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ARSIRACT

The common method of disposing of uranium mine/mill tailings in Canada
and the United States of America is by surface impouwximent. Because these
tailings are readily able to interact with swrounding surface and near-
surface environments, the inpoundments in their operational state are not
an acceptable method for long-term disposal. However, current research in
Canada and the U.S.A. is addressing this problem and has dual erphasis: (1)
delineation of envirommental interactions and (2) stabilization or
envirommental isolation of tajlings based on the defined mechanisms of
interaction. This paper primarily addresses the first emphasis in the
field of hydrogeology.

The physical and chemical hydrogeology of uranium tailings in Canada
and the U.S.A. are described both through generalized conceptual models and
through field studies at sites in Ontario, Saskatchewan, and Wyoming. From
a physical hydrogeologic viewpoint, tailings impoundiments often act as
local recharge areas. From a chemical hydrogeologic viewpoint,
i and swrrounding areas are highly reactive geochemical systems.
Chemical precipitation—dissolution, co-precipitation, and sorption play a
role in contrelling erwirommental interaction. Through a thorough
understarding of the mechanisms of envirommental interaction, the
of envirormental impact ard the requirements for the
ervirormmental isolation of tailings can be better defined.
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1. INTRODUCTION

The cammen method of disposing of uranium mine/mill tailings in Canada
and the United States of America is by surface impoundments. Their
conspicucus presence has lead to site-specific studies of impoundments and
their surrourdings. These studies concentrate on the delineation of
envirormental interacticns with the eventual goal of stabilization or
isclation of the tailings. Recent research con this topic is supervised and
accelerated by the National Uranium Tailings Program (lapp, 1981) under
Energy, Mines, and Resources Canada in Canada and by the Uranium Mill
Tailings Remedial Action Project in the U.S.

This paper discusses the physical and chemical hydrogeologic
interactions of wranium tailings with surface and groundwater flow systems.
Selected case studies are briefly presented and conceptual models of the
mechanisms of hydrogeclogic interaction are developed. 'These models are
also applicable to other varieties of acidic and pH~neutral tailings. For
ease of ocaprehension, the conceptual models are presented before the
selected case studies.

2. ONCEPIUAL MODELS OF HYDROGEDIOGTIC INTERACTTONS

2.1 sical eo

The conceptual model of water movement in and around uranium tailings
impoundments begins with Figure 1 based on fifteen case studies (Table 1).
The taiiings are contained by man-made impourdment dams or by natural
bedrock walls. In some cases, the tailings are underlain by a local low-
permeability stratum such as peat. In cther cases, there is no Stratum C
(Figure 1) and the tailings lie directly over Stratum D. Depending on the
site, Strata D, E, F, etc. may be oonsolidated rock, unconsolidated
material, or upper unconsolidated layers lying over rock. In some cases,
Stratum O is sufficiently thick to render deeper strata relatively
unimportant for groundwater movement in the vicinity of the tailings.

Because tailings are usually discharged to an impaundment as a slurry
with more than 50% water, the elevated tailings pile is a recharge zone:
groundwater recharge occurs by seepage through the base of the tailings ard
surface water recharge occurs both by seepage through the dam or bedrock
walls and by seepage in Stratum D discharging upwards into surface
watercourses outside the impoundment area. Direct runoff from the tailings
surface is often prevented from reaching surrounding natural watercourses
because of the induced contamination of the nmoff during its travel across
the tailings surface.

In moist climates, the tailings form a water-table mound. In dry
climates, a thick unsaturated zane in the underlying strata commonly
results in a perched water table within the tailings. Depending on factors
such as rates, the unsaturated zone may eventually became
saturated and a water-table mound would then exist as in moist climates.

Water movement within an inpoundment is camplex because of the complex
stratigraphy of the tailings pile. Tailings are typically discharged to an
impourdiment through a pipe at one comer or along ane side of the




impourdment. As a result, coarse particles and high density minerals, such
as pyrite, preferentially accasmulate near the discharge pipe whereas silts
and clays and lighter minerals are transported farther from the pipe. As
fluctuatiaons in discharge, ore mineralogy, and mill processing occur, the
lateral boundaries between sand, silt, and clay migrate laterally as the
pile grows vertically. In this way, the tailings pile displays irregular
deltaic facies with interfingering of high and low permeability layers.
This interfingering produces a vertical hydraulic conductivity which is
significantly less than the horizontal conductivity, and water movement
through the tailings pile thus has a significant horizontal camponent of
flow.

The coarse particles remaining near the discharge pipe and dam produce
a relatively high permeability zone. This phencmenon, cambined with the
preferential oollecticn of high—density minerals such as pyrite near the
pipe, can produce a zone which accounts for a large percentage of the
contaminant-laden seepage leaving the impounriment. Such localized physical
phenamencn and other chemical processes (discussed below) are often ignored
by tests which determine whether tailings are potentially acid generating
through the simple comparisen of bulk acid—generation potential to acid-
neutralization potential (e.g. Duncan arnd Walden, 1975). A more realistic
approach is to anticipate the potential for localized acid problems.

2.2 Chemical Hydrogeclogy

Uranium tailings, like most metal-mine tailings, often contain acid-
generating minerals such as sulfides. Because pyrite (FeS5) is the typical
sulfide found in uranium tailings, it will be used to illustrate acid
generation in the chemical conceptual model. For non-acidic tailings, a
subset of this conceptual model will apply.

In order to initiate significant acid generation through pyrite
oxidation, there are three main inorganic ingredients: oxygen, water, and
somewhat acidic (pH<6-7) conditions. As long as a significant quantity of
neutralizing mirerals (calcite, CaC0y, for example) exists with the pyrite,
the pH remains high ard the pyrite may remain relatively dormant. However,
as rainfall (generally at pH 4-6) infiltrates through the tailings, it is
neuatralized, thereby dissolving the calcite. Eventually the surficial
tailings will be devoid of calcite and, with the presence of oxygen and
infiltrating water, slowly oxidizing pyrite can begin to rapidly oxidize.
Acid water is then produced ard migrates downward into the tailings pile
until it encounters deeper calcite and is neutralized. However, because
the deeper calcite is dissolved, the acidification of the entire tailings
pile may develop, with a downward migrating zone of pyrite oxidation
through time. The rate of dowrmard movement of the zone and the rate of
acid generation can be expected to decrease with time because the distance
for oxygen diffusion increases with depth and the volume flux of oxygen
thus decreases with depth. If the tailings pile is disturbed, excavated,
or moved at this point, the rate of acid generation may accelerate.

This scenario of acidification of tailings despite an initial presence
of abundant neutralizing minerals represents a limitation mentioned in the
previous section an tests for determining whether tailings are potentially
acid genmerating. Through this scenaric, tailings which have far more acid-
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neutralization capacity than acid—generating capacity, and are thus
declared environmentally safe, may become acidic at a future time.

As explained in the previous section, a region adjacent to a discharge
pipe and dam may have a relatively high permeability and a preferential
accumulation of pyrite. Because of the greater flux of water ard axygen,
neutralizing minerals may dissclve more rapidly and pyrite may oxidize
faster than in the bulk tailings. Additionally, if the dam is composed of
coarse-rock f£iil only, oxygen diffusion intoc the entire cross-sectian of
the adjacent tailings could be significant and thus pyrite may oxidize
simultanecusly throughout the entire thickness of the pile adjacent to the
dam.

Although pyrite oxidation is a multi-stage process with camplexities
such as intermediate sulfur species (e.g., Morin, 1986) and bacterial
mediation, the overall reaction assuming oxygen is the only axidizing agent
is:

FeSy(g) + 7/2 Oy + Hy0 Fe?* + 250427 + 21t (1)
Thus, two moles of H' are produced for each mole of pyrite plus the
ocontribution of Fe to total acidity. If the aquecus iron oxidizes and
precipitates, four moles of H' are produced for each mole of pyrite:

FesSy (s 5/4 0y 1 7/2 1,0 Fe{CH)q(g) + 250427 + 4’ (2}
For those sites which have insignificant levels of pyrite, but which had
acidic mill water discharged directly into the impoundment, this stage of
the conceptual model is reached without pyrite oxidation.

The low-pH condition of the tailings porewater induces heavy metal and
radionuclide concentrations to increase by dissolution of minerals in the
tailings and by the release of adsorbed species. This acidic contaminant-
laden water migrates with a dowrward camponent of flow through the tailings
pile and eventually encounters neutralizing minerals at same depth in the
pile or natural strata. Upcn  neutralization, pH increases and
concentrations of major ions, metals, and radiomuclides decrease through
geochemical processes of precipitatian, co-precipitation, and adsorption
(Morin ard Cherry, 1986 and 1588). Eventually all neutralizing minerals at
a particular depth are dissolved and acidic corditions then prevail. At
this point, the precipitated, co-precipitated, and adsorbed contaminants
are remobilized by the low-pH water and they are carried further into
deeper tailings or the wderlying natural flow systems until neutralizing
minerals are again encountered.

The above sequence representing migration of acidic water is more
complex than is apparent from bulk mixing of acidic water and neutralizing
minerals such as in a laboratory batch test. This ocamplexity can be
an example employing acidic seepage migrating laterally
through an aquifer initially containing calcite (Figure 2).

The acidic, contaminated seepage begins to enter the calcareous
agquifer and the pH is neutralized by the dissolution of calcite. If the
neutralized pH is greater than 6.4, the neutralization reaction is:



HY + Caa:)}(s) @2.{, + HCD3— (3)
otherwise:
2H' + Ca00y (g, ca?t + Hy004° (4)

There is a difference of a factor of 2 in the neutralization capacities of
Equations 3 and 4, highlighting the importance of identifying the
neutralized pH. For the exanple based on Figure 2, calcite is arbitrarily
assumed to neutralize pH from 2.0 to 5.5.

Because acidic uranium-tailings water is commonly high in aquecus
sulfate and near gypsum saturation, the addition of aguecus calcium by
neutralization initiates gypsum precipitation:

Ca?* + SD427 + 2H,0 Cas0, - 2Hy0 gy (5)

Neutralization of pH also initiates the precipitatien of minerals such
as siderite:

FeZ* + Hy004C 2H* + Fe(; (g (6)
ferric hydroxide:
Fedt + 3H,0 3HY + Fe(OH)3(s) (N

and aluminum minerals, simplified here to Al(OH)j:

A% + 3H0 3HY + AL(OH)3(g) (8)

There are many aluminum minerals which may precipitate from this type
of water (Nordstrom, 1982), but Al(OH}; is considered satisfactory for the
purpose of this exanple. Co-precipitation with the above minerals ard
adsorption remove radicnuclides and other metals from the water.

As all calcite near an i t dissolves, the acidic water then
induces the precipitated siderite to dissclve (reverse of Equation 6) which
nevtralizes pH, for exanple, from 2.0 to 5.2 because of the lower
solubility of siderite relative to calcite in this type of water. As this
pH 5.2 water migrates away fram the impoundment, it eventually encounters
urdissolved calcite, at which time the pH is raised fram 5.2 to 5.5.
Mearwhile, when all siderite is dissolved in the vicinity of the
impourdment, the acidic water initiates the dissolution of precipitated
Al{CH) 4 (reverse of Equation 8), thereby raising pH from 2.0 to 5.0 in this
exanple. Similarly, when all Al(CH) 5 is dissolved, Fe(CH)3 begins to
dissolve, thereby raising pH to 3.5 in this example. Finally, when all
Fe(CH}, is dissolved, the unaltered acidic water is free to move into this
portion of the aquifer. Depending on solubility constraints and aquecus
complexation, dissolution of the precipitated gypsur may contribute
slightly to pH neutralization. Because this sequence of contaminant
migration imolves both spatial and temporal trends, a theoretical step
profile develops such as depicted in Figure 2 and the length of each pH
plateau increases with time.
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For simplicity, each plateau is called a "sub-region" preceded by the
name of the dissolving mineral of the conceptual model which is responsible
for the pH. The pH with the highest pH 1s the calcite sub-region and the
secand plateau in Fiqure 2 is the siderite sub-region. Not all sub-regicns
exist at every tailings site. For example, if unaltered tailings seepage
is at pH 4, then Fe(CH)3 will not significantly dissolve.

The sub~regions form the "neutralization zone"; the unaltered acidic
water is called the “inner core"; and the distant part of the calcite sub-
regicn where no significant reactions are ocourring is called the "outer
zone".

Because of extensive agquecus ocamplexaticn, competing pH buffering
reactions, and mineral precipitation-dissolution, this geochemical
conceptual model is difficult to visualize and requires the assistance of
computer simulation for a clearer understanding. The details of sub-—
regions, ocontaminant migration, retardation factors, and simulations of
past, present, and future conditions with "ADNEUTY computer programs are
located in Morin (1983), Cherry et al. (1984), and Morin and Cherry (1986).

For tajilings impoundments with seepage at neutral pH, either acid is
being generated and neutralized within the tailings pile so that the
seepage presently represents the calcite sub-region of the neutralization
zone oOr no acid is being gernerated so that the seepage represents the
geochemically quiet outer zone. In the latter case, infiltration of
slightly acidic precipitation can create a neutralization zone.
Nevertheless, the chemical conceptual model developed here can account for
water quality found at acidic and pH-neutral tailings sites. In the event
that highly alkaline, high-pH mill discharge is moving throwxgh a tailings
pile, additional reactions such as calcite precipitation may be inportant,
but this scenario is not addressed in this paper.

3. CASE STUDIES

3.1 Norchc Main Impoundment, Elliot iake, Ontaric
i t has been studied since the mid-1970's and this site

has prov1ded detailed data for the initial formulation of the conceptual
models. Descriptions of the physical and chemical hydrogeolcgy of the
Nordic Main area are presented in Dubrovsky (1986), Morin and Cherry
(1986), Morin (1985), Dubrovsky et al. (1984), Morin (1983), and Morin et
al. (1982).

Deposition of the tailings in the Nordic Main impoundrent ended in
1968 and ponded water was subsequently drained from the tailings surface
and a vegetation ocover established. The water table elevation in the
tailings generally decreases fram the bedrock wall on the north towards the
impondment dam on the south and east (Figure 3). This configuration is th
e result of the relatively impermeable peat layer which urderlies much of
the tailings, except near the dam. As a result, tailings water - anerally
moves towards the dam and into the wderlying sand aquifer. In places,
this seepage is acidic through pyrite oxidation.



Pyrite, which is represents 3 to 7 weight-percent (wt~%) of the
tailings, typically oxidizes only within 1-2 meters of the surface in the
unsaturated zone. The acidic water is neutralized at depth where trace
amiints of carbonate minerals exist. In places, reactive pyrite has
apparently been removed through cxidation from the shallow tailings and
thus very acidic pH's are rot observed. Evidence for the operation of the
chemical conceptual model is present, but the Al ((H) 3 sub-region is complex
because of the presence of several Al-S0,-CH minerals (Dubrovsky, 1986).

Near the coarse-fill rock dam, pyrite apparently oxidized at depth in
the tailings pile and shallow, acidic seepage is cbserved in the aquifer.
Because the aguifer contains up to 1.5 wt-% calcite, the many of the sub—
regions of the conceptual model exist, although contacts of the sub-regions
are not welldefined step functions because of the spacing of monitor
points and temporal changes in the rate of acid generation. Because the pi
is greater than 4 in many of the seepage areas arournd the impourdment, the
Fe(OH) 3 sub-regicn rarely develops. At the main seepage site, Seepage Area
A, inner-core pH is approximately 4.5 and outer-zone pH is about 6 {Fiqure
4). Within the neutralization zone, the calcite sub-region has a PH near
5.5 with a predicted retardation factor (R.F.} relative to the groundwater
velocity of 14%, the siderite sub-region has a pil near 5.2 and an R.F. of
0.46%, and the Al(CH)3 sub-region has a pH near 5.0 ard an R.F. of 0.20%.
The calcite-siderite solid sclution (Morin ard Cherry, 1986} and the
apparent presence of three Al minerals (Al(CH);3, AlOOH, and allophane)
corplicates the neutralization zone. Both co-precipitatien and adsorpticn
are important in removing aqueous metals and radicmuclides within the
neutralization zone.

3.2 Greyhawk Waste-Rock Dump, Bancroft, Ontario

This dump of uranium-mine waste rock was formed by the piling of rock
onto a sandy plain during mining of a nearby ore zone in an intrusive
batholith (Figure 5). This dump has been exposed to weathering since 1956.
The hydrogeology of this site is discussed in detail in Veska (1983) and
briefly in Morin (1983).

The inner-core pH is near 3.5 and the outer-zone pH is near 8.0
(Figure S). The neutralization zone contains two sub~regions: calcite near
pH 6.9 with a retardation factor (R.F.) relative to groundwater velocity of
7.2% and siderite near pH 6.0 with an R.F. of 3.8%. Either the inner core
is located in and beneath the dump at pH 3.7 or the inner core still lies
in the duwp and a minor Fe(CH)3 sub-region which raises inner—core pH to
3.7 beneath the dump. Because of the relatively small amount of mineral
precipitation at this site, adsorption is the major mechanism for the
attenuation of aqueous trace contaminants and radiomuclides.

ilis omi
{1981) and is evaluated

3.3 ican ne. S

This site is described in Highland et al.
through the conceptual models in Morin (1983). The tailings impoundment
lies over the Wind River Formation sandstone (Figure 6}, which is an
unconfined aquifer in the area. In 1960, acidic seepage began draining
into the unsaturated zaone beneath the impourdment and, within one year, the
aquifer beneath the pond was saturated amg steady-state ocorditions
established. The seepage has been found to generally migrate laterally in
the aquifer towards the northwest.
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The aquifer contains 0.1-1.0 wt-% equivalent CaC04, which probably
exists as calcite, and, because surficial pond water (inner core) is at je'sh
1.9, several sub-regions have developed. The calcite sub-region has a pH
near 6.0 with a calculated retardation factor (R.F.) of 14%. There is
apparently no siderite sub-region at this site. The Al (OH) 3 sub-region has
a pH near 4.3 and an R.F. of 14%. The Fe(OH); sub-region has a pH near 3.2
and an R.F of 9%,

The relatively low pH of the Al(OH)3 sub-region indicates the presence
of a low-solubility alumimm mineral such as boehmite (AlOCH) and the
results of a speciation model (Morin, 1983) suggests allophane and ALOHSO,
exist at other locaticns at the site.

The importance of alumimum information for the proper simulation of
contaminant migration at many sites is apparent, but is occasionally
overlooked. At the Wycming tailings t described by Taylor and
Antommaria (1978) and Taylor (1580}, Morin (1983) demonstrated that the
lack of alumimum analysis prevents the understarding and the simulation of
contaminant migration.

At this site, the tailings impoundment lies over an alluvial sand
aquifer and a deeper clay layer (Figure 7). Seepage from the tailings,
which began in 1976, flows eastward in the sand aquifer {(Figure 8). This
site is described in Cherry et al. (1982) and Morin (1983).

Bacause the pond water (inner core) has a pH of 1.8 and the cbserved
seepage which has passed from beneath the impoundment is pH-neutral, a
neutralization zone likely exists beneath the impourkdment. Simulations
with the ADNEUT programs indicate the present conditions can be matched if
the hidden neutralization zone has two sub-regions: a calcite sub-region
near pH 5.9 with a predicted R.F. of 30% ard a Fe(CH) 3 sub-region with pH
near 3.0 and an R.F. of 2.2%. With these retardation factors, the Fe(CH),
sub-region at pH 3 is predicted to pass from beneath the impoundment within
a few years.

3.5 Amok 1td./Cluff Mining Teilings Impourdiment, Saskatchewan

Uranjum tailings in northern Saskatchewan typically contain less
pyrite than Elliot Lake tailings and are discharged at alkaline pH unlike
older Wyaming tailings. As a result, acidic water is not cammen, although
surficial acidic seepage of pH 3 with Fe(OH) y precipitate has been cbserved
near same impoundment dams in Saskatchewan. Additionally, some locally
porded water on tailings has been found to be strongly acidic. These and
other observations suggest the chemical conceptual model is operational at
these locations, Wt the lack of data on solid-liquid interactions and on
redox reactions in Saskatchewan tailings anly allow a preliminary
assessment of the sites in terms of the model.

The tailings impoundment (Figure 9) rests on a layer of peat which in
turn lies over a sand stratum and bedrock. The peat is reportediy
cantimious beneath the tailings, minimizing seepage into the sand aquifer.
Ground and surface waters move generally in a southwesterly direction into
Snake Lake and no significant change in the water quality of Smake Lake has




been abserved.

The tailings pond water is generally near pH 7.3 and is in equilibrium
with calcite, gypsum, and probably Fe(OH)5. Therefore, if acidic
corditions develop or acidic seepage is found, the conceptual model would
likely apply. Same neutral-pH ter seepage with high iron
concentrations produce a laboratory pH of 3.0-3.5 when oxidized, indicating
discharge of this water to the surface would create an Fe(OH); sub-region.

3.5 Key Lake Mining Tailings Impoundment, Saskatchewan

This lmpoundment represents a major advance in  the design of
impoundinents. The fully-engineered impoundment (Figure 10) is built on a
natural sard stratum, but includes a constructed basal clay layer for
seepage control. A thin sand layer constructed between the clay and the
overlying tailings drains tailings seepage by gravity towards the east side
of the Impoundment, beneath the dam, and into sumps. This area was
recently investigated under the direction of the National Uranium Tailings
Program (Knight and Piesold Ltd., 1985).

Knight and Piesold (1985) found that the tailings contain more than
0.1 wt-% of sulfide minerals such as FeS; and CoS; however in their
analysis they did not distinguish between important minerals such as FeS;
(acid generating) and Fe(OH)3 (acid neutralizing at low pH). Nevertheless,
the potential for the coperation of the conceptual model exists. At this
time, tailings seepage has a pH near 7.1 and is in equilibrium with
calcite, gypsum, Al(CH)j3, and possibly Fe(CH);. This is typical of calcite
sub-regions at other sites and, thus, a neutralization zone and inner core
may be developing at some location in the tailings pile. However, the 5
wt~% calcite in the tailings should prevent any widespread acid development
for many years.,

4. ORNCIOSIGN

This paper has compiled the physical and chemical hydrogeology of
numerous uranium tailings sites and their surrcundings into conceptual
models. The physical conceptual medel is relatively simple: the tailings
impoundgment acts as a recharge area for surface and groundwaters. Recharge
occurs tlb seepage of tailings porewater through the base of the

rough
tailings pile and through inpoundment walls.

The chemical conceptual model includes acid generation  and
precipitation-dissolution of calcite, gypsum, siderite, Fe(OR};, Al(OH)j3,
and related minerals. These minerals cambined with agqueous pH buffering
reactions and aquecus conplexaticn form a camplex scenaric for a
theoretical step-function degradation of water quality. Aquecus
concentrations of radiomuclides and metals are reduced by precipitaticn,
co-precipitation with various minerals of the conceptual model, and/cr
adsorption. The time- and distance—deperdence of this conceptual model
demonstrates the limitatjions amd predicted errors of batch tests, acid-
generation-potential tests, and bulk measurements for prediction for
contaminant migration and degradation of water quality. local acid
anamalies should be anticipated at most sites.
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The conceptual models draw on the results of fifteen field studies in
Canada and the United States of America. Several studies are briefly
presented to illustrate the application of the models and Table 2, which
summarizes several simulations, indicates the calcite sub-region typically
has an equilibrium pH of about 5.5 and greater, the siderite sub-region has
an equilibrium pH in the range of 5.1-6.0, the Al(OH)3 sub-region has an
equilibrium pH of abocut 4.3-5.0, and the Fe(OH)3 sub-region has an
equilibrium pH in the range of 3.0-3.6 Not all sub-regions necessarily
exist at a site and the appearance of a sub-region is deperdent on aquecus
reactions, solid-liquid interactions in upgradient sub-regions, and the
chemistry of the inner core. Furthermore, processes such as dispersion and
chemical kinetics can be expected to distort the boundaries of sub-regions
to same extent so that the ideal step function does mot appear along a
flowpath. Lack of data such as Eh, aguecus Al concentraticns, and calcite
concentrations limit the understanding amd simulation of water quality
degradation at some sites.

Through the understanding of these conceptual models, more reliable
predictions of envirommental impact can be made and appropriate plans for
the abandorment or isolation of tailings can be designed. The conceptual
madels described in this paper are applicable to cther types of tailings
and to acid drainage in general.

ACKNOWLEDGEMENTS

Many thanks go to the Institute for Groundwater Research (University
of Waterlcoo) and Morwijk Enterprises for providing the time and funds for
this research and paper.

REFERENCES

Blackport, R. 1980. Patterns of Groundwater Flow, pH, ard Electrical
Conductance in the Nordic West Arm Tailings, Elliot Lake, Ontario.
Final Report, Supply amnd Services Canada Contract 20-S.U.-23440-0-
90c48.

Cherry, J.A., K.A. Morin, and N.M. Dubrovsky. 1984. Modelling of
Contaminant Migration in Acidic Groundwater Plumes at Uranium Tailings

Impourdments: ADNEUT3, National Uranium Tailings Program (Energy,
Mines, and Resources Canada) Contract OST83-00284.

Cherry,J.A., T.A. Shepherd, and K.A. Morin. 1982. Chemical carposltxon
and geodmeﬂucal behavior of contaminated groundwater at uranium
tailings impoundments. SME-AIME Anrmual Meeting, Dallas, Texas, Feb.

14-18, Preprint No. 82-114.

Dubrovsky, N.M. 1986. Geochemical Evolution of Inactive Pyritic Tailings
in the Elliot Lake Uranium District. Ph.D. thesis, Department of
Earth Sciences, University of Waterlco.



Dubrovsky ,N.M., K.A. Morin, J.A. Cherry, and D.J.A. Smyth. 1984, Uranium
tailings acidification and subeurface contaminant migration in a sand
aquifer. Water Pollution Research Journal of Canada, 19, p.55-89.

Duncan,D.W., and C.C. Walden. 1975. Prediction of Acid Generation
Potential. Report for the Envirommental Protection Service of
Envirorment Canada.

Feenstra,S., R.D. Blair, J.A. Cherry, J.L. Chakravatti, and E. laRoccque.
1981. Hydrogeochemical investigations of two inactive tailings areas
in the Elliot Lake uranium district, ontario, Canada. ings of
the Fourth Symposium on Uranium Mill Tailings Management, Colorado
State University, Fort Collins, Cclorade, October 1981,

Gee,G.E., A.C. Canpbell, B.E. Opitz, and D.R. Sherwood. 1980, Interaction
of uranium mill tailings leachate with Morton Ranch Clay Liner and
s0il material. Symposium on  Uranium Mill Tallings Management,
Colorado State University, Fort Collins, <olorado, November 24-25,
1980,

Highland,W.R., L.T. Mudock, and E. Kemp. 1981. Design and seepage
modeling studies of below-grade disposal, West Gas Hills, ing.
Symposium on  Uranium Mill Tailings Management, Colorado State
University, Fort Collins, Colorado, Octaober 1981.

Hoffman,G.L. and S.J. Playton. 1981. Preliminary Report On The Evaluation
Of The Ground-water Hydrology In The Vicinity Of Petrotamics' Tailings

Reservoir, Shirley Basin, Wyamning. Hydro-Engineering, Casper,
Wyaming.

Knight and Piesold Limited. 1985. Monitoring of Lavered Uranium Tailings
- Phase I. National Uranium Tailings Program (Energy, Mines, ard

Resources Canada) Contract 0SQ84-00088,

Lapp, P.A. 1981. Report of the Nationmal Technical Planning Group on
Uranium Tailings Research. Presented to CANMET, Energy, Mines, and
Resources Canada, September 1981.

Morin, K.A. 1986. Validity of redox measurements in hydrogeclogic studies.
Third Canadian Hydrogeologic Conf . International Association of
Hydrogeologists, Saskatoon, Saskatchewan, April 20-23, 1986, campiled
by G. van der Kamp and M. Madunicky.

Morin, K.A. 1985. 1984 Geochemical Study of the Acidic Contaminant Plume
near the Nordic Main Uranium-Tail ings Impourdment, Ellict lake,
Ontario. National Uranium Tailings Program Contract GSQ84-00229.

Morin, K.A. 1983, Prediction Of Subsurface Contaminated Transport In
Acidic Seepage From Uranium Tailings Impoundments. Ph.D. Thesis,
Department of Earth Sciences, University of Waterloo, Ontario.

Morin K.A, and J.A, Cherry. 1988. Variation in natural-decay-series
disequilibrium along groundwater flowpaths. Intermational Groundwater
Symposium of the International Associaticn of Hydrogeologists, these

proceedings,

Morin, K.A. and J.A. Cherry. 1986. Trace amounts of siderite near a
uranium-tailings inpoundment, Elliet lake, Ontaric, amd its
implication in econtrolling contaminant migration in a sand aquifer.
Chemical Geology, 56, p.117~134.

Morin,K.A., J.A. Cherry, T.P. Lim, and A.J. Vivyurka. 1982. Contaminant
migration in a sard agquifer near an inactive tailings impouncment,
Elliot lake, Ontario. Canadian Geotechnical Journal, 19, p. 49-62.

Nelson,R.W., A.E. Reisenaver, and G.E. Gee. 1980. Model Assessment of
Alternatives for Reducing Seepage fram Buried Uranium Tailings at the
Morton Ranch Site in Central Wyaming. U.S. Nuclear Regulatory
Commission NUREG/CR-1495.

Nordstrom, D.K. 1882. The effect of sulfate on alumimm concentrations in
natural waters: same stability relations in the system Al;03-S04-Ha0
at 298K. Geochimica et Cosmochimica Acta, 46, p. 681-692.

SRK (Steffen, Raobertson, and Kirsten).
Disposal Technolegy.
155Q.23317-6-1730.

1987. Canadian Uranium Mill Waste
National Uranjum Tailings Program Centract

Taylor, M.J. 1980. Radiomuclide movement in seepage and 1ts control.
of the First Intermational Conference on Uranium Mine
Waste Disposal, May 19-21, Vancouver, British Columbia, SME-ATME, p.

205-244,

Taylor, M.J., and P.E. Antcmaria. 1978.
at uranium tailings disposal sites.
Tailings Management, GOolorado
Colorado, Nov. 20-21, 1978.

Immabilization of radionuclides
Symposium  on Uranium Mill
State University, Fort Collins,

Veska, E. 1983. Origin And Subsurface Migration Of Radicrnuclides From
Waste Rock At An Abandoned Uranium Mine Near Bancroft, Ontaric. FPh.D.
Thesis, Department of Chemistry, University of Waterloo, Ontario,




TABLE 1 TABLE 2

List of Field Sites Used in the Conceptual Models Results of Camputer Simulations at Sites
NAME  LOGCATION REFERENCE
| ————————~SUB~REGICH ]
Nordic Main Impoundment ontario Dubrovsky et al. (1984), CALCITE SIDERITE Al (OH) 5 Fe(CH) 3 Inner C.
Morin (1983)
Nordic West Arm Inpounchment Ontario Blackport (1980), SITE pH EF! pd  Rrl pH RF! B Rrr! B
Dubrovsky (1986)
Lacnor Impoundment Ontario Dubrovsky (1986)
Quirke Impoundment oOntario Dubrovsky (1986} Nerdic Main 5.5 14% 5.2 0.46% 5.0 0.20% NP2 NP 4.5
Williams lake Impoundment. Ontario Feenstra et al. (1981) Greyhawk 6.9 7.2% 6.0 3.8% NP NP 3.77 NP? 3.5
Stanrock Impoundment Ontario Feenstra et al. (1981) Federal American 6.0 14% NP NP 4.3 14% 3.2 9% 1.9
Greyhawk Waste-Rock Dump Ontario Veska (1983) “Shirley Basin" 5.9 30% NP NP NP NP 3.0 2.2% 1.8
Petrotamnics 5.9 3.5% 5.1 1.5% 5.0 1l.1% 3.5 0.7% 2.2
“South central Wy'3 6.4 3.7-5.4 5.3 10.7% ? ? NP NP 1.8
"Shirley Basin Uranium District" Wyoming Cherry et al. (1982) Morton Ranch? 6.1 NP 4.8 3.6 1.8
Federal American Partners Tmp. Wyaming Highland et al. (1981)
"South—central Wyoming" Imp. Wyoming Taylor {(1980)
Petrotamics Tailings Wyaming Hoffman and Playton (1981)
Morton Ranch Experiments wWyoming Gee et al. (1980) 1 - retardation factor relative to groundwater velocity
2 = NP: not present at site
3 = calibrated simulation not possible due to lack of alumirum data
Amok/Cluff Mining Impoundment Sask. Open reports to gov't. 4 = laboratory column experiments; some experimental details lacking
Key Lake Mining Impoundment Sask. Knight and Piesold (1985)
Eldor Mines Rabbit Lake Tailings Sask. SRK (1987}
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Figure 2. Schematic diagram of lateral migration of sub-regions Figure 1. Schematic dragram of tne physical conceptual model

and the inner core.
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