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Abstract. In the abandoned Osor mining area in Spain the uabwdled
dumping of mine wastes and the spill of mine drageaontributed, in spite of
neutral pH conditions, to the metal mobilization danthe subsequent
contamination of surface water, groundwater andsoContaminated soil and
mine wastes contained high amounts of Cd, Co, Pb, Xs, Ba, and Sb, above
the regulated levels in Catalonia for soils of isdual use.

Mine water from the Coral adit which was the maiewdtering system in the
Osor area, generally, had neutral pH from carbonand silicate dissolution,
and showed high concentrations of Fe, Mn, Ni, Plmdazn. Geochemical
modeling showed that a possible solid phase sinkZn was smithsonite and,
possibly, hydrozincite (Zg(OH)s(COs3),) which could precipitate. Metal
mobilization from the Coral adit is the main envimmental concern of this
area, which releases a significant quantity of Zrda&Q? to the Osor creek,
contaminating the surface waters.

Keywords Mine wastes;zinc; metals; leaching; soils; tailings; geochemical
modeling; bioaccumulation

Introduction

In old mining areas, such as the abandoned miniigjrict of Osor (Girona,

NE Spain), the exploitation of F-Ba-Pb-Zn ores unti980 generated an
important source of contamination by cadmium, leathc and other metals in
surface waters, groundwater, and soils located he wicinity of the main

mine-waste impoundments. The main consequencesnodmediated mine sites
containing sulfide minerals, mainly pyrite and plyotite, are the generation of
acidic mine drainage waters and the possible mahtiion of metals and
metalloids (Plumlee et al. 1999; Lottermoser 2003).

However, many toxic metals, such as As, Co, Ni, & Zn, are soluble at
near-neutral pH and can potentially contaminate enaffluents, even without
acidic conditions (Plante et al. 2011). Thus, degieig on the neutralization
capacity of the mining wastes, tailings, and oresthoocks, the production of
neutral mine waters may be of environmental concemfthough less well
documented, neutral mine drainage may also conditla significant
environmental problem due to the mobilization of tamléoids such as As, Sb,
Se, and metals such as Cd, Pb, and Zn (Heikkinemlet2009; Plante et al.
2011; Jang and Kwon 2011). The geochemistry of theneral-water
interaction is dependent on the ore and gangue nalse local water
chemistry, and geologic setting. Some authors hahewn the relationship
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between the types of mineral deposits and their iemmimental signature

(Plumlee et al. 1999; Seal and Foley 2002; Seal Hadnmarstrom 2003; Seal
et al. 2008). Thus, the drainage-water compositiofispolymetallic vein and

related deposits that contain significant carbonatimerals in their gangue or
wallrock alteration tend to have near-neutral phhdaelevated concentrations
of Zn and Cu (Plumlee et al. 1999). Polymetallipl®cement deposits hosted
by carbonate sedimentary rocks tend to have minefdige water

compositions with near-neutral pH and elevated amtcations of dissolved
As, Fe, Sb, S¢ and Zn may be generated under these conditionsnjRle et

al. 1999; Al et al. 2000; Navarro et al. 2004; Lee al. 2005; Navarro and
Cardellach 2009; Lindsay et al. 2009). Also, elethtconcentrations of Mn,
Ni, and Fe in pore water from low sulfide tailinf)Iom Ni-Cu sulfide ores was
documented by Heikkinen et al. (2009) and Heikkireard Raisédnen (2009).

The neutral pH conditions of these waters may bieilagted to the dissolution

of acid-consuming carbonate minerals associatedhwiarbonate gangue or
host rocks. In some situations, precipitation ofgsite, gypsum, goethite, Fe
oxy-hydroxides, siderite, and other secondary plsasentrol Ca, Fe, Na, K,

S0O,% and trace element concentrations (Blowes et alb4191998; Jurjovec et

al. 2002; Navarro and Martinez 2010). Even whenboamate rocks host the

affected aquifers, the near-neutral groundwater nmshow high dissolved

concentrations of As, Fe, Ni, S®, Zn, Cd, and Pb (Younger 2000; Blowes et
al. 1998; Ezekwe et al. 2013).

The main objectives of this study were to estimametal mobilization and
release of toxic elements (especially Pb and Zmnfrmine wastes and mine
waters, conducting tests both in the laboratoryaleing tests) and in the
field. In addition, geochemical modeling was usad drder to evaluate the
geochemical processes that may explain the geocéwmiof mine water,
surface water, and leachates.

Study area

The abandoned Osor mining area (Fig. 1) lies sofm&® SE of Girona, in the
La Selva basin and Montseny-Guilleries massif, whitorms part of the
Catalonian Coastal Range (CCR) in the NE sectionthd Iberian Peninsula.
The main mineral deposits are located in the Monts&uilleries massif and
occur as stratabound and vein deposits associatdth wgneous and
metasedimentary rocks of Paleozoic age (Fig. 1)edieh Paleozoic formations
comprise the Lower Infra-Caradocian medium to higtade metamorphic
sequence, which can be divided into the high-grad®or complex and the
medium to low-grade Susqueda complex (Duran 1996cHe et al. 2002) that
are two pelitic series separated by orthogneiss.

Fig.1

Stratigraphically above lies the St. Marti Sacalmar&ocian volcano-
sedimentary formation, the Silurian black slatedahe carbonatic Devonian
St. Marti de Llémana formation. The Paleozoic setuee shows a low and
high-grade metamorphism (amphibolite facies) asabxd with the Variscan
orogeny. The Paleozoic materials were intruded lmstptectonic granitoids,
mainly biotite granodiorites of calc-alkaline comgition (Enrique 1990).

The main deposits exploited in this area were theatabound polymetallic
deposits of Pb-Fe-Ba in the Bonmati sector (Fig, d9sociated with Susqueda
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Complex marbles and the F-Ba-Pb-Zn vein depositpa@dsible Jurassic age in
the Osor area (Piqué et al. 2008). Thus, severalemdlized veins formed at
low temperatures are found enclosed within the Babtec (Cardellach et al.
1990; Canals and Cardellach 1997; Piqué et al. 2008ese veins include the
following:

- Pb-rich veins of predominantly carbonate ganguel¢mite and ankerite)
with significant vertical development that are eomséd exclusively within the
Hercynian basement (south of the CCR).

- Metal-poor and fluorite-rich veins that are alesnclosed within the basement
(Osor veins).

- Barite-rich veins that are associated with nornfialllts and minor sulfides
(Bonmati sector).

The Osor vein deposit is located 4km SE of the Adsgltown, and includes
several geologically similar and thick (1-4 m) flute-barite-sphalerite-
galena veins, exploited to a depth of 300 m. Gangueerals include quartz,
barite, calcite, pyrite, and silicates (mainly mosie, albite and biotite).
Exploitation of these veins concluded in 1980, afteeaching yearly
productions of 20000-30000t of fluorite, 2000t &b concentrates, and
3000t of Zn concentrates. The Osor flotation tagl$ were homogeneous in
grain size and composition, occupying an area ob®I? with a mean
thickness of 15 m and comprised a total affecteduwee of 60000 m3. Mine
drainage was mainly through the Coral adit (Fig, ®hich drains the Osor
vein system with an estimated discharge into therOGreek of between 300
and 1100 m3/day of near neutral contaminated mirsgdew. On an annual basis,
mine water discharge was highest in the autumn pring, and generally
lowest in the late summer and early winter.

The area studied is characterized by a typicallydMerranean climate, with a
mean yearly rainfall of 736 mm and a mean annuatgerature of 15 °C, with
mean maximum and minimum temperatures of 21.1 arsl °€, respectively.
The only important water course in the area is Trex River and its tributary,
the Osor creek, which receives contaminated sedineard episodic draining
waters from the Osor tailings area, and contamidateine water from the
Coral adit. Estimated mean discharge of the Ter eRiwaried widely
throughout the year, ranging from 3-15 m3/s in teemmer to 17-52 m3/s in
the wet period, mainly during early spring and fall

Materials and methods
Geochemistry and mineralogy of mineralization, miwastes and soil

The locations of the sampling sites are marked og. B. The Osor soils (OS-
6, OS-7, 0S-10 and O0S-11) were sampled close (<3on)he water samples,
including a sample of contaminated sediments of @wral adit (OS-8) and
stream sediments (Sample 0S-9). In the Osor minamga, flotation tailings
(TOS sample in Table 2) and mining waste dumps (@@mEM-1 in Table 2)

located close to the main extraction area (Leondvafs) were sampled,
together with ore samples from the outcropping veustem. Tree leaves from
Populus nigra (black poplars) were also sampled from the banktlod Osor
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creek, at locations near the soil and water samplpoints (06 to 0-10),
retaining the same code of nearing soil and watengles.Populus nigra was
used because their efficiency to detect pollutiass@ciated to Co, Cr, Fe, Hg
Sb, Cu, Ni, Pb and Zn (Viladevall et al. 2007). Wat plant materials, soils,
and wastes in the study area were characterizedindurfour sampling
campaigns conducted between 2009 and September.2Ddi0 and mine wastes
were collected with a plastic device and were storand transported in
hermetically sealed plastic bags.

Identification and analysis of the mineral phasasselected samples were
performed in the laboratories of the University Barcelona (UB). We used X-
ray diffraction (XRD) for selected samples. Oncetimaterials had been dried
and ground, the total concentrations of Au, Ag, Bs, Br, Ca, Co, Cr, Cs, Fe,
Hf, Hg, Ir, Mo, Na, Ni, Rb, Sb, Sc, Se, Sn, Sr, Tla&h, U, W, Zn, La, Ce, Nd,
Sm, Eu, Tb, Yb, and Lu, were determined using ingtental neutron
activation analysis (INAA) in Actlabs (Ontario, Cada). In addition, the
concentrations of the following elements were detered by acid digestion
and subsequent analysis by inductively coupled plasatomic emission
spectrometry (ICP-AES): Ag, Cd, Cu, Mn, Mo, Ni, PBn, Al, Be, Bi, Ca, K,

Mg, P, Sr, Ti, V, Y, and S. Samples ®bpulus nigra were dried below 60°C,
macerated and a 15g aliqguot was compressed intaiquéette and analyzed
using INAA at Actlabs.

The grain size distribution of mining wastes (sampEM-1) and tailings
(sample TOS) was determined by sieving (RETSCH AM®)2 the porosity by
water displacement in a test tube, and field capaby numerical methods.

Waters

Three surface water (0S-6, OS-7, 0S-8), one spri®&-10), and two mine
water from the Coral adit (0S-8, 0S-11) (Fig. 1,re@ecollected between 2009
and 2010. Water sampling comprised four campaigmisiter 2009-2010 (OS-6
(W) to 0S-10(W)), summer 2009 (0OS-11(S)) and 200X(6(S) to 0S-10(S))
and autumn 2010 (OS-6(A) to OS-10(A)).

The pH, redox potential (Eh), temperature and elieal conductivity (EC)
measurement were calibrated using standard solstiand measured in situ
with portable devices (HACH model sensION TM378)hel samples were
filtered using a cellulose nitrate membrane witlpare size of 0.4%um. The
samples for cation analysis were later acidified pd<2.0 by adding ultra-
pure HNG;,. The samples were collected in 110 mL high-dengityypropylene
bottles, sealed with a double cap, and stored irefaigerator until analysis.
Metal concentrations were measured by inductivelyugled plasma mass
spectrometry (ICP-MS) at the ACTLABS laboratorie€oncentrations of
chloride, nitrate and sulfate were analyzed on ltefied samples which were
filtered later with 0.44m filters in the laboratory, by ion chromatography
(IC). Water alkalinity was analyzed by titration thi 0.01 HCI. Standard
reference material NIST 1640 (ICPMS) was used tafaon accuracy. In order
to preserve the carbonate equilibrium and Q@) levels in water samples, the
samples were quickly closed and rapidly taken toe thaboratory after
sampling.

Flow-rate quantification of the Coral adit was perfed, during the water
sampling, using a broad-crested weir, which is eusture in an open channel



that has a horizontal crest above which the flurekgsure may be considered
hydrostatic (Munson et al. 2009).

Column leaching experiments

Two column experiments were implemented to leachnimg wastes and
flotation tailings of the Osor sector (samples EMathd TOS, respectively, in
Table 2). The column leaching method was a modifRe@EN 14405 procedure,
the standard European percolation test (SAIC, 2003)

The experiments were carried out for 360 minuteshwd leachates were taken
at the end of the column. The first leachate (TO&nd EM-1 in Table 5) was
obtained after approximately 60 minutes of pumpinlg. addition, in-situ
electrical conductivity, Eh and pH were measuremn.the column experiments,
we used a column with the following dimensions: 7mtn long, 150 mm
diameter and 5 mm thick. At the bottom of the columnd attached to it was a
plastic funnel that was 222 mm long with an intelrrtdameter of 186 mm.
Inside this was a fiberglass plate with holes in which acted as a support
column. Methacrylate was coated onto a mesh thattecacas a filter and
retained the porous medium. The leaching low mihigeed water (LMW),
similar to distilled water, was introduced into theolumn using a rain
simulator connected to a metering pump. To simultte possible effects of
rainfall on the waste, the flow of water was desgnso that it can be adjusted
from 1-100% of the flow rate. A constant flow-ratd 1.31 L/h, related to
mean precipitation in this region, was used in tleaching experiments, on
approximately 8.4 kg of tailings and 11.5 of minimgastes, which packed the
column. The filtration velocity obtained was of B.0L0° m/s, and the pore
velocity was of 9.35-10 for tailings and 6.64-10 for mining wastes.In
addition, the pore volume reached in the columnexmpents:

Ta=v-t- L

Where T, is the number of pore volumes, v the pore veloc(ty/s), t is the
time of leaching (s) and L the column length (mheTfinal T, was 5.46 pore
volumes for tailings and 4.62 for mining wastesdioating a time period
which may be considered as representative.

Water samples were quickly sealed for anion anayand filtered, acidified
and sealed for metal analysis. Fluids were analyzddActlabs (Ontario,
Canada) using IC to determine the dominant aniomsl asing ICP-MS to
analyze the following elements: Li, Na, Mg, Al, X, Ca, Sc, Ti, V, Cr, Mn,
Fe, Co, Ni, Cu, Zn, Ge, As, Se, Br, Rb, Sr, Y, &g, Cd, Sn, Sb, Te, I, Cs,
Ba, Hg, Pb, and REE. Results were compared to #ference sample NIST
1640 to confirm accuracy.

Hydrogeochemical analyses of leachates were peréagrmsing the PHREEQC
(Parkhurst and Appelo 1999) numerical code (versBf.6-7757) to evaluate
the speciation of dissolved constituents and catellthe saturation state of
the effluents. The MINTEQ thermodynamic databaseswesed for chemical
equilibrium calculations and the thermodynamic dafaPreis and Gamsjager
(2001).



Results and discussion
Physical parameters

The results of grain size measurements showed #tptivalent diameter of
tailings and mining wastes were 1.5 and 6 mm, resipely. The bulk density
and porosity of tailings gave a result of 1.29gfcand 0.22, respectively,
while mining wastes showed a bulk density of 2.kcrg? and a porosity of
0.31.

Mineralogy and geochemistry of ore, mine wastes ameed leaves

The mineralogical composition of solid samples iiwen in Table 1. Quartz,
fluorite, barite, calcite, galena, sphalerite, pgri albite, biotite, muscovite,
and kaolinite were detected by XRD, binocular migcope and visual
inspection.

Mining wastes sample from the Osor sector (EM-1Tiable 2) contained high
amounts of Pb (>5000 mgkg due to the presence of argentiferous galena and
high concentrations of Na, K, and Mg from silicatesd possibly jarosite. The
high content of Zn (11300 mgky and Cd (24.9 mgkd) could be associated
with sphalerite, whereas the elevated concentratednSb may be linked to
galena or undetected sulfosalts. The Osor flotattaidings sample (TOS in
Table 2) contains high amounts of Al, Ba, and Sredio concentration of
gangue material in the flotation processes. Sorhgkes in the Osor area were
comprised of alluvial soils (OS-6, OS-7, OS-10) aadstream sediment (OS-
9), collected close to the water sampling locatidfsg. 1), and a sample of
the sediment deposited in the Coral adit (sample8Sable 2). The analysis
of sampled soils and sediments revealed high cotre¢rons of As, Ba, Cd.
Co, Sb, Pb, and Zn (Table 2) which are above theameoncentrations of the
Catalonian soil intervention values.

Sample 0OS-8, associated with mine water in the Coaait contained
relatively high amounts of As (121 mgky, Co (2540 mgkd), Ni (506 mgkg
1), Pb (3230 mgkd), and Zn (71000 mgKg) compared to most other samples
and the highest amounts of Fe (7.75 %) and Mn (£©3of all samples. The
amorphous character of this solid based on XRD ®sgg it may be composed
of Fe and Mn oxy-hydroxides, which have sorbed heghounts of metals, and
possibly hydrozincite (Zs{(OH)¢(CO3),) or an amorphous hydrated ZngO
predecessor. Thus, the presence of As in the Cadit sediment may be
associated with Fe oxy-hydroxides and the sorptodnthis metalloid by the
amorphous oxy-hydroxides. In the alluvial soils frtathe Osor area, only Ba,
Pb, and Zn showed elevated concentrations in thepda OS-6 (Table 2),
which, possibly, was collected above an old minestes impoundment.

Tree leaf compositions reveal that all sampled psaaccumulate some metals
(samples O-6 to O-10 in Table 2), and the metalamoriration in the samples
collected from the Osor area exceed the concerndrasti detected in the
reference sample (O-0) located in an uncontaminadesl near the Ter river,
close to the studied area. The recognition of acelator plants was based on
a comparison of the metal concentration in the plato the metal
concentration in the soil or the bioaccessible nheta the soil, using
extraction techniques such as diethylene triaminentpacetic acid
(Lottermoser 2011). The samples analyzed indicada@daccumulation of Au
and Zn in the leaves compared to the mean chememahposition of these
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metals in the Osor soils (Table 2). This comparigltom’t include the sediment
of the Coral adit (sample OS-8) or the contaminased sample OS-6.

The mobility of Zn within plant varies depending @pecies, although Zn is
likely to concentrate in mature leaves and in rodisabata-Pendias and
Mukherjee 2007). Thus, plants cultivated close tinimg works may contain

elevated amounts of Zn (13.9, 66.9 mgXRg(Kabata-Pendias and Mukherjee
2007). However, Zn concentration in tree leavesbtdck poplar in the studied
area reaches values of 146-1220 mg‘kgvhich is above the content which
may stop the photosynthesis (178 mgXg The accumulation of Zn in these
plants may be explained by the low content of seVesoil parameters which

may control the behavior of Zn in soils, such asogphates, oxides and
organic matter that may contribute to the metalerdton in soils. Also, in the

old Pb-Zn mining areas of Aran Valley (Pyrenees, Bgain) was detected the
enrichment of several plants for Zn and Ni (Marquesal. 2003).

Tables 1 and 2
Waters

Dissolved concentrations of major and minor compoise showed a
considerable difference between the samples obthithering the summer and
winter sampling campaigns (Table 3 and 4). The lwgbdochemistry of the
Osor water samples and mine water showed that dupal waters are of a
dominant HCQ-Ca character, while mine water samples of the Cadit (OS-
8, 0S-11) showed a dominant HGOSO;-Ca composition (Fig. 2). The
composition of these waters also shows a possibbse relationship between
the Coral mine water adit (OS-8 and OS-11 samplasyl the Coral spring
(OS-10 samples; Tables 3 and 4) suggesting thattlexang of similar
materials may be the origin of the hydrogeochemicamposition of these
waters. Mine water samples showed the greater rietadontent and an
increase in average alkalinity from 40-45 mg/L t802377 mg/L (as HC®),
which could be indicative of sulphide oxidation angubsequent acid
neutralization via carbonate dissolution.

Analytical results of water samples showed that sosamples exceed the
EPDWR (European Primary Drinking Water Regulatiofig) Mn, Fe, Ni, Pb, F

and SQ (Tables 3 and 4). Fe and Mn clearly exceeded tiRDWR (50 and

200 pg/L, respectively), showing the highest concentoas in mine water

samples (0S-8 and 0S-11). Pb is possibly the coimamt of greater

environmental concern since three samples (0S-6 dm8-11) have a
concentration above the limit established by EPDVUR pg/L). Although Pb

is relatively immobile in soils and groundwater la@eise of its tendency to be
adsorbed by Fe and Mn oxyhydroxides, and becausth®flow solubility of Pb

minerals (Pb sulphate and hydroxycarbonate) stiligh Pb concentrations
were measured in some samples. These Pb conceomsafaire similar to those
detected in the old Pb mining district of La Camdi, Southern Spain (Hidalgo
et al. 2010), where mine water showed neutral pHl @b concentrations
comprised between 0.6 and 850y/L. Also, the mobility of Pb in other
abandoned mining areas, where waters showed a wirgeutral pH and high
contents of Pb, was associated to the stabilityPbiCQO,° species, under these
pH conditions (Cidu et al. 2009), which is also lslia under the observed
conditions of the studied area.



Also, high concentrations of F were detected (1réda.31 mg/L) in most
impacted waters, above the EPDWR (1.5 mg/L), asated to the nature of ore
deposits. Zinc was the dominant base metal in samhplvaters, ranging
between 34.4 and 2810g/L and reaching >250 and 281@/L in mine waters.

The variations in dissolved metal concentrationsgshwpH showed that base
metals such as Cd and Cu tended to increase withedesing pH. However, Cd
showed significant concentrations at neutral pHpesally in the leachate
samples. Ni concentrations showed a similar pattemeaching higher
concentrations at low pH and associated with theugmdwater and leachate
samples. In mine water samples, Zn reached 28§Q@, showing high

concentrations under neutral pH conditions (7.088). Moreover, mine

waters showed a direct relationship between highafw Cd contents (Table
4).

Oxyanion-forming elements such as As showed sigmfit concentrations
under neutral-alkaline pH conditions, whereas tloavér concentrations were
associated with water samples with low pH (grountevg and some samples
with an elevated pH (superficial water samples). bgeneral, the low
concentration of As in waters may be associatedhwidwer percentages of
arsenical pyrite and arsenopyrite in the minerabgpleited, and with the
possible adsorption onto Fe oxyhydroxides (Navaanal Doménech 2010).

Tables 3 and 4

Mine water samples (0S-8 and 0S-11) showed highceaotrations of Ca

(116-189 mg/L), HC® (290-377 mg/L), S®(156-288 mg/L), and an elevated
pH (7.08-7.68), which may indicate the calcite dibgion through the Coral

adit. The elevated concentration of $© can be associated to sulphide
oxidation, although could be possible the gypsunssdiution despite their

absence in XRD analysis. Also, the elevated concainens of Mn (0.19-

1.8 mg/L) and Zn (up to 2.8 mg/L) suggest the dissimn of sphalerite and

Mn oxides.

Fig. 2

The possible main hydrochemical reactions assodiat® sulphide oxidation
and carbonate dissolution are the following:

(1)Pyrite and sphalerite oxidation.

FeS + 7/2 O + H,O —» F&" + 2 SQ* + 2 H'

ZnS + 2 Q — Zn’* + SO

(2)Calcite dissolution (Lottermoser 2003).

CaCQ; + H" = C&" + HCO; (pH >6.4)

CaCQ, + 2H' = C&* + H,CO; (pH<6.4)

Moreover, mine water showed elevated concentratiohsome cations, such
as Na (31.4-42.5 mg/L), Mg (18.0-28.0 mg/L), and (4.5-6.2 mg/L), above
their concentrations in surface water and springable 3). The weathering of

some detected silicates (albite and muscovite) méso explain the high pH
detected. Progress of the feldspar alteration ri@ast changes the activities of
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the dissolved solutes: €5 Na', K*, H", SiOyaq, thus albite and other
aluminosilicates detected will not be stable infbBevaters and must dissolve:

(3)Silicate (albite) dissolution (Appelo and Posth@96).
2 NaAlSi;Og + 2H" + 9 H,.O — 2 Na + A|28|205(OH)4 + 4H,Si0O,
NaAISi308 + H" + Hzo — Na" + AI(OH)3 + 3H4S|O4

Moreover, gibbsite [AI(OH)] may be a weathering product of silicates, and
dissolved Al in waters may be associated with gib&dsdissolution. These
neutralization processes and the scarce quantitypwfite may explain the
elevated pH of waters and leachates, and, to aelegstent, the mobility of
metals such as Zn, and the possible immobilizat@minFe in mine waters,
resulting in low concentrations of Fe at mine watdsamples 0S-8 and O0S-11
in Table 3). Also, precipitation of Fe oxy-hydroxd was observed at the
Coral portal because of the possible oxidation gmdcipitation of Fe. These
reactions are the following:

(4)F€* oxidation and oxy-hydroxides precipitation (Stunand Morgan 1996).
FE* + 1/4 O, + H* — Fe** +1/2 H,0
FeS + 14 Fé" + 8 H,O0 — 15 FE' + 2 SQ* + 16 H

Fe** + 3 H,0 —» Fe(OH); + 3 H'

Leaching experiments

In order to evaluate the factors that control thass-transfer in the column
experiments and the proximity to equilibrium condns the Damkdhler

numbers were calculated. The Damkéhler numbers esprthe rate of reaction
relative to the advection or fluid flow rate, andlues over 10 indicate near
equilibrium conditions (Wehrer and Totsche 2003, 080 2008). The

Damkdhler number is expressed by (Grathwohl 2014):

— -1
Da = Xcolumn * XS

Where %o, umn iS the length characteristic of fluid domain (caio length filled
with porous material) and Xis the distance traveled after 63.2 % of the
equilibrium is achieved (Grathwohl 2014) sXnay be evaluated from:

Xs = V-e/{(Sh Dag/de?)- (1<) 6}

Where v is the pore velocitys is the porosity, $is the Sherwood Number,
Daqis the diffusion coefficient, dis the equivalent diameter of porous media
and the constant 6 is associated to spherical gralsing Sherwood Numbers
comprised between 7 and 10, the Damkdhler number thé column
experiments reaches values above 10, indicating ituason close to
equilibrium conditions. In addition, the equilibmu time in the column
experiments was evaluated from:



Teq = (Xcolumn/V) ' {R[l‘ (XS/Xcqumn)]}

Where T.q is the equilibrium time and R is the retardationctfar. For a
retardation factor of 2, we find a.J of 131.5 min for tailings and 151.1 for
mining wastes. These results indicated that equiliilm may be reached during
the leaching tests.

Results of leaching experiments are shown in Tabland Figs. 3 and 4. The
continuous decrease of concentrations during stestdye flow (Figs. 3 and 4)
indicates that the metal concentrations in the hedte are rather controlled by
availability than solubility of pure mineral phasé#ehrer and Totsche 2008).
The evolution of Pb and Ni show a continuous deseeaf concentration
during experiments (Table 5), the mining wastesn{pkes EM-1 to EM-6)

reaching concentrations above the maximum contamtinavel of leachates for
inert solid wastes (15Qug/L). The evolution of Zn in tailings and mining
wastes (Fig. 3) showed, likewise concentrations vebothe maximum

contaminant level for inert solid wastes (12@@/L). The release of Cd in
mining wastes leaching (Table 5) showed the contuai decrease of
concentration, which reached values clearly abolve maximum contaminant
level (20 ug/L).

Leachates from Osor mining wastes (Table 5) shopweldvalues between 6.66
and 7.50 and electrical conductivity values compdsbetween 260 and
470 uS/cm. The most elevated values of electrical condaty were
associated to Osor tailings leachates (TOS-1 an&TA). Also, the results of
the leaching experiments showed that the most mddametal was Zn, which
showed concentrations of 0.5-2.3 and 4.5-42.0 m@iLtailings and mining
wastes, respectively (Table 5), which coincidestwihe most abundant metal
in waters.

Table 5 Fig. 3 and 4
Geochemical modeling
Aqueous speciation and saturation state

PHREEQC was used on summer-water samples because, vgenerally, the
most mineralized fluids and showed that the mostiredant species of Fe are
Fe’* and FeSQ. The aqueous speciation of Pb was dominated by ®8@vith
other species (PB, PbHCQ*, PbOH) lower by one and two orders of
magnitude, in a similar proportion to other Pb caminated areas (Navarro
and Martinez 2010). The aqueous speciation of Zowsd that ZA" is the
most abundant species. The remaining species (ZnOCO;, Zn(C0;),*) are
generally lower by one and two orders of magnitude.

The calculated saturation indexes (Sl1) (Table 6)wed that most waters were
saturated with respect to ferrihydrite and goethmeth the exception of EM-1

leachate. Mine water sample (OS-11) and Grevolosaek (OS-6) were near
equilibrium. On the other hand, waters and leachatere undersaturated with
regards to Fe sulfate minerals and gypsum, with éReeption of water sample
0S-11 (Coral adit drainage) which showed a valuesel to equilibrium for

jarosite, and TOS-1 leachate (leachate from Osadtings), which showed

oversaturation with regards to jarosite, jarosita;Nand close to equilibrium
with regards to gypsum. This is probably associatedthe leaching method,
which is far from equilibrium for some slowly reaoy mineral phases.
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As for Pb and Zn minerals, all the water samplesd aleachates were
undersaturated with anglesite, cerussite and smoitfte. Only the leachates
EM-1 and TOS-1 (Table 6) showed S| values near Buum with respect to
cerussite, which suggests the possible control isfsdlved Pb by PbCPO In
addition, mine drainage waters (O0S-8 and 0S-11) &M-1 leachates were
close to equilibrium with respect to smithsonitehiwh may indicate control
of dissolved Zn by this mineral phase. However, as$ible solid phase sink
for Zn may be hydrozincite (ZfiOH)s(COs3),) which could precipitate via an
amorphous hydrated ZnGOpredecessor (Younger 2000). Thus, mine water
samples from the Coral adit were saturated withpexs to hydrozincite or
near the equilibrium (OS-11) with respect to Zn£KB,0 (Table 6), although
have not been found crystalline Zn-minerals in ®eral adit sediment.

Furthermore, carbonate minerals calcite, dolomitand siderite were
undersaturated in almost all the samples, showiatues near to equilibrium
in leachates (TOS-1) and mine drainage waters (O&18 OS-11 in Table 6).
Also, the Sl of gibbsite, which showed in all thansples with the exception of
leachates, show values close to equilibrium, sugigegs this mineral phase
controls the concentrations of dissolved Al. Thepmesentation of water
samples in the (Ca+Mg) vs. (HG®SO,) scatter diagram show that ionic
concentrations falling above the equiline may résulrom carbonate
weathering, while those falling along the equilimee due to both carbonate
and silicate weathering (Elango and Kannan 2007ud, most of the sample
points lie along the equiline scatter diagram oé& tBsor water samples, which
could indicate the weathering of carbonates andcatkes (Fig. 5).

Eh-pH conditions were consistent with these datagwing that under the Eh-
pH conditions of leachates and waters, the mosblstapecies for Fe, Pb, and
Zn were oxy-hydroxides of Fe, cerussite, andZn

Table 6 and Fig. 5
Evaluation of metal mobilization
Metal mobilization from the main potential sourcehe Coral adit, was
evaluated from flow-rate measurements and contamtinaoncentrations of
Coral adit water samples. The main contaminant Isfrkm the Coral adit to
the Osor creek stream was evaluated using the mmaahieal expression of
contaminant mass-flow:

M =] CoV ndA, where:
M : contaminant mass-flow (kg/day).
Co : mean contaminant concentration (kg/m?).
V: volume of mine water ().
n : elemental vector.
dA: differential surface element (mz2).

[V n dA: adit flow-rate (m3/day).

The concentrations of samples 0S-8 and 0S-11 (TaBleand 4) were used in
order to evaluate the seasonal contaminant masw;floy evaluating the mean
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concentration of samples 0S-8(S) and 0S-11(S) feammer production. The
flow-rate of Coral adit was evaluated from discremeeasures, thus, the
measured flow-rate of the Coral adit showed thedwing values: 880 m3/day
(summer 2009), 296.2 m3/day (summer 2010), 110036day (autumn 2010)
and 1073 m3/day (winter 2010) with a mean value88f m3/day, equivalent to
305,733 m3/year.

The mobilization of Mn, Fe, and Ni is shown in Fi§, where Mn production
reached values near 0.8 kg/day in summer and auiumitile Fe and Ni were
mobilized at low quantity. The production of Zn, CBb and SQ@is shown in
Fig. 7, indicating a greater Zn production at 1-8/d&ay for summer and
autumn. The mobilization of S was very high, with a calculated production
of 137-188 kg/day. However, the mobilization of @dd Pb is low, although
Pb production may reach 0.006 kg/day in summer @eri

Figs. 6 and 7
Conclusions

The old mining activities in the Osor area have tminated soils, sediments,
groundwater, and surface water in extensive zonasspite of the neutral
character of leachates and mine water generatiomnildg wastes from the
Osor sector contained high amounts of Pb (>5000 gngk Zn (11300 mgkd)
and Cd (24.9 mgkd) which are possibly associated with sphalerite eT®sor
tailings sample had high concentrations of Al, Band Sr due to the
composition of gangue and soil. Sediment samplesveaéed high
concentrations of As, Ba, Cd. Co, Sb, Pb, and Zhjol are above the metal
concentration of the Catalonian soil interventioalwes.

Mine water samples showed high concentrations of(Ch6-189 mg/L), HCQ
(290-377 mg/L) and SP(156-288 mg/L). The origin of dissolved $® may
be associated to sulphide oxidation, although gypsdissolution could be
thermodynamically possible because mine waters aogerficial waters are
undersaturated with respect to this mineral, howeggpsum have not been
found in ore and mine wastes samples. Besides maager showed an
elevated pH (7.08-7.68) which may indicate calcdessolution through the
Coral adit. In addition, the elevated concentrascf Mn (0.19-1.8 mg/L) and
Zn (>0.25-2.8 mg/L) suggest the dissolution of skgrte and Mn oxides.
Moreover, mine water showed elevated concentratiohsome cations such as
Na (31.4-42.5 mg/L), Mg (18.0-28.0 mg/L), and K %46.2 mg/L) above their
concentrations in surface water.

Column leaching experiments showed that the metahcentrations in the
leachate are rather controlled by availability theslubility of mineral phases.
The most released metal was Zn, which showed cotra¢ions of 0.5-2.3 and
4.5-42.0 mg/L in tailings and mining wastes, respeely, which coincides
with the most abundant metal in waters.

Geochemical modeling of mine waters and leachatediciated that some
waters were close to equilibrium with respect toidrmonite, which may
indicate control of dissolved Zn by this mineral gde. However, another
possible solid phase sink for Zn could be hydroziadZns(OH)s(CO3),) since
mine water showed saturation with respect to thisenal.
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The flow rate of the Coral adit showed an invergdationship with electrical
conductivity and some dissolved cations (Na, Mg, Mn, Co, Cd and Pb),
possibly, because the dilution effect of increasifigw rate. The main
environmental concern in this area is the mobilimatof Zn and SG@* by the

Coral adit, estimated as 0.26-3.0 kg/day and 13788-1 kg/day, respectively.
It is worth noting from these data that there isignificant quantity of Zn and
S0,%, which the Coral adit sends to the Osor creek, ahdrefore pollutes
these superficial waters.
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TABLES
Table 1.- Main mineral phases identified in the contaminateails and
mine wastes. M: major, m: minor, T: trace.

Sample EM-1

Silicates

Quartz m SiQ

Albite M NaAlSi;Oq
Muscovite m KAL(AI Si)4 Oy¢ (OH,F)
Biotite m KMg, Fe sAl Sis O;c (OH),
Kaolinite T Al 4(Si401c) (OH)S
Carbonates

Calcite M CaCQ@
Sulphates, sulphides and

fluorides

Barite m BaSQ

Galena m PbS

Sphalerite M ZnS

Pyrite T Fes

Fluorite M Cabk

Sample TOS

Quartz M SiQ

Calcite M CaCQ@

Barite m BaSQ

Kaolinite T Al 4(Si401c) (OH)S
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Table 2.- Concentrations of metals and metalloids in contateih soils, ore samples, mine wastes, and
vegetation. D: depth of the samples, sup: supalfi€AL(*): The Catalonian soil intervention values
(industrial use). EM-1: mining wastes, TOS: taing

0O-0 (control sample) to O-10: tree leaf of blaclplan. ND: not determined. DL: detection limit.

Element D COORDINATES Al Ag As Au Ba Bi Ca Cd Co
Unit m UTM %  mg/kg mg/kg Ha/kg mg/kg mg/kg % mg/kg mg/kg

DL 0.01 0.3 0.01 2 50 2 001 0.3 0.1
EM-1 0.3 466412, 4644083 0.61 29.9 15.2 6 250 0.4 29.8 24.9 6
TOS 0-2 466421, 4644434 4.46 0.6 12.5 <2 5110 03 733 7.6 14
Osor vein sup 466468, 4644095 0.24 66.2 164 32 2190 <2 21.4 68.5 15

soil 0S-6 0.3 466209, 4644283 6.48 35 5.7 <2 2200 <2 4.62 115 9

soil 0S-7 0.3 466182, 4644259 7.4 <0.3 3 <2 860 <2 061 <0.3 6

soil 0S-8 0.3 467203, 4644270 1.31 2.7 121 <2 <50 3 11.3 74.7 2540

soil 0S-9 0.3 467240, 4644241 7.01 <0.3 <05 <2 890 <2 0.66 <0.3 6

soil 0S-10 0.3 467215, 4644254 7.77 0.5 6.7 <2 900 <2 062 0.6 10
CAL* e 30 1000 55 90

0-0 - 470112, 4645612 ND <0.3 0.6 5.7 50 ND 4.6 ND 34

0-6 --- 466203, 4644256 ND <0.3 0.3 53 203 ND 4.7 ND 1.1

O-7 --- 466181, 4644221 ND <0.3 0.4 17.6 173 ND 3.5 ND 1

0-8 -~ 467147, 4644440 ND <0.3 0.3 44 45 ND 3.8 ND 1

0-9 --- 467282, 4644225 ND <0.3 0.4 5 195 ND 4.8 ND 15
0O-10 -~ 467318, 4644207 ND <0.3 0.5 6.1 165 ND 4.1 ND 0.8
Element Cr Cu Ni Pb Sb Se Sr \Y w Zn Hg Mn Mo Fe
Unit mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mglkg mg/kg  mgl/kg %
DL 0.3 1 1 1 0.005 0.1 1 2 0.05 1 0.05 1 0.05 0.01
EM-1 <2 11 3 >5000 56.5 <0.1 17 4 <1 11300 3 89 <1 035
TOS 39 47 18 940 1 <0.1 105 45 <1 2370 <1 684 1 178
Osor 119 88 31 > 208 <3 74 15 <1 34000 5 109 1 0.96
vein 5000

soil 0S- 44 24 19 >5000 6.1 <3 109 48 <1 2730 <1 418 2 254
6

soil 0S- 14 9 6 22 0.2 <3 141 31 <1 79 <1 322 <1 211
7

soil 0S- <2 18 506 3230 35 <3 103 13 15 71000 <1 49300 8 7.75
8

soil 0S- 22 9 8 55 0.5 <3 136 36 <1 114 <1 351 2 201
9

soil OS- 45 19 23 50 0.4 <3 102 64 4 209 <1 519 <1 312
10

CAL* 1000 1000 1000 550 30 70 1000 1000 30 70
0-0 1.8 6 <1 1 0.06 0.4 110 ND <0.05 53 <0.05 61 0.7 0.09
0-6 2.3 1 <1 15 0.11 <0.1 <10 ND <0.05 974 0.35 81 0.56  0.02
O-7 1.5 5 <1 13 0.08 <0.1 120 ND <0.05 589 0.22 144 <0.05 0.05
0-8 1.1 7 <1 4 0.06 <0.1 <10 ND <0.05 982 <0.05 75 <0.05 0.01
0-9 0.0 9 <1 <1 0.06 <0.1 140 ND <0.05 146 0.3 126  <0.05 0.03
0O-10 1.1 6 <1 8 0.07 <01 <10 ND <0.05 1220 0.29 31 0.32 0.01
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Table 3.- Main metal contents of water samples. ND: notedrined. OS-6(S,W,A): Grevolosa creek (summer/wiatgumn), OS-7(S,W,A): Osor creek
(summer/winter/autumn), OS-8(S,W,A): Coral mineigage (summer/winter/autumn), OS-9(S,W,A): Osoekrelownstream mine drainage (summer/winter/autu@sy
10(S,W,A): Coral spring (summer/winter/autumn), OB- Coral mine drainage (summer 2009). EPDWR: Eemopprimary drinking water regulations (maximum
contaminant level). *: USA National Secondary DiimkWater Regulation. COOR: coordinates. DL: detectimit.

Symbol COOR Na Mg Al K Ca Mn Fe Co Ni Cu Zn As Se Cd Ba Pb

Unit mg/L mg/L  pg/L mg/L mg/L ug/L  uwg/L ue/L me/L pg/L pg/L pg/L pe/L pg/L pg/L pg/L
DL 0.005 0.001 2 003 07 01 10 0005 03 02 05 003 02 001 01 001
05-6 (S) 466209, 4644283 10.3 4.1 6 09 198 24 20 0026 06 0.8 192 017 <02 057 324 136
0S-6 (W) 466209, 4644283 7.72 25 37 07 119 20 30 005 05 1.5 556 015 <02 014 202 3.63
0S-6(A) 466209, 4644283 8.74 3.7 5 1 196 6 70 015 0.7 2.5 443 017 <02 119 368 36.7
05-7 (S) 466182, 4644259 18.4 5.6 15 19 261 579 <10 005 0.7 2 344 058 <02 017 108 0.72
0S-7 (W) 466182, 4644259 17 39 23 1.3 195 149 50 005 1.1 2.1 23 031 <02 005 714 218
0S-7(A) 466182, 4644259 19.1 45 5 21 334 104 8 005 08 2.8 152 04 <02 004 993 1.08
05-8 (S) 467203, 4644270 349  19.8 4 51 134 879 <10 21.8 194 03 2800 06 03 247 399 261
0S-8 (W) 467203, 4644270 31.4 18 6 45 116 193 <10 366 151 06 >250 047 03 1.67 364 114
0S-8(A) 467203, 4644270 287 164 3 43 135 749 240 201 17.9 28 2810 042 04 173 298 1.92
0S-11(S) 467203, 4644270 425 28 49 6.2 189 1860 440 53.2 387 102 2800 2.2 <02 3.05 294 19.4
05-9 (S) 467240, 4644241 19.6 7.6 11 23 422 141 20 233 36 23 1000 049 <02 039 908 1.69
0S-9 (W) 467240, 4644241 15.5 3.8 44 1.3 198 363 150 062 1.2 26 >250 032 <02 0.3 62 3.85
0S-9(A) 467240, 4644241 21.8 8.9 5 27 742 226 90 561 59 25 1040 042 <02 054 69.4 1.39
0S-10(S)  467215,4644254 10 3.5 15 1.1 14 27 <10 0034 04 12 253 014 <02 005 41.8 0.85
0S-10 (W) 467215,4644254 9.74 3.6 16 1.3 142 106 70 028 0.7 1.7 >250 026 <02 0.06 425 246
0S-10 (A)  467215,4644254 1.1 2.4 6 07 10 41 30 0.1 0.7 2.4 157 0.07 <02 004 33 0.74
EPDWR 200 — 200 50 200 - 20 2000 5000* 10 10 5 10
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Table 4.- Main anion contents of water samples. 0OS-6(S,W,ABrevolosa creek
(summer/winter/autumn), OS-7 (S,W,A): Osor creekn{mer/winter/autumn), OS-8 (S,W,A): Coral
mine drainage (summer/winter/autumn), OS-9 (S,W,@sor creek, downstream mine drainage
(summer/winter/autumn), OS-10 (S,W,A): Coral sprifsgmmer/winter)/autumn, OS-11: Coral mine
drainage (summer 2009). EPDWR: European primankirg water regulations (maximum contaminant
level). *: as NQ, **: as NG;,. DL: detection limit.

Symbol pH Eh EC F cl NO; (as N) PO, (asP) SO, HCOs(-) Analytical error
(%)
Unit pH mV  pS/em  mg/L  mg/L  mg/L mg/L mg/L mg/L -
unit
DL 0.01 0.03 0.01 0.02 0.03 1
0S-6 (S) 7.2 200 145 0.2 10 0.1 <0.02 8.8 72 33
0S-6 (W) 7.4 103 78.7 0.1 6.1 0.45 <0.02 8.7 45 1.3
0S-6 (A) 7.75 103 104 0.37 8.2 0.05 <0.02 8.3 96 1.2
0S-7 (S) 7.58 204 204 0.2 17 115 0.12 13 96 1.0
0S-7 (W) 8.21 60 141 0.1 18 1.57 0.09 11 60 4.9
0S-7 (A) 7.77 60 169 034 303 1.69 0.24 13.8 112 34
0S-8 (S) 7.68 197 950 1.9 28 <0.03 <0.06 180 324 1.7
0S-8 (W) 7.38 -2 860 2.1 26 <0.02 <0.04 156 290 6.0
0S-8 (A) 7.35 -2 563 231 269 <0.03 <0.06 171 293 0.49
0S-11 (S) 7.08 21 1180 2.1 29 <0.03 <0.06 288 377 53
0S-9 (S) 7.58 195 372 0.5 17 1.33 0.16 38 116 4.7
0S-9 (W) 7.3 60 159 0.2 16 137 0.06 13 61 7.9
0S-9 (A) 7.75 60 332 1.15 27.8 0.51 <0.04 71.7 186 3.1
0S-10 (S) 7.72 185 123 0.2 8.2 0.17 <0.02 18 40 1.9
0S-10 8.03 61 104 0.2 7.2 0.3 <0.02 18 45 0.7
(w)
0S-10 (A) 7.8 61 60.6 0.3 8.0 0.14 <0.02 18.7 41 4.0
EPDWR - - 2500 15 250 50%** - 250 - -
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Table 5a.- Main metal contents of low-mineralized water l@ag experiments. TOS-1 to TOS-6: leachate frotmtgs of Osor dumps (from
TOS sample, Table 2). EM-1 to EM-6: leachate froming wastes of Osor dumps (from EM-1 sample, Tahlé/L: volume of leachate
produced at each time interval. t: time. DL: deteclimit.

Symbol t VL pH Eh EC Mn Fe Co Ni Zn Pb As Se Sr Mo Cd Sb Cu
Unit min L pHunit mV uS/em pg/L  upg/L Mg/l pg/L Mg/l pg/L pg/l pg/l pg/l g/l /L ug/l  pg/L
DL 0.1 10 0.005 0.3 05 0.01 0.03 0.2 0.04 0.1 0.01 0.01 0.2
TOS-1 0 014 777 122 2420 809 830 185 3.8 2380 98.1 225 1.5 520 6.4 873 159 104
TOS-2 30 0.65 792 126 1850 10.9 250 1.04 2 1720 529 0.84 1.3 380 58 722 1.05 5.9

TOS-3 90 0.65 7.99 132 1030 4.1 130 0.61 13 1150 43.6 0.46 0.7 154 4.3 287 1.04 51
TOS-4 180 1.96 7.76 130 660 3.3 80 0.52 11 799 437 028 <02 842 5.2 224 1.01 5.6
TOS-5 300 2.62 7.86 130 520 25 60 0.36 0.7 592 43 0.3 04 64.8 8.1 154 0.96 4.3

TOS-6 360 1.31 79 131 490 25 60 0.37 0.7 535 436 0.28 0.7 60.2 9.0 141  1.02 3.9
EM-1 0 014 6.66 143 470 521 40 106 51 42000 340 1.19 4.3 130 <0.1 360 2.85 26.7
EM-2 30 0.65 6.79 140 350 265 30 53.6 26.6 25300 410 0.81 24 90.7 <0.1 196 226 16.6
EM-3 90 0.65 7.2 146 310 154 <10 27.4 13.8 14300 290 0.46 15 105 <0.1 107 1.88 7.9

EM-4 180 1.96 7.36 148 280 96.7 <10 17.1 9.2 8580 195 0.42 17 114 0.4 66.8 19 9.5
EM-5 300 2.62 7.48 148 270 685 10 12.4 6.8 5690 194  0.37 14 119 2.4 46.1 1.82 6.4

EM-6 360 1.31 75 146 260 511 10 95 53 4520 171 035 16 121 46 352 178 46
LMW <100 <01 <10 001 <0.3 14 003 075 06 129 105 <001 018 <02
MCL* - 120 1200 150 60 40  -- 200 20 100 600

LMW: low mineralized water used in the leachingse$*)MCL: maximum contaminated level of leachafesrcolation test) of solid wastes,
in order to deposit in landfills (inert solid was}e
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Table 5b.- Main anion contents of leachates.

Analyte Symbol time F Cl NO, (as N) Br NO; (asN) PO,(asP) SO, HCO4(-)
Unit Symbol min  mg/L mg/L mg/L mg/L  mg/L mg/L mg/L mg/L
Detection Limit  --- 0.01 0.03 o0.01 0.03 0.01 0.02 0.03 1
TOS-1 0 23 364 0.33 <0.6 34.3 <0.4 1790 72
TOS-6 360 3.86 6.57 <0.02 <0.06 0.4 <0.04 143 99
EM-1 0 3.72 40.7 <0.03 <0.09 1.48 <0.06 306 45
EM-6 360 3.27 7 <0.01 <0.03 0.43 <0.02 27 99
LMW --- 1.0 6.85 <0.01 <0.03 0.66 <0.02 10.9 99
MCL* - 40 8500 --- --- --- --- 7000 -

Table 6.- Calculated saturation index for water samples dedchates. Saturation
indices calculated using PHREEQC and database MIQTE Coral adit. EM-1, TOS-
1: leachates.

Mineral phase os- os- os- os- os- OSs- EM- TOS-
6(S) 7(S) 8(S)* 9(S) 10(S) 11(S)* 1 1

Iron oxyhydroxides

Fe(OH) 0.30 1.00 1.05 1.18 1.10 0.76 -2.08 1.97

Goethite 4.44 5.13 5.18 5.32 5.23 4.90 208 6.13

Sulphate minerals

Jarosite -4.72 -3.2 -0.79 -1.7 -3.18 0.34 -6.45 73.9

Jarosite-Na -7.15 -5.68 -3.62 -4.24 -5.70 -2.28 179. 0.58

Gypsum -2.72 -2.47 -0.92 -1.86 -2.54 -0.65 -1.00 240.

Lead minerals

Anglesite -5.52 -6.28 -5.32 -5.55 -5.80 -3.79 -1.432.40

Cerrusite -2.12 -2.52 -1.96 -2.15 -2.46 -1.12 -0.230.44

Zinc minerals

Smithsonite -1.94 -2.31 -0.17 -0.81 -2.60 -0.54 560. -0.81

ZnCG;-H,0O -1.61 -1.97 0.17 -0.48 -2.26 -0.20 -0.17 -0.48

Hydrocincite 29.4 28.4 37.9 35.6 28.5 34.3 35.7 137.

Carbonate & other

minerals

Calcite -2.72 -0.52 0.65 -0.27 -1.00 0.22 -1.59 00.4

Dolomite -1.12 -1.52 0.67 -1.08 -2.40 -0.18 -3.79.230

Siderite -2.27 -2.29 -1.83 -1.88 -2.53 -0.52 -2.870.54

Gibbsite 0.05 0.34 -0.28 0.21 0.29 0.82 -1.17  1.46

SiO; (am) -1.19 -1.34 -1.28 -1.23 -1.23 -1.22 14 417

Kaolinite 4.16 4.45 3.31 4.4 4.55 5.63 1.3 5.85

21



FIG. CAPTIONS

Fig. 1.- Situation map of the study area. Synthetic ggodomap and soil, mine
wastes, and waters sampling points.

Fig. 2.- Piper diagram of selected samples (superficiadtevy, mine water, and
leachate EM-6).

Fig. 3.- Evolution of Zn with time for leaching experiments

Fig. 4.- Evolution of Mn with time for leaching experimen

Fig. 5.- (Cat+Mg) vs. (HCQ+S0O,) scatter diagram of water samples.

Fig. 6.- Evaluation of Mn, Fe and Ni mobilization from Cdradit to Osor creek at
summer, winter and autumn.

Fig. 7.- Evaluation of zZn, Cd, Pb and S® mobilization from Coral adit to Osor
creek at summer, winter and autumn.
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