Definition of redox and pH influence in the AMD mine system
using a fuzzy qualitative tool (Iberian Pyrite Belt, SW Spain)
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Abstract Poderosa Mine is an abandoned pyrite mine, locat-
ed in the Iberian Pyrite Belt which pours its acid mine drain-
age (AMD) waters into the Odiel river (South-West Spain).
This work focuses on establishing possible reasons for inter-
dependence between the potential redox and pH, with the load
of metals and sulfates, as well as a set of variables that define
the physical chemistry of the water—conductivity, tempera-
ture, TDS, and dissolved oxygen—transported by a channel
from Poderosa mine affected by acid mine drainage, through
the use of techniques of artificial intelligence: fuzzy logic and
data mining. The sampling campaign was carried out in May
of 2012. There were a total of 16 sites, the first inside the
tunnel and the last at the mouth of the river Odiel, with a
distance of approximately 10 m between each pair of measur-
ing stations. While the tools of classical statistics, which are
widely used in this context, prove useful for defining proxim-
ity ratios between variables based on Pearson’s correlations, in
addition to making it easier to handle large volumes of data
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and producing easier-to-understand graphs, the use of fuzzy
logic tools and data mining results in better definition of the
variations produced by external stimuli on the set of variables.
This tool is adaptable and can be extrapolated to any system
polluted by acid mine drainage using simple, intuitive
reasoning.
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Introduction

The Iberian Pyrite Belt (IPB) (Fig. 1) is located in South-West
Spain and is about 230 km long and 30 km wide. It extends
from Seville in southern Spain to the western coast of
Portugal, crossing the province of Huelva. This province is
known for its metallogenic importance, as it contains numer-
ous giant and supergiant massive sulfide ore deposits (Saez
et al. 1999). For this reason, the IPB has long been one of the
largest mining regions in the world, exploited since ancient
times. The first mining works date back to the Copper Age
(Nocete and Linares 1999), which is characterized by the pro-
duction of copper obtained from carbonates (azurite and mal-
achite), oxides (cuprite and tenorite), and even sulfides
(calcosite and covelite) (Saez et al. 2003). As result of this
long, intense activity, the region has numerous abandoned
and active mining works that provide an inexhaustible source
of acid, sulfates, and heavy metals (Azcue 1994).

This pollution or AMD is produced when a sulfurous min-
eral finds itself in the presence of oxygen and water. A com-
plex mechanism then occurs on the surface of the mineral,
which starts with the oxidation of the sulfur, with heavy metals
being released (Fe, Cu, Zn...) and generating sulfates and
hydrogen ions. The latter give the water an extremely acidic
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Fig. 1 Location map (modified
from Grande et al. 2013)
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pH (pH<3). Along with this oxidation, a series of secondary
reactions is produced, which affects the constituent elements
of the rock (Fostner and Wittmann 1983), with polluting par-
ticles finally being obtained that adhere to the surface of the
mineral and which are subsequently dissolved by the rainwa-
ter and swept into the river beds. Although the kinetics of the
reaction is very slow, this can be accelerated by the presence
of the ferric ion (Dogan 1999) and by the presence of catalyz-
ing bacteria (Nicholson 1994).

From a hydrological point of view, the Iberian Pyrite Belt is
traversed from north to south by the rivers Tinto and Odiel,

which are affected by processes of acid mine drainage as a
consequence of waste from almost a hundred mines in their
catchment areas (Sainz et al. 2002; Olias et al. 2004; Grande
et al. 2005a; Sarmiento et al. 2009). Both rivers meet in the
Ria de Huelva (Fig. 1), and their waters flow into the Atlantic
Ocean.

The AMD processes undergone by the drainage in the en-
vironment of the region have been described extensively by
various authors: Aroba et al. (2007); Borrego (1992); Borrego
et al. (2002); Borrego et al. (2012); Carro et al. (2011);
Braungardt et al. (1998); Davis et al. (2000); de la Torre



et al. (2011); Elbaz-Poulichet et al. (1999); Elbaz-Poulichet
et al. (2000); Elbaz-Poulichet et al. (2001); Grande et al.
(2005a, b); Grande et al. (2010a, b); Jiménez et al. (2009);
Leblanc et al. (2000); Sainz et al. (2005).

Poderosa Mine is an abandoned pyrite mine, located in the
Iberian Pyrite Belt which pours its AMD-polluted waters into
the river Odiel (Grande et al. 2013). The stream under study is
approximately 600 m in length. It starts at the Poderosa mine
tunnel, which is located 7 km NW of the Rio Tinto mines.
Initially, the tunnel provided train communication between
the underground mining works and the north slope of the hill
(Fig. 2). In the past, mining was performed by combining
surface exploitation with underground works (using the room
and pillar method) to a depth greater than 250 m. The ore
paragenesis presents high levels of copper as chalcopyrite,
calcosite, and covelite. The tunnels assured the exit of these
minerals, transported further to the city of Huelva (Pinedo
Vara 1963). More than 600,000 tons of copper ore was mined
between 1864 and 1924 alone. The ore was then processed
using leaching techniques. The most obvious and immediately
perceptible feature of the Poderosa creek is the strong color
change its waters undergo. They emerge almost transparent
but rapidly acquire the typical redness of AMD streams.

The objective of this work focuses on establishing possible
reasons for interdependence between the potential redox and
pH, with the load of metals and sulfates, as well as a set of
variables that define the physical chemistry of the water—
conductivity, temperature, TDS, and dissolved oxygen—
transported by a mining channel affected by acid mine drain-
age, through the use of techniques of artificial intelligence:
fuzzy logic and data mining.

The present work aims to check and validate the results
obtained in the study by Grande et al. (2013), in addition to

obtaining information that might remain hidden or not be de-
tected using the techniques of classical statistics.

Arttificial intelligence (Al) is the intelligence of machines
and the branch of computer science that aims to create it.
Artificial intelligence has been the subject of optimism but
has also suffered setbacks and, today, has become an essential
part of the technology industry, providing the heavy lifting for
many of the most difficult problems in computer science
(Russell and Norvig 2003).

The central problems of Al include such traits as reasoning,
knowledge, planning, learning, communication, perception,
and the ability to move and manipulate objects (Luger and
Stubblefield 2004). General intelligence (or “strong Al”) is
still a long-term goal of research. Several different forms of
logic are used in Al research. Propositional or sentential logic
(Russell and Norvig 2003) is the logic of statements which can
be true or false. First-order logic (Luger and Stubblefield
2004) also allows the use of quantifiers and predicates and
can express facts about objects, their properties, and their re-
lations with each other. Fuzzy logic (Russell and Norvig 2003)
is a version of first-order logic which allows the truth of a
statement to be represented as a value between 0 and 1, rather
than simply True (1) or False (0). Fuzzy systems can be used
for uncertain reasoning and have been widely used in modern
industrial and consumer product control systems.

Fuzzy logic (Zadeh 1965) operates using reasoning rules
which are very close to the human approximate, intuitive way
of thinking. The main characteristic of fuzzy logic is that it al-
lows us to define values without specifying a precise value,
something which is not possible with classical logic. Fuzzy logic
allows us to associate each sample with a certain degree of mem-
bership of a set. This degree is called the membership grade of
the element of the set S. The set X is called “universe of
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Fig. 2 Representative map of the sampling points (modified from Grande et al. 2013)



discourse” (range of values) of the variable x. The range is from
0 to 1, with each extreme value representing absolute non-
membership or membership of the set, respectively. The mem-
bership grade may be represented by functions, normally trape-
ziums, triangles, or sigmoids. For example, let us suppose that
measurements of pH in a system have been obtained and the
range of values is covered by the interval [2.00—7.00]. Then, the
universe of discourse for the variable pH can be covered by, for
example, the following fuzzy sets (Fig. 3): very low pH, low pH,
and average pH. The fuzzy sets at the extremes are right-angled
triangles, and the central set is an isosceles triangle (highlighted
in gray for better understanding).

Once all variables involved in a problem are coded to the
qualitative domain by means of membership functions, it is
possible to write a set of rules representing the relation be-
tween input and output variables. These rules are in the format
if-then and are made up of an antecedent and a consequent; the
fulfillment of the antecedent leads to the conclusion. The main
characteristic of reasoning based on rules of this type is its
ability to represent partial coincidence, which allows a fuzzy
rule to provide inference even when the condition is satisfied
only partially. That is, an if-then fuzzy rule can represent im-
precise reasoning.

A well-known general-purpose fuzzy-clustering algorithm
is the so-called fuzzy c-means (FCM) (Bezdek 1981; Kolen
and Hutcheson 2002; Hoppner and Klawonn 2003). It is based
on the minimization of distances between two data points and
the prototypes of cluster centers (c-means). Basically, this al-
gorithm tries to classify n elements x,€X(1<k<n), with p
characteristics each one, that is, X(p), into ¢ fuzzy clusters,
assigning a membership function, that represents the member-
ship grade of the kth element to the ith cluster:

(1 €0,1], 1<i<c, 1<k<n (1)

For this purpose, the algorithm tries to minimize the fol-
lowing cost function J:
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Fig. 3 Example of membership functions used to codify a set of pH
values by means of fuzzy logic

Where U=(14;;) is the membership matrix of X, P=[v,, v»,
..., Vo] is a vector of cluster center prototypes which must be
determined, and me[1,0] is a weighting exponent which de-
termines the degree of fuzziness of the resulting clusters (in
this paper, m=2 has been considered) and

P= () aw) 3)
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is the norm used for measuring distances. Finally, the cost
function J is minimized to obtain the components of U and P,
that is, the membership matrix and the vector of cluster center
prototypes. The corresponding equations are as follows:
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This algorithm is used by Sugeno and Yasukawa (1993) to
build a fuzzy model based on rules of the form:

R': IF x;eA' THEN yeB’ (6)

where X=[x;, x,..., x,]€R" are input variables, A=[4;, A,
..., 4,] are n fuzzy sets, y € R is the output variable, and
B=[B,, B,..., B,,] are m fuzzy sets.

Materials and methods

With the aim of achieving the objective set out, at the end of
the rainy season (May 2012), and following a brief period of
precipitation, when the tunnel carried a volume of water close
to 10 L/s, the first step was marking the sites, measuring and
sampling the waters along the river from its source to its
mouth (Fig. 2). There were a total of 16 sites, the first inside
the tunnel and the last at the mouth of the river Odiel, with a
distance of approximately 10 m between each pair of measur-
ing stations. Two sites were also sampled corresponding to the
points where two tributaries entered the river being studied,
with point 8 corresponding to the first tributary with waters
from industrial installations in the mine, and point 15 located
on a tributary carrying water from other lower level installa-
tions, which do not form part of the Poderosa Mine and in
which the water shows characteristics that are clearly different
from those of the river in the study and less affected by AMD.
Point 16 corresponds to our river a few meters before the
confluence with the less-affected tributary (Fig. 2) (Grande
et al. 2013).



Both pH and conductivity were measured in situ during the
campaign, three consecutive times to avoid reading errors. A
CRISON 507 pH-meter and a CRISON 524 conductimeter
were used. The rest of the physical parameters were measured
using a Hydrolab Quanta portable probe. Following this, a
duplicate sample was taken at each reference point; the first
of them to determine the sulfate content and the second to
determine the metal content, in this case acidulating with
1 % HNOs, to preserve it correctly and avoid precipitation
of the metals. Both were transported in 100-mL polyethylene
containers and kept refrigerated at 4 °C in a portable icebox
until they arrived at the laboratory, with the analytical work
being started immediately once the samples were received at
the laboratory.

All the reagents used were analytical grade or of Suprapur
quality (Merck, Darmstadt, Germany). Merck AA Certificate
solutions were used in all experiments as stock or standard
solutions. Milli-Q water (Millipore, Bedford, MA) was used
in all the experiments.

The equipment used to carry out the analysis of the metals
was a Perkin-Elmer AAnalyst 800-model atomic absorption
spectrophotometer equipped with a hydride generator and an
air/acetylene flame atomizer. The introduction of the samples
was carried out using the Perkin-Elmer AS800-model auto-
matic injector. Hollow cathode lamps were used as sources of
radiation. Duplicate analyses were performed to guarantee the
accuracy of the measurement.

The sulfates were determined using ionic chromatography
with chemical suppression (Standard Methods, 4110). A du-
plicate of each of the analyses was carried out to guarantee the
accuracy of the measurement.

Results

The data from the analytics were processed using the
Predictive Fuzzy Rules Generator (PreFuRGe) software tool
(Aroba 2003), which allows us to obtain an immediate qual-
itative analysis of the information contained in the resulting
volume of data.

Figures 4 and 5 present, using fuzzy rule graphs, the be-
havior of the redox potential and pH, respectively, against the
other variables corresponding to the concentrations of sul-
fates, Cu, Zn, Mn, Ni, Pb, As, Sb, Fe(Il), Fe(IlI), conductivity,
TDS, T, and DO. In these cases, we are discussing the pH and
redox potential as “consequents.” The universe of discourse
of each variable, i.e., the values that the variables can take, has
at its extreme values the maximum and minimum that were
obtained analytically.

Figure 4 shows the values taken by the various parameters,
with the redox potential as the consequent. It is worth
highlighting that Cd, Ni, As, Sb, sulfates, conductivity, and
TDS behave similarly in a manner which mirrors the redox,

i.e., when the redox presents extreme high values, these pa-
rameters are found to have extreme low values and as the
redox decreases, the parameters referred to increase in value,
are always very concentrated, and are grouped tightly togeth-
er, until the redox reaches an extreme low value, at which time
these parameters are found to be extreme high, very concen-
trated values. As regards Fe(Il) and Fe(III), these share similar
behavior in terms of the variations in the redox potential, i.e.,
as the redox decreases, the values of these parameters in-
crease, but when redox takes extreme low values, Fe(Il) and
Fe(IIl) take medium to medium-high values. As for pH and
DO, these have a similar evolution to redox, except for those
times when the latter presents extreme high values, at which
these two parameters are only found with low values for DO
and extreme lows for pH. In the case of Zn and Al no relation
is noticed with the variations in redox potential. When the
latter presents extreme low values, both cations can have prac-
tically any value. However, in all other cases, both Zn and Al
are found with maximum concentration values. As for Mn, it
behaves similarly to the redox potential except for when the
redox potential presents an extreme low value, when Mn pre-
sents low concentration values.

Figure 5 shows the values that all the parameters can take,
in this case as the consequence of pH. It is observed that Cd,
Ni, Sb, conductivity, and TDS present some relation with pH,
with their concentrations decreasing as pH increases. This fact
is clearest in the case of Ni. On the other hand, As, Fe(II),
Fe(I1I), DO, and sulfates increase their concentrations as pH
increases, although we must specify that when pH is at its
extreme high, these metals do not reach their maximum value
but rather the concentrations remain at medium values, and
sulfates even drop to low-extreme low values, all within the
range of values obtained in the analytics for each parameter, as
commented previously. In terms of Cu, Zn, Mn, and Pb, these
do not appear to be affected by the increase or decrease in the
values of pH.

Discussion

From the previous results, we can gather that, in the case of
Cd, Ni, and Sb, TDS presents similar behavior against the
variations in pH and redox potential, though inverse, i.c.,
when the values of pH or EC increase, the concentration of
these metals decreases.

On the other hand, Fe(II) and Fe(Ill) and sulfates have
completely inverse behavior with regard to redox potential
and pH, increasing in concentration when redox potential de-
creases and when pH increases and remaining at medium
values when redox is at an extreme low and when pH is at
an extreme high. This might be explained by the fact that the
extreme high pH values happen to be 3.04 and 4.0, which is
the pH at which Fe(Il) oxidizes to Fe(Ill) and subsequently
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precipitates as ferric oxy-hydroxy-sulfates (Asta et al. 2010).
The values taken by As can be explained by the sorption of As
to the solid phases of Fe. This process includes the oxidation
of Fe(Il) followed by the hydrolysis and precipitation of
Fe(IIl) in the form of schwertmannite (Sanchez Espaia et al.
2006). During these stages, trace elements are totally or par-
tially sorbed and/or coprecipitated at different rates depending
basically on pH, as well as on the activity of the SO4=anion
(which determines the speciation of metals) (Sanchez Espafia
et al. 20006)

Conclusions

The application of fuzzy logic techniques to characterize
hydrochemical processes in the same sector and based on
the same volume of data as those used in the work by
Grande et al. (2013) allows the working models previously
proposed using classical statistics to be expanded upon. In this
way, not only can it be established if a parameter is related to
another but to what extent they are related based on their
development throughout the range of the variable.

While the tools of classical statistics, which are widely used
in this context, prove useful for defining proximity ratios be-
tween variables based on Pearson’s correlations, in addition to
making it easier to handle large volumes of data and produc-
ing easier-to-understand graphs, the use of fuzzy logic tools
and data mining results in better definition of the variations
produced by external stimuli on the set of variables (Aroba
et al. 2007).

This tool is adaptable and can be extrapolated to any sys-
tem polluted by acid mine drainage using simple, intuitive
reasoning.
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