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Abstract This werk presents the results of a gee-
chemical and geephysical characterizatien ef the
Mente Remere and La Naya mine pends, belenging
te the Cueva de la Mera and Rietinte mine districts,
respectively, based en mineralegical, geechemical and
geephysical techniques. In erder te ebtain a represen-
tative envirenmental characterizatien, twe depesits
shewing different mineralegies, physice-chemical
parameters, chemical cempesitiens ef tailings and
pend cenditiens were selected. Mente Remere mine
tailings shewed an upper level mainly cempesed of
silicates and a deeper level mainly cempesed eof
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sulfides and barite. The texic metal centent was
different in beth levels but high eneugh te exceed
the regienal legal cencentratien limits fer agricultural
seils. An electrical resistivity temegraphy survey
revealed a hemegeneeus upper unit (3 m thickness),
which displayed lew resistivity values, cerrespending
te water-saturated silt and clay materials with an
abundance eof sulfides which was interpreted as the
pend infilling. The La Naya mine pend presented a
hemegeneeus mineralegical cempesitien made up of
quartz as the main mineral and chlerite-smectite and
jaresite as accessery phases. The absence ef sulfide
phases and the lew centents ef metal elements are
directly related te the rewerking precesses eof the
sludge dumped in this pend. The geephysical survey
revealed that the pend infilling did net have a
censtant thickness, but ranged between 15 and
20 m. An inner greundwater flew in the infilling
was recegnized. The lew resistivity values allewed
the presence of acid waters and related subsurface
flews te be identified in beth mine pends, but ne acid
water drainage eccurred acress their vessels. When
cempared te the Azmalcéllar tailings spill, the La
Naya pend is large eneugh te release a similar ameunt
of sludge, but ef a very lew metal centent. The Mente
Remere sludge displays a similar, petentially texic
metal centent te the Aznalcéllar sludge, but its size is
significantly smaller.

Keywords Mine pend - Metals - Acid mine drainage -
Electrical resistivity temegraphy - Iberian Pyrite Belt



1 Introduction

The velcane-sedimentary recks ef the Iberian Pyrite
Belt, in the seuthwest (SW) eof the Iberian Peninsula,
hest ene of the largest cencentratiens ef massive sulfide
mineralizatiens in the werld, which were fermed during
the Variscan @regeny (e.g. Leistel et al. 1998; Saez et
al. 1996; Ternes 2006; and references therein). Pyrite
is the main metallic mineral, altheugh sphalerite,
galena, chalcepyrite and arsenepyrite are alse feund
in lewer quantities. An intense mining activity in this
prevince, which gees back te the Third millennium B.
C. (van Geen et al. 1997; Necete et al. 2005; Ruiz et
al. 1998), is related te the expleitation of S--Cu—Pb—Zn
frem the sulfide ere bedies and, te a lesser extent, te
Ag—Au (Fig. 1).

@wing te the extractien and metallurgic precesses,
a huge ameunt ef mine installatiens, galleries and
waste depesits has been generated in SW Iberia, and
they are a centinuing seurce ef severe envirenmental
centaminatien. Pellutien frem these seurces can be
eriginated via mining spills, leakages or wind-blewn
dust, and texic elements with a high mebility can
cause huge envirenmental preblems by accumulating
in flera and fauna and reducing the quality ef streams
and greundwater (Siegel 2002). Several studies have
highlighted the elevated cencentratiens ef certain
trace elements in sediments and seils surreunding
mining er waste sites in the Iberian Pyrite Belt as a
censequence of extractien and metallurgic precesses
(Chepin and Alleway 2007; Fermandez-Caliani et al.
2009; Galan et al. 2002; Lépez et al. 2008). This
mine-related centaminatien alse reaches the waters of
the Tinte and @diel fluvial systems, with lew pH
values and large velumes ef sulfates, metals and
metalleids (Canevas et al. 2007, 2008; Femandez-
Remelar et al. 2005; Hudsen-Edwards et al. 1999;
Sanchez Espaila et al. 2005, 2008; Sammiente et al.
2009). Finally, a significant ameunt ef metal is
transferred te the sediments of the Tinte-@diel estuary
(van Geen et al. 1997; Ruiz et al. 1998).

A great ameunt ef fine waste material frem mining
activities is specifically dispesed of in a slurry fermn in
tailings dams, i.e., stractures designed te settle and
stere tailings and precess water (Vick 1990). These
watery sludges are cempesed of medium-te-fine-
grained particles (0.01-1.5 mm) resulting frem
grinding and mineral precessing. Altheugh the metal
centent is remeved in the metallurgic precess, seme

eres and sulfides (e.g., pyrite, chalcepyrite and
arsenepyrite) can be depesited, either because they
were net sufficiently fer use, er duc te a deficient
extractien technelegy. @xidatien ef the sulfide grains
accumulated in the abandened mine tailings may take
place which results in (1) acid leakages and highly
centaminating acid mine drainage (AMD) and (2) the
mebilizatien ef significant quantities of trace elements
such as As, Cd, Cu, Hg, and Pb (Canevas et al. 2007,
Siegel 2002). Because ef this, it is necessary te
identify and characterize these hazardeus areas where
large quantities of petentially texic elements can be
released inte the envirenment.

The mining industry in the prevince of Huelva left 19
tailings dumps; 11 are in an abandened state (IGME
1998) and represent an impertant centaminatien
preblem (Acere et al. 2007; Alvarez-Valere et al.
2009; Hudsen-Edwards et al. 1999; Pérez-Lépez et al.
2007; Sanchez Espafia et al. 2005). Remediatien has
enly been catried eut in a few of the dumps, altheugh
they still shew significant envirenmental preblems
(Martin-Crespe et al. 2010). In fact, an envirenmental
disaster eccurred in the SW eof Spain in 1998, when the
tailings dam eof the Les Frailes Pb—Zn mine at
Azalcéllar (Seville; Fig. 1) was ruptured, and ~2~
10°m® of heavy metal-bearing sludge and ~4 » 10° m’
of acidic waters were released (Aguilar et al. 2004,
2007; Galan et al. 2002; Hudsen-Edwards et al. 2003).

In erder te ebtain a representative characterization of
mine pends as a result of the extensive mining activity at
the Rietinte district (the Iberian Pyrite Belt), twe
different ere depesits were selected: the Mente Remere
and La Naya mine pends (Fig. 1). Different minerale-
gies, physice-chemical parameters, chemical cempesi-
tiens of tailings and different pend cenditiens (size,
geemetry, structure, thickness, water flews, and visual
integratien with the envirenment, amengst ethers) have
been described. Mente Remere cemprises twe small
centigueus mine pends lecated at the Cueva de la
Mera mine site, where Pb- and Zn-bearing minerals
were mined and precessed (IGME 1998). La Naya is a
mine pend lecated 2.5 km te the seutheast of Minas de
Rietinte tewn, in the heart of the Iberian Pyrite Belt,
and is ene eof the largest depesits generated during the
extensive mine werks in the Rietinte mining sreup.
Pyrite and Cu-bearing minerals were the main minerals
extracted (IGME 1998).

In this werk, we applied mineralegical and geechem-
ical characterizatien techniques (X-ray diffractien,
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Fig. 1 Lecatien of the Mente Remcre and La Naya mine
pends, the different metalegenic demains and the main massive
sulfide depesits of the Iberian Pyrie Belt. Medified frem

envirenmental scanning electren micrescepy (ESEM)
ceupled with energy dispersive X-ray analysis (EBX),
X-ray fluerescence, instrumental neutren activatien
analysis (INAA) and inductively ceupled plasma mass
spectrescepy-ICP-MS) and a shallew, nen-destructive
geephysical technique (electrical resistivity temesraphy)
te ebtin a dewmiled picture of the mine pend geemetry,
cempesitien and thiclness eof infilling, the pessible
existence of water flews within and the eccurrence ef
acid mine drainage leakages. The pH parameter was alse

Ternes (2006). Mecwlogenic demains: / Westem Bemain, X
Puebla de Guzmin Wemain, Z7 Seticl-Aznalcéllar Wemain, /77
Rie Tinte Wemain, " Paymege Wemain, V7 Nerthem Pemain

measured te determine the acidic cenditiens ef the
impeundmen®. Thus, the main ebjective was te
characterize the present cenditiens ef the pends te
identify any related envirenmental preblems. The
geal ef this research was particularly relevant
because altheugh the mining activity in this regien
has decreased ever the past few decades, mine
wastes remain a centinuing seurce ef AMBD and
metal centaminatien, and seils and waterceurses in
seuthwest Iberia are still highly pelluted.



2 Lecatien and Features of the Mine Pends

The Mente Remere mine pends, newadays aban-
dencd, arc lecated near the Cueva de la Mera village
(Fig. 2a, b). Beth are quite similar and were preduced as
a result ef memllurgic extractien ef sphalerite and galena
by the cempany Astwiana de Zinc S.A. (IGME 1998).
Their gray wilings lic ever Carbenifereus shales, which
represents the main eutcrepping lithelegy in the area.
The layeut ef this sterage installatien had a side-hill
impeundment design with an upstream methed ef
censtructien (IGME 1998). The dimensiens ef the
pends are 125x8@ m fer the westernmest ene and
98x7@ m fer the castammest ene, beth ef which are
divided by a small tepegraphic escarpment. Buring the
field survey, beth mine pends beceme fleeded in the

nerthernmest parws and the water table in the western
pend was lecated at a maximum depth of 0.5 m, as
weuld be ebserved in a small ditch. Fer these pends,
Blance et al. (2083) deseribed water wble depths
ranging frem 0.5 m during winter te abeut 3 m during
summer. Mercever, water flews tewards the miling
surfaces were described in shallewer levels (50 em
depth) after intense rainfall-cvaperatien episedes by
Blance et al. (2003). In this case, water drains frem
the pends inte a small lecal creek (Mente Remere
ereck) by means ef a plastic pipe.

The La Naya mine pend (Fig. 2c ¢), with an
extensien ef S00x3080 m, was fermed as a result ef
the expleitatien ef an eld mine belenging te the
Rietinte mining district, mainly fer pyrite, cepper and
geld, by the cempany Rietinte Minera S.A. (IGME

Fig.2 a Generalview of the westemMent Remere mine pend.
The tailings sampling(s) was dene in a previeus survey with a
lewer level of the pended wakr; b a ditch in the mine sludges of
Mente Remere shews the shallew watkr tble in the tailings and
the acid naturc ef the water, deneted by the characteristic red

celer; ¢ general view of the La Naya mine pend and its leng
discharge channel, where the wilings sampling (s) was per-
fenned; d La Naya dam and impeundment depesited ever the
Bevenian shales; e detail of the sampling in the lam natkd
twilings of the channel wall in the la Naya mine psnd



1998). Its nerthemmest part lies directly ever Car-
benifereus basic lava flews and tuffs, whereas the
seuthern part of the pend is lecated ever a successien
of Devenian shales, greywackes, and quartzites. A
significant feature of these tailings is the marked
centrast between their yellow te light brewn celer and
the dark green celer ef the surreunding envirenment.
A raised embankment was censtructed using an
upstream methed with a valley dam cenfiguratien
(IGME 1998). This depesit is enc of the largest pends
in the Rietinte district, and visual integratien with the
envirenment has net been achieved. The pend
includes drainage systems te centrel the phreatic
surface and te minimize the chance of a build-up ef
pere-water pressures. Thus, chimney drains were
installed within the slurry impeundment. This kind
of structure is well suited te cenditiens where large
velumes of water may be stered aleng with selid
tailings (Vick 1990). Regardless of these drainage
systems, the tailings dam shews a marked evidence of
rain water eresien.

3 Methodology
3.1 Sampling Descriptien

Samples frem the mine tailings were cellected with
an Eijkelkamp seil cere manual sampler fer
undisturbed samples with a knewn velume and
diameter, at a sampling depth ef 2 m in Mente
Remere western pend and 2.7 m in the La Naya
pend (Fig. 2a, c). Sampling was sequential with a
vertical censtant spacing ef 10 cm, except fer the
deepest samples frem the Mente Remere pend with
an increased spacing. In the Mente Remere mine
pend, sampling was catried eut by digging dewn
belew the pend surface, casting aside the parts
cerrespending te superficial sealing and aveiding
falling perferatien wall material. Using this prece-
dure, 15 samples were cellected between 10 and
200 cm depth. In the La Naya mine pend, sampling
was carried eut at different depths at the wall of a
discharge chaimmel between 190 and 270 cm and nine
samples were cellected (Fig. 2e). The climate of beth
mine sites is centinental Mediterranean; the average
temperature is 18°C, with mild winters and het summers
deneting a seasenal variability. The sampling was
cenducted in June.

3.2 Mineralegical and Geechemical Metheds

The techniques applied in the present study were the
usual enes used for these kinds of residues. Mineralegical
characterization of the mine tailings was perfermed by
X-ray diffractien (XRD), using a Philips X Pert pewder
device with a Cu anticathede and standard cenditiens:
speed 2° 28/min between 2° and 70° at 40 mA and
45 KV. The study of the tetal sample was made by
crystalline pewder ditfractien (nen-eriented pewder) en
a side-leading sample helder. Semi-quantitative results
were ebtained by the nermalized reference intensity
ratie methed. The mineralegy of the samples was alse
studied by ESEM, ceupled with EDX, using a Philips
XL30 micrescepe. The ESEM was eperated at a lew-
vacuum mede, at a pressure of between 0.5 and 0.6 Terr
under a water vaper atmesphere and an eperating
veltage of 20 kV. The XRD and ESEM-EDX analyses
were perfermed at the Centre de Apeye Tecnelégice
(CAT Universidad Rey Juan Carles, Mésteles, Spain,
http/www.urjc.es/cat). The Fe, @344 and trace elements
were analyzed by INAA at Activatien Laberateries Ltdl.
(1428 Sandhill Drive, Ancaster, @ntarie, Canada, http:/
www.actlabs.cem). Cepper and Pb were analyzed by
X-ray fluerescence with a SHIMADZU EDX-900HS
analyzer at the Escuela Universitaria Pelitécnica de
Almadén (Ciudad Real, Spain). The certified reference
standard used was NIST2711.

In tetal, 37 miner trace elements were analyzed,
altheugh enly 12 were chesen fer this study (Ag, As,
Au, Ba, Ce, Cr, Cu, Hg, Pb, Sb, Sc, and Zn) ewing te
their abundance in these types ef sludges and alse
because mest of them are included in the prierity
centaminant list ef the Andalusian regienal gevermment
(Aguilar et al. 1999) and envirenmental pretectien
agencies (US EPA 1993).

3.3 pH Determinatien

The pH ef the tailings was measured in each
sample frem beth mine pends using an electrenic
pH-meter (CRIS®N) which was calibrated at twe
peints (pH 7 and pH 4) using standard buffer
selutiens. This parameter was determined in a
slurry system with an air-dried sample (10 g) mixed
with distilled water (25 mL). Befere reading the pH
values, these selutiens were vigereusly stirred in a
mechanical shaker fer 10 min and left te stand feor
30 min.



3.4 Geephysical Metheds

Electrical resistivity temegraphy (ERT) is a gee-
physical prespecting technique designed feor the
investigation ef areas with a cemplex geelegy.
This technique is usually carried eut using a
large number of clectredes, 24 or mere, cennected
te a multi-cere cable. A laptep micrecemputer
with an electrenic switching unit is used te
autematically select the feur relevant electredes
fer each measurement (Leke 2004). Since an
increasing separatien between the electredes pre-
vides infermatien frem increasing depths, the
apparent resistivity measured can be inverted te
previde a cress-sectien of the true resistivity aleng
the survey line (Reynelds 1997; Telferd et al. 1990).
Several standard electrede arrays are available
with different herizental and vertical reselutiens,
penetratien depths and signal-te-neise raties (e.g.
Sasaki 1992). Ameng them, the mest frequent
are the dipele—dipele, Wenner, and Wenner—
Schlumberger arrays. In erder te cembine a geed
penetratien depth, a reasenable vertical and herizen-
tal reselutien and a geed signal-te-neise ratie, the
Wenner—Schlumberger array was chesen fer this
study. This array was successfully used in similar
studies (e.g., Martin-Crespe et al. 2010; Martinez-
Pagan et al. 2009).

A Syscal Junier Switch 48 was used in this
werk. Three ERT prefiles were perfermed te ebtain
a full characterizatien ef the mine pends. Their
lengths range frem 87.25 te 235 m and electredes
were spaced at distances of 1.75 and 5 m apart,
respectively, te ebtain an appreximate maximum
penetratien depth of 25 m (Bernard 2003). The field
data included resistance measurements between the
varieus electredes and related geemetrical inferma-
tien. An apparent resistivity value was calculated
using the resistance measurements and the geemetry
of the array. These data were pletted as a pseude-
sectien, which is a plet ef the distributien ef the
apparent resistivity values based en the geemetry of
the electredes. Pseudesectiens are incenclusive;
therefere, they need te be inverted inte sectiens ef
true resistivity values and depths via a data
inversien precedure which facilitates interpretatien.
In this study, the inversien ef resistivity data was
perfermed using the RES2DINV cede (Leke and
Barker 1995, 1996).

4 Results and Discussion

The results of the mineralegical and geechemical
characterization of the sampled mine tailings and ef the
geephysical study cencerning the geemefry and structure
of the pend and the pessible presence of acid water flews
circulating frem the surface te depths are presented here.

4.1 Mineralegical Characterizatien

The semi-quantitative data en the mineralegical
cempesitien of the Mente Remere and La Naya mine
pends are displayed in Table 1.

4.1.1 Monte Romero Mine Ponds

Twe levels shewing different and hemegenceus
mineralegical cempesitiens can be inferred frem the
X-ray diffractien data (Table 1): (1) an upper level
mainly cempesed of silicates as the deminant phase
and (2) a deeper level mainly cempesed eof sulfides
and sulfates as the deminant phases. Samples frem
the first level (1), frem the surface te 70 cm in depth,
were mainly cempesed of quartz, illite, feldspar, and
chlerite as the main minerals, with jaresite, pyrite,
gypsum, cepiapite, and galena in miner quantities.
The scheme of Jamber and @wens (1993) was uscd for
tailing-mineral identificatien: primary minerals or these
minerals that censtitute ere and gangue assemblages and
which were eriginally depesited in the waste dumps;
and secendary minerals, which were depesited within
the dumps by precipitatien frem metal-rich waters
derived fiem AMD. Frem the semi-quantitative analyses
it ceuld be ebserved that silicate minerals made up 70-
90 wt.% eof the tetal minerals, frem which quartz made
up 55 wt.%. Pyrite and gypsum were enly identified in
the deepest samples of this shallewer zene (50-70 cm
depth), which yielded the lewest quartz centent.
Jaresite, a hydrated K-Fe sulfate (KFe’'(S@,),*
(@H)s), was identified in all ef the studied samples
fiem 10 te 70 cm depth, altheugh the highest centents
were asseciated with nen-sulfide samples (10-40 cm
depth). Cepiapite, a hydrated Fe sulfate (Fe”'Fe,’"
(S@,)s(®H),+20(H,®)), was been identified in samples
cellected at 40-50 cm depth as an accessery mineral.
The presence of jaresite and cepiapite in this first level
ceuld be related te Fe-sulfide exidatien and water
flews. Primary sulfide minerals (e.g., galena) identified
in lew ameunts by X-ray diffractien were alse



Table 1 Semi-quantitative

mineralegical cempesitien Zene Sample Wepth (cm) Qtz Fsp III Chl Ja Gp Ce Ga Py Sp Ba Gt
(wt.%) ef the studied
samples frem the mine Mente Remere R-10 10 50 10 20 5 10 - S
tailings R-20 20 55 10 15 5 10 - 5
M-30 30 55 10 155 10 — §
M-40 40 50 15 155 10 —
M-50 50 40 10 25 10 S5 5 5 10 -
M-60 60 35 106 20 5 5 5 10 -
M-7¢ 70 35 15 205 5 10 - 10 -
M-8 20 20 5 45 10 20 -
M-%¢ %0 25 5 45 10 15 -
M-100 100 25 5 35 10 25 -
M-110 110 25 5 35 15 20 -
M-120 120 20 10 40 15 15 -
M-140 140 20 10 45 10 15 -
M-150 150 25 5 40 15 15 -
M-200 200 25 10 40 10 15 -
La Naya N-19¢ 1%¢ 85 10 5
N-200 200 85 10 5
N-210 210 80 10 5 )
N-220 220 75 10 5 5
N-230 230 &5 10 5
Qt quartz, Fsp_ feldspar, 7l N.240 240 o 5 5
illite, Ch{ chlerite, Ja
jaresite, Gp gypsum, Co N-250 250 70 10 5 10 5
cepiapite, Ga salena, Py N-260 260 &5 £ 5 S
pyrite, Sp sphalerite, Ba N-276 27¢ 25 5 5 5

barite, Gt geethite

recegnized in this upper level as miner species by
ESEM-EDX. Galena eccurred as idiemerphic iselated
cubic crystals cemmenly shewing ectahedren exfeliated
faces. Secendary electren images revealed that pyrite
crystals frequently eccuired intergrewing with ether
primary gangue minerals such as quartz and chlerite-
smectites or hysdrated Fe sulfates. Barite and sphalerite
were net recegnized by either ESEM-EDX er XRD.

The deeper level (2) was mainly cempesed eof
sulfides (pyrite and sphalerite) and sulfates (barite)
and cemprises samples frem 80 te 200 cm depth
(M80 te M-200). The pyrite centent ranged between
35 and 45 wt.%, sphalerite between 10 and 15 wt.%
and barite between 15 and 25 wt.%. At this level, enly
a 30 wt.% ef silicate minerals (quartz and feldspar)
were determined. The primary gangue, hest reck
minerals and secendary minerals were identified frem
the ESEM-EDX studies. Idiemerphic crystals ef
barite, galena and pyrite frequently eccurred as
aggregates, as patt of the ere paragenesis.

The Mente Remere mine pend still preserves a
relatively high prepertien ef primary (eriginal ere)
mineral phases, such as abundant pyrite with suber-
dinate sphalerite and traces of galena, accempanied
by gangue minerals. The mineralegical cempesitien
determined (Table 1) is similar te that previeusly
reperted by Acere et al. (2007) fer 50 cm depth
sludge frem this mine pend. The distributien ef
phases was clearly arranged in twe different levels;
the shallewer level cencentrated secendary minerals,
mainly represented by hydrated iren sulfates (jaresite,
cepiapite) and gypsum, whereas the deepest level
retained abundant sulfides and barite. It is netewerthy
that at the depth of 70 cm the beundary between these
twe zenes was very shaip with a cemplete dewn-
wards disappearance of seme gangue minerals, such
as illite and chlerite, whereas ethers exhibited an
abrupt increase, as was the case fer barite. This may
indicate twe different prevenances fer each ef the
distinguished levels.



4.1.2 La Naya Mine Pond

A hemegeneceus mineralegical cempesitien made up
of quartz as the main mineral, and chlerite-smectite
and jaresite as accessery mineral phases, was defined
in the X-ray diffractien study in all samples frem La
Naya (Table 1). Geethite was enly identified as an
accessery mineral phase in three samples (N-210,
N-260, and N-270). Quartz made up 90 wt.% ef the
tetal minerals. Gypsum was enly identified in ene
sample (N-220). @ther silicate phases such as illite er
feldspar were net identified. Altheugh sulfide phases
are typically present in this type of mine tailings, enly
pyrite and sphalerite were identified in significant
ameunts (10 and 5 wt.%, respectively) in ene sample
(N-250, 250 cm depth). It is impertant te highlight
that jaresite was identified in all ef the studied
samples. @ther sulfide phases such as arsenepyrite,
chalcepyrite and galena were net detected by X-ray
diffractien. The main secendary mineral phases receg-
nized by ESEM-ED X were Fe-exyhydrexides. @chreeus
te brewn cryptecrystalline Fe-exyhydrexides cemmenly
eccurr ed areund eth er mineral phases such as quartz, and
cempletely er partially replaced primary sulfide grains
such as pyrite and sphalerite. Pyrite was the main sulfide
mineral in the tailings, eccurring as submillimetric
idiemerphic cubic crystals, seme of which were pseude-
merphelegically replaced by aggresates of Fe-
exyhydrexides. Flake-shaped Fe-rich chlerite-smectite
crystals were detected in miner quantities in the alteratien
rims of sulfide grains, tegether with Fe-exyhydrexides.

The La Naya mine pend cempesitien was strengly
deminated by quartz with very lew centents ef
primary sulfides and even secendary minerals. Such
a “residual” cempesitien prebably indicates that
rewerking ef the slag-heaps and their precessing with
enhanced metallurgic techniques had taken place,
leaving a much mere sterile and thus less hazardeus
situatien frem the envirenmental peint of view than in
Mente Remere.

4.2 Geechemical Censtraints

The chemistry analyses alse cenfirmed that the twe sites
studied were very different in terms ef their majer and
trace element cencentratiens. The Fe,®; 4, trace
element cencentratiens and pH measurements at the
different sampling depths frem Mente Remere and
La Naya mine pends are shewn in Table 2. In

additien te this, the tailings samples shew an
impertant acidity with a pH interval frem 2.5 te
3.5. The mest acidic values cerrespended te the
Mente Remere mine pend, with the lewest at 50 cm
depth (pH=2.5) and a mean pH level of pH 2.9. The
La Naya depesit had a mean pH level of pH 3.2,
altheugh an increasing trend with depth was feund.

4.2.1 Monte Romero Mine Ponds

The cempesitien eof the Mente Remere mine sludge
was characterized by high centents of Ba, As, Fe and
ether heavy and transitienal metals. Such a high Ba
centent was related te the ere mineral assemblage,
where barite was ene ef the paragenetic phases. The
Fe @3 (. Content ranged between 2.1 and 27.2 wt.%,
Cu between 914 and 16,582 ppm, Pb between 295
and 12,610 ppm and the Zn centent was up te
41,200 ppm. @ther trace elements which displayed
high values were: Au (up te 720 ppm), As (up te
2,740 ppm) and Sb (up te 861 ppm). These are
impertant ameunts in all cases, altheugh unsurprisingly
due te the type of mineralizatien that was expleited,
which was fundamentally cempesed of pyrite (FeS,),
chalcepyrite (CuFeS,), sphalerite (ZnS) and galena
(PbS), with arsenepyrite (FeAsS), magnetite (Fe;®,)
and tetrahedrite-greup minerals in miner ameunts
(Temes 2006). Galena appeared te be asseciated with
the miner geld values feund in the eres. The Hg
centent was related te the fermatien ef a replacive
mineralizatien, the precipitatien ef an epithermal trace
element suite (Au, As, Sb, and Hg), barite-rich zenes
and a high sulfidatien mineral assemblage (Ternes
2006). The Ni centent was belew the detectien limit
(20 ppm) in each of the analyzed samples. Significant
variatiens as a functien ef depth were identified in all
of the analyzed element centents (Table 2; Fig. 3). This
variatien defined a pattern with the twe depth intervals
shewing different metal centents. These depth intervals
are separated with a detted line at 70 cm depth in
Fig. 3. This pattern cerrelated with the mineralegy in
that the lewest metal centents eccurred between 10 and
70 cm depth, whereas the highest centents were
lecated between 80 and 200 cm depth. Mercury, Pb,
Sb, and Sc displayed an inverse cencentratien pattern
cempared te the rest of the elements, with their lewest
cencentratiens eccurring in the deeper interval. Within
the shallewer depth interval, the preferential cencen-
tratien of cepper at the 60-70 cm depth was



Table 2 Te,@; (o4 and trace elements centent, and pH values in the Mente Remere and La Naya mine tailings

Zene Sample Bepth Ag As Au Ba Ce Cr Cu Fe,®; Hg Pb Sb Sc Zn pH
(cm) (ppm) (ppm) (ppdb) (ppm) (ppm) (ppm) (PPM) tetal (ppm) (ppm) (ppm) (ppm) (ppm)
(wt.%)
Mente R-10 10 70 119 412 7740 bd. b 1799 431 25 12610 502 68 1200 297
Remere x_o¢ 20 55 1110 450 6840 bd. bad. 14 212 30 10602 449 6.8 520 3.05
M-30 30 50 1320 365 7560 bd. b 2320 281 26 11658 487 6.7 710 2.95
M4e 40 42 2740 311 7020 2 b 2880 434 21 9876 432 ] 1410 2.56
M-50 50 37 2530 299 11700 2 24 1944 473 18 7739 318 69 2120 251
M-60 60 81 2320 596 20700 8 bd. 15278 981 45 6835 861 5 7970 279
M-70 70 59 1580 665 23400 7 15 16582 889 25 4979 395 52 6350 3.00
M-8 g0 43 1560 720 45900 49  bad. 5751 26 18 675 219 0.5 16100 2.99
M-90 % 39 1710 629 60300 39 16 3758 21.8 19 709 186 1.1 14600 3.16
M-le0 100 36 1580 662 99000 31 24 1401 194 11 295 186 06 51830 3.06
M-110 110 45 1450 703 59400 25 b, 5642 183 34 396 211 08 41800 321
M-120 120 53 1380 652 50400 50 21 6752 21.8 21 1136 240 0.8 20500 3.13
M-140 140 47 1580 744 46800 55 19 3953 272 16 755 222 05 12700 3.0l
M-150 150 36 1410 613 51300 49 8 2148 245 11 499 190 0% 6990 295
M-200 200 31 1300 554 53100 40  bad. 1993 226 10 467 168 08 58760 287
La N-19¢ 190 b 191 81 710 4 13 306 851 bd 101 313 2 180 2.88
Naya  N.2e0 200 b 347 68 9% 10 5 579 945 b 187 334 17 120 3.20
N-210 210 b % 385 590 5 5 684 139 bad. 82 504 25 210 284
N-220 220 b 674 77 860 16 7 779 112 bA. 222 428 31 200 328
N-230 230 bad. 401 100 520 8 6 485 865 bd. 163 31 1.8 120 3.51
N-240 240 bad. 201 49 440 3 6 583 112  bad. 89 268 14 50 3.04
N-250 250 bad. 451 49 520 62 8 4511 127 b 51 282 39 260 3.52
N-260 260 b 618 65 270 11 5 652 141 bad. 124 375 15 70 3.13
N-276 270 b 458 55 440 3 6 412 139 bad. 181 357 12 80 343

b.d. belew detectien

accempanied by the highest Sb and Ag centents.
Cebalt, Ba, Fe,@; a1, and Zn shewed a significant
increase in their centents in the $6-200 cm depth
interval when cempared te the mederate increase of
Au. Mercury and Ag, hewever, shewed an irregular
distributien with depth, displaying their maximum
cencentratiens at 60 cm, and their secend relative
maxima lecated, respectively, at 110 and 120 cm.
Pessible mining explanatiens fer these centents
and variatiens ceuld be: (1) perieds in which the
mineral benefit was higher, either due te impreve-
ments in metallurgic precesses er te the mineral being
of a higher grade, which altemated with perieds in
which a greater prepertien ef the ere mineral particles
were net efficiently well-expleited and ended up
within these residual mine tailings; (2) a change in
the expleitatien targets, which eriginally were mainly

fecused en galena (Pb) mining but were re-directed
frem the 197@s te pyrite (Fe) and sphalerite (Zn)
mining due te envirenmental pelicies that banned the
use of lead in many industrial fields; and (3) a change
in the ere paragenesis between different zenes within
the same mine eor between different mines. Accerding
te the leng mining histery ef this mine site, the first
and secend eptiens are prebably the mest likely enes.
Maereever, the drastic decrease in pyrite cencentra-
tiens, tegether with the eccurrence eof jaresite,
cepiapite, and gypsum in the shallew level (Table 1),
attest fer pyrite alteratiens releasing sulfate inte this
superficial zene. This ceuld alse have centributed te
highlighting the differences.

Apart frem recegnizing features inherited frem the
respective mining histeries of beth mine pends, seme
evelutien precesses in each sub-system were recegnized
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Fig. 3 Distributien-with-depth prefiles for tetal ferric iren and trace elements cencentratiens frem Mente Remere minc tilings

which allewed us te estimate the pelluting petential of
cach mine. With this idea in mind, we censtructed
cerrclatien matrices fer beth the surface (Table 3) and
deep (Table 4) levels of the Mente Remere mine pend.
The superficial level of the Mente Remere mine pend
(18 70 cm depth) enly cenmined pyrite as the essential
sulfide phase, tegether with traces ef galena. High,
pesitive cerrclatiens between Fe @3 (41 and Ba, Ce,
Cu, and Zn, and the absence ef a cerrclatien with Pb,
indicated that Pb (galena) was net mined at this level.
Elements which were net mined were cencentrated at

this level of the pend and shewed geed cerrclatiens
between them, cenfirming the results of previeus werk
(Lille et al. 2088). @n the centrary, the mined
clement, like Pb, shewed negative cerrclatiens with
the majerity of the ether element. The presence efHg
in the Mente Remere pends indicates that this element
was net mined and that it became cencentrated in the
mine pends. The pattern is different in the deeper zene
(8¢ 208 cm depth) of the Mente Remere mine pends.
Within this level, cerrclatiens between the elements
were the same as these expected in a zene where



Table 3 Cerrelatien mawix

between elements of the AL As Au  Ba Ce Cu  Fe,@; . He Pb Sb Zn
shallew level (10 te 70 cm
depth) of Mente Remere Ag Lee
mine tailings (n=7; As —031 100
significance p<0,05) Au 070 —026 1060
Ba 046 019 085 100
Ce 048 039 078 095 100
Cu 056 016 08% 097 0% 100
Fer @3 056 035 077 095 097 095 1.00
He 083 008 062 045 055 055 0.52 1.00
Pb —-00% 044 063 0% 088 082 08 021 1.e0
Sb 083 008 046 036 051 049 0.53 094 —0.10 100
Zn 059 030 082 0% 099 0% 098 063 —083 059 1.00

sulfide mineralegy predeminates. Thus, galena seemed
te centrel beth Ag and Sb (high, pesitive cerrelatiens,
respectively; see Table 4) and, censequently, Ag and
Sb shewed a high cerrelatien ceefficient, which was
interpreted as meaning that beth elements play the
same geechemical rele as sulfesalts er impurities in
galena. Mereever, the very high cerrelatien ceefficient
(r=0.99) between Zn and Hg ceuld indicate that
sphalerite, at least, in the primary ere was rich in Hg.
This is relatively commen in massive, velcanic sulfide
erc depesits, where Hg ceexisting with different
sulfides is preferentially hested first by sphalerite, then
by chalcepyrite and then by pyrite. The eccurrence of
Hg-rich sphalerite has been described in this type of
ere depesit in British Celumbia, Canada (Grammati-
kepeules et al. 2006). The eccurrence of secendary
minerals cemprising hydrated iren sulfates, gypsum
and Fe-Mn exides eor exyhydrexides typically
reflects extensive weathering ef primary minerals

in the tailings, where sulfate can ferm inseluble
cemplexes with metals such as Ag, Pb, Sb, As, and
Au. In fact, all of these elements except Au shewed
their maximum cencentratiens in this weathering
zene. @n the ether hand, Pb cencentratiens were at
a maximum frem 10 te 40 cm depth, steadily
decreasing frem there dewnwards. This depth interval
cerrespended te a zenc ef abundant jaresite (10%, see
Table 1), where Pb released frem the weathering ef
galena was incerperated and immebilized in the ferm of
plumbejaresite.

4.2.2 La Naya Mine Pond

The geechemical cempesitien of the La Naya mine
sludge was alse characterized by high centents ef
heavy and transitienal metals, but they were at least
ene erder of magnitude lewer than the Mente Remere
values (Table 2, Fig. 4). The centents of Fe,;@; (4

Table 4 Cerrelatien mawix

between elements of the Ag As Au Ba Ce Cu Fe,®( Hg Pb Sb Zn
deep level (80 te 200 cm
depth) ef Mente Remere Ag 1ee
mine tailings (n=8; As 009 1.00
significance p<0,05) = 066 048 Le0
Ba —035 028 009 100
Ce 032 —004 015 065 1.00
Cu 087 000 052 052 018 1.00
Fe,@;,,c 010 010 026 —064 09 004 100
He 061 007 048 019 041 075 042 1.00
Pb 075 —0.0l 017 —056 067 068 037 015 1.00
Sb 097 004 071 040 042 0385 023 051 071 1.00
Zn 058 004 045 —021 042 073 043 099 010 040 100
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Fig. 4 Bistributien-with-depth prefiles for tetal ferric iren and trace elements cencentratiens frem La Naya mine tailings

and Sc were similar te the Mente Remere mine pend
values, ranging between 85 and 14.1 wt% and
<4 ppm, respectively. The absence ef elemenw® such
as Ag, Hg and Ni, and the absence ef variatiens in the
centen® with depth, are significant features ef these
tailings (Lille et al. 2008), centrasting with the
gcechemical features ef the Mente Remere mine
pends. Arsenic, Sb and Fe @3 (41 centents displayed
a slight increase with depth whereas Au and Ba
shewed an inverse pattern (Fig. 4). Sample N-250
shewed the highest Cu, Ce, Sc and Zn centents and
the lewest Au, Pb, and Sbh centenw. The centents ef
Ni were belew the detectien limit (28 ppm) in all ef
the analyzed samples.

Atthe LaNayamine pend, the cencentratiens ef all of
the elements were net enly much lewer, but alse they
shewed practically ne cerrclatiens between them
(Table 5). Ameng the cerrclatiens that were present,
the enly preminent enes were these due te a high
geechemical affinity, such as the pesitive As Sb
cerrclatien. This indicates that the eriginal geechemistry
in this pend has been almest cempletely transfermed by
the memllurgic precesses of the ere minerals dumnped in

the tailings. As in the superficial level of the Mente
Remere mine pends, Pb in La Naya shewed almest ne
cerrclatien with any ef the ether analyzed clements,
which ceuld be interpreted as resulting frem the mining
of galena.

43 Geemetry of the Mine Pend Vessel

The internal and vessel geemetries ef the Mente
Remere and La Naya mine pends were determined
frem the electrical resistivity temegraphy survey.

4.3.1 Mente Remere Mine Pends

The ERT prefiles fer the westernmest Mente Remere
pend, where the tailings sampling was perfermed, are
shewn in Fig. 5. Prefile 1 (lengitudinal te the dyke)
has a length ef 141 m, with an electrede spacing ef
3 m. The minimum abselute c¢irer during the
inversien precess was 7.8%, reached during the
seventh iteratien. The maximum penetratien depth
ebtained was 13.5 m, and twe units with very
different resistivity values were identified (Fig. 5a).



Table 5 Cerrelatien mawix

between elements of the La As Au Ba Ce Cu Fe®;tc  Pb Sb Zn
Naya mine tailings (n=9;
significance p<0,05) As 1.e0

Au 027 1.00

Ba —0.06 028 1.00

Ce 005 038 0603 1.00

Cu 004 045 011 098 1.00

Fe,@; o 064 047 056 .18 024 1.00

Pb 007 028 046  —040 052 —0.23 1.00

Sb 091 0.40 0l6 027 029 0.46 022 100

Zn 036 0.20 0.39 0.64 062 —0.02 -028 028 1.00

The upper unit A extended frem 12 te 135 m aleng
the prefile, with lateral beundaries dipping steeply at
the surface and flattening tewards increasing depths,
and exhibited the lewest resistivity values ranging
frem <1 te 25 ehm m. The lewer unit B shewed
resistivity values ranging frem 25 te >2,000 ehm m.
The slightly undulating beundary between the twe
units was lecated, en average, at a depth of 3 m.

The length efthe transverse prefile 2 was 70.5 m, with
an electrede spacing of 1.5 m and a maximum penetr atien
depth of 7 m (Fig. 5b). The abselute errer ebtained
during the inversien precess was 2.3%, reached during
the sixth iteratien. In this prefile, the thickness of unit A
decreased frem 3.5 m near the dam te 1.5 m far away
frem it. Furthermere, unit B was net as hemegeneeus as
inprefile 1, in such a way that twe secters with different
resistivity values ceuld be distinguished, which prebably
indicated differences in the degree of weathering of the
shales: >88 ehm m seuthwards, and 25-88 ehm m frem
25 m tewards the nerth.

4.3.2 La Naya Mine Pond

Due te its greater dimensiens in cemparisen te the
Mente Remere mine pends, the La Naya mine pend
was surveyed in a single ERT prefile, transverse te
the dam (Fig. 6). This prefile had a length of 235 m
with an electrede spacing ef 5 m, and reached a
maximum penetration depth ef 25 m. The minimum
abselute errer during the inversien precess was 8.9%,
reached during the sixth iteratien. As in the Mente
Remere mine pends, twe units with very different
resistivity values were ebserved (Fig. 6b): an upper
unit (unit A) lecated aleng the whele prefile with
resistivity values ranging frem <1 te 30 ehm m; and a
lewer unit (unit B), with resistivity values ranging

frem 30 te 650 ehm m. Hewever, in centrast te the
Mente Remere mine pends, unit A frem La Naya was
net hemegeneceus and twe different subunits were
identified: the first ene (Al) extended frem the
beginning ef the prefile up te 185 m and was defined
by resistivity values ranging frem 10 te 70 ebhm m.
This subunit shewed a maximum thickness of 10 m,
decreasing tewards the nerth. Belew it, subunit A2
extended laterally frem 185 m te the end of the prefile
and vertically dewn te 20 m depth. Subunit A2
exhibited a gradual change in resistivity values frem
20 ehm m at the seuthern end te <1 ehm m tewards
the nerth. It is netewerthy that the lewest resistivity
values were feund aleng the 185-235 m interval eof
the prefile. During the field survey, secendary sulfate
patches were ebserved en the surface of the pend at
this sectien of the prefile. This is impertant since the
relatienship between the sulfate patches and the lew
resistivity values, indicating patches cerrespending te
surface areas with high water centents, define the
recharge area of the pend. During the summer, when
evaperatien rates are at a maximum, evapetranspira-
tien premetes eversaturatien and the precipitatien ef
sulfates in recharge areas. Unit A did net have a
censtant thickness: the maximum value (20 m)
cerrespended te the first 135 m ef the prefile, whereas
at a distance of 150 m a sharp step existed in the base
of the pend which decreased the thickness of unit A
frem 20 te 15 m.

4.4 Acid Water Flews

The lew resistivity values asseciated with the eccurrence
of AMD allewed us te identify the presence of such acid
waters and related subsurface flews in beth the Mente
Remere and La Naya mine pends.
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The survey carried eut at the Mente Remcre
mine pend shewed that mest ef its unit A,
interpreted as the pend infilling, shewed resistivity
values lewer than 2 ehm m (Fig. 5b). These lew
values cerrespended te water-saturated silt and clay
materials with an abundance ef sulfides, mainly
pyrite. Mereever, the existence ef a small trench in
the western pend allewed us te identify the presence
ef the acid water table at a depth of .5 m (Fig. 2b).
In additien te this, wunit B, interpreted as being
related te the Carbenifereus shales which censtitute

lines indicake the beundary between the tailings impsundment
(unitA4) and the Carbenifersus shales (unit 2)

the base of the mine pend, exhibited very high and
hemegenceus resistivity values. This fact cerreberates
the theery that ne acid water drainage eccurred acress
the bedreck of the pend.

In centrast, the infilling ef the La Naya mine pend
had a mere heteregenceus character. Iw upper unit
(unit A) ceuld be divided inte twe different subuni
(Al and A2) accerding te their resistivity ranges
(Fig. 6b). Subunit A2 exhibited the lewest resistivity
values (<5 ehm m), extending frem 65 m te the end
of the prefile. This was interpreted in terms eof the
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eccurrence eof an inner greundwater flew which
recharged the pend at iw nertheasternmest end,
meved deeper inte the pend tewards the seuth, and
finally emerged atthe surface (at 65 m frem the erigin
efthe prefile) due te the eccurrence ef a vertical lew-
permeability barrier. This batrier cerrespended te an
abandened e¢vacuatien chimney censtructed inside
the mine pend that ceuld be easily recegnized en
the surface. This interpretatien agrees well with the
eccurrence of a small swamped zene in the field,
lecated just en the lew resistivity area (at 65 m
frem the erigin ef the prefile). Unit B was much
mere hemegenceus and cerrespended te the metamer-
phic and velcanic recks which censtitute the base of the
mine pend. I high resistivity values, as was the case fer
the Mente Remere pends, were alse interpreted as being
indicative ef an absence ef leakage threugh the bedreck;
therefere, the internal greundwater flew described frem
the interpretatien of unit A was cenfined te the interier
ef the pend.

4.5 Envirenmental Cencems

After the clesure ef the mining industry in the Huelva
prevince during the last century, ecenemic activities are
new centered en agriculture, and the degradatien ef seil
and water reseurces as a censequence of the exidatien
of pyritic wastes has became a matter of cencern.
Specifically, agricultural seils in the surmeundings ef the
twe studied mine pends (Cueva de 1a Mera and Rietinte
erc depesits) are centaminated by Cu, Pb, Zn, and As.
The centenw ef these centaminants exceed the 9@th
percentile of the geelegical deminium ef the Seuth
Pertugucse Zene (Lépez et al. 2008). These features
indicate that the cause ef their enrichment in the seils
must be leachates, mining spills erwind-blewn dust frem
the mining facilities. Werldwide, the Tinte and @diel
rivers are twe of the hydrelegical reseurces mest affected
by AMB (Canevas ¢t al. 2007; Hudsen-Edwards et al.
1999; Sanchez Espafia et al. 2085; Sarmiente ¢t al.
2009). @n the basis of pH levels and mewl cencentratiens,



the waters of the Tinte river are mainly classified as
high-acid high-meal, and these ef the @dicl river are acid
high-metal (Canevas et al. 2007).

The metal centents in the Mente Remere levels (upper
and deeper) significantly exceeded the Andalusian
regienal gevernment legal limiw fer As, Cu, Hg, Pb,
and Zn (Fig. 7) in agricultural seils (Aguilar et al. 1999).
In centrast, the cenwminant centen® in the La Naya
samples enly exceeded the legal limits for As and Cu. It
is imperwnt te determine hew these memls can still be
feund. If they are present in the primary phases
(sulfides, gangue, and hest reck minerals) they represent
a petential haaard when these minerals beceme affected
by AMB precesses. If the memals are incerperated in the
secendary phases, it is imperant te evaluate the ability
ef these minerals te swmbly stere these elements. The
mineralegical characteriaation and the pesitive cerrela-
tiens cenfirmed that the metals are mestly present within
sulfides in the deeper level of the Mente Remere pends
and that they can be released during weathering ef the
matetial centining them. The lew metal centent and the
negative cerrelatiens reflect the nature of the dumped
material in La Naya (peerly mineralized sludge and
velcanic-bearing waste recks), with a lewer petential fer
the metals te be released

Several papers have dealt with leachates frem the
wastes of the abandened Cueva de la Mera and Mente
Remere mines (Acere et al. 2007; Sanchez Espafia et
al. 2005). Weathering ef the Mente Remere pyritic
tailings generates acidic waters with high cencentra-
tiens ef petentially texic cenminan® (mainly Fe, Zn,
Cu, Al, Mg and Ca). The perc-water pH measured by
Acere ¢t al. (2007) in the vadesec zene remained

Fig. 7 Cempesitien of i
Menk Remere (UL upper
level, BL deep level) and La
Naya samples (selected
hazardeus miner and trace
clements) nennalized te the
Andalusian law limits fer
cencentratiens in
agricultural seils

(frem Aguilar ct al. 1999)

ion limits
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between 2.3 and 2.9, values which are similar te these
determined in this study (Table 1). @n the ether hand,
different remediatien experiments en the Mente
Remere wastes have fecused en acid neutralizatien
and mewl retentien in the sulfide tailings and the
pelluted streams by means of the additien ef strengly
alkaline subswances (Caraballe ¢t al. 2089; Pérez-Lépez
et al. 2007). Hewever, there are ne estimatiens ef the
tetal ameun ef centaminant elements in the impeund-
ment. In seme mining depesits of the Iberian Pyrite
Belt, the centributien ef texic elements has been
determined as the basis fer the assessment ef their
envirenmental impacw® in case ef a dam cellapse er
rainfall cresien (Alvarez-Valere ct al. 2008, 2009;
Pérez-Lépez et al. 2008). In this particular case, the
maximum ameunts ef petential centaminants were
ebtained taking inte acceunt the mean centent ef
petentially texic elements (Table 1, As, Ce, Cu, Hg,
Pb, Sb, and Zn) and the velumne and mass ef the wastes
(Table 6). The velume eof wilings was calculated
including the mean depth frem the electrical resistivity
prefiles and assuming wedge goemetry (Fig. 5). The
casternmest mine pend, with a treugh geemetry
(Gémez-@rtiz ct al. 2018), was alse included in the
estimatien because ef the identical mining histeries ef
beth pends. Even theugh geephysical analysis shewed
twe diff erent units in each impeundment, a mean bulk
density of 264 g/cm’ was calculated fiem the mineral
particle density and the peresity (%) given by Acere et
al. (2007) fer these tailings. These authers calculated a
bulk density ef 2.24 g/cm’® fer the first 76 em. The
significant centent of denser minetrals (pyrite, sphaletite,
and barite) identified at the deeper level highly inereased

- Monte Romero (UL}
~#— Monte Romero (OL)
LaNaya




Table 6 Main physical features ef the mine pends and ameunts ef metals centained in the tailings

Mine pend Area (mz) Average thickness (m) Velume (ma) Mass (t) Tetal element ameunt (t)

As Ce Cu Hg Pb S Zn X
Mente Remere W 8854 3 13281 35041 58 1 171 1 162 12 336 740
Mente Remere E 7549 35 26422 69710 115 2 340 2 322 24 66% 1473
La Naya 100430 17.5 1757525 3277784 1548 44 3272 — 437 115 476 5887

the mean bulk density ef the pends. The metals
presented in the Mente Remere sludge ameunt mere
than 2,200 t (Table 6). Despite the relatively small
dimensiens ef this mine residue, an intense rainfall
episede ceuld release its texic lead aleng the Mente
Remere creek and reach the @livargas reserveir (4 km
dewnstream), preducing serieus effects en water quality
and aquatic life.

The exide terraces in the Tinte River and the
ferrugineus paleesels that pre-date the Pliecene
highlight a natural erigin e the headwaters enriched
in sulfuric acid and ferric iren (Fernandez-Remelar et
al. 2005). Hewever, the extensive mine depesits of
the Rietinte district, in the catchment area ef the Tinte
River, are an impertant seurce of AMD and have
serieusly altered the envirenment (Hudsen-Edwards
et al. 1999; Remere et al. 2006). Specifically, the pH
value in the stretch near the La Naya mine pend is
enly 1.6. The petential texicity ef the metal centent in
this mining residue was alse determined (Table 6).
The bulk density was calculated fiem the mineral
patticle density assuming a peresity ef 50%, and a
mean value fer mine the pends was derived frem the
precessing ef these types of Ag—Au—Pb—Zn depesits
(Bjelkevik and Knutssen 2005). Thus, the La Naya
impeundment centains mere than 5,800 t of petentially
texic elements. Despite the great velume eccupied by
this depesit, its petential impact is prepertienately less
than the Mente Remere sludge since the tailings of this
depesit have been rewerked and have lewer cencen-
tratiens ef metals. Hewever, altheugh the upper unit
decs net centain pyrite er any ether sulfides (Table 1),
the disselutien ef the sulfate phases (jaresite) ceuld
transfer their metal centents te the envirenment and
centribute te petential glebal texicity. Mereever,
tailings eresien is significant in the seutheastern secter
of the waste.

The velume of the La Naya mine pend is similar te
the sludge invelved in the Aznalcéllar mining

accident, whereas the Mente Remere depesit enly
represents a small fractien. The pyrite tailings which
spilled frem Aznalcéllar inte the de Agrie and
Guardiamar rivers centained very high levels eof
several metals: As (4,300—4,500 ppm), Cu (1,438-
2,095 ppm), Heg (15.38-16.90 ppm), Pb (8,389-
10,493 ppm), and Zn (5,546-7,880 ppm; Galan et
al. 2002). Despite the different remediatien actiens
which were cairied eut, there is still a residual pellutien
in the seils and sediments which exceeds the advisable
limits fer cultivatien (Aguilar et al. 2004, 2007; Galan
et al. 2002; Hudsen-Edwards et al. 2003). The
cemparisen ef this geechemical cempesitien with
Table 2 highlights the lewer metal centents of the La
Naya impeundment. Metal centents ef the Mente
Remere mine pends exceed the Aznalcéllar values.
Therefere, in the case of a dam failure, the petential
impact eof the Mente Remere sludge weuld have a
similar effect en water and seil quality due te its metal
lead, altheugh a significantly smaller area weuld be
affected.

Finally, the pellutant petential ef the sulfide tailings
depends en their capacity te release texic elements
(which can be evaluated by means ef a sequential
extractien precedure, €.g., Alvarez-Valere et al. 2009;
Pérez-Lépez et al. 2008), and the chemical species
invelved in the mebilizatien ef metals. Therefere,
fiture werk in these mine pends must be fecused en
the facters centrelling the bie-availability ef heavy
metals.

S Conclusions

The twe selected depesits frem the Iberian Pyrite Belt
(Spain) display different mineralegies, physice-chemical
parameters, chemical cempesitiens ef the tailings, and
pend cenditiens. The Mente Remere mine tailings shew
an upper level mainly cempesed of silicate phases and a



deeper level mainly cempesed of sulfide and barite. In
beth levels, the petentially texic metal centent is different
but high eneugh te exceed the regienal legal cencentra-
tien limits fer agricultural seils. The electrical resistivity
temegraphy survey revealed a hemegeneeus upper unit
cerrespending te water-saturated silt and clay materials
with an abundance eof sulfides, which was interpreted as
the pend infilling. The La Naya mine pend presents a
hemegeneeous mineralegical cempesitien made up ef
quartz as main mineral and chlerite-smectite and jaresite
as accessery phases. The absence of sulfide phases and
the lew centents of metal elements are directly related te
the rewerking precesses of the sludge dumped in this
pend. The geephysical survey revealed that the pend
infilling range is between 15 and 20 m. An inner
groundwater flew in the infilling was recegnized. The
lew resistivity values allewed the presence of acid waters
and related subsurface flews te be identified in beth the
Mente Remere and La Naya mine pends, but ne acid
water drainage eccurs acress their vessels. When
cempared te the Aznalcéllar tailings spill, the La Naya
pend is large eneugh te release a similar ameunt ef
sludge, but of a very lew metal centent. The Mente
Remere sludge displays a similar texic metal centent te
the Azmalcéllar sludge, but its size is significantly lewer.
This werk revealed that the jeint use of geephysical and
geechemniical techniques allews a cemplete envirenmental
characterizatien of mine sludge structures, allewing the
menitering and estimatiens of petential pellutien.
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