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Abstract The purpose of this work is to characterize the

hydrochemical behavior of acid mine drainages (AMD)

and superficial waters from the Adoria mine area (Northern

Portugal). Samples of superficial and mine drainage water

were collected for one year, bi-monthly, with pH, tem-

perature, Eh, conductivity and HCO3 determined in situ

with chemical analyses of SO4, Ca, K, Mg, Na, Cl, Ag, As,

Bi, Co, Cu, Fe, Mn, Ni, Pb, Zn and Cd. In the mine, there

are acidic waters, with low pH and significant concentra-

tions of SO4, and metals (Fe, Mn, Zn, Cu, Pb, Cd and Ni),

while in the superficial natural stream waters outside the

mine, the pH is close to neutral, with low conductivity and

lower metal concentrations. The stream waters inside the

mine influence are intermediate in composition between

AMD and natural stream waters outside the mine influence.

Principal Component Analysis (PCA) shows a clear sepa-

ration between AMD galleries and AMD tailings, with

tailings having a greater level of contamination.

Keywords Abandoned mine � Acid mine drainages �
Water contamination � Heavy metals

Introduction

As a consequence of mining exploration for metallic

mineral deposits, large quantities of sulfides are exposed

to weathering processes (oxygen, water and bacteria) that

generate acidic environments and promote the solubili-

zation of the metal and/or semi-metal components of

these minerals. Water acts as a reagent, as an environment

where the reactions develop, and as a transport vector of

the formed products making up the denominated acid

mine drainage (AMD) (Schmiermund and Drozd 1997;

Gomes and Favas 2006; Cánovas et al. 2007; Seal and

Shanks 2008; Koski et al. 2008; Foster et al. 2008; Silva

et al. 2009; Valente and Gomes 2009; Romero et al.

2010).

The impacts associated with AMD arise during mining

work and progressively stress the environment after

the abandonment of explorations. Without maintenance,

the circulation of water inside the galleries and in the

tailings occurs freely, causing effluents with high pollu-

tant potential that easily migrate into various natural

systems.

The main objective of this study was to better under-

stand the hydrochemistry of superficial waters in the Ad-

oria mine area (Northern Portugal). A summary of the

geology and the mineralization typology of the Adoria

mine area is presented. Results of water tests from mining

galleries and tailings are compared with natural stream

waters from inside and outside the mined area using data

collected over a period of one year. Principal Component

Analysis (PCA) is applied to statistically characterize the
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data from this acidic water and superficial water drainage

system.

Geographical and geological setting

The Adoria mine (or Cerva mine), which has several con-

cessions, is situated in the parish of Cerva in the council of

Ribeira de Pena district of Vila Real (Northern Portugal).

Mineralized quartz veins cut medium- to coarse-grained two

mica granites of porphyritic tendency, denominated Adoria

mine granite and muscovitic aplogranite, which belong to the

composite massif of Vila Real (Fig. 1). The veins fill sub-

horizontal fractures in the granites and the mines were

originally explored for wolframite, cassiterite and polyme-

tallic sulfides (Pereira 1989). The extractive activity occur-

red between the 1940s and 1980s, raising the number of

tailings near the tributaries of the Poio River.

Although the Adoria mine granite is embedded quartz

veins that shelter the Adoria mineralization, it does not

look at all responsible for it. According to Pereira (1987,

1989), tin mineralization is found in a cupola of endogra-

nite (aplogranite) with ‘‘stockscheider’’ associated. The

levels obtained for Sn by Pereira (1987) show that both the

granite from the Adoria mine and ‘‘stockscheider’’ can be

considered Sn-bearing granites (Lehmann 1990). The W

levels are relatively low in the two granite groups and in

the ‘‘stockscheider’’; however, they are slightly higher in

the Adoria mine granite.

According to the designation used by authors cited by

Arribas et al. (1981), such as Baumann (1970), Charoy

(1975) and Nesen (1981), it seems we are in the presence of

a mineral deposit that follows the exogranite–endogranite

with ‘‘stockscheider’’ organization model.

According to Pereira (1987), the mineralization of the

Adoria mine occurs in quartz veins of two generations:

Fig. 1 a Location of the abandoned Adoria mine on the map of

Portugal; b simplified geological map of Adoria area (adapted from

the Portugal Geological Map, 10-A, Celorico de Basto); 1 alluvium, 2
‘‘Santos Formation’’ (Silurian/Devonian metasedimentary rocks:

metapelite, metasiltstone, metagreywacke), 3 pelitic and

carbonaceous hornfels, 4 ‘‘Vila Nune Unit’’ (Silurian/Devonian

metasedimentary rocks: quartzite, metavulcanite, schist, 5 moscovitic

aplogranite, 6 Adoria mine granite, 7 fine-grained two mica granite, 8
Vila Real granite, 9 quartz veins, 10 pegmatite veins; c simplified

topographical map with water sampling points
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poor sub-vertical ones filling traction cracks generated by

the combined shear ductile-fragile N–S and W–E system,

which are right handed and sinistral, respectively; and other

richer and more powerful sub-horizontal veins cuts the

previously mentioned sub-vertical veins and corresponds to

the filling of traction cracks depending on the cooling of

the granite massif and the mineralizing fluid tension linked

to the final granite crystallization.

Methodology

Sampling and samples preparation

Fieldwork included the identification and sampling of the

different acid mine effluents and stream waters, as well

as samples of ore minerals from the tailings, mine gal-

leries and outcrops of the mine. For the characterization

of the mine effluents (AMD), samples from the drainage

galleries and tailings were collected. To evaluate the

impact of the AMD in the fluvial system reference points

were established at the confluences with mine effluents

or with the receiving water lines. Downstream of those

confluences, sampling was conducted toward the longi-

tudinal space in order to examine the self-purification

characteristics of the receiving environment. The field

area and the location of water samples are shown in

Fig. 1c.

The defined sample stations were sampled for a year

between January and November of 2003 in six bi-monthly

sampling campaigns. Samples were collected in polyeth-

ylene containers, washed with distilled water dipped

underwater for at least 24 h in 10% HNO3 and then rinsed

with distilled water. Immediately after collection, all

samples were placed in thermal freezers where the tem-

perature was kept at approximately 4�C (ASTM 2011;

USEPA 1991).

Portable instruments were used to measure pH, Eh,

temperature and electric conductivity (EC). The HCO3 is

also measured in situ by titration.

Analytical methods

The ore minerals were analyzed using a Cameca Camebax

electron-microprobe and a Jeol JXA-8500F at the National

Laboratory of Energy and Geology (LNEG) (Porto, Por-

tugal). Analyses were conducted using an accelerating

voltage of 15 kV and a beam current of 20 and 10 nA in

the Cameca and the Jeol microprobes, respectively. Stan-

dards included cassiterite (Sn-La), MnTiO3 (Mn-Ka and

Ti-Ka), Fe2O3 (Fe-Ka), sphalerite (Zn-Ka and S-Ka),

pyrite (Fe-Ka and S-Ka), galena (Pb-Ma), arsenopyrite

(As-La), Cr2O3 (Cr-La), Ta (Ta-Ma), Nb (Nb-La), W (W-La),

Cd (Cd-La), Bi (Bi-Ma), Sb (Sb-La), Cu (Cu-Ka), Ni (Ni-

Ka), Mo (Mo-La) and Ag (Ag-La).

The water was filtered and acidified for determination of

As and metals. Laboratory analyses were performed at the

Chemical Laboratory of the Department of Earth Sciences,

University of Coimbra (Portugal) using current analytical

methods [Atomic Absorption Spectrometry (AAS) for Ca,

Mg, Na and K; coupled graphite furnace AAS for Fe, Mn,

Cu, Zn, Cd, Co, Ni, Pb and As; the spectrophotometric

method for Cl; SO4 was analyzed by gravimetry]. Water

data quality control was performed by inserting reagent

blanks and duplicate samples into each batch. Analytical

precision, defined as the percent relative variation at the

95% confidence level, ranged from 2–6%, depending on

the concentration levels. The detection limits for major and

trace elements in water samples were 0.025 mg/L SO4, Cl;

0.5 mg/L Ca; 0.1 mg/L Mg; 1 mg/L Na, K; 10 lg/L Fe;

2.5 lg/L Mn; 6 lg/L Zn; 0.1 lg/L Cu, Pb; 0.5 lg/L As;

0.05 lg/L Cd; 0.02 lg/L Co; and 5 lg/L Ni.

Statistical testing

To facilitate and improve the interpretation of hydrogeo-

chemical data, we applied principal components analysis

(PCA). The data matrix used in the analysis consisted of 60

samples and 17 variables (pH, HCO3, SO4, Ca, Mg, Na, K,

Cl, Fe, Mn, Zn, Cu, Pb, As, Cd, Co and Ni).

Results and discussion

Mineralization typology

Wolframite is the main W ore of the Adoria mine and is

associated with cassiterite and scheelite as well as several

sulfides of iron, copper, lead and zinc. The principal gan-

gue minerals associated with the Adoria mineralization

include quartz and some muscovite.

Studies on the mineralogy and geochemistry of the

Adoria mine veins (Fig. 2; Table 1) show that wolframite

occurs in large quantities in prismatic, euhedral or subhe-

dral crystals, sometimes fractured and conjoined by quartz

(Fig. 2b). Pyrite is a dominant sulfide and is one of the first

to crystallize from solution (Fig. 2c, d). It shows up in both

crystals and masses and is generally idiomorphic. It pre-

sents sphalerite inclusions and fractures filled by galena.

Sphalerite is one of the first sulfides to deposit. It frequently

has chalcopyrite exsolutions (‘‘chalcopyrite disease’’) and

occurs as an inclusion in galena. The late generation of

sphalerite shows more chalcopyrite exsolutions and pyr-

rhotite inclusions. Stannite can fill fractures in sphalerite

(Fig. 2f), and sphalerite can also occur as exsolution in

pyrite. Chalcopyrite is anhedral and occurs in masses
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conjoining earlier minerals in both sphalerite inclusions

and in galena or filling fissures in several minerals.

Sphalerite and pyrite inclusions also occur in chalcopyrite

(Fig. 2d). Pyrrhotite is quite commonly observed as relics

included in sphalerite and galena. Stannite is generally

xenomorphic and occurs as inclusions in chalcopyrite and

along the sphalerite fissures. Galena occurs in anhedral

crystals, normally taking up other mineral’s fissures

(sphalerite) or absorbing them (pyrite and chalcopyrite)

(Fig. 2c). It seems to have been one of the last sulfides to

form. It shows several native bismuth inclusions (Fig. 2e),

pyrrhotite, chalcopyrite and sphalerite. Cassiterite and

scheelite are also referred by Pereira (1987) as a compo-

nent of the Adoria mineralization subordinated to

wolframite.

Geochemistry of waters

The results of chemical analysis of the water samples are

given in Table 2. The results verify that waters from the

galleries and from the tailings generally present the

chemical characteristics of the sulfide leaching process,

exhibiting pH values between 4.18 and 7.49, an elevated

metallic charge and the dominant anion of sulfate. Piper’s

triangular diagrams classify these waters as dominantly

mixed sulfated and sodic sulfated throughout the whole

sampling year.

The stream-water samples in the surrounding mines

generally have low ionic charge with EC varying between

13.7 and 78.0 lS/cm. In this group, it is possible to dis-

tinguish the samples from the stream water outside the

Fig. 2 a Adoria mine tailings; b Wolframite crystal (natural light,
PN); c galena (gn) and pyrite (py) (reflected light); d pyrite inclusions

in chalcopyrite (cp) (reflected light); e galena with bismuth inclusion

(bi) (reflected light); f sphalerite (sph) cut by veinlets of stannite (st)
(reflected light)
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mine area, which present pH values close to neutral, from

the stream-water samples inside the mine influence, which

present pH values in the weak acid range and have sig-

nificant Mn and SO4 levels. Piper’s triangular diagrams

classify these waters as dominantly mixed sulfated or sodic

sulfated, while the local hydrochemical background waters

are classified as dominantly chlorinated and sodic sulfated.

Using the classifications of Ficklin et al. (1992) for mine

waters and mineralized areas (these are based on the

variations of the levels of Zn, Cu, Cd, Ni, Co, and Pb in the

solution as a function of pH), it is possible to determine

the waters’ typology at the different sampling stations

(Fig. 3). According to this classification, every sample of

the stream-waters outside the mine influence presents low

metal content in solution, varying between ‘‘acid’’ and

‘‘near-neutral’’. The AMD samples are divided into two

groups with different typologies. One group has elevated

heavy metal contents (‘‘high metals’’) and low pH values

(‘‘acid’’), and the other has ‘‘low metal’’ waters with pH

values between ‘‘acid’’ and ‘‘near-neutral’’. The first group

is water from the surface and from the base of the tailings,

while the second group is the collected drainage from the

mine galleries. The stream-water samples inside the mine

influence appear identical to those of the AMD and are

classified as ‘‘acid’’ and ‘‘high metal’’. The stream-water

samples are under direct influence of the runoff of the

tailings.

The results clearly show the sulfated character of the

studied water, particularly the AMD samples, and the

stream-waters inside the mine influence. These are char-

acterized by important sulfate addition even when signifi-

cant increases in the conductivity and metal values and

declining pH values are not verified (Fig. 4).

Acid mine drainage is controlled by the leaching process

of mineralized veins with sulfides. The hydrochemical

features in the Adoria area appear to be dominated by the

oxidation of Fe-bearing sulfide minerals (pyrite, chalco-

pyrite, pyrrhotite, galena and sphalerite) producing H?,

SO4
2- and metals (Me) in solution (aq), as in the following

reactions proposed by Cidu et al. (1997):

Fe; Með ÞS2 þ 3:5O2 þ H2O

! Fe2þ
aq ; Me2þ

aq þ 2SO4
2� þ 2Hþ

2Fe2þ
aq þ 0:5O2 þ 2Hþ ! 2Fe3þ

aq þ H2O

The AMD composition of the Adoria mine and evolving

superficial waters clearly reflect the seasonal flotation

influence even as important variations are registered in the

majority of the analyzed parameters. In the dry season,

lower pH levels are observed, and the conductivity and

metal concentration levels are higher. The data collected

verify, in general terms, that water quality (Portuguese law,

2007, Decree no. 306/2007) varies with the seasonal

regime, with contamination levels more significant in dry

periods than in humid periods.

The application of PCA to the hydrochemical data

resulting from the six sampling campaigns at the Adoria

mine focused on the matrix of 60 individuals (samples) and

17 variables (pH, HCO3, SO4, Ca, Mg, Na, K, Cl, Fe, Mn,

Zn, Cu, Pb, As, Cd, Co and Ni). Our results show that five

principal factorial axes explain more that 80% of the total

variance, as shown in Fig. 5. Only Fe does not appear to be

well explained in the first five axes, presenting higher

correlation in the sixth axis.

Thus, considering the six retained axes and attending to

the coordinate values, the following affiliations are

Table 1 Representative chemical analyses of sulphides from the Adoria mine

Galena

(n = 62)

Pyrite

(n = 55)

Sphalerite

(n = 23)

Chalcopyrite

(n = 19)

Stannite

(n = 7)

Pyrrhotite

(n = 8)

Fe 0.15 46.70 8.88 29.79 11.22 58.67

Mn 0.03 0.02 0.30 0.01 0.01 0.01

Cu 0.08 0.15 0.77 35.17 29.30 0.08

Zn 0.10 0.08 57.09 0.51 2.71 0.04

Pb 84.21 0.19 0.02 0.10 – 0.18

Cd – 0.04 0.71 0.04 0.14 0.09

Bi 0.92 – – – – –

Sn – 0.09 – – 27.82 –

Ag 1.49 0.03 0.04 0.03 0.003 0.03

As 0.03 0.07 0.03 0.07 0.004 0.08

Sb 0.03 0.03 0.03 0.03 0.02 0.05

S 13.79 53.93 33.38 34.79 29.50 39.94

Total 99.98 100.93 101.20 100.33 100.71 99.08
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verified: the first axis explains variables Mg, Zn, HCO3,

Cu, Co, Na, K, Ca, Pb and Cl in opposition to the pH

variable, and the second axis explains variables SO4, Cd

and, in an unclear way, Fe. In particular, the Mn, Ni, As

and Fe variables are explained by axes 3, 4, 5 and 6,

respectively. Naturally, the first two axes are the most

important because they explain a greater number of vari-

ables; they group variables and explain, as a whole, more

that 58% of the total variance.

The combined analysis of the data and the interpretation

of the variables verify, in the first factorial plan (Fig. 5),

the existence of a variable association that indicates the

influence of the geological context, which we split into

three distinct groups: the first group is made up of HCO3,

Ca, K, Cl, Na, Mg, Zn and Co (axis 1); the second group is

composed of SO4 and Cd (and, in some way, Fe) (axis 2),

which reveals an independent behavior to that of the first

group; and the third group is intermediate between the

previous two but with greater compatibility with the first,

demonstrating a Cu and Pb association.

In the first and the second factorial plans (Fig. 5), there

is a strong negative correlation between the Pb variable and

the first group of variables. The SO4 and the Cd (and Fe)

seem to be independent of the pH.

The Ni, As and Mn variables are not considered in the

analysis of the first factorial plan because its correlation

coefficient with the plan is less than 0.5. In fact, Mn is

explained by the third axis in the second factorial plan by

its affinity to Pb and Cl. Ni is only explained by the fourth

axis in the third factorial plan (Fig. 5) and is thus inde-

pendent of pH and the variables HCO3, Ca, K, Cl, Na, Mg,

Zn, Co, Cu and Pb. Arsenic is explained by the fifth axis in

the fourth factorial plan (Fig. 5) and reveals weak depen-

dency on pH and the other variables. Fe is inadequately

explained in the first factorial plan, improving only in the

sixth axis in the fifth factorial plan, where it is isolated

from the other variables.

Thus, the hydrochemistry of the area surrounding the

Adoria mine is complex and difficult to interpret, espe-

cially beyond the first factorial plan. The first factorial

axis seems to demonstrate that the study area is mainly

influenced by mineralization and gangue signatures. This

interpretation is reinforced by the variables’ projections

into the second, third and fourth factorial plans, which

reveal the group’s proximity to Cu and Pb variables

from the HCO3, Ca, K, Cl, Na, Mg, Zn and Co

variables.

The samples’ projection in the first factorial plan verifies

the clear separation into three differentiated ‘‘populations’’

(Fig. 6). ‘‘Population’’ A is essentially made up of samples

belonging to the local hydrochemical background; the

AMD samples collected in the mine galleries, character-

ized by reduced metallic charge; and the samples inside the

mine influence with a reduced pollutant charge. ‘‘Popula-

tion’’ B results from the association of the most contami-

nated samples, the AMD samples generated in the tailings

and the samples under direct influence of these runoff

Fig. 3 Water samples from Adoria mine area plotted on the Ficklin

et al. (1992) diagram based on pH and metal concentrations

(Zn ? Cu ? Cd ? Ni ? Co ? Pb)

Fig. 4 a (Fe ? Cu ? Zn) versus SO4 diagram; b SO4 versus

electrical conductivity (EC) diagram; c SO4 versus pH diagram, for

AMD, and stream waters inside the mine influence and outside the

mine influence
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waters. This population is located in the HCO3, Ca, K, Cl,

Na, Mg, Zn and Co association influence area, and to some

extent, Cu and Pb reflect the importance of the oxidation of

the sulfides present in the tailings and the hydrolysis of

silicates, the most abundant component deposited in the

tailings. ‘‘Population’’ C is made up of samples from sta-

tions 7 and 8 that were sampled in January and March are

under the influence of SO4 and Cd, and could be related to

the existence of numerous upstream mine galleries.

Conclusion

The AMD from the galleries and, above all, from the

tailings present chemical characteristics that reflect the

leaching process of mineralized masses with sulfides. Thus,

these waters are characterized by having low pH values and

high levels of sulfate and metals in solution.

The majority of superficial waters that circulate in

upstream areas of mines are characterized by pH values

close to neutral, conductivity that varies between 17.8 and

36.5 lS/cm and a low ionic charge. Sampled waters

downstream from galleries and tailings reveal a withdrawal

from these characteristics and an approximation to those

evidenced by AMD.

Meanwhile, the environmental impact on the quality of

the superficial waters is, above all, experienced in the

closest surroundings of the pollution source (1–2 km).

Several processes contribute to this situation: (1) dilution

by other waters, groundwater and surface, that flow toward

stream waters; (2) precipitation or co-precipitation of

metallic cations in hydroxides and sulfates, allowing pH to

rise; and (3) adsorption of the metallic cations by organic

and inorganic sediments and aquatic plants.

The use of PCA, with the purpose of characterizing

acidic drainage of the Adoria mine and the superficial

waters surrounding it, allowed a clear separation of AMD

Fig. 5 Projection of the variables in the forth first factorial plans of the PCA

Fig. 6 Projection of the samples in the first factorial plan of the PCA
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galleries and tailings; tailings had a greater level of con-

tamination, as did the waters under direct influence, with an

ionic charge characterized by HCO3, Ca, K, Cl, Na, Mg,

Zn, Co, and Cu and Pb association. An abundance of sul-

fide masses in the tailings explains this mixed typology and

reveals influences by both silicate hydrolysis and oxidation

of the sulfides.

Based on our research here, we advise additional studies

to monitor the fluvial system surrounding the mine in order

to follow and control the behavior of the most deleterious

characters and to plan sampling campaigns of groundwater

in the area surrounding this mine.
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