Chapter 4

Tailings

4.1
Introduction

Mineral processing of hard rock metal ores (e.g. Au, Cu, Pb, Zn, U) and industrial min-
eral deposits (e.g. phosphate, bauxite) involves size reduction and separation of the
individual minerals. In the first stage of mineral processing, blocks of hard rock ore
up to a meter across are reduced to only a few millimeters or even microns in diam-
eter. This is achieved by first crushing and then grinding and milling the ore (Fig. 1.2).
Crushing is a dry process; grinding involves the abrasion of the particles that are gen-
erally suspended in water. The aim of the size reduction is to break down the ore so
that the ore minerals are liberated from gangue phases. In the second stage of mineral
processing, the ore minerals are separated from the gangue minerals. This stage may
include several methods which use the different gravimetric, magnetic, electrical or
surface properties of ore and gangue phases (Fig. 1.2). Coal differs from hard rock ore
and industrial mineral deposits as it does not pass through a mill. Instead, the coal is
washed, and coal washeries produce fine-grained slurries that are discarded as wastes
in suitable repositories. Consequently, the end products of ore or industrial mineral
processing and coal washing are the same: (a) a concentrate of the sought-after com-
modity; and (b) a quantity of residue wastes known as “tailings”. Tailings typically
are produced in the form of a particulate suspension, that is, a fine-grained sediment-
water slurry. The tailings dominantly consist of the ground-up gangue from which most
of the valuable mineral(s) or coal has been removed. The solids are unwanted miner-
als such as silicates, oxides, hydroxides, carbonates, and sulfides. Recoveries of valu-
able minerals are never 100%, and tailings always contain small amounts of the valu-
able mineral or coal. Tailings impoundments may also receive very high concentra-
tions of valuable minerals or coal during times of inadequate mineral processing or
coal washing.

At nearly every metal mine site, some form of mineral processing occurs, and tail-
ings are being produced. In metal mining, the extracted ore minerals represent only a
small fraction of the whole ore mass; the vast majority of the mined material ends up
as tailings. More than 99% of the original material mined may finally become tailings
when low-grade metal ores are utilized. Tailings represent, therefore, the most volu-
minous waste at metal mine sites.

This chapter documents the characteristics, disposal options, and environmental
impacts of tailings. The main focus is on tailings from metal ores. Other aspects im-
portant to tailings such as sulfide oxidation and geochemical processes in AMD wa-
ters have already been presented (Chaps. 2, 3). Sulfidic tailings and AMD waters of
sulfidic tailings may be characterized and treated with the same type of approaches
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used to characterize and treat sulfidic waste rocks and AMD waters as discussed in
the previous chapters.

4.2
Tailings Characteristics

Tailings vary considerably in their chemical and physical characteristics. These char-
acteristics include: mineralogical and geochemical compositions; specific gravity of
tailings particles; settling behaviour; permeability vs. density relationships; soil plas-
ticity (i.e. Atterberg limits); consolidation behaviour; rheology/viscosity characteris-
tics; strength characteristics; pore water chemistry; and leaching properties (Environ-
ment Australia 1995). Detailed procedures for tailings sampling, preparation and analy-
sis are found in Ficklin and Mosier (1999). Laboratory methods for the mineralogical
and geochemical analysis of tailings solids and waters are given by Jambor (1994),
Crock et al. (1999), and Petruk (2000).

Tailings consist of solids and liquids. The solids are commonly discharged with spent
process water into a tailings storage facility, most commonly a tailings dam. As a re-
sult, the waste repository contains liquids in the form of surface and pore waters. These
tailings liquids tend to contain high concentrations of process chemicals. The follow-
ing presentation of tailings is given in terms of process chemicals, tailings liquids, and
tailings solids.

4.2.1
Process Chemicals

Many of the mineral beneficiation and hydrometallurgical operations process the
crushed ore in water. Ground or surface water is exploited and used in the process cir-
cuits as so-called “process water”. The composition of process water is largely a func-
tion of the applied mineral processing and hydrometallurgical techniques. Hydromet-
allurgical processing requires specific chemicals for different ore characteristics and
mineral behaviours. The chemicals can be classified as flotation reagents, modifiers,
flocculants/coagulents, hydrometallurgical agents, and oxidants (Table 4.1). Flotation
reagents are a group of chemicals used for froth flotation which is a common mineral
processing technique to recover sulfides. Froth flotation works on the principle that
water and a frothing agent are added to finely crushed mineral particles. The ore min-
erals cling to air bubbles and form a froth on top of the water. The froth is recovered
and dried. The remaining water contains unwanted solids which are pumped to a tail-
ings disposal facility.

Much of the process water accumulates in decant ponds of tailings dams. The tail-
ings water can be decanted for reuse and pumped back to the plant. Recycling of pro-
cess water and process chemicals makes economic sense and can reduce the load of
contaminants contained in ponds and tailings dams. However, a proportion of the dis-
charged process water remains in the tailings disposal facility. Various fractions of the
chemical additives ultimately find their way into tailings, and tailings liquids often
contain some levels of organic chemicals, cyanide, sulfuric acid, and other reagents
used to achieve mineral recovery.



4.2 - Tailings Characteristics

155

Table 4.1. Examples of common flotation reagents, modifiers, flocculants, coagulants, hydrometallurgical
reagents, and oxidants (after Ritcey 1989; Allan 1995; Barbour and Shaw 2000)

Class

Flotation reagents
a) Frothers

b) Collectors

Modifiers
a) pH regulators

b) Activators and
depressants

c) Qils
Flocculants

Coagulants

Hydrometallurgical
reagents

Oxidants

4.2.2
Tailings Liquids

Use

to act as flotation medium

to selectively coat particles with a
water repellent surface attractive to
air bubbles

to change pH to promote flotation

to selectively modify flotation re-
sponse of minerals present

to modify froth and act as collectors
to promote larger particle formation
and settling efficiency by bridging
smaller particles into larger particles
to promote larger particle formation
and settling efficiency by reducing

the net electrical repulsive forces at
particle surfaces

to selectively leach ore minerals

to oxidize process water

Reagent examples

Surface active organics such as pine
oil, propylene glycol, aliphatic alco-
hols, cresylic acid

Water soluble, surface active organics
such as amine, fatty acids, xanthates

Lime, hydrated lime, calcite, soda ash,
sodium hydroxide, ammonia, sulfuric
acid, nitric acid, hydrochloric acid

Surface active organics and various
inorganics such as copper sulfate,
zinc sulfate, sodium sulfide, lead ni-
trate, lime, sodium silicate

Kerosene, fuel oils, coal-tar oils

Clays, metal hydroxides, polysaccha-
rides, starch derivatives

Ferric and ferrous sulfate, aluminium
sulfate, ferric chloride

Sulfuric acid, sodium cyanide

Hydrogen peroxide, sodium hypo-
chlorite, ferric chloride, potassium
permanganate

Water present at the surface of tailings storage facilities and present within the pores
of tailings solids is referred to as “tailings liquid” or “tailings water”. It has highly vari-
able compositions depending on the processing technique, and its composition may
change over time. Rainfall leads to the dilution of tailings water, and evaporative con-
centration causes secondary mineral precipitation at and below the tailings surface.
In addition, the exploitation of fresh, brackish or saline water for mineral processing
will influence the composition of tailings water. In arid regions, the use of saline ground
water for the processing of ores can result in extreme saline process waters and tail-
ings. Salt encrustations are common in the waste repositories. Also, tailings solids show
poor consolidation behaviour, and the evaporation rate of tailings water is reduced
due to the high salinity. Extreme salinities may also originate from chemical reactions
in the tailings which are induced by the addition of process chemicals.



156 CHAPTER 4 - Tailings

Process chemicals, used to extract ore minerals, may influence the behaviour of
metals and other elements in tailings. For example, thiosalts (S,037, $;0¢ , $,0¢ ") can
oxidize to sulfate in waste repositories causing the acidification of waters, and organic
chemicals may complex metals present in the tailings. As a consequence, the pore and
surface waters of tailings dams may contain strongly elevated concentrations of vari-
ous elements and compounds, including process chemicals. Some of the process re-
agents such as organics and cyanides may be destroyed with time by natural bacte-
rial, chemical or photolytic degradation processes (Sec. 5.8). Other compounds may
require naturally enhanced or engineered destruction; some elements have to be per-
manently isolated by the tailings impoundment (e.g. radionuclides, metals, metalloids).

The acidity of tailings waters is influenced by the applied processing technique. For
instance, the digestion of bauxite ore and the dissolution of gold using cyanide solu-
tions are conducted under alkaline conditions. In contrast, the hydrometallurgical
extraction of copper, nickel, and uranium is based on the use of sulfuric acid under
oxidizing conditions. This sulfuric acid or that generated by sulfide oxidation will leach
the tailings minerals. For example, the acid leaching of the mineral fluorite (CaF,) re-
leases fluorine into waters (Petrunic and Al 2005). The fluorine in turn forms strong
complexes with aluminium and enhances the dissolution of aluminosilicate minerals.
As a result, strongly elevated Al contents can be present in tailings waters. In extreme
cases, different processing techniques can create strongly acid or alkaline tailings
waters with high concentrations of iron, manganese, aluminium, trace metals, metal-
loids, fluoride, chloride and sulfate (Bodénan et al. 2004).

423
Tailings Solids

At metal mines, the amount of the ore mineral(s) extracted from an ore is relatively
small, and the vast majority of mined and processed ore ends up as tailings. At mod-
ern gold mines, more than 99.999% of the originally mined and processed ore may
finally become tailings. The dry weight of tailings produced is nearly equal to the dry
weight of the ore mined.

The grain size of tailings is relatively restricted and ranges from clay to sand
(i.e. 2 pm to 2 mm). In some cases, the tailings solids have distinct grain sizes, and the
solids are then referred to as “slimes” and “sands”. Dry tailings typically consist of
70 to 80 wt.% sand-sized particles and 20 to 30 wt.% finer clay-sized particles (Fig. 4.1).
The grain size depends on the liberation characteristics of the ore and gangue miner-
als and the applied crushing and grinding process. The grain size influences the resis-
tance of the tailings solids to wind and water erosion and the behaviour and settling
characteristics of particles in tailings dams. The mineralogical and geochemical com-
position of tailings solids is site specific, and such variations provide different chal-
lenges. For example, sulfide-rich tailings are potential sources of AMD whereas ura-
nium tailings have elevated levels of radiation.

It is often assumed that tailings contain minerals similar to those of the ore, only
in much smaller grain size. Nonetheless, tailings comprise a material which is signifi-
cantly different to the mined ore in terms of grain size, mineralogy, and chemistry. By
nature, mineral processing is designed to change the physical and chemical charac-
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teristics of the mined ore. The processing also promotes the dissolution and mobili-
zation of elements present in the ore. The physical and chemical parameters (e.g. pH,
Eh) change for individual elements and compounds from the ore deposit to the tail-
ings repository. Consequently, tailings undergo chemical reactions after their deposi-
tion in the repository, and their composition changes over time. The tailings solids
and the interstitial tailings liquids react and attempt to reach equilibrium. Tailings
undergo forms of diagenesis. In addition, physical and biological processes occur such
as compaction, cementation, recrystallisation as well as mineral dissolution and for-
mation assisted by microorganisms. As a result, tailings contain elements as dissolved
species and in potentially soluble and insoluble solid forms (Craw 2003; Sidenko and
Sherriff 2005; Bobos et al. 2006).

The diagenetic processes highlight the fact that tailings solids can be the result of
different origins. Tailings solids can be: (a) primary ore and gangue minerals; (b) sec-
ondary minerals formed during weathering; (c) chemical precipitates formed during
and after mineral processing; and (d) chemical precipitates formed after disposal in
the tailings storage facility. Minerals within tailings can be assigned to several events
of mineral formation (Jambor 1994). Primary minerals are ore and gangue minerals
of the original ore. Secondary minerals are those minerals which formed during weath-
ering of ore and gangue phases. Chemical precipitates formed during and after min-
eral processing, including those minerals formed in tailings impoundments, may be
labelled as tertiary or quaternary (Jambor 1994).

4.3
Tailings Dams

Most of the tailings mass produced worldwide is pumped into “tailings storage facili-
ties, including large surface impoundments so-called “tailings dams”. The impound-
ments are best thought of as purpose-built sedimentation lagoons where fine-grained
waste residues and spent process water are captured. There are at least 3500 tailings
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dams worldwide (Davies and Martin 2000). These dams may range from a few hect-
ares to thousands of hectares in size. Because of their size, they leave the largest “foot-
print” of any mining activity on the landscape.

Tailings dams are cross valley (i.e. one or two dams constructed across a section of
a valley), sidehill (i.e. one dam constructed perpendicular to the slope of a hill), or
paddock impoundments (i.e. four sided impoundments constructed on flat land). In
some cases, the tailings themselves - in particular the sand-sized fraction - are used
to construct the embankments. If the tailings solids and other waste materials are used
as a construction material for dam walls and banks, they need chemical and physical
characterization prior to such use to ensure that they do not cause tailings dam fail-
ure or contaminant release. The storage areas also have to be engineered to optimize
the amount of tailings stored and to eliminate any possible environmental impacts.
Modern tailings dams and other engineered structures are designed to isolate the
processing waste.

Tailings dams are constructed like, and built to standards applicable to, conventional
water storage type dams. Generally, they are not constructed initially to completion.
They are raised gradually or sequentially as the impoundment fills. The dams are
thereby raised upstream towards the tailings, downstream away from the tailings, or
in centreline (Vick 1983; Environment Australia 1995; Davies and Martin 2000)
(Fig. 4.2). Each construction method has different advantages and disadvantages in
terms of construction, use, economics, and seismic stability (Vick 1983). More than
50% of tailings dams worldwide are built using the upstream method although it is
well recognized that this construction method produces a structure which is highly
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susceptible to erosion and failure. The failure rate of upstream tailings dams is quite
high, and it appears that every twentieth tailings dam fails (Davies and Martin 2000).
Major and minor environmental concerns with tailings dams are:

= the structural stability of the dam and the potential release of tailings into the envi-
ronment through pipeline ruptures, dam spillages and failures;

= air pollution through dust generation;

= release of radiation from tailings;

= seepage from the tailings through the embankment and base into ground and sur-
face waters;

= the visual impact of the large engineered structure; and

= closure and associated capping and vegetation of the tailings dam.

Seepage from a tailings dam is a common environmental concern. The amount of
seepage is governed by the permeability of the tailings and the permeability of the
liner or ground beneath the impoundment. There are various clay and synthetic liner
systems applied to tailings dams so that they reduce leakage into ground water aqui-
fers (Hutchison and Ellison 1992; Environment Australia 1995; Asher and Bell 1999).
Plastic geotextiles and clay liners represent effective methods to reduce seepage from
a tailings dam. A seepage collection system may need to be put into place, consisting
of liners and filter drains placed at the base of the tailings. A toe drain, which will in-
tercept emerging tailings waters, may need to be incorporated into the embankment.
Capping tailings dams with dry covers will reduce seepages to even lower rates.

4.3.1
Tailings Hydrogeology

The slurry pumped into tailings dams commonly contains 20 to 40 wt.% solids
(Robertson 1994). The tailings may be discharged via one or several so-called
“spigotting points” and spread out over large areas. This allows maximum drying and
produces a uniform surface.

The solid tailings are transported and deposited in an aqueous environment simi-
lar to sediments (Fig. 4.3). Sedimentary textures are common and analogous to those
of fluvial and lacustrine environments (Robertson 1994). Stratification, graded and
cross bedding as well as lenticular and sinuous textures are typical. Extensive layer-
ing is uncommon in tailings. The position of the spigotting points — where tailings
are discharged into the dam - usually changes many times. Therefore, depositional
environments within the impoundment change over time, and each tailings pile rep-
resents a unique sedimentary heterogeneous mass.

Tailings particles have diverse mineralogical compositions and different specific
gravities. This gravity difference controls how individual particles segregate and settle
within tailings dams. Preferential accumulation and settling of different grain sizes
and minerals may occur depending on the discharge rate, the density of the discharged
slurry, the method of slurry entry into the impoundment, and whether the disposal
surface has a distinct slope (Robertson 1994; Environment Australia 1995). In general,
larger, heavier and sand-sized particles settle near the slurry outlet; smaller, lighter
and finer-grained particles are located well away from the outlet. If sulfides occur
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within a particular grain size, this may result in the formation of sulfide-rich tailings
sediment. Prolonged surface exposure of these tailings to atmospheric oxygen or sub-
surface exposure to dissolved oxygen in the vadose zone of tailings may lead to local-
ized AMD generation.

The hydraulic sorting of tailings solids results in coarse-grained size fractions near
discharge points and smaller grain size fractions towards the decant pond. This grain
size distribution also results in an increased hydraulic conductivity of the coarser
grained tailings mass. The coarser tailings drain quicker than the finer material, and
there will be a lower ground water level near the dam wall (Environment Australia
1995; Younger et al. 2002).

Ground water storage and flow conditions in tailings dams are site specific and
controlled by the grain size and hydraulic conductivity of the tailings, the prevailing
climatic conditions as well as the impoundment geometry and thickness (Robertson
1994; Younger et al. 2002). If the tailings have been placed on a permeable base,
regional ground water may migrate into the tailings, or tailings seepage may enter the
aquifer underlying the tailings dam. Hence, tailings impoundments may represent
ground water recharge or discharge areas, depending on whether the water table el-
evation in the tailings is lower or higher than in the surrounding terrain. Active tail-
ings impoundments have higher water table elevations than inactive ones. Inactive
tailings impoundments have unsaturated and saturated zones separated by a ground
water table (Fig. 3.6). Such hydrological characteristics are similar to waste rock dumps
(Sec. 3.9.1).

43.2
AMD Generation

Tailings may have a high sulfide content in the form of rejected pyrite and other sul-
fides. Sulfidic tailings are a potential source of AMD (Jambor 1994; Blowes et al. 1998;
Johnson et al. 2000). If sulfidic tailings are exposed to atmospheric oxygen or to dis-
solved oxygen in the vadose zone of tailings, the oxygen infiltrating the waste may cause
sulfide oxidation and trigger AMD. Acid producing and acid buffering reactions and
secondary mineral formation will occur, and low pH pore waters with high concen-
trations of dissolved constituents will be generated (Coggans et al. 1999; Johnson et al.
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2000; Lei and Watkins 2005; Petrunic and Al 2005). Indicators for sulfide oxidation -
such as acid, sulfate and metal-rich tailings liquids - are generally observed in the upper
part and vadose zone of tailings impoundments (Jambor 1994). Acid, saline tailings
liquids may also accumulate in ponds at the surface of the tailings repository (Fig. 4.4).

If sulfidic tailings are present in the unsaturated zone and are exposed to atmo-
spheric oxygen, sulfide oxidation will commence in the upper level of the unsaturated
zone. The oxidation front in the tailings will then gradually move downward towards
the ground water table where the oxidation of sulfides will almost completely stop.
Compared to surface water and pore water in the vadose zone, the ground water in
the saturated zone of sulfidic tailings impoundments usually has higher pH and lower
Eh values and lower concentrations of dissolved constituents (Fig. 3.6) (Blowes and
Ptacek 1994; Coggans et al.1999). Sulfidic tailings below the ground water table remain
protected from oxidation. Unoxidized sulfidic tailings may underlie oxidized sulfidic
materials. These unoxidized tailings within the saturated zone have the potential to
oxidize as soon as the water table within the impoundment falls to lower levels.

In oxidizing sulfidic tailings, pore waters may exhibit a distinct chemical stratifi-
cation. For example, oxidation of exposed tailings and subsequent burial of the mate-
rial by renewed tailings disposal may lead to sulfate-, metal-rich pore waters at deeper
levels and saturated zones (Jambor 1994). Also, repeated wetting and drying cycles may
result in fluctuating water tables and variable oxidation fronts causing extensive sul-
fide oxidation, secondary mineral formation and dissolution, and AMD development
(McGregor et al. 1998; Boulet and Larocque 1998).

The oxidation and weathering reactions will release metals, metalloids, acid, and
salts to tailings pore waters. The released contaminants may: (a) be retained within
the tailings impoundment; (b) reach surface and ground water systems; or (c) be pre-
cipitated at a particular level of the tailings impoundment. Copper may be precipi-
tated, for instance, as covellite below the zone of sulfide oxidation to form a zone of
copper enrichment, akin to the formation of supergene copper ores (Holmstrom et al.
1999; Ljungberg and Ohlander 2001). Massive precipitation of secondary minerals in-

Fig. 4.4. Ponding of acid, saline water on an abandoned sulfidic tailings dam, Croydon, Australia
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cluding oxides (e.g. goethite, ferrihydrite, lepidocrocite, schwertmannite), sulfates
(e.g. jarosite, gypsum, melanterite), and sulfides (e.g. covellite) may occur at particu-
lar levels within the tailings impoundment (McGregor et al. 1998; Dold and Fontbote
2001). Mineral precipitation can cement sulfidic tailings at or near the depth of sul-
fide oxidation. Prolonged precipitation causes the formation of a hardpan layer which
acts as a diffusion barrier to oxygen and limits the downward migration of low pH,
saline pore waters (Blowes et al. 1991; Coggans et al. 1999) (Sec. 2.6.4).

If sulfidic tailings are exposed to the atmosphere for extended periods, evapora-
tion of tailings water commonly leads to the formation of sulfate-bearing mineral salts
such as gypsum or jarosite (Johnson et al. 2000; Dold and Fontbote 2001). These sec-
ondary mineral blooms occur on or immediately below the impoundment surface, and
surficial tailings materials may form a cohesive, rigidly cemented material. Soluble
secondary minerals may redissolve upon rainfall events or due to increased water lev-
els within the tailings dam.

While the oxidation of sulfidic tailings is possible, most tailings deposits generally
remain water saturated during the operating life. This limits the transfer of air into
the tailings and the supply of oxygen to sulfide minerals (Blowes and Ptacek 1994).
Moreover, if unoxidized sulfidic tailings are flooded, deposition of organic material
may occur, and layers rich in iron and manganese oxyhydroxides may develop at the
water-tailings interface. These layers can prevent the release of metals into the overly-
ing water column through adsorption and coprecipitation processes (Holmstrém and
Ohlander 1999, 2001).

Tailings are much finer grained and have a much higher specific surface area
(i.e. m? g'l) available for oxidation and leaching reactions than waste rocks. Thus, the
onset of AMD development in tailings can be more rapid than in waste rocks of the
same deposit, yet crushing and milling of sulfidic ores do not necessarily increase the
oxidation rate of pyrite in tailings dams. The rate of AMD generation in tailings is

reduced by:

* Uniform and fine grain size. Tailings possess a uniform and fine particle size which
leads to a much lower permeability than that in waste rock piles. Compared to coarse-
grained waste rocks, tailings exhibit: (a) less and slower water and oxygen move-
ment into the waste; (b) reduced contact of sulfides with oxygen due to slower oxy-
gen transport into the waste; (c) slower water movement and slower replenishment
of consumed oxygen; and (d) very slow seepage of an AMD plume to outlets of the
waste impoundment because the generally low hydraulic conductivity of tailings will
delay movement of the AMD plume (Ljungberg and and Ohlander 2001). The be-
haviours of oxygen and water influence the depth and rate of AMD generation. Con-
sequently, tailings permit a smaller depth of active acid generation than coarse-
grained wastes, and sulfidic tailings often generate AMD more slowly than coarser,
more permeable waste rock from the same deposit (Mitchell 2000).

= Addition of alkaline process chemicals. Some tailings have a high pH due to the ad-
dition of alkaline materials during mineral processing (Craw et al. 1999). Any acid
generated may immediately be neutralized by residual alkaline processing agents.
Tailings may also be stabilized through the addition of neutralizing materials such
as lime, crushed limestone or fly ash (Stouraiti et al. 2002). This may prevent highly
reactive sulfidic tailings from developing AMD waters.
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4.3.3
Tailings Dam Failures

Tailings dams should be constructed to contain waste materials indefinitely. The im-
poundment should be designed to achieve negligible seepage of tailings liquids into
ground and surface waters and to prevent failures of tailings dam structures. There-
fore, the dams should be engineered for: (a) long-term stability against erosion and
mass movement; (b) prevention of environmental contamination of ground and sur-
face waters; and (c) return of the area for future land use. The overall design objective
of tailings dams should be to achieve a safe, stable post-operational tailings impound-
ment (Environment Australia 1995; Davies and Martin 2000).

The stability of tailings dams is controlled by the embankment height and slope as
well as the degree of compaction, nature, and strength of foundation and embank-
ment materials (Environment Australia 1995). Conventional tailings dams can exceed
100 m in height and have to hold back a significant pool of water and up to several
hundred million cubic meters of water saturated tailings. The easiest way to maintain
dam stability during operation is to keep the decant pond as small as possible and as
far as possible from the containing embankment as practical (Environment Australia
1995). This ensures that the phreatic surface remains at low levels. Nonetheless, the
mechanical stability of tailings is very poor due to the small grain size and the usually
high water content. The level of the water table in the impoundment and embankment
falls as tailings discharge ceases. This results in the increased stability of the embank-
ment and tailings mass. Any further accumulation of water on the dam is prevented
by capping the impoundment.

In the past 70 years, numerous incidents involving operating tailings dams have
occurred (e.g. Wagener et al. 1998). There have been about 100 documented signifi-
cant upstream tailings dam failures (Davies and Martin 2000) (Table 4.2). The causes
for tailings dam failures include:

= Liquefaction. Earthquakes are associated with the release of seismic waves which
cause increased shear stresses on the embankment and increased pore pressures in
saturated tailings. Tailings and the dam may liquefy during seismic events (e.g. Veta
de Agua, Chile; 03.03.1985). Liquefaction may also be caused by mine blasting or
nearby motion and vibrations of heavy equipment.

* Rapid increase in dam wall height. If an upstream dam is raised too quickly, very
high internal pore pressures are produced within the tailings. High pore pressures
decrease the dam stability and may lead to dam failure (e.g. Tyrone, USA;13.10.1980).

= Foundation failure. If the base below the dam is too weak to support the dam, move-
ment along a failure plane will occur (e.g. Los Frailes, Spain; 25.04.1998).

= Excessive water levels. Dam failure can occur if the phreatic surface raises to a criti-
cal level; that is, the beach width between the decant pond and the dam crest be-
comes too small (Fig. 4.3). Flood inflow, high rainfall, rapid melting of snow, and
improper water management of the mill operator may cause excessive water levels
within the impoundment, which then may lead to overtopping and collapse of the
embankment (e.g. Baia Mare, Romania; 30.01.2000; Case Study 5.1). If overtopping
of the dam crest occurs, breaching, erosion, and complete failure of the impound-
ment are possible.
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= Excessive seepage. Seepage within or beneath the dam causes erosion along the
seepage flow path. Excessive seepage may result in failure of the embankment
(e.g. Zlevoto, Yugoslavia; 01.03.1976).

If failure occurs, tailings may enter underground workings or more commonly, the
wastes spill into waterways and travel downstream. Depending on the dam’s location,
failures of tailings dams can have catastrophic consequences. Streams can be polluted
for a considerable distance downstream, large surface areas can become covered with
thick metal-rich mud, the region’s sediment and water quality can be reduced, and
contaminants may enter ecosystems (e.g. Benito et al. 2001; Hudson-Edwards et al.
2003; Macklin et al. 2003). Tailings dam failures in numerous countries have caused
the loss of human life and major economic and environmental costs (Table 4.2) (Min-
ing Journal Research Services 1996).

The prevention of tailings dam failures requires: (a) an effective geotechnical char-
acterization of the tailings site; and (b) a detailed understanding of the risk of local
natural hazards such as earthquakes, landslides, and catastrophic meteorological
events. It is important to design tailings dams to such a standard that they can cope
with extreme geological and climatic events.

Most tailings dam failures have been in humid, temperate regions. In contrast,
there have been very few tailings dam failures in semi-arid and arid regions. However,
tailings dams in semi-arid climates suffer from other chronic difficulties inclu-
ding seepage problems, supernatant ponds with high levels of process chemicals,
dust generation, and surface crusting. Crusting prevents drying out of tailings,
and rehabilitation cannot be undertaken for many years after tailings deposition has
ceased.

43.4
Monitoring

Monitoring of tailings dam structures is essential in order to prevent environmental
pollution and tailings dam failures and spillages. Site specific conditions require tai-
lored monitoring programs. The monitoring program should address the following
aspects:

= Dam performance. Performance monitoring of tailings dams includes measurements
of the filling rate, consolidation, grain size distribution, water balance, and process
chemical concentrations such as cyanide.

= Impoundment stability. Impoundment stability monitoring establishes the phreatic
surface in the embankment and tailings as well as the slope stability and pore pres-
sure within the tailings.

* Environmental aspects. Environmental monitoring includes: meteorological obser-
vations; measurements of radioactivity levels; investigations of the tailings chemis-
try and mineralogy; performance of geochemical static and kinetic tests for AMD
generation potential; and chemical analyses of ground, surface and seepage waters,
downstream stream sediments, and dust particles. Ground water monitoring
is an integral part of tailings monitoring and allows an evaluation of tailings
seepage into aquifers (Robertson 1994; Environment Australia 1995). Piezometers
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are essential to monitor water pressure and water level in the impound-
ment. Piezometers and boreholes also need to be established at background points
and along the ground water flowpath that is expected to be affected by tailings
leachates. Suitable computational tools (e.g. MODFLOW) are available to model
ground water flow and to illustrate potential impacts of leachates on ground water
aquifers.

4.3.5
Wet and Dry Covers

Tailings disposal areas can occupy large areas of land and render them useless for fu-
ture land use unless the tailings repositories are covered upon mine closure. Also,
uncovered tailings are susceptible to severe water and wind erosion because of their
fine grain size. There are numerous examples where wind-blown particles from un-
covered tailings have polluted air, streams and soils and created health problems for
local communities (Hossner and Hons 1992). Hence, the objectives of tailings covers
are twofold: (a) to prevent ingress of water and oxygen into the processing waste; and
(b) to prevent wind and water erosion.

During operation tailings dams are mostly covered with water, and these wet cov-
ers prevent wind erosion. Wet covers over sulfidic tailings also prevent sulfide oxi-
dation and acid production (Sec. 2.10.1). Upon closure and rehabilitation, flood-
ing of reactive tailings and establishment of a shallow water cover on top of tail-
ings will curtail sulfide oxidation (Romano et al. 2003). The placement of tailings
into an aqueous environment can only be used in regions where climatic conditions
will sustain a permanent water cover. The implementation of water covers over
oxidized tailings is inappropriate because metals dissolve into the water cover or are
present as water-soluble salts. Such flooded tailings impoundments require a pro-
tective layer such as peat at the tailings/water interface to inhibit metal transport
(Simms et al. 2001).

A common rehabilitation strategy of tailings involves dry capping. This technique
is applied to tailings deposited in tailings dams or backfilled into mined-out open pits.
Before dry capping can proceed, the tailings need to settle and consolidate (i.e. “to
thicken”). Thickening is the process by which water is removed from the tailings and
the volume of the waste is reduced. In some cases, appropriate civil engineering tech-
niques such as wicks, drains or filter beds have to be put into place to ensure consoli-
dation and drying out of tailings in tailings dams and open pits. After drying out and
consolidation of the tailings, dry covers are constructed from locally available solid
materials. Dry cover designs for tailings are numerous and site specific (Fig. 4.5). They
include single layer and multi-layered designs and are largely identical to the dry cover
techniques for sulfidic waste rock dumps (Sec. 2.10.2). Dry covers range from the di-
rect establishment of native vegetation on the waste to complex, composite covers
(Hutchison and Ellison 1992). The latter type has a number of layers, some compacted
to reduce their permeability and others uncompacted to support vegetation. Materi-
als used for dry covers include geotextiles, low sulfide waste rocks, oxide wastes, soils,
and clay-rich subsoils. A top surface cover of soil on all external surfaces provides a
substrate for a self-sustaining plant cover. Suitable drainage installed prevents erosion
of the dam. Additional earthworks may be necessary such as diverting creeks, repro-
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filing of the slopes of the side walls, and rock armouring of the side walls in order to
prevent erosion and slumping of the walls.

4.4
Thickened Discharge and Paste Technologies

The thickened tailings discharge and paste technologies remove a significant propor-
tion of water from the tailings prior to their disposal (Environment Australia 1995;
Williams and Seddon 1999; Brzezinski 2001). The water is removed from the tailings
at or prior to the point of tailings discharge. Consequently, the waste impoundment
does not contain large amounts of water. In an arid to semi-arid environment, solar
drying of the tailings completes rapid consolidation. The thickened tailings discharge
method is used to construct storage dumps whereby tailings are thickened in a large
settler and discharged onto a sloped bed. This technique results in a steep cone of dried
tailings. Alternatively, thickened tailings may also be spread out in gently sloped lay-
ers for drying. The disposal facility is then constructed progressively as each waste
layer is progressively stacked on top of each other. Such stacking of thickened tailings
is primarily carried out at alumina processing plants for the disposal of fine tailings
(i.e. red mud) from bauxite refining.
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The thickened discharge and paste technologies have numerous advantages. Thick-
ened tailings disposal sites do not cover large tracts of lands as conventional tailings
dams do. The technologies also reduce water consumption, the risk of water shortage
at the mine, and hydraulic sorting of tailings particles (Environment Australia 1995;
Williams and Seddon 1999; Brzezinski 2001). Compared to tailings dams, the meth-
ods have economic advantages to the operator and reduce the risks of tailings dam
failure, water run-off, and leaching. However, thickened tailings operations may also
be subject to dust generation or even to failure due to liquefaction of the waste
(McMahon et al. 1996).

4.5
Backfilling

Tailings may be pumped into underground workings and mined-out open pits (i.e. in-
pit disposal). Such a disposal practice has been used in the mining industry for over
100 years. Tailings are placed directly into the voids from which the ore was won. Backfill-
ing of open pit mines eliminates the formation of an open pit lake. Once backfilling has
occurred, ground water will eventually return, approximating the pre-mining ground
water table (Fig. 4.6). Within a backfilled open pit, several zones can be identified in
terms of oxygen abundance. The saturated anoxic zone is located below the ground
water table. Mine waste with the highest acid generating capacity is to be placed into
this zone in order to prevent contact of sulfide minerals with oxygen. Wastes with very
high acid-generating capacities may require the addition of neutralizing agents prior
to or during backfilling.

The advantages of in-pit disposal compared to other tailings disposal methods include:

= the placement of tailings below the ground water table, ensuring limited interaction
with the hydrosphere and biosphere;

= no spillages, failures or erosion of tailings dams;

* the backfilling of a large open void with mine waste to such an extent that landscap-
ing and revegetation of the area is possible; and

= a greater depth of cover, ensuring suppression of oxidation of sulfidic wastes or ra-
diological safety of uranium tailings.

While backfilling may appear at first sight a suitable technique to fill and remediate
unwanted mine workings, it can, nevertheless, bear several problems:

* The placement of tailings liquids and solids into open pits does not mean that the
tailings are as secure chemically and physically as the original mined ore. Chemical
and mineralogical changes occur within the processed ore during and after mineral
processing. Tailings are not fine-grained ores. They contain very fine-grained, modi-
fied and in many cases, reactive ore particles with a large surface area. In addition,
tailings contain interstitial pore waters with reactive process chemicals and other
dissolved elements and compounds.

= Most pits are deep with a relatively small surface area. In such cases, the evapora-
tion rate of water is slow, and the consolidation of tailings takes considerable time
(Environment Australia 1995).
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Ground surface

Oxic, unsaturated
zone

----------------------------------------------------------------------------- Water table
Anoxic, saturated
zone

Benign waste

Sulfidic tailings with
high acid generating potential

Fig. 4.6. Backfilled open pit showing return of pre-mining ground water table and different hydrologi-
cal zones (after Abdelouas et al. 1999)

= Any backfill material placed below the water table will become part of the aquifer
(Lewis-Russ 1997; Siegel 1997). In particular, if the open pit is not lined with clay or
other impermeable liners and if the tailings are disposed of below the post-mining
ground water table, the tailings will become part of the local aquifer. Water-rock re-
actions may lead to the mobilization of contaminants into ground waters. The im-
pact depends on the mineralogical and geochemical characteristics of the tailings
and their permeability. The permeability of backfilled material can be very low if
significant compaction has occurred. However, if the water is flowing through reac-
tive, permeable and soluble materials, the increased surface area of the waste cou-
pled with its reactivity will result in ground waters enriched in various components.
For example, if oxidized sulfidic waste is disposed of in an open pit or a flooded pit,
soluble secondary minerals may dissolve in the pore water. This may lead to the re-
lease of metals, metalloids, and salts to the ground water or to the overlying water
column. Surface or ground water may need to be treated to prevent environmental
contamination.

Sulfidic tailings should be disposed of into open pits or underground workings
below the post-mining water table once mining ceases. Placement of sulfidic tailings
below the post-mining ground water table will preclude any ready access of
atmospheric oxygen to sulfidic tailings. The backfill of tailings into underground
workings as tailings-cement paste mixtures is also possible. Such a technique
is primarily used to provide ground support (Bertrand et al. 2000). The disposal
technique also provides limited acid buffering capacity to the waste as cement
contains minerals that are able to neutralize acid generated by the oxidation of sulfides.

4.6
Riverine and Lacustrine Disposal

Tailings may also be disposed into rivers and lakes. Once discharged into the streams,
the solids and liquids of tailings may be transported considerable distance downstream.
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In historic mining areas, the riverine disposal practice was commonly applied (Fig. 4.7)
(Black et al. 2004). At these locations, sulfidic tailings may be exposed on the banks of
impacted rivers and represent potential AMD sources. Rehabilitation of streams con-
taminated with tailings may involve dredging, removal, and disposal of the tailings in
suitable impoundments, or revegetation of the stream banks with suitable metal-tol-
erant local plant species. If the deposited tailings are sulfidic, oxidation of sulfides is
possible during dredging, draining or erosion. Therefore, precautions must be taken
to prevent any change to these potentially reactive, acid materials. While sulfide min-
erals in discharged mine tailings generally oxidize in oxygenated river waters, sulfide
grains can be transported considerable distances downstream from their source zone
without weathering (Leblanc et al. 2000).

Today, riverine disposal of tailings and erodible waste dumps are used at copper
mine sites in Indonesia (Grasberg-Ertsberg) and Papua New Guinea (Porgera, Ok Tedi,
Bougainville) (Jeffery et al. 1988; Salomons and Eagle 1990; Apte et al. 1996; Hettler et al.
1997) (Fig. 4.8). Tailings are discharged directly into the streams or after neutraliza-
tion. In these earthquake- and landslide-prone, rugged, high rainfall areas, the con-
struction of tailings dams has been proven to be geotechnically impossible, so river-
ine disposal of tailings is preferred. In these environments, natural erosion rates are
very high, and landslides are common. As a result, high natural sediment loads occur
in local streams and rivers which can dilute tailings discharges. This disposal practice
comes at a price. It causes increased sedimentation of the river system, increased tur-
bidity, associated flooding of lowlands, and contamination of stream and floodplain

=y

by

Fig. 4.7. Sulfidic tailings layer in ephemeral creek bed downstream from the derelict lead-zinc Webbs
Consols mine, Australia. The tailings contain wt.% levels of arsenic, lead and zinc
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Fig. 4.8. Earthworks in the Ajkwa River, Irian Jaya, Indonesia. Tailings are discharged (~8.7 Mt per year)
from the giant Grasberg-Ertsberg mine into the Ajkwa River, causing severe aggradation and flooding
of vegetated lowland downstream of the mine. Areas inundated with tailings are to be turned into pro-
ductive and sustainable agricultural land

sediments with metals (Case Study 4.1). Diebacks of rainforests and mangrove swamps
occur while the impact of elevated copper concentrations in sediments and waters on
aquatic ecosystems will become clearer in the long term.

4.7
Marine Disposal

The discharge of tailings into oceans is a preferred option for handling tailings in
coastal settings (Hesse and Ellis 1995; Jones and Ellis 1995; Rankin et al. 1997; Berkun
2005) (Case Study 4.2, Fig. 4.9). The aims of this disposal method are: (a) to place the
tailings into a deep marine environment which has minimal oxygen concentrations;
and (b) to prevent tailings from entering the shallow, biologically productive, oxygen-
ated zone. Prior to their discharge, tailings are mixed with seawater to increase the
density of the slurry. Upon their discharge from the outfall at usually more than 50 m
below the surface, the tailings are transported down the seafloor to their ultimate rest-
ing place. The disposal technique achieves a permanent water cover and inhibition of
sulfide oxidation, yet the physical dispersion of tailings must be assessed, and the ex-
tent of metal uptake from the tailings solids by fish and bottom dwelling organisms
has to be evaluated (Rankin et al. 1997; Johnson et al. 1998; Blanchette et al. 2001; Powell
and Powell 2001). Some tailings may contain bioavailable contaminants in the form
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Case Study 4.1.  Riverine Tailings Disposal at Ok Tedi, Papua New Guinea
The Ok Tedi Mine

The Ok Tedi mine is one of the largest copper mines in the world. The mine is also a major con-
tributor to the economy of Papua New Guinea (PNG), accounting for much of PNG’s total an-
nual export income (Murray et al. 2000a). Ok Tedi is located in highly mountainous terrane at
an altitude of approximately 1600 m. Annual rainfall is at 8 to 10 m per year, and the mine is lo-
cated in an earthquake- and landslide-prone area. The construction of a tailings dam was at-
tempted; however, the waste repository could not be completed due to landslides. Since 1984, the
large-scale open cut operation produces a copper-gold-silver concentrate as well as significant
quantities of mining and processing wastes.

Discharge of Waste into Ok Tedi River

Since 1986, tailings have been discharged and waste rock dumps have been left to erode into the
headwaters of the Ok Tedi and Fly River system. The discharge rate amounts to about 160 000 t
of waste per day. Mine-derived wastes are transported from the mine site into the Ok Tedi River
which flows into the Fly River, 200 km downstream of the mine site. The Fly River joins the even
larger Strickland River. The combined river system flows via a large estuary and discharges
about 120 Mt of sediment a year into the Gulf of Papua. The massive input of tailings and waste
rock at the Ok Tedi mine has distinct hydrological, sedimentological and geochemical impacts
on the Fly River system throughout the entire length of the river, a distance of over 1000 km
(Salomons and Eagle 1990; Hettler and Lehman 199s; Hettler et al. 1997):

= Increased turbidity. The small grain size (<100 pm in diameter) and large quantity of wastes
add to the suspended sediment load of the Ok Tedi River system. As a consequence, the sus-
pended matter content in the Middle Fly River is 5 to 10 times higher than the natural back-
ground. The increase in suspended sediment load possibly impacts on aquatic organisms.

= [Increased sedimentation. The tailings and mine waste solids are transported significant dis-
tances downstream from the mine. The wastes are then deposited as sediments on the
floodplains of the Middle and Lower Fly River, in the delta of the Fly River, and in the Gulf of
Papua. Very high deposition rates of mine-derived sediment are found in floodplain envi-
ronments. Floodplain lakes, creeks, channels, and cut-off meanders receive the greatest
quantities of mine-derived sediment. The increased sedimentation on flood plains has bur-
ied large areas of tropical lowland rainforests and mangroves with a thin veneer of waste
and has caused dieback of the vegetation on a large scale.

= Metal contamination of sediments. The near surface sediments — deposited along river chan-
nels, in lakes and swamps, and on floodplains - are enriched in copper and gold. Mobiliza-
tion of copper occurs from the contaminated sediments into surface waters. Chronic copper
toxicity to aquatic communities in the affected streams and floodplains are expected, and
negative ecological impacts on the fish population may occur in the long term.

Over the entire mine life from 1984 to 2007, there will be a release of 1400 Mt of waste into
the tropical river system. Riverine disposal is allowed under and occurs in compliance with PNG
laws and regulations. Increasing concern over environmental impacts has led to dredging trials
in the lower Ok Tedi (Murray et al. 2000a). Sand and gravel particles are being dredged from the
river bed and stored on the river bank. The dredging efforts may create suitable sediment traps
which prevent the burial of lowland rainforests and mangroves with a thin veneer of mine
waste.

of soluble metal hydroxides and sulfates. In addition, the mobility and bioavailability
of metals and metalloids may increase once the tailings have been injected into the
sea (Blanchette et al. 2001). Therefore, the submarine tailings discharge method re-
quires waste characterization as well as modeling and monitoring of the disposal site.
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Case Study 4.2. Submarine Tailings Disposal at the Black Angel Mine, Greenland
The Black Angel Lead-Zinc Mine

The Black Angel lead-zinc mine site is located at 71 degrees north on the west coast of Green-
land, some 500 km north of the Arctic Circle. The mine site is situated in an alpine landscape,
where the 4 km long Affarlikassaa Fjord joins the 8 km long Qaamarujuk Fjord. The name Black
Angel derives from the angelic appearance of an exposed contorted band of pelite, clearly visi-
ble on the face of the 700 m cliff face that overlooks the Affarlikassaa Fjord (Fig. 4.9). The ore-
bodies were mined from 1973 to 1990 using underground methods, with a total production of
11 million tonnes of ore grading 4.1% Pb, 12.5% Zn and 30 ppm Ag (Asmund et al. 1994). The
mineralisation consists of pyrite, sphalerite and galena and the sulfide orebodies are enclosed
by thick marble units and clastic metasediments.

Tailings Discharge

The entrance to the mine was 600 m up the cliff facing Affarlikassaa Fjord. The mined ore was
transported by an aerial cable car across the Fjord to an industrial area for processing. Mineral
recovery was by conventional selective flotation and the tailings were discharged into the Affar-
likassaa Fjord. The total amount of discharged tailings was about 8 million tonnes, containing
elevated arsenic, cadmium, copper, lead and zinc values (Poling and Ellis 1995).

Environmental monitoring of the fjord system prior to mining showed elevated metal con-
centrations in local seaweed and mussels (Poling and Ellis 1995). These metal distributions were
due to the natural exposure of the sulfide orebodies to weathering and erosion. Within a year
from starting the submarine tailings disposal, distinctly elevated lead and zinc values were
found in waters and biota of the entire fjord system. This led to extensive investigations into the
origin and dispersal mechanisms of metal contaminants. Prior to marine discharge, it was as-
sumed that all residual metals would be present in the tailings only as insoluble sulfides. Yet, the
tailings contained lead and zinc phases that were soluble in seawater. In addition, oceanographic
investigations contradicted an earlier assumption that the discharged tailings are permanently
protected by stagnant bottom waters of the Affarlikassaa Fjord. The studies demonstrated that
the disposal site did not have a permanently stratified water column and that complete mixing
of the water took place during winter (Poling and Ellis 1995).

Consequently, several changes were made to the mineral processing and tailings discharge
which significantly reduced the levels of metal release to the environment. Firstly, improvements
in mineral processing led to tailings with lower lead values released to the ocean (1973, 0.4% Pb;
1989, 0.18% Pb). Also, the tailings were treated with chemicals, deaerated prior to discharge and
mixed with seawater. These initiatives led to the coagulation and flocculation of small tailings
solids, prevented the dispersion of metal-rich particles via mineral-laden air bubbles, and in-
creased the tailings density which led to the deposition of tailings in bottom waters. As a result,
the lead and zinc concentrations in water and biota of the Affarlikassaa Fjord decreased
(Asmund et al. 1994).

Transfer of Metals into the Fjord

Despite the improvements to the submarine tailings disposal system, metal contamination of
the area could not be prevented. The tailings discharge resulted in the metal enrichment of wa-
ter, suspended particulate matter, sediment and biota in the Affarlikassaa and Qaamarujuk
Fjords up to 70 km away from the tailings outfall (Loring and Asmund 1989; Elberling et al.
2002). During mining, analyses of seals and fish species largely revealed no metal contamina-
tion, while deep sea prawns and capelins as well as the livers of certain fish species and seabirds
contained lead concentrations above the safe consumption limit (Asmund et al. 1994). Mussels
and seaweed obtained increasingly elevated cadmium, lead and zinc concentrations, depending
on their location relative to the tailings outfall.

Since mine closure, metal concentrations have declined in fjord waters as well as animal and
plant life (Asmund et al. 1994). Yet, dispersion and release of metals from the tailings continues
(Elberling et al. 2002). In hindsight, detailed mineralogical, geochemical and oceanographic
studies prior to tailings discharge would have allowed an informed decision on whether sub-
marine tailings disposal was appropriate at this particular site (Poling and Ellis 1995).
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Fig. 4.9. View of the 700 m cliff face that overlooks the Affarlikassaa Fjord at the Black Angel mine, cen-
tral West Greenland. Over 8 million tonnes of tailings and a large shoreline waste rock pile of 0.4 mil-
lion tonnes were dumped into the Affarlikassaa Fjord. The two small black spots beneath the left wing
of the angel-like figure are the cable car entrances to the mine. The ship MS Disko II is 50 m long

4.8
Recycling

An alternative to the disposal of tailings is to put the waste to good use. For example,
manganese tailings may be used in agro-forestry and as coatings, resin cast prod-
ucts, glass, ceramics, glazes as well as building and construction materials (Verlaan
and Wiltshire 2000). Base metal tailings and low grade metal ores can also be
planted with suitable plant species which extract the metals from the substrate
(Scientific Issue 4.1). Phytomining not only recovers metals from wastes, but the
technique may also turn hazardous materials into benign wastes with much lower
metal concentrations.

4.9
Summary

Mineral processing methods of metalliferous hard rock deposits involve crushing,
grinding and milling the ore, and concentrating the ore minerals. Chemical additives
are often employed to help separate or leach the ore minerals from the gangue phases.
The additives include flotation reagents, modifiers, flocculants/coagulents, oxidants,
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Scientific Issue 4.1.  Phytoremediation and Phytomining of Metalliferous Wastes
Introduction

Plants and microorganisms (fungi, yeast cells, algae, bacteria) can influence the behaviour of
metals and metalloids in surface environments. While some organisms tolerate elevated concen-
trations of dissolved precious and heavy metals and metalloids, others can dissolve, contain or
immobilize such elements. Organisms - which contain or immobilize metals and metalloids - ex-
tract the dissolved elements by adsorption, intracellular uptake, and chemical transformations.
The metals and metalloids, accumulated by these living plants and microorganisms or their
dead biomass, may amount up to several weight percent of the cell dry weight.

Phytoremediation

The ability of particular plants and microorganisms to influence the cycling of metals can be used
in the clean-up of metal contaminated soils, sediments, waters, and wastes. Plants have been used
for some time to remove or immobilize environmental contaminants, a process which is commonly
referred to as “phytoremediation” (Brooks 1998). Phytoremediation was initially applied in the 19th
century when authorities began to treat municipal wastewaters in constructed wetlands and spray
irrigation systems. Today, phytoremediation is an emerging technology for the rehabilitation of con-
taminated sites (Johansson et al. 2005). The techniques of phytoremediation can be grouped into the
following strategies:

= Phytostabilization. Plants transform toxic forms of metals into non-toxic forms. This tech-
nique uses metal-tolerant plants to immobilize heavy metals in the root zone. Metals are ab-
sorbed into and accumulated by roots, adsorbed onto roots, or precipitated in the root zone.
The processes reduce mobility and bioavailability of the metals.

= Rhizofiltration. Dissolved heavy metals - surrounding the root zone - are adsorbed or pre-
cipitated onto plant roots, or the metals are absorbed into the roots. The technique may be
applied to decontaminate ground water rather than soils and wastes.

= Phytoextraction. This strategy involves the uptake of precious and heavy metals by roots into
the above ground portions of plants (i.e. metal accumulators). A phytoextraction operation
entails planting a hyperaccumulator crop over the contaminated site. This is followed by
harvesting and incineration of the biomass to produce a metal concentrate for subsequent
disposal. The ideal plant to use for phytoextraction has a large biomass, grows well in metal-
rich environments, and accumulates metals to high concentrations. Plants that accumulate
1000 mgkg” metal in their dry biomass are termed “hyperaccumulators” (Brooks 1998).
There are natural hyperaccumulators for a range of metals (Cd, Co, Cu, Mn, Ni, Pb, Se, T, U,
Zn). However, many hyperaccumulators tend to grow slowly and produce little biomass. An
alternative approach is to genetically engineer fast-growing species to improve their metal
tolerance and metal accumulating capacity (Pilon-Smits et al. 2000). The key limitation to
metal uptake by any plant species is the solubility of the metal in the root zone since metals
must be dissolved in the soil solution for uptake to occur. The natural solubility of metals
can be artificially induced by adding suitable chemicals to the substrate in which the plants
grow. The complexing agents dissolve additional metals which become bioavailable and are
subsequently taken up by the plants. Induced phytoextraction is of particular interest to
companies as the application of chelates can increase the natural uptake of metals and in-
duce the uptake of other metals by plants (Anderson et al. 1998).

Phytomining

An alternative strategy to phytoremediation is phytomining (Robinson et al. 1997; Anderson et al.
1999). In this technology, hyperaccumulators are not only used to remove metals from substrates,
they are used to yield a metal-rich biological ore for smelting, The plants accumulate metals in their
harvestable tissue, followed by the removal of plant tissue from the site, ashing of the plants, and ex-
traction of the metals. In most cases, a phytomining operation would be conducted on low grade ores
or wastes such as tailings, containing metal concentrations too low for conventional extraction. Phy-
tomining represents an emerging technology and “cleans” ores and wastes to shallow depths. It has
many advantages and unique features which could make it part of future metal mining operations.



180 CHAPTER 4 - Tailings

and hydrometallurgical agents. The desired fraction containing the ore minerals is
recovered, and other materials are disposed of as wastes. Such wastes are referred to
as tailings. Tailings consist of solids and liquids. The liquids contain process chemi-
cals which influence the chemical behaviour and mobility of elements within the waste
repository.

The pH of tailings waters is influenced by the applied processing technique. Any
sulfuric acid added as process chemical or generated by sulfide oxidation will leach
ore and gangue minerals. In extreme cases, the applied processing techniques may
create highly acid or alkaline tailings with high concentrations of dissolved and soluble
salts, metals and metalloids.

Tailings contain minerals similar to those of waste rocks from the same deposit,
only in much smaller grain size. Primary minerals are the ore and gangue minerals of
the original ore. Secondary minerals crystallize during weathering of the ore. Tertiary
and quaternary minerals form before, during, and after the deposition of the tailings
in their impoundment as a result of chemical reactions. Evaporation of tailings water
commonly leads to the formation of mineral salts such as gypsum at and below the
tailings surface.

The accumulation of sulfide-rich tailings sediments may occur in an impoundment,
and subsequent sulfide oxidation and AMD generation may be possible. In particular,
if sulfidic tailings are present within the unsaturated zone of an inactive impound-
ment, sulfide oxidation will occur. However, tailings remain water saturated during
operation and are deposited as fine-grained sediments that have a relatively low per-
meability. Consequently, tailings often generate AMD more slowly than coarser, yet
more permeable waste rocks from the same deposit.

Disposal of tailings commonly occurs into engineered tailings dams. Tailings dams
are constructed like conventional water storage type dams whereby the tailings are
pumped as a water-rich slurry into the impoundment. The safety record of tailings
dams is poor. On average, there has been one major tailings dam failure or spillage
every year in the last thirty years. Tailings dam failures are due to liquefaction, rapid
rise in dam wall height, foundation failure, excessive water levels, or excessive seep-
age. Tailings dam failures and spillages have caused environmental impacts on eco-
systems, loss of life, and damage to property. Other concerns with tailings dams in-
clude air pollution through dust generation, release of radiation from tailings, and
seepage from the tailings through the embankment into ground and surface waters.
Monitoring of tailings dams is essential and includes investigations on dam perfor-
mance, impoundment stability, and environmental impacts. Dry capping techniques
of tailings are highly variable and site-specific, and consist of single layer and multi-
layered designs using compacted and uncompacted materials.

Tailings disposal, using the thickened discharge or paste technology, results in a
cone or stack of dried tailings. The methods are based on the discharge of dewatered
tailings into the impoundment. Containment of tailings in open pits and underground
workings is also possible; nonetheless, consolidation of the wastes may take consider-
able periods of time. If the tailings are placed below the post-mining ground water
table, the restricted access of atmospheric oxygen will restrict any sulfide oxidation.
An interaction of the tailings with ground water occurs if permeable, reactive, soluble
tailings materials are present.
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In historic mining areas, tailings were commonly discharged into nearby rivers.
Today, such a disposal is applied in earthquake- and landslide-prone, rugged, high
rainfall areas where the construction of engineered tailings disposal facilities has
proven to be impossible. This disposal practice comes at a price. It can result in con-
siderable metal contamination and increased sedimentation downstream. Similarly,
submarine tailings disposal is applied in areas where high rainfall, increased seismic-
ity, and limited land make the construction of tailings dams impossible. Tailings are
released into the ocean at significant water depth well below wave base and commer-
cial fishing grounds. While the oxidation of sulfides in deep sea environments is in-
significant, the long term uptake of metals and metalloids from the tailings by bot-
tom dwelling organisms remains to be investigated.

The ever increasing volume of tailings has stimulated research into their recycling
potential. The alternative uses of tailings are dependent on the chemical and miner-
alogical characteristics of the wastes. Phytoremediation is one emerging technology
whereby plants remove or immobilize metals in tailings. The technique has the po-
tential to convert hazardous materials into benign wastes.

Further information on tailings can be obtained from web sites shown in
Table 4.3.

Table 4.3. Web sites covering aspects of tailings

Organization Web address and description
United Nations Environmental http://www.mineralresourcesforum.org
Programme (UNEP) Information on tailings dams
Mineral Resources Forum
Tailings.Info http://wwwi.tailings.info
Detailed information on tailings
Mining Information Service http://technology/infomine.com/tailingsmine
TailingsMine Reports on tailings
World Information Service on Energy http//www.wise-uranium.org
(WISE) - Uranium Project Case studies, information, and record on tailings dam

safety and failures





