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ABSTRACT 

Acid mine drainage (AMD) is recognized as one of the most serious environmental problem in the mining industry. 

The problem of acid mine drainage (AMD) has been present since mining activity began thousands of years ago. 

This paper describes the water pollution issues in mining industries and their treatment technologies. 
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1. INTRODUCTION:  

Water is essential to life on our planet. A prerequisite of 

sustainable development must be to ensure 

uncontaminated streams, rivers, lakes and oceans. We 

often take the presence of clean water for granted, 

forgetting its importance and assuming that it is always 

available. Unfortunately, the law and technology to 

protect this vital resource remains far from perfect. 

Increasingly, human activities threaten the water 

sources on which we all depend. Mining is one such 

activity. In fact, water has been called “mining's most 

common casualty”. 

There is growing awareness of the environmental 

inheritance of mining activities that have been 

undertaken with little concern for the environment. The 

price we have paid for our everyday use of minerals has 

sometimes been very high. Mining by its nature 

consumes, diverts and can seriously pollute water 

resources. Changes in laws, technologies and attitudes 

have begun to address some of the most immediate 

threats posed by mineral development, but there are still 

many areas of mining practices and regulations that 

need to be addressed. For the sake of current and future 

generations we need to safeguard the purity and 

quantity of our water against irresponsible mining. We 

need to ensure the best pollution prevention strategies 

are employed in cases where the risks can be managed. 

But we also need to make out that in some places 

mining should not be allowed to proceed because the 

identified risks to other resources are too great.  

Water pollution from mine waste rock and tailings may 

need to be managed for decades, if not centuries, after 

closure. These impacts depend on a variety of factors, 

such as the sensitivity of local terrain, the composition 

of minerals being mined, the type of technology 

employed, the skill, knowledge and environmental 

commitment of the company, and finally, our ability to 

monitor and enforce compliance with environmental 

regulations. 

One of the problems is that mining has become more 

mechanized and therefore able to handle more rock and 

ore material than ever before. Consequently, mine 

waste has multiplied enormously. As mine technologies 

are developed to make it more profitable to mine low 

grade ore, even more waste will be generated in the 

future. This trend requires the mining industry to adopt 

and consistently apply practices that minimize the 

environmental impacts of this waste production. 

1.1 ACID MINE DRAINAGE: 

Acid mine drainage is generated by the formation of 

sulphuric acid when sulphur-containing minerals such 

as pyrite undergo weathering in the environment.  

Naturally occurring sulphide oxidising bacteria also 

play an important role in this acid production process.  

The sulphuric acid generated in this oxidation process is 

then able to dissolve metals such as copper, leading in 

turn, to their release into the environment.   

1.2 Chemistry: The oxidation of pyrite is the single 

most prevalent cause of acid drainage.  The chemical 

reactions which occur can be summarised as follows: 

2 FeS2 + 7 O2 + 2 H2O  ⇒⇒⇒⇒  2 Fe
2+
 + 4 SO4

2-
 + 4 H

+
 

This weathering reaction involves both oxygen and 

water causing oxidation of the pyrite.  Sulphur is 

oxidised to sulphate and ferrous ions are released.  As 

given, two moles of acid is generated by each mole of 

pyrite which undergoes oxidation. 

As given in the following equation, the oxidation of 

ferrous ions to ferric ions is the rate determining step.  

It consumes one mole of acid for each mole of ferrous 

ions present.  Certain bacteria increase the rate of this 

pH dependent reaction.   Under acid conditions (in the 

region of pH 2-3), with no bacteria present, the reaction 

proceeds slowly.  However, at pHs around 5, the 

reaction proceeds at a rate which is several orders of 

magnitude faster. 

4 Fe
2+
 + O2 + 4 H

+
  ⇒⇒⇒⇒  4 Fe

3+
 + 2 H2O 

Hydrolysis of iron then occurs, generating more acid, 

and above pHs of about 3.5, ferric hydroxide will 

precipitate. 

4 Fe
3+
 + 12 H2O  ⇒⇒⇒⇒  4 Fe(OH)3↓↓↓↓ + 12 H

+
 

Ferric iron is then capable of oxidising additional 

pyrite.  The reaction is rapid and continues until either 

the ferric iron or the pyrite is depleted. 

FeS2 + 14 Fe
3+
 + 8 H2O  ⇒⇒⇒⇒  15 Fe

2+
 + 2 SO4

2-
 + 16 H

+ 

Thus, as shown, significant acid is generated by the 

overall reaction.  This acid is then available to dissolve 
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other minerals to liberate their contained metals.  One 

of the major metals released by this chemistry is 

copper.  Copper is toxic to many life forms and 

therefore must not be allowed to enter the environment.  

Thus, the heap leaching of copper-containing minerals 

for subsequent recovery in the well established process, 

must give rise to concern once the heap is sufficiently 

depleted of copper to be continually leached.  The 

residual acid and copper remain as a potential source of 

future environmental damage. 

The rate of oxidation of ferrous iron under chemical 

conditions analogous to those found in mine waters is 

very slow and slower than the oxidation of pyrite by 

ferric iron [Garrels and Thompson 1960].   Therefore, 

such mine waters are found to contain high 

concentrations of ferrous iron. 

1.3 Effects of Mine Drainage and Metals on Aquatic 

Macro invertebrates and Fish:  

Mine drainage is a complex of elements that interact to 

cause a variety of effects on aquatic life that are 

difficult to separate into individual components. 

Toxicity is dependent on discharge volume, pH, total 

acidity, and concentration of dissolved metals. pH is the 

most critical component, since the lower the pH, the 

more severe the potential effects of mine drainage on 

aquatic life. The overall effect of mine drainage is also 

dependent on the flow (dilution rate), pH, and alkalinity 

or buffering capacity of the receiving stream. The 

higher the concentration of bicarbonate and carbonate 

ions in the receiving stream, the higher the buffering 

capacity and the greater the protection of aquatic life 

from adverse effects of acid mine drainage [Kimmel, 

1983]. Alkaline mine drainage with low concentrations 

of metals may have little discernible effect on receiving 

streams. Acid mine drainage with elevated metals 

concentrations discharging into headwater streams or 

lightly buffered streams can have a devastating effect 

on the aquatic life. Secondary effects such as increased 

carbon dioxide tensions, oxygen reduction by the 

oxidation of metals, increased osmotic pressure from 

high concentrations of mineral salts, and synergistic 

effects of metal ions also contribute to toxicity 

[Parsons, 1957]. In addition to chemical effects of mine 

drainage, physical effects such as increased turbidity 

from soil erosion, accumulation of coal fines, and 

smothering of the stream substrate from precipitated 

metal compounds may also occur [Parsons, 1968; 

Warner, 1971]. 

Benthic (bottom-dwelling) macro invertebrates are 

often used as indicators of water quality because of 

their limited mobility, relatively long residence times, 

and varying degrees of sensitivity to pollutants. 

Unaffected streams generally have a variety of species 

with representatives of all insect orders, including a 

high diversity of insects classed in the taxonomic orders 

of Ephemeroptera (mayflies), Plecoptera (stoneflies), 

and Trichoptera (caddisflies) (EPT taxa). Like many 

other potential pollutants, mine drainage can cause a 

reduction in the diversity and total numbers, or 

abundance, of macroinvertebrates and changes in 

community structure, such as a lower percentage of 

EPT taxa. Moderate pollution eliminates the more 

sensitive species Severely degraded conditions are 

characterized by dominance of certain taxonomic 

representatives of pollution-tolerant organisms, such as 

earthworms (Tubificidae), midge larvae 

(Chironomidae), alderfly larvae (Sialis), fishfly larvae 

(Nigronia), cranefly larvae (Tipula), caddisfly larvae 

(Ptilostomis), and non-benthic insects like predaceous 

diving beetles (Dytiscidae) and water boatmen 

(Corixidae) [Nichols and Bulow, 1973] . While these 

tolerant organisms may also be present in unpolluted 

streams, they dominate in impacted stream sections. 

Mayflies are generally sensitive to acid mine drainage; 

however, some stoneflies and caddisflies are tolerant of 

dilute acid mine drainage. 

Fish are often used as indicators of pollution; however, 

they are not as useful as macro invertebrates because of 

their greater mobility. Fish may temporarily swim 

through a non-lethal impacted area or away from a 

discharge of intermittent duration. 

pH: Most organisms have a well defined range of pH 

tolerance. If the pH falls below the tolerance range, 

death will occur due to respiratory or osmoregulatory 

failure [Kimmel, 1983]. Low pH causes a disturbance 

of the balance of sodium and chloride ions in the blood 

of aquatic animals. At low pH, hydrogen ions may be 

taken into cells and sodium ions expelled.Mayflies are 

one of the most sensitive groups of aquatic insects to 

low pH; stoneflies and caddisflies are generally less 

sensitive to low pH. Mayflies and stoneflies that 

normally live in neutral water experience a greater loss 

of sodium in their blood when exposed to low pH than 

do acid-tolerant species of stoneflies, such as Leuctra 

and Amphinemura, whose sodium uptake is only 

slightly reduced by low pH [Sutcliffe and Hildrew, 

1989]. 

The primary causes of fish death in acid waters are loss 

of sodium ions from the blood and loss of oxygen in the 

tissues (Brown and Sadler, 1989). Acid water also 

increases the permeability of fish gills to water, 

adversely affecting gill function. Ionic imbalance in fish 

may begin at a pH of 5.5 or higher, depending on the 

tolerance of the species; severe anoxia will occur below 

pH 4.2 [Potts and McWilliams, 1989]. Low pH that is 

not directly lethal may adversely affect fish growth 

rates and reproduction [Kimmel, 1983]. 

Metals:Heavy metals can increase the toxicity of mine 

drainage and also act as metabolic poisons. Iron, 

aluminum, and manganese are the most common heavy 

metals which can compound the adverse effects of mine 

drainage. Heavy metals are generally less toxic at 

circumneutral pH. Trace metals such as zinc, cadmium, 

and copper, which may also be present in mine 
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drainage, are toxic at extremely low concentrations and 

may act synergistically to suppress algal growth and 

affect fish and benthos [Hoehn and Sizemore, 1977]. 

Some fish, such as brook trout, are tolerant of low pH, 

but addition of metals decreases that tolerance. In 

addition to dissolved metals, precipitated iron or 

aluminum hydroxide may form in streams receiving 

mine discharges with elevated metals concentrations. 

Ferric and aluminum hydroxides decrease oxygen 

availability as they form; the precipitate may coat gills 

and body surfaces, smother eggs, and cover the stream 

bottom, filling in crevices in rocks, and making the 

substrate unstable and unfit for habitation by benthic 

organisms [Hoehn and Sizemore, 1977]. Scouring of 

iron flocculants increases turbidity and suspended 

solids and may inhibit fish feeding. 

Iron is a common component of mine drainage which 

can have a detrimental effect on aquatic life. Like 

aluminum, iron can be present in several forms and 

combines with a variety of other ions. The impact of 

mine drainage containing elevated iron on aquatic 

ecosystems is complex. Little animal life may be found 

in streams with the lowest pH (under 3.5) and elevated 

dissolved iron concentrations. Alderflies, fishflies, 

dipterans, and aquatic earthworms will be present if the 

pH rises slightly. With further increases in pH, a more 

diverse assemblage of macro invertebrates may be 

present, although total numbers may be lower than in 

nondegraded streams (Table 4.2 and Figure 4.1). 

Wiederholm [1984], Letterman and Mitsch [1978], and 

Moon and Lucostic [1979] presented results of research 

on the effects of mine drainage and elevated iron on 

aquatic life. 

Manganese is another metal that is widely distributed in 

mine drainage. Manganese can be present in a variety 

of forms and compounds and complexes with organic 

compounds. Manganese is difficult to remove from 

discharges because the pH must be raised to above 10.0 

before manganese will precipitate. Manganese, 

therefore, is persistent and can be carried for long 

distances downstream of a source of mine drainage. 

Less information is available on the effects of elevated 

manganese concentrations on aquatic life than the 

effects of iron and aluminum. Perhaps this is because 

manganese in mine drainage is usually associated with 

other metals which may have a more deleterious effect 

or mask the effect of the manganese. Manganese 

discharge limits have traditionally been based on the 

objectionable discoloration effects of manganese at 

concentrations as low as 0.2 mg/L in water supplies 

rather than effects on aquatic life. 

1.4 Chemical Impacts on Potable and Industrial 

Water Supplies: 

In areas where surface and groundwaters have been 

contaminated by mine drainage, treatment of water 

supplies becomes more difficult, more time consuming, 

and more expensive. Listed below are constituents 

which are typically elevated in mine drainage or in 

groundwater recharged by mine drainage and their 

properties which can render a municipal or domestic 

water supply unusable without treatment, unpalatable, 

or aesthetically offensive. 

Iron - The taste threshold of iron in water has been 

given as 0.1 and 0.2 mg/L of iron from ferrous sulfate 

and ferrous chloride respectfully. It has been reported 

that ferrous iron imparts a taste at 0.1 mg/L and ferric 

iron at 0.2 mg/L. Staining of plumbing fixtures occurs 

at 0.3 mg/L. Certain animals are sensitive to minor 

changes in iron concentration. Cows will not drink 

enough water (taste threshold 0.3 mg/L) if it is high in 

iron, and consequently, milk production is affected 

(Dairy Reference Manual, Third Edition, 1995). 

pH - The hydrogen ion concentration can affect the 

taste of water. At a low pH water tastes sour. The 

bactericidal effect of chlorine is weakened as pH 

increases and it is advantageous to keep the pH close to 

7. Water with a pH below 7.0 is corrosive to plumbing 

and can result in constituents such as copper, zinc, 

cadmium, and lead being dissolved in drinking water. 

Sulfate - High sulfate levels in water may have laxative 

effects and cause taste and odor problems. 

Total Dissolved Solids (TDS) - Excessive TDS in 

drinking water is objectionable because of possible 

physiological effects and unpalatable mineral tastes. 

Physiological effects related to TDS include laxative 

effects, effects on the cardiovascular system, and 

toxemia associated with pregnancy. 

Manganese - Elevated manganese causes several 

specific problems when encountered in drinking water, 

such as unpleasant tastes, deposits on food, laundry 

staining, reduction in water main capacity, and 

discoloration of porcelain fixtures. Staining may occur 

at concentrations above 0.5 mg/L. 

The major problem of most industrial water users is 

corrosion control. As discussed previously, increased 

acidity has been found to accelerate the corrosion of 

industrial water-using equipment, navigational 

equipment, buried transmission lines, and ordinary 

metal structures such as culverts, bridges, and pumps. 

Scale formation (incrustation) produced by increased 

water hardness reduces the heat exchange efficiency of 

boilers. Elevated iron and manganese concentrations 

interfere with textile dyeing and metal plating  

1.5 Corrosion and Incrustation of Wells, Pipes, and 

Other Metal Structures: 

Damage to plumbing done by corrosive water 

represents a major expense to utilities and water users. 

The following is a list of indicators of corrosive water 

with respect to metal casings, screens, and other metal 

fixtures and conveyance devices.  

Low pH pH below 7.0. 

Dissolved oxygen If dissolved oxygen in groundwater 

exceeds 2 ppm, corrosive water is indicated. Dissolved 
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oxygen is likely to be found in shallow water table 

wells. 

Hydrogen sulfide Less than 1 ppm can cause severe 

corrosion and this amount can be detected by odor or 

taste. The presence of hydrogen sulfide can be detected 

readily from its characteristic rotten-egg odor. 

Total dissolved solids Above 1000 ppm, the electrical 

conductivity of the water is great enough to cause 

serious electrolytic corrosion. 

Carbon dioxide above 50 ppm. 

Chlorides above 500 ppm. 

As is evident by comparing the chemical signature of 

mine drainage with the list of corrosion indicators, the 

groundwater environment in areas affected by mine 

drainage has the potential to be highly corrosive. There 

are two recognized types of corrosion; chemical and 

electrochemical. Chemical corrosion occurs when a 

particular constituent is present in water in sufficient 

concentration to cause rapid removal of material over 

broad areas. Chemical corrosion can cause severe 

damage regardless of the amount of total dissolved 

solids [Driscoll, 1986]. 

A second type of corrosion known as electrochemical 

corrosion is more prevalent. Two conditions are 

necessary for electrochemical corrosion to proceed; a 

difference in electrical potential on the surface of the 

metal(s), and water with enough dissolved solids 

content to act as a conductor. A difference in electrical 

potential can occur between two different metals or on 

the surface of the same metal in areas around joints, 

machine cuts, exposed threads, or breaks in surface 

coatings [Driscoll, 1986]. 

Incrustation is a second major problem for wells, 

pumps and associated metal structures which is related 

to water quality. The kind and amount of dissolved 

minerals and gases in natural waters determine their 

tendency to deposit mineral matter as incrustation. The 

major forms of incrustation include; (1) incrustation 

from precipitation of calcium and magnesium 

carbonates or their sulfates; (2) incrustation from 

precipitation of iron and manganese compounds, 

primarily their hydroxides or hydrated oxides; and (3) 

plugging caused by slime-producing iron bacteria or 

other slime-forming organisms. [Driscoll, 1986] 

Chemical incrustation usually results from the 

precipitation of carbonates, principally calcium, from 

groundwater in the proximity of the well screen. Other 

substances, such as aluminum silicates and iron 

compounds, may also be entrapped in the scale like 

carbonates that cement sand grains together around the 

screen. The deposit fills the voids, and the flow of water 

into the well is reduced proportionally. 

Iron and manganese incrustation is another common 

problem in pumping wells. During pumping, velocity-

induced pressure changes can disturb the chemical 

equilibrium of the groundwater and result in the 

deposition of insoluble iron and manganese hydroxides. 

These hydroxides have the consistency of a gel, and 

may occupy relatively large volumes; over time, they 

harden into scale deposits. 

Another common problem with well casings, screens, 

mains, and pipelines in the coal measures is the 

formation of iron bacteria in openings or adjacent areas 

due to elevated iron and/or manganese in the local 

groundwater. Crenothrix, Gallionella, and other iron 

bacteria utilize iron as a source of energy and store it in 

their microbial protoplasm. Problems are generally 

encountered at iron concentrations above 0.2 mg/L. 

These bacteria can become so numerous in the 

conveyance system that clogging can occur with 

resultant flow loss. Iron bacteria thrive best in the dark 

and are found most frequently in water containing little 

or no oxygen and a considerable amount of carbon 

dioxide along with dissolved iron. These bacteria obtain 

their energy by oxidizing ferrous ions to ferric ions. 

Precipitation of the iron and rapid growth of the 

bacteria create a voluminous material that quickly plugs 

any openings. 

2. TREATMENT TECHNOLOGIES: 

Non specific treatment technologies include 

precipitation, sulphur-generating bacteria, addition of 

solid minerals such as modified kaolin, red muds 

generated during the production of alumina, brown 

coal, evaporation, etc.  All suffer from technical and/or 

commercial deficiencies and therefore have not been 

widely adopted for the removal of toxic metals from 

AMD.  Ion exchange, electrowinning and solvent 

extraction-based recovery systems may assist in 

offsetting the treatment costs. However, the costs 

associated with the purchase and operation of an ion 

exchange resin-based recovery system led to a rejection 

of this process. 

A number of removal methods employing the 

application of solid neutralising agents such as soda 

ash, lime, limestone, phosphate rock and basic slags 

have been proposed.   As noted, they require the 

provision of storage facilities for the precipitates 

generated in the process.  Furthermore, the majority of 

mine sites remediate by mixing of alkaline materials 

with the waste rock has in fact produced AMD [Brady 

et al. (1990)].  It was postulated that the presence of 

lime increases pH and hence the initial rate of pyrite 

oxidation [Smith and Shumate 1970], [Chander and 

Zhou 1992].  Furthermore, the rate of alkali dissolution 

is a strong function of the particle size and of 

competing chemical reactions.   

2.1 Brown coal: 

Low rank coals such as brown coal has been 

investigated [Royston et al. 1987] as a solid sorbent for 

metal ions due to the presence of carboxylic and 

phenolic groups in the coal.   The researchers observed 

that metals such as Pb, Hg, Zn, Fe(III), Cd, Cu, Cr(III) 

were removed from solution at relatively low pHs.  

Furthermore, the recovered brown coal could be 
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disposed of by controlled incineration to produce a 

small metal bearing ash residue for conventional 

disposal. 

2.2 Lime/Limestone: 

Lime/limestone precipitation is probably the most 

widely adopted method for pH control.  Lime is a much 

higher cost raw material due to the additional cost of 

calcining.  Whilst limestone is a lower cost alternative, 

it is not able to readily raise the pH much above 5.  

Importantly however, in treating AD in anoxic 

limestone drains, final pH values of up to 6.5 have been 

achieved [Morin and Hutt (1997) ]. 

2.3 Iron complexing agents: 

As previously discussed, a major factor in acid drainage 

is the difference between the rates of acid generation 

through oxidation of the sulphide minerals and acid 

consumption by the host rock.  Thus, if the rate of acid 

generation can be reduced by a reduction in the rate of 

oxidation, then it may be possible to significantly 

reduce, or eliminate acid drainage at particular sites. 

2.4 Zeolite: 

Zeolite is a mineral with an open pore structure, high 

surface area and a high cation exchange capability.  It 

has the ability to attract and bind positively charged 

metal ions.  Soil remediation has been a particular focus 

for this mineral. 

2.5 Biosorption: 

Sphagnum peat moss exhibits a sorption capacity for 

metal ions similar to that of a typical gel type strong 

acid ion exchange resin [Aldrich and Feng (2000)].  

Because of their relatively low cost, these authors 

proposed the application of this material for the 

removal of heavy metal ions from wastewater effluents.  

Sphagnum moss was shown to exhibit a selectivity for 

heavy metal cations as follows, Pb > Ni > Cu > Cd; the 

removal increasing with an increase in solution pH.   

2.6 Membranes Technology: 

Membrane technology has been successfully adopted at 

Cananea in Mexico for the recovery of copper from a 

process stream. Microporous liquid membrane 

extraction systems have been used to recover copper 

and other metals [Valenzuela et al. 2000, Ho and 

Poddar 2001]. 

2.7 Ion exchange Method:  

(i)  Silica-based 

A number of workers have developed silica-based ion 

exchange resins for the recovery of metal ions from 

acid drainage solutions by functionalising the surface of 

silica supports.  To immobilise the complexing ligand 

to the substrate, various surface treatments of the silica 

are proposed.  A silane coupling agent is then used to 

react with hydroxyl groups on the silica surface.  This 

coupling agent is selected from a group in which the 

unreacted functional group will provide sites for 

additional chemical reactions to attach or tether the 

desired functional group.  In many instances, this 

functional group then undergoes further chemical 

modification.  For example, polyethyleneimine groups 

or substituted quinoline, oxime, thio/amine, phosphoric 

acid, thiophosphinic groups are typical of the types of 

groups added to the silica surface.   Resins of this type 

include those developed by Purity Systems Inc. and 

Deokar and Tavlarides [1998].  Resins exhibiting good 

selectivity for copper over iron have been proposed. 

(ii)  Polymeric resins 

A range of ion exchange resins, normally either based 

on polystyrene-divinyl benzene or acrylic backbones 

have been developed for the recovery of metal ions 

from aqueous solutions.  Generally, their selectivity for 

copper over iron has been poor.  Whilst Dow 

Chemical’s M4195, a bipicolylamine-based resin has 

demonstrated good copper selectivity over iron, and the 

iron could be readily stripped from the resin using a 

0.1M sulphuric acid solution, the copper strip 

necessitated the use of 4-5 M sulphuric acid.  This high 

acid strip substantially increases plant cost. 

3. CONCLUSION:  

A number of methods for remediation of contaminated 

mine sites and prevention methods for protection of 

ecosystems have been outlined within this paper, 

thereby enabling mining companies to better protect the 

environment.  Past experience would suggest that some 

mining practices which are considered to be acceptable 

today, are likely to require significant remediation in 

the future.  Proponents of heap leaching operations and 

companies proposing to dispose of tailings into 

submarine environments can anticipate that future 

government regulation may either ban the practice, or 

require significant remediation steps be undertaken. 
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