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Abstract With the aim of obtaining precise knowledge
of the spatial-temporal behavior of the chemistry of the
river Tinto, both in the area of the headwaters, close to
the point at which the acid mine drainage (AMD)
pollution is carried into this river, and in the area before
tidal influence, daily sampling was carried out from the
end of October 2007 to the beginning of June 2008. In
addition to pH, conductivity, and redox potential,
sulfates, As, Cd, Fe, Cu, Zn, and Mn were determined
for each sample. By studying the results obtained from
the statistical processing applied, it can be deduced, first
and foremost, that the river Tinto is a watercourse which
is highly polluted by acid mine drainage throughout its
length. It can also be determined that the order of
abundance of the polluting elements, in terms of the
concentration of the various parameters in milligrams
per liter, follows the pattern, both in the generating
source and the receiving environment: SO4 > Fe > Cu >
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Zn > Mn > Cd > As. The concentration values for As
carried into the river in the generating source, with
average values of 640 pg 1! and with a maximum of
1,540 pg 1" (ten times greater than the maximum
found in the receiving environment), far exceed
10 pg 17", the value established by the EU as the
maximum permissible concentration in drinking water,
as a consequence of the high eco-toxicity of this
element. Specifically, in the correlation matrix, no
correlation was found between the variables for both
points. It can only be made out in the cross-correlation
function graphs through low correlation, prior to time
t=0, that pollution in the generating source leads to
pollution in the receiving environment.
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1 Introduction

Acid mine drainage (AMD) is polluted water that
normally contains high levels of iron, copper, zinc,
aluminum, and sulfuric acid. Contaminated waters are
often orange or yellowish-orange in color, indicating
high levels of iron, and may also smell like rotten
eggs (hydrogen sulfide; Cheng et al. 2008).
Weathering of sulfide-rich mining waste causes
AMD. These effluents are characterized by low pH and
contain significant quantities of sulfates, metal, and
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metalloids, including As. AMD generation can persist
hundreds of years after the mine closed jeopardizing
water resources and causing deleterious effects on
aquatic life (Demchack et al. 2004 in Casiot et al. 2009).

Although the overriding chemical mechanism of
AMD has now been reasonably understood, accurate
assessment or prediction of its ecological impacts is still
difficult due to the complexity of the processes involved.
Environmental factors such as climatic, hydrological,
geomorphic, geological, and biological conditions could
significantly affect the rate of sulfide-derived acid
generation and the mode of transport and transformation
of sulfide oxidation products (Lin et al. 2007).

AMD is the principal problem pyrite mining
exploitations have to face, not only due their
ecological effects, but because once it has appeared,
it is virtually impossible to correct, since processing
using current technology costs millions of dollars and
might continue for many centuries (EMCBC 1996).

The Iberian Pyrite Belt is located in the south-west of
the Iberian Peninsula (Fig. 1), forming a metallogenic
province 230-km long and 30-km wide. Almost all the
deposits in this belt and, in particular, the Riotinto

mining deposit, approximately 5 km? in area and
which is one of the largest deposits of massive sulfur in
the world, are to be found in the province of Huelva.
Pyrite, with a greater or lesser proportion of copper, is
the principal mineral and reveals an average content of
46-49% of sulfur, 4045% of iron, 0.6—-1% of copper,
0.5-1.5% of lead, 1-3% of zinc, and 0.1-0.6% of
arsenic and other metals (Ortiz 2003).

The Iberian Pyrite Belt contains a number of giant and
super-giant Paleozoic massive sulfur deposits, the largest
in the world, according to Saez et al. (1999). These
authors calculate the reserves at in excess of 1,500 Mt,
distributed over eight super-giant deposits (>100 Mt)
and an undetermined number of other smaller deposits,
jointly associated with stockwork- and footwall-
alteration-halo-type mineralizations. The massive sulfur
bodies contain pyrite, with which are associated to
sphalerite, galene, and chalcopyrite and many minor
phases (Séez et al. 1999). These deposits have been
exploited for more than 2,000 years with many extensive
abandoned mining workings left as the remains of this
activity, as well as several million tons of ancient slag of
different composition (Pinedo Vara 1963).
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The Riotinto mining field has been exploited for
more than 5,000 years (Ortiz 2003). The metallogenic
importance of the field has caused the Tartessians,
Phoenicians, Romans, Arabs, and Spanish to pass
through its mines in search of its minerals. At present,
none of the mining exploitations remains active;
however, dispersed throughout the geography of the
area, abandoned exploitations still continue to pro-
duce serious pollution after many decades of inactiv-
ity. Internal upwellings, leachates from slag heaps and
the rinse water from all kinds of pyrite waste,
continue to convey acidity, sulfates, and heavy metals
into the rivers Tinto and Odiel, pollutants which these
transport, in turn, to the Huelva estuary and the littoral
zone into which the waters flow (Sainz et al. 2002).

The river Tinto rises in Pefia del Hierro, a mine
located in the Riotinto complex of mines, on a deposit
that includes massive sulfides and their gossanized
remains which resemble some iron and sulfur miner-
als found on Mars (Stoker et al. 2008). The Tinto
River is a small watercourse (approx. 100-km along)
which constitutes a 25-km-long incised estuary in the
confluence with the Odiel River in the south-western
Spain coast (Ruiz et al. 2008).

There are many studies which have been carried
out on the environment of the river Tinto, some
relating to the chemistry of its waters, such as those
by Grande et al. (2003a, b, 2005a, b), Aroba et al.
(2007), Jiménez et al. (2009), de la Torre et al. (2009),
Olias et al. (2004), Vicente-Martorell et al. (2009),
Sarmiento et al. (2009a, b), Egal et al. (2008),
Canovas et al. (2008), Sobron et al. (2007), Nieto et
al. (2007), Sanchez-Rodas et al. (2005), and Sainz et
al. (2002, 2003, 2004, 2005); its sediments, such as
those by Ruiz et al. (2008), Borrego et al. (2002),
Morales et al. (2008); and even the area in the vicinity
of the source of the river Tinto as pilot experience of
the conditions on the surface of Mars, such as those
works by Stoker et al. (2008), Amils (2006), or
Fernandez-Remolar et al. (2004), among others.

However, during the review of previous research
prior to starting this study, no works were found
focusing on comparison of the geochemical behavior
of the river Tinto in the generating source and the
receiving environment. This is precisely the aim of
this work, which attempts to obtain exact knowledge
of the spatial-temporal behavior of the chemistry of
the river Tinto, both in the area of the headwaters,
close to the point at which the AMD pollution is

carried into this river, and in the area before tidal
influence.

2 Materials and Methods
2.1 Sampling Sites

With the aim of achieving the predetermined objec-
tive, it was established that a daily sample of water
would be taken at the head of the river Tinto and
another as close as possible to the mouth, before the
point where tidal influence begins.

At the headwaters, the sample-taking was planned
at a point of confluence of all the waters originating
from drainage of the mines and the slag heaps which
make up the Riotinto Mines mining complex before
they flow into the basin of the river Tinto, as another
part of the water flows into the basin of the river
Odiel. For this reason, Naya was established as the
sampling site for the generating source (see Fig. 1).
Waters from the river Tinto reach this site from their
source in Pefla del Hierro, after passing through
Marismillas dam, following which it is joined by a
stream from Cerro Colorado. Downstream, waters
also arrive from tunnel no. 16 in the Atalaya open pit
mine and before the Naya sampling site.

Downriver, the sampling site is Niebla (Fig. 1), where
tidal influence does not reach (Grande et al. 2003).

Between the Naya and Niebla sites, there are no
more acid mine drainage discharges into the river
Tinto. The only tributaries are the Corumbel and
Jarrama, whose waters are clean, since they do not
pass through any mining areas. In addition, both
tributaries are regulated by dams which form reser-
voirs whose waters are used for irrigation and so their
contribution to the river Tinto is practically nil.

A water contribution which must not be forgotten
is rainwater. Data for rain were obtained from the
Spanish State Meteorological Agency, part of the
Spanish Ministry for the Environment.

2.2 Sample-Taking and Analysis

Sample-taking at the sites described took place on a
daily basis, from the end of October 2007 until the
beginning of June 2008.

Two samples were taken in 100-ml polyethylene
containers at each site. To one of the samples, 1%
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concentration nitric acid was added, which allowed us
to keep the pH below 2, a very important factor in the
determination of heavy metals because it prevents
their precipitation. The other sample was kept
unacidulated for the subsequent sulfate analysis. At
this point, pH and conductivity were measured in the
field using a CRISON MM40 portable multimeter and
the redox potential using an OAKTON EUTECH
waterproof ORPTestr 10. The samples were placed in
an icebox and transported to the laboratory for the
analyses to be performed.

In addition to pH, conductivity, and redox poten-
tial, sulfates, As, Cd, Fe, Cu, Zn, and Mn were
determined for each sample.

The procedure used to analyze each parameter was
as follows:

Preliminary processing of the sample consisted of
filtering using 0.45-um cellulose nitrate filters (Sarto-
rious 11406-47-ACN). All reagents used were of
analytical grade or higher, from Merck or Panreac.
Standards certified by A. A. Panreac were used. The
ultra-pure water used in all the analyses was produced
by a Milli-Q system.

Measurement of sulfates dissolved in the water was
performed using a MACHEREY-NAGEL PF-11
photometer.

For the analysis of heavy metals (Fe, Cu, Mn, and Zn),
a Perkin Elmer AAnalyst 800 Spectrometry system was
used. The technique employed was atomic absorption
using an air—acetylene flame, with hollow cathode lamps
as a source of energy. For Cd analysis, the technique used
was electrothermal atomic absorption spectrometry, with
the AAnalyst 800 system’s graphite furnace equipped
with Zeeman-effect background correction and an
electron discharge lamp. Determination of As required a
Perkin Elmer Fias 100 flow injection system.

2.3 Statistical Analysis

The data from measurement of pH, conductivity, and
redox potential in the field, as well as from analyses
of sulfates, Fe, Cu, Zn, Mn, As, and Cd in the
laboratory, were entered into a data matrix which was
subsequently submitted, first of all to a study of the
statistical summary, and then to multivariate analysis
by studying the correlation matrix and temporal
evolution, autocorrelation, cross-correlation, and clus-
ter graphs. All this was performed using Statgraphics
Centurion XV statistics package.
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Correlation matrix Each box shows Pearson’s R
correlation coefficient, which ranges between 1 and —1
for each pair of variables.

Time series analysis This studies the evolution of a
given magnitude over time. In this case, the param-
eters considered are precipitation and the variations it
induces in the chemical composition of the water to
determine possible relationships between both.

Autocorrelation function In some cases, it is interest-
ing to correlate the values for a variable x at given
times with those corresponding to x at previous times
in order to know the system inertia. This function
measures the existing correlation between the values
taken by the variable for an instant 7 and the instant ¢+
k, with k being the delay or time between one
observation and the next (Bisquerra 1989).

Cross-correlation function This function estimates
the correlation between a time series at a time ¢ and
a second series at an instant 7+k as the function of
delay or differential time k. It is particularly useful if
two series are related to each other, and if they are, to
determine whether one leads to the other.

The term “cluster analysis” is used to define a
series of techniques, basically algorithms, whose
object is to look for similar groups of items or
variables which are grouped together in clusters.
When applied to a set of variables, cluster analysis
orders and classifies them in the most homogenous
groups possible based on the similarity of the
variables themselves. Both cluster and discriminatory
analyses are used to classify individuals into categories
(Bisquerra 1989 in Grande et al. 2003).

3 Results
3.1 Statistical Summary

Tables 1 and 2 show the statistical summary of the
parameters analyzed in both the generating source
(Naya) and the receiving environment (Niebla).

In establishing a comparison between both sites, it
is worth pointing out that pH does not reveal very
disparate values, with the average value in Naya at
2.5 and in Niebla 2.53. The minimum pH value is
similar at both sites, although the maximum value, in
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Table 1 Statistical summary of the parameters analyzed in the generating source (Naya)

Mean Median Standard ~ Variance Minimum  Maximum  Lower Upper

deviation quartile quartile

pH Nay 25 2.5 0.13  0.018 1.82 2.7 2.5 2.6
Cond Nay uS cm™! 12.76 12.78 191  3.62 2.3 17.95 12.1 13.75
Pot Rdx Nay mV 433.01 4325 12.53 157.10 405 468 424.5 440
As Nay mg I 0.64 0.78 280.5 78,686.90 0.23 1.54 0.51 0.90
Cd Nay mg I 2 222 463.13 214,489 1.02 2.86 1.74 2.35
Cu Nay mg [ 329.83 3352 105.87  11,209.4 84.42 643.3 274.01 401.75
Fe Nay mg 1! 2,352.77  2,540.5 487.13 237,297 1,129 3,100 2,049 2,821
Zn Nay mg 1! 494.55 517.90 184.52  34,046.6 50.9 1,494 422.45 612.10
Mn Nay mg 1! 141.55 146.72 31.79  1,011.13 51.6 219.1 123.62 166.40
SO4 Nay mg I 8,256.8 9,500 3,628.52  1.3E7 1,040 16,000 6,721.5 12,250

In all cases, it is calculated for a total of 108 pieces of data

the case of Niebla, rises to 3.4, while in Naya, it only
reaches 2.70. In both cases pH variance is low.

In terms of conductivity, it can be seen that the
average value for this parameter in Niebla is 175
times higher than the average value in Naya, while it
can be pointed out that the variance, in the case of
Niebla, is 180,707 times higher than the value
calculated for the generating source. In addition, in
Niebla the maximum value for conductivity reaches
close to 5,500 uS/cm, while in Naya, it only reaches
17.95 uS/cm. It is worth pointing out that just as
reflected in Grande et al. (2003), tidal influence does
not reach the Niebla sampling site.

The redox potential has an average value of 433.01 mV
in Naya and 845 mV in Niebla. It can be especially

highlighted that the variance value in Niebla rises to
425,754 while in Naya, it reaches a value close to 160.

As for arsenic, it is important to point out an average
value of 0.64 mg I"! in the generating source (Naya),
with the maximum value rising to 1.54 mg 1I"'. In
addition, it can be seen that 75% of the data have a
value greater than 0.9 mg I"'. When the water reaches
Niebla, the average As value has fallen to 0.042 mg 1™,
with the variance of this parameter reduced 1,300 times.

In the same way, the average Cd concentration
goes from a value of 2 mg 1!, at the headwaters,
falling to 0.1 mg "' in Niebla.

The remaining parameters, the result of AMD
pollution, also follow similar behavior, with their average
concentration values falling from the generating source

Table 2 Statistical summary of the parameters analyzed in the receiving environment (Niebla)

Mean Median Standard ~ Variance Minimum  Maximum  Lower Upper
deviation quartile quartile
pH Nie 2.53 2.62 0.37 0.13 1.31 3.4 2.36 2.85
Cond Nie uSem ' 2,239 2,376.50 809.91 655,969 757.00 5,493.33 1,918.00 2,722.50
Pot Rdx Nie mV 844.96 596.00 652.50 425,754 451.50 3,493.00 552.50 1,550.00
As Nie mg 1! 0.042 0.044 26.93 725.33 0.004 0.142 0.031 0.072
Cd Nie mg ™! 0.094 0.099 43.50 1,891.78 0.024 0.247 0.068 0.132
Cu Nie mg 1™ 23.84 25.32 14.89 221.65 3.89 74.13 19.4 30.71
Fe Nie mg 1! 316.43 361.10 365.40 133,523 46.30 1,485.00 155.30 555.80
Zn Nie mg 1™ 20.26 19.62 17.47 305.17 3.42 77.51 14.02 30.54
Mn Nie mg I 10.36 9.99 6.48 42.11 3.76 32.37 7.78 12.68
SO4 Nie mg ™' 370.54 396.00 150.26 22,577.80 123.00 776.00 288.00 494.00

In all cases, it is calculated for a total of 108 pieces of data
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é to the receiving environment. Specifically, Fe goes from
gz Z an average value of 2,352.77 to 317 mg "', Cu from
=R 329.83 to 24 mg 1!, Zn falls from 494.55 to 20 mg "',

28z 2 % and Mn goes from around 140 to some 10 mg 1 .
Ss33 § Sulfate, a characteristic parameter for this type of
23283 |3 pollution from pyrite mines, deserves special consid-
Ssss & eration. In Table 1, it can be seen that the average
s¢232 |38 concentration of this parameter rises to some
$ 323 |8 8,200 mg 1!, reaching a maximum value of
TR E 16,000 mg 1" in the generating source. In addition,
g @ g = g at this sampling site, the variance shoots up to values
e %’ of 1.3x107. When the water reaches Niebla, the
SRR 2 average sulfate concentration values have fallen to
ceTT s 370.5 mg 1", and the variance, just as what happened
EE3§ Z with the pH and unlike the metals, is clearly lower
sss<° | & (575 times) in the receiving environment.
z3eg |2
sS:s¢8 |k 3.2 Correlation Matrix
TEERE
e =c 3 Table 3 shows the resulting correlation matrix applied
‘ - to the two sampling sites.
S83¢g |8 At first sight, the first thing to notice is the lack of
s<s<== —% correlation between the same parameters, between the
% g % § § generating source (Naya) and the receiving environment
sS4 (Niebla).
ggge -‘g On the other hand, we find the following correlations,
== higher than a Pearson coefficient of 0.5:
e e . |8 A correlation is only observed between Zn and Mn
2254 |§ in Naya, with a Pearson coefficient of 0.5558.
TTTC % As for Niebla, the following correlations are
g § % § :% established: pH and redox potential (0.6), conductiv-
A g ity and redox potential (—0.5), conductivity and
239 % |8 cadmium (0.51), copper with Fe (0.66), Zn (0.89),
3585 = R and Mn (0.79); Fe with Zn (0.668) and Mn (0.57), as
moe o |BX well as Zn with Mn (0.82).
sf 23 |8 :'\: Rain does not correlate with any other parameter.
$es°|8%
sze |28 -
€84 B 3.3 Temporal Evolution Graphs
TETO|ES
'g % % § £ % Temporal evolution graphs have been plotted for each
se<s<c|g e parameter (Fig. 2a—k), establishing a comparison over
TR § 2 time, and in the evolution of the chemistry at each
§ 5 § g Eg sampl.ing point, with the. rain. By studying the
e e 2 2 resulting graphs, the following can be deduced:
25gg |gE In Naya (Fig. 2b), pH does not suffer very
R § § pronounced changes throughout the period of study.
pnl- Indeed, after an episode of heavy rain, no substantial
g g = changes in pH are detected which might lead us to think
g & £ 5 that rain substantially affects this parameter in the
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generating source. Slight increases in pH are only
observed after rain, followed by moderate decreases a
few days later. However, in Niebla an evolution can
indeed be deduced over time in the pH values with
more pronounced fluctuations, always staying between
a minimum of 1.3 and a maximum of 3.4, i.e., always
very acidic pH. At this site, it can indeed be discerned
that rain has a greater influence. It can be seen that
heavy rain on day 4 corresponds to a rise in pH 1 or
2 days later and then a fall again. This very behavior can
be seen on day 85. In addition, from day 65 onwards, a
general increase in pH can be observed in Niebla.

In terms of conductivity (Fig. 2¢), it can be seen, at
the two sampling sites, that at the beginning of the
hydrological year, heavy rain produces an immediate
response of a sharp drop in conductivity. On the other

hand, a staggered, inverse evolution can be observed at
both sites, i.e., in Naya, after the first rains, and
following a large drop in the conductivity value, a large
increase is produced in the latter followed by a gradual
decrease over the course of approximately 1 month,
and then another step is produced, again consisting of a
sharp rise and gradual fall that spread out over a period
of time. This same phenomenon, but inverted, is seen
in Niebla; the sharp rise in conductivity in Naya
corresponds in time with a sharp fall in Niebla
followed, in this case, by a gradual increase that
spreads out over a similar period. Then at the same
time, a new step, which is inverse to that at the site in
the generating source, begins in Naya.

The redox potential in Naya (Fig. 2d) is found to have
lower values than those measured in Niebla throughout
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Fig. 2 Temporal evolution graphs
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the sampling period. An increase in redox potential is
observed in the receiving environment just as in the case
of pH, from day 65 until the end of the period of study.

No harmonious evolution in As is noticed over
time (Fig. 2e) but rather at both sites, sawtooth
evolution in concentration is detected over time, with
continual rises and falls in the concentration of this
element. Throughout the period of study, the As
concentration in Naya is found to be much higher
than in Niebla. There is no relationship observed in
the evolution of As at both sampling sites.

As for cadmium (Fig. 2f), staggered evolution is
detected in Niebla, coinciding in form and in time with
that observed for conductivity at this same point. In Naya
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Fig. 2 (continued)

(the generating source), the temporal evolution in Cd
concentration is a sequence of rises and falls which ap-
parently follows no pattern with rain or other parameters.

In the temporal evolution graph for Zn (Fig. 2g),
an initial fall is detected after the first rains, followed
by a rise in concentration, both in the generating
source and in the receiving environment. In terms of
general temporal evolution, similar behavior is ob-
served at both sites, with the concentration of Zn at
each point always higher in the generating source than
in the receiving environment. Mn (Fig. 2j) and Cu
(Fig. 2h) follow a similar pattern to Zn.

Iron (Fig. 2i) also describes a sawtooth evolution with
more pronounced continual rises and falls in concentra-
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tion values in the generating source, with concentration
in Niebla at all times below that determined in Naya.
In the graphic obtained for sulfates (Fig. 2k), it is
observed that, contrary to what was described for other
parameters, after the first rains, there is no initial
decrease in concentration in the generating source but
rather an immediate rise is detected in this value which
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continues an evolution of continual rises and falls in
concentration through time without any general evolu-
tionary trend being observed. In the receiving environ-
ment, a fall in sulfate concentration is indeed produced
after the first rains, and the subsequent evolution is
similar to the generating source, but the concentration
value is always lower in Niebla.
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Fig. 3 Graphs showing estimated autocorrelations for each parameter
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3.4 Autocorrelations

The autocorrelation function applied to the series
studied shows the value for correlations between each
variable on 1 day and the same variable on the
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Fig. 3 (continued)

previous days. The graph (Fig. 3a—t) contains vertical
bars that represent the coefficient for each day and a
pair of dotted lines at a distance from the baseline that
are a multiple of the standard error for each day. For
pH we can see that in Naya (Fig. 3k), there are three
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values above the point line, which means they are
significantly different from zero, implying the exis-
tence of a 3-day memory for the system. That is, pH
correlates positively with values from up to four
previous days, and from that moment on, the system
does not remember. In the case of the Niebla
(Fig. 3a), this value is 5.
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Fig. 3 (continued)
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A similar 3-day memory is observed for conductivity
in graphs corresponding to the generating source and
receiving environment (Fig. 3b, I).

It is worth pointing out the sizeable difference
between the graphs obtained in Naya and Niebla for
redox potential. While in the generating source (Naya;
Fig. 3m), the system has practically no memory in
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terms of this parameter; in the receiving environment, a
graph (Fig. 3c) is obtained which determines an 8-day
memory.

The remaining parameters, As, Cu, Fe, and Mn,
also display longer memory in the receiving envi-
ronment; however, for Cd, Zn, and SOy, the opposite
phenomenon is observed. They display longer
memory in the generating source (Naya) than in the
receiving environment (Niebla).

3.5 Cross-Correlation Functions

No very high cross-correlations were obtained be-
tween pairs of the same variables in the generating
source and receiving environment. In all cases, certain
discreet correlations are observed for almost all cases
where ¢ is other than zero (Fig. 4a—j).

In the graph for the estimated cross-correlation of
pH in Naya with pH in Niebla (Fig. 4a), negative
correlations are detected, with maximums of 0.3, from
t=—20 to t=-3, the time at which the correlation
becomes positive with a maximum of 0.2, up to =3,
the time at which it becomes negative again.

The graph for conductivity (Fig. 4b) in Naya
compared with Niebla displays positive correlations,
with maximums of 0.3 from =—20 to =0, the time at
which it becomes slightly negative and immediately
becomes positive again with a similar value.

Redox potential (Fig. 4c) does not provide a
significant cross-correlation graph at the two sites
studied. The same is true for Cu, Fe, Zn, and Mn.

In terms of As (Fig. 4d), this reaches a maximum
positive correlation of 0.3 for r=—10, while at the
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Fig. 3 (continued)

same time, Cd reaches a negative correlation of —0.5
(the highest of all the crossed parameters).

Sulfates (Fig. 4j) reveal a maximum cross-correlation
coefficient of —0.5, for =0.

3.6 Cluster Analysis Graph

A cluster analysis was carried out, entering all the
variables obtained from analysis at the two sampling
sites, with the aim of trying to find relationships
between the parameters from both sites which did not
stand out in the previously described analyses. In the
graph obtained (Fig. 5) thereafter, two large groups
can be described.

A: A group made up of variables, all of them
from the generating source, and related to AMD
pollution: conductivity, As, SOy, Fe, Cd, Zn, Mn,
Cu. In this group, it is worth pointing out a sub-
group including Cd, Zn, and Mn, another sub-
group which contains As, SOy, Cu, and Fe, and
another with rainfall and redox and pH of the
receiving environment.

B: Another group containing the rest of the
variables obtained from the samples taken in the
receiving environment (conductivity, Cu, Zn,
Mn, Fe, As, Cd, SO,). It is worth pointing out
that this group also contains both the pH and
redox potential measured at the generating
source. The subgroups obtained in this group
are on the one hand Cu, Zn, Mn, Fe, and on the
other As, Cd, and furthermore, conductivity, SOy,
and pH and redox potential from Naya.
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4 Discussion and Conclusions

By studying the results obtained from the statistical
processing described above, it can be deduced, first
and foremost, that the Tinto River watercourse is
highly polluted by acid mine drainage throughout
its length. It is also characterized by extremely
acidic pH values and high concentrations of heavy
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metals, As, Cd, and sulfates. More specifically, it
can be observed that in spite of its pH being acidic
throughout its course, the average and maximum
concentrations of dissolved polluting elements are
clearly higher in the generating source than in the
receiving environment. This is because the high
level of pollution starts at this first site, and
thereafter, as a result of phenomena involving
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Fig. 4 Graphs showing estimated cross-correlations between the same parameters in the generating source and the receiving environment
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g Crosscorrelations for Fe Nay with Fe Nie
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Fig. 4 (continued)

precipitation of Fe oxyhydroxy sulfates and differences
in the distribution of rainfall along the river (Canovas et
al. 2008), the metallic load decreases. However, it
continues to be high to the end of the river before tidal
influence, which modifies the chemistry due to the
effect of dilution and the contribution of other elements
from the sea.

Specifically and by studying the statistical summa-
ry, it can be determined that the order of abundance of
the polluting elements, in terms of the concentration
of the various parameters in milligrams per liter,
follows the pattern below, both in the generating
source and the receiving environment:

SO4 > Fe > Cu > Zn > Mn > Cd > As

which, as can be observed, goes in order of
abundance of the elements in pyrite, as described by
Ortiz (2003) and indicated in the introduction.
Specifically, attention should be paid to the
concentration values for As carried into the river in
the generating source, with average values of
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640 pg I'' and with a maximum of 1,540 g I
(ten times greater than the maximum found in
Niebla), which far exceeds 10 pg 1!, the value
established by the EU as the maximum permissible
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Fig. 5 Cluster analysis graph for all parameters
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concentration in drinking water, as a consequence of
the high eco-toxicity of this element.

It is also important to point out that the variance of
all the parameters is higher in the generating source
than in the receiving environment, which indicates
greater environmental influence on the water sampled,
due to the immediacy with which sulfates dissolve, as
determined by the rises and falls in the volume of
water due to rain, the contribution from slag heaps,
mine tunnels, galleries, etc., which determine greater
variability in the individual concentrations of the
elements at this site.

Thus, the limited relationship between the varia-
bles in the generating source and the receiving
environment can be seen from the various statistical
processes (correlation matrix, cross-correlation func-
tions, and cluster analysis). Specifically, no correla-
tion was found between the variables from both sites
in the correlation matrix. It can only be made out in
the cross-correlation function graphs through low
correlation, prior to time 7=0, that pollution in the
generating source leads to pollution in the receiving
environment.
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