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Abstract

Acid mine drainage (AMD) from mining wastes is ookthe current environmental problems in the fiefdmining pollution that
requires most action measures. This term desdifilgedrainage generated by natural oxidation ofdrilhinerals when they are exposed
to the combined action of water and atmospheriggery AMD is characterized by acidic effluents watthigh content of sulfate and
heavy metal ions in solution, which can contamirmaith groundwater and surface water. Minerals nesipte for AMD generation are
iron sulfides (pyrite, FeSand to a lesser extent pyrrhotite,-k8), which are stable and insoluble while not intaohwith water and
atmospheric oxygen. However, as a result of mirdatyvities, both sulfides are exposed to oxidizargbient conditions. In order to
prevent AMD formation, a great number of extensiesearch studies have been devoted to the mechamsmxidation and its
prevention. In this work, we present an explanatiad theoretical valuation of the pyrite oxidatipocess and a compendium on the
measures most frequently employed for its prevardind correction.

Keywords Acid Mine Drainage, mining, oxidation, pyrite, gwention, pollution.

Técnicas correctoras y preventivas de las agudasade mina: Una
revision
Resumen

En la actualidad uno de los problemas medioambesntzon mayor necesidad de actuacion es la coraaitm por la formacion de
drenajes acidos de mina (AMD: “Acid Mine Drainagefpcedentes de estériles de mina. Este es eln@mtilizado para describir el
drenaje generado por la oxidacion natural de sudfuminerales que son expuestos a la accion combufmdgua y oxigeno atmosférico.
Los minerales responsables de la generacion de AdfClos sulfuros de hierro (pirita, FeBen menor medida la pirrotita, £65), los
cuales son estables e insolubles mientras no seetnen en contacto con agua y oxigeno atmosfésiooembargo, como consecuencia
de la actividad minera, estos dos sulfuros sonestps a condiciones ambientales oxidantes. La idackde prevenir la formacion de
AMD ha desarrollado numerosas investigaciones siaisrenecanismos de oxidacion y su prevencion. Ereslente trabajo ademas de
realizar una explicacion y valoracion tedrica dedggso de oxidacion de la pirita también se realizacompendio de las medidas
preventivas y correctoras mas empleadas.

Palabras claveAguas Acidas de Mina; mineria; oxidacion; piragevencion; contaminacion.

1. Introduction atmospheric oxygen [7]. Effective AMD managemend an
correction of its impacts can be achieved only hg t

Acid mine drainage (AMD) formation has been widelprocesses that influence the release and transpdrace

recognized as one of the major environmental problemetals are known [8].

caused by mining worldwide, as evidenced by numgerou Contamination occurs when these acidic waters reach

studies [1-6]. surface or ground water systems used for human or
Minerals responsible for the generation of AMD mo&  industrial consumption [9] and as a result, manyerri

sulfides (pyrite, Fe$ and pyrrhotite, FexS), which are courses worldwide have metal contamination fronficeil

stable and insoluble while not in contact with wassd oxidation processes taking place in surface mining.
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The need to prevent AMD formation has led to theoncentrations increase. Furthermore, the temperatas a
development of numerous studies on the oxidatigneat influence on the oxidation rate as its valoebles
mechanisms and their prevention [9]. Notwithstagdihe every 10°C increase.
wide variety of existing studies, sulfides oxidatits very 2" Oxygen replacement by the ferric ion, Eq. (2):
complex and its effects vary greatly between déifer
places and conditions, so a proper AMD managemé®S + 14 F&é" + 8 O «——— 15 Fé+ 16H+2S0O? (2)
requires the understanding of the various procesisats
control spatio-temporal variations in the sulfidedation. In this inorganic mechanism, ¥eacts as the oxidizing

Most oxidation processes that occur in naturapent. The concentration of ¥edepends on the reduction
environments produce a simultaneous modificatiorthef potential Eh, pH and the nature of the most solphlase of
acid-base properties of the system, generally asing the system that, below pH = 4.5, is the amorph@(©R}.
acidity [6]. Although this is not the most stable phase, it setimat this

As a first approximation, steps that give rise tproduct controls the concentration offFbecause, as it has
degradation of water quality by introducing dissalheavy been demonstrated experimentally, this producbriséd in
metals are [1-10]: the initial stages of oxidation [16]. The pH hadual effect:

a) Oxidation of pyrite, in oxidizing atmosphere ddions,
when active mining.

on the one hand, the solubility of the iron solihge depends
strongly on this parameter, increasing around toeisand

b) Oxidation of the remaining sulfides, with a lawetimes per each unit that the pH decreases, anthemther

susceptibility to oxidation than that of the pyrite
¢) Leaching of clays, carbonates and feldsparshefhiost
rock due to the action of the acid waters formed.

d) Deposition of the dissolved ions as sulfatesiltiesg)

hand, when the pH is greater than 4, the concentraf F&*
in solution becomes too low (less than#W0 when
considering the balance with the amorphous FefOH)

For this reaction to occur, the prior oxidation tbe

Epsom salt crusts (magnesium), gypsum (calciunf@frous ion in situ, Eq. (3), is necessary:

melanterite (iron), jarosite (iron and potassiuaiynite

(sodium) and others. These sulfates are re-disdolg Fé*+7/2 @+ 14H —= 14Fe+7HO (3)

when AMD penetrate the floor or when pure wateuinp

occurs. In the latter, water soon becomes contadedna  The oxidation of ferrous ion to ferric is an essrdtep

The final acidic water has a high concentration @f triggering the formation of AMD, which occurs atlow

sulfates, alkali cations and both heavy and tramsit Speed in normal conditions. Some bacteria act tdysts,

metals. accelerating this reaction from 4 to 50 times, eguently

The oxidation of metal sulfides is a complex pragesncreasing water acidity [10]. Thus, this is a phhd Eh-
that includes various types of reactions (oxidatiodependent mechanism that is performed by acidaphili
reduction, hydrolysis, ionic complex formation, win, chemolithotrophic bacteria populations of the genus
precipitation, etc.) giving rise to some oxidizedn forms, Thiobacillus,although other groups such Btetallogeniun
sulfate anions and a strong acidity. andSulfolobuscan also contribute [17]. Bacteria population

The acid production is greatly favored by the myritof the genusMetallgenium (an acid tolerant filamentous
grain fineness and influenced by temperature, piyrdisat bacteria) were found at pH values between 3.5 ahdafd
allows oxygen penetration, moisture, hydrogeoldgicthese bacteria carry the pH to values below 4. Ehathen
characteristics of the site, etc. the bacteria of the gend$iobacillus ferrooxidangerform

There are two mechanisms of oxidation [11-13]: their catalytic works.Sphaerotilus natansnd Gallionella

1% Direct reaction of oxygen with the pyrite to pumg ferrugineabacteria species were isolated at pH between 6
sulfate ions and acidity, Eq. (1). and 9 [18]. Although in this case the bacterialdation is
unclear, the inorganic oxidation contribution igti Even
though the oxidation of the ferrous ion is a
thermodynamically favorable process, the kinetes/éry

This is an inorganic mechanism, where oxygen astssiow at pH values of about 4 or greater. Howevbeg t
the oxidizing agent. This reaction is clearly liedtby the Thiobacillus ferrooxidans oxidizing bacteria can
oxygen availability, which is usually low due toethsignificantly increase the rate of oxidation by \ding a
difficulties to diffuse presented by this elemeand its mechanism involving a different transition statel dower
kinetics is dependent on the speed at which maecuctivation energy to achieve the oxidation.

—

FeS+HO +7/2 QF¢* «—= +2H +2S0

1)

oxygen reduces [14]. Thus, no reaction takes pidem the

Due to the complexity of the process, the predontina

O2 concentration in the medium is low (Eh<300 mV). Theeaction per pH is not clearly known, which are the

diffusion rate depends on the physical relatiorshigtween
the solid and fluid phases, mainly on the solidogdy and
liquid water content. Bornstein et al. observedt ttiee
diffusion rate in soil, subsoil and sand was a mmaxn for
water content between 10 and 20%, relative to deight,
and percentages of air filled pores between 30tani%

[15]. Moreover, the H Fe&* and S@* concentrations also

affect the speed of the reaction, which decreasethese
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reactants and products and how they evolve, théiesrihe
difficulty to perform kinetic studies and the vdaility in the
data found [19].

Oxidation of a pyrite fragment depends both on the
kinetics of the chemical reaction and on the difinsof the
oxidant (either F& or ;) and the products.

As a result of oxidation, a number of precipitavath
different crystallinity are obtained; these are bamations
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of iron with oxygen or sulfate. Sulfates can evolwg 2.1.2. Soil compaction

dehydration and oxidation towards ferrihydrite aethite,

which are the most stable compounds in most natural Compaction of the mining wastes decreases their
environments. Jarosite is only stable in strongtydia permeability. This compaction achieves on the caedithe
media (pH less than 4) and very high reduction i@t reduction of water flow, which remains longer ineth
(Eh), with high sulfate concentrations [20]. tailings, hindering the oxidation of the materiadsd

Throughout the entire pyrite oxidation process, dbi therefore the rate of acid production, and on tther the
production is continuous, albeit its amount vadepending decrease of oxygen diffusion, which slows down teyri
on the iron oxidation degree, the oxidation meckranand oxidation and makes the tailings less habitable féoro-
the reaction products [21,22]. oxidant bacteria.

A decrease of the porosity means a decrease oftheth
hydraulic conductivity and oxygen diffusion. Thuthe
oxygen diffusion decreases by 3 to 4 orders of ritadge
when the degree of saturation, i.e. water conte#ches

Preventive techniques are those whose objectivie® is85% [25].
prevent the production of acid effluents from thimen On Although this is not itself a restoration methddworks
the other hand, corrective techniques are desigmeceat effectively with any other put in practice.
the acidic waters produced by mining, so that tkeyp
being a threat to the environment [10]. 2.1.3. Dry covers

It is easy to understand that when planning theemin
abandonment, priority should be given to suitalb&vgntive The application of dry covers can be done withahe
techniques. The use of corrective techniques ig joistified at different objectives: (1) mining waste stabiliaa to
for the most serious and unforeseen cases of aaigrwprevent erosion by wind and water, (2) aesthetpeapnce
pollution. Therefore, the mine waste treatment mist improvement and (3) both prevention and inhibitioh
included in the mining project in order to minimizbe pollutant release. The latter can be achieved wigthods
exposure of these materials to inclement weattett@areduce that prevent waste penetration by oxygen and watgr 1).
the mine waste volume to be processed and sto@éd [1 Without oxygen, chemical and microbial oxidation of
sulfide minerals decreases. A minimized water fauses
a reduction in the drainage water production sd the
metals are spread very slowly, resulting in a ‘tthlu with

In mining areas with high concentrations of poliga time" [26].

AMD treatment costs can have a significant impactite There are a multitude of cover designs that coler t
economic performance, even to compromise the projg@ste with soil or rock and use cementitious makerio
viability, so that, AMD formation should be prevedt form a crust. The effectiveness of the method mees

Preventive techniques act on any of the three elesnewhen choosing a high and dry location for the dump.
that are essential in the formation of acidic waitexygen, The cover should be stable and provide long-term
water andrhiobacillus ferrooxidanbacteria. protection. This generally requires at least twgeta of

Next subsections show the currently employetifferent materials, as it is rare that the recqiiipgoperties
technigues and some still in development. are found together in the same material. First,otiom
sealing layer with low-permeability is required decrease
the oxygen diffusion and to hold large amounts eftes,
acting as a barrier to oxygen. Suitable materials this

2. Preventive and corrective techniques of acid me
drainage

2.1. Preventive techniquesfor acid mine drainage

2.1.1. Surface water diversion

This technique tries to reduce the water supplyhase
potentially acid-generating materials, by usingegaérding
channels, pipes, waterproofed channels, slope ekamgund
the material area, etc. The application of thieréme should
be preceded by accurate hydrological and hydrogialo
studies, and it is precisely the lack of these wisiometimes
causes the unsuccessful application of this mg&)ad4].

The systematic application of this technique can
erroneous, because an effort (which can be castiyne and
money) to divert the surface water to reduce langsses of
water supply to areas where subsequent acid piodtstnot
extremely high, can lead to the reduction of thantjties of
water entering areas that a priori are most dangeas they
can have an extremely high production of acid. Eseerthis is
a cheap technique, easy to apply and that work$ iwe
conjunction with other techniques.
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| POSSITIVE EFFECTS:

layer are clays, especially bentonite. Howeversehelay
barriers are particularly prone to breaking duridgy
conditions letting in oxygen and water. Organic enals
may be a good substitute to clay provided thatlalyer is

O:

DRY COVER H0

A e

- Decreased pyrite oxidation
- Sulphate reduction may take place

Figure 1. Dry cover preventing the penetration>afgen and water.
Source: Ledin and Pedersen, 1996 [27].
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Table 1.
Advantages and disadvantages of different matewiggs for dry covers.

Material Advantages Disadvantages
Completely Capable of boring
PVC sheet impermeable Relatively
Low installation costs expensive
Susceptible to
Lower price Weath_erlng
Grout Low installation costs Undefined
compaction/permea
bility rate
Undefined
compaction/permea
Durable bility rate

Clays (Bentonite) Cheap and available Dry conditions
required for

application

Expensive material
High installation
costs
Liable to
deformation

Asphalt Fully impermeable

Source: Fernandez-Rubio and Lorca, 1993 [23].

thick enough. Covers rich in organic materials hheen
used to act as a radon barrier [28]. Some artifio@terials,
as plastic membranes, have higher impenetrabiliggn t
natural materials. However, care must be takenrévemt
membranes from physical damage. There are alsotslo

about how long it will last before the chemical an

microbial degradation appears [29]. Above the lo
permeability layer, a drainage layer can be pldogurotect
it from destruction by erosion, drying, freezingflience of
man, animals and plants and microbial destructi®8y.[
This drainage layer can also act to prevent theangw
capillary migration of metals and salts. Additidgab this
physical cover, there are chemical covers whereeriads
that react with small-sized minerals are addedotonfan
impermeable crust. Furthermore, additional meastaadhe
taken to increase the reduction in the flow of axy@gs the
addition of oxygen consuming microorganisms or t
compaction of the mining wastes [30].

The typical sequence of operations starts with t
flattening and leveling of the site, creating akwarchannel
to prevent the runoff effects on the dump. Latee, $urface
is compacted and the impermeable material exteaaed
compacted if necessary. Above this, a layer of patte
material with at least 50 cm width is placed, andap of it
the soil is extended to sow. The plants selectiastnibe
done taking into account the potential threat tHeep-
rooted vegetation poses especially in the long.term

Table 1 shows the materials that nowadays are arséd
their advantages and disadvantages [23].

2.1.4. Covers with sludge

Sludge as a cover insulating material has beeriestunl
Sweden since 1989 [31]. In this study, the mud used
cover the residue from a treatment plant in a netattory,
was stabilized by the addition of fly ash produdsdthe
combustion of coal and wood from factories. As égh
contains calcium oxide, it can therefore incredse pH.
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Furthermore, a protective layer composed of trek aste
overlaps on the layers of sludge.

Other studies have highlighted the importance wdgé
use on roof tops or directly on the tailings to e the
establishment of vegetation. Studies have beenumted in
different lithology dumps and even in areas devedtdy
toxic gases [32]. The use of sludge is often comdbiwith
lime supplements to increase the pH [33-34]. Intngases,
productivity and fertility of the soil disturbed bwining
have been substantially improved by sludge apjidioat
and the vyields are generally higher than when using
inorganic fertilizers. The use of sewage sludgestmver a
coal mine spoil in Colorado resulted in significamtreases
in biomass of the soil surface layer [35]. Thisatreent
gave better results than any other treatment witingianic
fertilizers (nitrogen, phosphorus). Recovery ofcpka using
chemical fertilizers and lime can produce the ahiti
establishment of vegetation, but later the vegatatover
deteriorates due to poor physical conditions [4].

Covering with sludge improves some of the sall
properties which help the establishment of life the
ground. The most important factor is the contenvrgfanic
matter that improves the physical conditions ofifdls, as
it is an energy source for soil microorganisms [3Bbhe
sludge contains nutrients and neutralizing comptn#rat
increase the landfil pH and improve its fertility.

ometimes, a considerable extra input of nitroged a

hosphorus is required, but rarely potassium, wthiteneed

r additional calcium, magnesium and sulfur changéh
the sludge composition.

In brief, mine waste covers can decrease oxygen and
water penetration, and thus reduce the oxidatiosutffde
minerals and/or the transport of hazardous compmund
Inorganic covers can be combined with sludges torave
sealing properties and soil physical conditions &nd
promote vegetation cover, which is essential tovgme
erosion and to improve the aesthetic appearantieecdrea

g

I%el'S' Sealing with clay

Often, mining transfer acidity is produced through
groundwater discharge slopes. Then it is converigeobat
them with clay as the mine hole is filled, therebgducing
the water input through the mining wastes.

This is a very common phenomenon in abandoned mine
pits where an inland lake can be formed, if this
circumstance were not taken into account. This lake
becomes an acidic water reservoir, therefore, ialso
desirable to seal the abandoned mine workings.

2.1.6. Handling tailings

Material stacking order in the dump has a fundaaient
influence on the generated acidity, this being mmakiwhen
sulfides are situated on the top and minimum iayef of
neutralizing materials, such as carbonates, iseplam top
above the pyrite [19].

Sometimes there are some materials with a partlgula
high potential to generate acidity within the tags, so if
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they can be stored in a waterproof trap, the amaintiron in the dump. The removal of iron from solutiby
drained acidic water will be considerably reducéhis is precipitation is achieved by applying neutral ores
precisely the basis of this technique that, whitpemsive siliceous materials such as fly ash, blast furnslag and
mainly due to the large number of analyses to bfopeed portland cement or by the complexation of iron et
prior to the preparation of the waste, usually giw@ry active or reactive form, which inhibits oxidatiofFes(PQs)2
good results [23]. _ L and FeP@ which diminish the amount of ferric iron that
To properly isolate the materials with higher acigdyy react with pyrite. Subsequent laboratory
generation rates, they should be located well béhevsurface ¢, thermore phosphate and phosphate clay inhioitep
but always above the water table in the area. Tiest also ;qation by creating a cover around sulfuric ma@rains.
have a sufficiently compacted waterproof coverag@idlly oo o4 iation mechanism goes through the formaion
clay or plastic) that must be umbrella shaped éveut water relatively insoluble iron phosphates studies shotiad the

from coming in contact with the mining wastes. addition of crushed apatite (€@H, F)(PQ)s) reduced the
production of acidic water by 96% at doses beloyp3
[44]. A field experiment subsequently performed tne

Addition of chemicals that interact with the tagm S@Me authors indicated that the addition of a 3apMUm_
reduces the release of acid, iron and other heatglminto Of Phosphate slowed the acid production from maleri
the reservoir since their solubility decreases les pH Such as coal and slate for around a year from vihep
increases (Fig. 2). There are some accessible #YRe added, but this inhibitory effect seemed terelese in
inexpensive alkaline chemicals that can be addeth¢o the second year [38].
mining wastes to neutralize the acid pH in the riige. Meanwhile, organic material is a suitable pH buffeat
However, this method does not always prevent the gan eliminate iron chelation. A specific technigaecalled
acidification after a few years [26]. alkaline injection. In any mine dump, AMD flows tugh

Placing a lime layer near the surface allows admipan specific areas. If they can be neutralized by imgcsome
alkaline environment which inhibits bacteria preddtion and bases such as soda, lime or sodium carbonate vthere
that neutralizes partly the generated acid. Becalifes and waters circulate, then more restoration work onghdace
its low cost, it has become a common practice moat all of the waste can be avoided, while reducing co&ls |
restorations of tailings potentially generatingdacivaters. Among others, the injection advantages would bepHe

Several studies and case studies have concludetlithés ncrease, which leads some metals to precipitatr tve
an effective method to prevent acidic water in Betablished pyrite inside the mine tailings, stopping the pyiixidation,
systems, i.e., those that have not yet generaieii aGater, ang the alkalization of the medium, which inhilmtsdizing

while in established systems the improvement iSp@&TY 4 cteria and thus contributes to the improvemenwater
and insignificant, so another restitution methodsnine found. quality. Moreover, as a temporary technique it barvery

This phenomenon is due to the low neutralizing pos¥ahe suitable for abandoned tailings.
lime as it is interrupted, in the case of very &oidater, once a
layer of iron hydroxide that inhibits neutralizatits deposited » , Corrective techniques for acid mine drainage
on its surface [1]. Frequently, requirements arté bery large

amounts of lime that can cause an imbalance in Ga#tlo, These are techniques that can be used to purifadiokc

and phosphate availability, with the consequentimpent of \atarg produced by a mine. They are conceptuappsed to
plant growth in the area. Liming is often used@moination he preventive techniques whose main objective @void the
with other methods, like another covering method. formation of those acid waters. Corrective techesojare

Due to the key role played by iron in leaching, somygyjied without distinction to underground or saefaines.
chemical treatments seek to interfere with the dbynof Many developed countries have recently enacted the

adoption of some type of environmental legislatianich

APPLICATION OF CHEMICALS has led mining to install treatment plants for tredfluents.
This creates serious problems for the operatingpaories,
but they often become critical when planning mine
abandonment. In countries with the most restrictawes,
mining operators face the dilemma of implementing
effective preventive measures or being forced tp ihee
effluent’s treatment for years, after the minebaradoned.

The most prevalent method for treating AMD
contamination is the addition of alkaline reageuish as lime,
limestone, sodium carbonate or sodium hydroxideis Th
treatment aims at neutralizing acidic water and the
precipitation of heavy metals. However, maintenance
requirements are high and large sludge amountgradeiced
Figure 2. Application of chemicals. that are mainly composed of calcium sulfate andesomatal
Source: Ledin and Pedersen, 1996 [27]. hydroxides. In an oxidizing environment, limestaseoated

with reaction products until it becomes ineffectivehis

2.1.7. Application of chemicals

Iron-binding compounds

POSSITIVE EFFECTS:
- Decreased pyrite oxidation
- Decreased metal mobility

77



Pozo-Antonio et al DYNA 81 (186), pp. 73-80. August, 2014.

2.2.3. Treatment plants by ion exchange
CHEMICAL TREATMENT . . .
This technology is based on the property of certain
OH- substances to make reversible ion exchanges within
T saturated solutions. These substances may be editfém
nature, synthetic resins with high molecular weigking
the most commonly used.
This method is applicable to the acid mine drainage

— = POSSITIVE EFFECTS:

Drainage water — 7 EBffective to increase pH terssrt;ir;td i\r/1wlt£hq rg([aztgll ions according to the reaction
Figure 3. Acid neutralization phase. (Fe, Mn, Mg, Ca) Resin-SO+ (HCGs)2 — (Fe, Mn, Mg, Ca)
Source: Ledin and Pedersen, 1996 [27]. (HCOs)2 + Resin-SQ@ (8)

) ) ) o Subsequently, the resin is regenerated using aali
problem is solved by using passive anoxic limestogg|ytions and then it is reused.

drains (ALDS) [39], which consist of shallow seateghches Among the main advantages of this method are,

excavated in the spoil and filled with limestone. according to Fernandez-Rubio and Lorca, the sludge
The most used techniques will be described in & ngysceptibility to be dried, the low hardness anaamh of
sections. the dissolved solids in the final effluents and kv lime
. o consumption [23]. The greatest disadvantages aee th
2.2.1. Chemical neutralization plants handling difficulty and toxicity of the sludge obtad.

. Nowadays there are several systems to perform this
In these plants, the water recovery takes pladéiriee technique such as: the continuous upward washisteisy
phases: neutralization, oxidation and precipitati®@s in multi-chamber adsorption columns, the continuous

follows [1]: S _ descending washing system in mobile packed bed
* Acid neutralization with lime, (Eq. 4) limesto(q. 5) adsorption columns, upward washing in open tank
or other bases: adsorption columns, etc. [42].
Further studies have been conducted where separatio
H2SQs + Ca (OH) — CaSQ + 2 HO (4) techniques were designed for copper and zinc inktégan
pyritic belt. These studies showed the possibiiityapply
CaCQ + H:SQ: — CaSQ + H:0 + CO %) resins with carboxyl groups for the selective safjan of

both metals [43].
» Oxidation from ferrous to ferric in aeration tanfe&q.

6, 7), the latter being easier to precipitate: 2.2.4. Neutralization plants by reverse osmosis
Fex(SQu)z + 3 Ca(OH) — 2 Fe(OH} + 3 CaSQ@ (6) This technique employs semipermeable membranes that
allow the passage of water while retaining dissbher
FeSQy)z + 3 CaCQ@ — 2 Fe(OH} + 3 CaSQCQO» @) suspended particles. The typical membranes, spamgly
porous, have a 100 microns thickness, are madeodffied
* Precipitation (Fig. 3). cellulose acetate with one side covered with aalEy®r [23].

One of the most important consequences of the
experiments performed so far is the ease with wiheh
membranes become obstructed, however, this is teafsy
using sodium thiosulfate.

Although recoveries of up to 80% are obtained, igen
expensive method.

2.2.2. “In-line system” plants

They are based on a simple and low maintenan%
method that simultaneously neutralizes and aer#tes
water, using the energy of water impulsed by twoalbel
injection pumps and a static mixer [40].

Injection pumps suck in air while collecting thenmniacid
waters, causing water aeration. After leaving thenp, the
water goes to a static mixer consisting of a serigsopylene
resin tubes where liquid is kept in a turbulentrmegby using a
propeller that promote mixing and reactivity.

In-line system plants have been successfully tetted
treat effluents with an input content of 200 rhgFe?,
which were reduced to an output concentration otiad 3
mglt. At an industry level, in-line system plants aheaper
than conventional ones, and as they have no maqnts,
their maintenance is simpler and more economicgl [4

2.2.5. Natural neutralization with river watersyh@rgistic"
solutions

Synergistic solutions are very attractive and loestc
methods to easily neutralize acidic waters. Theirent
development that will be exposed below is basedaon
description of the particular case of the "Dobend&liusing
the "lIron" river waters in Michigan (USA), summaizand
generalized by Fernandez-Rubio and Lorca [23].

The method uses the neutralizing capacity of a rise
that if the river flow is much larger than the iy
necessary to neutralize the mining acid drainagbefirea,
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a portion of the flow can be diverted into a branddinistries of Economy and Competitiveness, Educatio
constituted by a set of ponds arranged in seri@et¢ar the Culture and Sport and University of Vigo for thedncial

precipitation of the metals and the subsequentraktion
of the water in a controlled manner.

support given; Human Resources programs (BES-2010-
034106 and FPU AP2009-1144) and project BIA2009-

The process then consists in driving the acidicewatd8012.

coming from the mine to a circuit of staggered liseft
ponds, through which water circulates by gravity.these
ponds, if the flow is slow enough, the iron sulfatl

References

precipitate and a slow increase of the water pHI Wil; aiin, M., Fyson, A. and Wheeler, W.N. The ctistry of conventional

gradually take place. The system is designed sonater is
clean and properly neutral in the pond before isslthrge
to the river (located downstream of the inlet),tkat the
riverbed will remain untainted in its entire course

This is not a universally applicable techniquenbehis
perhaps its most important limitation, as there @rany
drawbacks that prevent its application in many sa3de
necessary conditions for the application of thishuod are:

* River flow must be large enough to withstand t

diversion of a portion of it in order to neutralitee acid
drainage.

* Materials and slope of the terrain must be apate for
the construction of the settling basins.

* Ponds should be designed so that there is nolamba

and alternative systems for the neutralization @l anine drainage. The
Science of the Total Environment, 366 (2-3), pp-398, 2006.

[2] Klapper, H. and Geller, W., Water quality maeagent of mining
lakes- a new field of applied hydrobiology. Actadtigch. Hydrob, 29, pp.
363-374, 2002.

[3] Doupé, R.G. and Lymbery, A.J., Environmentaks associated with
beneficial end uses of mine lakes in southwesteaustralia. Mine Water
and the Environment, 24 (3), pp. 134-138, 2005.

hﬁ] McCullough, C.D. and Lund, M.A., Opportunitie®r sustainable

mining pit lakes in Australia. Mine Water Envird?g, pp. 220-226, 2006.

[5] McDonald, D.M., Webb, J.A. and Taylor, J., Clieah stability of acid
rock drainage treatment sludge and implicationssfadge management.
Environ. Sci. Technol. 40 (6), pp. 1984-1990, 2006.

depending of maximum and minimum periods df] Saarinen, T., Mohammadighavam, S., Marttila, ahd Klove, B.,

precipitation and/or temperature, since the fircthem
definitely influences on the flow, and low temperas
make neutralization less effective.

« Another constraint is the size of the mine to algipthe
deposed metal hydroxides, which should be remonad f
the ponds periodically so that the system
effective.

In any case, the conclusions to be drawn are noafo

particular case but they depend on the specifiblpro that
occurs. Therefore, the natural neutralizing actidrriver
waters can help and even resolve the problem o&digic
water if the control of some key parameters is el and
the initial conditions are adequate.

3. Conclusions

(1) Acid mine drainage (AMD) greatly influences et
quality and has high environmental and ecologicgidcts.
It is therefore required to solve this worldwideolplem at
the earliest opportunity.

(2) There are several preventive techniques todatia
generation of AMD, each of them effective for afeliént
situation. Among them, dry covers and covers witluge
are the more general ones, applicable to mosttisihsa

(3) Although it would be perfect to prevent the

Impact of peatland forestry on runnof water qualityareas with sulphide-
bering sediments: How to prevent acid surges. FoEslogy and
Management, 293, pp. 17-28, 2013.

[7] Cruz, R. and Monroy, M., Evaluation of the reeaity of iron sulfides
and mining wastes. A methodology based on the egipin of cyclic
voltammetry. Quim. Nova, 29 (3), pp.510-519, 2006.

remains

[8] Monterroso, C. and Macias, F., Drainage watfected by pyrite
oxidation in a coal mine in Galicia (NW Spain): Coosition and mineral
stability. Science of the Total Environment, 21§ (#p.121-132, 1998.

[9] Younger, P.L., Coulton, R.H. and Froggatt, E.The contribution of
science to risk-based decision-making: lessons fileendevelopment of
full-scale treatment measures for acid mine wagdr§Vheal Jane, UK.
Science of the Total Environment, 338, pp.137-29405.

[10] Johnson, D.B. and Hallberg, K.B., Acid mineaithage remediation
options: a review. Science of the Total Environm&38 (1-2), pp. 3-14,
2005.

[11] Nordstrom, D.K., Mine waters: Acidic to circumautral. Elements, 7
(6), pp. 393-398, 2011.

[12] Stumm, W. and Morgan, J.J., Aquatic chemistyr introduction
emphasizing chemical equilibria in natural waté¥, Wiley-Interscience;
1981.

[13] Urrutia, M., Grafa, J., Garcia-Rodeja, E. avdcias, F., Pyrite
oxidation processes in surface systems: Acidifyintential and its interest
in minesoils reclamation). Caderno do Laboratorieokxico de Laxe,
1987.

generation of AMD, many times it is not completel{14] Saez-Navarrete, C., Rodriguez-Cérdova, L.aBay X., Gelmi, C. and

possible, requiring corrective techniques to redwae
remove contamination from water. In this case, litie-
systems” plants are the most effective solutionth bio
economic and recovery percentage aspects, in sbmtn
highly effective but expensive techniques suchr@atment
plants by ion exchange of by reverse osmosis.

Acknowledgments

errera, L., Hydrogen kinetics limitation of an atwbphic sulphate
reduction reactor, DYNA, 172, pp. 126-132, 2012.

[15] Bornstein, J., Hedstrom, W.E and Scott, F®xygen diffusion rate
relationships under three soil conditions. Life édcies and agriculture
experiment station technical bulletin 98. 1980

[16] Wiegand, U., Schreck, P., Schreiter, P., Lerdh and Glaesser, W.,
Restoration of open pit lignite mining in the fonm@DR: Lessons to be
learnt from Zwenkau. Energy and Environment, 14 [44)437-449, 2003.

[17] Nancucheo, I. and Johnson, D.B., Selective onah of transition

The authors want to give thanks to the Spanigﬁatals from acidic mine waters by novel consortifi azidophilic

79

sulfidogenic bacteria. Microbial Biotechnology,B,(pp.34-44, 2012.



Pozo-Antonio et al DYNA 81 (

[18] Umrania, V.V., Role of acidothermophilic auttaphs in bioleaching
of mineral sulphides ores. Indian Journal of Bibteslogy, 2 (3), pp. 451-
464, 2003.

[19] Kontopoulos, A., Acid Mine Drainage Controln:|1 Castro, S.H.,
Vergara, F., Sanchez, M.A. (Eds.), Effluent treatmé& the mining
industry. University of Concepcion, 1998, pp. 5811

[20] Silva, L.F.O., Fdez-Ortiz de Vallejuelo, S.,aKinez-Arkarazo, I.,
Castro, K., (...), Madariaga, J.M. Study of enviromta¢ pollution and
mineralogical characterization of sediment riversnf Brazilian coal
mining acid drainage. Science of the Total Envirentn447, pp.169-178,
2013.

[21] Millero, F.J. and Pierrot, D., A chemical elijuiium model for natural
waters. Aquatic Geochemistry, 4 (1), pp.153-199819

[22] Christov, C. and Moller, N., A chemical egbiium model of solution
behavior and solubility in the H-Na-K-Ca-OH-CI-HSG&04-H20 system
to high concentration and temperature. Geochinti€osmochimica Acta,
68 (18), pp.3717-3739, 2004.

[23] Fernandez-Rubio, R. and Lorca, D.F., Mine waleainage. Mine
Water and the Environment, 12, pp.107-130, 1993.

[24] Grande, J.A., Impact of AMD processes on thblic water supply:
Hydrochemical variations and application of a di&sgtion model to a
river in the Iberian Pyritic Belt, SW Spain. Hydogly Research, 42 (6),
pp.472-478, 2011.

[25] Molson, J.W., Fala, O., Aubertin, M. and Béssi, B., Numerical
simulations of pyrite oxidation and acid mine deae in unsaturated waste
rock piles. Journal of Contaminant Hydrology, 78 @p.343-371, 2005.

[26] Swedish Environmental Protection Agency, SNM B202, Solna,
Sweden, 1993.

[27] Ledin, M. and Pedersen K., The environmentgact of mine wastes
- Roles of microorganisms and their significancetrigatment of mine
wastes. Earth-Science Reviews, 41, pp. 67-108,.1996

[28] Landa, E.R., Microbial biogeochemistry of uian mill tailings,
Advances in Applied Microbiology, 57, pp.113-13003.

[29] Palmer, C. and Young, P.J., Protecting watsources from the
effects of landfill sites: Foxhall landfill site. &ter and Environmental, 5
(6), pp.682-696, 1991.

[30] Pulford, 1.D., A review of methods to contrakid generation of
pyritic coal mine waste, In Davies MCR, Land Reddion: an end to
dereliction? Elsevier, London, 1991. pp.269-278.

[31] Broman, P.G, Haglund, P. and Mattson, E., bfssludge for sealing
purposes in dry covers- development and field egpees, In Proc. 2nd
Int. Conf. Abatement of Acidic Drainage, Ottawa,n@da, 1991. pp. 515-
527.

[32] Neculita, C.M., Zagury, G.J. and Bussiere, Bassive treatment of
acid mine drainage in bioreactors using sulfatercewy bacteria: Critical
review and research needs. Journal of Environméality, 36, pp. 1-16,
2007.

[33] Beauchemin, S., Fiset, J.F., Pairier, G. arde#, J.M., Arsenic in an
alkaline AMD treatment sludge: Characterization astability under
prolonged anoxic conditions, Applied Geochemist$, (10), pp.1487-
1499, 2012.

[34] Kuyucak, N., Effective passive water treatmsystems in extremely
cold Canadian climatic conditions, SME Annual Megtiand Exhibit,
2010, pp. 50-54.

[35] Paschke, S.S., Banta, E.R., Dupree, J.A. arapeSius, J.P.,
Introduction, conceptual model, hydrogeologic framek, and
predevelopment groundwater availability of the DemBasin aquifer
system, Colorado, US Geological Survey Professi®agler 2011, pp. 1-
93.

80

186), pp. 73-80. August, 2014.

[36] Peppas, A., Komnitsas, K. and Halikia, I., Usfeorganic covers for
acid mine drainage control. Minerals Engineering, (%), pp. 563-574,
2000.

[37] Coulton, R., Bullen, C. and Hallett, C., Theségn and optimisation of
active mine water treatment plants. Land Contaranaand Reclamation,
11 (2), pp. 273-280, 2003.

[38] Kleinmann, R., At-source control of acid mideinage. International
Journal of Mine Water, 9 (1-4), pp.85-96, 1990.

[39] Brodie, G.A., Staged, aerobic constructed awels to treat acid
drainage: Case history of Fabius Impoundment 1 ewvetview of the
Tennessee Valley Authority’s program. In MoshiriAG. Constructed
Wetlands for Water Quality Improvement, Boca Ratd,: Lewis
Publishers, 1993, pp.157-165.

[40] Bott, T.L., Jackson, J.K., Mctammany, M.E.,wmld, J.D., Rier,
S.T., Sweeney, B.W. and Battle, J.M., Abandoned ovae drainage and
its remediation: Impacts on stream ecosystem sitrecaind function.
Ecological Applications, 22 (8), pp. 2144-2163, 201

[41] Ackman T. and Erickson, P., In-Line AerationdaNeutralization
(ILS)-Summary of Eight Field Tests. In AIME/SME/TMSL5th Annual
Meeting. New Orleans, LA., 1986. 34 P.

[42] Himsley, A. and Bennett, JA., New continuouaclked-bed ion
exchange system applied to treatment of mine wéber.Exch Technol
1984, pp.144-152.

[43] Valiente, M., Diez, S., Masana, A., Frias, @&d Muhammed, M.,
Separation of copper and zinc from waste acidiceneffluents of Rio
Tinto area. Mine Water and the Environment, 10 §p)17-27, 1991.

[44] Egiebor, N.O., Oni, B., Acid rock drainagerfmation and treatment: A
review, Asia-Pacific Journal of Chemical Enginegrir2 (1), pp. 47-62,
2007.

Santiago Pozo-Antonioreceived a Bs. Eng in Mining in 2009, an MSc
degree in Environmental Technology in 2010, and hd Riegree in
Environmental Technology in 2013, all of them frahe University of
Vigo, Espafia. From 2010 to 2013, he worked in tepdbtment of Natural
Resources Engineering and Environment in the Usiterof Vigo in
several projects related with Mining and Conseoratind Restoration of
Built Heritage. From 2013-2014 he received an mghip in the Getty
Conservation Institute in Los Angeles (USA). Hissaarch interests
include: cultural built heritage, mining techniguéndscape management
and landscape assessment.

Ivan Puente-Luna graduated in 2009 in Mining Engineering from the
University of Vigo, and received his MSc. in Enviroental Technology in
2010. Soon afterwards, he joined the Applied Géutelngies research
group, where he is currently enrolled in a PhD paag about the
applications of terrestrial and mobile LiDAR teckogy to infrastructure
inspection and management. He was a visiting reBearin Carnegie
Mellon University (USA, 2012) and Delft Universitff Technology (The
Netherlands, 2013).

Susana Laguela-Lopez.PhD in 3D thermography in 2014 from the
University of Vigo, during which she had researtdys at the University
of California Berkeley and the ITC-CNR in Italy. &lis author of more
than 15 papers, and received the Prize for Younge&ehers in New
Technologies from the Council of Pontevedra, Si§adi1), and the Prize
“Ermanno Grinzato” to Researchers under 30 from bhiernational
Conference in Thermography, AITA2013. Her resedrthrests are the
combination of thermography with geometry obtainedh geomatic
techniques for applications such as evaluation radrgy efficiency in
buildings, water management, land uses.

Maria Veiga-Rios received a Bs. Eng in Mining in 2009, an MSc degre
in Environmental Technology in 2010, and a PhD dedgn Environmental
Technology in 2011, all of them from the UniversitlyVigo. Her research
interests include: rock science, mining techniqlesgscape management
and landscape assessment.



