


















































































































































































































































































































































































































































































































































































































































































318 SEEPAGE CONTROL METHODS 

Chlorosu[fonated Polyethylene ("Hypalon"). "Hypalon" is perhaps 
the most common membrane in tailings impoundment applications. Avail­
able and commonly used in 30 and 36 mil thicknesses, it is resistant to 
most chemicals in mill effluent, including petroleum derivatives in low 
concentrations. It has good aging characteristics, and, significantly, it can 
undergo direct sunlight exposure, precluding the need for a soil cover on 
exposed sideslopes. Its cost per unit area is very roughly twice that of 
PVC. A "Hypalon"-lined tailings impoundment is described by Lubina et 
al. (1979). 
Chlorinated Polyethylene (CPE). CPE is similar to "Hypalon" in most 
characteristics, but at a cost intermediate between that of "Hypalon" and 
PVC. 
Elasticized Polyole.fin (EP). EP is a relatively new material. It has good 
sun-aging characteristics and need not be covered. It is roughly compara­
ble in cost to "Hypalon" but does not have high resistance to petroleum 
derivatives. 
High-Density Polyethylene (HDPE). Another relatively new material, 
HOPE has good chemical, weathering, and sunlight resistance. It is avail­
able in thicknesses ranging from 20 mils to 140 mils. Where thicker mate­
rials are used (80-100 mils), puncture and tearing resistance is improved 
compared to other thinner liners, but at a proportionally higher cost per 
unit area. Small et al. (1981) describe an application of HOPE to a tailings 
impoundment. 

Usually an impoundment is lined with only one material, but in some 
cases, it is possible to join liners of two different types. For example, PVC 
and "Hypalon" can be joined with a factory splice, making it possible to line 
an impoundment bottom with less expensive PVC and the sideslopes, where 
sunlight exposure is a concern, with "Hypalon" or other similar materials. 
Webb et al. (1980) describe one such hybrid application. 

Synthetic membranes have only recently been constructed for tailings 
impoundments, so there is some experience with their installation but little 
with operation. Considering that an impoundment membrane alone may cost 
several million dollars, it becomes evident that cost is a major factor in the 
selection of liner materials. Differences in tearing and puncture resistance 
are usually more a function of liner thickness than material type, and for 
equivalent thickness, the strength of the various liner materials is more or 
less similar. Because design constraints for membrane liners are not primar­
ily site specific, economics play a major role in material selection. 

Design of Membrane Liners 

After selection of a material type that is compatible with the mill effluent, the 
most important issue in membrane liner design becomes selection of mate-
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rial thickness, and in this regard, the term "design" is somewhat of a mis­
nomer. Liner thickness is determined on a largely empirical basis from expe­
rience with water-impounding reservoirs. In general, a liner thickness that 
has petf ormed adequately in water-retention applications is ordinarily as­
sumed to be suitable for tailings impoundments. However, past precedent 
must be invoked with considerable caution because of several unexplored 
areas in the mechanical behavior of liners un_der tailings deposits. First, 
tailings, having a higher unit weight than water, will apply higher unit verti­
cal stress to the liner and often with greater depths. Second, tailings, unlike 
water, exert shear stresses on inclined portions of the liner. The behavior of 
liner materials under applied shear stresses has not been evaluated on either 
a theoretical or experimental basis, although Andrawes et al. (1980) present 
the results of research applying to embankments that incorporate liners. 
Until adequate theoretical models are available, it is likely that design of 
liner thickness will continue to be empirical, incorporating actual operating 
experience with tailings impoundments as it becomes available. 

Other elements of liner design involve earthwork. Because it is impracti­
cal to install liners on slopes steeper than about 3 : 1, the presence of a liner 
can control the steepness of the upstream slope of an embankment, poten­
tially adding considerable volumes of fill. Also, .the liner must be underlain 
with a smooth bedding of sandy soil, which may not be readily available. 
More than a few failures of membrane liners by puncturing have been caused 
by inadequate bedding. For impoundments which contain liquid effluent 
only, it is sometimes necessary to provide vents or underdrains to remove 
subgrade gas that might otherwise lift the liner. Baldwin (1983) describes the 
use of a geotextile sublayer below the liner for gas venting purposes. 

Exposed liners on slopes must be protected against wind lifting, wave 
action, and, depending on the material, sunlight exposure or contact with 
floating oils. While gas vents rnay provide a solution to the wind-lifting 
problem, it is often the case for a variety of reasons that soil is used to cover 
exposed portions of the liner on slopes. The soil cover, in turn, must be 
overlain by riprap to prevent its being eroded. Obtaining and placing these 
materials without damaging the liner often poses a major design problem and 
results in major added expense over and above the cost of the liner. itself. 

Effectiveness of Membrane Liners 

Leakage through. membranes results from two sources: leakage due to 
pinholes and porosity in the material itself, and leakage through tears or 
seams joining individual sheets. Leakage through tears and seams is usually 
assumed to be the major source of seepage loss, and the quantity of seepage 
is primarily a function of the quality of field seaming procedures and the care 
taken to prevent punctures during installation. Even for well-constructed 
membranes, some leakage through seams undoubtedly occurs, but the quan­
tity is impossible to predict. 
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Leakage by the other mechanism, flow through the intact material, is 
usually considered so small as to be negligible. Nevertheless, this flow may 
in fact be comparable to that of other types of liners. Although the pemie­
ability of membrane liners is exceedingly small, it is finite, and a few mea­
surements have been reported in the literature. For example, assuming a 30-
mil liner and using a permeability of 10- 10 cm/sec, as cited by Buelt and 
Barnes (1981) for "Hypalon," calculations similar to those presented in 
Figure 11.3 can be made under the assumption that Darcy flow governs liner 
seepage. These calculations suggest that seepage through the intact liner 
material itself could be virtually the same as for the slimes liner and clay 
liner shown in Figure 11. 3, not accounting for any tears that might be pres­
ent. 

Both the above factors suggest that some seepage can be expected 
through membrane liners but that the quantity is difficult or impossible to 
predict. Perhaps it is this lack of predictive methods that leads to the mis­
leading application of such terms as "impervious" to membrane liners. This 
should not be taken as an indictment of membranes in particular, but it 
should emphasize the fact that, while seepage can indeed be reduced, 
achieving "zero discharge" from any type of liner~membrane, clay, or 
otherwise-is physically impossible. 

A major issue in evaluation of membrane liners is often longevity. The 
service life of liners is somewhat clouded by the limited time frame of oper­
ating experience with individual materials. The data that are available sug­
gest that properly protected liners compatible with the contained effluent 
experience little or no deterioration after 10 yr or more (Hickey, 1969). 
Laboratory tests that simulate accelerated aging usually indicate useful lives 
for most materials in excess of 20 yr. On the basis of these factors, it appears 
that most properly constructed membrane liners can be expected to have a 
service life at least as long as the active life of most tailings impoundments. 

EFFLUENT MODIFICATION 

Mitigating the effects of seepage can be brought about in two general ways: 
by engineered structural measures, or by changing the nature of the effluent 
to eliminate toxic contaminants. Considering the high cost of liner systems 
and the inherent uncertainties in their effectiveness, modifying the effluent 
should not be overlooked as an alternative where strict groundwater protec­
tion criteria would otherwise require liners or other expensive seepage­
control systems. Eliminating contaminants from the effluent stream can re­
sult in considerable savings in tailings disposal cost if by so doing a Type I or 
Type II rather than a Type III system can be constructed. 

Modifying the effluent can be accomplished by either pretreatment of the 
effluent or by modifications to the metallurgical process. A good example of 



SUMMARY 321 

pretreatment is cyanide-laden effluent from gold leaching. Here, relatively 
simple chlorination or oxidation treatment of effluent prior to discharge can 
allow disposal of tailings under considerably reduced seepage restriction 
requirements and at appreciably reduced impoundment cost. Also, im­
poundment design may be simplified by allowing for discharge of extreme 
flood inflows through spillways if a high-quality effluent can be obtained. 
Similarly, neutralization of low-pH effluents, such as uranium, can be an 
economical alternative to stringent impoundment seepage controls if the 
cost of neutralization can be shown to be less than the cost of impoundment 
liners or similar measures. 

Metallurgical extraction processes have historically been designed to 
maximize extraction efficiency by using the most effective grinding pro­
cesses and reagents. Tailings and effluent disposal costs have in the past had 
an insignificant effect on process design, and these costs have often been 
neglected in comparing alternative processes. With increasingly stringent 
regulations, however, disposal costs may have a significant effect on process 
alternatives where toxic or otherwise detrimental reagents are added. If 
disposal costs are included, it might be found economical, for example, to 
eliminate such flotation reagents as cyanide or pH modifiers. Substitution of 
less harmful reagents resulting in reduced seepage-control cost might be 
possible with little loss in extraction efficiency. 

SUMMARY 

Fundamental to evaluating seepage-control measures is defining their objec­
tives and intent. Depending on the degree of groundwater protection neces­
sary and the precise terminology used to define and measure the effects of 
seepage, control measures on a number of levels may be possible. On the 
least complex level, the nature of the mill effluent, the groundwater regime, 
and the effectiveness of geochemical processes may not justify special seep­
age-control measures. In other cases, partially effective control measures 
may be justified if the seepage effects are monitored during operation. In 
extreme cases of highly toxic effluent, high contaminant concentrations, and 
critical groundwater protection goals, liners of one kind or another are often 
required. 

Table 11.2 summarizes the advantages and disadvantages of the various 
seepage control measures discussed in Chapter 11. Some methods, such as 
cutoff trenches and collector ditches, are relatively inexpensive but are ef­
fective in specific circumstances. Other methods, such as slurry walls and 
grout curtains, are usually expensive and may be effective or practical only 
under specific site conditions. While the most effective methods of seepage 
control are usually considered to be clay or synthetic liners, there are major 
costs and major uncertainties associated with both. With regard to the effec-
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tiveness of liners, two things are clear. One is that liners can reduce seepage 
relative to that from an unlined impoundment. However, they are by no 
means impervious. "Zero discharge," even with the use of impoundment 
liners, remains an elusive goal. Recognition of this fact emphasizes the point 
stressed by Taylor and Antommaria (1979): ultimately, it is the naturally 
operating geochemical and groundwater flow processes which determine the 
degree to which contaminants affect groundwater resources, and even ex­
pensive structural measures cannot substitute for a detailed understanding 
of the impoundment site and the chemical nature of the materials it contains. 



12 
Reclamation of Tailings 
Impoundments 
By about 1900 the original Comstock Lode was dead . ... A cyanide scavenger 
moved in, erected a dragline with a clamshell bucket to seize the tailing, 
cleaned it out, and dumped it back in the Gold Canyon stream bed, where it is 
now visible as a dead-whiteflat of detritus. Vegetation is only now beginning 
to creep over this flat, a generation after the last bucket was dumped. 

Otis Young, Western Mining 

Reclamation is a concept relatively new to the field of tailings disposal. 
Traditionally, the day of mine closure resulted in the establishment of a new 
mining ghost town, with the tailings pile being one of its chief artifacts. If the 
climate and chemical nature of the tailings were not too severe, volunteer 
vegetation might eventually establish itself. But more often than not, the old 
tailings piles, located mostly in or near streambeds, were washed away 
during floods before any natural vegetation could establish itself. 

Such practices are obviously no longer appropriate in a present-day con­
text. Reclamation of disturbed mine and tailings impoundment areas is often 
a major problem, particularly in arid and/or cold climates. Failure to address 
this problem may hamper regulatory approval of a proposed mine. More­
over, failure to incorporate reclamation considerations into tailings disposal 
planning from the start may result in an _impoundment that is very difficult 
and expensive to reclaim later upon abandonment. 

In the preceding 11 chapters, the disposal of tailings has been considered 
primarily in the context of planning and operation of a mine, and may be 
thought to end when active discharge ceases. This is in fact not the case. 
From a larger point of view, it is only tailings deposition, not disposal, that 
ceases. Tailings management must continue until such time as the deposited 
tailings are assured to be permanently stable and environmentally innocu­
ous. Because serious efforts at reclamation of tailings impoundments have 
been so recent, there is very little experience by which to judge their likely 
long-term success. At present, reclamation in the short term is very often a 
process of trial and error, although advances in botany, agronomy, and 
detailed appreciation of tailings chemistry are adding useful knowledge. In 
324 
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the long term, however, evaluating the ultimate success of present-day tail­
ings reclamation efforts will be done by future generations. 

Insight into reclamation efforts can be gained by considering the objec­
tives they are intended to achieve. While different emphases are often 
placed on various priorities, the following are usually considered to be fun­
damental objectives of reclamation: 

Long~term mass stability of the impoundment. 
Long-term erosion stability. 
Long-term prevention of environmental contamination. 
Eventual return of the disturbed area to productive use. 

Various options are often considered to achieve these aims, including riprap, 
chemical stabilization, and vegetative stabilization. The remainder of Chap­
ter 12 provides a discussion of these reclamation objectives and methods. 

PURPOSES OF RECLAMATION 

Reclamation costs for tailings impoundments commonly range from $1,000 
to $5,000 per acre. Thus, for many typically sized impoundments, reclama­
tion may cost from roughly $1 million to $10 million, a considerable sum in 
itself .. In addition, as a result of the less than responsible behavior at many 
past mining operations with regard to reclamation it is understandable that 
government authorities commonly require the mine operator to post a recla­
mation bond to ensure that planned reclamation efforts are actually carried 
out after mine abandonment. Bonding costs are proportional to and magnify 
the estimated cost of actual reclamation. In lightof the economic conse­
quences involved, it is important that the purposes of reclamation be well 
understood. 

Long-Term Mass Stability 

Slope Stability 

Chapter 8 discussed at length the issues involved in assessing embankment 
slope stability during operation. The principal difference in stability between 
the operating and abandonment cases is in phreatic conditions. Ordinarily 
when tailings discharge ceases and a continuous source of water no longer 
supplies the decant pond, the phreatic surface within the embankment drops 
dramatically, resulting in greater embankment slope stability after reclama­
tion than during operation. Consequently, there is little concern for mass 
stability of embankment slopes after abandonment; any tailings embank­
ment slope that was stable during operation will maintain its overall integrity 
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after operations cease. This assumes, of course, that effective measures are 
taken during reclamation to prevent accumulation of water in the impound­
ment, as subsequently discussed. 

Seismic Stability 

During impoundment operation, liquefaction of loose deposited tailings in 
high seismic areas may raise the spectre of massive flow-type slides during 
earthquakes, as discussed in Chapter 9. However, the expected lack of 
saturation after abandonment and reclamation ordinarily precludes liquefac­
tion, even under major seismic shock. Therefore, the seismic stability of 
abandoned tailings deposits is usually assured, as evidenced by the stability 
of abandoned deposits during the Chilean La Ligua earthquake discussed in 
Chapter 9, provided again that measures are taken to ensure that the deposit 
remains unsaturated. 

Hydrologic Stability 

Hydrologically induced failures are the major cause of mass instability of 
abandoned tailings deposits. Accumulation of runoff water in an impound­
ment, in addition to raising the possibility of slope or seismic instability, can 
cause direct impoundment failure by overtopping or by erosion at the em­
bankment toe. 

Although hydrologic stability is a major factor in designing a stable im­
poundment during operation, it is not necessarily the case that an impound­
ment that is safe from a hydrologic standpoint during operation will remain 
so after abandonment and reclamation. As discussed in Chapter 4, a major 
factor in hydro logic planning is selection of the appropriate design flood, and 
return-period methods often provide an acceptable basis for design over the 
operating lifetime of the impoundment. Consider, for example, an impound­
ment with a 30-yr life designed to handle the 1,000-yr return-period flood. As 
shown in Table 4.3, this impoundment would have a 3% failure probability 
during its active 30-yr life. This failure probability may represent a rea­
sonable operational risk. If, however, the life of the impoundment after 
abandonment and reclamation were arbitrarily defined as 500 yr, the failure 
probability would increase to 40%, approaching a 50/50 chance that hydro­
logic failure will occur at some point over the 500-yr period in the absence of 
additional flood-control measures. Longer assumed postabandonment 
lifetimes will increase the failure probability proportionately, and an im­
poundment designed for any return-period flood after abandonment will fail 
eventually if the reclaimed impoundmerit has a perpetual life. This observa­
tion argues strongly for hydrologic design of abandoned impoundments on a 
Probable Maximum Flood (PMF) rather than a return-period basis if eco­
nomically feasible, since the PMF theoretically has no chance of being ex­
ceeded within any foreseeable time frame. 
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As discussed in Chapter 4, design for PMF flood handling is often 
difficult, further emphasizing the need to minimize runoff inflow by judicious 
siting rather than by structural flood-handling measures. Diversion ditches 
can be used to divert long-term runoff, but constructing ditches for the PMF 
or a major fraction thereof is often very costly, Further, perpetual ditch 
maintenance may be required. _Similar problems apply to the use of perma­
nent abandonment spillways or culverts, with the additional disadvantage 
that frequent flood passage or continuous base stream flow through aban­
donment spillways may result in long-term saturation of the tailings deposit, 
raising the possibility of mass instability due to embankment slope or 
seismic factors. 

For sidehill and· valley-bottom impoundment configurations the ultimate 
surface of tailings deposited by peripheral spigotting will slope back from the 
embankment crest to the rear of the impoundment where the tailings surface 
joins the natural ground surface. In these cases, minor regrading of the 
tailings surface may allow runoff to pass around the rear portion of the 
impoundinent rather than accumulate in it. 

For all types of impoundments-cross-valley, sidehill, valley-bottom, 
and completely enclosed ring dikes-accumulation of water may be pre­
vented by capping the impoundment with material that is peaked near the 
center of the impoundment .and sloped to drain toward its perimeter. Mine 
waste.may provide a convenient source of capping material. However, ma­
jor quantities of material are _required to produce a nominal 0.5-1% cap 
slope for drainage, even for relatively small impoundments. Also, additional 
material must be added to prevent water-ponding depressions that would 
otherwise resu_lt from settlement of slimes under the weight of the capping 
material. It is not uncommon that an additional 10 ft or more of capping 
material is required for settlement compensation over the slimes zone. 

Long-Term Erosion Stability 

An additional and essential purpose of reclamation is to prevent long-term 
erosion of the abandoned deposit by wind or water. Tailings are notoriously 
susceptible to gullying by water runoff erosion, and one need only consider 
the similarity between tailings and the sands that comprise migrating dunes 
to appreciate the need for protection against wind erosion. 

While wind.erosion is primarily a factor on flat, unbroken surfaces, water 
erosion is most often a problem on embankment slopes. Although no ade­
quate analytical methods are available to model water erosion potential as a 
function of embankment slope steepness, experience indicates that tailings 
embankment slopes flatter than about 3 : 1 are usually required for rea­
sonable erosion resistance and establishment of vegetation. Slopes flatter 
than 5 : 1 are sometimes preferred (U.S. Nuclear Regulatory Commission, 
1979). If these embankment slopes will ultimately be required for erosion 
protection purposes after abandonment, there may be little reason for elabo-
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rate design efforts to justify steeper embankment slopes for the impound­
ment during operation. In effect, reclamation requirements rather than 
operating stability considerations may ultimately control steepness of em­
bankment slopes. 

Environmental Contamination 

While seepage ordinarily diminishes and eventually ceases after termination 
of active tailings discharge, special reclamation-related precautions may be 
necessary in some cases. In particular, pyrite oxidation is greatly enhanced 
in the unsaturated zone, as discussed in Chapter 1. Thus, as the phreatic 
surface drops in an abandoned impoundment, oxidation of pyrites, if they 
are present in the tailings, will greatly accelerate, producing reduced pH and 
increased liberation of metallic contaminants. These oxidation-produced 
contaminants, potentially much more noxious than those present during 
impoundment operation, may be leached into the groundwater by infiltration 
of precipitation on the impoundment surface. To prevent leaching of con­
taminants in such cases, a clay cap is often required over the impoundment 
surface upon abandonment and reclamation, in conjunction with regrading 
to prevent ponding of runoff. In the particular case of pyrite-rich tailings, the 
option of maintaining saturated conditions in the impoundment after aban­
donment to prevent long-term oxidation should be considered. 

Uranium tailings present another special case. Here, radioactive decay of 
radium-226 produces potentially harmful daughters of gaseous radon-222. 
Diffusion of radon gas does not occur for saturated tailings, but after aban­
donment, reduced saturation may make radon-reduction measures neces­
sary. Radon diffusion and placement of soil covers over the impoundment to 
prevent it have recently been widely researched (Re et al., 1980; Rogers and 
Nielson, 1981; Nelson, Gee, and Oster 1980). The cover thickness required 
depends on the allowable rate of radon emanation, the Ra-226 content of the 
tailings, and the soil type and long-term moisture content of the cover mate­
rial. While thinner covers may be adequate based on the application of this 
and similar research to specific cases, the U.S. Nuclear Regulatory Commis­
sion (1979) requires a minimum 10-ft cover over uranium tailings impound­
ments to prevent long-term radon emanation after abandonment and recla­
mation. 

Return of Land to Productive Use 

While the final objective of reclamation-to return the tailings impoundment 
area to productive use-is certainly a desirable goal, the term "productive 
use'' holds different meanings for different people and provides a continuing 
subject of debate. To a mining company, productive use in the future may 
mean allowing for the possibility of remining the tailings deposit to glean 
unrecovered mineral values; to others, development of housing subdivisions 
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on the deposit may be desirable. The definition of "productive use" consid­
erably influences the manner in which the tailings deposit is eventually re­
claimed. 

Ordinarily, productive use is defined in the context of land use patterns 
that existed prior to development of the mine, and this definition argues for a 
return of the area to some semblance of its premining configuration and 
vegetative cover. Even here, however, goals may be unclear. Revegetation 
of the deposit with introduced grasses may be suitable for productive use as 
livestock grazing range. On the other hand, these introduced grass species 
may not be suitable for wildlife habitat, which requires a more diverse cover 
of native species (Jones, 1982). While controversy surrounds debates over 
productive use, definition of specific goals is essential if reclamation is to be 
carried out in a systematic and planned way. Liaison with regulatory au­
thorities is an essential element in defining an approach that is acceptable to 
all parties, including local citizens and environmental groups (Palmay and 
Gwilym, 1980). 

STABILIZATION METHODS 

Of the reclamation purposes discussed above, stabilizing the impoundment 
against long-term wind and water erosion is often the most technically prob­
lematic and difficult to achieve. While assuring mass stability, preventing 
environmental contamination, and returning the area to productive use may 
require substantial effort at considerable cost, most concern over reclama­
tion effectiveness usually centers around achieving long-term erosion stabil­
ity. Here is where difficult technical issues arise. 

Immediately after tailings discharge ceases, the impoundment surface will 
usually consist of a relatively firm and reasonably dry above-water sand 
beach, a soft and saturated slimes surface, and a submerged area covered by 
the decant pond. Assuming that permanent impoundment of water is to be 
prevented for reasons previously discussed, the first step in accomplishing 
stabilization is to allow the entire surface of the impoundment to dry. Pre­
paratory drying may require long periods of time depending on climate, the 
size of the decant pond, and the nature of the tailings. The object is to 
achieve a surface firm enough to support the weight of equipment used in 
stabilization efforts. Drying of the decant pond may be by evaporation or by 
drainage to an effluent treatment plant depending on local climatic character­
istics, with the time required depending on pond size, treatment capability, 
and net evaporation rates. Desiccation and consolidation of the slimes sur­
face may take considerable time, which can be estimated on a preliminary 
basis using methods developed by Krizek et al. (1977) for dredged fill. In the 
extreme case of phosphate slimes deposited without flocculants or other 
means of accelerating consolidation, it may take many months for the sur-
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face to become firm enough to support the weight of a man and many years 
to support lightweight equipment. 

Once a reasonable degree of drying and desiccation of the impoundment 
surface has been achieved, stabilization efforts can proceed, usually accord­
ing to three basic options: riprap, chemical stabilization, or revegetation. 
These options are not mutually exclusive and can be used in combination. 
For example, riprap may be used to stabilize embankment slopes, with 
vegetation used on the impoundment surface. Similarly, chemical stabiliza­
tion can be used in conjunction with revegetation. These three basic options 
are discussed individually in the following sections. 

Riprap 

The use of riprap for erosion stabilization follows from its conventional use 
for engineering purposes as channel protection and slope protection to pre­
vent water erosion. For wind and water stabilization purposes, "riprap" 
includes not only conventionally sized rock fragments but also gravels. 
Smelter slag has also been used as a stabilizing cover for tailings impound­
ments (Dean et al., 1974). The effectiveness of riprap to stabilize soils 
against erosion is evidenced in nature by the development of desert pave­
ment, a surface layer of pebbles remaining after wind erosion of sandy soils 
that forms an effective erosion-resistant surface for long periods of time. 

Rules for sizing riprap and determining the thickness of riprap cover for 
conventional engineering applications are referenced in Chapter 4. These 
rules, however, may not apply to riprap for erosion stabilization. For ex­
ample, because velocities of water flowing over reclamation riprap on rela­
tively flat surfaces are generally low and because a major function of riprap 
particles is to break the impact of falling raindrops, only a thin layer of 
riprap, essentially enoughjust to cover the surface, may be necessary for 
stabilization. Also, filter layers beneath coarse riprap are probably not re­
quired for reclamation purposes except possibly on steep slopes. In fact, 
research has shown that for gravel-sized materials, the finer the gravel, the 
less thickness of cover required to prevent wind erosion (Chepil et al., 1963). 

Riprap for stabilization purposes may be readily available at many mine 
sites in the form of mine waste or stripped overburden. However, the cost to 
completely cover a tailings impoundment, even with a relatively .thin layer, 
may be high. Furthermore, riprap does little to enhance vegetation and in 
some cases may severely retard revegetation of the underlying tailings by 
natural processes, delaying or preventing return of the land to productive 
use. While it has been suggested that riprap may be conducive to deposition 
of windblown soil particles forming a suitable habitat for vegetation growth 
(Dreesen et al., 1978), observation of riprap-like talus deposits in nature 
provides little support for this view. 



STABILIZATION METHODS 

Chemical Stabilization 

331 

A number of sprayed-on chemicals have been used for dust control, giving 
rise to their limited application for wind-erosion stabilization in a reclama­
tion context. Chemical stabilizing agents used for temporary tailings erosion 
control include elastomeric polymers, calcium lignosulfate (a paper mill 
waste), asphalt emulsions, sodium silicates, and resinous adhesives. In gen­
eral, chemical stabilization cannot be considered a permanent reclamation 
measure. Reapplication of the chemical agents is usually required on an 
annual basis at a: cost ranging from roughly $200 to $500 per acre. 

Although insufficient for long-term reclamation, chemical stabilization 
can still be of value. Morrison and Simmons (1977), for example, describe 
the use of a petroleum resin emulsion to minimize blowing dust from ex­
posed portions of operating tailings ponds. Also, chemical stabilization may 
be used to augment vegetative stabilization during initial periods, when 
seedlings are most susceptible to sandblasting or burial by blowing tailings 
(Dean and Havens, 1970). 

Vegetative Stabilization 

Vegetation is by far the most common and usually the preferred stabilization 
option for tailings impoundments. If a self-perpetuating vegetative cover can 
be established, not only can wind and water erosion be minimized, but also 
the impoundment can be returned to some semblance of its original appear­
ance and land use. In favorable climates and for tailings of favorable chemi­
cal composition, revegetation may require only modest effort or may occur 
by natural processes during a reasonably short period of time. However, in 
arid climates or for tailings having low pH, or high concentrations of heavy 
metals or salts, establishment of vegetation may be a lengthy, difficult, and 
costly process. The factors involved in revegetation are discussed separately 
in a subsequent section. 

lmpoundment Layout. Factors in Reclamation 

Regardless of which of the above stabilization options is used, difficulty and 
cost can be minimized by incorporating reclamation-related factors as an 
integral part of tailings impoundment planning. 

In Chapter 5, considerable discussion is devoted to optimizing impound­
ment layout by considering trade-offs between impoundment area and 
depth. It is evident that the cost of reclamation is directly proportional to the 
area disturbed, and to this extent, reclamation problems can be minimized in 
degree if not difficulty by deeper impoundments that cover a smaller area. 
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By including reclamation costs in comparisons of alternative impoundment 
layouts, a balance can be struck that incorporates all the factors contributing 
to impoundment cost, including embankments, liners (if any), and recla­
mation. 

As arso discussed in Chapter 5, segmented impoundments may offer sig­
nificant reclamation advantages compared to a single, larger impoundment. 
Stabilization of impoundments upon abandonment, particularly by vegeta­
tive methods, is to a large degree a trial-and-error process. If impoundment 
segments can be constructed, filled, and reclaimed sequentially, a valuable 
opportunity is offered to determine the most effective and least costly recla­
mation method during project operation rather than after. Performance of 
field-scale reclamation experiments on individual impoundment segments 
can minimize costly mistakes. In addition, prompt and successful reclama­
tion of individual impoundment segments can decrease the overall environ­
mental impact of tailings disposal by reducing the. area disturbed by active 
tailings impoundments at any one time. 

TAILINGS REVEGETATION 

As previously noted, revegetation is ordinarily the prime option for reclama­
tion stabilization of tailings impoundments. Although revegetation has been 
planned for many currently active impoundments, relatively few tailings 
reclamation programs have been carried out to successful completion. This 
section discusses the wide and complex array of factors involved in revege­
tation strategies for tailings impoundments .. 

Vegetation Requirements 

Vegetation growth is dependent on two principal factors: climatic character­
istics and the nature of the growth medium. The success of revegetation 
requires that the program be suited to constraints imposed by both. 

The strong effect of climate on vegetation growth is intuitively apparent, 
and from a revegetation standpoint, it often seems that mines somehow have 
a perverse tendency to be located in climates that are arid, cold, or other­
wise inhospitable to vegetative growth. Low rainfall often presents major 
difficulties in revegetation, although vegetative stabilization has been suc­
cessfully carried out in arid climates (Ludeke, 1973). The short growing 
season and such problems as frost heave in cold climates also hamper vege­
tative growth, although again reclamation efforts can be successfully de­
signed specifically for cold climate (Brown et al., 1978). Perhaps the most 
difficult case combines cold climate with arid conditions, a characteristic of 
many alpine and arctic tundra mine sites (Brown, 1974). 

The medium within which vegetative growth takes place also has an im-
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portant influence on revegetation. Soil characteristics that influence vegeta­
tive growth include: 

Texture. 
Fertility. 
Toxicity. 

Texture refers to the grain size of the soil as well as the degree of aggrega­
tion or agglomeration of individual particles. Fine-textured soils may hold 
excessive moisture when wet or may be compact when dry, inhibiting root 
penetration. Coarse soils, on the other hand, may not be able to hold suf­
ficient moisture to sustain plants, even in the presence of adequate rainfall. 
Healthy plant growth is promoted by a well-aggregated soil composed of 
agglomerates of finer textured particles; the finer grained individual particles 
that comprise the aggregates hold water and nutrients, while the aggregates 
themselves allow drainage and root penetration. 

Soil fertility refers to nutrients required for plant growth, including nitro­
gen, potassium, and phosphorus, as well as to necessary bacteria and fungi. 

Toxicity of the growth medium will stunt or kill developing plants. While 
heavy metals such as iron, manganese, zinc, and copper are necessary in 
very small quantities for healthy plant growth, the presence of the same 
constituents in higher concentrations may slow or preclude plant develop­
ment. Although threshold levels vary, total metal concentrations exceeding 
0.1 % for individual elements often prove to be toxic (Bradshaw and Chad­
wick, 1980). Outside relatively narrow limits, pH and salinity can also be 
harmful. 

Judged by these criteria, many types of tailings provide a poor growth 
medium on the basis of texture, fertility, toxicity, or all three. Tailings do not 
have ideal texture. Tailings sands have poor moisture-retention characteris­
tics, while slimes are poorly aerated and become compacted on drying­
both factors that inhibit root penetration (Ripley et al., 1978). From a nutri­
ent standpoint, tailings are usually found to be deficient in nitrogen par­
ticularly, but also in potassium and phosphate (Dean et al., 1974; Nielson 
and Peterson, 1972). Nitrogen-fixing bacteria are also absent. 

Chemical toxicity sometimes poses major problems. Low pH can have a 
direct effect on seeds and plants by acid attack. In addition, metallic ions 
liberated by low pH-particularly iron, copper, zinc, and lead-are often 
toxic to plants (Peterson and Nielson, 1973), and metal toxicity problems 
may develop at very inopportune stages in plant development. For example, 
tailings that contain pyrites may originally be suitably low in metal content 
to support initial seed germination, but may then become highly toxic from a 
pH and metal standpoint as a result of pyrite oxidation (Nielson and Peter­
son, 1972). The acidification process, which may take from a few months to 
a few years, may occur just in time to kill a well-established stand of young 
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plants. Excessive salinity may also kill plants by inducing an osmotic gra­
dient through roots that results in dehydration and withering (Dean and 
Havens, 1970). 

To revegetate tailings directly without topsoil requires that inadequacies 
related to climate and growth medium be resolved. These may pose difficult 
but not insurmountable problems. In dry climates, irrigation may be used, at 
least temporarily. Such techniques as drip irrigation (Bach, 1973) and con­
densation traps (Hodder, 1979) have been adapted to tailings irrigation, in 
addition to conventional spray irrigation. Care must be exercised, however, 
in irrigating slopes to avoid erosion by concentrated irrigation runoff (Beng­
son, 1979). Improving deficiencies in texture and nutrients often go hand in 
hand with such techniques as straw mulching, hydroseeding, and use of 
additives such as sewage sludge (Day and Ludeke, 1979; Dean et al., 1974). 
Ameliorating chemical toxicity of tailings can be more difficult, but lime 
neutralization of low-pH tailings has been performed to increase pH to about 
5.5-6.5 (Sutton, 1973; Sorrell, 1974). However, the permanence of liming 
may not be assured and periodic reapplication may be required if acid is 
brought to the surface by moisture in the tailings. In some cases, preleaching 
by water infiltration may reduce surface toxic metals or salts to tolerable 
levels. 

It is apparent that considerable effort may be required to modify the 
tailings to provide conditions conducive to direct revegetation. The alterna­
tive is to cover the entire impoundment with topsoil, an option increasingly 
required by regulations. Topsoil is commonly applied to the impoundment 
surface in depths ranging from 6 in. to 3 ft. However, as noted by Ripley et 
aL (1978), topsoiling is not a cure-all and often involves great expense. To be 
effective, topsoil must be stripped from the impoundment surface and stored 
in stockpiles throughout the active life of the impoundment; to borrow top­
soil from areas outside the impoundment would mean denuding a borrow pit 
essentially equivalent in area to the impoundment, a procedure producing 
little if any net benefit. Stockpiling topsoil for periods of many years may rob 
it of nutrients, bacteria, fungi, and texture-enhancing organics, potentially 
leaving a material almost as barren as the tailings it is intended to cover. 

These disadvantages notwithstanding, topsoiling may be the only solution 
if the chemical conditions of the tailings are too severe to be ameliorated by 
other means. Barth and Martin (1981) note that it may be necessary to place 
a filtered gravel layer between the tailings surface and topsoil layer to pre­
vent upward migration of contaminants into the topsoil by capillarity, a 
procedure that usually involves great expense. Also, for pyrite-rich tailings, 
topsoiling with a low-permeability soil may be mandatory to prevent acid 
leaching by infiltration. 

Environmental Factors 

In addition to climate and growth medium, the environmental characteristics 
of plant habitat influence vegetation establishment and regeneration. These 
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environmental factors occur on a very small scale and may vary over short 
distances. 

For revegetation directly on tailings, wind movement of sand may inhibit 
seedling establishment by sandblasting or burying the young plants before 
their root systems are able to have any stabilizing effect. Seeds may also 
become desiccated or transported to undesirable growth areas. Mitigating 
measures to prevent sandblasting include temporary chemical stabilization, 
water sprinkling to maintain a wet suiface, use of windbreaks, heavy mulch­
ing, and furrowing. 

Temperature and radiation are other elements of the vegetative microen­
vironment that may be severe on tailings impoundment surfaces. Most 
plants are productive between temperatures of about 40-100° F. However, 
sustained surface temperatures on natural soils in excess of 150° F are not 
uncommon, and temperatures on dark-colored and/or south-facing impound­
ment suifaces may be even higher. In some cases, high suiface temperatures 
have been identified as the major factor restricting mine waste revegetation 
(Ripley et al., 1978). On the other hand, while a light-colored tailings surface 
mi;ty be cooler than a dark one, it may not be any more hospitable to plant 

.growth. Light-colored suifaces reflect far more solar radiation, having direct 
destructive effects on plant foliage or indirect effects via the increase in heat 
load on leaves. Mitigation measures to correct temperature and radiation 
extremes are limited to shading and in some cases providing a heavy straw 
cover, although the best solution is probably to select species adapted to the 
microclimatic conditions'. Thus, for example, species suited to north-facing 
impoundment slopes may be different from desirable species on south-facing 
exposures. 

Microclimate can be modified to some degree by suiface preparation 
techniques-for example, deep furrowing or gouging. These techniques in­
volve constructing depressions or basins that provide a degree of seedling 
protection from radiation and wind sandblasting while at the same time 
acting as a trap to collect suiface moisture (Hodder, 1979). 

A final but noteworthy environmental factor related to vegetation estab­
lishment is grazing, by either domestic livestock or wildlife. Initial stages of 
seedling germination and growth are critical to the success of revegetation, 
and fences or other measures are often mandatory to protect the vegetated 
area from the effects of grazing. Fedkenheuer et al. (1980) note that damage 
to seeded areas on tailings impoundments by rodents may also inhibit seed­
ling establishment. 

Species Selection 

An ongoing debate among some reclamation specialists involves the selec­
tion of species used in revegetation, and in particular whether native or 
introduced plant species should be used. Issues related to productive use are 
involved in this debate; for example, revegetation with natural species may 
provide cover for wildlife habitat, whereas introduced species may be better 
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suited for eventual forage and grazing. To understand some of the issues 
involved in species selection, it is necessary to explore the concept of plant 
community succession, a process that occurs in nature and that will also 
come about during impoundment revegetation. 

When an area has been devastated-for example, by fire, flood, av­
alanche, or tailings impoundment construction-a series of biota replace­
ment occurs, which is termed succession. Pioneer species that initially in­
vade the area will be those best suited to the new soil and microclimate 
conditions. After some period, these species will enhance soil development 
and change the microclimatic characteristics to the extent that other species 
better suited to the changed conditions will invade, overcome the pioneer 
community, and establish themselves. Natural upland succession ordinarily 
progresses through a series of more or less well-defined stages-for ex­
ample, from annual grasses and forbs, to perennial herbaceous species, to 
shrubs, to shade-intolerant trees, to shade-tolerant trees. The process may 
take from a few years to a few centuries. Not only does community succes­
sion apply to natural areas, but studies of mine waste disposal areas up to 50 
yr old provide evidence that definite successional trends also occur on re­
vegetated areas (Harthill and McKell, 1979). 

Species diversity is an important consideration in plant community suc­
cession. Pioneer communities usually consist of a limited number of species, 
those few that are suited to the relatively harsh initial conditions. As soil and 
microclimate conditions are modified by successive generations of plant 
growth, additional species become established that increase the diversity of 
the community. Eventually a climax community becomes established, one 
with a wide diversity of species that enables it to withstand attack by insects, 
disease, drought, or other normal environmental perturbations. The climax 
community exists in a long-term dynamic equilibrium with the environment; 
the species mix may change from time to time in response to environmental 
changes, but through its diversity the climax community has the ability to 
eventually reestablish itself in more or less its initial makeup. 

Applying these concepts to tailings impoundment reclamation, it can be 
seen that establishment of a stable and self-perpetuating climax community 
is the ultimate goal of revegetation. The most common means of achieving 
this end is to use introduced species for initial revegetation. Ordinarily, a 
variety of introduced species is available, allowing the selection of those 
plants that can quickly stabilize the surface by shallow soil-holding root 
systems, rapid growth rates, and high seed production. The use of in­
troduced species also offers the opportunity for use of special salt-resistant 
or metal-resistant varieties, an important and sometimes crucial factor in 
attempts to revegetate the surface of toxic tailings directly without topsoiling 
(Bradshaw et al., 1978). The use of introduced species is often preferred 
because of flexibility in selecting those plant varieties that have characteris­
tics compatible with initial impoundment soil and microclimate conditions. 

The alternative is to use native species for revegetation. Johnson and 
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Putwain (1981) discuss advantages and disadvantages of native versus in­
troduced species. They provide several case histories of the use of 
seminatural revegetation on iron, bauxite, manganese, nickel, copper, and 
other types of tailings demonstrating that revegetation with natural species, 
while often costly and difficult, can be successful in establishing a self­
perpetuating cover. If successfully carried out, revegetation using native 
species may speed the establishment of the climax community and shorten 
the time required to return the disturbed area to its former appearance and 
land use. In dry climates, low water requirements of some native plants may 
make initial irrigation unnecessary or at least less critical. Partly for these 
reasons, revegetation with native species is being increasingly required by 
regulations. 

However, revegetation with native species is often difficult. Attempts to 
revegetate with native species that comprise the climax community on adja­
cent lands may be a futile attempt to short-circuit the natural and necessary 
processes of plant community succession. The initial microenvironment and 
soil conditions on the impoundment surface will usually be quite different 
from those on adjacent undisturbed lands. In fact, the impoundment envi­
ronment may never be the same, giving little reason to believe that the 
climax community on the reclaimed area should necessarily consist of the 
same native species that existed prior- to its disturbance. 

Many native species may not be well suited to the critical need for pre­
venting wind and water erosion during the important initial stages of vegeta­
tion establishment; if this erosion is not quickly checked, it may be impossi­
ble for conditions conducive to plant growth to develop later. For example, 
native climax species often have deep, water-seeking root systems, low seed 
production, and slow growth rates, whereas species best suited to initial 
stabilization should ideally have shallow, spreading roots, rapid growth, and 
high seed production. 

Establishing initial cover with native species is often complicated by soil 
profile requirements and seed availability. In using native species, it is usu­
ally mandatory thattopsoil be used, and it is often necessary to strip, stock­
pile, and replace meticulously and separately the various topsoil horizons. 
In addition, adequate seed sources for native plants are frequently unavail­
able, requiring that seed plants or seedlings be raised in greenhouses or 
cultivated plots, sometimes many years in advance of reclamation for slow­
growing plants. 

Generally, the use of native species for initial revegetation is possible in 
many cases, but it may be difficult, costly and risky. Cases where native 
species are suitable are most often those where topsoiling is feasible and 
where it has been determined that reclamation objectives related to appear­
ance or wildlife habitat outweigh short-term erosion protection and eco­
nomic considerations. 

Regardless of whether native or introduced species are used, it is impor­
tant in species selection that site factors and species characteristics be com-
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patible. Those species chosen for revegetation should be matched to the soil 
characteristics, erosion potential, and microclimate of the tailings impound­
ment. Species characteristics that govern suitability to site conditions in­
clude ease of propagation, required planting methods and schedule, root 
development and depth, and the potential for competition between species 
in the mix (Schiechtl, 1980). Species adaptable to a broad range of conditions 
should be preferred to those that can survive only under limited circum­
stances, in order to minimize the risk of mismatching species characteristics 
and site conditions. Table 12.1 summarizes some of the species used for 
short-term revegetation in moderate climates and illustrates attributes that 
should be considered in species selection. 

In summary, the goal of revegetation should be to arrive ultimately at a 
stable climax community, which may or may not be the same as that on 
adjacent undisturbed land. In some circumstances, and through unusual care 
and expense, it may be possible to establish a near climax community of 
native species. The most common way of arriving at this· stable community, 
however, is to start with a rapid-growing pioneer community of introduced 
species adapted to the specific soil, microclimate, and moisture conditions of 
the impoundment-a community that later gives way to a more diverse and 
adaptable climax community through natural successional trends. 

Revegetation Sequence 

Typically, revegetation efforts follow a series of steps according to the prin­
ciples and techniques discussed above. While the specific procedures are 
unique to each tailings impoundment and climatic regime, the following are 
usually representative elements of the process: 

1. Seedbed Preparation. Seedbed preparation is necessary to set 
the stage for establishment of the short-term community. Initial 
operations may include grading, furrowing, or gouging to enhance 
microclimate. If direct revegetation of the tailings is being at­
tempted, seedbed preparation may also require liming, mulching, 
and fertilizing. Alternatively, placement of a suitably thick layer of 
topsoil over the impoundment surface may form a favorable 
seedbed. 

2. Short-Term Revegetation. It is common practice in both humid 
and dry environments to rely largely on grasses for the primary 
initial source of short-term ground cover, although legumes (for 
example, alfalfa) are sometimes favored because of their nitrogen­
fixing ability (Day and Ludeke, 1981). Usually several species are 
included in the initial seeding mixture to increase diversity and 
reduce the chance of total community failure. Because seeding 
requirements may be different for those species within the mix, 
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species selection, seeding density, and seeding date must be deter­
mined from a thorough knowledge of local site conditions and the 
individual species (Ripley et al., 1978). 

Seeding practices include drill sowing, broadcasting, or trans­
planting seedlings if shrubs are used. There is usually a seeding 
practice best suited to each species, and use of multiple species 
often requires compromise methods. Hydroseeding is a useful 
technique that applies seed, fertilizer, and surface mulch rapidly 
and uniformly in a single operation and is especially useful in soft 
areas or slopes with difficult access. 

In arid climates, temporary irrigation may be necessary to en­
sure rapid establishment of the short-term vegetation cover. Irriga­
tion may be by spray or drip systems, depending primarily on the 
species selected. 

3. Long-Term Vegetation. To achieve the ultimate goal of attaining 
a self-sustaining and stable community, a transition between short­
term and long-term vegetation must occur. In some cases, this may 
be left to invasion by native species after short-term vegetation is 
assured and soil development is well under way. In other cases­
for example, when irrigation has been used temporarily to estab­
lish the short-term community-it may be necessary or desirable 
to enhance the natural succession process by replanting with a 
more diverse mix of species suited to the next stage of community 
succession, such as shrubs. The. need for artificial enhancement of 
the suocessional process will depend on the success of previous 
short-term efforts and on the ultimate intended land use of the 
reclaimed area. All revegetation efforts, however, should work 
toward self-regeneration and minimum management in the long 
term. 

SUMMARY 

The basic objectives of tailings impoundment reclamation are to achieve 
long-term mass stability, long-term erosion stability, prevention of environ­
mental contamination, and return of the impoundment area to productive 
use. The emphases placed on these goals will differ according to the nature 
of the tailings, site conditions, and regulatory-environmental objectives. 
However, all four factors must be addressed in reclamation plans, and this is 
best done during initial impoundment planning. If reclamation is integrated 
into impoundment planning and design from the start, ultimate costs can be 
minimized by optimizing impoundment layout, embankment sideslopes, hy­
drologic design measures, and other factors with both short-term operational 
criteria and long-term reclamation objectives in mind. 
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342 RECLAMATION OF TAILINGS IMPOUNDMENTS 

Long-term mass stability usually requires primarily consideration of long­
term hydrologic factors; embankment slope stability and seismic stability 
ordinarily are sufficiently enhanced by the postabandonment drop in 
phreatic levels to be oflittle long-term concern. In cases involving long-term 
potential for environmental contamination by tailings oxidation or radon 
emanation, covering the entire impoundment with low-permeability soil may 
be mandatory. 

Usually, the factor of primary concern in reclamation is achieving long­
term wind and water erosion stability. Three basic methods are available for 
erosion protection: riprap, chemical stabilization, and vegetative stabiliza­
tion. These methods may be used in combination, either in different areas of 
the impoundment or together to supplement each other. Of these methods, 
however, vegetative stabilization is the most common, with the ultimate goal 
of achieving a self-sustaining community that will protect the impoundment 
from erosion while returning it to some form of productive use. 

Revegetation efforts must account for regional climate, growth medium 
characteristics, and environmental factors. Because all these elements are 
unique to each tailings deposit and because they also change over time, it is 
not surprising that revegetation is sometimes a trial-and-error procedure. 
However, as noted by Wali (1975), a systematic approach may minimize 
time, cost, and failures in reclamation efforts. Such an approach requires a 
detailed knowledge of factors that will limit or constrain vegetation estab­
lishment, plans for mitigative measures to correct deficiencies, and under­
standing of short-term and long-term successional processes. 
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Index 

Acceleration, earthquake: 
attenuation, 210---211 
effect on compacted embankments, 232 
effect on uncompacted embankments, 

234-236 
relation to faulting, 222 
relation to intensity, 210 
relation to magnitude, 211 
values for design, 222-225 
see also Liquefaction; Seismic stability 

Acid: 
effects on contaminant transport, 260---271 
effects on heavy metals, 32-34, 40, 252 
effluent treatment, 34, 221 
generated by pyrite,,35, 40, 333-334 
mine drainage, 11 7 
use in flotation, 8 
use in leaching, 9, 27 
see also pH 

Active faults: 
accelerations from, 222 
design for, 207 
detection, 221 

Adsorption, 268 
Algae, 268 
Alternatives: 

defining, 1 3 4 
matrix evaluation, 135-148 

Angularity, tailings, 5, 57, 58 
Aquifers, 246-249, 256-258 
Arsenic, 34 
Attenuation: 

acceleration, 210---211 
contaminants, 252-253, 280, 289-298, 

301-303 

Backfilling, see Pit disposal; Underground 
backfilling 

Bacteria: 
pyrite oxidation, 40 
soil fertility, 333-334 
thiosalt production, 40 
use in treatment, 40, 268 

Barge, floating, 12 
Batch tests, 270 
Bauxite tailings, 26, 27 
Beach, tailings: 

crack plugging, 169 
deltas, 1 0-11 
deposition methods, 10, 11, 42 
effects on permeability, 49-51 
grain size segregation, 42-43, 50---51 
spigotting, 10---11, 51 
typical slopes, 42 
see also Sand tailings; Spigotting, tailings 

Beach requirements: 
centerline embankments, 77-78, 158, 195 
downstream embankments, 74-75, 158, 182 
upstream embankments, 71-7 4, 15 8, 

177-178 
Belt filtration, 87-88 
Brittleness index, 65 

Calcining, see Heating 
Cation exchange capacity, 269 
Cementation, tailings: 

due to pyrite oxidation, 40 
gypsum tailings, 58-59 
in hydraulic backfill, 83 
see also Cohesion 

Cemented backfill, 83 
Centerline embankments: 

beach requirements, 77 
cores, 154-155, 184-185 
internal drainage, 156 
phreatic surface, 184-185 
seismic resistance, 78, 80, 238, 

240---241 
stability analysis, 195 
suitability, 77-78, 80, 122-123 
water handling, 77-78 

Chemical stabilization, 3 31 
Clay liners, see Liners 
Climax community, 336 
Coal tailings, 15-16 
Coarse refuse, 15, 88, 162 
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Coarse tailings, 30--31 
Cohesion, 56--60 
Cold regions: 

cycloning, 170 
embankment design, 169-171 
operation, 170--171 
reclamation, 332 

Collector ditches, 306-307 
Collector wells, 307-308 
Column tests, 270 
Compaction: 

clays, 312 
cycloned sands, 83, 167-168 
seismic requirements, 168, 226-227, 

232-233 
test, use of, 15 

Compressibility: 
foundation,'169, 258 
tailings, 52-54 

Compression index, 53-54 
Concentration, processes, 6-8 
Consolidation, coefficient of, 53-56 

typical values, 55 
variability, 55-56 
see also Phreatic surface; Pore pressure; 

Settlement 
Contaminants: 

in mill effluent, 31-40, 252-253 
transport analysis, 260--273, 278-280, 

289-298 
see also Geochemical processes; 

Groundwater; pH; Seepage 
Copper tailings, 20--21, 50 
Cores, embankment, 71, 74, 78, 154-155, 

181-182, 184-185, 303 
Cost: 

cycloning, 162, 168 
defining, 133 
embankment, 70--72, 76, 78, 79-81, 159-160 
liners,300,311,316,317-318 
mine waste, 161 
optimization, layout, 124-128 
reclamation, 325 · 

Cracking: 
core, 159 
due to desiccation, 315 
due to ice creep, 171 
embankment, 169 
liner, 311, 312, 315, 317 

Cros&-valley impoundments, 120--121 
Crushing, 2, 4, 5 
Cutoff trenches, 170, 304-305 
Cyanide: 

flotation reagents, 8 

INDEX 

treatment methods, 34 
use in leaching, 19, 34, 252 

Cyclic shear strength, 66-67, 226-229 
Cycloned sands: 

characteristics, 163-165 
compaction, 167-168 
properties, 48, 49, 52, 54, 58 
relative density, 48 · 
use in backfilling; 83 
use in embankments, 158, 162, 164-1.67, 

240--241 
see also Sand tailings 

Cyclones: 
arrangement, 157-158 
functioning, 163-164 
typical separations, 163-165 
yield, 163-164 

Cycloning methods: 
hydraulic cell, 166-167 
on-dam, 166 
stationary, 165-166 
use for liners, 309 

Darcy's law, 174, 281 
Decanting, 11-12 
Decant pond: 

control of, 11-12, 73-74 
effects on phreatic surface, 177 
sizing, 44-45, 171 

Decant towers, 11-12, 169 
Deformation, seismic, 233 
Density: 

definition, 14 
effect on permeability, 51-52 
effect of specific gravity, 45 
effect on strength, 5 7 
in-place, typical values, 45-46 

. variation with depth, 4 7 
see also Maximum density; Minimum density; 

Pulp density; Relative density; 
Void ratio · 

Desiccation: 
clay liners, 312, 315 
reclamation surface, 329 

Dewatering: 
devices, 8-9 
use in disposal, 87-88 

Direct .shear test 
drained strength, 57 
undrained .strength, 60--61 

Dispersants, 311 
Dispersion, contaminant 

analysis, 289-291 
coefficient, 289 
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Dispersivity, 290 
Disposal methods, 69-90 

"dry" disposal, 87-88 
offshore, 88-89 
pit disposal, 84--85 
surface impoundments, 69-82 
thickened discharge, 86-87 
underground backfilling, 82-84 

Distribution coefficient 
laboratory measurement, 271-273 
use in geochemical analyses, 290, 297-298 

Diversion channels, 106, 121-122, 327 
Diversion dikes, 106 
Downstream embankments: 

cores, 154--155, 160, 182, 185 
internal drainage, 155-156 
phreatic surface, 153, 181-185 
seismic resistance, 75, 80, 232, 234--236 
suitability, 74--77, 80, 122-123 
water handling, 75, 77 

Drainage area, siting, 114--115 
Drainage zones, internal: 

embankment, 74--75, 77-78, 154--157, 167, 
181-185 

use with liners, 314--315 
Drained strength: 

measurement, 56-58, 61, 191-193 
use in analysis, 199-202 

Dredge tailings, 20 
Drop boxes, 10, 113 
"Dry" disposal, 87-88 
Drying, reclamation, 329-330 
Dynamic analysis, 238-241 

Earthquakes, see Active faults; Liquefaction; 
Seismic risk; Seismic stability; Siting, 
impoundment 

Effective-stress analysis, 199-202 
Effective-stress strength, see Strength, drained 
Effiuent, liquid, 31-40, 252-253 

classes, 32-34 
cyanide, 8, 34 
effects of pyrite, 3 5, 40 
radioactive, 34 
toxicity, 34--39 
see also Contaminants; Geochemical 

processes; Groundwater; Seepage 
Effiuent treatment 

algae, 268 
biological, 40, 268 
cyanide, 34, 321 
neutralization, 34, 321 
radioactive, 34 
thiosalts, 40 

Electro-osmosis, 83 
Embankment types, 69-82, 151-158 

comparison of, 79-82 
geographic precedent for, 80-81 
historical development, 79 
phreatic conditions, 151-158 
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see also Centerline embankments; 
Downstream embankments; Raised 
embankments; Upstream 
embankments; Water-retention type 
embankments 

End-of-construction analysis, 195-196 
Erosion: 

effects on reclamation, 327-328, 337-338 
flood, 107 
wind, 327, 330-331,335 
see also Piping 

Evaporation, 95-96 
Expected value, 146-148 

Faults, see Active faults 
Fertility, soil, 333, 338 
Fill, embankment 

comparative quantities, 79-81 
natural soil, 15 9-161 
optimization, 124--128 
production rate, 76-77 

Fill efficiency, 124--128 
Fill efficiency ratio, 124 
Filter fabric, 158-159, 307, 319 
Filters, internal, 158-159, 161-162, 307, 334. 

See also Belt filtration; Dewatering 
Fine refuse, 15-16 
Fine tailings, 30-31 
Flood control, see Water control 
Floods, 98-111 

design criteria, 98-103 
Probable Maximum, 100-103 
reclamation criteria, 326-327 
statistical estimation, 98-100 

Flotation, 7-8 
Flotation reagents, 7 
Flow nets, 174--17 6 
Flow slides, 86, 187 
Foundations: 

compressibility, 169 
frozen, 169-171 
permeability, 179-181, 258-261 
pore pressures, 168 
seepage regimes, 246-250 
seismic analysis, 229-232 
settlement, 169 
siting considerations, 115-116 
strength, 168, 195 



364 

Frozen ground, see Cold regions; 
Permafrost 

Geochemical processes: 
attenuation of contaminants, 252-253, 280, 

289-298, 301-303 
laboratory tests, 268-273 
mechanisms, 262-268 
numerical modeling, 291-298 

Geotextiles, see Filter fabric 
Gold-silver tailings, 19-20 
Gradient, hydraulic: 

definition, 257, 259 
unsaturated flow, 283 
use in Darcy's law, 174,281 

Gravity separation, 6 
Grinding, 3-6 

autogenous, 3 
ball mills, 3, 6 
degree of, 3, 20 
effects on tailings, 5 
rod mills, 3, 6 
semi-autogenous, 3 

Groundwater: 
effects of contaminants, 117, 243-245, 

278-280,289-298, 301-323, 328 
effects of depth, 117,161,250,304,305 
effects of seepage,. 246-250 
effects on siting, 117 
mounding, 247-249, 286-289 
see a/so Geochemical processes; Seepage 

Grout cutoffs, 305-306 
Gypsum tailings, 25-26 

Hard-rock tailings, 30-31 
Hazen's formula, 49 
HOPE: 

liners, 318 
tailings pipelines, 10 

Heating: 
flow effects, 281 
produced by oxidation, 40 
use in processing, 8, 17, 25, 26, 29 

Hydraulic conductivity, 281 
Hydrology, see Floods;· Water control 
Hydroseeding, 334, 339 
"Hypalon," see Liners, synthetic 

Infiltration: 
beach, 180 
reclamation, 249, 328, 334 

Infinite-slope analysis, 188-189 
Insols, 29 
Intensity, earthquake, 208-210 

Internal erosion, see Piping 
Internal zoning, 152-168 

cores, 154 
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cycloned tailings, 157-158, 162~168 
drains, 154-157 
mine waste, 161-162 
natural soils, 15 9-161 
permeability factors, 152-154 
random zones, 155-156, 161 

Ion exchange, 268 
Iron tailings, 22-24 

Laterite ores, 22 
Layout of impoundments, 118-128, 331-332 

configurations, 119-123 
multiple segments, 123:--124, 251, 331-332 
optimization, 124-128 

Leaching: 
in mill processes, 8, 19-20, 27-28 
seepage effects, 32-34, 252 

Lead-zinc tailings, 18-19 
Liners: 

clay, 311-316 
design, 313-316, 318-319 
effectiveness,309, 316, 319-320,321-323 
seepage through, 282, 283-287, 309-310, 

313, 314,319-320, 323 
synthetic, 316-320 
tailings slimes, 308-311 
thickness, 313-315, 317-319 
underdrains, 314-315 

Liquefaction: 
foundation,229-232 
laboratory tests, 66--67, 226-229 
simplified analysis, 229-232, 236 
see also Cyclic shear strength; Dynamic 

analysis; Seismic stability; Upstream 
embankments 

Loading conditions, 194 
Long-term analysis, 199-202 

Magnetic separation, 7 
Magnitude, earthquake, 208, 210, 211 
Manganese nodules, 22 
Matrix evaluation, 131, 135-148 

rank-order, 138, .140-142 
scoring, 142-144 
sensitivity analysis, 14~145 
uncertainty analysis, 145...:148 
weighting factors, 138, 140, 144-145 

Maximum density: 
definition, 15 
typical values, 48 

Measures of effectiveness, 132-133 
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Membranes, see Liners, synthetic 
Methods, disposal, see Disposal methods 
Mill effiuent, see Effiuent, liquid 
Mine drainage: 

acid, 117 
impoundment inflows, 92 

Mine waste: 
filters for, 15 8 
properties, 162 
seismic resistance, 226, 232 
use in diversion, 106 
use in embankments, 161-162 
volume requirements, 7 6-77 
see also Rockfill 

Minimum density: 
definition, 15 
typical values, 48 

Molybdenum tailings, 21-22 
Mounding, groundwater: 

analysis for, 286-289 
presence of, 247-249 

Mulching, 334, 338 

Neutralization: 
capacity, 270, 272, 279-280 
effiuent treatment, 34, 321 
geochemical reactions, 263, 269, 271-272, 

279-280 
Newmark method, 233 
Nickel tailings, 22 
Numerical methods: 

dynamic analysis, 238-241 
phreatic surface modeling, 176 
seepage analysis, 291-298 

Objectives: 
defining, 130-132 
reclamation, 325 
seepage control, 301-303 
seepage evaluations, 244-245, 255-257 

Offshore disposal, 88-89 
Oil sands tailings, 1 7 
Overconsolidation, 53, 61-62, 228 
Overconsolidation ratio, 61 
Oxidation potential, 262, 264, 266-268 
Oxidation-reduction reactions, 263 

Packer test, 258-260 
Percent solids, see Pulp density 
Permafrost, 169-171 
Permeability: 

clay: 
effiuent reactions, 282, 313 
factors affecting, 311-314 
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determination of: 
field tests, 258-260 
relation to hydraulic conductivity, 281 

tailings: 
effect of spigotting, 50-51 
effect of void ratio, 51-5 2, 180 
typical values, 49, 52 
use of Hazen's formula, 49 

pH 
changes due to oxidation, 35, 40, 328, 333 

effects on contaminant transport, 252, 
260-271 

effiuent, 7, 17, 18, 19, 21, 24-27, 32-34, 
35, 40,252, 260-271,282, 301,313 

geochemical buffering, 262-268, 271-272, 
279-280, 291, 295-297 

typical values, see specific types of tailings 
see also Acid 

Phase relationships, 13-15 
Phosphate tailings, 24-27. See also Gypsum 

tailings 
Phreatic surface: 

embankment, 152-158, 173-185 
centerline embankments, 184-185 
control by cores, 154 
control by drainage zones, 154-157 
control by tailings, 157-158, 163 
downstream embankments, 181-184 
upstream embankments, 72-73, 177-181 

factors affecting: 
anisotropy, 176, 179,182,184 
beach infiltration, 180 
beach width, 1 77 
boundary conditions, 179-180 
consolidation, 176 
cycloning, 176, 184 
internal zoning, 152-158 
permeability, 152-154, 177-184 
starter dike, 180 

Pipelines, 9-12, 113,114, 116 
return water, 11, 12, 113 
tailings, 9, 10, 1 13 

Piping: 
decant conduits, 11, 169 
dispersive, 169 
due to coarse material, 158-159 
due to cracks, 169 
filter protection for, 15 8-15 9 
foundations, 169-170, 307 

Pit disposal: 
description, 84-85 
seepage modeling, 296-297 
stability, 84 
water control, 134 
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Plasticity, see Tailings, types 
Pore pressure: 

cyclic, 226--229 
dissipation of, 196--198 
due to rapid raising, 196 
due to shear, 190-194 
due to undrained loading, 189-190, 195 
foundation, 168 
static, 189 
tria:xial test, 65-66, 191-194 

Porosity: 
definition, 13 
typical values, 276 

Potash tailings, 29-30 
Precipitation, 92-93, 97, 100-103, 105 
Precipitation reactions: 

clay liners, 313 
geochemical retardation, 263-268 
laboratory tests, 269-271 

Preconsolidation, see Overconsolidation 
Primary crushing, 2, 4, 5 
Probability: 

exceedance, 99 
flood criteria, 98-100, 326 
relative frequency, 146--147 
seismic risk, 222-225 
subjective, 146--14 7 

Probable Maximum Flood, 100-103, 326-327 
Probable Maximum Precipitation, 100-103 
Pseudo-static analysis: 

applications, 232-233, 236--237 
coefficients, 214, 238 

Pulp density: 
definition, 14 
effect on segregation, 43 
typical discharge values, 43, 50 

Pumping test, 258-260 
PVC, see Liners, synthetic 
Pyrite: 

association with tailings, 15, 18, 20, 21 
effects on effluent, 35, 40 
effects on revegetation, 333-334 
oxidation processes, 35, 40 

Pyrrhotite, 22, 40 

Radium: 
effluent, 34 
geochemicalretardation,252-253 
tailings, 28 
treatment, 34 

Radon, 28-29, 328 
· Raised embankments, 70-82 

centerline, 77, 78, 153-158, 184-185, 238, 
240-241 
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downstream, 74-77, 153-158, 181-184, 
234-235 

geographic precedent for, 79 
upstream, 71-74, 170, 177-181, 200-202, 

234-235 
Rapid drawdown, 70, 202-203 
Reagents, 7 
Reclamation: 

methods for, 329-332 
objectives, 325 
role of layout, 331-332 
stability, 325-328 
staged, 124, 332 
topsoiling, 334 
vegetation requirements, 332-338 
see also Chemical stabilization; Revegetation; 

Riprap 
Recovery, cycloned sand, 163-165 
Recycling, water, 8, 9, 27, 84, 134, 251 
Red muds, 26, 27 
Refuse, 15, 16 
Relative density: 

beach tailings, 47-48 
cycloned sands, 48 
definition, 14, 15 
seismic requirements, 168, 227 
see also Density; Maximum density; Minimum 

density 
Relative frequency probability, 146--147 
Retardation coefficient, 289-291 
Revegetation, 331, 332-339 

introduced species, 335-336 
irrigation, 334, 339 
microclimate, 334-335 
natural species, 336--337 
nutrient requirements, 323 
seeding, 334, 338-339 
soil requirements, 333-334, 338 
species suitability, 335-338, 340-341 
toxicity, 333-334, 336 

Ring dikes, 119-120 
Riprap: 

erosion control, 107, 121 
reclamation, 330 

Rockfill: 
properties, 162 
seismic resistance, 232 
see also Mine waste 

Runoff, 92, 94 

Salt balance, 278-279 
Sand tailings, 14, 15, 30, 31, 47-50, 53-55, 

57-60,66,67 
backfilling, 82-84 
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definition, 14 
produced by cycloning, 162-168 
see also Beach, tailings 

Saturation, degree of: 
definition, 13 
effects on pyrite oxidation, 35, 84, 328 
effects on seepage, 246-250, 275-277, 

281-289 
effects on stability, 16 7, 3 26 

Secondary compression, 56 
Secondary crushing, 2, 4, 5 
Sedimentation rates, 44-45 
Seeding, see Hydroseeding; Revegetation 
Seepage: 

analysis of impoundment losses, 245-251, 
274-277,280-,-289 

chemical constituents of, 31-40, 25 2~25 3, 
262-263, 301-302 

control methods, 301-323 
effect on groundwater, 117, 243-25 5, 

278-280,289-298, 301-303,328 
impacts, 245-249 
perched, 250-,-251 
stages of, 248-249 
unsaturated, 250, 283-286 
see also Flow nets; Geochemical processes; 

Groundwater; Phreatic surface 
Seepage control, 300-,-323 

barriers, 303-306 
collectors, 306-308 
effectiveness, 321-323 
liners, 308-320 
need for, 253, 301-302 
objectives, 301-323 

Seepage return systems, 306-308 
Seepage velocity, 279, 282 
Segregation, grain size, see Beach, tailings 
Seismic risk, 210-,-222 
Seismic stability, 229-242 

centerline embankments, 78, 80, 238, 
. 240-,-241 

compacted embankments, 232.,-234 
downstream embankments, 75, 80, 232, 

234-236 
methods of analysis, 229-242 
mine waste embankments, 232 
reclamation, 326 
uncompacted embankments, 234-242 
upstream embankments, 73, 80, 234-236 
see also Cyclic shear strength; Foundations; 

Liquefaction 
Sensitivity analysis, 144-145 
Settlement, 52-53, 169, 326 
Settling velocity, 10 

Sidehill impoundments, 121 
Silver tailings, 19-20 
Siting, impoundment, 112-118 

distance and elevation, 113-114 
geologic factors, 115-116, 253 
groundwater factors, 11 7 
topography, 114 
water control, 114-115 
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Slimes tailings, 14, 30, 31, 44-46, 49-55, 
59-62,66-67 

definition, 14 
use in liners, 308-311 
use in phreatic surface control, 157, 158 

Slope, embankment: 
design, 79, 81, 173 
reclamation, 327-328 
upstream, 70, 202-203 
see also Stability analysis; Starter dike 

Slope stability, see Stability analysis 
Sludge, see Coal tailings; Tar sands tailings 
Slug test, 258, 260, 261 
Slurry walls, 305 

. Snowmelt, 102 
Soda ash, 29 
Soft-rock tailings, 30, 31 
Solubility, contaminant, 264-265. See also, 

Toxicity 
Specific gravity: 

definition, 13 
typical values, 16, 18-22, 24-26, 28-29, 44, 

46 
Specific retention, 275 
Specific yield, 275 
Spigotting, tailings: 

effects 011 grain size, 42-43 
effects on permeability, 50-,-51 
procedures, 10, 11, 309 

Spillways, 104-106, 321, 327 
Stability, thermodynamic, 265-268 
Stability analysis, 184-206 

cases, 194-203 
computational methods, 187-189 
flow slides, 18 7 
pore pressure interpretation, 189-191 
strength for analysis, 194-203, 205 
see also Reclamation; Seismic stability 

Staged construction analysis, 196-198 
Staged reclamation, 331-332 
Starter dike: 

materials, 106, 160 
permeability, 180, 240 
sizing, 70, 77 
stability, 195, 203 

Storage coefficient, 257-258 



368 

Strength: 
drained: 

effects of density, 57 
effects of stress level, 5 7, 5 8 
typical values, 59, 60 
use in analysis, 191-193, 200 

post-peak, 65--66 
undrained: 

ct, = 0 approach, 195 
measurement, 58-62, 191~194 
SHANSEP approach, 60--61, 194 
typical values, 60 
use in analysis, 195-197, 199-202 
vane shear, 61--62 

Stress-strain behavior, 62--66 
Subjective probability, 146-147 
Succession, species, 336"""'.338 
Sulfates, effluent, 32, 33, 35, 253, 301 
Surface impoundments: 

embankment types, 69-82 
layout, 118-128 
site selection, 112-118 
water control, 91-111 

Synthetic liners, see Liners 

Taconite tailings, 22-24 
Tailings: 

categories, 30, 31 
definition, 1 
properties, 15-31, 42--68 

angularity, 5, 57, 58 
compressibility, 52-54 
consolidation, 53-56 
cyclic strength, 66--67, 226-229 
density, 45-47 
gradation, 16-19,21-23, 25-29,42-43 
permeability, 49-52, 284 
plasticity, 16, 18, 20, 21, 24-29 
relative density, 15, 47-48 
sedimentation, 44-45 
specific gravity, 16, 18-20, 22, 24-26, 28, 

29,44,46 
strength: 

drained, 56-59 
undrained, 58--64 

stress-strain, 62--66 
void ratio, 45-46, 52 
see also Beach tailings; Cycloned sands; 

Sand tailings; Slimes tailings; Tailings 
deposition 

types: 
bauxite, 26-27 
chromium, 30 
coal, 15-16 

cobalt, 30 
copper, 20--21, 50 
dredge, 20 
gold-silver, 19-20 
gypsum, 25-26 
lead-zinc, 18-19 
mercury, 30 
molybdenum, 21-22 
nickel, 22 
phosphate, 24-27 
platinum-palladium, 30 
potash, 29-30 
taconite, 22-24 
tar sands, 17 
tin, 30 
titanium, 30 
trona, 29 
tungsten, 30 
uranium, 27-29 
see also Effluent, liquid 
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see also Beach tailings; Sand tailings; Slimes 
tailings; Tailings, properties; Tailings, 
types 

Tailings deposition, 42-45 
Tailings effluent, see Effluent, liquid 
Tailings transport 

effects on siting, 113 
pipelines and pumping, 9-11 

Tar sands tailings, 17 
Thickened discharge disposal, 86-87 
Thickeners, 9, 86 
Thiosalts, 40 
Topsoil, 128, 334, 338 
Total dissolved solids, 38, 262-263 
Total-stress analysis, 195-198, 201-202 
Total-stress strength, see Strength, undrained 
Toxicity: 

effluent 
contaminant types, 34-40, 301-302 
health effects, 36-39 
relation to solubility, 265 

vegetative, 333-334, 336 
Transmissivity, 257 
Treatment, see Effluent treatment 
Triaxial test 

interpretation, 191-194 
typical tailings behavior, 62--66 
see also Strength 

Trona tailings, 29 

Uncertainty analysis, 145-148. See also 
Expected value; Probability 

Underdrains, see Liners 
Underground backfilling, 82-84 



INDEX 

Unsaturated flow, 283-286, 292-298 
Upstream embankments: 

effects on siting, 7 4 
effects of spigotting, 73-74, 170 
phreatic surface, 72-73, 152-153, 155, 

170, 174--181 
raising rates, 17, 74, 196--198 
seismic resistance, 73, 80, 234--236 
stability analysis, 196-198, 200--202 
suitability, 71-74, 80 
water handling, 73-74 

Uranium tailings, 27-29, 252-253, 295-297. 
See also Radium; Radon 

Valley-bottom impoundments, 121-123 
Vegetation, see Reclamation; Revegetation 
Velocity: 

seepage, 282 
tailings transport, 10 

Void rati6, 45, 46, 51, 53-56, 60 
definition, 13 
typical values, 46 
see also Density 

Volumetric water content, 275-277 

Water balance, 92-98, 274--275 
diversion requirements, 98 
seepage estimation, 274--275 
staged, 97-98 

Water content 

definition, 13 
volumetric, 275-277 

Water control: 
effects on embankment type, 70--80 
effects on siting, 114--115 
flood inflows, 103-111 
methods for, 95-111 
normal inflows, 95-98 
reclamation, 326-327 

Water quality: 
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effects on effiuent containment, 301-303 
guidelines, 36-39 
offshore disposal, 88-89 
see also Groundwater 

Water-retention type embankments: 
description, 70--71 
spillways, 106 
suitability, 70, 80 

Water storage: 
embankment compatibility, 70, 7 4, 77, 80 
use for flood control, 95, 104, 124 

Wetting front, 248, 283-285, 314 
Whole tailings, 14 
Wind, see Erosion 

Yield, cycloned sand, see Recovery, cycloned 
sand 

Zinc tailings, 18-19 




