactive airborne particu-
lates, we consider the following hypothetical situation.
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Assume a pond of 10,000 m2 (1 hectare) with a total volume
of 100,000 m3, located 2 to 3 kilometres away from a tailings
area. If the deposition rate of 50 pCi/m2.hr at Nordic is
assumed, then the radioactivity of the water will be as
follows:

Time Oustfall Accumulated Load Concentration
(pCi/m3) in Pond in Pond pCi/L

1 day 1200 pCi/m2 1200 x 104 = 120 0.12
105

30 days 36000 pCi/m2 36000 x 104 = 3600 3.6
105

It will be apparent that any uncovered water reservoirs
would soon exceed the allowable concentration of 10 pCi/L.
If dustfall at Elliot Lake occurs only 2 months/yr then the
concentration in water would be 7.2 pCi/L (MPC = 10 pCi/L
Ra-226).

(d) Ingestion of Animal Products

Contaminated vegetation from foliar deposition and plant
uptake was previously calculated to be 2850 pCi/kg. A cow
consuming 50 kg of vegetation a day would ingest up to
142,500 pCi/day or 50 jiCi/year.

It can be shown that the cumulative effect based on Ra-226
17transfer coefficients reported in the literature is ;

Beef Concentration = 10"3 x 142,500 = 142.5 pCi/kg
Milk Concentration = 2xlO"4 x 142,500 = 28.5 pCi/L
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If man consumes 50 kg of beef and 150 L of milk per
year, his absorption would be 0.0114 pCi/year, based on
20% gastrointestinal absorption. ICRP recommends that
the body burden for the geneial public should not exceed
0.01 nCi of Ra-226. If cows were allowed to graze directly
on the tailings surface or on lands subject to deposition of
wind blow tailings, the ICRP level would be exceeded.

(e) Radiation from Dustfall

As indicated in Section 2.0, gamma radiation is the major
concern for external exposure. Airborne particulates trans-
ported up to 3 km away from a tailings area will result in a
pronounced increase in the levels of gamma radiation with
time.

Few gamma radiation level surveys exist in Canada, with
data being accumulated only over the last few years at the

11Elliot Lake area (MacLaren, 1978) . The recorded gamma
levels at all tailings sites are appreciably below the maximum
dose rate of 500 mrem/year recommended by the I .C.R.P.

4.2.2 Surface Water Transport

Water transport of contaminants may be divided into surface water
transport of both sediments and dissolved solids and groundwater
transport of dissolved solids. Both forms of water movement are
a part of the hydrologic cycle and are governed by meteorologic
conditions and watershed characteristics. Intense rainfall or
sudden snow melt for example can generate surface water flow
whereas moderate rainfall may infiltrate groundwater aquifers with
only minimal surface water runoff.
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The transportability of contaminants from the exposed tailings is a
function of tailings characteristics, and runoff.

The consequences of the current Canadian tailings management
practices and proposals can be forecast in part by an examination
of the probable erosion of the tailings. To assist in this forecast
we have developed the solids transport model of Section 4.2.2.04.

.01 Meteorologic Conditions and Runoff

The erosion model starts with an examination of surface
runoff phenomenon.

(a) Rainfall

An intense short duration rainfall or sudden snow melt
may generate overland flow capable of carrying sedi-
ments and soluble components from the tailings. The
impact of raindrops on the unstabilized tailings serves
to dislodge particles and enhance the water erosion
processes. With time, drainage patterns will develop as
surface water flow erodes the unstabili2ed tailings
creating riffs, gullies and channels. A further detailed
account on this phenomena is given in Appendix A3.

Precipitation records provide the data base from which
the frequency and magnitude of return rainstorm events
may be predicted. The Log Pearson Type III method of
distribution is used to predict various frequencies of
return storms such as 2, 5, 10, 25, 50 and 100 year.

Besides using the above semi-empirical methods of
determining rainfall distributions, they may also be
based on actual storm experiences. Some rainfall 11

events used in runoff forecasts include:
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Area Event

Northern Ontario - Timmins Storm
Southern Ontario - Hurricane Hazel
Eastern Ontario - 100 year storm, or Timmins

Storm, whichever is greater
Saskatchewan - 100 year storm or July 24, 1976

(a 12 inch storm).

In large mountainous watersheds, the actual stream flow
probability is more pertinent than the rainfall event.
British Columbia, for example, has designated the 200
year flood flow as a design parameter for tailings sites
near major rivers.

Tailings embankments are now commonly designed with a
freeboard allowance and control structure capacity to
handle either a 100 year or regional storm,

Today there are several valid methods for predicting
surface water runoff. They range from the rather
simplistic, Rational Formula, where:

Q = CiA
Q = runoff volume (cubic feet/second)
C = runoff coefficient (0.1 to 1.0) depending

on the imperviousness of the catchment area
i = rainfall intensity (inches/hr)
A = catchment area (square miles)

to more sophisticated methods.

In the 1960's the U.S. Soils Conservation Service (SCS)
developed a methodology, employing a triangular unit
hydrograph for predicting the runoff from ungauged
watersheds. The hydrograph relates the flow with
time. The flow volume is the integration of the
hydrograph.
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Qp = 1,290.6 AR
1 + M Tp

Qp = peak flow rate (cfs)
A = watershed area (sq mi)
R = excess rainfall (inches)
M = ration of the duration of the reces-

sion limb to the time to peak (SCS
commonly use 1.67)

Tp = time to peak (hours)
= P + 0.6 Tc

2
Tc = time of concentration (hours) a

measured value (11.9 LVH)0 '385

Kirpich Formula
D = duration of excess rainfall (hours)

For M = 1.67

Qp = 484 AR 484 = Conveyance factor suitable to basins
Tp measured by SCS

In the 1970's a similar procedure (HYMO) was developed
by the U.S. A.R.S.18

Qp = BAR
Tp A = watershed area (square miles)

R = excess rainfall (inches)
Tp = time to peak (hours)

= 4.63A ° ' 4 2 2 (L£) °-1 3 3

s 0.46 (A )
S = floodplain slope (ft/mi)
L = hydraulic length (mile)
B = variable based on K and Tp
K = recession constant

27A °-231 a y °-124

s 0.777 (A )

The primary difference between the ARS and SCS unit
hydrograph models is the ability of the ARS Model
(HYMO) to adjust the dimensions of the unit hydro-
graph to reflect catchment properties.
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Excess rainfall in both runoff models above is defined
as the portion of rainfall resulting in runoff. The
value is determined by subtracting the portion of rain-
fall infiltrating the ground froo the total rainfall. The
infiltration amount depends cr the Hydrologic Soils
Group as defined by SCS and a runoff parameter CN
representative of the surface cover.

Soils are classified into Hydrologic Soil Groups as
follows:

A Low runoff and high infiltration when thoroughly
wetted.

B Moderate ir filtration when thoroughly wetted.

C Slow infiltration when thoroughly wetted.

D Very slow infiltration and high runoff when
thoroughly wetted.

Fine textured tailings are considered to be represented
by Soil Group D. For exposed tailings, a high value
for the runoff parameter, CN, is selected. For tailings
with vegetation a lower value runoff parameter CN is
selected as described later in Section 4.2.2.04.

(b) Snowmelt

Tailings basins in northern climates are subject to
spring flooding from snowmelt from the approximately
6 month average snow pack accumulation over the
winter.

The agreement between prediction and actual observa-
tions of spring rains and snow melt runoff peak flow
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rates has been found to be uncertain, although tech-
niques are available to predict seasonal yields.

The snow cover in the basin must be known to predict
runoff volumes and peak flow rates.

Snowmelt is a thermodynamic process dependent on the
net heat exchange between the snow pack and its
environment.

Heat transfer is affected by:

Absorbed solar radiation.

Net retained long wave terrestrial radiation.
Condensation or vapourization of water in the air.
Convection heat transfer.
Heat content of rain water.
Air temperature.

Methods currently used for predicting snowmelt are
listed below in order of increasing complexity and
refinement:

(i) Temperature Index or Degree Day Method.
(ii) Degree Days plus Recession Analysis (U.S. Bureau

of Reclamation),
(iii) Generalized Snow Melt Equations (U.S. Corps of

Engineers.
(iv) Index Plots plus Regression Analysis,
(v) Hydrograph Synthesis plus Streamflow Routing.

.02 Erosion Potential rf Tailings

As previously indicated, the first generation of uranium J
operations introduced abandoned surface tailings piles with-
out any surface stabilization measures. As a result finely- [|

r
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ground tailings, susceptible to water erosion, were able to
be transported as suspended sediment, along with dissolved
radionuclide contaminants.

The sediment load carried by surface water erosion is a
function of flow velocity, flow volume particle size, and
stabilization fa:tors.

The sediment load may be estimated based on a Modified
Universal Soil Loss Equation. This equation was developed
by the Agricultural Research Service (A.R.S.) to compute

18the sediment yield for individual storms on watersheds.

S = (qp x Q)°- 5 6 x (K X C X P X LS X 95)

Where:

S = sediment yield in tons
qp = peak flow rate in cubic feet per second
Q = volume of .runoff in acre-feet
K = soil erodibility factor (dimensionless)
C = crop management factor (dimensionless)
P = erosion control practice factor (dimensionless)

LS = slope length and gradient factor
95 = is a constant applied to sediment yield based on

watersheds studied by the ARS

The following paragraphs provide further elaboration on
the above factors.

K Factor

The soil erodibility factor, K, is based on five soil
parameters:

(1) silt and very fine sand (.002 - 0.10 mm) content
(2) sand (0.1 - 2.0 mm) content
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(3) organic matter content •
(4) soil structure class as defined by the U.S. Soil m

Conservation Service •
(5) soil permeability class as defined by the U.S. Soil

Conservation Service. |

LS Factor I
The slope length - gradient factor, LS, is a function of •
runoff length and slope. It is given by:

LS = L1/2 (0.0076 + 0.0053S + 0.00076S2) I
where: L = overland flow length, (ft)

S = average percent slope ever the given p
runoff length

In using the average percent slope in calculating the LS
factor, the calculated erosion will be different from the •
actual erosion, when the slope is not uniform. When *
the actual slope is convex, the average slope prediction m
will underestimate the total erosion whereas a concave •
slope overestimates total erosion.

Tailings discharged into the impoundment area will
create a natural slope with the finest fraction of the I
tailings furthest from the point of discharge. The LS
factor may be reduced with time, as soil transport and B
sedimentation reduces the average percent slope of the *
tailings area surface. m

C Factor

The crop management factor, C, is dependent upon the
type of ground cover, the general management practice, •
and the condition of the soil over the area of concern.
For example: M

I
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C = :.O for fallow ground, free of vegetation and free
of surface crusting, while

C = 0.01 for permanent seeding (after 1 year).

The seeding of abandoned tailings areas will reduce the
erosion of tailings by a factor of 100.

The C factor to be used must be evaluated on a site
specific basis.

P Factor

The erosion control practice factor, P, reflects erosion
control effectiveness of practices such as terracing,
compacting, and use of sediment basins, or control
structures.

Tailings impoundment areas may have P factors as
follows:

P = 0.1 for tailings areas operated similar to water
retention reservoirs which permit sedimentation and
retention of suspended solids within the tailings im-
poundment area. A "P" value of 0.1 would be suitable
as long as there is no failure of embankment or dis-
charge structure

P = 0.5 for partial failure of the retaining embankment
or discharge structure

P = 1.0 for total failure of the retaining embankment or
discharge structure
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Similar to the C factor described previously, the P '
factor is only an estimate with no theoretical or experi-
mental justification and must be evaluated on a site

•

I
specific basis based on experience and judgement.

A simulation of surface water erosion and sedim nt loading
occurring with time within the tailings impoundment area, is I
presented in the model of subsection 4.2.2.04.

.03 Modelling Surface Water Erosion of Tailings Areas '

1) Erosion of Tailings Surface I

The preceding description of runoff and erosion forecasts |

has been applied to this section to develop a model for
Canadian practice. The model is developed purely as a I
means of establishing a relative order of magnitude for
surface water erosion, with and without stabilization. It will •
be used as a basis for assessing suitability of present prac- *
tices of tailing management over the long term suitability. m
The semi-empirical equations previously developed should be I
recognized as being a "best attempt" to quantify the erosion
from tailings areas. |

Two cases are modeled. Case 1, Exposed Tailings with no I
stabilization, and Case 2, Vegetated Tailings, the proposed
abandonment measure. Both cases are developed for the •
case of a 6 million ton, 13O acre tailings site similar to the •
Stanrock Mines operation in the Elliot Lake area, with •
meteorological observations from the Sudbury area used in I
view of the greater length of records there.

(a) Criteria Selected

I
The following is a list of the criteria selected in the
modelling of surface water erosion. In a number of
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instances, limitations are indicated on the reliability of
the information used:

(i) Rainfall Intensity: The duration frequency data
for the 2, 5, 10, 25, 50 and 100 year storms was
obtained from Environment Canada.

(ii) Snow Melt: Temperature, precipitation, insolation,
windspeed and snow depth data for typical annual
snow melt calculations was obtained from Environ-
ment Canada records for the month of April, 1975.
A 23 inch snow cover was selected. This value is
considered typical of an annual occurrence for
determining the arithmetic accumulation of melt
water in inches.

The applicable generalized i,now melt equations of
the U.S. Corps of Engineer were utilized.

(iii) Mean Annual Rainfall: Precipitation data was
obtained from Environment Canada's monthly re-
cords typical for one year rainfall in the period
May to October, 1976, amounting to 14.64 inches.

The precipitation and snow melt data was con-
sidered to be distributed over a six hour design
period in order to generate flood hydrographs,
and eventually sediment yields, for each rainstorm
or snow melt event. The six hour distribution is
considered reasonably accurate especially over the
long term in view of the considerable number of
individual rainfalls (31 in. total) to be distributed.

An equivalent snow melt hydrograph model is
assumed to be well suited for the intended purpose



4-40 | |

of generating sediment yield calculations for the •
amount of melt predicted per day. _

(iv) Runoff Determination: The U.S. Soil Conser-
vation Service (SCS) procedure described earlier I
for infiltration and runoff characteristics (Hydro-
logic Soil-cover Complex Curve Numbers) was I
used.

(v) Storm Runoff Modelling: The Agricultural Re- •
search Service (ARS) Hydrologic Modelling Program B

(HYMO) was used for the development of typical |
annual rainstorms, typical annual snow melt, and
2, 5, 10, 25, 50 and 100 year return storms. I

(vi) Sediment Yield: Generation of sediment yield was I
based on the modified universal soil loss equation.
Sediment yield accuracy is greatly dependent on
the judicious selection cf the various factors (K,
C, P, LS) as explained earlier in Subsection B

4.2.2.01. I

The selected model, as shown on Figure 4-1, has
the following components:

I

(vii) Accumulated Sediment Yield: Arithmetic accumu- I
lation of mass sediment erosion was determined for
a 100 year period, resulting from annual rain I
storms, annual snow melt and 2, 5, 10, 25, 50 and
100 year return rainstorms. Over the long term •
this statistical approach is a reasonable assumption •
to calculate mass sediment erosion. _

(b) Determination of Sediment Yield

(i) Rainfall-Runoff

I
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A = Watershed area = 130 acres = 0.203 sq miles
L = Hydraulic Length = 0.46 miles
W = Average Width = A/L = 0.44 miles
D = Average depth of tailings = 16 ft approx.

Upon abandonment, the tailings surface is uniformly
graded such that there is a differential height of 5 feet
between the back of the pond and the face of the
dam. The overall slope is thus _5 = 10.87 ft/raile.

0.46

Based on the ARS Hydrologic Model (HYMO), and the
above input values, the time to peak is:

Tp = 4.63A0"422 S ' 0 - 4 6 (La/A)0-1 3 3

= 0.79 hours

and the Recession Constant,

K = 27A0-231 S"0-7 7 7 (L2/A)0-1 2 4

=2.94 hours

The infiltration and runoff is modelled in HYMO by de-
fining the Hydrologic Soil Cover Complex Curve
Numbers for each particular case, and were selected as
follows:

Case 1 Exposed Tailings, CN = 94 (AMC II)
Case 2 Vegetated Tailings, CN = 82 (AMC II)
Case 1 & 2 Snowmelt, CN = 100 (AMC II)

The higher the curve number, the higher the runoff
potential. AMC II represents the average antecedent
moisture condition considered a suitable representation
for a long term, arithmetic accumulation purpose.

The HYMO surface runoff model was assumed equivalent
to a snow melt hydrograph model for the purposes of
this report.
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The ARS Hydrologic Model (HYMO) was simulated for 31
rainfall/snow melt events for each case, and generated
values for the following parameters:

qp - peak flow (cfs)
R - excess rain/runoff (in.)
s - sediment yield (tons)

Results of the 31 events are tabulated in Tables 4.5,
4.6, and 4.7, for each of the two cases.

(ii) Snow Melt Calculation

The snow melt equation developed by the U.S. Corps of
Engineers, selected to simulate snow melt from a tailings
area, with appropriate values for the various para-
meters is presented below:

M = k(0.0084 Ufa) (0.22 Ta1 + 0.78 Td1) + N(0.029 Tc') +
(0.00508 Rsi) (1-a) + (1-N) (0.0212 Ta' - 0.84)

where: Assumed Values

Ts = Snow Surface Temp. (°F) = 32°F

Ta = Air Temp. (°F) = as listed below
Tc = Cloud Temp. (°F) = 25°F
Td = Dew Temp. = as listed below

Ta1 = (Ta - Ts)
Tc1 = (Tc - Ts)
Td' = (Td - Ts)

k = Condensation and Convection Coeff. = 0.1
Ub = Wind Speed (MPH) =10.0
N = Cloud Cover (Decimal fraction) =0 .2
K1 = short wave factor = 1 . 0
Rsi = Insolation (langleys/day) = 500
a = albedo = 0.65
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Daily maximum temperature records for April 1975,
beginning on the 7th when the maximum temperature
first exceeds 32°F and ending on the 15th when the
hypothetical melt period ends. This example is shown
below:

April 7 8 9 10 11 12 13 14 15

Ts (°F) 35 34 37 35 35 30 40 45 49
assumed Td (°F) 15 14 17 15 15 12 21 25 27

The snow melt estimates from the equation above are
given in Table 4-7 with each melt value distributed over
a design 6 hour period to generate surface runoff and
sediment yield.

An assumed CN value of 100 was used because of the
minimum infiltration during spring melt.

(iii) Sediment Yield Calculation

Based on the Modified Universal Soil Loss Equation,

s = (q x Q ) ' 5 6 [95 x k x C x P x LS]

and the following input values:

Q = Runoff Volume [Ac-ft]
= (Ami2 x 64U Acres x 1 ft ) Rin

( mi2 12 in.)
= (0.203 x 640/12) R
= 10.83 R Ac-ft



K = soil erodibility factor (see wischmeier Nomograph
Figure 4.8)

= 0.62 (Case 1 Exposed Tailings)

= 0.45 (Case 2 Vegetated Tailings)

LS = slope length gradient ratio
= L0 '5 (.0076 + .0053 S + .00076S2) = 0.29737

where:

S = average slope = [5 ft/(.46 x 5280)J 100 = 0.2059%
L = overland flow = W/2 = 0.44 x 5280/2 = 1162 ft

C = Crop Management Factor
Assume C = 1.0 No surface vegetation or sur-

face crusting

4-44 I

I
I

discharge control which permits
sedimentation and retention of sedi-

P = 1.0 For failure of embankment and or
discharge structure.

I
I
I

•
C = 0.01 with vegetation or surface

crusting. _

P = Erosion Control Practice Factor

Assume P = 0.1 For containment and detention with

I
ment within tailings impoundment _
area. This value applies as long as |
there is no failure of embankment
or discharge structure. 9

P = 0.5 For partial failure of embankment or M
discharge structure.

I
I
I
I
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TABLE 4.5

PREDICTED STORM EROSION RATES

MODEL SITE; ELLIOT LAKE (SUDBURY DATA - 1976 YEAR)

130 ACRE TAILINGS AREA

CASE 1

Rainfall
P

inches

100 yr
5.49

50 yr
4.91

25 yr
4.33

10 yr
3.55

5 yr
2.93

2 yr
2.00

Excess
Water

R
inches

3.433

3.055

2.667

2.144

1.731

1.104

(CN = 94)

Peak
Flow
qp
cfs

64.06

57.03

49.92

40.28

32.59

20.05

Yield
s

tons/storm

CASE 2

(CN = 82)

Excess Peak Sediment
Water Flow Yield

R qp s
inches cfs tons/storm

136.3

119.6

102.9

80.7

63.6

38.7

2.853 54.97 81.8

2.464 47.74 69.7

2.072 40.45 57.6

1.554 30.70 42.0

1.154 23.10 30.3

.589 12.27 14.6
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TABLE 4.6

PREDICTED ANNUAL RAINFALL EROSION

MODEL SITE; ELLIOT LAKE (SUDBURY DATA - 1976 YEAR)

130 ACRE TAILINGS AREA

Erosion
Causing
Storm

P
in. /storm

CASE 1
(CN = 94)

Runoff Peak Sediment
Portion Flow Yield

R qp s
inches cfs tons/annum

CASE 2
(CN = 82)

Runoff Peak Sediment
Portion Flow Yield

R qp s
inches cfs tons/annum

.59

.70

.77

.95

.75

.47

.52

.58

.61

.17

.47

.49

.92

.80

.70
1.15

.176

.241

.284

.399

.272

.110

.137

.170

.839

.534

.110

.758
L.049
.303
.241
.530

.66

.92

.74

.92

.51
2.37
2.
3.

3.
4.
5.
7.
5.

.89-

.55
16.16
10.64
2.37

14.65
20.04
6.10
4.92

10.39

5.2
7.3
8.7

.12.7
8.3
3.1
4.0
5.0

28.6
17.8
3.1

25.6
36.6
9.4
7.3

17.3

.009

.026

.040

.089

.036

.001

.003

.008

.375

.169

.001

.314

.543

.047

.026
.161

1.00
1.00
1.05
2.19
1.00
1.00
1.00
1.00
8.09
3.90
1.00
6.87

11.38
1.22
1.00
3.74

1

9
3

7
13

1

3

.3

.6

.8

.9

.7

.1

.2

.3

.0

.8

.1

.4

.4

.0

.5

.6

Total/Year
14.64* 200.0 43.8

RANGE: Max. Rainstorm Erosion 2000 tons/a (for P = 1.0) 438 tons/a.
Min. Rainstorm Erosion 20 tons/a
(for both P and C = 0.01) 0.4 tons/a.

Total rainfall during this period was 18.75 inches.

|l
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TABLE 4.7

PREDICTED ANNUAL SNOW MELT EROSION

MODEL SITE; ELLIOT LAKE (SUDBURY DATA - 1976 YEAR)

130 ACRE TAILINGS AREA

CASE 1 CASE 2

Erosion

OaUSlnCf
SnowMelts

P
inches

(rainfall equiv.

.12

.10

.39

.51

.12

.01

.25

.38

.46

TOTAL
2.34

RANGE:

Runoff
Portion

R
inches

)

.078

.065

.252

.330

.078

.006

.162

.246

.297

(CN =

Peak
Flow
qp
cfs

1.43
1.20
4.66
6.10
1.43
1.00
2.99
4.55
5.51

100)

Sediment
Yield
s

tons/annum

1.9
1.6
7.3
9.8
1.9
0.4
4.4
7.1
8.8

43.2

Runoff
Portion

R
inches

.078

.065

.252

.330

.078

.006

.162

.246

.297

\

(CN =

Peak
Flow
qp
cfs

1.43
1.20
4.66
6.10
1.43
1.00
2.99
4.55
5.51

100)

Sediment
Yield
s

tons/annum

1.4
1.2
5.3
7.1
1.4
0.3
3.2
5.1
6.4

31.4

Annual Snowmelt Erosion 43.2 tons/a

Max. Snowmelt Erosion
(P & C = 1.0) 432 tons/a

Min. Snowmelt Erosion
(C = 0.01) 4.3 tons/a

31.4 tons/a

314 tons/a

3.1 tons/a*

Total snowmelt during this period was 12.4 inches of rainfall
equivalent.



TABLE 4.8

PREDICTED SURFACE WATER EROSION

ACCUMULATED FOR A 100 YEAR PERIOD

MODEL SITE; ELLIOT LAKE (SUDBURY DATA - 1976 YEAR)

130 ACRE TAILINGS SITE

CASE 1 CASE 2
Cause

Rainfall

Snow Melt

Major
Rainstorms

Major
Snowmelts

RANGE:

Frequency

Annual

Annual

1 in 100 yrs
1 in 50 yrs
1 in 25 yrs
1 in 10 yrs
1 in 5 yrs
1 in 2 yrs

Allowance

Arithmetic Total

Maximum Sediment
(both C and P

Minimum Sediment
(C = 0.01)

Tons

200.0

43.2

136.3
119.6
102.6
80.7
63.6
38.7

Yield/100
= 1.0)

Yield/100

Occurrences

100

100

1

2

4

10

20

50

years

years

Tons/100

20,000

4,320

136
239
410

807

1,272
1,935

1,037

30,156

301,560

3,016

Yr

Tons

Tons

Tons

Tons

43.8

31.4

81.8
69.7
57.6
42.0
30.3
14.6

Occurrences

100

100

1
2
4

10

20

50

Tons/100

4,380

3,140

82
139
230

420

606

730

1,582

11,309

113,090

1,130

Yr

Tons

Tons

Tons
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Data adopted for sediment yield simulation are:

Fines
Sands
Organics
Soil Structure Class
Permeability Class

k
C*

P **

LS

Case 1
Exposed Tailings

63%

37%

0%

1

6

0.62
1.0

0.1

0.29737

Case 2
Vegetated Tailings

57%

34%

9%

1
5

0.45
1.0

0.1

0.29737

* C ranges between 1.0 and 0.01
0.01 is appropriate for vegetation, however simulation
generated very small sediment yield quantities, ( i .e.
0.001 ton) which the computer translated to two decimal
places (i.e. 0.00 ton).
1.0 was used to obtain computer results other than 0.00
for both Case 1 and 2.

** P ranges between 1.0 and 0.1
0.1 was selected to represent containment and retention
with sedimentation.

Maximum sediment yield would occur if C and P were both
equal to 1.0, and would be 10 times the tabulated values,
for each case.

Minimum sediment yield would occur
for Case 1 if C = 1 and P = 0.1

Case 2 if C = 0.01 and P = 0.1
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Therefore the minimum sediment yield would be 10 times less
for Case 1 and 100 times less for Case 2 than the tabulated
values.

The results of all sediment yield calculations are tabulated in
Table 4.5 to 4.8. The last table summarizes the total sur-
face water erosion from all causes over a 100 year period.
However, since the tailings are contained by the less erod-
able dam structure, they will not be transported at the
above rates until the dam is eroded.

2) Erosion of Tailings Dam

In order to approximately predict the "life" of a retention
dam, as a first step we should examine a typical first genera-
tion tailings retention dam. The downstream slope of such a
structure would likely be composed of granular till material
or more likely coarse grained tailings themselves. The
empirical Modified Universal Soil Loss Equation can be judi-
ciously applied with appropriately selected parameters in
estimating uniform sheet water erosion rates for the down-
stream face of the tailings retention dam. If it is grossly
assumed that all of the Case 2 vegetated or surface crusted
tailings parameters are applicable, namely;

K = 0.45 (see Figure 4.8)
C = 0.01 (with surface crusting or vegetation (trees/grass))
P = 0.1 (initially, increasing to 1.0 with time)

then the variables applicable to tailings dam erosion are Q,
the runoff volume per rainfall event over the face of the
dam, qp, the peak flow and, LS, the slope length gradient
(topographic) factor. For a typical tailings dam of average
height 10 metres (33 ft), length 300 metres (1,000 ft) and
abandoned side slopes of 3 horizontal and one vertical re-
sulting in a slope length of 104 ft, the above parameters can
be established in like manner to the previous model develop-
ment as follows:
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Q = (104 x 1000 x _1) R

( 43,560 12)

= 0.20 R AC-FT

Qp = BAR = 72 x 0.003/3 R

Tp 0.0175

Qp = 15.3 R

LS = 16 (from "LS" charts SCS, 1977)

Therefore from the Modified Universal Soil Loss Equation

Sediment Yield = (15.3 R x 0.20 R) 0 ' 5 6 [95 x 0.45 x 0.01 x 0.1 x 16]
= (3.06 R2)0-56

 x 0.684

Applying the equation to the various rainfall events listed in
Tables 4.5, 4.6, and the snowmelt amounts causing erosion
listed in Table 4.7, it is possible to derive a sediment yield
for a 100 year period similar to that developed in Table 4.8.

For expediency, particularly in view of the gross approxi-
mations made with respect to (a) the geometry of the tailings
retention dam and (b) extending the application of the
Modified Universal Soil Loss Equation out of the context for
which it was originally developed, two further approximations
were considered reasonably justifable. They include:

(a) simply using the same soil cover complex curve
number 94 for the dam face as that used for exposed
tailings

(b) using the same R excess water quantity.



The values established for the 100 year period are listed
below.
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CAUSE AND SEDIMENT YIELD NUMBER OF TONS/ m

FREQUENCY TONS/STORM OCCURRENCES 100 YRS 1

Annual Rainfall 7.2 100 720
Snow Melt 1.6 100 160 •
1 in 100 Year Rainfall 5.1 1 5 I
1 in 50 Year Rainfall 4.4 2 9
1 in 25 Year Rainfall 3.8 4 15 m
1 in 10 Year Rainfall 3.0 10 30 •
1 in 5 Year Rainfal* 2.4 20 48
1 in 2 Year Rainfall 1.4 50 70

TOTAL SEDIMENT YIELD 1,057 Tons I
or 10 tons/year •

RANGE: Maximum Sediment Yield (P = 1.0) = 10,570 tons or •
105 tons/year. *

If the erosion is considered to be uniform over the entire M

dam face, the loss of material would be at the rate of
0.05 metres (0.16 ft)/100 years for a slope face area of |
9,660 square metres (104,000 square ft) with a soil density
of 2.0 tonnes/cubic metre (125 pounds/cubic ft). I

At this rate of erosion, a dam with a 5 metre (15 ft) wide

1
crest separating the contained tailings from dispersal to the *

open environment would have oroded through in a period of
about 10,000 years. If either the maximum (P = 0.1) yield
rate was considered or an exponential increase in sediment
transport adopted, the time span could be reduced to a |
period about 1,000 to 2,500 years.

.04 Comparison of Measured Data with Erosion Model Results

In order to check the model reliability, a comparison can be *
made with actual measured values. In this instance once *
again the best information available is the Stanrock tailings I
data.

I
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At Stanrock, the waste loading reported at the decant over-
flow was 20,152 lbs of dissolved solids and 38 lbs of sus-
pended solids per day (7 tons per year), based on a
reported 13,435 ppm of dissolved solids and 225 ppm sus-

23pended solids. Since the Modified Universal Soil Loss
Equation only accounts for suspended solids, the predicted
gross range of sediment yield from either dam erosion of
10 tons per year compares favourably with the 7 tons per
year experience at Stanrock. What appears to be
happening, is that the eroded tailings transported in sus-
pension are able to settle out in the remaining water pond
where some go into solution prior to discharge through the
decant system.

.05 Long Term Surface Water Transport

The amount of tailings behind our hypothetical dam of
130 acres would be in the order of six million tons. Given
our example with a dam life ranging between 1000 and
10,000 years, the annual average transport of tailings would
range between six thousand and six hundred tons per year.
All of this material becomes water borne either as suspended
solids or dissolved salts. The average annual erosion,
causing runoff based on the hydrological data of Section
4.2.2.02 would be in the order of 4 million tons per year.
Thus, the average concentration of our hypothetical erosion
water would roughly range from 720 to 7200 mg/L. At an
activity rate of 1,500 pCi/g for tailings, the concentration of
radiomaterial in the erosion water would range from 1080 to
10,800 pCi/L or far in excess of the allowable 10 pCi/L.

It would be apparent that this route to man's biological
uptake is unacceptable and hence, the perpetual maintenance
of the first generations tailings dams together with effluent
treatment will be necessary. Alternatively, the application
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I
of an "erosion proof" blanket to tailings sites upon decom- •
missioning would produce an acceptable transport rate so _
that the radioactivity of the erosion water would not exceed n
present permissable levels of 10 pCi/L.

It must be stressed again that the above example has
required making very bold assumptions. It is absolutely I
essential in future detailed assessments that each tailings
site be carefully examined on the basis of its own unique I
retention dam geometry, dam construction materials, pre- •
dieted future water courses and a multitude of other relation- •
ships such as the likelihood of gully formation spelled out in J
considerable detail in Appendix 3.

There is no question that the elapsed time period before a
dam is breached is highly dependent on the erodability and I
outer side slope configuration of the tailings dam being
considered. •

In summary, the surface transport of solids from a tailings *
area begins almost entirely as a transport of dissolved solids I
with a gradual change over time to a greater proportion of
suspended solids. Containment of tailings by conventional |
earthfill dams is likely to last in excess of 1,000 years,
provided that the hydraulic structural components (i.e. I
spillway section, decant system etc) were properly designed
and constructed to handle the maximum probable regional •
storm and thus not result in overtopping of the dam. While ™
the erosive forces of sheet or gully type overland water flow -
is the major weathering action resulting in slow deterioration f
of the retention dam or surface capping, wind erosion,
freeze-thaw action and chemical attack can also have an |
influence on the rate of weathering. It is virtually impos-
sible to speculate quantitatively on these natural forces, !
other than they are likely to be less than surface water
transport.
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It should be appreciated that from a future short term
storage point of view, the thorium contained within the
tailings may prove to be a valuable energy source if repro-
cessing is undertaken. As a consequence, plans to con-
siderably increase the thickness of surface capping and to
enhance the stability of the tailings retention dam section
(with the view to more closely approaching a state of ulti-
mate disposal) should also be viewed as providing contain-
ment of what is likely to be a future valuable source of
energy.

4.2.3 Ground Water Transport

This section examines the wet̂ thering and dissolution of a first
generation pyritic uranium waste tailings site as described in
Section 4.1.3, and the mobility and transport of radium-226 in the
contaminated sub-surface leachate discharge. The emphasis in
this section will be to apply experimental data whenever possible.

.01 Weathering of Pyritic Tailings - Iron Losses

There are limited experimental studies on the weathering and
dissolution kinetics of low grade uranium tailings from the
quartz-pebble conglomerate ore found in the Elliot Lake
region.

The disintegration of exposed and abandoned tailings sur-
faces is a product of physical, chemical and biological pro-
cesses that tend to reduce the initial structure and minero-
logy of the tailings to a more stable equilibrium state for the
present environmental conditions.

The chemical and biological processes are the most important
factors considered to control the rate of disintegration of the
pyritic waste tailings and the production of acidic and radio-
logical waste contaminants discharged to the environment .
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The biological processes involved in the weathering of the
pyritic tailings are based upon the observation that suf-
ficient and available quantities of both iron and sulphur
exist to support the biological growth of specific microbial
organisms. In the case of pyritic tailings from the Elliot
Lake region, the aerobic organism identified is Thiobacillus
Ferrooxidans .

Basically, the iron pyrites reacts with oxygen and water to
produce iron sulphate-hydroxides and free acid. This
reaction is favoured thermodynamically to proceed to complete
oxidation of the pyrites.

The rate of reaction, however, is a function of several rate
limiting variables including the specific surface area of the
tailings particles, the mineralogy and structure of the pyritic
components, the rate of oxygen transport to the reaction site
on the particle surface, the residence time of the percolating
infiltration, the availability of nutrients for bioiogical
growth, the concentration of both micro-organisms and
substrate in the tailings solution and the temperature and
pressure of the reacting system. A detailed outline of the

20reaction kinetics is given by Hawley (1977) .

Because of the numerous factors involved in predicting the
rate of dissolution of the waste tailings, specific experimental
data was utilized instead of assumed values. Three inde-
pendent studies have been performed on uranium waste
tailings from the Elliot Lake region and the observed
weathering rates have been incorporated into this study.

21(a) Since 1974, Environment Canada has been employing
lysimeters to measure the leaching of radioactive com-
ponents from abandoned uranium mill tailings. In their
study, samples were obtained from the abandoned
Nordic tailings site, located near Elliot Lake, Ontario.
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Results of the leaching studies on the abandoned
tailings indicated that increases in the rate of precipi-
tation from 500 mm/a to 5500 mm/a increased the dis-
solved radium-226 levels in the leachate from an average
107 pCi/L to 127 pCi/L while the total dissolved solids
decreased as expected.

At the higher percolation rate (5500 mm/a) the con-
tinuous infiltration approached saturated flow conditions
with negligible atmospheric or holdup losses. The
experimental saturated hydraulic conductivity was
estimated at 1.78 x 1
estimated at 30 days.
estimated at 1.78 x 10 cm/s. The residence time was

22(b) The second series of measurements were performed at
the Elliot Lake Laboratory, Mining Research Labora-
tories, Canmet, Department of Energy, Mines and
Resources, Elliot Lake, Ontario.

The west arm of the Nordic tailings area was investi-
gated to determine the degree of weathering of the
pyrites in the surface layers of the abandoned tailings.
The 16 hectare experimental site had been abandoned
for 17 years.

The depth of weathering was found to be related to the
size fraction of the tailings. The slimes fractions had
weathered to a depth of approximately 35 cm, whereas
the sand fraction had oxidized to an undetermined
depth greater than 40 cm. By estimating the 50%
oxidized pyrite surface from the data, the approximate
oxidation distribution curve was constructed.
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(c) The third study by the Ontario Water Resource Com-
mission (OWRC) was the Industrial Waste Survey of

23Stanrock Uranium Mines Ltd. . In this study, all

1
I

A plug flow type dispersion curve was then assumed to
represent the advancing oxidation breakthrough curve •
for the iron pyrites at the 50% oxidized point. The
effective bulk weathering rate of the surface tailings •
was estimated to be 1.48 cm/a for the sand/slime mix- m
ture. Using this weathering rate, the expected rate of
production of iron (Fe) was calculated. f

1
detectable leachate effluent flows from the Stanrock %
tailings area were identified and the mass flow rates of
various chemical and radiological components were f
quantified. From this data, the rate of dissolution from
the abandoned tailings was estimated. I

in the abandoned tailings was estimated to be 9
2037 A.D.23

The projected date for complete oxidation of the pyrites

The results of the inter comparison of the three studies are *
seen in Table 4.9. *

The dissolution data for both Fe and radium-226 have been
included for illustrative purposes to show the great degree 8
of variability in the observed weathering rates from essen-
tially the same tailings composition. •

This table illustrates that there is an iron loss expressed in
pounds per hectare day, some 87 times greater for the 1
Stanrock tailings over the Nordic tailings. This difference
in apparent unit area weathering rate was observed for two I
essentially identical pyritic abandoned uranium tailings under
similar climatological conditions. Further there is a signifi- j
cant difference between the relative amounts of surface flow
observed between the Stanrock and Nordic tailings area.
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TABLE 4.9

COMPARISON OF OBSERVED PYRITE
WEATHERING RATES FROM ABANDONED
ELLIOT LAKE URANIUM MINE TAILINGS

Surface Area

Annual Average
Precipitation (mm/a)

Average Daily
Precipitation Inflow
(Litres/day)

Observed Daily
Outflow
(Litres/day)

Percentage at Flow

Inflow

Radium-226 (pCi/L)

Observed Total Fe
Loss
(lb/ha.day)

Predicted Total Fe
Loss
(lb/ha.day)

NORDIC

16 ha

827.5

3.63 x

2.65 x

7.3

113 ' l \

0.875

40.5

(3)

105

104

, 86<2>

STANROCK(4)

52.6 ha

827.5

1.2 x 106

1.51 x 106

> 100

15.0

76.3

40.5

(1) Reducing environment
(2) Oxidizing environment
(3) Canmst
(4) Ontario Water Resources Commission, 1968
(5) Environment Canada 1974

NORDIC(5)

730.6

500

0.1

cm2

5500

1.1

.052 1.03

52 94

107 127



4-60

As an explanation for this disparity, it is thought that
because of the larger Stanrock tailings site, the local con-
tributing watershed sub-basin must discharge groundwater
through the tailings area from the surrounding hillslopes in
order to account for the apparent surplus of surface runoff
from the tailings area. Moreover, if groundwater recharge
rather than discharge takes place at the Nordic tailings site,
then there is a significant proportion of groundwater from
the Nordic tailings site that is not being intercepted and
adequately treated.

The weathering rate observed at the Nordic tailings site was
used to predict the effluent loadings expected at Stanrock.
It was compared with the observed values from both the
Nordic and Stanrock tailings sites.

Although there must be watershed contributions to the
effluent flows from the Stanrock site, this volume has not
been added because of the physiographic uncertainties in
defining and calculating such flows. Nevertheless at an
estimated bulk weathering rate of 1.48 cm/a for pyrites, this
results in the dissolution of 3.52 x 108 gm Fe/a (40.5 lb/ha.
day). This assumes a 40% porosity, 6% pyrite (FeS,) con-
centration and a specific gravity of 2.7 for the 52.6 hectare
Stanrock tailings site. The observed unit dissolution rate
for pyrites as total Fe is 76.3 lb/ha.day, 88% greater than
predicted.

If the same 1.48 cm/a weathering rate applied to the 16 ha
Nordic tailings site, the estimated dissolution rate is 1.07 x

o

10 g Fe/a (40.5 lb/ha.day). The observed dissolution rate
of pyrite as total Fe was 0.875 lb/ha.day.
Unfortunately there was no data included in the experimental
lysimeter studies by Environment Canada (D.O.E.) that
allowed a weathering rate of the pyrite content to be
estimated.
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The significant difference between the observed and pre-
dicted dissolution rates for the Nordic tailings site suggests
that there are major environment factors limiting the rate of
oxidation of the pyrites and the transport of the reaction
products from the tailings site.

The reported Fe concentrations in the Nordic tailings
reached 6000 ppm whereas the effluent levels were only
600 ppm suggesting that significant precipitation and adsorp-
tion of the iron was affecting its mobility in view of the low
discharge volumes.

The actual transport mechanisms must be better delineated if
the transport of radionuclides is to be understood.

The significant result, from the above analysis is that the
weathering rate of the abandoned uranium waste tailings will
have to be determined and monitored on a site specific basis.
The prediction of long term weathering rates and associated
effluent concentration can vary from site to site by two
orders of magnitude as seen from the above analysis.

.02 Weathering of Pyrite Tailings - Heavy Metals & Radionuciides

The radioactivity associated with the weathering of the
abandoned tailings is a function of the minerology of the
tailings. Elliot Lake tailings contain sufficient pyrites (2-8%)
to produce very acidic (<2 pH) leaching conditions that
promote the dissolution of heavy metals.

The lysimeter studies of D.O.E. on abandoned tailings in-
dicated that the steady state pH produced from the oxidation
of pyrites in the Nordic tailings is maintained below pH 2
even at saturated flow conditions.
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Typical metals found by the O.W.R.C. in the Stanrock
leachate included zinc, nickel, cobalt, copper, manganese,
titanium, aluminum, vanadium, magnesium, calcium, potas-
sium, sodium as well as the various radionuclides from the
two uranium decay chains.

The mobility of released heavy metals and salts is a function
of their respective chemical potential, solubility, the liquid/
solid overflow ratio, solution pH, the chemical retarding
effects of any tailings solids surface reactions and the hydro-
dynamic dispersion-convection phenomenon of the tailings
groundwater flow.

Because the physical and chemical processes controlling the
mobility of the various ion species require considerable
detailed study and clarification for the abandoned tailings
and the results are not presently available for incorporation
leachate values for radium were assumed from the previously
noted studies as representative of the equilibrium levels of
radium in seepage from the tailings site.

A comparison of these investigations indicates that the
observed average steady state dissolved radium levels pro-
duced by bio-oxidation of the pyrites within the tailings area

21ranges from 100-175 pCi/L . The level of dissolved radium
found in the seepage collected outside of the tailings area

ranges from 12-15 pCi/L. I

In the lysimeter studies, there are important leaching _
patterns that warrant consideration. f

Bryant found that natural increases in the climatic precipi- I
tation rate from 500 mm/a to 5500 mm/a caused dissolved
radium levels to increase by 19%, a pH increase by 0.5 units j
while the conductivity was reduced by a factor of 8.5.
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Although the conductivity measurement indicated a decrease
in the effluent dissolved solids with increasing influent
flows, there was no concomitant drop in the radium levels.
This suggests that the mobility of radium is affected by the
dissolved solids levels. This effect was also noticed by
Moffett at the Nordic site where he found two distinct zones
in the tailings characterized by high acidity, high dissolved
solids, low radium-226 values and low acidity, low dissolved
solids and relatively higher radium-226 values.

In Bryants work, the total accumulated liquid/solid ratio for
the continuous flow system (5500 mm/yr) over the study
period reported was only 3.42 ml/g of tailings solids.

Shearer and Lee (1964) studied the leachability of
radium-226 from acid leach uranium mill tailings from the
Colorado Plateau area. Although the tailings are of unknown
minerological composition, the observed leaching phenomenon
are sufficiently important to be included here. Similar
physical and chemical reactions observed by Shearer could
be expected from the acid leach tailings from the Elliot Lake
area.

Shearer found that the minus 105 micron size (150 mesh
approximately) fraction had the greatest specific activity.

They performed batch leaching studies on the tailings and
found that at low liquid/solid ratios of 10-40 ml/g, there was
essentially no change in the amount of leached radium in
solution but above this ratio a significant increase in leached
radium-226 levels resulted. At a specific tailings activity of
972 pCi/g Ra, the leachate achieved a maximum 230 p d / L at
equilibrium.
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The quantity of radium-226 cached from the tailings was
shown to be influenced significantly by the quantity of waste
tailings and the liquid to solids ratio for a given quantity of
solids.

To compare the liquid/solid ratio effect to the lysimeter
studies by Bryant, a threshold level of 40 mL/g was chosen.
This col
tration.
This corresponds to (90 kg x 40 mL/g)3.6 x 103L of infil-

At the 5,500 mm/yr precipitation rate, the time taken to
observe any similar effect in the lysimeter would be approxi-
mately 9 years, far in excess of the reported length of the
study.

Because the acid leach tailings typically have high levels of
entrained residual sulphates from both the mill waste effluent
and the bio-oxidation of the waste tailings pyrite, the resul-
tant sulphate levels can depress the activity levels of dis-

24solved radium .

The solubility product of BaS04 (at 25°C) is 1.08 x 10~10.
At the level of sulphates typically found in the abandoned
tailings of 5,000 mg/L, the saturated residual level of Ba is
1.7 x 10 ugm/L, a value thought to be achieved by the
residual levels in the mill effluent or released by the acidic
decomposition of the tailings. The average amount of barium

25in granite rocks is 1,220 ppm .

Bryant also found that the recycle of Ba(Ra)S04 sediments at
the low flow volumes could significantly increase the dis-
solved Radium 226 levels. It is felt that the low pH values
found in the lower sections of the tailings increase the
solubility product of BaSO. and as such resolubilize precipi-
tated radium and increase its availability for transport. The
pH effects on the solubility of the Ba(Ra)S04 precipitate
requires further study.
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Havlik (1968)26 found that over 95% of the bound radium in
acid leach uranium tailings sediments could be extracted by
sodium and potassium salts, whereas Shearer found that only
strontium and barium salts could significantly effect the
leachability of bound radium-226 in the sediments.

Chemical analysis of the waste tailings found at the Nordic
27tailings site indicates a very low Cation Exchange Capacity

of 0.17 meq/100 g. Such a level would result in an insigni-
ficant retarding effect of most cationic surface active
species. The equilibrium adsorbed levels of radium-226 are
far less than the specific activity (<.02%) found naturally
(335 pCi/g).

Although the measured interstitial concentration of
radium-226 in abandoned tailings sites has not exceeded

21 22150 pCi/L ' high sulphate levels and low liquid/solid leach
volumes appear to suppress the expected high dissolved
radium-226 levels.

As suggested by the accelerated leaching studies by Bryant,
once the pyritic oxidation process terminates and/or the
residual sulphate levels approach normal background levels,
the precipitated and bound radium-226 will achieve a signi-
ficantly higher equilibrium value than presently exists.

Thus one of the long term consequences for the present
tailings management methods may be a significant rise in
radium-226 levels discharged to the environment unless
present barium chloride treatment of effluents are continued.

The data presented above indicates that complex surface
phenomenon significantly affect the availability of radium-226
from the tailings solids. The physical and chemical pro-
perties of the tailings in both the acidic and neutral environ-
ments must be clarified. Any such detailed studies must
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identify: (a) the nature of the bound radium-226, (b) the
surface structure of the tailings, (c) the surface chemical
properties of the sands/slimes mixture and (d) factors that
affect the availability of radium-226 and the chemical inter-
action of the liquid/solid interface with the micro environ-
ment. In the analysis of the mobility and transport of
radium-226 to follow, the average residual dissolved radium
in the abandoned tailings leachate will be 150 pCi/L.

.03 Groundwater Transport

Sufficient hydrologic data is presently unavailable to com-
plete a mass balance on any waste tailings site in the Elliot
Lake area. Instead, the measured seepage flow from the I
52.6 ha Stanrock tailings site is sufficiently accurate to
predict the groundwater flow contribution from rainfall ]
derived seepage.

Figures 4.1 and 4.3 simplistically outline the seepage flow j
pattern below the model tailings area, which was examined
previously with respect to surface transport and which will j
also be used in this examination of groundwater transport.

In order to predict the magnitude and direction of the J
seepage flux from the discharge basin, several identifying
characteristics of the site must be known. These can be I
categorized into the physical and chemical properties of the
tailings solution, and the physical and chemical properties of I
the transport media of the surrounding catchment area.
These latter properties define the hydrogeologic transport A
mechanisms in the particular porous soil medium that affect •
the mobility and transport of the specific radionuclide under ^
study. %

Table 4.10 outlines the variables that must be known in t
order to accurately predict the mobility of radionuclides in
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TABLE 4.10

HYDROGEOLOGIC AND GEOCHEMICAL VARIABLES IN
RADIONUCLIDE TRANSPORT

(a) HYDROGEOLOGIC PROPERTIES OF POROUS MEDIA

Effective Porosity
Intrinsic Permeability (Porous)

Saturated
Unsaturated

Fractional Moisture Content
Grain Size Distribution
Kinematic Viscosity
Intrinsic Directional Fracture Permeability
Average Fracture Spacing
Half Aperture Width
Total Fracture Density
Dispersity: Longitudinal, Rai. ial
Characteristic Pore Length
Bulk Density

HYDROGEOLOGIC TRANSPORT MECHANISMS

Diffusion (Fick's Law)
Convection (Darcy's Law)
Average Pore Velocity (Dupuit - Forcheimer)
Dispersion (Diffusion and Convection)
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TABLE 4.10 (Cont'd)

(b) CHEMICAL PROPERTIES AS POROUS GEOLOGICAL MEDIA

Colloid Content: Type, Distribution, Surface Charge and Electrical
Potential

Cation Exchange Capacity (C.E.C.)
Selectivity Coefficient (K^)
Distribution Coefficient (Kd)
Redox Potential (Eh)
Equilibrium Constant (K )
pH
Resident Exchangeable Ions

GEOCHEMICAL REACTION MECHANISMS

Chemisorption
Physical Absorption: Electrical, Clay Minerals, Organic Colloids,

Hydrous Metal Oxides
Precipitation
Replacement {Isomorphic Substitution) and Coprecipitation
Nucleation
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the subsurface environment. A more detailed explanation
and interpretation of basic hydrogeologic principles can be

28found in Grisak and Jackson .

A realistic evaluation of a regional groundwater system, that
contains the tailings area must be taken into account in
groundwater analysis. This is most important because water-
shed system properties will define the magnitude and direc-
tion of the local groundwater flow from the tailings area, the
local recharge and discharge zones and those zones of the
local stratigraphy that required detailed investigation and
monitoring as significant pathways of groundwater flow '

A detailed description of watershed characteristics is found
in Appendix A3. This additional explanation will clarify the
necessity for a comprehensive field program to define the
basin characteristics containing a tailings site but more
importantly it emphasizes the additional knowledge that must
be available in order to enable realistic predictions of the
long term consequences to present methods of tailings dis-
posal .

Because only very iimited regional hydrologic information is
available, the subsurface groundwater flow model assumes
that the tailings site is located on glacial till. The pro-
perties of the till are illustrated on Figure 4.9.

The abandoned tailings areas in Elliot Lake are located in
shallow surface depressions such as shallow lakes, swamps
and valleys, that were formed from previous glacio-fluvial
activity. It is expected that these depressions contain
considerable deposits of stratified glacial drift material.
Therefore the stratigraphy will have various soil layers of
differing physical and chemical properties. In the analysis
which follows, an isotropic hydraulic conductivity of
10" cm/s has been chosen.



Soil Erodibility Nomograph (after Wischmeier and Meyer (1973)

Figure 4.8
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IAlthough necessary and sufficient geomorphological data is

missing for both the local and regional groundwater catch- •

ment areas for the tailings sites located in the Elliot Lake w

area , the following model will attempt to reflect the necessity m

of fundamental hydrologic data. (

A hydrologic response ratio analysis of t r ibutar ies V and VI 1

of the Whitson River (Figure 4.10) watershed in the Blezard

Valley, North of Sudbury , Ontario was performed for the I

Regional Design Storm. These catchment areas were thought

to be representat ive of the Precambrian Shield glacial soils •

found in the Elliot Lake area. •

The runoff flood hydrographs a r t seen in Figure 4 . 1 1 . The <ff

only significant difference between the two sub-bas ins is the

surficial soil infiltration capacity as reflected in the Soil I

Conservation Service hydrologic soil complex runoff curve

number. ' C

IThe significantly greater hydrologic ratio of tributary VI
where the soils have a reduced infiltration capacity, illu-
strates the site specific nature of hydrologic runoff response _
to storm events for adjacent catchment areas. Tailings sites 5
located in each of these areas would necessarily have con-
siderably different potentials for the production of ground- I
water discharge.

The comparative analysis of the Stanrock and Nordic tailings
areas also illustrated the great variability in the hydrologic A
response between sites. The Stanrcck tailings site dis- •
charged most of its infiltration as surface runoff whereas the .
Nordic site appeared to discharge significant leachate •
volumes into the subsurface groundwater.

I



Figure 4.10
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WHITSON RIVER

SUB-BASIN AREAS
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PARAMETERS:

Surface Area
Precipitation
Basin Length
Basin Relief
Basin Slope
(S.C.S.) Soil #

Time of
Concentration
Hydrologic Ratio

Tributary No. V

10.75 sq miles
7.22 sq miles
7.34 miles

51 feet
0.13%
50
5.71 hours

0.139

Tributary No. VI

4.71 sq miles
7.50 sq miles
5.84 miles
38 feet
0.12%
77
4.91 hours

0.410
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Thus the site specific hydrologic response characteristics of
the waste tailings containment area must be evaluated by
actual field programs to identify the surface and ground-
water discharge components.

For our analysis, the leachate is assumed to migrate
vertically from the bottom of the tailings into the underlying
soil. The one dimensional linear dispersion model for such a
homogeneous porous medium is obtained by a mass balance on
an elemental volume of soil. The mass transport equation
used in the analysis is given on Figure 4-9.

31The analytical solution to the dispersion equation with
semi-infinite boundary conditions that reflect a step input
concentration of C is:

1 erfc 1 + E
N 2 (EN)'1

The two dimensionless groups are:

Peclet Number

Pe = 1/N = VL/D

Pore volume
E = Vt/L

L = the length of the soil column
t = flow duration

This model neglects any chemical phenomenon that might be
expected to retard the movement of radium-226, and in all
likelihood the suppressed effluent levels for radium-226 are
probably a function of several chemical reactions that must
be identified by laboratory experimentation.
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Basic experimental data that would meet such requirements
and allow for the realistic prediction of uranium tailings
leachate migration is outlined in Table 4.11.

The groundwater pore velocity in the X direction is found

by solution of the Dupuit Forcheimer equation:

V = P

10"5 cm
s

0.20

16 m/yr

• H B

( i )

I
where: •

P = Hydraulic Conductivity •

H = Hydraulic Potential | |

X = Path Length •

I

The dispersion coefficient was assumed to be 10 cm2 /day3 3 '3 4

For a tailings dyke approximately 25 metres in height and a
2 horizontal to 1 vertical side slope, it is estimated that the •
minimum seepage flow path below the tailings to the toe of *
the dyke is approximately 50 metres. This is the expected am
flow path that would result in immediate local surface dis- m
charge of tailings leachate and groundwater from the tailings
containment. Jp

I
II
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TABLE 4.11

EXPERIMENTAL DATA REQUIREMENTS FOR

GROUNDWATER TRANSPORT MODELLING

1. Leachate chemical characterization;

(a) pH,
(b) pollutant form and concentration,
(c) complimentary or accompanying ion concentrations,
(d) disposal variations, and
(e) temperature.

2. Soil/tailings characterization;

(a) physical,
(b) mineralogical, and
(c) chemical.

3. Chemical interactions of soil/taiiings leachate systems;

(a) laboratory studies,
equilibrium techniques, and
soil/tailings column techniques.

(b) field prediction,
dynamic column analysis, and
hydrodynamic disperson analyses.
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a
Solution of the dispersion equation at 50 metres and 1,000
days yields a relative concentration that is virtually un- •
dectable. This is because both the dispersion coefficient •
and the pore velocity are very low. At a dispersion coef- _
ficient of 100 cm2/day, the relative concentration of I
radium-226 at the seepage front is 12.4 pCi/L and at a
higher dispersion coefficient of 1,000 cm2/day, the p
radium-226 concentration is 74.4 pCi/L.

I
The dispersion coefficient has no special significance
effecting either molecular diffusion or mixing caused by B
microscopic velocity distribution. It is a function of vis-
cosity, density and average velocity of the liquid phase, the •
size and shape of the soil grains and the soil structure.

Although an experimentally derived laboratory value for the
dispersion coefficient was initially used, often the value is •
derived from field measurements of the migration of sue- •
cessive seepage front? and is reflective of the heterogenity _

35 •
of the conductive soil profile . |

The lysimeter studies of Bryant could have been extremely |
beneficial in delineating the dispersion and adsorptive pro-
cesses affecting the migration of radium-226 if they had I
determined the breakthrough and adsorption isotherms for

34 - A
their system . •

The seepage from both the Nordic and Stanrock tailings sites I
had dissolved radium-226 levels of 15 pCi/L near the toe of
the dykes suggesting a greater dispersion coefficient than fl
was experimentally derived elsewhere but incorporated •
above. •

I
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Further the transport model did not consider any physical or
chemical processes that would tend to retard the migration of
radium-226 in the soil column although the previously cited
experimental studies suggest that both considerable chemical
precipitation and surface adsorption of radium do in fact
occur.

From the above, we can see that leaching of the weathered
radionuclides over a long period of time will introduce
variable rates of discharge into the natural ground water
system. As more information on the magnitude and signi-
ficance of leachate production and migration from abandoned
tailings areas becomes available, the long term radiological
implications to man can be better appreciated. Nevertheless,
the information available to date, shows that unlined tailings
basins are unsuitable for the adequate long term management
of uranium mine/mill tailings.
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5.0 LONG TERM CONSEQUENCES OF
STORING CONVENTIONAL TAILINGS BY NEW CONCEPTS

5.1 INTRODUCTION

Discussions on management of uranium mill tailings presented in
the preceding sections were based on conventional tailings and
conventional practices. Current practice essentially consists of
discharging the tailings slurry to a retention site and treating the
overflow effluent before release to the watershed. However, the
objective of tailings management, i.e. safe containment in the long
term, may be more readily attained by the adoption of other
concepts. Disposal in the ocean has been suggested as one such
option, but it is dismissed from present consideration for economic
and political reasons. However, it may prove feasible to store
the tailings under fresh waterbodies on land. Other possibilities
include storage in underground or flooded open pit mines, with or
without tailings solidification. Discussions of the foregoing pro-
posals follow.

Appendix A2 provides supplementary information and an quantita-
tive empirical assessment of each of the conventional and non-con-
ventional tailings management methods. The purpose is to quanti-
tatively compare the relative merits of each management method
and their long term environmental risks.

5.2 STORAGE UNDER WATER

5.2.1 General

Deep lakes are depositional environments, i.e. debris continues to

settle on the bottom. Also, some deep lakes have been found to
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5.2.2 Selection of Lake

I
I

have long and stable existences. For these reasons underwater _
storage would appear to be a feasible method of achieving the Q
objectives of long term tailings storage when applied on a selec-
tive site specific basis. Furthermore, if conditions are present I
for long term stability, the degree of isolation from geochemical
and biochemical reactions which continual sedimentation provides I
will increase with time.

It may not be necessary to rely on the natural characteristics of •
a lake for safe storage. Safe containment may also be achieved «
by "engineering" protective barriers into the system. |

I

I

Not all lakes are naturally suited for tailings storage. An essen- I
tial requirement is that the lake remain a sedimentary environment
in the long term. Very broadly, this means that there must be a
deficit of particulate or solute transport out of the lake in the
short term, and that erosion of the outlet will not cause this to —
change in the long term. Another consideration is that hydraulic |
gradients in the area be downward, to ensure that seepage will
be out of the lake into deep regional flow systems and not up into I
the overlying water.

In a general sense, transport of soluble and particulate radio-
nuclides from sediments to the overlying water and from the lake •
will be a functon of the degree of turbulence at the tailings-water *
interface. This turbulence will be governed by such factors as —

depth of water, surface wind velocities and fetch, extent of solar |
insolation and degree of penetration, relationship of volume to
watershed area and the presence of density controlled stagnant I
water overlying the tailings.

I
I
t
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The most suitable lake would be the meromictic type, i.e. stable,
stagnant bottom layer isolated from upper layers by a chemocline.
However, it is not known if the tailings slurry would destroy the
meromictic characteristics of a natural lake by changing the
temperature of the bottom layer.

The lake must also remain stable in the long term. Erosion of the
outlet would upset the stability and allow an increase in the bleed
rate of contaminants out of the system.

In this connection, most uranium mining areas in Canada are
located on the Canadian Shield. Any lake chosen for underwater
disposal will probably have a igneous granite bedrock outlet which
should erode at a much slower rate than sedimentary rock or
unconsolidated material, in the absence of any major tectonic
event. Other factors influencing transfer of contaminants in the
long term would relate to the climatic changes such as increases
or decreases in quantity or quality precipitation, variations in
storm intensity and frequency, etc.

5.2.3 Engineered Natural Lake System

The choice of lake for storage may be extended beyond the mero-
mictic type and the potential for long term containment maximized
by artificial means. It should be possible to "engineer" into a
lake a series of redundant contaminant barriers which will com-
plement natural barriers to contaminant transfer.

When tailings are deposited as sedimentary material in the bottom
of a lake they are contained within a fully saturated natural
environment and contaminant transfer will relate to the fiux of
water through them. This is a function of the hydraulic gra-
dient, permeability and chemical characteristics of the system
(Appendix Al). Control of the hydraulic gradient is difficult to
implement. However, the permeability of the material surrounding
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I
the tailings can be reduced to very low levels at which the dif- .
fusion rate, not hydraulic flow, becomes the limiting transport J
parameter. Similarly, the rate of geochemical transport can be
influenced by the selection of barrier materials with high distri- 1
bution coefficients for the contaminants in question. One prac-
tical way of doing this is to utilize a natural clay sediment or J
create one with addition of a material such as bentonite. The
ideal system would include a bentonite or other clay liner com- I
pletely surrounding the tailings. '

A similar liner could be placed over the tailings. It would con- J
tinue to offer protection beyond natural sediment deposition
should the hydraulic gradients change or the lake drain. I

I

Through time, erosion of the surrounding watershed and produc- I
tion of organic carbon within the lake itself will result in an
increasing depth of sediment overlying the tailings making any
release to the overlying water less probable with time. The
engineered bentonite cap is simply an artificial start to this _
process. If the turbulence at the substrate water interface is low . |
enough, it may be possible to create an artificial chemocline below
which is a stable stagnant layer of water. This would prevent I
bioperturbation of the sediments and act as a tertiary barrier to
the transfer of contaminants to the overlying water. A final I
barrier system which exists in natural lakes involves the con-
tinued rain of detrital material through the water column to the •
sediments. Some research in this area has indicated a continual I
stripping of cations from tho water column and transport to the _
sediments. |

In conclusion, a well-chosen natural lake with the addition of I
engineered sealing features would appear to offer the best method
of tailings storage in the long term where conditions are appro- I
priate. Very little data is available on the behaviour of tailings

I



5-5

once they are deposited in deep lakes. An extensive sampling
and evaluation program of existing deposits would be needed
before futher examination of this prospect was taken. Such a
program would include the extent of anaerobic biodegredation in
the tailings and its effect on the mobility of various elements.

5.3 UNDERGROUND TAILINGS STORAGE

5.3.1 Introduction

Underground mines have also been proposed as storage sites for
uranium mill tailings. The idea appears attractive in that it
would remove the tailings from public sight and access, and could
provide the optimum solution to the problem of future erosion.
From an operating mill, they could be placed hydraulically, i.e.
as a slurry containing about 65% solids. From a settled tailings
deposit, they could be transported by a number of conventional
dry bulk handling methods including truck haulage, belt convey-
ing or pneumatic conveying, or could be re-slurried for hydraulic
transportation.

However, there are several practical problems which prevent the
uranium mine from being the complete answer to its own tailings
disposal problem. First and foremost is the fact that there is
insufficient volume in a uranium mine to store the total mill
tailings. When rock is blasted, the volume increases by a factor
of 60% to 70%. After milling to a relatively uniform particle size,
this "swell" factor remains at about 67%. Expressed another way,
a dry tailings sample would contain approximately 60% rock par-
ticles and 40% voids. Most Canadian uranium producers do very
little waste development underground, and extract less than
one percent of the total ore milled. Thus, it is evident that with
few exceptions, little more than half of the tailings can ever be
put back into the mine from which they came.
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If only one-half of the tailings can be placed underground, it
would be advantageous environmentally to place the finer fraction
in the mine and the coarser fraction on surface because the finer
fraction contains the majority of the raaionuclides present in
tailings. However, the hydraulic properties of this finer fraction
are in direct conflict with the practical requirements for under-
ground emplacement.

Another restriction is thai, to prevent contamination of ground-
water by seepage, the storage site must either be located in
impervious strata or be made impervious by the use of sedants.

5.3.2 Use of Tailings as Backfill

Classified mill tailings have been used for mar»y years as a
ground support medium in several variations of the cut-and-fill
mining method. Most applications include the addition of cement.

In the Canadian uranium mining industry, Madawaska and Beaver-
lodge mines are already using cut-and-fill as a primary mining
method, while Denison is planning to introduce backfill for secon-
dary pillar recovery operations in order to improve the ore ex-
traction ratio.

The strength of the backfill is primarily dependent upon the
following factors:

i) cement: tailings ratio,
ii) particle size distribution, and
iii) moisture content.

Particle size distribution is controlled by classifying the tailings,
normally in a hydrocyclone, to reduce the slimes content. It
should be noted that classification does not eliminate slimes; it
separates the coarse and fine fractions. The following tabulation
shows typical Elliot Lake analyses for unclassified and classified
tailings:1'2
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I
1

Unclassified Tailings
Classified - tailings 65%

- backfill 35%
Classified - tailings 46%

- backfill 54%

A

B

Percent by Weight at Tyler Mesh Size
-48 - 65 -100 -150 -200

+4£ +65 +100 +150 +200

6
0

18

8

10
2
28
7

15

14
8

30

11

20

12
14

9

10

16

11
14
4

9

15

47
62

11

58

25

A Technequip Ltd., Computer Analysis For 30" Krebs Cyclones,
December, 1977.

B Penison Mines Ltd.. Unpublished Research, December, 1975.

Moisture content is controlled by the initial density of the backfill
slurry, the cement: tailings ratio, and the percolation rate. This
rate should exceed 12 cm/hour and is largely dependent on the
slimes content. If water is retained in the fill, strength is re-
duced and, if squeezed by the stope walls, even cemented fill
would be sufficiently unstable to extrude at any exposed face.

It may be possible to increase the proportion of fine material in
backfill, without decreasing its structural properties, by the use
of flocculants or by solidification or electrokinetic densification.

Canada Cement Lafarge Ltd., during their extensive work on
cemented backfill, tried some rather inconclusive tests with a
flocculant. Improved strength and percolation rates were
achieved in the laboratory with short mix times, but prolonged
agitation apparently caused a breakdown of the floes that had
been formed. Further extensive research would be required to
demonstrate any significant benefits from the use of flocculants.

A new proprietary solidification technology has been developed by
Canadian Waste Technology Inc. to convert industrial waste
materials into solid inorganic, non-toxic silicates. The process
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consists essentially of controlled addition and blending of certain
alkaline and silicate reagents into the waste material. This
followed by a curing period measurad in days during which the
growth of complex metallic silicates and other insoluble compounds
convert the waste into a solid material analogous with the curing
of concrete but without the initial "set". Solidification has been
used since April 1977 to convert large quantities of industrial
liquid waste sludge into soil cover at a sanitary landfill site near
Hamilton, Ontario. Tests on uranium mill tailings are still in the
laboratory stage. The results not yet published are believed to
be inconclusive, but encouraging.

Considerable success has been achieved in two American base
metal mines with electrokinetic densification of slimes and of
partially classified tailings fill. The D.C. power requirement for
this type of dewatering is largely dependent on the specific
resistance of the tailings material. It is believed that electro-
kinetically densified fine tailings could achieve compressive
strengths equal to lightly cemented, classified backfill, but at
considerably nigher cost. The hazards of high voltage shock or
even electrocution and accidental detonation of blasting caps
would need to be eliminated by suitable precautions. The hydro-
gen gas generated by electrolysis would have to be automatically
dispersed by the more critical ventilation requirements for control
of radon emanation necessary in uranium mines.

One serious problem with dewatering fine tailings would be the
risk of recharge by seepage water. In a saturated state, tailings
would remain fluid and it may be assumed that they would require
confinement behind reinforced concrete bulkheads designed to
withstand the maximum anticipated hydrostatic pressure. The
number of bulkheads required would depend on the mining method
and the development layout, but for room and pillar mining in
Elliot Lake, it would be very large.
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Because of the uneven distribution of radionuclides in the various
tailings size fractions, any increase in the proportion of fines
used in uranium mine tailings backfill w'.il cause a corresponding
increase in the quantity of radionuclides and, consequently, in
the potential health hazard to miners. The rate of emanation of
radon gas (the primary radiological hazard) would not necessarily
increase since permeability and moisture content of the fill is
inversely proportional to the size distribution.

j In summary, it is likely that some portion of the slimes will
always have to be removed from conventional cemented tailings

I backfill to provide sufficient strength for use as a ground
I support medium. There is some evidence that electrokinetically

densified fine tailings could provide adequate strength, but a
I major research effort would be required to establish the suit-

ability of this technique for a specific uranium mine's require-
| ments, and to evaluate the associated costs and hazards.

i 5.3.3 Storage in Active Mines

I
In active uranium mines, tailings could theoretically be stored in

all those abandoned stopes which are not automatically filled with
structural backfill. The operating hydrometallurgical plants at

I most of the mines make hydraulic transportation the obvious
means of placing such tailings. However, the direct costs of

I placing and retaining the tailings in the stopes, and the indirect
costs of additional slurry water and slimes handling and venti-
lation requirements could be very substantial.

The Elliot Lake mines make extensive use of open stopes as low
resistance exhaust air corridors. The capital cost of replacing
such corridors with exhaust airways driven in waste, and of
constantly extending them to new working areas would be very
high.
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The additional tailings stored could be classified or unclassified
(raw). If classified, either the coarse or the fine fraction could
theoretically be placed underground.

.01 Coarse, Classified Tailings

Such tailings, by definition, should be free draining and
would therefore require minimal retention precautions,
normally timber bulkheads with a fabric lining to retain sand
particles but allowing slurry water (and possible seepage
water) to drain. This option would reduce the total volume
of tailings disposed on surface to the least cost, and could
possibly be economically self supporting by reducing the cost
of surface dam construction and by offering the opportunity
to increase the ore extraction ratio. However, the more
highly radioactive fraction remains on surface.

.02 Fine, Classified Tailings

Such tailings would contain about 60% minus 200 mesh par-
ticles resulting in low percolation rates and a strong ten-
dency to retain moisture. Even if the slurry water could be
thoroughly drained from these tailings, the risk of recharge
by seepage water would be very high. As discussed in the
previous sub-section, such tailings would probably require
confinement behind reinforced concrete bulkheads to prevent
the serious possibility of a large mud flow into working
areas.

This option would reduce both the volume and the radio-
activity of the tailings disposed on surface. However, the
direct and indirect costs of the classification plant, distribu-
tion system, dewatering system, slimes clean-up, retention
bulkheads, and additional ventilation requirements would be
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very high. It may be possible to develop the new Solidifica-
tion process to the degree that both decanting and hydraulic
bulkheads could be eliminated. An extensive research pro-
gram would be required to provide solutions to the various
technical problems and to evaluate the costs and benefits for
each uranium mining district.

.03 Unclassified Tailings

This option would reduce the volume of tailings disposed on
surface, but would introduce most of the problems associated
with slimes underground without the compensating factor of
reducing radiation levels from the surface tailings area
because of the "swell" factor.

5.3.4 Storage in Abandoned Mines

Two basic possibilities are considered in this sub-section:

(a) Storage of tailings from an active uranium mine in a neigh-
bouring abandoned mine.

(b) Storage of tailings in the abandoned mine from which they
came.

(a) Tailings From Active to Abandoned Mine

From an active mine, the logical means of transporting tailings
would be hydraulically through a pipeline. Precautions against
accidental spillage would depend in part, on the environmental
sensitivity of the terrain to be crossed, but the technology is
available to make the pipeline safe.

A primary design consideration would be the relative volumes of
the abandoned mine and the expected total active mine tailings.
If the full volume cannot be accommodated, then the tailings
should be classified and the finer fraction delivered to the mine.
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The method of placement in the abandoned mine would depend
largely on the configuration of the openings, but it is highly
unlikely that the slurry could simply be discharged into a shaft.
Differential settling of the coarser tailings particles will tend to
plug any restricted opening near the slurry discharge point.
Also, the maximum practical slurry density for hydraulic flow is
70% solids while the optimum settled density is about 85% solids.

For these reasons, it would be necessary to re-open the aband-
oned mine, provide ventilation, pumping and limited other
services, pipe the tailing slurry to a series of carefully selected
discharge points, and provide means of decanting surplus water.
It would also be necessary to inspect the mine and, if necessary,
seal off any fractures through which contaminated water could
escape into the environment.

One obvious disadvantage of filling an abandoned mine is the
absolute finality implied. In many instances throughout the
mining industry, changes in market conditions or advances ii.
mining techniques have permitted previously abandoned mines to
be re-opened as profitable ventures, thus making more efficient
use of the mineral reserves in those properties. The filling of
such mines with unconsolidated slurries would effectively preclude
any further extraction of ore.

(b) Return of Tailings to Abandoned Mine

As explained earlier, the volume of tailings is likely to be close to
double the volume of the workings of the uranium mine from
which they came. If structural backfill was used underground,
the volume of tailings could be many times greater than the
available underground storage space.

The tailings will normally be relatively stable in a large, shallow
basin. They could be recovered and transported back to the
mine either dry or wet (re-slurried).
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I
I A dry operation could utilize any of the excavation and transpor-

tation techniques currently practiced in the commercial sand and
_ gravel industry, and the finer, more radioactive fraction could be
I separated by dry cycloning, or screening, or other classifying

methods to reduce the volume to be stored. However, it is
I difficult to conceive of a method of delivering and placing dry

tailings underground which would not create impossible dust
i conditions.

( A wet operation offers a number of advantages. In slurry form,
the tailings can be classified in hydrocyclones with the finer

_ fraction proportioned to the available space underground. Suit-
I able slurry handling equipment should be available when the mill

shuts down. There would be no dust problem. Only one trans-
I portation medium is involved from pick-up to discharge.

1 Depending on the configuration of the tailings area, the material
could be re-slurried either by flooding the area and using barge

• mounted dredging equipment, or by high pressure hydraulic moni-
• toring and sluicing as used, for example, in the china clay and
_ alluvial tin mining industries. Freezing problems during the
I Canadian winter would be especially significant with the moni-

toring method.

The objective of this option would be to place the maximum
I possible quantity of slimes, and therefore of radionudides, back

into the mine, and to return the remaining coarse tailings to

I surf ace storage. However, it would be extremely difficult with a

wet (hydraulic) process to keep the original and the "clean"
- tailings separated in the original tailings area. Some of the
I classified coarse tailings would have to be placed, at least tem-

porarily, on an alternate disposal site.

As stated previously, it would be necessary to maintain or replace
1 the ventilation and pumping facilities and limited other services in

the abandoned mine to permit placing and decanting of the
tailings slurry.
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5.3.5 Storage in Specially Created Mines

The proposal of storage of tailings in especially created mines is
technically feasible but at present economically unattractive. It
would place on the surface, a volume of rock about equal to that
of the tailings to be stored. If the objective is not to be de-
feated, the rock would need to be less objectionable from an en-
vironmental standpoint than the tailings themselves. Also, the
mine must not intersect any major faults or other zones of high
permeability. To locate such a site, reasonably close to the
tailings source, would require a very intensive program. The
specially created mine could be adapted to a number of waste
storage schemes, such as:

serving the sole purpose of accommodating the entire tailings
output from an underground or open pit mine,

serving in conjunction with an existing or new underground
mine, by accepting the tailings which cannot be replaced in
the original mine workings,

storage of high activity tailings or sludges,

implacement of separated fines.

If tailings storage is the only function, the mines could be de-
signed to simplify placement, probably to the extent that the
material could be poured or dumped, wet or dry, into boreholes
from surface with no persons underground during placement. In
that case, the dust and the higher radon emanation rate from dry
placement would not be as significant a health hazard.

In addition to the tailings delivered from current operations, old
tailings could be removed from existing storage sites for under-
ground storage. In this event, dry transportation and placement
is preferred. It would eliminate such problems as freezing in
winter and discontinuous operation. The need for draining and
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pumping of slurry water would be unnecessary. These tailings
could also be classified. The coarse fraction could be returned to
the original storage area if acceptable with respect to radio-
activity, and the finer fraction stored underground. Pneumatic
transportation could be used.

5.4 OPEN PIT TAILINGS STORAGE

It may be feasible to store tailings in open pits by a variety of
schemes. The proposal is of interest because all of the recently
discovered uranium deposits in Northern Saskatchewan are located
at or near the surface. Undoubtedly, many of these deposits will
be found to extend below the maximum economic open pit depth
and some will later be mined by underground methods. Other
deposits, such as the Amok "D" orebody at Cluff Lake and Rabbit
Lake deposits, will be mined as open pits only.

To achieve a stable wall slope in open pit mining, a large amount
of waste material is normally mined in addition to ore. In mining
of the high grade Saskatchewan deposits, this stripping ratio of
waste to ore could be as high as 100:1. Thus, adequate space
will be available to return the total mill tailings to the pits, if
necessary.

The objective in the open pit storage procedure would be to
establish a suitable site in impervious surroundings. It would
have capacity equal to the volume of the mill tailings fraction,
which contain a radionuclide concentration unacceptable for
surface storage.

Each open pit must be assessed for site specific variables.
Hydrogeological studies during the life of the pit would determine
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any precautions necessary to prevent excessive seepage into the
local and/or regional groundwater system. They could vary from

I
I

localized grouting to a complete clay lining. _

If the surface of the tailings was sufficiently low in the pit, it
could be covered with a layer of overburden and then allowed to 9
be flooded to create an artificial lake. A more acceptable manage-
ment method, however, would be to cover the tailings with 8
bentonite, then overburden.

In the case of a very small pit, the level of stored tailings would ™
be near enough to the open pit rim to cause concern over erosion —
in the long term. These tailings could be stabilized against I
erosion by the addition of cement, or possibly the new "Solidifi-
cation" process. •

I

All of the foregoing options assume that the tailings are stored on M
surface during the life of the pit and are returned to the pit
later. However, the wait may be unnecessary if an abandoned
pit, mine, or suitable deep water lake was available in the
vicinity. It may even be feasible to excavate storage space _
specifically for the more active wastes. In the latter event, the •
geologically stored material could represent a potentially valuable
future resource, e.g. thorium as fuel for a breeder reactor. •

I
I
I
II
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6.0 MODIFICATION OF URANIUM ORE TAILINGS

6.1 INTRODUCTION

A radical approach to the control '£ uranium tailing hazards is to
produce non-conventional tailings or modify the characteristics of
conventionally produced tailings. A variety of such schemes may
be considered, including radium-thorium removal in the mill. The
latter proposal would require special techniques for containment of
the resulting radionuclide-rich product, possibly involving manage-
ment systems considered impractical for conventional tailings, e.g.
storage in underground mines.

Uranium mill tailings may also be modified to control certain
non-radiological hazards, other than the transport of stable heavy
metals, by consuming or removing acid-generating minerals in the
mill.

The basis of tailings decontamination proposals, with respect to
the radioactive hazard, is the isolation of those radionuclides
which support long term activity. Essentially these are Ra-226
and its immediate parent Th-230. Because of their direct relation-
ship, any tailings decontamination scheme which recognizes only
the role of Ra-226 cannot succeed in the long term. Unless
Th-230 is also removed, the activity will return to the normal
level in about 10,000 years. These fundamental relationships are
illustrated in Figure 6-1. The initial tailings activity of
335 pCi/g selected for this example reflects the practices of the
major producers of tailings in Canada, i.e. 0.1% U ore grade and
95% U recovery. It can be seen that permanent decontamination
to a level of about 17 pCi/g is achieved by 95% removal of both
Ra-226 and Th-230. This level satisfies a criterion of 20 pCi/g
for building materials .
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The descriptions of tailings modification proposals which follow
involve application of existing physical and/or chemical techniques
or new chemical processes which may result from current labora-
tory investigations. They include:

1. Ore Benefication - to yield a low grade uranium fraction of
probable low activity, and a high grade fraction suitable for
chemical processing. The relatively small mas' of active
tailings produced in the leaching process would require
special management.

2. Radium/Thorium Recovery in Modified Mills • to obtain: i) a
relatively active waste product in the mill, which could be
removed for disposal by special methods an^ ii)" relatively
inactive mill tailings which, except for Ra-Th depletion, are
similar in composition to conventional tailings.

3. Radium/Thorium Removal by New Processes in New Mills - to
produce tailings of relatively low specific activity.

4. Modification of Conventional Tailings - currently produced or
from presently existing tailing areas by physical or chemical
separation or stabilization of radionuclides.

5. In-situ and Heap Leaching - to keep the bulk of the leached
ore underground and in surroundings where rate of trans-
port of stable and radioactive elements to the biosphere is
minimized.

6. Autogenous Leaching - to consume the acid-generating
minerals in the mill and thus decrease the rate of release of
both the radiological and non-radiological elements from the
tailings to the open environment.
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6.2 ORE BENEFICIATION

6.2.1 Introduction

Common practice in the mining-metallurgical industry is to
eliminate waste material from the ore before proceeding with
recovery and purification of the product. The industry employs
chemical and/or physical methods of beneficiation. Copper pro-
ducers, for example, concentrate the ore by froth flotation and
smelt the concentrate. The zinc industry frequently upgrades
ore by heavy media separation and froth flotation prior to dis-
solution and electrowinning. By contrast, very few uranium
producers beneficiate ore. The vast majority continue to process
the entire bulk of as-mined ore. Only occassionally have they
shown interest in upgrading techniques, with most concluding
that the operation was not economically feasible. However, it is
believed that these decisions were made before the hazardous
nature of uranium mill tailings was fully recognized.

Most uranium ores, but not all, are amenable to some form of
beneficiation. By eliminating very low grade ore or waste ma-
terial, these techniques can decrease the amount of as-mined ore
entering the mill by more than 50%, with a corresponding decrease
in mill tailings production. The resulting mill tailings will have a
high specific activity and require special handling. The relative
specific activity of the waste rejected in beneficiation, however,
will be low. Radionuclides are less hazardous in the original
chemically untreated orebody than in the final tailings waste for
the following reasons:

i) While the radioactive and stable elements remain locked in
the ore, radon gas emanation and gamma radiation are sup-
pressed and the radionuclides are protected from attack by
the leaching action of groundwaters.



6-5

ii) Ra-226 and Th-230 atoms reside within the crystal lattices of
the ere minerals. Leaching of the ore for uranium recovery
destroys the lattice, allowing the radionuclides to be dis-
solved. Ra-226 is almost immediately precipitated or ad-

' sorbed on the surface of particles as sulphates, which report
, with the tailings. Th-230 remains in solution until precipi-
I tated during slurry neutralization, as the hydroxide or

oxycarbonate, and also reports to the tailings.

The review of ore beneficiation techniques which follows

( considers coarse ore sorting, density based separation,
flotation and magnetic separation.

i
| 6.2.2 Coarse Ore Sorting

I .01 General

I Uranium occurs in localized deposits and rarely is it seen to

be distributed uniformly throughout the orebody. For
example, at Beaverlodge it is usually concentrated in narrow

I veins in the host rock. At Elliot Lake it is found exclu-
sively in the matrix between the quartzite pebbles of the

I conglomeratic ore body. Blasting operations can liberate the
localized concentration as more or less intact pieces. In

I some Canadian uranium mining operations it is frequently
possible to visually identify the two classes of ore and waste
in the as-received ore.
The liberation phenomenon can be exploited by screening the
run-of-mine ore at an appropriately coarse size, e.g. 15 mm,
and sorting the oversize fraction. Associated with each
sorting technique there is a minimum economic sorting size
below which sorting is not feasible. For example, the

. manual sorting of ore particles smaller than 50 mm is not
practical since the number of particles per tonne handled is
excessive.
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I
.02 Manual Sorting

Where there is a marked difference between the appearance
of the highly mineralized and barren ore pieces, manual •
sorting can be used. In this procedure, the run-of-mine •
ore is screened with the coarse fraction being washed and -
deposited on a wide, slow-moving belt. Trained workers |
remove either the mineralized or barren pieces, according to
the incidence of each type. The rate of sorting depends on I
several factors, such as screen size of the ore and ease of
identification. I

This method of ore beneficiation is very labour intensive. It
was practiced in North America many years ago but is almost I
unknown today, because of high labour rates and the unat- -
tractive nature of the work. The method is still employed in I
areas where labour rates are particularly low, e.g. South
Africa and parts of South America, but even in these places 1
is losing favour.

A major obstacle to hand sorting is the frequent low re-
covery attributable to erroneous rejection of valuable pieces •
of ore. •

.03 Photometric Sorting 1

In this technique, the coarse ore pieces are scanned opto- |
electronically, with the separation of the high and low
grades being made pneumatically. Photometric sorting is £
presently used on gold ores, magnetite and several other
minerals but not on uranium ores. The equipment is avail-
able from several manufacturers.

The efficiency of recovery depends on the correlation be-
tween the mineral content of the piece and the photometric
response of the equipment. The correlation frequently

I
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breaks down, particularly at coarser ore sizes, with result-
ing loss of mineral values. The uranium may be buried in a
piece of rock and escape detection, e.g. a pitchblende layer
sandwiched between two layers of waste rock. Erroneous
rejection would occur less frequently at finer sizes.

Mistaken rejection can also occur when using equipment
which scans only on? side of the piece. "Staining", which is
often found in oxidized ore, can also increase the incidence
of error. Still another cause of loss is mechanical failure of
the sorting equipment.

Photometric sorting has not found much application in the
mining/metallurgical industry because of the loss of values to
the reject and the capital and operating costs for the
process.

.04 Radiometric Sorting

Most uranium ores contain gamma-emitting isotopes in secular
equilibrium and close spatial association with the uranium
mineralization. The correlation between rates of gamma
emission and degree of uranium mineralization is usually very
dose and is essentially unaffected by staining and degree
and disposition of uranium mineralization in the rock. For
these reasons radiometric sorting generally yields superior
results than other methods of sorting.

The first commerical automatic sorting unit was installed in
1949 at the now inoperative Port Radium property of
Eldorado Mining and Refining Co. Kelly and Hutter sub-
sequently developed a much improved model and installed the
units in their Bicroft Uranium plant, the first in 1958, a
second in 1959. The equipment proved successful in sorting
plus 75 mm ore. These units were later supplied to Mary
Kathleen Mines Ltd. in Australia4 and to Beaverlodge in
Saskatchewan.
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Quirke Lake pilot plant are summarized in Table 6.1. 5

fi
The older models were most effective, in terms of throughput
and accuracy, at coarse ore sizes, i.e. 75 mm. New sorters ft
were introduced in the early 1970's capable of sorting at
30 mm. This development permits more of the run-of-mine m
ore to be classified and more waste rock to be rejected. A •
benefit, in addition to decreased production of mill tailings, _
is that the rock rejected to the waste pile is relatively f|
innocuous compared to tailings, since the radionucJides have
not been remobilized by chemical processing. 9

Two of the new sorters were installed at the Schwartzwalder M
Mine of the Cotter Corporation, near Denver, in 1975. They *
reject approximately 50% of the ore as waste rock containing
about 0.02% U or about 70 pCi/g activity. Results of radio-
metric sorting in commercial operations as well as in the

I
I
I
I
I
I
I
I
I
I
I



TABLE 6.1

RESULTS OF COARSE URANIUM ORE BENEFICIATION BY RADIOMETRIC SORTING

Property

Scale of Operation
tonnes/day

Ore Head Grade
kg U/tonne

Bicroft
Ontario

1100

0.85

Beaverlodge
Sask.

1800

1.8

Mary Kathleen
Australia

1800

1

Cotter
U.S.A.

500

3.4

Quirke
Ontario

Pilot
Plant
Scale

0.85

Pilot
Plant
Scale

0.85

Benefication Plant
Feet3; as
% of R.O.M.* Ore
Minimum Ore Size

Mass of Ore
Rejected % R.O.M.*

Grade of Reject
kg U/tonne

Ra-226 Activity of
Reject pCi/g

25
75 mm

13.1

0.09

30

35
75 mm

T/.O

0.21

70

35
75 mm

19.0

0.21

70

60
30 mm

48

0.17

57

25
75 mm

15

0.26

87

55
25 mm

25

0.17

57

Uranium Loss
% of Mined 1.4 2.0 4.0 2.4

* Run-of-Mine
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6.2.3 Density Based Separation

.01 General

uranium
thorium
quartz
calcite
common

minerals
minerals

silicates

4.2 -
5.3 -
2.7
2.7
2.6 -

11
9

3

.0

.3

.3

with little or no loss of values. Good recovery by density
separation is in fact not achieved, as indicated by results
presented in the next sub-section, because of incomplete
liberation of minerals, inefficient continuous processing

Several designs and sizes of equipment are available for
static or dynamic separation of coarse ore particles in heavy

I
I

The difference in the relative density of the uranium, S
thorium and gangue minerals present in Canadian ores is
relatively large, for ex«n>.!e: g

1

•

m

It would be expected that these differences could be ex-
ploited to yield a high grade concentrate of radionuclides I

ith littl l s s f alu God r o v y by denity

equipment, and other factors.

.02 Separation Methods |

I
media. Finer ore particles may be upgraded by jigging, ^
tabling, heavy media cyclones or water-only cyclones. •
Typical results for various designs of upgrading circuits in
commercial (actual and proposed), pilot plant and laboratory f
operations are shown in Table 6.2. The data for Rio
Algom's Quirke ore show that a serious loss in performance 1
occurred on moving the dynamic separation process from
laboratory to pilot plant. This clearly illustrates the diffi- ft
culty in dupUcating the performance in scaling up the size of •
the operation. I



TABLE 6.2

Property

Techniques

Ore Head
Grade % U

Mui % of
Ore Rejected

Grade of Reject
% U

Reject pCi/g

Uranium Loss
% of R.O.M.

RESULTS OF 1

COG Minerals6

Utah

Jig, spirals
and tables
flotation

0.12

77.7

0.019

63

12.2

DENSITY BASED

Port Radium7

N.W.T.

Jig
flotation

0.52

95.8

0.24 (1)

816

44.R

CONCENTRATION OF URANIUM ORE

Amok8

Saskatchewan

Jig
tables

4.02

88.7

0.33 (1)

1,100

7.41

Quirke Pilot
(Fine

Heavy
Media
Cyclone

.01

42

.020

67

10

Rio Algom5

Ontario
Quirke Lab

Ore)

Static
Laboratory
Tests

64

0.014

47

10

Lacnor Pilot
(Coarse Ore)

Cone

0.075

40

0.0075

25

10

Notes:
(1) Gravity mill tailings to be leached for addiuonal uranium J 'covery. Hence gravity tailings grade

allowably high.
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As shown in Table 6-2, uranium losses in the density based
beneficiation processes are relatively high. To achieve maximum
recovery with production of a waste fraction less active than
conventional tailings, these proposals would have to include
provision for treatment of the beneficiation plant reject.

The performances shown in Table 6.2 can be modified to yield
higher uranium recovery at lower reject rate, or vice versa.
Higher recovery could be achieved by reducing the effective
relative density at which the separation is made. The relation-
ship between reject and uranium loss for Elliot Lake ores is shown
in Figure 6-2.

6.2.4 Flotation

Numerous studies have been conducted in Canada since the 1940's
on upgrading uranium ores by flotation, with the producers con-
cluding that the value of uranium losses exceeded potential cost
benefits. The results of various studies are presented in Table
6-3.

Flotation, however, could be beneficially empbyed in specific
areas for another purpose, that of eliminating pyrite from the ore
to decrease the acid-generating potential of tailings, e.g. Elliot
Lake.
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TABLE 6.3

RESULTS OF URANIUM ORE FLOTATION TESTS

Praparty
Location

Bicroft (1)
Bancroft 9 1G

Bancroft Bancroft Lake

Elliot, Rio Algom - Quirke
Lake Eltiot Lake , Beaverlodge

Pilot Plant3 Lab3
13

Haad Grade
%U

%of
Ort Rajactad

Orada of Rajact
%U

Rajact pCi/g

Uranlun Loaa
%of R.O.M. V

0.064

26.7

0.004

13

1.84

.09

77.8

0.006

20

0.09

72.7

.003

10

0.14

45.0

0.011

37

5.5 2.8 4.1

0.14 0.085 0.085 0.085 0.085 0.084 0.084

58.5 83 72 65 55.0 73.3 62.6

0,024 0.010 .007 0.013 .009 .026 0.020

80 34 23 44 31 87 67

10.0 10.0 6.0 10.0 6.0 22.2 15.0

(1) Included elements of density and size based preconcentration processes as well as flotation.
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6.2.5 Preconcentration by Wet High Intensity
Magnetic Separation (WHIMS)

WHIMS has been studied as a means of upgrading South African
ores similar in mineralogy to Elliot Lake ores. The results, as

14reported in "Uranium Ore Processing, 1975", were encouraging
but subsequent data have not been published. Rio Algom, on the
other hand, reported disappointing preliminary results using
magnetic separation.

6.2.6 Integration of the Beneficiation Process into the Flowsheet

A single beneficiation method or combination of the methods just
described could be incorporated into an overall uranium recovery
plant flowsheet.

Ideally, the tailings rejected by the beneficiation plant would
require no further processing, by virtue of low radionuclide
content and chemical integrity. This ideal scheme is represented
in the block diagram, Figure 6-3.

Undoubtedly, it will not prove technically and economically
feasible to obtain acceptable tailings from most of the ores in a
single stage. Multistage processing as illustrated in Figure 6-4
would probably be required.
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PRIMARY
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CLEANING PLANT
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LOW ACTIVITY
TAILING

SURFACE DISPOSAL
OR UTILIZATION «g.
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BALLAST.AGGREGATE
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FURTHER PROCESSING,
DISP0SAL,UN0ERGROUND.
ENCAPSULATION ETC.

FINAL
CONCENTRATE

URANIUM TO
MARKET

MULTISTAGE TAILINGS REJECTION
FIGURE 6.4
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6.2.7 Effect of Beneficiation on Uranium Ore Tailings Activity

The possible effect of beneficiation on tailings activity has been
calculated for the relatively low grade Elliot Lake ores and the
high grade Northern Saskatchewan ores. Three cases have been
considered for each region: 1) conventional hydrometallurgical
processing of the entire bulk of run-of-mine ore, 2) rejection of
60% of run-of-iiiine ore in a beneficiation plant and modified
hydrometallurgical processing of the concentrate and 3) rejection
of 80% and modified hydrometallurgical processing of the concen-
trate. The results, based on 95% recovery of uranium in the
hydrometallurgical plant, are presented in Table 6-4. They show
that the specific activity of the beneficiation plant reject is only
one-fifteenth to one-twentieth that of conventional tailings and
that the Elliot Lake tailings could be. stored on surface with less
concern. The mill tailings produced from the enriched ore,
however, have a high specific activity and would require special
handling, e.g. perhaps storage in underground mines. It may
also be noted that the beneficiation schemes decrease overall
recovery of uranium from 95 to 91.2%. Without considering the
economic feasibility, normal production efficiencies could be
achieved by also processing the reject fraction by hydrometal-
lurgical methods.



TABLE 6.4

POSSIBLE EFFECT OF BFNEFICIATION ON URANIl'M TAILINGS ACTIVITY

LOCATION

Uranium Production
tonne u /year

Head Grade kg U/tonne

Case

Process

Overall Recovery (%)

Mining Rate 1000 Tonne/ye< r

Hydrometallurqical Plant Feed

Feed - Mass % R.O.M. Ore

Feed - Mass % U Mined

U in Hydrometallurgical
Tailings Kg/tonne

Ra-226 Activity pCi/g Tailings

Tonnage per Year
Tailings (1000 tonne)

Beneficiation Plant Reject

Mass % R.O.M. Ore

U in Beneficiation Tails
kg/tonne

Ra-226 Activity pCi/g Tailings

Tonnage/year (1000 tonne)

A-l

Conventional
Hydrometallurgical

95

3158

100

100

0.05

335

3158

0

0

0

0

ELLIOT LAKE

A-2.

Beneficiation*
ana

Hydrometallurgical

91.2

3289

40

96

0.12

804

1316

60

0.07

22

197C

3000

1

A-3

Very High**
Efficiency

Beneficiation &
Hydroroetallurgical

91.2

3289

20

96

0.24

1608

658

80

0.05

17

2631

B-l

Conventional
H> drometallurgical

95

158

100

100

1.0

6700

158

0

0

0

0

NORTHERN

B-2

Beneficiatiop*
and

Hydrometallurgica]

91.2 "

165

40

96

2.4

16,080

66

60

1.33

447

98

SASKATCHEWAN

3000

20

B-3

Very High**
Efficiency

Beneficiation &
Hydrometallurqical

91.2

164

20

96

4.8

32,160

33

80

1.00

335

131

* 40% R.O.M. ore to hydro plant, 60% rejected by beneficiation plani
** 20% R.O.M. ore to hydro plant, 80% rejected by beneficiation plant
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6.3 RADIUM AND THORIUM RECOVERY IN MODIFIED MILLS

6.3.1 General

The most significant radionuclides present in uranium ores with
respect to long term tailings activity are Ra-226 and Th-230 of
the U-238 decay series. Thorium-232 and its daughter product
Ra-228 are also significant where natural thorium minerals are
present in the uranium ore e.g. Elliot Lake and Bancroft.

The conventional uranium mill is not designed to recover radium
or thorium and essentially the total ore content of these species
enter the tailings. At one time in Canada, Ra-226 and natural
thorium were produced from uranium ores, but not for the pur-
pose of decontaminating tailings. The existing thorium recovery,
processes, i.e. precipitation and solvent extraction, can probably
be used for decontamination of certain ores, in a circuit added to
the existing mill. The radium process, however, is not appli-
cable, and furthermore very little research activity has been
reported on potential processes. Nevertheless, opportunities may
exist for its interception, as a separate unit added to the mill.
The suggested approach for radium recovery may also be appli-
cable to thorium.

A presentation of schemes for the separate removal of radium
isotopes and thorium isotopes in the mill follows. In a later
sub-section proposals will be examined for decontaminating con-
ventional tailings after they have been discharged from the mill.

6.3.2 Radium Removal

Very little research activity has been reported on potential pro-
cesses for recovering radium in the uranium mill. A review of
the literature produced data on only the following items of
relevance:



6-21

radium extraction by ion exchange methods
radium solubility. ' The results of this study
indicate that a maximum of 3% of the radiutr in the ore
remains dissolved in sulphuric acid leach solution and
much less in basic solution.

Since a relatively small amount of the total radium is solubilized in
sulphuric acid leach solution, it is not possible to achieve sub-
stantial removal by treatment of the solution only. However, the
following generally accepted hypothesis on radium remobilization
during processing suggests that opportunities may exist for
substantial interception:

During leaching, radium moves as Ra++ ions from the crystal
lattices of the uranium and thorium minerals in the ore to
the surface of inert gangue mineral particles or forms a
relatively insoluble RaSO. hydrated complex in solution which
then migrates to the surface. A dynamic exchange then
occurs between the adsorbed or precipitated radium and Ra*-+
ions in solution.

It is important to note that the bulk of the radium in the
mill is associated with the gangue mineral particles. Con-
ceivably, a recoverable solid material having greater attrac-
tion for the radium complexes than the gangue minerals could
be added to the ore slurry, during or after the uranium
extraction phase. These special agents would be separated
from the ore slurry and treated for radium recovery.

This suggested approach to radium recovery is similar to the
"resin-in-pulp" process currently employed by some United States
producers for the purpose of uranium extraction. In their pro-
cess, beads of a suitable synthetic resin are contacted with
pregnant solution or slurry and are separated and treated for
uranium and resin recovery. For the radium process other suit-
able adsorbent materials could also be considered. Regardless of
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type of adsorbent, the radium recovery process would consist of
the following steps:

1. Introduce a resin or other suitable material into the slurry,
during or after acid leaching.

2. Separate the solids, including the ore particles, from the
solution.

3. Separate the radium-bearing solids from the ore, e.g. by
screening or other mechanical means.

4. Leach the radium from the solids, return the stripped solids
to the process, dispose the recovered radium by appropriate
means.

6.3.3 Thorium Removal

.01 General

All thorium isotopes are readily soluble in acid sulphate but
not basic solutions, suggesting that opportunity may exist
for interception in an acid mill. Furthermore, since the
isotope of greatest consequence (Th-230) is directly related
to U-238, it must be solubili2ed from the ore at the same
high rate, i.e. typically 95% uranium recovery. While
Th-230 is of universal concern, some Canadian uranium ore
deposits contain important amounts of thorium (Th-232)
minerals. In such deposits Th-232 and its daughter Th-228
make a significant contribution to the total thorium activity
of the tailings. The rate of solubilization of these isotopes
is not the same as that for Th-230 but depends on the host
mineral. They are easily leached from uranothorite but not
from the refractory mineral monazite. In the Elliot Lake
area, where both minerals occur in the uranium ore and
thorium concentrates were once produced by both precipi-
tation and solvent extraction methods, about two-thirds of
the thorium was recovered.
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Thorium removal proposals for the Canadian industry must
consider the following three uranium recovery process: 1)
acid leach of ores containing natural thorium minerals, 2)
acid leach of uranium ores and 3) basic leach of both.

.02 Recovery in Acid Leach Processes Treating Ores
High in Thorium By Precipitation

In acid leach operations treating Elliot Lake type ores, i.e.
U:Th ratio of about 3:1, it may be practical to precipitate
thorium from barren solution with lime or limestone, before
and independent of slurry neutralization. The resulting 1%
thorium-gypsum cake would contain virtually all of the
thorium in the feed except that not solubilized from the
refractory minerals, i.e. Th-232 and its daughter Th-228 in
monazite. The effect on tailings would be to decrease the
thorium activity from about 400 to 40 pCi/g, with most of
this residue being represented by Th-232 and Th-228. The
activity of the gypsum cake obtained in the mill would ex-
ceed 12,000 pCi/g. Storage of the cake, for the purposes of
safe containment and future retrieval of a potentially valu-
able resource, requires study.

The precipitation procedure would be relatively simple to
implement in an existing acid mill. However, the operation
would divert barren solution from its normal function of
transporting tailings to the impoundment area. The water
balance could be restored by using the supernatant layer
from the gypsum cake or tailings storage sites. A consid-
erable cost of installing the necessary piping system may be
incurred.

Although the thorium-gypsum cake is a hazardous material,
the possibility of radionuclide remobilization and transport
out of the storage unit site is remote, because:
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1) the solubility of thorium hydroxide is low at basic pH,
and potential for mobilization reduced when in the low
permeability precipitate,

2) in the absence of pyrite and other acid generating
materials, the potential for acid formation with sub-
sequent dissolution of thorium is nil,

3) the presence of sulphate in the interstitial water would
probably reduce the solubility and therefore transport
rate of in-grown radium to the biosphere.

There may also be concern that the thorium still present in
the modified mill tailings after the precipitation of thorium
will eventually be leached out by sulphuric acid produced
from pyrite. However, available evidence indicates that the
mineral is resistant to attack by the acid. For example, in a
commerical operation the particles have been observed to
emerge irtc<ct after 48 hours exposure to severe leaching
conditions. It has also been observed that particles were
not significantly attacked after two years in a pyritic tailings
pile, where conditions favouring a mature stage of bacterial
oxidation prevailed.

The effects of the thorium precipitation on tailings charac-
teristics have been calculated for a hypothetical but repre-
sentative Elliot Lake operation, that is:

ore grade - 1 kg/tonne
annual production - 3,000 tonne U/a
U:Th ratio in feed - 3:1
solubilization

V and daughters - 95%
Th-232 and daughters - 67%

Thorium-gypsum precipitate - 30 kg/tonne ore
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The results of the thorium removal are presented in Table
6-5. They show that, by virtue of the co-precipitating
eflect of Th-232, the Th-230 activity of the mill tailings has
been reduced to an insignificant level.

By Solvent Extraction

An alternative method for recovering thorium in the mill is
solvent extraction. During the 1960's, Rio Algom produced a
saleable 25% thorium concentrate from solvent extraction
treatment of part of their barren solution prior to neutral-
ization. The venture was undertaken for commercial
reasons. If the solvent extraction method replaced precipi-
tation in the case previously given, it would decrease the
amount of thorium concentrate to be disposed from 95,000
tonnes per year to about 3,000 and therefore facilitate dis-
posal or storage of thorium concentrate. However, the
capital and operating costs of implementing a thorium solvent
extraction circuit in an existing mill would be substantially
higher than the crude precipitation treatment.

.03 Recovery in Acid Leach Processes
Treating Ores Low in Thorium

The foregoing discussions suggest that thorium isotopes,
including the most hazardous isotope Th-230, could be effect-
ively removed in the mill if the ores contained significant
amounts of natural thorium. Th-230 is always present in
uranium ores but the concentration in barren solution is
very low. Fox example, the barren solution from treatment
of ore assaying 5 kg/tonne is estimated to contain 3 x 10
g/L or 0.03 ppm. In these small amounts, the efficiency of
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TABLE 6-5

REDUCTION OF THORIUM ACTIVITY

BY REMOVING THORIUM FROM TAILINGS

No Thorium Removal Thorium Removal
Impoundment Main Tailings Th Impoundment

Tailings Area Area Area

Dry Mass Tonne/a
of Tailings 3,158,000 3,063,000 95,000

Total Tonnes/a of
Thorium in Tailings 1,053 358 695

Th-230 Activity of
Tailings pCi/g 335 17 10,600

Th-232 Activity of
Tailings pCi/g 36 13 787

Th-228 Activity of
Tailings pCi/g 36 13 787

Total Th Activity of
Tailings pCi/g 407 43 12,174

Thorium Activity
Storage Rate Ci/a 1,285 131 1,154
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recovery by precipitation is normally low. The efficiency is
much improved if Th-232 is also present in significant
amounts, by virtue of coprecipitation. The latter condition
occurs in the Elliot Lake and Bancroft mining camps, where-
as the thorium content of Northern Saskatchewan ores is
low. Test work is necessary to determine if the quantitative
recovery of Th-230 from the latter operations is technically
feasible. It may prove feasible to add thorium or some
stable analogue to the leach solution for the purposes of
coprecipitating Th-230.

.04 Recovery in Basic Leach Processes

I Preceding discussions on thorium removal were relevant to
the more commonly employed uranium acid leach operations.

I However, basic carbonate leaching of uranium ores is also
practiced in Canada. Recovery of thorium from this process

I at. least by the methods previously discussed, would appear
to be difficult because of the very low solubility of thorium

• in basic media. New approaches to recovery are therefore
• suggested, including the resin-in-pulp process previously
. proposed for radium" Tecovery; classification of tailings and
I treatment of the resulting redionuclide-rich slimes fraction;

and abandonment of alkaline leach in favour of acid medium.

Classification of Tailings

Most of the thorium-230 in the original feed probably reports
to the finer fractions of the tailings. One reason for this
distribution is that the finer particles in the ore offer the
greater surface area for deposition of thorium ions released
during leaching. It may therefore by possible to remove the
fine fraction from the tailings by cycloning or other classifi-
cation method. This approach to decontaminating mill tail-
ings is discussed in greater detail later in this section.
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Acid Leaching

Ores which are presently leached with basic solutions could
also be treated effectively with acid solutions, but at ex-
cessive consumption of acid. The latter process is available
for adoption should it prove to be too difficult to produce
acceptable tailings from the alkaline process.

6.4 RADIUM - THORIUM REMOVAL BY

NEW PROCESSES IN NEW MILLS

6.4.1 General

In the course of efficiently recovering uranium from ores, the
conventional leaching processes transform most of the other radio-
nuclides in the ore into species that are difficult to control. To
maximize control over the radionuclides, while achieving good
uranium recovery rates, radical departures from conventional
processing have been proposed. These include nitric acid leach-
ing, hydrochloric acid leaching, dry chlorination, and in-situ and
heap leaching. A review of these proposals follows.

6.4.2 Nitric Acid Leaching

CANMET18 have investigated nitric acid leaching of Elliot Lake
ores as a means of solubilizing radionuclides. Under appropriate
conditions, they achieved dissolution rates of 98% and 80% for
uranium and thorium respectively but less that 8% for radium.
The reason for the low apparent solubilization of radium was not
given but can undoubtedly be attributed to the presence of
sulphate formed from oxidized pyrite in the feed. The U.S.
Bureau of Mines demonstrated such a mechanism in similar work
reported in 1975.19
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Because the nitric acid leach system achieves limited solubilization
of radium, in pyrite rich ores the tailings must be treated. For
this purpose, CANMET propose leaching in ethylene-diamine-
tetraacetic acid (EDTA), which would reduce the radium content
of the tailings to about 50 pCi/g. Since EDTA leaching of sul-
phuric acid leached tailings can reduce the radium specific
activity to 100 pCi/g, the improvement is of minor significance.
The main advantage of nitric acid leaching would appear to be
increased so]ubili2ation of thorium. However, the gain over
sulphuric acid leaching may be only apparent, since in the latter
process the undissolved thorium is present largely as the Th-232
and Th-228 radicals. They and their daughter products remain
locked in the minerals and are therefore relatively innocuous.
The Th-230 species is of greater concern and in this connection
sulphuric and nitric acid leach processes achieve about the same
solubilization.

1 A second minor advantage of the nitric acid process is that it
partly exhausts the acid-generating potential of the tailings by

( oxidizing any contained pyrite. However, the combined

advantages may be outweighed by the following disadvantages:
I - formidable technical difficulties, e.g. corrosion, regeneration

of reagent,
| - high capital and operating costs.

- greater environmental risks during actual plant operation,
- loss of nitrate to tailings and great mobility of heavy metal

nitrate complexes.

I It is concluded that the nitric acid leaching system does not offer
a significantly higher net advantage over alternative systems with

f respect to the removal of radionuclides from pyritic ores in the
mill. Non-pyritic ores, such as those from certain Saskatchewan
deposits would be more responsive to nitric acid leaching for
simultaneous radium control and uranium recovery. However,
experimental data is not available.
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6.4.3 Hydrochloric Acid Leaching

CANMET ' have investigated hydrochloric acid and chloride
solution leaching of Elliot Lake uranium ores with the objective of
solubilizing and subsequently isolating thorium and radium. Their
results to date indicate up to 95% dissolution of uranium, 73% of
thorium and 91% of Ra-226, accompanied by oxidation of more than
90% of the pyrite.

Beyond establishment of these potential sol utilizations, the pro-
posed process is largely unexplored. Before it can be properly
assessed for leaching of uranium ores, test work is required. In
particular, it is essential to obtain information on recovery of
cations from the leach solution and on reagent regeneration. In
connection with the latter item, CANMET test work to date has
shown that a tonne of ore requires 25 kg of sodium chlorate and
800 kg of 37% HC1. The cost of these reagents per tonne of ore
would be approximately $250, so that the importance of effective
re-use is obvious. In addition to the aspect of cost, the reagent
in the system must be closely managed for environmental reasons,
since any chloride not recycled will report, to the environment via
gaseous or liquid routes.

Other important factors need to be considered when evaluating
the chloride leach process. The chloride ion is extremely active,
requiring use of more exotic materials of construction in the
system, so that the capital cost of the plant could be very high.

Although a chloride leaching process for uranium ores is largely
hypothetical at the present time, techniques can probably be
developed for recovering products in the mill, such as:

- uranium recovery by liquid or solid cation exchange pro-
cesses ,
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- thorium isolation into a crude concentrate by similar methods
or selective precipitation,

- radium control by use of lime and barium ions.

6.4.4 Dry Chlorination Process

21CANMET recently published data, on a dry chlorination process
(Figure 6.5) for recovery of uranium from Elliot Lake ores. The
data included the following results on recovery or elimination of
elements relevant to tailings decontamination proposals:

Radium - increases to a maximum of 95% at 600°C

Thorium - 10% at 400° C, increasing to a maximum of 40 to
70% at 600°C

Uranium - maximum of 97% at 400° C after about 1 hour
reaction, slightly lower extraction at 600°C

Iron - 95 to 98%

Sulphur - 95 to 98%

At this stage of development the chlorination proposal for uranium
recovery must be considered as preliminary. Reagent consump-
tion, particularly chlorine, has not been established, nor have
capital and operating costs been published on operations employ-
ing the process for uranium recovery. Much further study is
required before the technique can be properly assessed.

Based on the performance indicated by the CANMET data, sug-
gested tailings analysis have been estimated for tailings obtained
from Elliot Lake ores using the chlorination process. These
results are shown in Table 6.6.
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TABLE 6-6

EFFECT OF CHLORINATION ON ELLIOT LAKE ORE TAILINGS

In Conventional In Modified
Element In Ore Tailings Tailings

%U 0 . 1 1 0.005 0.005

pCi/g Ra-226 365 365 20

pCi/cr Th-230 365 365 20*

% Th-232 0.04 0.04 0.02

% Fe 3.1 3.1 0.2

% S 3.1 3.1 0.2

*95% extraction ascumed

I
f!
r
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6.4.5 In-situ and Heap Leaching

. 01 Introductio;;

In the in-situ approach to uranium production, a suitable
solution is introduced into the ore body to dissolve the
minerals in place. The solution is recovered, processed in
the mill, and recycled. The practice is most applicable to
ore bodies confined by impervious strata and which contain
minerals amenable to extraction by a low cost leach solution
at ambient temperature. In-situ leaching offers the obvious
advantage to producers of eliminating the need to dispose of
solid wastes. The leached ore may also be a less hazardous
material than conventional tailings.

The Agnew Lake operation of Kerr-Addison, on the fringe of
the Elliot Lake mining district, employs a system of in-situ
and heap leaching to recover uranium from the mine. The
lixiviant is produced by bacterial oxidation of pyrite in the
ore. All other practice in the area is conventional, the
conditions being less favourable to in-situ leaching. It is
estimated that conventional mining at Agnew Lake would
generate a tailings pile about three times greater in volume
than the ore heap being leached. Recent press releases
(Nuclear Fuel, Volume 4, No. 7, April 2, 1979) indicate that
the Agnew Lake system offers a marginal rate of return on
the investment required. Indeed, Kerr-Addison are con-
sidering the implementation of a more conventional recovery
system.

A geological structure which permits a nearly vertical con-
figuration of stopes is conducive to in-situ leaching. This is
the case at Agnew Lake. The dip of the ore body is 85°
from the horizontal. In marked contrast, the dip at Rio
Algom's Quirke, Panel, and Nordic, Preston's Stanleigh and
at Denison's mines are respectively 25°, 14°, 14°, 4° and 19°
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to the horizontal. The nearly vertical stopes are highly
advantageous to an in-situ leaching scheme because:

The shrinkage stoping method can be used. After each
blast the swell volume is removed and the face is
cleaned by one simple drawdown operation, leaving the
bulk of the ore in the stope. At Agnew Lake only 30%
to 40% of the blasted ore is hoisted to surface for heap
leaching.

The density of blasted ore is higher in a vertical stope
as a result of gravitation packing. Also, for access to
the surface of the broken ore a much smaller open
volume is required in a vertical stope than in a hori-
zontal one. Thus, more ore can be leached in a given
space.

The path of lixiviant travel down through the column of
ore is much longer, i.e. 50 to 100 metres compared to 2
to 9 metres in a central Elliot Lake s'cope.

Fewer points of lixivirnt entry into the stope are need-
ed to ensure continuous contact with the ore pieces.
In-situ leaching in nearly horizontal stopes requires
complex dispersion facilities, or batch flooding behind
bulkheads.

In addition to the advantage of stoping configuration, the
Agnew Lake deposit is continuous and surrounded by rot. k of
low permeability, which minimizes groundwater contamination
and minimizes the loss of lixiviants and uranium.

.03 Mineralogy

The predominant uranium mineral in the Agnew Lake deposit
is the readily leached uranothorite. Very little of the re-
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fractoiy brannerite is present, this being the predominant
uranium mineral in the other Elliot Lake area deposits.

Early work by Elliot Lake producers directed at underground
leaching indicated relatively low dissolution rates for their

22
ores. Grimes reported an extraction rate of 51% on as-
blasted Quirke Mine ore after 1.9 years and estimated that a
70% rate might be achieved after approximately six years.

23
Similar tests on Agnew Lake ore yielded 51% and 70% ex-
traction after three months and one year respectively.
Later work by Kaiman of CANMET, which led to the adop-
tion of underground leaching at Agnew Lake, established the
leaching characteristics of the minerals which occur in the
area.
Uranothorite exposed to lixiviant was found to dissolve
completely in 10 days. The response of brannerite was
varied. Some grains were unaffected after more than two
years exposure but most showed from light to intense etch-
ing. All other minerals including mona2ite were unaffected
by the lixiviant after two years. Further evidence that
these ores are difficult to treat is that the conventional
producers must employ a high temperature-high acid leach to
extract the uranium. It is therefore considered that in-situ
heap leaching of all but the Agnew Lake ore deposits in the
Elliot Lake district is a comparatively ineffective means of
extracting uranium.

.04 General Applicability in Canada

The feasibility of in-situ leaching is dependent on the pre-
sence of a number of specific conditions. The ore must be
easily leached. It must be located in relatively impervious
strata. The stoping configuration should be nearly vertical.
For these reasons the application is extremely limited.
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6.5 REMOVAL OR IMMOBILIZATION OF
RADIONUCLIDES IN CONVENTIONAL TAILINGS

6.5.1 Ceneral

Previous discussions of tailings decontamination proposals were
based on treatment of non-conventional tailings produced by
existing or future operations. The fate of old, stored conven-
tional tailings needs also to be considered. For this reason
considerable interest is now being shown in processes which
would decontaminate or immobilize the radionuclides in these as
well as currently produced conventional tailings. The potential
processes include 1) leaching, 2) physical beneficiation, by class-
ification or flotation, and 3) prevention of radionuclide dissolu-
tion.

6.5.2 Leaching

I In an earlier section the acid leach tailings were reported to

contain radionuclides in both unattacked minerals and in various
| compounds formed in the leach reaction. About 95% of the total

radionuclides in the tailings in that, example were represented by
• the following compounds:

radium of poorly defined composition but including jarosite-
I like material and both simple and basic sulphates,

thorium hydroxide,
I - uranium hydrolysis products.

I Some types of acid leaching might effectively remove these com-

pounds but not the radionuclides contained in the leach-resistant
mineral particles. Almost all of the process steps common to
conventional uranium recovery p'ants would be used in the decon-
tamination process, i.e. contacting, liquid-solid separation, re-
covery from solution, storage or disposal of radionuclide con-
centrate and storage or disposal of decontaminated tailings.
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Based on the tailings characteristics given previously, a review of
the literature indicates that about 90% of the total radium can be
recovered, i.e. 94.7% of that which can be mobilized. The re-
moval of about 95% of the radium would have the following decon-
taminating effect on tailings produced from low and high grade
ores :

Case 1 Case 2

1

335

17

17

10

3350

168

169

Ore Grade Kg U/tonne
Ra Activity pCi/g of Untreated Tailings
Ra Activity pCi/g of Treated Tailings

- in unatlcicked minerals
- in other forms

Total 34 337

The test work to date on tailings decontamination has been almost
entirely restricted to radium removal. Data on thorium removal is
lacking. However, it is probable that at pH 3 or lower approx-
imately 95% of the available thorium could be solubilized in the
tailings leach process.

Following are discussions on the engineering requirements for
implementing proposals for decontaminating current or old tailings
in a plant or in-situ, and lixiviant systems.

.01 Decontamination in a Plant

For treatement of current tailings the flow of slurry in the
pipeline to the impoundment area would be diverted to the
plant. The decontaminated tailings could be disposed by
techniques used for non-radioactive tailings.
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Tailings previously deposited in an impoundment area would
be re-slurried and pumped to the plant. This proposal
would require a new tailings area, perhaps temporary, to
accommodate the processed tailings.

The treatment process is indicated in Figure 6-6. The
equipment required wouk be similar to that used in the
conventional uranium recovery mill. This suggests that a
uranium mill may be adapted to the purpose, providing that
the materials of construction are suitable.

.02 In-situ Leaching

In-situ leaching may be a suitable method for decontamination
of the substantial tonnage of tailings presently located in
surface impoundment areas. The technique would probably
not be attractive for the processing of current tailings.

In the process, a lixiviant for radionuclides would be con-
tacted with the relatively undisturbed tailings particles in
the impoundment area. This contact might be obtained by
simply flooding the surface of the tailings and allowing the
leach solution to percolate through the mass. The lixiviant
would then be recovered from the bottom of the deposit,
processed fc~ radionuclide removal and re-used. A serious
impediment to the use of this process would be the presence
of areas of relatively impervious tailings caused by size
segregation which may have occurred during deposition.
The recovery of radionuclides from such areas would be very
low.

There may be methods by which in-situ leaching can be
conducted to effectively recover radionuclides from all areas
of non- homogenous tailings deposits. For example, the
temporary physical division of the tailings into vertical cells
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may be possible and effective. This, and other techniques, ™
may be complemented by in-situ re-slurrying of portions of M
the tailings deposit in order to circumvent the variable I
permeability problem.

. 03 Lixiviant Systems for Leaching Tai'ings

Considerable data is now available on dissolution of radio- •
nuclides from fres'.-Jy produced and old stored uranium mill Q
tai'ings. i.?ost of the reported work has been carried out in m
Australia, Czechoslovakia and the United States and is
relevent to the local operations in those places. In Canada I
some data has been presented on Elliot Lake tailings but
nothing is available on the very high specific activity tail- I
ings to be produced from the rich Northern Saskatchewan
ores. ' ft

A review of the tailings leaching data has indicated that a
variety of solutions have been used to solubilize the radium, I
e.g. water, acid, strong salt and bacterially assisted media.
All of the leaching schemes investigated require large It
volumes of solution to circumvent the radium solubility prob-

25lem. For example, in work by Levins et al on multi-stage «

contacting (to minimize water requirements), high levels of

al25

s),
radium removal were achieved with a reasonable number of _
stages only at lixiviant/solids ratios of 5:1 or greater. |
Thus, the capital and operating costs of a radium removal
tailings plant are certain to be high. I

IThorium could also be removed from the tailings in the same
leach process, with the removal being deferred to the last
stage for the purpose of minimizing water requirements. A
possible processing scheme for Ra-Th removal based on use |
of acidified chloride is illustrated in Figure 6-7. While this
process employs five stages of radium removal, a number of I
variations are possible, e.g. single radium removal step.
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6.5.3 Physical Beneficiation

.01 General

The difference in physical properties between the radio-
nuclide rich materials and the bulk of the tailings suggests
that physical techniques may be employed to effect a separa-
tion. The applicable techniques include sand-slime separa-
tion in a classifier and flotation. As in the leaching decon-
tamination proposals, the tailings would be redirected to the
plant from current operations or existing old storage sites
and treated in standard beneficiation equipment.

.02 Sand-Slime Separation

The radium and thorium precipitated or adsorbed in the
uranium leach process is associated with the finer particles
of the tailings, i.e. slimes. The results of investigations on
sand-slime separation, presented in Table 6-7, show that the
bulk of the radium can be recovered in the slimes- How-
ever, it can be seen from the results that the process has
not completely decontaminated the sands fraction.

Most of the test work on sand-slime separation lias been
concerned with the fate of radium. Little interest has been
shown in thorium. The mechanism of thorium deposition in
tailings is quite different from that of radium. Since less of
the thorium is concentrated in the fines, the sands could be
expected to exhibit increased radium activity with time.

An objection to the sand-slime proposal for decontamination
is that the slimes would be difficult to handle in the plant or
underground disposal site because of poor dewatering
properties.



TYPICAL

Mill Process

Separation Size - microns

Sand Fraction

% Mass

pCi/g Ra

Slimes Fraction

% Mass

pCi/g Ra

% Ra Reporting to Slimes

TABLE 6-7

RESULTS OF SAND-SLIME SEPARATION

Vitro Chemical19

Salt Lake City,
Utah

Acid

-

75

50

25

1,900

93

United Nuclear
Homestake Partners

Grants, N.M.

Alkaline

-

73

140

27

1,300

77

INVESTIGATIONS

Elliot Lake26

Ontario

Acid

44

46

84

54

425

85

Beaverlodge'
Ontario

Alkaline

10

72

273

28

1,655

70

27
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.03 Flotation

Flotation tests at pilot piant scale for removal of radio-

nuclides from uranium mill tailings have been reported only

for Elliot Lake ores. The results should be relevant to

other Canadian operations since the nature of the radium <ind

thorium compounds in the tailings are similar. The Elliot

Lake results are as follows:

Ra pCi/g

\ Th

\ S
(Sulphide)

\ Mass

Untreated

230

0.025

3.2

100

Current

Treated

50-60

0.01

0.05

75

Tailings

Flotation
Cone.

755

0.07

12.7

25

Old

Untreated

290

-

0.85

100

Tailings

Treated

50-60

-

0.05

75

Flotation
Cone.

995

-

3.25

25

It will be noticed that thorium recovery is low in the test results,

being about 40%. The data does not indicate the recovery of the

specific thorium isotope Th-230 to the concentrate. It is, of

course, quite possible that the total thorium recovery shown is

due solely to flotation of monazite and thaf no Th-230 recovery

was achieved. Indeed, qualitative mineralogical examination of

flotation test products in part confirm that this may be the case.

Any further investigation of flotation (or any other decontamina-

tion scheme) must include an evaluation of the distribution of

Th-230.
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6.5.4 Prevention of Radionuclide Dissolution From Tailings

.01 Introduction

The hazard of stored uranium mill tailings may be controlled
by preventing or minimizing the dissolution of radionuclides
and heavy metals. Such proposals involve chemical or
physical modification of the tailings characteristics. In the
chemical approach the composition of the tailings interstitial
water is altered by the addition of limestone or specific
bactericides. The physical treatment, i.e. addition of sili-
cates or fusion, would produce a strong and relatively
impervious material. Discussions of these proposals follow.

.02 Chemica] Modification

Limestone Addition

Sulphides in tailings can oxidize while in-situ and yield
interstitial solutions with high free sulphuric acid and ferric
iron content. The solutions can dissolve thorium precipitates
and leach residual thorium and uranium minerals in the
tailings as well as heavy metals, although probably not
affecting the radium to the same degree.

The mechanism involved in the acidification of neutral inter-
stitial water in freshly deposited tailings is well established.
Pyrite in the tailings is readily oxidized by interstitial water
containing dissolved oxygen and ferric iron at concentrations
below the solubility limit. The oxidation and production of
sulphate proceeds slowly down to about pH 4. The reaction
is then greatly accelerated by the activity of bacteria, i.e.
by a factor of about 1,000,000, down to about pH 2. This
behaviour suggests that the addition of limestone to maintain
pH 7 could effectively prevent the dissolution of the acid
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soluble materials, at very low consumption of reagent
because the initial oxidation phase is slow. The limestone
addition, however, must exceed the stoichiometric require-
ment of all the potential pyrite oxidation products, otherwise
the buffering protection would soon be exhausted. At Elliot
Lake this requirement is more than 100 kg/tonne of ore.

There is an absence of published data regarding the effect
of the limestone addition on radium release from tailings. It
has been noted that the radium content of interstitial water
in tailings derived from calcitic ores is about the same as
that from non-calcitic ores of similar grade. This suggests
that the limestone has little effect on the radium solubility.
On the other hand some radium teachability data indicates
that the sulphate ion suppresses the solubility.

Use of Bactericides

Preliminary work at CANMET on raffinates from solvent
extraction plants has indicated that certain organic com-
pounds can reduce the rate of bacterially assisted oxidation.
It has also been reported that defoliants used to destroy
brush under power lines entered the Agnew Lake bacterial
leach solutions and stopped all bacterial activity. Thus, the
use of bactericides to temporarily restrain or stop the bac-
terial process may be feasible. However, the effect of the
released bactericide on the environment and permissible bleed
rates would first have to be determined. Also, the selected
bactericide would need to survive at least 100,000 years.
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.03 Physical Modification

Solidification with Silicates •

The solidification of tailings by application of silicate chem- 1

istry is the subject of current investigation, with data not _
yet released. The process would transform the particles into |
a low permeability mass and in this way suppress the rate of
radon gas exhalation and radionuclide dissolution. For long I
term effectiveness the solidified mass would need to resist
destructive forces such as erosion, freeze-thaw cycle, plant •
growth, biological activity, internal generation of gases and
pyrite oxidation.

Fusion
I
I

Fusion of the tailings particles may be another method of
improving the resistance to radionuclide dissolution. I
Carleton University studied this approach, using uranium
tailings from the Beaverlodge alkaline mill. They •
agglomerated the tailings to about 1 cm diameter and in-
durated the product at elevated temperatures (about m
1000°C). They also investigated the use of additives such •
as glass to promote fusion. It was reported that the process _
could reduce the rate of radium dissolution from tailings by |
a factor of about 2,000. The economic feasibility of the
proposal is not known. I

I
II
I!
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7.0 PHILOSOPHICAL ASSESSMENT AND POSSIBILITIES

OF FUTURE TECHNOLOGY

7.1 INTRODUCTION

The preceeding sections of this report have been directed to
technical considerations related to assessing the pathways of radio-
nuclide transport and endeavoring to quantify the magnitudes of the
various forms of release. It is probably appropriate at this time
before summarizing the conclusions of this study to reflect on:

(a) Long term moral issues and waste management philosophy in
general,

(b) The problems related to attempting to predict potentially
devastating natural occurrences such as glaciation and earth-
quake events,

(c) Possible future advances in technology,

(d) Problems related to making long term extrapolations both in
time and space from a limited data base; and

1 (e) Overall relationship of uranium mine tailings to the multitude of

* environmental stresses being imposed on society by today's

I technology.

Each of these thought provoking subjects undoubtedly form the
basis of reports in themselves. However, a few words addressed to
each of these topics should serve the purpose of illustrating what

I must be kept in mind before formulating any generic waste manage-
ment assessment policy.

" 7.2 LONG TERM WASTE MANAGEMENT PHILOSOPHY

1 The development of a long term waste management philosophy re-
quires the acceptance of a basic set of management criteria. These
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criteria include:

(1) The present generation of waste managers should leave their
wastes in such a manner that there is no foreseeable threat to,
or maintenance and control involvement by future generations.

(2) The present and predicted future release rate of contaminants
from wapte management sites should not exceed present regula-
tory I^v^is, and not rely on continued monitoring to demon-
strate compliance in the future.

(3) It is generally accepted that low level radioactive wastes are
currently considered to be retrievably stored as opposed to
being disposed. Until such time as either technology improves
to such an advanced state to allow radium/ thorium removal
from the tailings, or it is adequately demonstrated that the
long term health effect consequences are not a major problem,
there must be complete access to the containment area by the
involved parties. Similarly, there must be demonstrated to be
a complete restriction of access and land use to containment
areas for the general public.

7.3 PREDICTION OF MAJOR NATURAL OCCURRENCES

7.3.1 Prediction of Climatic Changes

The earth's climate changes continuously with time and location. A
prediction of future climatic changes is aided by an understanding
of past instrumentally recorded information and indirect natural
historical records such as tree rings, annually layered "varved"
lake sediments and ice cores within glacial ice and the general trend
of polar ice movement patterns.
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i
Evidence suggests that climatic cycles occur regularly varying from

I relatively very minor 30 year cycles to major glacial and interglacial
cycles in terms of tens to hundreds of thousands of years. Some

I general characteristics of the past climatic records are as follows:

I 1. The last 10,000 years are abnormal in the sense that such
interglacial climates represent only about 10 percent of the
climate of the last 1,000,000 years.

2. The last postglacial thermal maximum was reached about 6,000
years ago, with a gradual cooling since then with minor
periods of marked cooling followed by temperature recovery
such as just ended in the 1940's.

3. Climatic changes during the past 20,000 years are as severe as
have occurred in the past 1,000,000 years.

I
1 4. Interglacial ages each lasting 10,000 + 2,000 years and each

followed by a glacial maximum have occured on the average
I every 100,000 years during at least the past 500,000 years.

I 5. About 65,000,000 years ago global climates were substantially
warmer than today, and subsequent events may be viewed as
part of a very long period cooling trend.

I
I
I
1

The emerging picture is one of 100,000 year glacial periods with
10,000 year interglacial periods. If we were to presume a continu-
ance of the glaciation events, the next glaciation could possibly
begin within a few thousand years although there is a finite proba-
bility that a serious worldwide cooling could occur within the next
100 years. During this period there conceivably would be an
increase in precipitation within the northern hemisphere and with
the polar ice cap buildup a drop in ocean levels.
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The prediction of climate is clearly an enormously complex problem
and is influenced besides natural cyclic phenomena by such factors
as:

(1) changes induced by aerosols added to the atmosphere by
volcanic eruptions and man-made technology,

(2) increased levels of carbon dioxide in the atmosphere due to
fossil fuel oxidation.

7.4 DIFFICULTIES IN LONG TERM EXTRAPOLATION

With our knowledge of natural systems increasing dramatically, it is
folly to try and predict changes which may be occurring more than
a decade ahead. Nevertheless, we must, in adopting a conservative
approach to tailings management, assume that future changes will
occur as we perceive them today. There are several major areas
where future advances in knowledge may prove us wrong. These
relate to both the likelihood of dispersal of radioisotopes and heavy
metals to the open environment, and to the consequences of this
dispersal process as well as the resultant increases in flux levels to
biological systems.

Many of the advanced tailings containment concepts mentioned in
this and other reports may result in increased probabilities of
containment and lower long term bleed rates to the biosphere.
Climate control in the next hundred years or so, within the lifetime
of our engineered structures, may result in increased stability of
tailings containment structures. Beyond the management system
itself, it is conceivable that ways will be found to short circuit
many radioisotopes and heavy metals past biological systems directly
into those geochemical systems where exposure levels are drama-
tically reduced. For those materials which do find their way into
biological systems, it may be practicable within the next century to
modify biological systems to handle the increased rate of exposure
in a biologically acceptable fashion.
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Alternatively, it may well be that future research will show us to
be much too conservative in our approach and that evolution has
given us the inherent ability as a life system to cope with order of
magnitude flux changes for the overall benefit of the species.

Throughout this report, we have drawn upon a very limited data
base in trying to predict future pulses of radioisotopes and heavy
metals into the biosphere. Although it seems fairly certain that
long term natural erosional forces will result in the eventual dis-
persal of most presently managed conventional tailings long before
decay to levels which are presently regarded as safe, the conse-
quences of this dispersal are unknown. At present, our knowledge
of the behaviour of radioisotopes and heavy metals in geochemical
cycles and biological systems is expanding at an exponential rate.
In trying to strike a balance between a conservative and liberal
viewpoint, we have tended to perhaps be conservative with respect
to acute consequences and liberal where we relate to more low level
yet potentially chronic consequences.

This relates strongly to our current level of understanding and can
perhaps be seen as an easy way out. Life has evolved on this
planet in a virtual sea of rad ation and heavy metal fluxes, and
indeed, is suspected of having experienced its most rapid evo-
lutionary gains during periods of high radiation and possibly heavy
metal flux. Survival of exposure to low levels of radioisotopes and
heavy metals has been part of the natural selection process. Our
life systems have evolved to cope with them. The limiting levels
which we and other species can acceptably tolerate are at present
unknown. It is usually assumed that any increase above back-
ground (however that may be defined) is detrimental. This as-
sumption may prove costly to society in the long run, but it is the
only "safe" path with the data base we currently possess.
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7.5 RELATIONSHIP OF URANIUM MILL TAILINGS TO OTHER
POTENTIAL HAZARDS

Modern day industrial society produces a large variety of hazardous
and potentially toxic by-products. Many of these materials have
relatively short available half-lives, meaning they are decomposed '
rapidly by physical processes such as ultraviolet radiation or bio-
logical degradation principally by microbes. Alternatively, they
may be rapidly incorporated into geochemical cycles and not be '
available for biological uptake. Other materials including many
radionuclides and stable heavy metals may have very long or in- •
finite half-lives and preferentially bioconcentrate. Accordingly,
they may cycle through bioiojical systems and be incorporated into j
natural geochemical cycles only slowly. The quantification of this
increased flux rate of toxi(: n»»t?Hals through the biosphere and a j
documentation of the consequences is perhaps only secondary in
importance to problems in international relations facing man. I

The interaction of many materials with society is both diverse and «
complex. It may range from an increased burden in terms of direct I
medical costs related to acute conditions, to long-term, indirect
impacts such as chronic heavy metal poisoning and a genetic burden |
which defies quantification in all but the broadest statistical sense.
These latter may prove to be more insidious in their effect as the I
result may not appear until the process is irreversible at our
present level of technology. Conventional uranium mine tailings I
perhaps are best fitted into this second category along with other "
energy by-products such as fossil fuel production effluents and •
combustion products. Spent fuel reactor wastes are more in the I
acute category because of their high specific activity and the con-
sequently greater care required for their containment. |

From a philosophical viewpoint, given that society has a limited I
amount of resources to define and treat some of the more pressing
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problems, where are these funds to be spent and on what basis are
priorities to be allocated? Uranium mill tailings as presently
managed have been identified as a large reservoir of potentially
available biologically dangerous radionuclides and stable heavy
metals which are in the long term available for dispersal within the
open environment. The flux rate at which this will occur is at
present unknown, as to a large extent are the consequences.
However, this study has attempted to quantify the flux in a quali-
tative sense relying upon a variety of assumptions. Still this flux
is of a relatively long term nature and today represents a small but
rapidly growing portion of the radiation and heavy metal dose com-
mitment being received by society. At present it is clear that the
only rational approach to take as a society is a conservative one
until future research demonstrates otherwise.
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8.0 RESULTS AND CONCLUSIONS

It is doubtful that conventional uranium mill tailings stored on
surface by present management practices can remain safely con-
tained in the long term, as defined by the following criteria:

sufficient passivity to preclude the need for continued super-
vision ,

adequate barriers which ensures that the bleed rate of contam-
inants to the environment is acceptably low,

access to the site is prevented while the tailings remain
hazardous.

Abandoned uranium mill tailings sites in Canada will undoubtedly be
most affected by leaching and water erosion, since precipitation
exceeds evaporation losses in most of the mining regions. The wet
conditions, however, do minimize the danger of wind erosion dis-
persion of radioactive active dust and emission of radon gas. The
tailings surface can be stabilized against wircd erosion, at least in
the short term, by a cover of vegetation. The vegetation would
also slow down the rate of runoff and soil erosion, but not signi-
ficantly affect radon gas exhalation. In the latter respect, a soil
cover would be effective. It is estimated that a 1.5 m cover would
reduce the short term exhalation by a factor of 3, a 6 m cover by a
factor of 10 to 40.

If the tailings contain pyrite or other sulphides, acidic conditions
may develop which favour the dissolution and remobilization of
heavy metals and radionuclides. Neutralization of in-situ generated

' acid can be achieved by addition of limestone to the tailings.

I
I

The cost associated with the neutralization and vegetative stabil-
ization of an
$5,250/hectare.(

ization of an abandoned uranium tailings site is estimated at
(1)



8-2

The typical surface storage system cannot be expected to survive in
the time frame under consideration, i.e. 100,000 years. Befrre
failure and washout, the surface of the tailings will have been
slowly and uniformly eroded with total removal over a period as
short as 1000 years. The radionuclide content of this effluent will
in all probability exceed present day standards or guidelines. If
washout occurs, the standards for both solute and solid radio-
nuclides will be exceeded by several orders of magnitude. The
failure will in effect extend the area of the original tailings site,
and with it the hazards of radon gas, gamma radiation and
increased rates of release of radionuclides and stable heavy metals.
The life of the tailings area can be increased to within the required
time frame through use of a rock cover over the entire tailings area
and dam.

Seepage from surface tailings piles can enter groundwater sources
before and after abandonment. In the Canadian Shield, the storage
sites are generally located on valley alluvium overlying consolidated
bedrock. The seepage must therefore travel through this alluvium
before encountering bedrock where the potential rate of contaminant
migration may vary over tens of orders of magnitude. Radioactive
geochemical attenuation of the radionuclides can occur underground
thus reducing the radionuclide content of the water before return
to the biosphere.

Since these effects depend on residence time and geologic charac-
teristics, they are site specific parameters.

Available data indicates the residence time of radium in the water is
very short, i .e. days to months, and may circulate via biological
systems into sediments. This time cycle is dependent on site speci-
fic parameters.

A non-conventional uranium recovery practice which would appear
to minimize concerns over the tailings hazard is in-situ leaching.
However, it is suitable only for easily leached ores surrounded by
impervious rock and therefore has very limited application.
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With respect to alternative proposals to surface storage for
managing uranium mill tailings, underwater storage would appear to
meet the criteria for long term safe containment. However, it is
stressed that extremely little field information is available. It would
prevent radon gas exhalation, erosion and public access. However,
not all water bodies may be suitable. The ideal selected body
should have after tailings emplacement, a stable, stagnant bottom
layer of water overlying the tailings which does not circulate and
would minimize bioperturbation of tailings. A lake selected for
tailings storage may also be lined on the bottom with a geo-
chemically stable sealing material, such as bentonite clay, to retard
downward migration of radionuclides. The same type of coating
could also be used to seal the surface and sides of the deposited
tailings. With or without the engineered cover, the tailings would
gradually become covered with natural sediments, which in them-
selves have the property of binding heavy metals. Little inform-
ation is available on biological food chain transfer of radionuclides
within lake sediments and at the sediment water interface.

Underground mines are also proposed as storage sites for the
tailings. If relatively free from seepage and sealed after storage,
they would appear to offer the best means of isolating the tailings
and preventing public access. However, the potential for storage
in mines is limited because the mining-milling operation generates
about twice the volume of tailings as space available. Furthermore,
formidable engineering and economic obstacles would be encountered
in transporting the tailings to the mine, particularly in active
mines. The mines may best serve as repositories for concentrated
and more active wastes.

All foregoing considerations were based on conventional tailings. A
variety of radical milling approaches have been suggested which
would produce low specific activity tailings and a smaller amount of
more active wastes. The high activity tailings would require ap-
propriate methods of storage.
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The proposals for producing tailings acceptable for surface con-
tainment include:

preconcentration ol ore

radium/thorium rerao", -1 in the mill
radical modifica'.ons to the milling process.

In general, these radical proposals more fully described in the text
are very preliminary, not completely developed, untested at pilot
plant or commercial scale and/or are restricted in application.
Nevertheless, they should be investigated because the ability to
produce a large amount of environmentally acceptable tailings could
have a tremendous effect on reducing the tailings radioactive
hazard. The future processes include thorium/radium removal in
the mill.

Finally considered in the long term suitability of tailings manage-
ment methods is the impact of major climatic and seismic events.

With respect to climate, a warming trend would melc the ice cap
which could cause flooding and erosion of surface stored tailings.
The flooding could also disturb the stagnant layer of water pro-
tecting tailings stored in deep lakes but not necessarily destroy the
integrity of the system. In the event of a cooling trend, glaciation
would be the principal erosional force affecting both surface and
sub-surface deposits. The presence of ice-laden regions would also
induce strong winds between these regions and the equator that
would incr i s e depth of wind induced circulation but the increased
frequency of driving rains would also increase surface erosion and
the rate of sedimentation (i.e. burial).

Seismic activity, which has altered water tables so much as to drain
a lake, could result in destruction of any surface retaining struc-
ture. However, drainage of a lake does not imply destruction of
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integrity of the system. Lake sediments are usually quite plastic
and are not subject to faulting and fracturing in the same manner
as hard rock.

Vegetation is not significant in relation to the immensity of the
above events.

It is concluded that deep storage under water may fulfill the
criteria of long term safe containment of uranium mill tailings.
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9.0 RECOMMENDATIONS FOR FUTURE RESEARCH

9.1 INTRODUCTION

Throughout the discussions, earlier in this report, on the long term
consequences of each of the generic management options for uranium
mill tailings, there has been a notable lack of experimental d?ta to
support many of the hypotheses made. Field and laboratory test
results are able to support only those hypotheses for the short
term but in most cases, where quantifiable information is available,
it can not be used with any degree of assurance to predict the con-
sequences of each of the various modes of radonuclide transport
over the long term.

The lack of supportive data is not surprising fbr several reasons as
listed below:

(1) Up until very recently the major environmental concerns with
the discharges from operating or abandoned uranium mill
tailings areas have been related to short term water quality
problems. For example, in Canada there has been much re-
search and mitigating measures enacted related to:

depressed pH levels due to acid mine drainage

high levels of dissolved and suspended solids

high nitrate and ammonia levels

total or dissolved Ra-226 levels in excess of regulatory
and/or guideline limits.

(2) In the southwestern United States uranium mining areas, with
their associated semi-arid climate, most of the research activity
and field surveys, until very recently, have been directed
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towards the numerical assessment of airborne releases of sus-
pended participates, radon gas emanation, and gamma

I

!

I
radiation. Less attention has been directed to the long term
potential for radionuclide solute migration to the groundwater |
regime because of the more readily observable surface
releases. I

I

(3) The uranium mining industry and the associated management of 1
the mill waste products has only been in existence world wide •
for about 30 years. This period of time has certainly been
sufficient to establish site specific data but no one has
seriously tried to collect good site specific data to indicate
what happens to the various radionuclides over the long term, g
however a trend is developing in the data in recent years from
monitoring of Elliot Lake area abandoned tailings piles. m

In summary, it is readily apparent that there are numerous areas •
requiring research to firm up what is in many respects conjecture *
on long term consequences. The main areas and topics suggested
for research are categorized in the following section in terms of
their relationship to the generic management options and possible
in-mill preconcentration of radionuclides.

I

i
1
II
(I
•I
r;
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9.2 RESEARCH TOPICS BY GENERIC MANAGEMENT OPTION

9.2.1 Surface Management Option

Research into the long term mobilization of radionuclides from
surface uranium mill tailings containment sites should include:

(1) The long term leachability of uranium, thorium and radium,
from the tailings solids and also redissolution of radionuclides
from the barium-radium-sulphate precipitates in the radium
precipitation treatment pond. The leachibility should be
studied in relationship to the predicted long term fluctuation in
the ground water table within the tailings pile, the redox
potential, pH value of the tailings and the stratification in the
gradation of the tailings. The research should be directed to
in-situ deep sampling of the tailings ideally at tailings areas
which have been abandoned for some length of time.

(2) An examination of more permanent methods of ultimately dis-
posing of the barium-radium-sulphate precipitates. Presumably
the radium rich precipitates would be returned underground in
specially sealed mine openings or specially drilled holes. The
means of transporting and containing the radioactive material
should be examined.

(3) A research program should be undertaken to define the
variables which affect radon gas exhalation rates on vegetated
and non-vegetated tailings surfaces.

9.2.2 Underwater Management Option

Research into the long term mobilization of radionuclides from under-
water uranium mill tailings containment sites, whether deep lakes or
artificially created "lakes" established by allowing specially ex-
cavated pits or mined-out open pits to flood, should include:
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(1) A full scale field monitored underwater containment program
for uranium mill tailings. The program should be jointly
financed and researched by industry and government and
include monitoring of fresh water inflow quantity and quality,
seepage losses and groundwater flow regimes and water
quality.

9.2.3 Underground Management Option

Research into the long term mobilization of radionuclides and
practical problems of placing uranium mill tailings in underground
containment sites, ranging from classified cemented backfill tailings
returned to the uranium mine openings to unclassified or modified
tailings transported to newly established underground cavities in
non-mineralized bedrock, should include:

(1) An experimental backfill program using classified fine tailings
to the fullest practical extent possible.

(2) Laboratory and underground pilot scale tests of various
chemical fixatives and electrokinetic densification techniques to
increase the stability of the tailings.

(3) Assessment of the use of low level radioactive classified or
modified tailings to encase and/or seal off stored low volume,
high activity materials such as radium and thorium concen-
trates or barium/radium sludge.

9.2.4 Advanced Preconcentration of Radionuciides

Research into ways and means, and the practicality of in-mill pre-
concentration of radium and thorium should include:
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(1) Preconcentration tests as described in Chapter 6 should be
featured in any evaluation program for new uranium deposits.

(2) A detailed radium and thorium inventory for each milling
process should be developed to assess in greater detail the
potential for extracting radium or thorium either during an
intermediate processing step or from the final tailings slurry.

(3) A definition of the regulatory criteria or objectives for advance
preconcentration of radionuclides to include considerations as
to what radionuclide release rate (and t;;^. what quantities of
available specific isotopes) would be considered acceptable
remaining in the exposed tailings.

(4) The methods and precautions available and necessary for
transporting and storing the various grades of concentrated
radium/thorium wastes.

9.2.5 General Research Needs

Beside research directed to examining specific items relevant to the
generic management options or advance radionuclide removal in the
mill, there is a need for further information on general topics
common to each of the foregoing areas. This research should
include:

(1) A better understanding of the long term radiological health
affects and environmental pathways.

(2) A reasonably accurate assessment of the capital and operating
costs of the various tailings management options outlined.
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(4) Study the factors in preconcentrating pyrites to create tailings
low in acid, heavy metal generating potential and radium
content.

(5) An investigation of those geochemical and biochemical reactions
occuring in the tailings and receiving environment and their
effect on the geochemical mobility of radionuclides and heavy
metals:

(i) In tailings: determine techniques to slow the bleed rate
of biologically available radionuclides and heavy metals
under catastophic events such as a retention dam wash-
out.

(ii) In biota systems: determine factors responsible for
controlling biological availability of stable and radioactive
heavy metals in aquatic and terrestrial systems, competing
ions and processes for trace metals, and role of sedi-
mentary bacteria and biota in secondary remobilization of
metals and factors controlling their input into higher
trophic levels.

(iii) In terrestrial systems: chemical nature of stable and
radioactive heavy metals as they migrate through ground-
water system and factors responsible for various sorption
rates and equilibrium constants on different mineral
surfaces.

(6) An investigation of groundwater movement experiences at
existing tailings sites and surrounding areas so as to deter-
mine the horizontal and vertical mobility of all contaminants.
Such an investigation would be co-ordinated with the develop-
ment of a modelling program that described both groundwater
movement and movement of contaminants.
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(7) The advancement of the above research would be greatly
assisted through the use of a regularly held Canadian forum
for the industry with a central body such as the AECB acting
as custodian of scientific, technical, practical and other infor-
mation relative to the uranium mine/mill industry. Public
access to this information should be given.

Many gaps exist in our basic knowledge of radionuclide flux and
heavy metal transport through geochemical and biochemical systems.
This research will best be approached on a site by site, mill by mill
basis to provide an optimized quantitative predictive framework for
tailings management systems designed to site specific conditions of
ore mineralogy, milling processes and environmental constraints.

A legislatively defined approach, although perhaps cost and en-
forcement effective, does not appear as the direction to proceed.
Rather, novel thinking based upon sound principles and supporting
basic research should be encouraged. Site specific investigations
should aim at an understanding of the mining operation processes
and the integration of these to meet local environmental
requirements.
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GROUNDWATER SEEPAGE

1.0 INTRODUCTION

In addition to atmospheric and surface water processes, ground-
water seepage can provide a significant mechanism for the transport
of contaminants away from tailings management areas. As well as
being its transporting medium, ground water can have an indirect
effect on contaminant migrations through its influence on the hydro-
logic regime within the tailings. For example, the degree of satura-
tion of the tailings can effect the rate of radon diffusion to the
atmosphere and can also effect the redox potential in the tailings,
thus influencing the solubility and mobility of contaminants such as
radium and thorium.

Migration in groundwater is similar to migration in surface water
and in the atmosphere in that both advective and dispersive pro-
cesses are involved. There is a vast difference, however, in that
the rate of migration in groundwater is much less than in the other
two regimes. This difference is advantageous in that with adequate
monitoring, if contamination is detected, remedial measures can be
taken before extensive zones of contamination have developed. As
a further result of the slow migration rate, in some situations,
significant contaminant attenuation can occur as a result of radio-
active decay before the contaminated water is discharged to the
biosphere. The slow migration rate can be a disadvantage in that,
if significant groundwater zones become contaminated, attentuation
can occur as a result of radioactive decay before the contaminated
water is discharged, to the biosphere. The slow migrauon rate can
be a disadvantage in that if significant groundwater zones become
contaminated, rejuvenation can be difficult to impossible, and would
generally require long periods of time. Groundwater systems also
tend to be less dispersive than surface waters or the atmosphere.
This again can be either advantageous or disadvantageous. The
extent of the contaminated zone will tend to remain small; however,
the concentration will tend to remain high.
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A further contrast between groundwater and atmospheric or surface
water is the effect of chemical processes on the migration rate. In
groundwater, the velocity of contaminants, particularly cations, can
be orders of magnitude less than the velocity of the water as a
result of geochemical interactions between the cations and the
geological materials. There is no analogous mechanism in the
atmosphere. Surface waters probably occupy an intermediate
position in this respect, with biological activity and the water-
sediment interface providing some degree of retardation.

Groundwater is frequently defined as all water below the earth's
surface. As such, it includes water in both the saturated and
unsaturated zones and in both consolidated and unconsolidated
geologic materials.

The principal driving force for groundwater migration is gravity,
with regions of groundwater recharge being at high elevations and
discharge occurring at lower elevations. An important feature of
groundwater flow systems is their great range in both the spatial
and temporal scales. In some cases, the distance between the
recharge and discharge zones is on the order of a few metres or
less, while several large aquifer systems are known to extend over
several hundreds of kilometres. The scale of a flow system is
influenced largely by topographic and geological features. Local
flow systems tend to be the result of local topographic features,
while regional systems are the result of regional topographic and/or
geological features. Flow systems of smaller scale tend to be super-
imposed on larger systems, with the residence time of the water and
the depth of penetration of the flow system tending to increase with
the scale of the system. Residence times of minutes to hours may
be associated with short flow systems in permeable materials, while
other groundwaters are frequently found to have ages well in
excess of fifty thousand years.
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It is apparent that the location of a tailings management area with
respect to the groundwater flow features can have a great bearing
on the locations and time at which contaminants carried in the
groundwater from the tailings area would be discharged to the
biosphere. An equally important consideration is the possible effect,
of construction of a tailings management area on the local and
regional groundwater flow system characteristics.

The following discussion will be divided into two major sections,
Transport in Unconsolidated Geological Materials, and Transport in
Consolidated Geological Materials. The unconsolidated materials
section will include a brief consideration of unsaturated flow. The
objective of this discussion is to provide a framework for discussion
of the parameters responsible for controlling contaminant migration
through groundwater systems. The state of the art has not yet
developed to the point where broad generic models are applicable in
a predictive sense. Accordingly, only broad ranges are discussed
along with the implication of their interactive effects.

2.0 TRANSPORT IN UNCONSOLIDATED GEOLOGIC MATERIALS

2.1 Water Movement

The physical principals governing the movement of groundwater
through granular geological materials are well established and are
presented in several books on the subject, such as Todd (1959),
Davis and Deweist (1966)2 and Walton (1970).3 The problem of
predicting solute migration is considerably more complex. A
rigorous treatment of the physical principals governing solute
migration in porous media is given by Bear (1972), while Cherry
et al (1975) considers many of the practical problems involved in
applying the theory. This discussion will introduce a few of the
basic principles of contaminant migration, particularly as they apply
to the problem of migration away from uranium mine tailings area.
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The fundamental relationship for the movement of water through a
porous medium is the Darcy equation which can be written as:

q = -K 4H (1)
AL

where q is the Darcy flux or specific discharge fl^K is the

hydraulic conductivity ]L| and AH/&L is the hydraulic gradient

IT}
expressed as hydraulic head (H) over the distance (L) measured in
the direction of the flow. The hydraulic conductivity is a combined
parameter reflecting properties of both the fluid and the porous
medium. With respect to groundwater, it can be considered as a
measure of the ease with which the geological material will transmit
water. Typical hydraulic conductivity values for both consolidated
and unconsolidated materials are listed in Table 1. The hydraulic
conductivity of unconsolidated materials can range over about twelve

2 -10
orders of magnitude, from 10 cm/s in clean gravel to 10 cra/s in
dense clay. Hydraulic conductivity is frequently anisotropic and in
heterogeneous materials can be a complex function of the space
co-ordinate.
Many methods for determining hydraulic conductivity have been
developed. These, include pumping tests, single well response tests
or slug tests, laboratory measurements on core samples and grain
size correlation. The method used depends, among other factors,
upon the geologic material and the use to be made of the number.
Pump tests for example, generally give a hydraulic conductivity
averaged over a considerable thickness of the geologic material. In
heterogeneous sytems, this value will differ considerably from the
maximum hydraulic conductivity.
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The general equation for groundwater flow is derived by combining
the Darcy equation (eq. 1) with the continuity equation (equation
for the conservation of mass). This development will not be
presented here.

The Darcy flux (q) is the amount of water crossing a unit area of
the porous medium per unit time. Thus, in order to determine the
velocity, the Darcy flux is divided by the porosity. That is,

V = a = K̂ AH (2)
n n

where V is the average linear pore water velocity ILI and n is the

porosity. The porosity of unconsolidated materials covers a
relatively narrow range. The porosity of clay can vary from
approximately 0.1 when highly compacted to about 0.6 when un-
compacted. The porosity of sand generally ranges between 0.3 and
0.4. By far the greatest uncertainty in ~\/ when determined by
solving (2) is the uncertainty in K, the hydraulic conductivity. ~
can also be measured directly by borehole dilution or by a variety
of other tracer techniques. These methods are discussed briefly
with appropriate references in Cherry et al (1975).

2.2 Solute Migration

The processes governing the migration of solutes in groundwater
ard represented in the transport equation. A full development of

A

the theory and governing equations is given by Bear (1972). For
the purpose of introducing the physical parameters while keeping
the discussion relatively simple, only the one dimensional form of
the equation will be presented here. This can be written as:

(3)
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Where c is the concentration of the solute in solution JM I, D is the

dispersion coefficient (LVT), x is the space coordinate (L) and q*
is a source/sink reaction term representing the solute-solid chemical
interactions.

Solution of eq. (3) gives the concentration of the solute at any
time within the region in space of interest. In order to solve the
equation, the parameters D and "\T must be specified, and if the
solute interacts with the porous medium, additional parameters will
be required in order to characterize q*. The first term on the
right hand side of eq. (3) describes the motion of the solute
resulting from the advection of the fluid. For a step input of
concentration C to a one dimensional flow domain, and if the right
hand side of eq. (3) is reduced to only the first term, a vertical
concentration profile moving at velocity "wi l l be predicted. The
value of V (average linear pore water velocity) can be determined
as discussed above.

As a result of a complex velocity distribution within the porous
medium, a portion of the solute will move faster than the average
fluid velocity and a portion will move slower than the average
velocity. This phenomenon is referred to as hydrodynamic dis-
persion. Further mixing can result from molecular diffusion. The
effects of both molecular diffusion and hydrodynamic dispersion are
included in the dispersion coefficient D. At low groundwater
velocities, the magnitude of the dispersion coefficient approaches
the diffusion coefficient for the particular solute in the particular
porous medium. At higher velocities, the dispersion coefficient can
be approximated as a linear function of the velocity. That is:

D = oc\f (4)
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Where <^ is a proportionality constant having dimensions (L) and
which has been called the dispersivity. The dispersivity is
generally considered to be a property of the porous medium.
Assuming normal hydraulic gradients, it can be shown that in
geologic materials with hydraulic conductivity values of less than
10 cm/s, solute transport will be controlled by diffusion.

The amount of spreading of the solute increases with the distance
travelled, and the rate of spreading is determined by the magnitude
of D. Both the measurement and interpretation of D ( o r * ) in
natural groundwater systems present major difficulties. Values of <=c
measured in the laboratory for granular materials are on the order
of tenths of centimetres while values as large as hundreds of metres
have been reported from field studies. The magnitude of D appears
to increase with the si?.e of the system being measured. This
particular difficulty, as well as measurement methods are discussed
bj Cherry et al (1975) as well as others.

The reaction term of eq. (3) is entirely general in its present form.
The form this term takes when applied to a particular problem
depends upon the nature of the chemical or geochemical reactions.
A convenient method for representing chemical reactions is through
the use of a distribution coefficient K.. The distribution co-
efficient is the ratio of the amount of solute in the adsorbed phase
to the concentration in solution and is generally expressed in units
of ml/g. It can be determined from the slope of an adsorption
isotherm and in the special case of a linear isotherm, K, is con-
stant. If the isotherm is nonlinear, Kj is a function of the concen-
tration in solution. The Kj concept applies only to equilibrium
reactions.

If the K^ approach is adopted, then it can be shown that:

q*= P b Kd <£c (5)
~n SX
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where p, is the bulk density of the porous medium jM j .

Substitution of (5) into (3) yields:

Analytical solutions to (6) are available if K, is constant. Those
solutions are further restricted to uniform flow through a homo-
geneous porous medium. For most field problems, numerical
solutions of the two or three-dimensional form of (6) are required.
Although such solutions are available and have been applied to field
contamination problems, the accurate characterization of the flow
system with respect to the parameters (D, ~V and K,) continues to
be a major practical limitation.

If in eq. 6 it is assumed that the effect of dispersion is negligible,
and further, that K, is constant, then it can be shown that:

Vs _ 1
1 + p b Kd

"H" (7)

Where Vs is the velocity of the solute. For unconsolidated
materials, Pi./n would normally range between 2.0 and 6.0. As a
result, it can be seen that for even modest values of Kd (10 ml/g
or less) the velocity of the solute would be substantially less than
the velocity of the water.
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2.3 Unsaturated Conditions

The unsaturated zone generally occurs between ground surface and
the water table and is characterized by the presence of a con-
tinuous gas phase- Water in the unsaturated zone is under nega-
tive pressure and is retained against the forces of gravity by both
capillary and adsorptive forces. As the pressure head becomes
more negative, less water is retained giving rise to the pressure
head - water content relation for a particular soil. This relation-
ship is often referred to as Uie soil characteristic curve. The
shape of the curve depends upon the texture of the soil, with fine
textured soil retaining more moisture than course textured soils at a
given pressure head.

As the water content of a particular soil decreases, the wetted
cross sectional area available for flow decreases resulting in a
decrease in the hydraulic conductivity. The hydraulic conductivity
of a particular soil can vary over five orders of magnitude depend-
ing upon the water content. The hydraulic conductivity - water
content relation is an essential relation of unsaturated flow.

The equations presented previously for saturated flow conditions
are, with some modification applicable to unsaturated flow. The
Darcy equation (eq. 1) is applicable to unsaturated flow conditions
provided the hydraulic conductivity is represented as a function of
water content. The average linear pore water velocity in the
unsaturated zon? is generally determined by dividing the Darcy flux
by the volumetric water content rather than by the porosity. The
solute transport equation (6) has been applied to unsaturated
media; however, at the present time, the water content dependance
of D and Kj are not well understood and difficult to measure.
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I
2.4 Application to the Management of Uranium Mine Tailings I

As a transporting medium groundwater seepage can be of environ-
mental importance in terms of its potential to contaminate aquifer •
systems and also in its role as a potential pathway to the bio-
sphere. In assessing both problems, the velocity of the con- • I
taminants as well as the contaminant flux would appear to be the
significant parameters. For the purpose of this discussion Ra-226 •
and Th-230 will be considered the potential contaminants, although •
the general discussion is applicable to both. stable and radioactive _
cations. f

One would hope to be able to make general statements regarding
migration rates and the susceptibility of various hydrogeologic

I
I

environments to contamination based upon previous experience in a
variety of hydrogeologic settings. Unfortunately, there is very
little information available concerning migration rates under field
conditions. That which is available is generally of a qualitative I
nature and not suitable for extrapolation. The alternative approach
is to use the principles and equations presented previously and to I
use parameter values representative of a range of hydrogeologic
environments. •

In adopting the above approach, one must decide upon the ap-
propriate level of sophistication for the predictive model. Although I
eq. (6) probably comes closest to representing the physics of the
transport process, its degree of sophistication goes well beyond our fl
ability to determine the parameter values for most-natural systems. ™
Alternatively, we could assume that we were doing a "worst case" <•
analysis, and that the contaminants would migrate at the velocity of W
the groundwater in the most permeable stratigraphic layer. Using
eq (2) and assuming a porosity of 0.4 and a hydraulic gradient of Jf
0.1 (which is conservative) the velocity of the water, and thus the
contaminants would be: I)

v = 0.25K (7)
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This approach is unnecessarily conservative since virtually all
geologic materials react to some extent with Ra-226 and Th-230.
Consequently, eq. (7) should give a more realistic estimate of the
contaminant migration rate. Assuming an average value for Pjj/n of
4.0, and combining Eq. (6) and (7) gives:

Vs = (0.25K) (1 + 4 K , ) ~ ( 6 x 10 ~z) K (8)
d <*?

The source of greatest uncertainty in eq. (8) is the value to be
used for K,. Unpublished data compiled by Battelle Pacific North
West Laboratories shows Ra-226 K, values varying between 300 and
700 ml/g with the lower values generally being for coarse textured
materials. In a further attempt to be conservative, for the purpose
of this discussion, a K, value of 100 will be assumed for both
radium and thorium. (although no K^ values for thorium were
found in the literature, it is generally considered to be less mobile
than radium).

As the contaminants are carried in the flow system, they would be
attenuated by radioactive decay. Considering the input concen-
tration to be 1,000 pCi/L for radium, it would take about eight
half-lives, (13,000 years) for the radium to be attenuated to an
acceptable concentration (3.0 pCi/L). Considering the same initial
concentration, it would take 6.5 x 10 years for thorium to be
attenuated to 3.0 pCi/L.

Table Al-1 shows the velocity of Ra-226 and Th-230 calculated
usinc; eq. 8 and the above assumptions for a range of hydraulic
conductivity values. The distance required in order for the radium
and thorium to be attenuated by radioactive decay is also shown.
Table Al-1 shows that in clean coarse sand, the velocity of the
contaminants would be quite significant (18 m/yr) and that both
iadium and thorium would probably be discharged to the biosphere

before there was significant attenuation by radioactive decay. At a
-4conductivity of 10 cm/s which would be typical of silty sand or



Al-12

K(cm/s)

1.0
10"2

i o - 4

lO"6

ID"8

TABLE Al-1
MIGRATION AND ATTENUATION OF RADIONUCLIDES

IN VARIOUS GEOLOGIC MATERIALS

Geologic
Material

clean coarse sand
fine sand
silty sand - silt
silty - sandy clay
clay

Rate of
Migration

m/yr

18
1.8 x 10"2

1.8 x 10"4

1.8 x 10'6

1.8 x 10"8

Distance for Attenuation
by Radioactive Decay (m)

Ra-226

2.3 x 105

2.3 x 103

2.3 x 10
2.3 x 10 - 1

2.3 x 10 - 3

Th-230

1.2 x 107

1.2 x 105

1.2 x 103

1.2 x 101

1.2 x 10"1

I
I

-4 A

silt, the velocity would be quite low at 1.8 x 10 m/yr, and at •
this velocity, radium would be attenuated within a distance 23 m
and thorium within a distance of 12,000 m. In all probability,
thorium and some daughter radium would be discharged to the

I
biosphere before complete attenuation. At lower conductivity values _
both radium and thorium could be attenuated to acceptable concen- |
trations prior to discharge to the biosphere.

I
I
I
I
I
I

Although Table Al-1 shows calculations for conductivity values of «
-6 -8 I

10 and 10 cm/s, within this range the predominant transport •
mechanism is undoubtedly molecular diffusion. As a result, both _
the velocities and distances for attenuation are probably low. |
Nevertheless, using one-dimensional diffusion theory, it can be
shown .that radium would be attenuated within a few meters and I
thorium within a few tens of meters.
Although the ahove analysis is not sophisticated, it demonstrates •
the vital role played by the hydraulic conductivity and distribution
coefficient parameters. The importance of K in determining travel •

II
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rates further demonstrates the need to locate the critical (high
permeability) zones. Provided these zones are identified, then K
can generally be determined to a measurable accuracy. Considering
the geochemical complexities of both radium and thorium, repre-
sentation of the retardation process by a constant Kd value is
indeed questionable and introduces the greatest source of un-
certainty into the calculations. Considerably more research is
required in order to quantify the geochemical processes and to
incorporate the processes into a predictive transport model.

To the extent that the above analysis can be accepted, tailings
have considerable potential to contaminate coarse granular geologic
deposits. If these deposits are used for water supply, then con-
tamination of the supplies could be anticipated. In Ontario, the
current mining operations are located in the Canadian Shield, an
area notably lacking in thick unconsolidated zones. Although thick
alluvial deposits do exist, as for example at the Madawaska mine,
they are generally not extensive in the lateral direction and there-
fore are not major aquifers. Although contamination of these
deposits would not represent the loss of a major natural resource,
it would present local water supply problems and could also re-
present a significant pathway to the biosphere. Precautions should
be taken to prevent the migration of seepage into such deposits.

The Saskatchewan uranium deposits currently under development
are located in the Athabaska sandstone. Although the sandstone is
consolidated, it would have transport characteristics similar to an
unconsolidated material. Little information regarding its hydraulic
and transport characteristics is available at the present time, how-
ever, the sandstone is very extensive and could be a significant
regional aquifer. Until its transport characteristics are well under-
stood leachate from tailings should not be allowed to enter the
aquifer.
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Groundwater seepage as a pathway to the biosphere is very site
specific. It may involve seepage through the tailings and the

J
I
I

tailings dam or seepage through the tailings and sediments beneath
the tailings. Considering the data of Table Al-1 and the expected |
pathway at a particular site, travel times could be calculated. It
should be noted that for medium to fine textured soils, the pos- 1
sibility of significant migration appears rather small. Furthermore,
from the rather short travel distances required to attenuate the I
contaminant of low K values, lining the ponds with a material
having a particularly high K, for radium 'and thorium could be a •
practical management option. The lining material would have to I
have a sufficiently high K to allow the infiltrating water to pass,
otherwise surface runoff would be induced, transferring the |
problem to the surface water. Selection and placement of materials
to provide optimum K and K, values would be a means of providing I
a high degree of containment, or at least of providing for an ac-
ceptably low release rate. I

Aside from contaminant migration in seepage, the groundwater «
regime may affect other transport processes. Some of these, will be I
discussed briefly.

Tailings areas located, in natural recharge zones would tend to have
low water tables and thick unsaturated zones. This would probably I
result in oxidizing conditions over a considerable thickness of the
tailings which would produce certain leaching characteristics. On •
the other hand, tailings in groundwater discharge zones would tend ™
to have high water tables and reducing conditions throughout. The ^
discharge conditions, should they persist after completion of the m
tailings area, would result in high rates of surface runoff. Also,
as a result of evaporation at the surface, contaminants could be I
concentrated in the surface layers. This could provide for locally
high radiation levels and high rates of radon exhalation. It should 1
also be noted that if cover material is applied in such locations.

I
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contaminants could be carried through the cover to the surface,
largely defeating the purpose of the cover. Present tailings areas
are, for the most part located in depressional areas. These areas
tend to be areas of groundwater discharge. By raising the eleva-
tion of the tailings with tailings dams, much of the tailings area
probably becomes a recharge area while portions may remain as
discharge areas. With respect to the long term management of the
site and the potential for upward migration of contaminants, it would
appear desirable to locate and construct the tailings pond such that
it will remain a recharge zone. '-'

If a tailings area is located on an extremely low permeability
material, the water table will rise to the surface and there will be
little leaching or geochemical aging of the tailings. Contaminants
would tend to be carried in th surface runoff. This condition could
be alleviated to some degree by providing vegetative cover which
would remove a portion of the water thus reducing the runoff
volume.

The unsaturated zone, and water relations within the unsaturated
zone can be particularly important. As a result of the deltaic
stratification within tailings, the unsaturated flow regime would be
extremely complex. Coarse grained layers would tend to drain
under the influence of gravity, while fine layers would remain at
much higher water content, probably approaching saturation.
These saturated layers would tend to inhibit gas migration. This
could result in lower radon exhalation rates while reducing the rate
which oxygen enters the tailings.

The possibility of depositing the tailings in a specified layered
sequence could be considered. The layering could be designed
such that it would reduce radon exhalation while maintaining
suitable moisture conditions near the surface for plant growth. Tie
only studies of the unsaturated hydraulic properties of tailings
which we are aware of are currently in progress at Colorado State
University, under the direction of Dr. A. Klute.
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I
3.0 GROUNDWATER TRANSPORT AND SOLUTE MIGRATION

THROUGH CONSOLIDATED GEOLOGIC MATERIALS |

In this assessment of uranium mill tailings management, groundwater |
transport of radionuclides through overburden materials, and within
tailings was examined first. This discussion related particularly to I
the case where tailings are discharged to the nearest depression,
quite often to a shallow depression underlain with relatively thick
alluvium or glacial deposits. In recent years, with engineering
design of tailings retention earthworks, and as a prerequisite in ^
obtaining a Mine Facility Operating License (MFOL), surface tailings §
areas are being located often at higher elevations where foundation
conditions are superior for embankment stability and construction. 1
As a consequence, in most cases, overburden is relatively thin or
absent and groundi/ater transport through the base of the tailings ft
area is determined by the properties of fluid flow in bedrock.
Before assessing the long term low level radionuclide migration
through fractured rock masses, some fundamentals of fluid flow and
rock mechanics will be presented to illustrate the specificity of „
permeability and porosity to rock types and fracture systems. The f
discussion that follows is also relevant to proposed deep lake dis-
posal, near surface tailings burial concepts, and to present and I
proposed underground backfilling practice as described later in
Section 4.3. 1

Fluid flow can occur in bedrock in numerous ways including those
described as follows: §

(a) Flow Through the Intact Rock Itself: This occurs primarily in I
sandstone and argillaceous, i.e. clayey rocks, that are rela- •
tively speaking, porous and permeable as compared with meta- •
morphic and granite rocks that have matrix permeability values f
less than 10 centimetres per second.

I
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(b) Flow Through Fracture Systems: Very little data exists on
the effect of fractures on flow through fractured rock masses.
The sparcity of data increases with more porous rock types
such as permeable argillaceous rocks where there has been
almost no attempt to separate the contribution of flow from the
rock block itself and the fracture system. Groundwater
studies in these rocks have assumed that the rock block -
fracture system is a porous medium. The small data base in
fracture hydrology is limited primarily to metamorphic and
crystalline rocks hence only these rock types will be con-
sidered in describing the fluid flow of the rock mass on or in
which uranium mill tailings are contained.

The main fracture flow paths in rock masses are:

(i) joint - fluid flow is a result of interconnection of
different joint sets. Joints are normally discontinuous in
their own plane.

(ii) fracture zones - zones of closely spaced and highly inter-
connected discrete fractures measuring in terms of metres
in width.

(iii) shear zones - usually hydraulically continuous over long
distances but variable in hvdraulic characteristics and
also measured in terms of metres in width.

Most in-situ field determinations for computing porosity and perme-
ability are related to either water reservoir dam site investigations
(such sites are generally located near major structural features) or
domestic and industrial groundwater well drilling where depth of
testing is usually less than 150 metres. In both cases, the near
surface zone in which these measurements have been made forms the
most permeable zone within the rock masses. There is usually a
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wide variation in permeability values quoted in the literature due to
different testing procedures and widely different theoretical models

From a review of published data (Gale 1976, Snow 1968, Bruce
1975, Davis and Turk 1964)6 '7 '8 '9 the following general ob-

I
I

used in interpreting field data. Usually permeability values are _
computed on the basis of an "equivalent porous medium" wherein §
there is no attempt made to determine what contributions each
fracture makes to the total permeability. Such computations ignore I
the distribution of fracture aperatures and can result in misleading
values when computing radionuclide transport in fractured medias. ft

I
servations can be made regarding fracture flow characteristics.

I
(a) Fracture porosity decreases very rapidly with depth.

(b) Crystalline rocks have roughly the same decrease in per-
meability with depth relationships, however, miscellaneous ft
rocks, in particular low grade metamorphic rocks show a more
rapid decrease in permeability with depth. This may be a *
result of lower strength characteristics in such rock types. *
The scarcity of data prevents the ranking of rock types in
order of permeability. §

(c) The fracture permeability shows a logarithmic decrease with I
depth.

(d) The fracture system within a specific rock mass in terms of
geometry and spacing does vary with depth. •

(e) Laboratory tests indicate that the flow rate in a fracture
decreases rapidly with increasing stress, the stress- f
permeability relationship also may be affected by the type of
fracture, i.e. tension or shear fracture and presence of gouge (
material in the fracture plane and by the surface area of the
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fracture plane being tested. Attempts to correlate laboratory
and field data must also recogni2e that:

(1) the rock mass exhibits directional permeability as a result
of the preferred orientation of its fracture system and

(2) fractures are discontinuous within their own planes.

(f) The effect of shear stress of displacement on flow in frac-
tures, although not documented, may" be significantly more
important than normal displacement effects for disposal of
tailings in underground mine stopes. Mining activity increases
shear stress and shear displacement parallel to the fracture
plane and hence, may significantly alter the permeability
characteristics of the rock mass near the underground
openings.

Various equations have been developed to determine the permeability
value, K, in fracture systems. An equation to describe fluid flow
of a viscous incompressible fluid is as follows:

K = ea (2b)2
12 where p = fluid density

g = gravity
p = dynamic viscosity

2b = fracture aperture
k = hydraulic conductivity (LT-1)

Researchers differ on whether to treat the prediction of fluid flow
in rock masses as an equivalent porous continuum or to mathe-
matically consider discrete fractured media. The difficulties in-
volved are related primarily to the unknown continuity of fractures
over the entire rock mass. Hence, it is to a large degree the
extent and nature of a fracture's interconnection with other
fractures that determines its contribution to rock mass permeability.
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I
IAssuming the equivalent porous continuum theory is valid, the flow

rate can be calculated for assumed or computed values of K and the
hydraulic gradient. Thus one is replacing the fractured rock mass
flow problem by a porous media flow problem. In this case, the |
transit times shown in Table Al-1 apply. However, because of the
distribution of fracture apertures and the uncertainty in the dis- •
tribution of fracture porosity, there is no basis for using porous

media models to calculate the rate of contaminant migration through flj
fractured rock masses. ™

Assessment of Geochemical Retention of'Radionuclides m
and Radionuclide Migration in Fractured Rocks

Significant movement of radionuclides will occur only through the

fractured system in bedrock, thus geochemical retention occurs I
predominantly in the alteration zones along fracture surfaces.
Radionuclides can also migrate as colloids or as particulates in •
which case the fracture apertures may restrict movement. For '
reasons as previously described, the fracture apertures decrease ^
with depth below surface. •

Information on the geochemical retardation of radionuclides in 1
fractured rocks is very limited and of questionable value and is an
area that needs considerable research, (Apps. et al, 1978). I

Some field and laboratory experiments have been conducted in
Sweden (Landstram et al 1977) and initial results should be •
available in early 1979. These tests are continuing and they demon- •
strate the complex flow paths followed by the groundwater in _
fractured rock masses. Work on radionuclide migration in fractured •
rocks in North America has been primarily restricted to laboratory
studies. With regard to tailings management siting, whether on I
surface or underground, if it is located in a recharge zone con-
trolled by a major structural feature, the solute leached from the •
tailings might well be incorporated into a deep flow system where

•
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the flowpaths ensure long periods of time before the fluid plus
contaminant was returned to the biosphere in a discharge zone. If
the transit times exceed some number of times the half-live of the
radioactive material, then effective isolation would have been
achieved. No isolation would be provided if the tailings were
located in a discharge zone. Almost no detailed studies have been
conducted of, deep flow systems in fractured crystalline rocks.
Hence at this time, it is impossible to predict the pathway that
stable or radioactive cations will follow in fractured rock masses.
If the possibility exists that radionuclides 'may be introduced into
either local or regional flow systems, then a research program must
be initiated to determine the dispersion and retardation charac-
teristics of long-lived radionuclides in fractured rocks and the
configuration of both local and regional flow systems. Especially
important is how such systems are altered by changes in topo-
graphy and hence hydraulic gradients. Such work is dependent on
additional research work on conceptual models of flow through
fracture systems and improved tools and techniques for measuring
and interpreting the permeability of fractured crystalline and
argillaceous rocks.



APPENDIX 2

SUMMARY NOTES

ADAPTED FROM FINAL REPORT - APRIL 1978

"EVALUATION OF LONG-TERM SIABILITY OF
URANIUM MILL TAILING DISPOSAL ALTERNATIVES"

By: J.D. Nelson and T.A. Shepherd - Colorado State University
Geotechnical Engineering Program Civil Engineering Department
for Argonne National Library



A2-1

APPENDIX 2

SUMMARY NOTES - EVALUATION OF ALTERNATIVES

1.0 INTRODUCTION

As part of the United States Nuclear Regulatory Commission's
(NRC) preparation of a Generic Environmental Impact Statement
(GEIS) to the year 2000, considerable work is being done by
separate organizations on the evaluation of alternative methods for
final "disposal" of mill tailings. One such study, which is highly
relevant is entitled "Evaluation of Long-Term Stability of Uranium
Mill Tailing Disposal Alternatives" prepared by the Civil Engineering
Department of Colorado State University for Argonne National
Laboratories. Because of its similar objectives and particularly the
relevance of the methodology adopted to quantitatively assess
various potential failure mechanisms, an edited summary is included
from their report. An example related to the Canadian scene is
also given in the following sections.

In their evaluation, potential failure mechanisms which could result
in a release of radiation from uranium tailings impoundments were
studied. The failure modes considered were:

(a) Elemental Failures

Failure of an element of the impoundment such as the cap,
liner, embankment, revegetation or water diversion structure.

(b) Natural Failures

Including earthquakes, floods, wind, tornado, glaciation and
fire.



The effects of these failure mechanisms were considered for short
(200 years)
term periods.
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I
(200 years) medium (2,000 years) and long (100,000 years) long- •

I
Before proceeding further with these summary notes, it should be
fully appreciated that the methodology described below is totally the |
result of original research undertaken by Argonne National
Laboratories and/or Colorado State University to the extent as I
applicable to each organization. The sections within quotation
marks are direct excerpts from their April 1978 report herein I
referred to as the "Report". Other than these direct quotes, the
remainder of this Appendix is Kilborn's preliminary interpretation <
and extension of the methodology to the Canadian setting and is '
subject to possible error in interpretation solely the responsibility
of Kilborn and not the original authors. (

2.0 METHODOLOGY FOR QUANTITATIVE EVALUATION I

"Thus, the severity, Sj, of a failure mode was defined as:

I

A methodology developed by Colorado State University in con- 1
junction with Argonne National Laboratories allows a comparative
evaluation of alternative uranium tailings disposal schemes on the
basis of a weighted score of all potential modes of failure. The
various failure modes identified are shown on Table A2-1.

"The weighted score was quantified as the product of the likelihood
that a particular failure mode would occur, Lj# the relative magni- I
tude of release caused by the failure, Mj, and a negative utility
factor, U., that described the degree to which such a failure would I
be undesirable."

I

I
I
I
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"Description of the elements are presented briefly below along with
examples of the application of this methodology."

"Likelihood of Failure (L.)

The likelihood of failure is an estimate of the probability that
failure will occur. Likelihood is chosen rather than probability
because b_ most cases the value will not be based upon a suf-
ficiently large statistical data base. The value of likelihood could
range from 0 to 10. A value of 30 represented certainty of occur-
rence and 0 represents no chance of occurrence. Values of 1, 3,
5, 7 or 9 were assigned between those extreme values. An interval
of 2 was maintained between numbers so as not to imply any closer
confidence limit on the determination (i.e., a likelihood of 3 implies
a probability of occurrence somewhere between 0.20 and 0.40). In
many cases the determination of likelihood was subjective and the
level of confidence implied in the spacing between values that were
used may not be accurate."

"Magnitude of Failure

This value describes the expected amount of radioactive material
that could be released if a particular mode of failure should occur.
A value for magnitude of failure was assigned for each potential
mode of failure."

"Four discrete modes of release were described for purposes of this
evaluation. It was considered that radioactive material or gamma-
ray emission could be released in the form of radon emanation,
generally through the exposed or covered surface of the impound-
ment, dissolved radionuclides escaping in seepage from the impound-
ment, undissolved radionuclides escaping by physical transport,
(i.e. mass movement, wind-blown dust or flood transport) and a
reduction in gamma-ray attenuation. Although these four modes of
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release are not independent of each other they were considered
separately for quantification of release."

M,

w = radon emanation
x = dissolved radionuclide release

attenuation

J
I
I

"For each mode, the magnitude was determined as a percentage of |
the maximum amount of radioactivity (or reduced gamma-ray
attenuation) that could be released via that mode. So as not to jl
imply a confidence level of greater accuracy than exists, only
values of 0, 1, 2, 5, 7, 9 and 10 were assigned. The magnitude •
was then presented as a matrix as shown below." ™

y = undissolved radionuclide release I
z = reduction in gamma-ray emission

I
"Negative Utility Factor (U.)" 1

The negative utility is a weighting factor which considers the »
extent of the problem posed by a particular failure mode. This is I
introduced because the manner in which radioactive material is
released, the nature of the hazard imposed, and control problems I
which differ for each potential mode of failure. The negative utility
factor varies from 0 to 2 and describes the degree of undesirability I
of occurrence of a failure and the difficulty in mitigating the
hazard. The negative utility factors assigned for each failure mode 1
are listed in "Table A2-1". The assigned values are considered *
subjective. Both the original factors as developed by the American .
researchers and the preliminary suggested figures by Kilborn are I
given on the same table.

The above methodology can be succinctly summarized, as a means of
comparing alternatives, in three steps. The steps involved are |
shown in Table A2-2.



TABLE A2-1

FAILURE MODES WITH NEGATIVE UTILITY FACTORS

A2-5

A. ELEMENTAL

1. CAP

(a) Differential settlement
(b) Gullying
c)
d)

(e)
(f)
(g)

Water sheet erosion
Wind erosion
Flooding
Chemical attack
Shrinkage

2. LINERS

(a) Differential settlement
(b) Subsidence of subsoil & rock
(c) Chemical attack
(d) Physical penetration

3. EMBANKMENT

(a) Differential settlement
(b) Slope failure
(c) Gullying
(d) Water sheet erosion
(e) Wind erosion
(f) Flooding
(g) Weathering & chemical attack

4. REVEGETATION

(a) Fire
(b) Climatic change

5. WATER DIVERSION STRUCTURE

Slope failure
Obstruction

"Report"*
Selection

0.5

2.0

1.0

0.25

0.75

Suggested**
Canadian
Selection

1.0

1.0
(0.75 U/W)

1.5

0.25

1.00
(0.25 U/W)
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Selection Canadian
Selection

1. Earthquakes 2.0 2.0
(1.0 U/W,0.5 U/G)

2. Floods 1.75 1.75
(0.25 U/W)

3. Windstorms 1.5 0.5

I
I

TABLE A2-1 (CONTINUED) •

B. NATURAL PHENOMENA "Report"* Suggested** \

I
I
I

4. Tornadoes 1.75 0.25

5. Glaciation 1.0 2.0 I
(1.5 U/W, 0.25 U/G)

6. Fire and Pestilence 0.25 0.25 £

I
* Adapted from Table 1, Page 10 and Table 13, Page 177 of "Report"

** Selected by Project Team Consensus with suggested variants for
underwater (U/W) and underground alternates (U/G) where applicable. m
Range 0.0 to 2.0. I

I
I
I
I
I
f
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TABLE A2-2

Engineering Design )
Site Selection )
Climate ) - Mode of Failure > Likelihood of Failure (Lf)
Maintenance )
Monitoring )
Natural Phenomena )

Likelihood of Failure X Magnitude of X Negative Severity of
(L) Failure (M.) Utility Failure (S,)

' Factor (Uj) '

STEP 2

A

n --, s i = Alternative Index, A=

i = 1

n = Number of Potential Failure Modes

STEP 3

A- for various alternatives may then be compared
] (Low Aj desirable)

Note: Adapted from "Report" Figure 18.



In the Report, a base case and eight alternatives were selected for
evaluation. To account for the probable long-term Canadian
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I
3.0 APPLICATION OF METHODOLOGY TO MANAGEMENT ALTERNATIVES I

1
setting, three additional alternatives were selected. These alter- . .
natives consider underwater containment. A description of each of 1|
the alternatives is given in Table A2-3 along with comments as they
relate to the likely site specific scenario in Canada. Briefly, the (|
main difference between the two geographical areas stems from two
factors; namely: II

1. There is a high water table near the ground surface at almost II
all present and proposed mine/mill sites in Canada conse- ™
quently the tailings for the most part remain either saturated g
or are inundated. m

2. The likelihood of glaciation occurring in Canada is considered J
almost a certainty within the period of 100,000 years.

On Table A2-4 a complete listing cf the likelihood numbers is given
for the various potential modes (see also Table A2-1) for the very •
long term of 100,000 years. A similar listing, not shown, has been •
developed for the 200 year period and the 2000 year period; in most -
cases the likelihood numbers are numerically less, as would be H
expected. For the base case, with neither a liner nor a cap, the
likelihood of failure is considered as 10 from the outset for both of §
these elements.

I
I
I
I
r



Alternative
Nu.

Base Case

1
2

3
4
5

6

7

8

Tailings
Characteristics

Untreated

Untreated
Cemented

Dried
Untreated
Untreated

Untreated

Cemented

Untreated

Canadian Alternatives
9

10

11

Untreated

Untreated

Untreated

TABLE

LIST OF VARIOUS

Containment
Location

Surface

Surface
Open Pit Mine

Op ,i Pit Mine
Open Pit Mine
Excavated Pit
Impervious
Formation
Excavated Trench
Landfill Operation
Underground Deep

Underground Deep
Mine Backfill

Natural Lake

Open Pit Flooded

Open Pit Flooded

Cap

No

Yes
Yes

Yes
Yes
Yes

Yes

No

No

No

No

No

A2-3

ALTERNATIVES

Liner

No

Yes
No

Yes
Yes
No

Yes

No

Yes

No

No

Yes

Embankment
Retention

Yes

Yes
No

No
No
No

No

No

sNo

No

No

No

Remarks

Applicable to Canada
with high water table
near ground surface
As above
Maybe applicable to
Canada but with high
water table
As above
As above
As above

As above

Same for Canada

Same for Canada

No Preparation of
Lake Bottom
No Preparation
Pit Bottom
Shotcrete, or
Clay Liner



TABLE A2-4

LIKELIHOOD NUMBERS (L-) FOR LONG TERM

Failure Mode

Ala
lb
lc Cap
Id
le
If
ig

2a
2b Liner
2c
2d

3a
3b Embankment
3c
3d
3c
3f
3g

4a Revegeta-
4b tion

5a Water
5b Diversion

JI EartnoruaJces
2 Floods
3 Windstorms
4 Tornadoes
5 Glaciation
6 Fire &

Pestilence

Surface
Base

Case

10
10
10
10
10
10
10

10
10
10
10

3
5

10
9
5

10
3

10
9

10
10

10

10

1

7
9

10
9

10
1
9

3
1
5
9

3
5

10
9
5

10
3

10
9

10
10

10

10

Open Pit Excavation

2

1
7

10
9

10
1
9

10
10
10
10

10
9

10
10

10

10

3

1
7

10
9

10
1
9

1

5
9

10
9

10
10

10

10

4

5
7

10
9

10
1
9

1

5
7

10
9

10
10

10

10

5

3
7

10
9

10
1
9

1

10

10
9

10
10

10

10

6

1
7

10
9

10
1
9

1

5
9

10
9

10
10

10

10

100,000 YEARS

A2-10

Under-
ground
Mine Underwater

7 8 9

10 9 10
7 7 10

10 7 10
- 10

- 10
- 10

3

9

]

10
10
10
10

10
10

3

9

L0 11

1
1
1
9

10
10

3

9

1
1
1
1
1
1
1
1

1
I
1
1
1
1
1
1
I
r
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The magnitude of release of radionuclides by the four modes
described previously represent a matrix of four numbers. A
complete table of four numbers for each failure mode, each
alternative number, and for the three time periods would require
about 36 pages of numbers. For brevity only one example is
illustrated, i .e. the base case or "worst case" on Table A2-5.

To illustrate the application of the methodology further, two
working examples for only (a) the base case and (b) the 100,000
year long term period, are described below:'""

(a) Embankment Failure Due to Chemical Weathering (A3g)

Likelihood (Assigned Value 3)

All materials will be subjected to physical and chemical
weathering. The rate of weathering will depend on the em-
bankment materials, climate, and pH of seepage. In view of
the large amount of material in the embankment, the likelihood
of failure from weathering should be minimal, but gradually
increase with time.

Since no liner or core is assumed for the base case embank-
ment, the chemical composition of the seepage would be that in
the tailings and may lead to conditions where active weathering
from external factors could take place. For example, clays
may be dissolved and erosion could then be accentuated.

Magnitude

The potential magnitude of release by a failure of the embank-
ment will be influenced by the nature of the failure caused by
weathering. For extreme long-term periods the effect could be
increased erosion and loss of tailings. All modes or release
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I

TABLE A2-5 ™

MAGNITUDE OF RELEASE VALUES* FOR I
BASE CASE FOR 100,000 YEAR PERIOD •

Ala 10 Alf 10 A2d 0 A3e 5 A5a 3 I
and

5 A5b 5 .
7 7 I
3 3 "

Alb 10 Alg 10 A3a 3 A3f 10 Bl & B2 10 •
10 10

0
10
10

10
0
10
10

10
0
10
10

10
0
10
10

10
0
10
10

Alg

A2a

A2b

A2c

0
10
10

10
0
10
10

o
o

o
o

o
o

o
o

o
o

o
o

A3a

A3b

A3c

A3d

o
o

o

3
7
7
3

3
7
7
3

3
5
5
3

3
5
5
3

10 10
10 10 I

Ale 10 A2a 0 A3b 3 A3g 5 B4 0 I
5 0 •
5 1

I
Aid 10 A2b 0 A3c 3 A4a 5 B5 10 •

0 10 I
5 10
5 10 -

Ale 10 A2c 0 A3d 3 A4b 5 B6 5
0 0 |
5 5 |
5 5

I
Note: B3 Not Applicable

* Format for magnitude of release values based on w Page A2-4 '
x

I
I
r
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are considered possible and a value of five was assigned.
This value, however, is subjective and in the absence of any
typical long term observations it must be considered to be
very approximate.

Negative Utility Factor

Selected as 1.50 primarily for subjective reasons such as
ability to monitor and rectify an embankment in accordance
with the methodology described earlier.

Severity Numbers

The severity numbers for this failure mode is
3 X 5 x 1.5 = 23

5 23
5 23
5 23

(b) Earthquake Failure (Bl)

Likelihood (Assigned Value 7)

The likelihood of an earthquake failure is very site specific.
For example, the seismic risk in the Canadian Shield is zero
(National Building Code) whereas it is from 1 to 3 for present
or potential uranium mine sites elsewhere in Canada outside the
shield area. Over the very long term the likelihood factor has
been selected as 7 to indicate a 70 per cent chance of an
earthquake occuring average across Canada.

Magnitude

Since the base case assumes a high water table for the
Canadian scene there is a potential for full liquifaction of
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tailings. Consequently, a value of 10 has been selected for all
modes of failure in view of the wide dispersion of tailings
likely to occur.

Negative Utility Factor

Because clean up and remedial measures would be extremely
difficult a negative utility of 2.0 was assigned.

Severity Numbers

The severity was computed to be:

10 140
10 140

S = 7 x 10 X 2.0 = 140
(bl) 10 140

Following through with this approach the severity number can
be established for each of the 27 failure modes identified. By
summing up the numbers (see Table A2-3) a value can be
established for each of the release modes.

An overall summary table for each of the release modes is
given on Table A2-6. The table includes only the alternatives
considered most closely related to the Canadian setting; these
are the Base Case and Number 1 and 7 to 11 inclusive. It
should be appreciated that the larger the number the greater
the severity. Severity total numbers for each of the three
time periods of 200, 2000 and 100,000 years are shown for
comparison. Figures A2-1, A2-2, A2-3, and A2-4 graphically
illustrate for each option, the relative severity (considered as
the total of the numbers for each of the four modes of release)
as a function of time.
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Figure A2-4 is particularly valuable as summing up a com-
parison of each generic management options. It also compares
in an order-of-magnitude fashion the relative severity for the
Canadian environment compared with the United States en-
vironment. It is of interest to note that for the Canadian
setting, surface management is likely to be about 50 to 100 per
cent more severe.
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TABLE A2-6

SUMMATION OF SEVERITY TOTALS FOR

ALL FAILURE MODES FOR THE CANADIAN SETTING

100,000 YEARS

Mode of
Release

Radon Gas
Dissolved
Undissolved
Gamma-Ray

TOTAL

Radon Gas
Dissolved
Undissolved
Gamma-Ray

TOTAL

Radon Gas
Dissolved
Undissolved
Gamma-Ray

TOTAL

Surface Underground
B 1 7 8

275 269

6492 5174 275 269

Underwater
9 10 11

1625
1432
1825
1610

1323
1074
1496
1281

5017 3357 247 241

946
716
1053
946

200

440
435
538
431

YEARS

0
141
0
0

0
121
0
0

157
309
186
157

809

235

157
309
186
157

809

235

157
173
186
157

673

1267
1059
1433
1258

2,000

841
707
992
817

YEARS

247 241
-
-

16
176
33
10

16
176
33
10

16
40
33
10

99

9
165
17
5

11
165
14
5

9
29
14
5

I
I
I
I
I
I
I
I
I
1
I
I
1
I

3661 1844 141 121 196 195 57

I
I
I
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4.0 SUMMATION

It should be fully appreciated that the above described evaluation
method is very subjective in nature. However, it does put all of
the complex factors of likelihood of occurrence, magnitude values
and potential adverse effects into perspective. The methodology
described could in the future provide a useful management tool.
What does come out of this evaluation is an appreciation of the
relatively greater severity of surface management related to under-
water or underground containment. Much more research is required
to firm up the methodology and to put some substance to the
selection of "negative utility factors" for example.
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URANIUM TAILINGS MANAGEMENT SITES
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GEOMORPHOLOGICAL CONSIDERATIONS FOR

URANIUM TAILINGS MANAGEMENT SITES

A3.1 INTRODUCTION

The long term consequences of the present methods of uranium
tailings placement is obviously a complex problem to assess. In
order to arrive at a reasonable and accurate appreciation of the
problem, the use of a simplistic model such as was considered in
Chapter 4 of this study often facilitates the analysis of complex
systems.

This purpose of this Appendix is intended to give a detailed re-
view of all known geomorphic processes acting on a surface (i.e.
land based or underwater) tailings containment basin. It ex-
amines also the climatological, human and time related natural
forces acting on the landscape, particularly as it relates to
drainage basins. A systems approach is first defined to illustrate
the multivariate relationships.

Present tailing management methods involve placement of slurried
mill tailings into a confined natural basin either water filled or
relatively dry such as a dammed stream valley. In a geological
time frame the tailings occupy a surface position, usually on a
fluvially active surface that reacts in a predictable manner to
changes in energy and mass input. The energy and mass outputs
from this system constitute in large part surface runoff and
erosion.

The form and process relationships acting in the system required,
defines a unit operating system, independent of system inputs
from the surrounding environment. This unit geomorphological
system is called the drainage basin, catchment or watershed.
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The study oi the drainage basin as a unit system provides the
necessary understanding to more accurately distinguish possible
long term consequences to present methods of tailings
management.

The drainage basin receives energy over the entire basin.
Energy is lost throughout the watercourse as frictional losses m
the stream bed as sediment continually movfjs from the basin.
The open system approach to drainage basin dynamics, correlates
the adjustments and relationships between form and process with
the multivariate character of many geomorphic phenomenon within
the total physical environment. The open system approach also
focuses upon the spatial characteristics of the watershed, and the
relationships between the forms and processes within a particular
environment.

In the. open system approach, input of energy occurs from
climatic forces over the basin, and from gravitational forces
resulting in transport of water, dissolved solids, and sediment
within the system, occuring by overland flow, soil creep, or in
stream channels. Loss of water from the systems takes place by
evaporation and transpiration to the atmosphere, and principally
by outflow of groundwater discharge (baseflow) from the mouth of
the basin (Figure A3.1).

Drainage basin characteristics are influenced very much by scale.
The components of the basin identified at one scale (for example,
the Serpent River watershed) may not be identical with those re-
cognized as significant at a different scale (five square kilo-
metres). The basin contains many subsystems each at a variety
of scales: hillside slope, or stream channel.

The drainage basin is a fundamental unit because of its functional
significance for fluvial processes and indirectly for other geo-
morphological processes (Bormann and Likens, 1969) as will be
discussed later.
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FIGURE A 3 - 3

A GEOMOR PHOLOGICAL VIEW OF THE DRAINAGE BASIN

LOSS INSOLATION PRECIPITATION

Depicting the way in which drainage basin characteristics (form)
influence on the transformation of input (precipitation-losses) into
output of runoff and sediment yield. The dynamic nature, of the
drainage network is incorporated by representing jjerennial
(solid), intermittent (dashed), and ephemeral (dotted) streams.
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I
The land surface and the drainage basins upon it are influenced
by factors, some of which are attributable to interior of the I
earth, the lithosphere, the pedosphere or those inherited from
the past, such as rock lithology, rock structure, soil character I
and topography, along with present day gravitational processes.
Other factors are inspired by the hydrosphere, the cryosphere
and the atmosphere and notably include the effect of climate.
Ciimate has been regarded as of fundamental significance since ~
the receipt of radiation and precipitation gives rise to a particular "
pattern of climate and a resulting particular assemblage of geo-
morphological processes in a specific area (Table A3.1). I

I

The significance of climate-determined processes over the earth's S
surface has been illustrated by consideration of the world pattern
of runoff and sediment yield (Langbein and Schumm, 1958).
Variation in sediment yield with precipitation can be partially
explained by the interaction of precipitation and vegetation on
runoff and erosion.

i

Man also has influenced the character, the operation and pro- I
cesses in the drainage basin. He has influenced the rate and
sometimes the manner in which water solutes and sediment are I
removed from the drainage basin system.

In all parts of a drainage basin the continuity equation (the net •
flux of material from a unit volume equals zero at steady state) _
must be satisfied and so theoretical relationships need to be I
established. The open system drainage basin (Chorley, 1962)
concept requires that there be a constant supply and a constant I
removal of energy. A characteristic of an open system is that it.
can operate in a steady state and the inflow of energy, the •
system and, outflow of energy all exist in a delicate balance.
There is thus an instantaneous balance between form and form |
(e.g. stream length: basin area) between form process (e.g. •
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TABLE A3.1

MORPHOGENETIC REGIONS (AFTER PELTIER, 1950)

Range of Average Annual Action of
Region • Temperature Precipitation Running Water

Glacial -18° to -6.5°C 0 to 114 cm N/A

Periglacial -15° to -1°C 12.5 to 140 cm Weak

Boreal -8° to 3°C 25 to 150 cm Moderate

Maritime 1.5° to 21°C 125 to 190 cm Moderate to
strong

Selva 15.5° to 29.5°C 140 to 230 cm Strong

Moderate 3° V, 29.5°C 90 to 150 cm Maximum

Savanna 4.5° to 29.5°C 63 to 125 cm Strong to weak

Semi-arid 1.5° to 29.5°C 25 to 63 cm Moderate to
strong

Arid 12.5° to 29.5°C 0 to 40 cm Slight
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basin area: discharge), and between process and process (e.g.
suspended sediment load: mean discharge). Offsetting change in
the input or output of energy or in the form of the system are
compensating change which minimize the effect and restore a state
of balance (Le Chatelier's Principle).

The geomorphologist usually applies a systems approach dependant
upon knowledge of the mechanics of the drainage basin. Con-
cepts which he uses are expressed in general terms in
Table A3-2(a).

An original conceptual view of the drainage basin as an overland
flow model (Figure A3.2) was provided by R.E. Horton (1945).
This concept visualized overland flow (QQ) and ground water flow
(Q. ) supply components. Rain infiltrating into the soil gradually
reaches the groundwater table where it is stored and supplies the
baseflow components of rivers and streams. The maximum rate at
which water enters the soil is designated the infiltration capacity.
If this value is exceeded by the precipitation intensity, water
storage takes place on the surface, as surface detention, and sub-
sequently flows on surface, first as sheets of water in a belt of
no erosion, and subsequently as surface runoff concentrated into
rills and stream channels.

Difficulties are often encountered in separating streamflow hydro-
graphs into surface runoff and baseflow comcomponents since pre-
cipitation intensities in many areas seldom exceed the infiltration
capacity. Water flow can occur above the saturated zone but
beneath the land surface (Whipkey, 1965). These observations
led to the throughflow model shown in Figure A3-2(b).

i
I



TABLE A3 2
DRAINAGE BASIN ENERGY CONCEPTS

Term Definition Examples of Application

Dynamic equilibrium

Quasi - equilibrium

Equifinality

Feedback

Relaxation time

Threshold

An equilibrium state can be maintained as
fluctuations are balanced around a constantly
changing system condition

A state of near equilibrium

Whereby similar final states may be derived
in different ways and from diverse origins

Part of the output of a system may act as
input to another system and regulate the
system either by intensifying (positive
feedback) or opposing (negative feedback)
the direction of the system
Time taken to realize equilibrium in a system
during charge from one equilibrium condition
to another one

A condition characterizing the transition
from one system state to another

The distribution of surface heights and rem-
nants of plantation surfaces (e.g. Hack, 1960).
These can be regarded as in dynamic
equilibrium with form and process variables
The equilibrium between channel form or
channel pattern with stream channel processes
(e.g. Leopold and Langein, 1964)
The component systems of drainage basins and
deposits. The shape of bedload may achieve
similar values despite contrasting original
rock types and different types of energy
environment
Increased erosion gullying channel
widening meandering decreased
slope decreased velocities decreased
erosion

Varying amounts of time are required to
realize equilibrium after changes in network,
channel pattern and form. A change in
climate or in runoff rate could lead to a
modified channel pattern over a number of years
Threshold values of the controls of channel
pattern may be identified. These values
characterize the changes from one pattern to
another



A3-8

Throughflow is probably the most important model of water flow
for hillsides in humid and temperate areas (Kirkby, 1969). Ty-
pical current flow designations are seen in Figure A3-2(c). The
location and extent of subsurface flow reflects local conditions and
particularly the presence of impeding layers in the subsurface
profile. A practical distinction bet.veen the several types of
water flow conveniently simplifies of the complex continuum which
exists in nature.

Drainage basin characteristics obviously affect the manner and
rate by which water is transmitted through the system. In
addition, local charactersistics dictate how a basin responds to a
particular climatic input, to produce output as streamflow. Sedi-
nent yield from a basin is equally influenced by the drainage
basin characteristics. Supply of solutes can come from: (a) soil
and rock, (b) solutes and suspended material produced by sur-
face sheet or rill flow and (c) solutes, suspended sediment and
bedload derived from erosion of channel banks and from erosion
occuring as the stream network as it expands and contracts.

The following discussion on drainage basin systems concepts
provides the basis on which to formulate scenarios to better
understand the long term consequences to present methods of
tailings management.
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FIGURE A3-2

VIEWS OF DRAINAGE BASIN DYNAMICS
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A3.2 DRAINAGE BASIN CHARACTERISTICS

A3.2.1 General

J
I
I

The drainage basin is the fundamental geomorphic unit most
suited to predict the results of changes in the hydrol->gical cycle •
upon any regional drainage pattern. By definition, it is the ™
entire area providing runoff and sustaining part or all of the —
streamflow in the main stream and its tributaries. A description J
of the systems analysis approach to examining drainage systems
follows. M

IIn order to understand the interrelationships in morphological
systems and in process - response systems, it is necessary to
quantify the character of the drainage basin terms. The method m

proposed by Horton (1945) is adopted herein and considers: (a) |
the topographic characteristics of drainage basins, (b) the rock
and soil characteristics, (c) the vegetation characteristics and (d) I
the ways in which these characteristics are interrelated and
combined in several kinds of drainage basin terrain type. fe

The measurement and quantitative expression of the drainage
basin can be described by several "characteristics" outlined I

below.

A3.2.2 Topographic Characteristics

The drainage basin topography, si2e, and shape, must be de- *

lineated as precisely as possible. This is required since the size m
of the drainage basin affects the amount of water yield; the 9
length, shape and relief affect the rate of water and sediment
yield; and the character and extent of channels affects sediment |
availability and the rate of water yield from the drainage basin.
Topographic attributes of drainage basins for each of these four I
categories include: (a) indices of area, (b) length, (c) shape and
(d) rtiief. •
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Because of the existence of surface runoff, throughflow, interflow
and baseflow, it is possible to have a drainage basin area on the
surface that does not correspond to the boundaries of the basin
at several levels below the surface. This discrepancy is most
evident in areas influenced by a particular pattern of geological
structure where the topographical divide is not coincident with
the phreatic divide below the surface.

The drainage basin is frequently defined by topographical maps,
aerial photographs or by field surveys.

Drainage basins are often classified according to their size and
often based upon the stream network (Horton 1945, Strahler,
1952). The purpose of stream ordering is not only to index size
and scale, but also approximate the amount of streamflow which
can be produced by a particular network.

Ordering provides a useful rapid method of quantitatively de-
signating any stream or stream segment, anywhere in the world,
but in each case the method of ordering should be specified in
conjunction with the scale of map used.

.01 Network Drainage Density

Network density is a useful index for tailings and catchment
description, since it is a sensitive parameter of topographic
characteristic. The extent and density of the network is
based on an association between basin form and processes
operating on the stream course all related to topography,
lithology, pedology, vegetation and the influence of man.
Network density is defined as the length of streams per unit
of drainage area (Horton 1932). Its significance as a factor
determining the time of travel by water was formulated by
Langbein (1947). To obtain network drainage density
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I

values, the network must be determined from maps, air
photographs or field surveys of the basin. The area of the •
basin and the total stream length must be measured.

Where the network drainage density is to be used in relation
to contempcrary processes operating in a basin, the compo-
sition of the drainage net is constructed by using the water-
courses shown as blue lines on topographic maps. This _
drainage net is often supplemented by additional segments |
according to the pattern of the contour "notches"
(Morisawa 1957). The choice is also influenced by additional 1
qualifications of map convention scale. For example, some
topographical map series show ephemeral and intermittent fl
streams as well as perennial ones, but others, only perennial
water courses or an intermediate version. The metric •
1:25,000 scale is the recommended standard. •

Rapid methods of calculation have been devised using map £
convention and scale in the determination of drainage nets
for drainage density values. I

ICarlston and Langbein (1960) proposed a rapid line inter-
section method of approximating drainage density by drawing
a line of known length (L) on a contour map and counting ^
the number of streams (N) which intersect this line. The f
drainage density is approximated by D = 1.41 N/L.

An alternative measurement method is a basin length to area ™
relationship. Patten (1961) determines the centroid direc- ^
tion by joining the centre of gravity of the basin with the •
mouth. Ongley (1968) devised the basin vectorial axis which ^
is a vector summation of all highest and second highest J
stream orders in a basin.

I
I
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Other basin characteristics, such as rock type and particu-
larly sh )e, greatly influence the processes determining the
potential efficiency of the basin and the network or channel.
Horton (1932) devised a form factor (F) as a measure of the
basin shape. Chorley et al (1957) proposed a lemniscate
ratio (L2/4A) as a more representative index of the pear
shaped form of basins.

The simplest way of characterizing network shape is to
divide each component of the network into arbitrary
measured lengths selected according to map scale, measuring
the azimuth of each and then plotting the result as a cir-
cular frequency distribution for a basin, which may be of a
particular order. In this manner, the areal orientation of
the network may be established (Brown, 1969). The diagram
obtained by plotting the total length of channel segments in
a given vectorial class has been referred to as a vectorial
rosette (Milton 1965).

The Bifurcation Ratio (RO' another important characteristic
of the drainage basin, is defined as the ratio of the number
of streams of order N to the number of streams of the next
highest order (N + 1).

Consideration of the overall character of the drainage net-
work is possible using flow direction frequency distribution
parameters (Shykind, 1956) for analysis of subaerial
drainage patterns.

Moment measures have been proposed by Ongiey (1970) as
superior to the basin vectorial axis. They involve linking
each source to the mouth of the basin and then evaluating
the frequency distribution of the vectorial quantities. The
basin movement axis is then obtained by plotting the mean
direction through the basin mouth.
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I
.02 Relief and Slope Gradients

The relief of a drainage basin provides the greatest insight
into past energy dissipation in the system and the necessary I
quantitative information about basin processes to forecast
long term watershed alterations, required for site selection. M

Longitudinal profiles of stream channels are characteristically
concave-up due to the relative increase in kinetic energy
over any commensurate increase in frictional losses, with the
energy loss per unit length approaching a constant at I
equilibrium.

Typical stream gradient measures employed include: (a) the
arithmetic mean slope of the whole channel; (b) the slope of •
the equivalent stream; (c) the single gross slope of the •
channel, or (d) the mean slope of the whole channel system. _.
These slopes are meaningful because the channel slope •
exercises an important influence over the magnitude of the
runoff peak as was discussed in Section 4.2.2 of the main I
body of the report.

Both maximum and mean valley side slope angles within a
basin are commonly normally distributed. Although they are •
not individually related to the gradient of the basal stream, •
a mean relationship seems to exist when different regions are _
compared. The distribution of slope angles sampled over the %
whole basin depends on the height distribution within it.
For a 'just mature' basin with limited flat summit or flood- 1
plain areas the distribution is normal. Other basins give
skewed distributions, the direction of skew depending on I
whether the small angles are concentrated on the summits
(youth) or the floodplains (late maturity). Both mean basin
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slope and relief ratio indices can be used to rationalize basin
dynamics (Schumm 1956), since mean basin slope influences
the form of the hydrograph and relief ratio exercises an
important control over rates of sediment loss from basins.

Land elevation distribution provides information on past
geomorphic events, and presumably present trends. Plots of
mean land slope versus elevation (clinographic curves)
provide a more accurate estimate of land slope than average
figures, when evaluating the form of the hydrograph;
whereas plots of surface areas versus elevation (hypsometric
curves) represent the relative stage of basin degradation
through time with reference to an assumed original uneroded
block.

An important hydrological property of the basin related to
the distribution of elevation is the amount of floodplain
storage available. The effect of increased storage is to
flatten the rising limb of the hydrograph, increase the lag
time, and make the peak lower and less pronounced. A
knowledge of the distribution of elevation also enables the
making of better estimates of rainfall, snowfall and evapora-
tion in the basin.

A3.2.3 Rock and Sediment Characteristics

The type of rock underlying a basin determines the nature and
extent of groundwater storage and also the material type available
for erosion and transport within the drainage basin. Since the
classification of rock type, and surficial soil deposits on published
maps are frequently based upon genesis, such maps are not ap-
propriate for the fluvial geomorphoiogist.
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I
Typical parameters describing unconsolidated or indurated rock
types include porosity, hydraulic conductivity and aquifer pro- I
perties of deposits, in turn are functions of grain size, shape,
variation, packing and fluid viscosity. I

Unconsolidated materials usually have high porosities, often be-
tween 25% and 65% but range from 20% in coarse, poorly sorted I
soils to 90% in soft soils and dry organic material. A considerable g
range of porosity can be found in indurated rocks although m
sedimentary rocks usually have the highest between 5% and 25%.
Fresh metamorphic or igneous rocks are often less than 3% (Todd, jf
1970; Waltz, 1969).

E
Hydraulic conductivity values can vary widely, by a factor' of

q
more than 10 from unconsolidated sediments (the highest) to •
indurate rocks (the lowest). They can be measured by either •
constant or variable head permeameters or in the field by ^
pumping tests or dye tracer tests. |

Specific retention and specific yield are used to describe the A
character of the rock underlying a particular drainage basin.
Specific retention is defined as the percentage of the total volume
of an aquifer occupied by water that cannot be drained by
gravity and will not yield to wells. The specific yield of a rock _
is the percentage of the total volume occupied by water that will $
di \n under gravity to wells.

The surficial deposits are often described in terms of the per- '
centage of several soil types extending over the area of the M
drainage basin. Typical parameters required for a quantitative •
assessment of the soil characteristics include soil texture, organic
matter content, grain size, density of grains, particle shape, g
porosity and shear strength and cohesiveness. This information
may be either taken initially from available topographic maps as a I
genetic classification, or more specificaly it may be necessary to

I

I
t
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investigate certain soil properties in the field and prepare maps.
The soil properties required in a drainage basin analysis can be
grouped into those describing the surficial deposit at a particular
time, and those which indicate the way a particular soil may be
changed. Soil moisture and soil erodibility are two such
examples. The number of soil samples required is a function of
the size and composition of the basin and the detail required.

Size distribution of mineral particles is required to fully describ.--
soil. A size frequency distribution is often used to illustrate the
relative proportion of different size fractions ana hence the soil
texture.

The moisture content exerts a significant influence upon the
properties and function of soils. The moisture content per
unit bulk volume is designated field capacity (FC) when moisture
is largely retained by capillary rather than by gravitational
forces. Soils may also be characterized by Atterberg limits
including their liquid, plastic, and shrinkage limits and plasticity
index.

A complete description of the soil requires an assessment of soil
and erodibility. Erodibility indices are related to dispersion of
soils and water transmission properties. The dispersion ratio
indicates the percentage of silt and clay present in a dispersed
state, whereas the index of resistance involves a consideration of
both the dispersion of soils and their water transmission pro-
perties .

Two indices used to describe these properties are:

Index of Resistance (I ) = Soil Density x Range of Grain Size
Moisture Content

(Chorley 1969) and

Index of Erodibility Q e) = 1
Shearing Resistance x Permeability.
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For use in drainage basin assessment, soil types are classified
according to relative minimum infiltration rates, to generate
average minimum infiltration indices. Similarly, soils can be
grouped into relatively uneroded upland soils, more severely
eroded steep slopes or hillside soils, and depositional bottomland
soils along stream channels (England and Holton 1969).

Stephenson and England (1970) used existing geological, soils,
topographic, range-site and isohyetal maps to generate an index
of total profile porosity or water holding capacity according to
soil texture and solum depth given in soil profile descriptions.

A3.2.4 Vegetation Cover Characteristics

The vegetation character of the drainage basin also needs to be
specified precisely- This can often be achieved by distinguishing
major land use types such as deciduous, coniferous, woodland,
heathland, grassland, agricultural land and residential areas, and
calculating the percentage of each type within a particular water-
shed. This method can be used to (a) characterize a single
watershed; (b) compare several drainage basins on the basis of
their percentage composition according to several land use types
or; (c) compare one watershed at different times as it is affected
by of landuse changes.

In some studies, more detailed information is required besides the
frequency of occurrance of a particular vegetation species. This
might include estimates of density, cover and weight or volume.
Particularly important transpiration component in the water
balance, is the amount of leaf cover. This may be indicated by
estimating a leaf area index equivalent to the area of leaves
carried above a unit area of ground surface. The amount and
character of plant litter on the surface and the character of roots
beneath the surface may also be relevant to drainage basin
dynamics.
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A3.3 ASSOCIATIONS BETWEEN DRAINAGE BASIN CHARACTERISTICS

It is apparent from the preceding sections that descriptions of
topographic form, rock type and surficial deposits, soil and land
rise, collectively termed basin characteristics all need to be
integrated to allow an understanding of regional drainage
patterns.

Distinction of units within the physical landscape or in large
drainage basins may be achieved in three ways: (a) by descrip-
tion of the elements of the physical environment; (b) by classifi-
cation of the physical environment according to process or; (c)
by evaluation of the drainage basin or its parts with respect to a
particular purpose.

This last mechanism will be employed to classify regional drainage
basins according to their compatability with the deposition and
long term storage of uranium mill tailings.

A variety of interrelations have been demonstrated in a drainage
basin, notably drainage density is r iated firstly to relief ratio,
and to vegetation cover indexed by percent bare area
(Melton, 1957). In the basin system, topographic characteristics
are all intricately related (i.e. basin length, relative relief and
drainage density to basin area) and, therefore, relief ratio
exercises an influence over drainage density (r = .69, Mecton).
Mather and Doornkamp (1970), Doornkamp and King (1971)
examined a large number of morphometric variables combined into
groups to distinguish between areas having different combinations
of morphometric properties.

Eyles (1971) classified drainage basins into six groups and cor-
related the sampled basins over 5 morphometric indices; (1)
basin area; (2) drainage density; (3) basin relief; (4) average
slope and (5) hypsometric integral. The zesull of this analysis



A3-20

was the preparation of a map showing drainage basin types re-
flecting the geomorphoiogy of the region. Such maps are a useful
topographic complement in landscape evaluation and in distin-
guishing regions which could be expected to behave as response
units from the point of viev of fluvial processes. This method of
analysis provides more relevant information to assess future basin
response under varying -.limate conditions, than has been
historically utilized.

A3.4 DRAINAGE BASIN PROCESSES

In order to understand drainage basin dynamics the drainage
basin processes must be understood. These processes are de-
scribed in the following subsections.

A3.4.1 Catchment Variables

.01 Precipitation

The first major input variable in a systems analysis on
drainage basins is precipitation. Analysis and evaluation of
rainfall records involves three major elements, parameters of
depth, intensity and spatial variation.

Precipitation depth records are often depicted as mean
annual precipitation. Variation of precipitation, such as
short term periods of heavy rainfall or of droughts are
described by frequency or probability analysis. Individual
daily or annual magnitudes and the associated data peaks are
equally valuable as indices reflecting the long term precipi-
tation regime. The possible or probable maximum precipi-
tation (P.M.P.) is the best estimate representing the realistic
upper limit of precipitation that can occur within a specified
duration. Where detailed records are lacking, frequency
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data can often be extrapolated by establishing relationships
between rainfalls of a certain frequency and general para-
meters such as mean annual precipitation and the mean
number of days per year with precipitation.

Antecedent precipitation indices provide an indication, at d
specified moment in time, of how much precipitation has
fallen in a preceding period and the consequent associated
with soil moisture conditions. This index is very important
in predicting the movement of radionuclides in soils since the
hydraulic conductivity is a non-linear function of soil
moisture conditions in unsaturated soils.

Depth-duration and intensity-duration analyses determine the
maximum depth and intensities recorded within various dura-
tions. Both indices indicate the contrasts between areas
experiencing frontal rain and those subject to convectional
rainfall. Average intensity, maximum intensity and maximum
30 minute intensity values, are often used to relate the
runoff hydrograph form, or the storm period sediment con-
centration and yields, to the causative storm rainfall.

A detailed study of water balance provides useful back-
ground for evaluating catchment response, by indicating the
apportionment of precipitation input between runoff, evapo-
transpiration losses and storage for a given drainage basin.
The water balance can be expressed as:

P = Q + E + A SMS ± AGWS + ADS ± GWO

Where: P = total precipitation input
Q = total streamflow
E = total evapotranspiration loss
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ASMS = change in soil moisture storage
^GWS = change in groundwater storage
Zi DS = change in depression storage and snowpack

GWO = groundwater outflow at depth

The soil moisture deficit (Grindley and Singleton 1967) is
another useful index of soil moisture condition within a
catchment at a particular time.

. 02 Bedrock Type

Rock type is significant in the drainage basin in the capacity
of a rock to absorb and retain water. The significance of
the rock type is also related to its control of the rate of
water outflow, dictating the character and ra^e of
weathering, the weathering products obtained, and the
nature of the stream sediment and solutes. Spaces within a
rock may be either intergranular or massive. The capillary
interstices are those capable of retaining water by surface
tension, subcapillary interstices are so small that water is
retained in them by molecular forces, and supercapillary
interstices are very large and can be as large as cavesine
(karst formations).

.03 Vertical Distribution of Groundwater

The vertical distribution of water conforms to a general
pattern. Below the soil water, is the aeration zone which
includes intermediate vadose water moving downwards under
the influence of gravity. It can vary in thickness from zero
to several hundred metres in arid regions. This zone is
succeeded by the capillary zone. Below the capillary zone is
the water table which is maintained by atmospheric pressure
as a theoretical level between the aeration zone above and
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the saturated zone below. In the saturated zone, water is
subject to pressure gradients. This zone merges at depth
with a zone of dense rock which contain some water in pores
which are not connected.

Anomolies from the above do occur. Water in the aeration or
saturated zones may be unconfined, if it is accessible to the
atmosphere by open spaces, or confined where an imper-
meable rock overlies an aquifer. Water tables produced by
the presence of impermeable strata are designated as perched
water tables. The glacio-fluvial till soils characteristic of
the Precambrian Shield in Canada contain impermeable clay
lenses resulting in perched water levels. Obviously failure
to recognize the occurrence of local perched water tables
could neglect significant groundwater seepage pathways from
tailings disposal areas.

The position of the saturated and aerated zones may fluc-
tuate seasonally and annually in accord with the supply of
water which can recharge the saturated zone from springs
and seepages received below. The fluctuation of ground-
water levels will depend upon the nature of the water move-
ment, the storage and release of water in the several
granular media involved, the distribution and interconnection
of joints and fractures, the degree and depth of weathering,
and where applicable, the development of solution channels
and caves (Chapman and Putnam 1966).

A3.4.2 Runoff Analyses

Quantitative indices and simple graphical representation are re-
quired to compare runoff from the different drainage basins.
Basic parameters include daily, monthly and annual mean flows,
and total runoff percentage, expressed as a proportion of the
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precipitation input for a given period. The flow duration curve
(Searcy, 1959), usefully demonstrates the variability of different
watersheds.

A comparision of tributaries V and VI of the Whitson River water-
shed (Figure 4.10 Table 4.11) in the main body of the report
illustrates the variability in runoff from adjacent watersheds.

Indices have been developed to quantify the shape or slope of a
flow duration curve. Hall (1967) used the 30/70 ratio (the ratio
of the flow level exceeded 30 percent of the time to that exceeded
70 percent of the time) for this purpose. Lane and Lei (1950)
proposed a variability index essentially a standard deviation of
the flow data.

Extreme high and low flow runoff records can be usefully
qualified by frequency or probability analysis using certain
return period provides a useful index of the runoff dynamics of a
catchment.

Sangal and Kallio (1977) fitted five of the most common theoretical
hydrologic frequency distributions to annual maximum mean daily
flows. These included the Gumbel or extreme value type I,
Pearson type III, log-Pearson type III, log-normal, and the
three-parameter log-normal. Recently the log-Pearson type III
distribution has been recommended as a base method by both
American and Canadian environmental agencies.

Flood frequency analysis can also be extended to a regional level
(Falrymple, 1960; Cole 1968) so that a ueneralized dimensionless
flood frequency curve can be constructed for a hydrologically
homogeneous region.

Daily mean flow discharge hydrographs can be separated both
spatially and temporally. Typically storm runoff, basin storage
discharge and initial groundwater discharge versus quickflow and
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delayed return flow are investigated. The differences in runoff
response among various catchments is attributable to underlying
bedrock permeability. The individual runoff values can be used
to calculate catchment response factors such as the ratio of the
quickflow volume to either total precipitation (hydrologic response
ratio) or total runoff (Hewlett and Hibbert 1967).

None of the parameters and techniques discussed previously
provides the necessary detail to determine the precise shape of
the stream hydrograph. More suitable methods of analysis include
storm hydrograph shapes, and recession or depletion curve form.
The slope of the storm hydrograph produced by a catchment is
influenced by the temporal and spatial distribution of the rainfall
and by catchment characteristics. These include the lag time,
time of rise, percentage and effective rainfall.

Because hydrograph shape varies according to magnitude and time
distribution of the causative rainfall, the unit hydrograph is used
to standardize and hs_.p define the characteristic hydrograph of a
catchment.

Unit hydrograph graphs, because of their normalization, can
demonstrate clearly the influence of variable contributing areas in
a drainage basin. This is important in siting tailing areas be-
cause a longer system response. time to leachate seepage into
groundwater discharge, or dyke failure discharge, is desirable
from a control standpoint.

A3.4.3 Sediment and Solute Production

Sediment and solute production and transport characteristics
within a drainage basin can be summarized in terms of magnitude,
timing, duration and frequency aspects.
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The total load of a stream is divided into the proportion trans-
ported as sediment load and solute load. The sediment load can £
be further subdivided into the proportion carried as bedload and
suspended load. In general, sediment load exceeds solute load, I
and suspended sediment load exceeds bedload. The sediment load
resulting from sheet erosion, gully erosion, mass movement and I
channel erosion can be subdivided according to the contribution
made by cyclic salts or atmospheric sources (Likens et al, 1%7) a
and the soil and rock of the drainage basin. •

The sediment delivery ratio is a further index applicable to the I
total sediment yield of a catchment. It expresses the ratio of the
sediment yield to the gross erosion or sediment production within •
the drainage basin. •

In general, the range of suspended sediment concentration con- 1
siderably exceeds that of solute concentration. Rating curves
which show the relationship between concentration of suspended I
sediment and solute discharge and streamflow, can be used as an
index of levels of concentration. Sufended sediment rating ft
curves are often used as a measure of the intensity of soil •
erosion of a catchment (Campbell 1962). This information, along _
with consideration of elevation provide a strong indication of the |
long term erosion potential of potential tailings catchment areas.

The variation of sediment and solute production within a year can *

be examined by plotting the data on regime diagrams. m

Duration curves of solute concentration and load, the concen-
tration of individual ions, temperature, TDS, hardness etc. •
provide additional information on the variation in basin response.
Similarly, suspended sediment data can be reproduced in duration •
curve form to demonstrate that high levels of concentration and ' •
sediment discharge only occur during a very small proportion of tm
the period of record. Increased suspended sediment production if



A3-27

usually follows major storm events which are associated with
increased stream discharge, whereas solute production is a much
more uniform process. Solute concentrations tend to decrease or
only increase marginally with increasing discharge.

A3.5 DRAINAGE BASIN RELATIONSHIPS

The following analysis is intended to provide a greater insight
into drainage basin dynamics and the methodology for predicting
catchment response to enable meaningful comparisons to be made
between alternative tailings management watersheds.

As an aside, to date the uranium industry regulatory agencies
have not developed a suitable watershed assimmilative capacity
model for uranium mill tailings sites. Recently however the U.S.
Nuclear Regulatory Commission has attempted this approach in
their draft "Generic Environmental Impact Statement on Uranium
Milling" (1979).

.01 Suspended Sediment Production

Simple analysis can be applied to determine suspended sedi-
ment production within a drainage basin as related to pre-
cipitation input. The incidence of both soil splash and
surface runoff are associated with similar rainfall events
which enable relationships to be established between total
solid load output and rainfall input. For example
Wischmeier and Smith (1958) have shown that:

Lg = 0.0026 E + 0.0025 E.I.3O + 0.0517 C + 0.2330 API - 2.93

Where: L = total storm soil loss (ton/acre)s
E = total storm energy (ft ton/acre)
I3 0 = maximum 30 minute storm intensity
C = accumulated rainfall energy since last tillage
API = antecedent precipitation index
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Suspended sediment output from a large basin, must allow
for sediment sources other than sheet erosion, namely, rill,
gully and channel erosion. Runoff and sediment models
have been developed in an attempt to gain a better under-
standing of drainage basin response, and to evaluate the
effects of change in catchment characteristics by man's
activities. One of the more widely used digital models is
the Stanford IV Watershed Model (Crawford and Linsley,
1966). This model, however, fails to take account
of the partial and variable source area concepts of runoff
production typical of Canadian geomorphology. Despite this,
it has shown the usefulness of a model approach whi^h
should be fostered in tailings area watershed analysis to gain
a greater understanding of the potential impact of man's
activities on the watershed system.

.02 Storm Rainfall and Runoff Relationships

Storm rainfall runoff analysis is more complex than sedimint
production because the runoff process involves both surface
and subsurface components. Most simple relationships esta-
blished between storm rainfall and runoff involve measures of
rainfall depth, intensity and moisture conditions within the
basin at the time of the storm. Not accounting for rainfall
intensity (Walling, 1971) and duration in rainfall runoff
relationships, is contrary to traditional Hortonian concepts of
runoff production, where overland flow occurs when rainfall
intensity exceeds the infiltration capacity and where the in-
filtration capacity declines with increasing storm duration.

The alternative variable source area model, involving
throughflow and saturated overland flow has been developed
where total rainfall is more important than intensity and
duration. While experience has shown that the Hortonian
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model is especially suitable for semi-arid areas where the
infiltration approach to runoff production is valid, for the
Canadian climate where the soils are typically near saturation
during the spring and fall, the variable source area runoff
model is more appropriate.

Osborn and Lane (1969) established a single relationship
between runoff volume and rainfall amount in order to esta-
blish the threshold minimum levels of rainfall required to
initiate runoff production.

Sediment transport depends upon the supply condition and
the interaction of the sediment production subsystem and the
streamflow subsystem. Both systems are related to rainfall.
The general relationship between suspended sediment concen-
tration (in discharge) and stream discharge is usually
presented as a rating plot. The graph of concentration
versus discharge usually plots as a straight line on logari-
thmic co-ordinates, and conforms to the general equation
C = aQb.

Where: C = Concentration

a = Constant
Q = Stream Discharge
b = Power

The peak sediment concentration can occur either before or
after the streamflow peak. It relates the maximum sediment
production or availability with the various stages of a storm
event, even though storm discharge can continue to ri.se.

Where peaks of water discharge and sediment concentration
are coincident, the relationship between concentration and
streamflow can exhibit a hysterises loop effect. Sediment
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i
concentration on the rising stage of a streamflow hydrograph
are usually greater for a given level of discharge than on •
the falling stage. Consequently, the rating plot for an
individual storm event will assume the form of a clockwise I
loop rather than a straight line. This feature occurs be-
cause of the reduced erosive effect of rainfall on the re-
cession falling limb and the increased volume of subsurface
runoff. g

.03 Dissolved Solids Production

1

I
The relationship between dissolved solids production or
concentration and runoff within a stream reflects both the •
surface and subsurface dynamics of a catchment. The
relationship between total dissolved solid concentration and •
streamflow is usually inverse in form, and often exhibits a

Istraight line plot on logarithmic coordinates conforming to
the equation C = aQ~ . The inverse relationship is due
primarily to a dilution effect, with increased flowa marking
an increased contribution from storm runoff which possesses 1
a lower solute content than baseflow.

The relationships for some streams exhibit flattening at the •
upper and lower ends. This can be explained in terms of —
the dilution of a solute-rich baseflow component by storm |
runoff with a lower solute content. Under dry undiluted
baseflow conditions, there is a tendency for a constant I
maximum concentration value to be attained at low dis-
charges. At very high discharges, the dilution effect be- I
comes progressively less significant and concentrations are
dominated by the near constant nolute content of the storm a
runoff component. •

I
I
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Selected rating relationships can also be established for the
concentration of individual ions. Although in many cases
they are limited to those for specific conductance or T.D.S. ,
some ions may exhibit very different or even reverse re-
lationships (e.g. potassium). Certain ions maintain near
constant levels of concentration over the range of flows,
likely the result of chemical buffering mechanisms within the
system.

While this type of analysis aids considerably in under-
standing the groundwater dynamics of a watershed, typically
groundwaters are analyzed on a static basis as a result
providing relatively little insight into the controlling
variables active in a watershed.

Often complicated, imprecise seepage calculations can be
qualified by groundwater solute rating curves which illu-
strate the dynamic response of a watershed more accurately.

Solute concentration/discharge relationships can be under-
stood more readily by using simple mixing models or mass
balance equations approximating the typical processes
involved {Hall, 1970, 1971, Johnson et al, 1969). Hall
extended the use of mixing models by establishing six major
mixing equations and defining the form of the various
associated rating plots. By using a linear transformation of
the various model equations, and either linear regression
techniques, or non-linear optimization procedures, it is
possible to determine the equation most applicable to a parti-
cular set of discharge and concentration data.

In a flood cycle during the first phase, discharge increases
rapidly but dissolved solid concentration may increase
slightly as a result of flushing of readily soluble material.
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especially evaporative deposits, from the ground surface. In ,
the second phase, discharge reaches a maximum and solute I
concentrations fall rapidly to the "fresh" character of the
storm runoff and high stream stages which prevent ground- J'
water seepage from entering the stream. The third phase
representing the recession limb, is marked by gradually |
increasing dissolved solid concentration as a result of a
reduction in the proportion of storm runoff and an increase 1
in baseflow. '

The production and movement of solutes in a drainage basin I
is also closely associated with the processes of nutrient
cycling and the use of nutrients in the biota of the eco- I
system (Johnson et al, 1969).

.04 Watershed Basin Topographic Relationships

Area, shape, pattern relief, slope and drainage density were ™
seen earlier as the most important topographic characteristics »
that individually and collectively influence watershed I
response.

3
A catchment area with homogenous rock type, soil mantle,
vegetation character and topographic properties subject to I
uniform precipitation should provide a streamflow response
varying in magnitude according to the catchment alone. •
Such uniformity is seldom encountered. However, a single •
relation exists between streamflow (Q) and catchment area f
(A) as a guide to discharge of a particular value (i.e.

Q = aAb).

Due to the restricted areal occurrance of intense precipi-
tation, storm discharge per unit area may be inversely I

proportional to the total catchment area. This inverse

I
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relation arises partly from the storage potential of the basin,
in channels or in lakes. This storage facility is more appli-
cable to total sediment yield because small catchments may be
dominated by erosion whereas deposition is more prominent in
larger catchments. Thus sediment yield per unit area de-
creases as catchment area increases. According to
Gottschalk (1964) watersheds less than 25 km2 produce seven
times as much sediment per unit area as watersheds greater
than 2500 km2. Glymph and Holtan (1969) found that in the
Appalachian regions, upland infiltration returns in part to
channels downstream causing a gain in streamflow per unit
area as basin area increases. In regions where channels
absorb streamflow, runoff per unit area conversely decreases
with increasing basin size. Where interflow is small and
where channel gains and losses nearly balance, the volume of
runoff may be comparable for small and large watersheds.

Relief exercises a strong influence over runoff and sediment
production in the drainage basin, since higher relief or
steeper slopes provides more available energy than do sub-
dued basins. Parameters of the streamflow hydrograph will
vary according to basin relief and slope. In particular, time
of hydrograph rise and lag time will be shorter, and peak
discharge rate may be higher in the basins with the highest
relief ratio (Schumm, 1954). Thus tailing sites should be
located in catchment areas that provide a relatively shallow
relief, from a long term structural point of view. The
influence of relief is most relevant to indices of peak stream-
flow and the resulting sediment transport. Relationships
between sediment yield and relief measures have been
obtained (Maner, 1958, Ahnert, 1970).

Basin shape greatly affects lag time and time of rise, and
thus the shape of the runoff hydrograph. The significance
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realistic approach is to analyze the changes of drainage
density in a catchment with precipitation intensity. Gregory
and Walling (1968) found that the total channel length ( L)
increases in relation to actual discharge value (Q) according
to the function Q = CQ ( L)2.

Since drainage density plays a central role in watershed
dynamics, the comparative analysis of potential tailings sites
should include an evaluation of their impermeability to

I

I
of the basin shape is expressed through the pattern of the
drainage network. A higher length to width ratio gives a |
slower rise but a higher peak, whereas an attenuated net-
work produces a quick rise but a lower and more protracted I
hydrograph peak.

.05 Drainage Density Relationships ™

1
It is now quite apparent that only a part of the basin pen- •
duces runoff and sediment at a particular time. Therefore
the drainage density is potentially the most useful single |
index. The significance of the drainage density stems from
the fact that water and sediment yield are very much in- I
fluenced by the length of watercourses per unit area.

Climatic indices have also been used by (Melton, 1957) to ™
show that drainage density is inversely related to the m
Thornwaite precipitation effectiveness index (P-E) as well as w
runoff intensity, percent bare area, infiltration capacity,
and soil strength. Chorley (1957) related drainage density £
to a climate-vegetation factor (P-E) index (mean monthly
precipitation x intensity of precipitation). Although the I
mean annual flood is usually related to drainage density in
the form Q- 3 3 = C D,2 and of baseflow can be related to •
drainage density (Orsborn 1970, Trainer 1969), a more •

I

I
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seepage or alternatively to discharge a large fraction of the
precipitation as storm runoff. The higher the drainage
density, the greater the storm runoff and smaller the
groundwater recharge component, resulting in higher erosion
rates. The watershed drainage density is an accurate in-
dicator of potential infiltration problems since it reflects the
result of the multitude of interrelationships active in the
watershed controlling energy and mass input.

. 06 Groundwater Flow - Bedrock Type Relationships

Grisak and Jackson (1978) describe the various controlling
factors active in the hydrogeological transport mechanisms
involved with groundwater flow in soil systems. These
factors are described as follows.

The baseflow component of streamflow may be derived by
several mechanisms. Water may percolate through a stream
bed as (a) influent seepage, where the stream flows at the
saturation level, or by (b) effluent seepage from an aquifer,
or as diffuse percolation over an open slope. Capillary
seepage occurs whera water from the water table is brought
by capillary action to the surface. Any such natural dis-
charge of water large enough to produce streamflow is
termed a spring. The occurrence of springs will be dictated
by the position of the water table intersecting the surface,
the presence of vertical or horizontal variations of per-
meability, the occurrence of faults or jointing, or the
presence of folded strata.

The baseflow duration curve is often used to demonstrate
groundwater discharge from a basin. This technique, similar
to the fl̂ w duration curve, shows the percentage of speci-
fied time when a daily base flow is equalled or exceeded.
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The baseflow duration curve contains two components
(Kunkle, 1962) representing discharge from bank storage
and basin storage. The curve assumes a form charac-
teristics of the deposits drained.

Besides being expressed largely in terms of base flow, the
rock type also influences the rate of other forms of flow
contributing to the streamflow hydrograph. For example,
rocks with low permeabilities compel surface flow and flow in
the unsaturated zones. These indirect influences are wide-
ranging, because the rock type is (a) one factor determining
the character of weathering processes and the overlying
weathered material (Oilier 1969), and (b) it influences basin
characteristics such as topography (e.g. Espanola quartzite
versus Bruce Limestone).

.07 Bedrock Weathering and Solid Transport Relationships

Rock type is most significant in determining the amount and
nature of the sediment and solutes available to the stream
for transport in the drainage basin. The chemical com-
position of rock, in conjunction with the flow properties of
the strata and the antecedent condition, determine the
chemical composition of groundwater and hence streamflow
which contains solutes transported as ions. Typically halo-
gens and sulphides are actively removed. The alkaline rich
metals Na, K, F, silicates are entirely removed, P, Mn, Co,
Ni, Cu are mobile and Fe, Al, Ti are weakly mobile. A more
detailed analysis of the physical and chemical factors in-
volved in weathering can be found in Levinson (1972).

Sorption, pH and Eh are the principle factors affecting the
ease with which an element moves within a specific environ-
ment. In addition, the following variables must also be
considered:
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(1) the nature of the groundwater or surface water,
(2) the mechanism of transport,
(3) changing rock types,
(4) presence of microorganisms which can induce sulphide

precipitation of metals
(5) presence of microrganism that can accumulate certain

metals, e.g. zinc, copper or lead,
(6) the effect of dissolved salts on specific ion solubilities

e.g. sulphates,
(7) the formation of complex ions which reduce or increase

specific solubilities, e.g. uranium,
(8) membrane effects e.g. the high concentration of metals

developed in association with certain shales and clays in
the Selkirk area, Manitoba (Charron, 1974),

(9) presence of dissolved gases which control solubility,
(10) soil permeability, porosity, grain size, and fluid

viscosity, velocity and dispersion.

Suspended sediment rating curves will vary according to the
physical and chemical properties of the host rock. Changes
will occur in the amount and composition of constituents,
especially as transport proceeds, according to composition,
size and shape of the particles. In general, rivers in up-
land and mountain courses will have a greater amount of
feldspathic fragments, will be poorly sorted and will show
rapid changes of size and a prevalence of angular and sub-
angular grains. A lowland stream however will have deposits
in which quartz grains are prevalent, will be better sorted
with a dominant sand fraction, and have sand grains and
larger rounded particles. The changes in size sorting,
composition and shape reflects the contributing rock type
because size and density determines whether a particle
travels by saltation rather than traction.
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Thus in assessing watershed sites for tailings areas, stream
sediment analysis will allow evaluation of the transport pro-
perties of the system and indicate whether long term erosion
can be comparatively minimized. Considerations of fluvial
transport mechanisms are very important in the failure
analysis scenario because they emphasize the hydrologically
dynamic factors available to disperse contaminants from a
tailings area.

In summary, for more resistant lithologies (e.g. Quirke
formation) a particle soon obtains a roundness value typical
of the energy environment. It maintains this value as a
steady state or equilibrium form, although the initial rate of
rounding will depend particularly upon the rock type avail-
able. The subsequent maintenance of this shape will depend
upon the energy environments and channel characteristics
available along the river.

.08 Surficial Soils and Infiltration Relationships

The character of surficial soils also has an affect on drain-
age basin process. Their lithological genesis is a function of
the local rock type combined with topographic, climatic,
biotic and temporal factors. While in some areas surficial
soils have bee/i derived by development in water, in other
dreas erosional history has resulting in glacial or slope
deposits not directly related to the underlying rock type.
The water holding capacity, water transmitting and sediment
generating properties have already been seen to affect
greatly the runoff rating characteristics of drainage basins.

The static affect of soils is a function of the type and
amount of water that can be contained by the soil. Usually
a small percentage of water is held in combination with soil
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particles and approximately 6 percent may be water in com-
bination with particular salts. Capillary water is held to
individual soil particles by soil tension, and gravity water
which is usually the largest representative, is that which is
free to move through the profile under the influence of
gravity. Thus saturation capacity occurs when all available
spaces are filled with water. Field capacity occurs when all
gravity water has drained from the profile. This may occur
several days after rainfall ceases above a freely drained soil.
Subsequently, the reserves of capillary water are depleted
due to evapotranspiration. The soil moisture content may
decrease to the level at which plants cannot obtain sufficient
water for transpiration, or to the permanent wilting point.
The permanent wilting point will vary according to the
particular plant properties and to the soil characteristics,
such as texture, structure, organic matter content, horizon
sequence and channel composition which all influence the
saturation and field water capacities, at a particular time.
The amount of water in the soil at any one instant will
obviously depend upon its antecedent condition.

The soil layer water content at a particular instant will
dictate how much v jter can enter the profile and at what
rate and volume is retained or transmitted. Surface pre-
cipitation on the basin may initially collect in depressions as
surface detention but eventually will either flow over the
surface or infiltrate into the soil. The proportion of each
depends upon the soil character, land use, slope of the
ground, and the amount and intensity of the precipitation.
Infiltration is greater for dry than for moist soils and the
rate of infiltration decreases as the storm proceeds. The
soil moisture deficit (S.M.D.) is a measure of the cumulative
effect of rainfall accretion (minus evapotranspiration) above
the minimum soil moisture storage field capacity. It reflects
the available storage capacity of the soil and is directly
related to the infiltration rate.
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1
Experience has shown that infiltration rates are seldom less
than rainfall intensities (Kirkby 1958). Typical infiltration I
rates vary from 3 mm/hr for clay loam to 30 mm/hr for loamy
peat. •

Infiltration water has two components, a transmission com-
ponent determined by the character of the soil (transmission |
constant A) and a diffusion component (diffusion constant
B). An instantaneous rate of infiltration often takes the •
form F = A + B . t"*4.

.09 Subsurface Flow Relationships "

IBesides simple ground water recharge, infiltration can flow
laterally within soil either as diffused or pipe flow. Parti-
cularly on slopes, water moving vertically through the soil |
may be deflected laterally as throughflow depending upon the
existence of less permeable horizons. Frequently per- 8
meability is reduced at the base of the soil A horizon en-
couraging throughflows at rates of up to 30 cm/hr. Through- •
flow is not necessarily concentrated at a particular level, "
and vertically draining water may be gradually deflected by m
changes in permeability or structure. Weyman (1970) found I
that stormflow derives from the 10-45 cm soil horizon
according to the upslope extent of the saturated conditions, |
whereas slow unsaturated flow from the whole soil mass to a
small constant zone of saturation supplies base flow from the I
45-75 cm horizon.

Throughflow may occur under unsaturated conditions within |
the soil horizons and a whole watershed will not necessarily
contribute water to the streamflow hydrograph which sue- I
ceeds a particular storm. While throughflow may depend
upon flow diffused in several layers of soil in the dynamic I
saturated zone, concentrated flow has been identified as

I
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taking place in natural "pipes" (Jones, 1971). Pipes are
usually several centimetres in diameter, and occur at several
levels in soil, at locations dictated by a horizon of low
relative and aggregate stability, although animal and rodent
burrows may initiate piping in some areas. Piping tends to
occur in soils with a high silt content, in swelling clays and
in desert areas typically having periodic high intensity
rainfall and record of devegetation. Pipes can contribute
significantly to water flow in soil and hence to the stream-
flow.

Soil moisture concentrates in seepage lines (Bunting 1961),
often at the head of the stream network, in depressions, and
in areas adjacent to stream channels. Seepage lines are the
paths along which moisture concentrates, particularly in
relatively deep soils. Seepage lines often form a dendritic
pattern related to the pattern of surface stream courses.
Any conceptual modelling of the drainage basin system
should incorporate the channel net, pipe net, pseudopipe net
(e .g. soil cracks and root channels in the soil), zone of
diffuse seepage, zone of diffuse groundwater flow and
groundwater spring net.

De Vries (1974) found in a study of drainage basin form and
process in the Netherlands that a dynamic drainage basin
phenomena exists, formed from historical climatic and geomor-
phological factors, still active because of its ability to
transmit present fluvial energy more efficiently.

In the heavily glaciated areas common at Canadian uranium
tailings disposal sites, it is the dynamic portion of the
drainage basin that is the potential transport mode for both
contaminated groundwater and breached tailing particles.
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The way in which the soils of an area receive, store and _
transmit water also influences soil sediment production and |
its transport to the permanent stream channels. Subsurface
flow is capable of transporting solutes and thus the inherent I
composition of the soil may affect the composition of soil
drainage. Particularly on elopes, lateral movements of 1
solutes will occur and mechanical transport of soils is
mimicked by the movement of mineral matter suspended in •
water draining laterally through the soil. •

Sheet erosion typically results from the disturbance of the f
soil particles by raindrop impact and soils transport by
overland flow. Its extent depends upon the rainfall charac- I
teristics, the nature of the soil and particularly its erodi-
bility (erosion ratio, soil erosion, index of erodibility) to- I
gether with local topographic, vegetation and land use
characteristics. These factors are basic to the Universal i
Soil Loss Equation. "

Channel erosion is the result of sediment release and removal f
from banks and beds of existing channels and from soil
surfaces as the drainage network extends areally. It is I
classified are illy into rill, gully and streambank erosion.
The energy of the water dictates the extent to which erosion I
occurs. The erodibility, cohesiveness, chemical and organic
matter content of the soils also exercise a significant in- •
fluence. The significance of such soil properties as dis- •
persion (D), infiltration capacity of the soil surface (A), _
permeability of the soil piofile (P) and size of the soil par- |
tides (p) in relation to erosion (E) have been related by
Baver (1956) as: E = K D M

"ID •

I
I
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.10 Erosion and Vegetative Cover Relationship

The production of sediment by erosion depends upon the
vegetation cover and hence the exposure of the soil surface,
the extent of root bending in the upper soil horizons and
the magnitude of the surface modification of precipitation
characteristics. The net energy input to the basin is
affected by interception and evapotranspiration, storage and
the rate at which water and sediment are produced and
transmitted through the basin system. Net precipitation is
affected by interception losses at the surface, throughflow
and streamflow. The precipitation that reaches the ground
surface is further influenced by vegetation through its effect
upon infiltration and evapotranspiration. Infiltration is
increased by the presence of vegetation which resists move-
ment of water over the surface and by the increased
drainage lines provided in the soil.

Vegetation cover change will result in the change in the
nature of drainage. Vegetation provides additional soil
storage of water and thus reduces groundwater storage and
flow.

The solutes produced from forested areas contrast with those
derived from non forested areas (Gorham 1961). Erosion
potential progressively increases as vegetative cover changes
from natural forest, grassland to sparse vegetation. The
impact of rain falling on bare soil breaks down the aggre-
gates and detaches particles which may be moved downslope
in suspension. Subsequently the flow of rainwater as sheets
or rills can remove vegetative residues and material from the
litter layer. In this way, a vegetation cover affects the
stability of slopes and act as a binding influence on channel
banks.
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The pattern of streamflow from forested areas should shows
less difference between peak and low flows than is the case
from a watershed covered by other forms of vegetation.
Grassland and agricultural land exhibit a greater range of
flows an earlier ,ind more rapid hydrograph rise, reduced
lag time, increased peak discharge rate and more rapid
recession (Haggett 1961, Hewlett and Hibbert 1961). The
lowest low flow values are found from urban areas.

A3.6 DRAINAGE BASIN HYDROLOGY

A variety of indices expressing water and sediment yield from a
drainage basin related to climatic and to basin characteristics are
shown in Table A3.4.

Indices of streamflow or sediment yield can be predicted from
such relationships but in addition a knowledge of the hydrograph
form and of the parameters of the hydrograph expected from
ungauged areas is required. Such knowledge is provided by the
Synthetic Unit Hydrograph derived using the data from a number
of gauged watershed, to give a form applicable to ungauged
watersheds in which basin characteristics and climatic variables
are known. Gray (1962) employed a two parameter gamma distri-
bution to derive synthetic unit hydrographs from data on 42
watersheds including expression of drainage areas, length of main
stream, length to centre of area, slope of main streams and mean
land slope.

Runoff has been seen as the product of expansion of saturated
zones along valley floors and over the lower portion of adjacent
slopes. Dunne and Black, (1970 a, b) concluded that the major
portion of storm runoff was produced as overland flow in small
saturated areas close to streams, whereas the remaining catchment
areas acted mainly as a storage reservoir during storirs,
supplying base flow between storm events and maintaining the wet
areas that produce storm runoff.



TABLE A3.4

EXAMPLES or RELATIONSHIPS BETWEEN BASIN

CHARACTERISTICS AND BASIN RESPONSE

of Response Area

Steainflow characteristic (Y)
71 indices or steamflow used for each
station including 2 for low flow, 3 for
duration of daily flows, 6 for flood peaks,
8 for flood volumes, 13 for annual and
monthly means

aAE lSb 2Lb 3StMEb 5 I
2 4 2

n
b 8 F b 9 S i b 1 0

Runoff per unit area (M)

Drainage area (A)
Average slope of mean channel between points 10
and 65\ of distance upstream from gauging site (S)
Main channel length (L)
Percentage of total area in lakes, ponds, swamps (St)
elevation (E)
Percentage of area under forest (F)
Values of potential maximum infiltration in inches
during annual flood under average soil conditions (Si)
Mean annual precipitation (P)
Snow index (S )
Maximum 24-hour precipitation expected to be
exceeded on average once every 2 years (I_^ , )

Drainage density (Dd>
Percentage of swamped area (P)

M = ° - ^ Dd

Source

U.S.A.
Four areas:

Eastern (Potomac)
Central (Kansas)
Southern (Louisiana)
Western (California)

Thomas and
Benson
(1970)

Chebotarev
(1966)

Runoff/rainfall ratio (K,

Hydrograph time (Base)

Lag Time

Area (A)
Basin length (I.B)
Relief (H)
Perimeter (P)
R = 95.604 • 29.23HA - 1'

New Zealand

.36I.B • 0.184H - 9.377P

Taylor (1967)

Main stream length Australia Cordery
Distance from outlet to centre New South Wales (1967)
Channel roughness
Main stream slope

Length from outlet to centre of gravity of source U.S.A. Kickok,
area L Southwest Keppel,
Averager width of source area W Rafferty
Average slope of source area S (1959)
Drainage density (Dd)
Whore source area - half of watershed with highest
land slope . w

Ssa

Low flow per unit area

Annual sediment yield

Reservoir sedimentation

Percent of catchment cleared ot trees and bush

Precipitation Intensity
Average annual runoff
Crosion tar lot
Annual precipitation
ArtM
Avcr.igi' slope

Slope far lor
Aye
Cross Crosion
(-dp.it ity - in I low r.itio
Non-incised channel oVnsily
Watershed sh,i|ie

U.S.A. Virginia

U.S.A.

Higgs (1965)

Kohler (1954)

Stall ,tn(l
K.irlclli
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A3.7 SPATIAL VARIATIONS

A3.7.1 General

Consideration of spatial variation in the operation of fluvial pro-
cesses involves areal extrapolation of drainage basin charac-
teristics which affect catchment response. The juxtaposition of
catchments of contrasting topography, rock type, land use and
soil characteristics, vis-a-vis meteorologic inputs will result in
variations in catchment response. In the review which follows,
these spatial variations will be restricted to one analysis at the
meso-scale representing regional contrasts.

At the meso-scale, variations in drainage basin dynamics reflect
the interaction of catchment characteristics and meteorological
factors such as precipitation and solar radiation. These spatial
variations will be seen in runoff parameters and indices of sus-
pended sediment and solute production.

The variable physiographic, soil and meterological factors re-
cognized to affect the catchment basin response have led to the
concepts of Unit Source Areas and Partial and Variable Source
Areas within watersheds. If runoff is produced preferentially
from certain zones of a catchment which vary in extent through
time, then fluvial processes must operate differentially across a
watershed.

Amermon (1965) found any watershed larger than 2 hectares was
composed of several Unit Source Areas, each exhibiting a dif-
ferent response (Figure A3.3(a) and (b)). The Annual Hydraulic
Response (the ratio of direct runoff to annual precipitation)
demonstrated variations in storm runoff and volume within a 2200
hectare drainage basin. The response varied fivefold across the
basin, with increased values reflecting the steeper terrain and
thinner soils formed at higher elevations.
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Contrasts in catchment response between drainage basins con-
tained within a small area have been demonstrated by Walling
(1971) in a study of five adjacent watersheds (Figure A3.3(c)).
It was assumed that contrasts between adjacent watersheds were
primarily the result of differences in catchment characteristics
rather than meterological inputs. The variation in total runoff
from peak flows, minimum flows and suspended sediment and
dissolved load concentrations and yields are seen in Figure A3.3.
Detailed analysis of the factors responsible for these contrasts
indicated that the topography, rock type, land use and vegetation
characteristics exerted strong influences.

Although much of the areal variation in runoff volumes can be
ascribed to altitude sensitive meterological factors, detailed study
of drainage basin response has shown the influence of other
factors, requiring multivariate statistical analysis (Table A3.5).
The equations, provided by multiple regression analysis, deter-
mines the magnitude and pattern of mean annual volume and/or
mean annual discharge rate as a function of spatially variable
factors as used. Vegetation and particularly forest cover were
found to exert considerable influence over the total volume of
runoff. Sopper and Lull (1S67) found that the presence of forest
cover decreased runoff.

A3.7.2 Areal Runoff Variations

The areal pattern of annual runoff volumes is primarily governed
by the meterological inputs into the drainage basin system, super-
imposed by the influences of the various physiographic charac-
teristics of the area. Although studies have considered spatial
patterns of total runoff, and maximum and minimum flows, less
attention has been given to runoff components or the magnitude
of runoff volumes from different origins. This facet can be
extremely valuable in the context of the operation of r.uvial



A3-48

FIGURE A3-3

VARIATIONS IN SPACE - THE MICRO SCALE

WATERSHED 177. NORTH APPALACHIAN
EXPERIMENTAL WATERSHED
CMhoctMI. Ohi». USA

COWEETA HYDROLOGIC LABORATORY

010

Annual Hydrologie
v, Rmponu

ANNUAL RUNOFF an«
F1OW (EftkRATUN

I 2 3 t 5

ANNUAL SUSPENDED
LOAD

I
I
I
I
1
I
I
I
I
I
I
r



A3--4S

TABLE A3.5

MULTIVARIATE RELATIONSHIPS BETWEEN ANNUAL

RUNOFF VOLUME AND MEAN ANNUAL

DISCHARGE AND CONTROLLING VARIABLES

Worker Region Equation

Mustopen(1967) Finland

Busby(1964)

Thomai and
Benson (1970)
Taylor (1967)

Conterminous
United States
Potomac Basin
U.S.A.
New Zealand
catchments

R, = - 1 1 +0-83 P.+0-73 P,+O-57 P.-0-21 P c T -
21T +0-29 ASM - O 9 9 FD -0-77 VFS +0-86 CS
<R = 0-94)

Rb = 150 + 0-42 P-2-23 T+0-083 S-O-38 W +
0-071 Do +0-054 0, -0-008 d

Qm =.2-89 »10-4 . A' °«. s°• < ° . P' •«' . S n° ' s

Qm =. -11.398+0-74 A - 3 . 4 2 L0 + 0028 H +0-363 P
(R «= 0-923)

where R. •« mean annual runoff (mm)
P. - winter precipitation (mm)
P, at autumn precipitation (mm)
P, - summer precipitation (mm)

PET m potential evapotranspiration in summer (mm)
T « average annual temperature (*C)

ASM - change in soil moisture deficit during the year (mm)
FO - frost depth 31 March (cm)

VFS m volume of forest growing stock (mJ/ha)
CS » percentage of nroa with coarse soils

Ro — mean annual runoff (inches)
P - mean annual precipitation (inches)
T m mean annual temperature (*F)
S « mean annual snowfall (inches)

W — average wind velocity (m.p.h.)
0 , - average number of days with measurable precipitation
D, - average number of days with temperatures of 90'F or more
d - average heating degree days

Qm - mean annual discharge (cfs)
A - drainage area (mi3)
S - main-channel slope (ft/mi)
P — mean annual precipitation (inches)

Sn — mean annual snowfall (inches)

Qm - mean annual discharge (cfs)
A m catchment area (mi2)

U •" maximum basin length
H - total relief
P > perimeter
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I
processes within the drainage basin, because it provides an in-
dication of the relative importance of surface and subsurface |
processes.

The Hydrologic Response of a watershed is an index indicative of •
the importance of storm runoff. Woodruff and Hewlett (1970), g
found in their analysis of the Eastern U.S. that there was a f
complex interaction of morphometric and storage parameters on the
annual quickflow volume. I

These storage parameters of a small watershed became increas-
ingly important because of their effect of reducing the instan-
taneous peak runoff and allowing more precipitation to enter the
groundwater, or contribute to base flow by delayed response.

The detailed pattern of solute transport reflects many controls,
but precipitation, and the geological and pedological charac-

I

A3.7.3 Areal Solute and Sediment Production Variations I

A relationship has been found between sediment production and I
relief (Diaconu, 1971). Minimum loads and concentration occur in
both lowlands and high altitude areas, as a result of reduced
sediment production occuring in mountains due to resistant rocks
and increased vegetation cover, and in the lowlands areas due to
low relief.

1

Table A3-6 shows a number of multiple regression equations which 1
have attempted to describe statistical relationships between spatial
patterns of sediment yields and influencing factors. 1

I
teristics of a drainage basin, would seem to be the major in-
fluences. In many catchment areas, an increase in precipitation |
is thought of as diluting the solutes released by weathering
processes to provide lower stream solute concentration. Quality I
aspects however, exert a more direct influence in that dissolved

I
I
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TABLE A3.6

MULTIVARIATE RELATIONSHIPS BETWEEN SEDIMENT

PRODUCTION AND CONTROLLING VARIABLES

Worker Region Equation

Anderson and Wellis Pacific Coast, western Log SS = -4-721 +1-244 log MO +1-673
(1963) Oregon and California log FQ +0-116 log A +0-401

log S +0-0486 SC +0-482 SA +
Q-942 R +00086 RC +00280
BC -0-0036 OC

Roehl (1962) South-eastern Piedmont Log DR = 4-5005 -0-2304 log A -0-5102
U.SA colog RL -2-786 log BR

Striffler (1965) Northern Michigan. Log SO - 3-831 +1 -190 log Q +0-134
U S A log cB -0-003 S A - 0 0 0 7 SB -

0-003 SC -0-765 RF.

where SS * suspended sediment discharge (tons/mi1. y0 „
MQ - mean annual runoff (cfs/mi2)
FQ a discharge peakedness

A a watershed area (mi3)
S - slop* of stream of 1 mile mesh length (ft/mi)

SE « silt and clay fraction of topsoil (%)
SA m surface - ̂ reflation ratio (%)

R a portior . ' '.atchmont covered by roads (%)
RC a portion of catchment cutover in last ten years (%)
BC a portion of catchment in bare cultivation (%)
OC a portion of catchment in other cultivation (%)

OR a sediment delivery ratio in per cent of annual gross erosion
A a watershed area (mi1)

RL — ratio of basin relief to average stream length
BR a bifurcation ratio

SO a. sediment delivery rate (lb/mis. day)
Q « stream discharge (cfs/mi2)

EB a total length of eroding banks (ft *10 ' )
SA a portion of watershed covered by Soil Association (a)
SB a poition of walershed covered by Soil Association (b)
SC a portion of watershed covered by Soil Association (c)
RF a rising or falling stage (rising a 1, falling « 2)
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I
material can contribute directly to the solute load of a stream. In
areas of low stream solute loads, it can provide a major source of i
dissolved material.

I
The chemical quality of precipitation is important in the context of "
the chemical weathering processes. The chemical and physical *
properties of rock and soil beneath a drainage basin, strongly I
control the solute content of stream water. Miller (1961) in his
study of isolated streams draining three major rock types, namely £
quartzite, granite and sandstone found that the respective
average dissolved solids, concentration of streams were in the . 1
proportions 1:25:10. By estimating annual runoff at each
sampling point from a general relationship between mean annual M
runoff and altitude, approximate denudation rates from the sand- •
stone were over eleven times those from the quartzite and four »
times those from the granite. Hack (1960), suggest that igneous *
and sedimentary rocks produce stream solute concentrations less
than 50 mg/1 while sedimentary rocks show greater values. f
The solute content of rainfall can increase markedly after per- E
eolation through a forest canopy and influence the solute trans- *
port from a drainage basin (Hewlett and Hibbert 1967). _

A3.7.4 Human Activity - Agriculture and Forestry Variations

I
Man exerts an important control over the spatial pattern of fluvial
processes particularly at the regional scale where contrasts either 1
in agricultural practice or between rural and urban areas or
surface tailings sites can be more important than differences in |
geology or topography or meteorological conditions. These effects •
can be considered either in terms of their interaction with process -
dynamics, or their influence on the various parameters selected as |
indicators of drainage response. The latter approach is more
relevant for analysis of areal variations in the operation of fluvial I
processes.
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Brown (1950) and Noble (1965) studied the influence of agri-
cultural practice on runoff and erosion rates (Figure A3.4).
Mature tree growth in inactive areas produced the least amount of
sediment yield. The associated watershed would presumably be
eroding the least.

Marked contrasts in catchment response indices also occur within
the category of pasture and rangeland as a result of grazing.
Non-grazed basins exhibit 30 percent less runoff and 45 percent
less sediment yield than grazed watersheds because the increased
vegetation cover density reduces erosion and increases infiltration
(Tusky 1970).

Runoff rates and sediment yield for a particular crop can be
significantly reduced by conservation measures. The Universal
Soil Loss Equation makes provision for these effects on rates of
sediment loss. This affect was discussed in Section 4.2.

By comparing individual watersheds under various land use
practices, Ursic and Dendy (1965) showed that sediment yields
from cultivated catchments were over 10 times greater than from
areas of abandoned fields and forest covers and over 100 times
greater than from pine plantations and mature pine hardwoods.
Land use change and modification obviously give rise to very
marked contrasts in catchment response because the system equili-
brium is drastically upset.

Forest clearance and logging activity, with associated road con-
struction, increases flooding and particularly increases transport
of debris and suspended sediment. Fredriksen (1970) found that
logging roads was primarily responsible for increased sediment
yields. For example, vegetation removal with no roads exhibited
a total sediment yield only 3% of that from the patch-cut catch-
ment where roads had been constructed. Forest roads were
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associated with severe mudflow and landslide activity which pro-
vided a massive source of sediment and debris. The relative
proportion of suspended load and bedload comprising the total
load was from 1:1 to 2:1 in the control and clear cut catchments,
respectively; it changed to 1:45 in the patch cut watersheds
where the total sediment yield was 3130 tonnes/km2.

The construction of forest roads is of prime importance in altering
the response of a catchment during logging activity, however,
vegetation removal can still alter other aspects of drainage basin
dynamics, but on a less spectacular scale. Forest clearance is
associated with increased runoff of up to 47% (Sopper and Lull,
1967). Brown and Krygier (1967) have shown how clear cutting
can alter the mean monthly maximum temperature regime of small
streams by 7°C.

Pierce et al (1970) and Hornbeck et al (1970) demonstrated that
the use of herbicides to devegetate a catchment area at the
Hubbard Brook experimental basin resulted in streamflow volume
increases from 240 mm to 346 mm. The nitrate solute load in-
creased by 50 times and major cation concentrations rose between
3 and 20 fold.

All of the above examples have particular relevance to the siting
of the mine/mill surface facilities near areas of forestry or agri-
culture .

A3.7.5 Human Activity - Construction and Mining Variations

(a) Road Construction

Road construction can create important contrasts in catch-
ment response in otherwise rural areas. The construction of
cuts and fills and surface runoff discharge into roadside
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ditches can constitute a severe erosion problem. The magni-
tude of erosion rates that can occur from construction has

I
1
I

been monitored by Diseker end Richardson (1962) on six
plots of varying slope in Georgia, U.S.A. The erosion rates |
averaged 250 tonnes/hectare on gently sloping plots,
319 tonnes/hectare on medium slopinp plots, and 489 tonnes/ I
hectare on steeply sloping plots. These rates were more
than fifteen times those on the steep cultivated farmland of 1
surrounding basins. ™

Road side slopes can continue to be a significant source of •
sediment long after construction unless they are well
vegetated and stabilized. H

(b) Open Pit Mining 1

The impact of open pit mining on surface disturbance and ft
vegetation removal is to increase sediment yields. Davis
(1967) cites examples whsre erosion losses from spoil heaps
have been as high as 165 tonnes/hectare year, while losses
from nearby undisturbed forest soil were less than
0.4 tonnes/hectare year.

I

Open pit mine excavation activity can seriously disrupt the •
normal drainage pattern. The occurrence of bare mined
areas and spoil heaps is usually associated with increased •
storm runoff and higher flood peaks, however, reduced
storm runoff can occur where spoil materials increases <*
storage capacity by acting as flood retarding terraces. Base M
flows will thus in some cases be reduced, or where increased _
storage capacity occurs, may be increased. Insufficient data {)
exists to demonstrate these effects on the drainage basin
runoff response but investigations should be initiated in jl
order to facilitate projected long term equilibrium affects on
the watershed and tailings areas. ft

T]
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Pumping of drainage water to a stream can also modify the
pattern of runoff by directly increasing the flow and by
altering the groundwater levels. Golf (1967) found the
surface discharge from dewatering open-pit coal mining areas
in Germany resulted in increased runoff volumes, but with a
more balanced flow regime, due to increased low flows and
decreased flood flows. When mining and pumping ceased
runoff volumes temporarily decreased ar a result of re-
charging of the cone of depression.

Exposure ci overburden in strip mined areas also has con-
siderable influence on chemical weathering and water quality.
The most important effects of sulphide bearing minerals such
as pyrite and marcasite are the formation of ferrous sulphate
and sulphuric acid. Hawley (1977) has published an ex-
haustive study into the many factors involved in the pro-
duction of this "acid seepage". Also, considerable work is
being done by the British Columbia Research Institute on
standardizing a test to determine the susceptibility of certain
ores to self generate acid leachate.

The extent to which strip-mining can cause marked spatial
contrasts in catchment response has been detailed by Collier
et al (1964 and 1970) for the Beaver Creek Basin of south-
central Kentucky. The mined area exhibited higher flood
peaks and a r/reater range of flows. Dissolved loads per
unit area were over 12 times greater from the mined water-
sheds and suspended sediment yields were over 75 times
greater. Analysis of the suspended sediment data showed
that whereas storm concentrations and daily sediment dis-
charges commonly exceeded 30,000 ppm and 6 tonnes/km2 in
the mined affected area, these were the maximum levels in
the unaffected catchment.
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A3.8 TEMPORAL VARIATIONS

A3.8.1 General

A knowledge of present drainage basin form and process can
provide the basis for an interpretation of the changes which take
place over time. The analysis and dating of sedimentary deposits
provides further assistance. The study of past processes in light
of understanding present surficial forms is necessary to develop
adequate models of landform evolution such as is common in
coastal and glacial geomorphology. This knowledge is necessary
in estimating the long term consequences of present day uranium
tailings management methods.

Changes of input arise directly as a result of climatic changes
and indirectly through modification of the vegetative cove\
Change of basin characteristics can be achieved by earth move-
ments (uplift), the effects of sea level fluctuations or of man.

A recent attempt to indicate how drainage basin changes take
place was made by Lane (1955). Slope increase could be achieved
by a climate or vegetation change or by interference by man. A
decrease of bedload material or particle diameter could be accom-
plished as a result of dam construction or of reservoir develop-
ment which promotes aggradation upstream and leads to a reduced
sediment load downstream. A sudden increase in slope may arise
from dam construction or landslide. A lowering of stream base
level will be associated with sea level fluctuations. Changes of
base level without a change of elevation can be echieved by
natural or artificial diversions.

Schumm (1969) has characterized the changes which take place in
rivers over time and from empirical relations between channel
geometry and sediment characteristics of stable alluvial rivers he
has derived four general relations.
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At the drainage basin level, few detailed analyses are available
besides the work of Langbein and Schumm (1958). Their relation-
ships between mean annual precipitation and runoff, and sediment
yield provided a basis for sketching the direction of changes of
drainage basin processes accompanying changes of climate.

Strahler (1956, 1964) envisaged an equilibrium equation for the

basin as:

D, = l_i (QrK, QrpH, Qrf)
a H p. Hg

where: QrK = the Horton number expressing the relative
intensity of processes where Qr is runoff
intensity, K is erosion proportionality factor
representing mass rate of removal per unit
area divided by force per unit area

QrpH = a form of the Reynolds Number where p is
u density of fluid, H is relief, p is dynamic

viscosity of fluid

Qr2 = a form of the Froude Number where g is ac-
Hg celeration of gravity.

The implication of modifications of drainage basin processes are
best understood by acquiring a knowledge of the magnitude of
man's influence upon present processes before being used to
assist in the interpretation of past situations or the prediction of
future changes.

This is particularly significant for flood hazard and sediment yield
from drainage basins. Slaymaker and Harding (1967) found that
the increased flcjd height measured in the Severn Basin was the
result of both an increase in precipitation over a 50 year span as
well as a marked increase in drainage density that resulted in the
increased runoff from an increasingly significant contributing
source area.
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I
Increased flooding and sediment production has been suspected

relationship which described the annual gully and head advance
as:

E - 0.15AO"9SO UP°-7 4E1 0 0

Idue to man's activities in modifying land use, drainage networks
and river channels. General changes have also occured in the
pattern and amount of sedimert production. Recent flooding in |
Texas and Saskatchewan has dramatically illustrated the increase
in storm runoff over the years as a result of increased encroach- I
ment into headwater catchments and floodplains and the resultant
erosion and sediment deposition downstream. •

The changing regime of a stream expressed in erosion and aggr?.- K
dation, cut and fill, or changes in channel pattern must be 1
associated with changes in drainage basin characteristics, most
notably the drainage network. Morisawa (1964) noted an increase |
in the total number of streams and of stream length tributary
resulting from an increased lake bed elevation. Over time a I
drainage network can either expand or contract but the detection
of either must be made at the present time. A

A3.8.2 Gully Development 1

Expansion is most vividly apparent in gullies, particularly in arid *
and semi-arid areas where the influence of man has been sub- •
stantial. Gullies characteristically carry ephermeral (transitory)
streamflow, incised into unconsolidated material. Gullies are |
associated with aggraded valley floors because aggradation may be
the lateral complement of gully erosion. It has been possible to I
quantify gully distribution or rate of gully extension in terms of
the controlling factors. Thompson (1964) found an emperical ft

I
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Where: R = average annual gully head advance in feet

A = drainage area in acres

S = slope of approach channel in per cent

P = annual summation of rainfall from rains greater
than 0.5 inches in 24 hours

E = clay content of eroding soil profile in per cent
by weight.

Usually gullies are found on slopes greater than 5°, and are
particularly well developed on the margins of uplands composed of
highly friable sandstones. Erosion of gullies is accomplished by
scouring, and mass movement of material into the gully head-
scarp. In valley floor gullies, the scarp may advance up-valley,
facilitated by sloughing of the material around the margins of the
plunge pool, and in the process the scarp gradually increases in
height.

At tailing sites, gully formation can erode the containment dykes,
the abandoned surface of the tailings and the downslope catch-
ment area.

Increasing the storage capacity of the local sub-basin by tailings
containment likely results in increased groundwater seepage and
base flow. The increased base flow, under storm conditions, can
dramatically increase rates of erosion and gully formation.
Obviously net change in stream networks and gully channels
depend upon local basin characteristics, but more significantly
headscarp erosion could be the mechanism that fails the tailings
containment dykes. Gully formation and erosion are the net
result of an increase in hydrologic potential and must be
accounted for in the long term analysis of tailings management.

Tuckfield (1964) observed development of discontinuous gullies
with the deepening and coalescence of the valley floor pits during
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heavy rain. Subsequently, rapid gully growth is achieved by
fusion of discontinuous gullies rather than by headward erosion £
with widening instigated chiefly by freeze-thaw action and by
bank undercutting. Ground sinking and of piping may also have I
a significant influence upon the localization of gullies. Buckham
and Cockfield (1950) for example proposed that gullies, silt B
terraces near Kamloops, British Columbia, dissected by numerous
branching gullies developed after infiltration during storms and m
spring melting, led to the flushing out of tunnels at levels below •
the surface. These tunnels collapsed to give funnel shaped _
depressions which subsequently developed into discontinuous J
gullies.

I
Small surface depressions, pipes or sub-surface water movement
provide the location indicators for gully development, but for 1
development of gullies are the result of land usage, climatic
fluctuations (expressed in different runoff rates or in water table m
fluctuations) and local factors, such as increased stream gradient •
due to uplift, or irrigation diversions. A

I
Gully development sequences indicate the expansion of the
drainage net in response to increased runoff prompted either by a I
change of climate or of the vegetation cover. In unconsolidated
sediments, gully widening and meandering leads to a decreased #
slope, reduced velocities, and ultimately a channel width at which
the flow velocity no longer transports the sediment load resulting f
in coarse fraction deposition. Channel losses by seepage can ™
then reduce water velocities further and encourage greater ^
sediment accumulation. f

At potential uranium tailings sites, the long term stabilization and I
abandonment requirements suggest that all potential failure modes
and erosion mechanisms be minimized. The erosion and transport I
of fine tailings particles would be greatly reduced in the event a

f
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dyke breach occured. If the potential energy of precipitation was
reduced by locating the tailings area in the lower subbasins of
the regional watershed, where gully erosion is reduced because
of the reduced slope and stream velocities.

At a tailings site located in the lower subbasins of a watershed,
stabilization practices would have a greater chance of success.
This is because reduced surface runoff by a vegetated surface
cover, rip-rap channels, and sedimentation basins help the
drainage basin adjust to alteration in input energy or basin form
factor. By reducing the slope potential, most abandonment
practices would be guaranteed a greater chance of long term
success.

A3.8.3 Long Term Meteorological Changes

It should be recognized that the long term production of the
fluvia] geomorphic cyle is the formation of a peneplain. In
addition, the existence of gullying observed in Pleistocene sedi-
ments prior to the impact of man necessitates consideration of the
significance of changes of climate. Therefore, a me.̂ or question
which needs to be addressed in long term studies is, "How do
climatic fluctuations affect the vegetation cover and how would it
influence runoff and erosion?"

Two different hypothesis have emerged: (a) erosion in pre-
historic times was associated with high intensity storms occurring
under drought conditions and a reduced vegetation cover; or (b)
periods of intense summer rainfall in a postglacial period were
characterized by alluviation (Leopold, 1951), Vita-Finzi (1969).
Fcr example, Harris and Vita-Finzi (1966) showed that gullying
since Roman times in the glacially deposited Red Beds could be an
intensified manifestation of a climatically reduced erosional phase,
whereas biotic factors and human exploitation played a sub-
ordinate role.
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I
Historic records of sedimentation and erosion in drainage basins .
since late Wisconsin time, studied in the southwest U.S.A. I
suggests a sequence of stages embracing both filling and cutting
(Hadley, 1960). The record of "alluvial chronology" illustrates |
the way in which changes in climate have been reflected in adjust-
ments in the process and form of the drainage basin as well as 1
the difficulty in distinguishing between the effects of climatic
change and of man. |

Terracing and incision have been recurrent features of drainage *
basin development during the post glacial period (Dury, 1964). I
Human activity is notable in the short term, where deliberate
intervention has modified the drainage basin directly. |

Viewed from a geological time scale, large scale changes of I
channel form, and basin network characteristics occur besides the
formation of completely new basin forms. Large scale changes |
have been inspired by changes in: (a) climate, (b) sea level and *
(c) land levels. I

Two major types of change in the drainage basin have occurred
as a result. First, direct, fundamental and often widespread J
consequences were felt as a result from a shift of the world pat-
tern of morphogenetic systems (Budel, 1969). The three major I
systems characteristic of North America include the zones of
glaciation, pronounced valley formation and the extra tropical l
zone of valley formation. An intensive study of glacial and "
periglacial geomorphology in Canada and the landform inheri- .
tance has been undertaken in Canada (Chapman and Putnam, f
1966). Second there are consequences which have been more
gradually affected or more locally distributed and these include |
the effects of sea level change, of land movement and of
volcanic activity. 1

I



A3-65

The number of Quaternary stages and their character is not
exactly correspondent from various world areas (Flint, 1971), but
the analysis of deposits, of lake fluctuations, of pollen in deposits
and of deep sea cores has allowed general trends to be esta-
blished for particular areas. The general trends indicate that
temperatures were generally lower during the Quarternary glacial
periods and that a difference of some 7°C to 9°C distinguished
glacial and interglacial stages, with a steeper temperature gra-
dient near ice sheet margins. Accompanying these temperature
changes were varying precipitation amounts. In northern lati-
tudes, precipitation may have been light near Pleistocene ice
sheet margins and largely confined to the summer months.

Historic mean annual temperature and precipitation changes in-
fluenced evaporation rates anjl altered runoff amounts in a manner
and direction, suggested by Schumm (1965) for various climatic
combinations qualified by infrequent factors such as glacial melt-
waters or permafrost. Appreciable changes to summer concen-
trations of precipitation were often experienced (Dury, 1964). If
such a change were accompanied by a reduction of weighted mean
annual temperature by 11°C, it would at least double the annual
runoff.

This kind of speculation is a very necessary prelude to under-
standing processes of the past in order to predict future peak
process events and to form a basin for a multivariate expression
of drainage basin processes, for application to the problems of
channel pattern and basin development. In the long term
management of uranium tailings sites, the ability to predict the
response changes of the watershed to climatic variations will allow
more accurate assessment of the future impact of the tailings
since these storage sites are a component of the watershed and
are subject to basin response.



A3-66

The effects of changes of climate, of land level and of sea level
have been reflected in the vertical development of valleys in

Contraction of drainage networks is expected because the
drainage network is related to climate. A change in climate

I
stages and the overall character of the drainage basin during
Quarternary time. Increased dissection of the basin could also |
provide modified relief ratios. Expansion of the drainage network
is most obvious at the short term scale. In the intermediate scale I
(2000 - 10,000 years) contraction is more obvious because expan-
sion may absorb and obscure traces of earlier networks. S

I
necessary to account for underfit streams, should at least have

been accomplished by drainage network fluctuations. |

A3.8.4 Long Term Geomorphologic Changes - Dry Valleys s

The landform most indicative of drainage network change at the ft

intermediate scale is the dry valley. A dry valley presupposes a
discrepancy between the more restricted extent of the present K
stream pattern and that of the valley pattern which it partly •
occupies. For example, in climates with a marked seasonal com-
ponent seasonally dry valleys are a common phenomenon and in |
Britain it has been suggested (Kirkby and Chorley, 1967) that
some short dry valleys may experience streamflow once in •
50 years. This has significant importance in locating tailings
sites. If slight changes to our present climate, result in dry j |
valley networks becoming active, transport and erosional mecha-
nisms also become active and these impacts on the long term m
stability of the proposed tailings area must be evaluated. w

Networks of valleys are difficult to define precisely because |
valleys or depressions which contain no evidence of flowing water
at the present time include a wide variety of morphological types, I
based on shape, terrain, slope, genesis, geology and climate.
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The extent of dry valleys is difficult to describe quantitatively
but on limestone outcrops for example, valley densities were
found to greatly exceed stream densities. In the Dove basin
(Gregory and Walling, 1973), the valley density was 2.06 com-
pared with the stream density of 1.36. Explanations for the
existence of dry valleys can be envisaged in three main groups,
non-fluvial, fluvial under morphogenetic systems, and fluvial
under a contrasted morphogenetic system.

Anomalous dry valleys can occur by non-fluvial causes including
mass movement and solution of calcareous rock, followed by col-
lapse producing landforms reminiscent of dry valleys. More
prevalent though are surface depressions developed in permafrost
areas as thermokarst phenomenon (Czudek and Demek, 1970) or
submarine canyons later elevated and eroded (Windslow, 1966).
In deglaciated areas a variety of glacial drainage channels, eroded
by glacial meltwater, have remained independent of the present
drainage network to appear as dry valleys (Bowen and Gregory,
1965).

Some stream networks were formerly more extensive and have
subsequently contracted as a result of a fall in the water table
and/or reduction in rainfall. The existence of former spring lines

t at higher levels suggests that dry valleys, cut into escarpments,
' could have been produced when water tables and the associated

spring lines were higher. Water table lowering from geologic time
scale could have been achieved by sea level falling, by a rise in
land level, or by a local change in scarp recession or local down-
cutting resulting in a sympathetic lowering of the water table
(Small, 1964).

Fluvial processes, under conditions similar to the present time,
are often inadequate to account for either the character or the
extent of dry valleys. Dry valleys have therefore been visualized

f
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as the product of past morphogenetic systems which involved
either permanently frozen ground, different forms of mass move-
ment combined with fluvial activity, higher seasonal runoff rates
or some combination of these factors. Study of contemporary p
Arctic areas shows that there are indeed numerous seasonally dry
valleys in a network adjusted to spring flood discharges. Such I
valley networks can occur where there is little or no permafrost,
or permafrost melting can produce depressions or slashes which •
can become the basis for valley development as a thermofrost •
phenomenon (Czudek and Demek, 1970). m

These varied explanations often complimentary explanations re-
quired to account for the drainage network changes in a parti- J
cular area. In Devon, England, there are two types of dry
valley (Kerney, Brown and Chandler, 1964) which reflect; first, I
adjustments of the drainage network during the Quaternery Period
inspired by water table adjustments and second, periglacial mor- •
phogenesis which produced a much smaller form of dry valley. *
Thus a composite origin is indicated for some dry valleys. It is m
apparent that valley networks of the present, like the stream net, I
reflect the total climatic and basin characteristics which the
drainage basin has experienced over time. |

Gradual evolutionary changes are manifested in the drainage fl
pattern as it has progressively adjusted to climate, sea level, and
land level alterations or to the changing basin characteristics S
such as rock type which were exposed. Changes in drainage *
pattern can be accomplished as rivers adjust to structural weak-
nesses in the rocks. This is one basis for the usually adopted
classification of drainage patterns (e.g. dendritic, rectangular,
radial, parallel, annular). J |

I

Progressive development can take place in a drainage pattern. It I
is frequently encouraged as new rock contrasts are progressively

I
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exploited, as sea level or climatic changes give advantages to
particular streams, and as land movement or volcanic activity
determine the course of development of a pattern.

During the Quaternary Period there are numerous examples of
drainage patterns and basins fashioned largely by non-fluvial
processes. For example, on the south shore of Lake Superior the
clay plain is founded on till, interbedded with fine grained lacu-
strine sediments. The plain is marked by glacial flutings parallel
to the former direction of ice movement and averaging 120 m
apart. As glacial Lake Duluth shrank from this plain (10,000 -
9500 B.P.) in stages marked by glacial lake shorelines, Hack
(1965) has shown how a stream pattern developed progressively in
the grooves and extended downslope towards present Lake
Superior. This sequence has allowed the analysis of the progress
of a pattern over a known period of time. Hack concluded (a)
the spacing of the stream junction was random; (b) the depth of
incision of the valleys is proportional to the size of the drainage
area; (c) there is little evidence to suggest that nickpoints
migrate upstream; and (d) the valleys are cut to depths pro-
portional to the available discharge. This example provides a
valuable opportunity to examine the rate and nature of much
larger adjustments and diversions which have occurred in

| drainage basin systems over time. Leapold, Wolman and Miller

' (1964) analyzed Rune's (1952) data to show how the rate of

( drainage development appears to be most rapid during the first

20,000 years but then decreases.

Drainage basin development over time is best understood by an
understanding of the past and the relationships with the present.
The knowledge of present processes can provide the basis for the
interpretation of other evidence afforded morphologically by
drainage alignments and sedimentologically by sequences of de-
posits to suggest a way in which the earliest outlines were
fashioned and developed.
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A3.9 CONCLUDING REMARKS

A greater understanding of present drainage basin systems should
permit a greater appreciation of river and drainage basin meta-
morphosis which has occurred in the past, is presently active,
and is most likely to be active in the future.

Each tailings site must be examined individually with due con-
sideration of all variations associated with form and process in
order to predict the long term landform changes. Particularly
important is the development of comprehensive multivariate re-
lationships which take into account the subtle sensitivities unique
to each watershed basin.

To repeat the opening remarks, it is important to stress that the
long term geomorphological changes that occur at a tailings site
are indeed complex. This complexity should be appreciated in
any predictions made.

I
1
If
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GLOSSARY OF TERMS AND PHRASES

I

Alluvium

Alpha Particle

Ammonium Diurnate

Anisotropic

Argillaceous

Autoclave

Backfill

Barren Solution

Basin

Beneficiate

Bentonite

Beta Particle

Clay, silt, sand, gravel or other rock
materials transported by flowing water and
deposited in comparatively recent geologic
time.

A charged particle emitted from the nucleus
of an atom having a mass and charge equal
in magnitude to that of the electron.

(NH4)« Uo®7 ' n s o ^ u ^ e *n water. Produced
in the mining process and contained in the
yellowcake.

Having physical properties that vary in
different directions.

Applied to all rocks or substances com-
posed of clay.

A closed strong vessel for conducting
chemical reactions or sterilization under
high pressures.

Rock or other waste material such as tail-
ings, used to fill, and thus support the
wails of a stope.

Acid or Alkaline leach liquor from which the
recoverable uranium (and/or thorium) has
been recovered. This solution often con-
tains reusable reagents.

A natural or man-made depression in which
sediments may be deposited.

To improve the grade by removing gangue
material.

A montmorillonite hydrated silicate of magne-
sium type clay formed by the alteration of
volcanic ash. It is highly colloidal and
plastic.

A charged particle emitted from the nucleus
of an atom, with a mass and charge equal
to that of the electron.
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Biota

Brannerite

Bravoite

Cation

Chelating Agent

Chemisorption

Chemocline

Coffinite

Comminution

Conglomerate

Daughter Products

Decant System

Dimictic Lake

Animal and plant life of a region.

A complex black opaque titomate of
uranium. Except for pitchblende, it is the
most radioactive opaque mineral known. A
monoclinic mineral possibly (U, Ca, Fe, Y,
Th), TU)16.)

Nickeliferous mineral possibly (Fe, Ni)S .
z

Ion in an electrolyte with a positive charge
which migrates towards the cathode under a
potential gradient in electrolysis.

A substance with two or more electron
donor g-oups which will combine with a
metal ion. It is used to control or eliminate
certain metallic ions present in undesirable
quantities.

Irreversible sorption, an adsorbate being
held as product of chemical reaction with
absorbent.

A zone of water with a steep chemical
gradient separating surface and bottom
waters.

Naturally occurring uranium mineral

The act of breaking, crushing or grinding
of ore.

Cemented rounded fragments of water-worn
rocks or pebbles, bounded by a siliceous or
argillaceous substance.

Decay products of freshly purified and
isolated uranium. When all daughter ele-
ments are present in the same amount,
equilibrium is established.

The construction facilities located in surface
tailings basi is for draining the supernatant
liquid once the solids have settled out of
the tailings slurry.

A lake with two seasonal periods of free
circulation or overturn, usually spring and
fall.
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Dip

Dissolution

Electrokinetic Densification

Electrowinning

Elution

Emanation (Radon)

Encapsulation

Epilimnion

Evapotranspiration

Exhalation (Radon)

Flotation

I
Food Chain

The angle at which a vein, structure or
rock bed is included from the horizontal,
measured at right angles to the strike.

The leaching of a substance by a liquid
with the formation of a homogeneous
solution.

Acceleration of the process of solid/liquid
separation in a slurry by passing an
electric current through the slurry.

Metal recovery from ore by means of electro-
chemical processes.

In the ien exchange process, removal of
uranium from loaded resins by suitable
chemical solution. The washing liquor is
the eluant and the enriched solution
becomes the eluate.

Movement of radon from solid particles in
which it is produced, to voids in the solid.

A method of securing an abandoned tailings
site by capping with an impervious material
such as concrete, asphalt, clay, synthetic
membranes or chemical fixatives.

The upper, usually warm surface waters,
in a thermally stratified body of- water.
These waters are characteristically well
mixed.

Water withdrawn from soil by evaporation
and/or plant transpiration.

Transfer of radon from the earth's surface,
either from soil or water, to the atmos-
phere.

A liquid milling process used to separate
particulate solids by causing one group of
particles to float; utilizes differences in
surface chemical properties of the particles,
some of which are entirely wetted, others
are not; froth flotation.

Dependence of one type of life on another
each in turn eating or absorbing the next
organism in the chain.
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Gamma Radiation

Geomorphology

Gersdorffite

Grouting

Half-life

Heap Leaching

Heavy Media Separation

Heavy Metals

Holomictic Lake

Hydrocyclone

Hydrogenetic

Hydrology

Radiation of gramma rays. Electromagnetic
radiation of the same nature, but of a
shorter wavelength than x-rays. Emitted
by the nuclei of radioactive atoms during
decay.

The study of origin of secondary topograhic
features which are caused by erosion in the
primary elements and built-up of the ero-
sional debris.

A sulpharsenide cf nickel mineral NiAsS.

The process of sealing off a water flow in
rocks by forcing thin cement slurry or
other chemicals into the crevices, usually
done through a drill hole.

The time in which the quantity of a parti-
cular radioactive isotope is reduced to
one-half of its initial value.

The process whereby leach liquor percolates
through a pile of ore formed on an imper-
vious base in such a way that the leachate
can be collected for recovery of the metal
values.

A series of processes for the concentration
of ore; uses suspensions of magnetic
material such as i^agnetite.

Metallic elements having atomic numbers
greater than 24. The metals of concern in
this study include copper, lead, nickel and
zinc.

A lake which has surface and bottom water
layers mixed periodically.

A classifying (concentrating) conical
shaped separator into which a slurry is fed
into coarse heavy solids reporting at the
apex of the cone and finer particles over-
flow from the central vortex by centrifugal
action.

Precipitated from solution in water.

The science dealing with water standing or
flowing, on or beneath the earth's surface.
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Hydrolysis

Hydrometallurgy

Hypolimnion

Impervious

Indurated

In-situ Leaching

Ion Exchange Resin

Jarosite

Jigging

Labile

Limentic Water

Littoral Zone

In aqueous solutions of electrolytes, the
reaction of cations with water to produce a
weak base or of anions to produce a weak
acid.

The treatment of ores with separation of
metals in aqueous solution from the rest of
the ore followed by precipitation in metallic
form.

A lower level of water in a stratified lake,
characterized by a uniform temperature that
is generally coller than that of other strata
in the lake.

Not permitting the passage of liquids or
gases.

Hardened by heat, pressure or by the
addition of a cementing ingredient.

Similar to heap leaching except the ore is
left in place underground.

A synthetic resin that can combine or ex-
change ions with a solution; reversible
exchange of ions contained in a crystal for
different ions in solution without destruc-
tion of crystal structure or disturbance of
electrical neutrality. It occurs by diffusion
in resins consisting of three dimensional
networks to which are attached many ioni-
zable groups.

A yellow-brown hydrous sulphate of iron
and potassium KFe3 (0H)g (SO4)2.

Up and down motion for the separation of
heavy from light fractions of an ore.

Prone to undergo change or displacement;
unstable.

The water zone to the depth of effective,
light penetration at which photosynthesis
just balances respiration.

The shallow water region with light pene-
tration to the bottom; typically occupied by
rooted plants in natural ponds and lakss.
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Lixiviant

Meromictic Lake

Metasomatic

Millerite

Monazite

Neutralization

Pegmatite

Pilot Plant

Pitchblende

Pregnant Liquor

Profundal Waters

Pyrite

The leaching solution for extracting a
soluble metallic compound from an ore by
selectively dissolving it in a suitable solvent
which is often recovered by precipitation of
the metal.

A deep sheltered lake which is permanently
stratified most commonly as a result of
chemical differences in the hypo and epilim-
nial waters.

A process characteristic xf ore formation by
the partial or complete i ^placement of a
preexisting rock by the orebody.

Nickel sulphide, NiS containing 64% Nickel.

A phosphate of the cerium metals and the
principal ore of the rara earths and
thorium.

To add either an acid or alkali to a solution
until it is neither acid nor alkaline.

Any extremely coarse-grained, igneous
rock, with interlocking crystals; pegmatics
are relatively small, are light coloured,
range widely in composition, but are mainly
composed of granite.

A small-scale mill or model unit process in
which representative tonnages of ore or
other materials can be tested under condi-
tions which imitate those of the proposed
full scale operation.

A massive variety of uraninite or uranium
oxide found in metallic veins. Contains 55%
to 75% UO, up to 30% UO,. Thorium is
generally aBsent.

The uranium-bearing solution produced in
the solvent extraction circuit or ion ex-
change circuit.

The deep water zone beyond the depth of
effective light penetration. No photo-
synthesis occurs at these depths;.

Iron disulphide (FeS_) associated often
with copper, arsenic, "nickel, cobalt, gold,
and selenium, chemically breaks down in
water to form acidic products.

(vi)
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Radioisotope

Kiidiomclrir Soiling

Radium

Radon

Kalfinale

Rare Earthc

Redox Potential

Refractory

Roentgen (R)

Secular Equilibrium

Sedimentary Rocks

An unstable isotope of an element that
decays spontaneously emitting radiation.

A method for separating gangue from
uranium-bearing ore alter primary crushing
by a sorter head with a detection unit a id
scintillatior counter.

Radioactive metallic element in group II of
the periodic system; alkaline earth metal
resembling barium. All 13 isotopes are
radioactive.

Heavy radioactive gaseous element formed
by disintegration of radium; 18 known
isotopes.

The residual aqueous solution remaining
after uranium has been extracted in the
solvent extraction process.

A group of rare metals very similar to one
another and to aluminum in properties.
Thorium (monazite salts) cerium ianthanum
and ytrrium are in this group.

Abbreviation of reduction - oxidation poten-
tial applied to reversible electrochemical
reactions driven by oxidizing or reducing
agents.

Ore that resists chemical reagent action in
the normal treatment process of a very high
melting point, usually containing a second
metallic constituent.

International unit of intensity for x-rays
and gamma rays. One roentgen produces
2.58 x 10" coulombs per kilogram of air.

Radioactive equilibrium in which the parent
has such a small decay constant that there
has been no appreciable change in the
quantity of parent present at the time the
decay products have reached radioactive
equilibrium.

Rocks formed from mineral particles laid
down, usually in beds or stratified de-
posits, under water, e.g. limestone, shale,
sandstone.
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Sericite

Sodium Diuranate

Solvent Extraction

Stope

Stratum (Strata)

Suspended Particulate

Tabling

Tailings

Thermocline

White potash mica (muscovite mica).

Na, U20? 6H20 insoluble in water. Pro-
duced In the Tnilling process and contained
in one form of yellowcake.

Separating substance(s) from a mixture,
by treating a solution of the mixture with a
solvent that will dissolve the required
substances leaving the others. In uranium
technology, selective transfer of metal salts
from aqueous solutions or pulp to immissible
organic liquid.

An excavation other than development
workings from which ore has been ex-
cavated in a series of steps.

(a) shrinkage stoping ore is mined in
successive flats or inclined slices
working upward from the level. Some
ore is left for support.

(b) cut and fill - similar to shrinkage
stoping except all ore is removed from
the stope and waste rock is introduced
as fill.

A section of a formation consisting through-
out of approximately the same kind of rock
material.

Solid particles entrained in air which re-
main in the air, falling slowly by gravi-
tational force.

Separation of two materials of different
densities by passing a dilute suspension
over a slightly inclined table having a
reciprocal horizontal motion or a shake with
a slow forward motion and a fast return.

Tailings are the residues resulting from
processing the ore to extract the metal
values.

A layer in a thermally stratified body of
water in which the temperature changes
rapidly relative to the remainder of the
body.
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Thorianite

Thorite

Toxicity

Uraninite

Uranophane

Uranothorianite

Uranothorite

Uranyl Compounds

Yellowcake

Mineral consisting largely of thorium
oxides.

A rare mineral consisting essentially of
thorium silicate ThSiO. usually hydrated.

Poisoning, whether acute (within 96 hours
in bioassay tests) or chronic (continues for
a long time period).

Essentially uranium dioxide UO~. It is
found as a complex mineral containing rare
earths, radium and other elements.

Stronccly radioactive orthorhombic mineral
Ca(UO2), Si2? 6H20. One of the more
common uranium miiierals. It is dimorphous
with B-uranophane.

Thorianite with uranium in partial substitu-
tion for thorium.

A uranium-bearing variety of thorite.

Compounds formed wift the bivalent radical
UO, or the ion UO, formed by uranium
trioTcide (UO,).

The final concentrate product of a uranium
mill, usually either as a sodium or am-
monium diuranate. Further processing is
required at a uranium refinery.
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