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Abstract

Smelting slags associated with base-metal vein deposits of the Sierra Almagrera area (SE Spain) show high concentra-
tions of Ag (<5-180 ppm), As (12-750 ppm), Cu (45-183 ppm), Fe (3.2-29.8%), Pb (511-2150 ppm), Sb (22-620 ppm) and
Zn (639-8600 ppm). The slags are mainly composed of quartz, fayalite, barite, melilite, celsian, pyrrhotite, magnetite,
galena and Zn-Pb-Fe alloys. No glassy phases were detected. The following weathering-related secondary phases were
found: jarosite-natrojarosite, cotunnite, cerussite, goethite, ferrihydrite, chalcanthite, copiapite, goslarite, halotrichite
and szomolnokite. The weathering of slag dumps near the Mediterranean shoreline has contaminated the soils and ground-
water, which has caused concentrations in groundwater to increase to 0.64 mg/L Cu, 40 mg/L Fe, 0.6 mg/L Mn, 7.6 mg/L
Zn, 5.1 mg/L Pb and 19 ug/L As. The results of laboratory leach tests showed major solubilization of Al (0.89-12.6 mg/L),
Cu (>2.0 mg/L), Fe (0.22-9.8 mg/L), Mn (0.85-40.2 mg/L), Ni (0.092-2.7 mg/L), Pb (>2.0 mg/L) and Zn (>2.5 mg/L),
and mobilization of Ag (0.2-31 pg/L), As (5.2-31 pg/L), Cd (1.3-36.8 pg/L) and Hg (0.2-7 pg/L). The leachates were mod-
eled using the numerical code PHREEQC. The results suggested the dissolution of fayalite, ferrihydrite, jarosite, pyrrho-
tite, goethite, anglesite, goslarite, chalcanthite and cotunnite. The presence of secondary phases in the slag dumps and
contaminated soils may indicate the mobilization of metals and metalloids, and help to explain the sources of groundwater
contamination.
© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Metallurgical wastes such as slags from base-
metal ore processing are potential acid-generating
systems capable of containing and mobilizing high
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concentrations of metals and other inorganic sub-
stances. Thus, in areas contaminated by smelting
activities, high amounts of As, Cd, Cu, Co, Cr,
Fe, Mo, Ni, Pb, Sb, Zn and other minor elements
introduced by the weathering of wastes can often
be detected in soil and/or groundwater.

Mining, and associated mineral processing and
beneficiation may have a notable impact on the envi-
ronment, which depends on many factors, especially
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the type of mining and the size of the operation (Bell
and Donnelly, 2006). Nevertheless, in modern min-
ing activities, mine wastes may be deposited at stor-
age facilities which satisfy  environmental
requirements related to construction, operation,
inspection, surveillance and management. In addi-
tion, the reclamation of contaminated sites is based
on the application of several technologies, such as
stabilizing wastes, selective leaching, soil washing,
reactive layers and permeable reactive barriers
(Blowes et al., 2000; Navarro et al., 2006a; Bhandari
et al., 2007). However, as reflected in the present
study, ancient mining and smelting wastes were dis-
posed without any environmental control measures
to prevent the dispersion of metals.

Smelting wastes, mainly slags, have traditionally
been considered relatively unreactive materials
because the potential contaminants are encapsu-
lated in low-solubility compounds such as silicates,
oxides and glassy forms. However, recent studies
have shown that smelter slags can be reactive and
may be the source of metals and metalloids such
as Ag, As, Ba, Cd, Cu, Pb, Sb and Zn in stream, soil
and groundwater contamination (Parsons et al.,
2001; Piatak et al., 2004). Slag deposits can be lea-
ched by surface waters or rising water tables in
unconfined aquifers, thereby releasing contaminants
to the soil, groundwater, sediments, reservoirs and
drainage networks.

Mining has been a very important activity in SE
Spain since the Roman age, especially in the Carta-
gena—Mazarrén and Sierra Almagrera areas (Nav-
arro et al., 2004). Slags from Ag-Pb mining in
these areas contain up to 5-7 wt.% Pb, 3-7 wt.%
Zn and 0.02-0.04 wt.% As. Some of these elements
have migrated into adjacent soils and river sedi-
ments, been taken up by plants, and been distrib-
uted by smelter plumes from furnaces to distant
soils (Schmidt et al., 2001).

In other European countries, slag waste from his-
torical Pb smelting facilities is also a source of metal
and trace element contamination (Maskall et al.,
1996). Heavy metal and metalloid pollution (Pb,
Zn, Cd, Cu, As and Sb) has also been detected in
the vicinity of lead smelters in Central Europe (Rie-
uwerts and Farago, 1996), with Pb concentrations
of up to 37,300 ppm in soils.

Mineralogically, the furnace products of base-
metal smelting show the following primary phases:
spinels, Zn-rich fayalite, Zn-rich Ca-Fe silicates,
melilite, corundum, apatite, metal oxides, metallic
Fe, Pb, Cu and Zn; Fe-Zn alloys; carbides; phos-

phides; Fe, Zn, Pb, Cu and Mn sulfides; and Fe
arsenides (Kucha et al., 1996). Frequent secondary
phases include hydrated Fe sulfates, metal oxides
and hydroxides and chlorides. Also, glass phases
are very common, especially in granulated slags.

The source of metal contamination in soils and
groundwater can be related to any metal-bearing
phase (primary or secondary) present in the slags.
Through geochemical modeling of field and labora-
tory data on slags from Penn Mine (California),
Parsons et al. (2001) demonstrated that the main
processes that control dissolved metal concentra-
tions are the dissolution of metal-bearing silicates
and glass, the precipitation of secondary phases,
and sulfide oxidation. Thus, data from field and lab-
oratory studies were used to develop kinetic geo-
chemical models which suggest the importance of
kinetic control for abiotic sulfide oxidation and sur-
face-controlled dissolution of silicates, oxides and
glass. Piatak et al. (2004) reached a similar conclu-
sion on slags from massive sulfide deposits of the
Vermont Cu belt and Idaho Pb—Ag deposits.

In semiarid regions like the present study area,
leachate from slags can result in the formation of sol-
uble sulfate minerals, which may precipitate directly
from acid sulfate waters during dry periods. The for-
mation of secondary phases (jarosite, gypsum, goe-
thite, ferrihydrite, etc.) may control the distribution
of trace elements in pore water by means of reactions
such as adsorption, surface complexation and co-
precipitation. During rainy periods, the trapped met-
als may be released from the hosting soluble phases
and introduced into the environment, thereby con-
taminating surface waters and aquifers.

This paper presents the environmental impact of
unconfined slag dumps left over from ancient min-
ing activities in the semiarid Sierra Almagrera
region (SE Spain). The risk of abandoned mining
areas contaminating soils and groundwater is
assessed and long-term contaminant dispersion in
the environment is predicted.

2. Geological and metallurgical data
2.1. Study area

The Sierra Almagrera (SA) area (Fig. 1), located
90km NE of the city of Almeria (SE Spain),
together with the Iberian Pyrite Belt and the Carta-
gena mining district, is the oldest metallurgical and
mining area of the Iberian Peninsula (Navarro et al.,
2004).
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Fig. 1. Geology of the study area. NQ: neogene and quaternary, VM: volcanic-shoshonitic rocks of Miocene age, PT: permian-triassic

metamorphic basement, F: main fractures.

The SA mineral deposits are mainly composed of
galena, barite, siderite and Ag—Pb sulfosalts. The
mineral deposits are located in the Neogene volcanic
belt of SE Iberia and were first worked during the
3rd millennium B.C. and later, more intensively,
under Carthaginian and Roman occupation,
between the 5th century B.C. and the fifth century
A.D. Large amounts of mining waste (including

smelter slags) were formed in SA and in the major
nearby native Ag mine of Herrerias (see Fig. 1).
Modern exploitation began in 1839 with the dis-
covery of the Jaroso vein deposit, that is oriented
N-S to N 140 and dips 60-70° E, showing two main
branches. The two largest orebodies are 800 m long
and 500 m deep, with an average thickness of 4 m
(up to 12 m in the upper zone) and an average grade
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of 1.2-4.1 kg/t Ag. In the 19th century, about 45
polymetallic veins (0.15-7 m thick) were exploited
down to 180 m below sea level, the maximum depth
allowed by the available groundwater pumping sys-
tem (Navarro et al., 1998, 2004).

During the 19th century, the smelting plants
located along the Mediterranean coastline of SA
had an approximate metal production of 550,000 t
of Pb and 512t of Ag. This production made the
SA mining district Spain’s main Ag producer from
1841 to 1848 and 1871 to 1880 and its main Pb pro-
ducer from 1841 to 1868.

During the 20th century, mining activity slowly
declined with large periods of inactivity, and the
smelting plants were closed in 1915. Selective under-
ground mining (high-grade Pb—Ag veins) was reini-
tiated in 1945 by the state-owned company MASA
(Minas de Almagrera, S.A.) and ceased in 1957,
when the exploitation level reached 220 m below
sea level and mining costs increased dramatically.
From 1967 to 1991, the workings focused on pro-
cessing low-grade stockpiles, resulting in sand- and
silt-sized tailings and one of the largest mining waste
accumulations in the area (3,500,000 t) located close
to Las Herrerias (Fig. 1), on the western side of
Sierra Almagrera. The analysis of the uncontrolled
dumping tailings of El Arteal (SA) had high
amounts of Ag (29.8 ppm), As (285 ppm), Ba
(5.4 wt.%), Cu (57.7ppm), Pb (2690 ppm), Sb
(179 ppm) and Zn (2270 ppm). The oxidation of sul-
fides and sulfosalts produced the precipitation of
less-soluble phases like jarosite (KFe3(SO4)>(OH)g),
natrojarosite (NaFe3(SOy4),(OH)g), crystalline oxy-
hydroxide of Fe (goethite), amorphous ferric
hydroxide (Fe(OH)s), clay minerals, anglesite
(PbSOQy), alunite (KAI3(SO4)>(OH)g) and gypsum
(CaSOy - 2H,0).

This long mining activity in the SA district (SE,
Spain) contaminated groundwater, soil, and fluvial
and marine sediments extensively near the old tail-
ings close to the river Almanzora and slag stockpiles
in the coastal area.

2.2. Geological setting

The SA mining district is located on the eastern
border of the Betic Cordillera, which is the central
part of a wide volcanic, tectonic and metallogenic
belt that extends to the South from Sierra de Carta-
gena (Fig. 1). Geologically, the area is composed of
metamorphic rocks (schists, phyllites, quartzites and
marbles) and volcanic rocks.

The quaternary alluvial and deltaic deposits of
the Almanzora river basin unconformably overlie
the older materials. These deposits form large ter-
races in a prograding delta that are 20-30 m thick
and are made of sand, gravel and clay. In the coastal
area, where this study was carried out, colluvial-
alluvial deposits and unconfined slag dumps almost
reach the shoreline.

The SA district comprises three main mining
areas: Herrerias (stratabound mineralized bodies);
Almagrera (N10-40° W veins) and Azogue (veins
and breccias associated with a major NE-SW fault).
The mineral deposits have been studied in detail by
Martinez et al. (1992), Morales (1994), Navarro
et al. (1994, 1998) and Viladevall et al. (1999). Pre-
liminary data on the environmental effects of mining
activities in the district have also been reported (e.g.,
Navarro et al., 2000, 2004, 2006b).

The Herrerias mineralization is composed of Fe—
Mn oxides, barite, jaspers, native Ag and some sul-
fides (galena, sphalerite and pyrite). The mineraliza-
tion in SA is composed of a set of veins enclosed
within phyllites and schists that form part of the
Permian-Triassic metamorphic basement (Almagre-
ra range). The exploited veins are composed of bour-
nonite, boulangerite, tetrahedrite, galena (Ag-rich),
sphalerite, chalcopyrite, pyrite, marcasite, barite,
siderite and quartz. Oxidation from supergene alter-
ation produced Fe and Mn oxides, sulfates, carbon-
ates and chlorides. Galena and sulfosalts were the
main components of the materials that were pro-
cessed in local smelters. The oxidized zones were
not mined completely, and the mine workings essen-
tially focused on the extraction of sulfosalts (bourno-
nite, boulangerite and tetrahedrite) and sulfides
(galena, sphalerite and chalcopyrite).

2.3. Hydrogeological setting

The SA area is located in a semiarid region char-
acterized by a highly irregular hydrological regime,
with long periods of dryness and intermittent peri-
ods of rain in which the volume of precipitation in
a few hours may be greater than the annual average
precipitation. The mean precipitation is 285 mm/a
with an evapotranspiration of 85-95% of the mean
annual precipitation, which indicates that infiltra-
tion of rainwater into the soil can be low and that
runoff may be very significant during certain periods
of the year.

In the coastal area, the impermeable metamor-
phic rocks of SA are overlain by alluvial-colluvial
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Fig. 2. Profile of the study area and location of the main slag dumps.

sediments and anthropogenic deposits. In the study
area, the alluvial-colluvial deposits define an uncon-
fined aquifer associated with low-permeability allu-
vial and anthropogenic materials that are partially
occupied by industrial lands (Fig. 2).

The study area, which is now used for industrial
activities, contains a 4-5 m thick unconfined aqui-
fer. The 2 m thick saturated zone is related to levels
established by old smelter slags and/or colluvial
deposits. The results of pumping tests at a constant
flow rate indicate that the aquifer has transmissivi-
ties comprised between 20-36 m*/day and 3-8 m?/
day. The estimated effective porosity values range
from 9% to 17% in the higher-transmissivity zone,
whereas this parameter could not be evaluated in
the lower-transmissivity zone.

Groundwater flows from the higher topographic
areas towards the sea. There are two main sources
of aquifer recharge: rainwater infiltration and, more
importantly, seawater infiltration. Seawater is used
in the industrial processes of a major chemical plant
built on top of the slags.

2.4. Smelter slags

The slags found around the old smelter sites
belong to 17 plants that processed ores from the
SA and Herrerias in the 19th and 20th centuries
(Fig. 3). The largest slag deposits are found in Las
Herrerias, Los Lobos and along the coast. The total
amount of accumulated slags is not known because
large amounts of them have been used in road con-

struction over the last 50 a. However, based on the
district’s Pb and Ag production data, an amount
greater than 1,500,000 t can be estimated.

At the beginning of the modern mining activity,
the metallurgical process in most of the smelters
was adapted for the processing of Ag-rich galena
(up to 10 kg/t) using cupellation to separate Pb
and Ag. However, as Ag grades decreased and
international competition with modern foundries
increased, cupellation became uneconomic and
the smelters began producing only Pb-rich Ag
ingots.

This paper examines slags from the Dolores and
Santa Ana smelters, which operated from 1850 to
1885. These two sites were chosen because major
industrial facilities currently occupy the surface of
these slag dumps, which potentially enhances metal
mobilization due to sewage infiltration. Around
650,000 t of accumulated slags are located in the
study area, which occupies the coastal area between
the village of Villaricos and the old Fabrica Nueva
smelting site (Fig. 3).

3. Methodology
3.1. Sampling and analysis of soils and slags

The samples for this study were obtained from:
(1) unconfined slag dumps around the present-day
industrial facilities (samples M1-M10); (2) 8 bore-
holes (3.5 m deep), which include contaminated soil
and slag lenses (soil borings BI-B4 and S1-S4)
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Fig. 3. Location of the old smelting facilities in the Sierra Almagrera area. Situation of soil boreholes and soil-slag samples. M: soils and

slags, S: soil boreholes.

underneath the industrial area; and (3) soils from 16
locations sampled in 1996 (samples M-11-M-17)
and 2001 (samples CA-1-CA-9) (Fig. 3).

Soil and slag samples were crushed to <10 mesh,
quartered, powdered in an agate mortar to <200
mesh, homogenized and packed in sealed plastic
bags. Borehole samples were manually collected
from drill cores and crushed and powdered similarly
to soil and slag samples.

The major and trace element contents of the soil
samples were analyzed by inductively coupled
plasma atomic-emission spectrometry (ICP-AES),
mass spectrometry (ICP-MS) and instrumental neu-
tron activation (INAA) at ACTLABS Laboratories
(Canada). A quality control was implemented that
included reagent blanks, two duplicate samples
and the accuracy was assessed through the analysis
of eight reference samples.
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The slag samples were studied using transmitted
and reflected light microscopy, X-ray diffraction
(XRD), scanning electron microscopy (SEM) with
an attached energy dispersive system (EDAX), and
electron microprobe (EMPA). These techniques
allowed the identification of the mineral phases
and analysis of the major and trace element contents
of the most significant minerals.

3.2. Sampling and analysis of groundwater

Eight groundwater samples (Fig. 4) were col-
lected from eight sampling wells (August 2004) at
4-5 m depth, from a saturated zone of 1-2 m thick-
ness. The piezometer SM has a depth of 40 m, and is
completed within the metamorphic basement.

/
L SEA MEDITERRANEO
0 40
]

Fig. 4. Detail of the groundwater sampling points. P1-P9: wells,
SM: piezometer 40 m depth, S1-S4 and B1-B4: soil boreholes.

The pH, redox potential (Eh; mV), temperature
and electrical conductivity (EC; pS/cm), corrected
using standard solutions, were measured in situ with
portable devices (HACH model sensION TM378).
The samples were filtered with a cellulose nitrate
membrane with a pore size of 0.45 um. The samples
for cation analysis were later acidified to pH < 2.0
by adding ultra-pure HNO;. The groundwater sam-
ples were collected in 500 mL high-density polypro-
pylene bottles, sealed with a double cap and stored
in a refrigerator until analysis. The samples were
obtained, following purging of each well, using a
submersible Grundfos pump, with a flow-rate of
0.5 L/min.

The concentrations of major cations were mea-
sured using ICP-AES and the concentrations of
minor cations were measured using ICP-MS at the
laboratories of the University of Barcelona and
ACTLABS. Standard reference material NIST
1640 (ICP-MS) was used to evaluate the accuracy.

3.3. Leaching experiments

A leaching test was performed to evaluate the
metal mobility of a mix of smelter slags and poten-
tially contaminated soils. The soil and slag samples
used in the elution tests were collected near the main
dumping area (Santa Ana-Dolores smelting sites). A
column with an internal diameter of 150 mm, a
length of 751 mm and an endpiece with a 0.50 pm
filter was used. The column was uniformly packed
with the reactive material between two thin covers
of very low-reactivity polystyrene particles with an
equivalent diameter of 2.97 mm. Demineralized
water, simulating the effect of the precipitation,
was introduced into the column at room tempera-
ture by a rain simulator connected to a titration
pump, which provided a constant flow rate. Leach-
ing experiments were performed using a stationary
flow rate of 2.4 Lh~! for 300 min, the equivalent
of approximately 6.7 pore volumes. The resulting
pore velocity in the experiment was 4.5 x 10 m/
min, similar to estimated waste water infiltration
in the location.

The effluents obtained from the experiments were
filtered using cellulose nitrate films with a pore size
of 0.45 pm. After determining the pH, temperature,
oxidation-reduction potential and electrical con-
ductivity, the samples were stored at 4 °C. The pH
was measured potentiometrically and the pH meter
was calibrated before each measurement. Conduc-
tivity was determined using a conductivity meter



902

calibrated with an NaCl solution. The oxidation—
reduction potential was measured using an ORP
meter with a combined Pt electrode.

Samples were then acidified with HCI (pH 1.9)
and analyzed using ICP-MS at ACTLABS
(Ontario, Canada), for Na, Mg, Al, Si, K, Ca, Sc,
Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Ga, Ge, As,
Se, Sr, Y, Zr, Mo, Ru, Pd, Ag, Cd, In, Sn, Sb, Te,
Cs, Ba, Pt, Au, Hg, Tl, Pb, Bi and U.

Unacidified samples were stored in low-density
polyethylene (LDPE) bottles and Cl, HCO3, COs;,
NO; and SO4 were analyzed using ion chromatogra-
phy and other common methods (APHA, 1989).
The accuracy of the results was assessed by examin-
ing blanks and the standard reference material
NIST 1640 (ICP-MS), and by performing charge-
balance calculations for all samples. The results of
the charge-balance calculations indicate an error
of between 1% and 25%.

Table 1
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Hydrogeochemical analyses of leachates were
performed by using the PHREEQC (Parkhurst
and Appelo, 1999) numerical code (version
2.10.03) to evaluate the speciation of dissolved con-
stituents and calculate the saturation state of the
effluents. The Minteq thermodynamic database
was used for the chemical equilibrium calculations.

4. Results and discussion
4.1. Mineralogy of slags

The slags are composed of various silicate, sul-
fate, oxide, sulfide and metallic phases accompanied
by secondary minerals resulting from weathering.
No glassy phases were observed. The primary
phases include quartz, fayalite, barite, melilite, cel-
sian, pyrrhotite, magnetite, galena and Zn-Pb-Fe
alloys. Jarosite—natrojarosite, cotunnite, cerussite,

Chemical analyses by microprobe of mineral phases identified in slags (wt.%)

NaQO MgO Al203 SiOz SOg

CLO K,O CaO TiO, Cr,O; MnO FeO

NiO CuO ZnO SrO BaO PbO Sum

Olivine
Average 0.05 3.11 0.01 30.2 0.00 0.01 0.00 1.82 0.06 0.03 3.35 59.2 0.02 0.01 1.34 0.01 0.22 0.03 99.5
Max 0.11 491 0.02 309 0.03 0.13 0.02 236 0.14 0.05 368 61.2 0.05 0.04 1.51 0.05 0.38 0.18
Min <0.01 1.71 <0.01 29.4 <0.01 <0.01 <0.01 1.2 0.01 0.01 3.1 57.8 <0.01 <0.01 1.27 <0.01 <0.01 <0.01 n=13
Celsian
Average 045 0.05 234 385 0.13 0.07 3.08 021 0.03 0.01 0.06 178 0.02 0.04 1.52 2.54 21.2 0.31 934
Max 0.54 0.09 23.7 398 0.54 045 333 0.54 0.07 0.03 0.08 2.89 0.06 0.03 252 322 305 042
Min 0.34 <0.01 224 37.1 <0.01 <0.01 2.65 0.05 <0.01 <0.01 0.03 0.52 <0.01 <0.01 0.15 0.51 17.8 0.1 n=9
Melilite
Average 2.32 0.07 2.58 30.6 1.54 1.38 0.80 104 0.97 0.02 0.70 21.2 0.03 0.01 2.09 2.77 194 0.22 97.1
Max 29 0.1 3.04 31.1 184 1.64 085106 1.17 0.04 0.81 21.9 0.08 0.03 2.52 322 21.2 042
Min 2.08 0.04 2.18 29.7 1.17 1.13 0.73 10.1 0.64 <0.01 0.57 19.6 0.01 <0.01 1.52 2.54 17.8 002 n=6
S Cl Mn Fe Co Ni Cu Zn Ge As Ag Sb Ba Pb Sum
Pyrrhotite
Average 36.9 0.03 0.14 60.5 0.08 0.03 0.61 0.07 0.02 0.16 0.02 0.00 0.23 0.94 99.7
Max 37.6 0.06 0.17 61.3 0.12 0.06 0.87 0.16 0.03 0.29 0.06 0.01 0.24 3.21
Min 35.7 <0.01 0.01 59.5 0.06 <0.01 0.2 0.03 <0.01 <0.01 <0.01 <0.01 0.03 0.12 n=4
Cotunnite
Average 032 192 0.09 1.37 0.01 0.02 0.04 0.24 0.06 0.39 0.00 0.06 0.31 78.1 100.2
Max 048 218 0.12 2.53 0.04 0.05 0.07 0.33 0.11 0.47 0.02 0.26 0.7 80.7
Min 0.01 15.6 0.06 0.51 <0.01 <0.01 <0.01 0.15 <0.01 0.32 <0.01 <0.01 0.13 758 n=>5
Galena
Average 12.2 1.11  0.07 3.88 0.03 0.03 030 0.32 0.02 0.06 0.05 0.01 035 784 96.8
Max 13.0 1.82  0.08 7.07 0.04 0.05 0.31 0.55 0.03 0.1 0.08 0.01 0.07 849
Min 11.4 0.4 0.06 0.68 0.02 <0.01 0.28 0.09 <0.01 0.01 0.02 <0.01 <0.01 719 n=2
Magnetite
0.01 0.01 0.29 59.1 0.06 <0.01 <o0.01 0.77 0.04 <0.01 0.02 <0.01 0.07 0.07 60.4
n=1

Structural formula of melilite: Cag7Bag4Nag 3Srg1Fe; 1ZngAly1Si,07 x (Cly.1,S0.1,0Hyg 1), if total Fe is considered Fe(II), but if total Fe
is considered Fe(III), then the structural formula is Ca0}7Ba0,4Na0}3SroA1ZnoAlFeﬁAlo}lSi207 and the sum of oxides averages more than
99%. n: Number of samples.
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goethite, ferrihydrite, chalcanthite, copiapite, gosla-
rite, halotrichite and szomolnokite were found as
secondary phases. Anglesite and gypsum were also
detected in minor quantities. Table 1 shows a quan-
titative analysis of certain representative minerals.

Sierra Almagrera slags show textures composed
of a matrix of silicate crystals (olivine, celsian and
melilite). Olivine occurs as short prismatic crystals
up to 5 mm in length, whereas melilite and celsian
appear as elongated blades (Fig. 5). Sulfides, espe-
cially pyrrhotite, occur as rounded blebs 1-20 um
in diameter distributed throughout the samples
(Fig. 5). Minor phases (cotunnite, magnetite, goe-
thite and Zn-Pb-Fe alloys) appear scattered
throughout the matrix and along silicate grain
boundaries.

Table 1 shows the olivine composition in the
slags. Olivines are Fe-rich (Fag,) with MnO and
MgO content of up to 3.7 and 4.9 wt.%, respec-
tively. Amounts of up to 1.5wt% ZnO and
24 wt.% CaO were detected (see Table 1). These
Zn and Ca concentrations are similar to those
reported in olivine-bearing slags from the Vermont
Cu belt by Piatak et al. (2004).

Celsian and melilite are two other major silicate
phases. The celsian contains up to 30.5 wt.% BaO
and reflects the presence of abundant barite in the
ores. Iron content is relatively high, up to 2.9 wt.%
FeOr. Lead (up to 0.4 wt.% PbO) and Zn (up to
2.5 wt.% ZnO) were also found in this mineral (see

Table 1). The melilites are Ba—Fe-rich (up to 21
and 22 wt.% BaO and FeOr, respectively) and Ca-
poor compared to natural occurrences (Deer et al.,
1975). They also contain S, Cl and Zn (up to
2.5 wt.% ZnO).

Galena (PbS), pyrrhotite (Fe(_y)S), cotunnite
(PbCl,), Fe oxides (magnetite and goethite) and sul-
fates are the most abundant metal-bearing phases.
They are volumetrically minor slag components
but may be significant sources of metal to the envi-
ronment. Pyrrhotite blebs contain small amounts of
Zn, Pb and As and, due to their reactivity, are a
potential source of metal contamination. Cotunnite
is a common secondary slag phase whose origin is
not well understood. This secondary phase, formed
by the reaction of Pb-bearing minerals (galena) with
Cl™, might be formed by the infiltration of high-Cl
effluent, also, with wastewater of low salinity, from
the chemical plants built on top of the slags, which
use seawater in the refrigeration processes. How-
ever, because SA slags were dumped along the
coast, direct sea spray could be an additional Cl™
source.

The presence of other soluble and less-soluble
secondary phases (Fe-Cu sulfates such as chal-
canthite, copiapite, halotrichite and szomolnokite)
is especially important in the mobilization of metals.
During rainy periods, the dissolution of secondary
sulfates may cause the formation of acid effluents
that could either affect surface waters or infiltrate

Fig. 5. Backscattered electron photomicrograph of a polished section of a smelter slag. cot: cotunnite; fay: fayalite; mel: melilite; po:

pyrrhotite; ga: galena; mt: magnetite; cel: celsian.
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into soils and cause seasonal contaminating pulses
(Bigham and Nordstrom, 2000; Jambor et al.,
2000). In semiarid environments like the study area,
the role of the secondary phases accumulated in
soils and mining residues during dry periods is very
significant. In fact, the mobilization of Cu, Pb and
Zn from the tailings dumped near the Almanzora
River, was partially explained by the presence of
langite, melanterite, brochantite, chalcanthite,
anglesite, plumbojarosite, goslarite and other sec-
ondary phases that formed as a result of the super-
gene alteration of metallic sulfides (Navarro et al.,
2004).

4.2. Chemical composition of soils and slags

The SA slag dumps contain high concentrations
of metals and metalloids: Ag (<5-180 ppm), As
(12-750 ppm), Cu (45-183 ppm), Fe (83.2-
29.8 wt.%), Pb (511-2150 ppm), Sb (22-620 ppm)
and Zn (639-8600 ppm). Barium concentrations
are also high (0.4-19.0 wt.%), due to the mineralog-
ical composition of the vein ores (barite is present).
Table 2 shows the metal composition of the slags
from surface samples and samples of a soil profile
from site S-2.

Compared to the slags, the soil samples show
higher concentrations of As, Ba, Cu, Pb, Sb and
Zn, but lower concentrations of Ag (Table 3). Soil
contamination of As, Ba, Pb, Sb and Zn is probably
related to the weathering of smelter slags, although
some of this contamination might also be due to
emissions from the old smelters, which had been
active for at least 30 a. However, only four metals
and metalloids (As, Hg, Pb and Sb) exceed the soil
remediation intervention values, according to the
internationally known Netherlands regulations
(Ministry of Housing Spatial Planning and Environ-
ment, 2000).

Drill cores in the soils allowed the evaluation of
the distribution of metals with depth and determina-
tion of the chemical composition of the slag layers
(Figs. 6 and 7). Some metal concentrations tend to
decrease with depth, such as Cu, Mn, Pb and Zn
in soil boring S-1 (Fig. 6). In addition, because
reducing and slightly acidic conditions prevail in
most of the groundwater sampled during this study,
the dissolution of Fe oxyhydroxides could mobilize
any adsorbed Zn.

The formation of Fe oxyhydroxides might be
related to the oxidation of sulfide-bearing minerals
(especially pyrrhotite) in the slags. This process

Table 2

Composition of slags from surface samples and samples from a soil profile at site S2
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=

P

Ca

Au Ag As Ba Br Co Cr Cs Fe Hg Mo Na Ni Sb Zn Cu Pb Mn Sr Cd

Element

—_

%
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Table 3

Composition of soils sampled
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may lead to the precipitation of poorly-crystalline
Fe hydroxide phases such as ferrihydrite or goethite
(FeOOH) and Fe sulfates such as schwertmannite
[FegOg(S04)(OH)g], depending on kinetic factors,
Fe’t, SOi_ and HCO; concentrations and, espe-
cially, pH. Thus, the activity of Fe is controlled by
ferrihydrite and schwertmannite for pHs between
4.5 and 6.5 and by ferrihydrite when pH > 6.5 (Bali-
strieri et al., 2002).

4.3. Chemical composition of groundwater

Groundwater samples collected during this study
have high Cu, Fe, Mn, Pb, Zn and As contents
(Table 4), reaching up to 0.64 mg/L Cu, 40 mg/L
Fe, 0.6 mg/L Mn, 7.6 mg/L Zn, 5.1 mg/L Pb and
19 ng/L As. These concentrations suggest that met-
als are mobilized from the surrounding smelter slags
and contaminated soils.

However, the Ag and Sb contents are low, as in
the results obtained in the leaching experiments of
tailings from this area (Navarro et al., 2004). In fact,
Ag is almost immobile at pH > 4 (Lindsay, 1979)
and is easily absorbed by clay minerals, Fe and
Mn oxides and hydroxides, and organic matter,
which are quite abundant in this aquifer.

Probably due to the partial infiltration of seawa-
ter used by industrial facilities, the groundwater is
highly saline (electrical conductivity: 6850-
70,300 uS/cm), slightly acidic to near neutral, and
is reducing or slightly oxidizing (Table 4).

The high Fe concentration is consistent with the
pH-Eh values of the groundwater. A weak positive
correlation between dissolved Fe and reducing Eh
was seen (Fig. 8). There is an inverse relationship
between pH and Fe content (Fig. 9), as found in
most aquifers contaminated by mining waste (Seal
and Hammarstrom, 2003) where higher Fe concen-
trations are found in more acidic waters.

The main source of Fe may be the oxidation of
pyrrhotite by O,, that may release Fe(II) and SO,
to pore water and groundwater through the follow-
ing reaction:

Feq oSy + (2 —x/2)01(g) + H,O
= (1 —x)Fe’" +S0;” +2xH"

Calculations using PHREEQC for groundwater
speciation (Table 5) show that the most abundant
species of Fe are Fe*' and FeSO,. Likewise, the
saturation index indicates that ferrihydrite,
jarosite, natrojarosite and melanterite are clearly
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undersaturated, suggesting the possibility of disso-
lution (Table 6).

In contrast, goethite is slightly undersaturated
(Table 6) or saturated (sample SM), indicating goe-
thite as a mineral phase which controls the solubility
of Fe. Besides, the mineral phase Fe(OH), ;Cly 3 is

also saturated except in sample P3. The predomi-
nant secondary Fe phases within the unconfined
slags are goethite, ferrihydrite, jarosite and soluble
Fe-sulfates, which occur as interstitial cements,
and since ferrihydrite, jarosite and melanterite are
clearly undersaturated in groundwater, their disso-
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Table 4
Composition of contaminated groundwater in the study area
Well Eh pH Ag Al As Cd Cu Fe Mn Ni Pb Sb  Zn K Mg Na SO,
Pl —0.1 63 <0.02 <02 19 <0.02 <40 40.1 40 <0.25 40 <4 200 209 680 10,200 2660
P2 0.04 69 <0.02 0.0l 6 <0.02 10 0.6 10 1.2 2 <4 313 249 57 755 241
P3 —0.08 58 <0.02 <02 15 <002 20 39 20 <0.25 40 <4 500 225 831 9890 2670
P6 0.03 58 <0.02 <002 7 <0.02 24 09 20 <0.25 4 16 78 105 283 3220 835
P7 —0.02 56 <0.02 052 7 <002 40 25 40 <0.25 40 <4 380 415 1288 11,900 1410
P8 —0.2 7.1 <0.02 <0.02 8 <0.02 18 1.6 18 <0.25 4 <4 74 261 523 5250 1380
P9 —0.1 5.6 <0.02 422 1 <0.02 40 132 40 <0.25 80 <4 7680 304 1007 9710 1120
SM 0.06 6.8 <0.02 032 1 <0.02 640 04 640 <025 5140 60 1520 404 1040 12,300 2070

Concentrations determined by ICP-AES and ICP-MS and reported in mg/L, except for Ag, As, Cd, Cu, Mn, Pb, Sb and Zn (pg/L). Eh

reported in V. SM: piezometer of 40 m depth.
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Fig. 8. Relationship between Eh and dissolved Fe in contaminated groundwater.

lution may explain, with the oxidation of the pyr-
rhotite, the high contents of the Fe detected in
groundwater.

Lead concentration reaches up to 5.14 mg/L in
the most oxidizing and saline sample (Fig. 10). At
the pH conditions of the aquifer (5.6-7.2), geochem-
ical modeling indicates that the Pb speciation (Table
5) may be dominated by PbCl" and PbCO; (aq).
Therefore, Pb concentration could be controlled
by several of the mineral phases recognized in the
mineralogical study such as cerussite (PbCO;) and
cotunnite (PbCl,), which are undersaturated in
groundwater samples (Table 6). Thus, the high
salinity of the groundwater might explain the mobil-
ity of Pb, because like other heavy metals, it tends to
form Cl complexes such as PbCI" and PbCl,, which
are relatively soluble.

Zinc is the metal with the highest concentrations
in groundwater, reaching values of up to 7.68 mg/L
(Fig. 11). Zinc mobility in near-neutral environ-
ments is limited because it is readily adsorbed by
oxides, hydroxides and aluminosilicates. High Zn
concentrations in groundwater and soils are usually
related to ferrihydrite desorption or dissolution pro-
cesses (Jurjovec et al., 2002). Under the pH-Eh con-
ditions of the aquifer, the Zn speciation may be
dominated by Zn*" and ZnHCOj (Table 5). The
secondary phase mineral goslarite (ZnSO, - 7H,0)
is clearly undersaturated (Table 6). Copper concen-
trations reach up to 0.64 mg/L, which indicates that
this metal is highly soluble in saline environments
with a pH below neutral.

The As content in the groundwater reaches
19 ug/L, but ranges from 1 to 8 pg/L in most of



908

A. Navarro et al. | Applied Geochemistry 23 (2008) 895-913

45
40 .
35
30
-
o 25
£
;’ oFe
w 20
15
*
10
5
. *
0 PR 1 M
5 55 6 6.5 7 75
pH
Fig. 9. Relationship between pH and dissolved Fe in contaminated groundwater.
Table 5
Distribution of species for groundwater and leachate D1
Species P1 P3 P6 P8 SM D1
As
H;As0; 2.56 x 1077 2.03 x 1077 9.32x 1078 1.06 x 1077 2.74 x 10710 7.06 x 1071
H>AsO;3 4.60 x 10717 1.16 x 10717 4.82x 107" 1.17 x 107° 1.59 x 10712 294 x 1071
Fe
Fe?" 6.51 x 107 6.41 x 107° 1.47 x 1073 2.65 % 1073 6.83 x 107° 1.20 x 1074
FeSO, 7.60 x 107> 6.81 x 107¢ 1.39 x 107 2.30 x 107° 4.65 x 1077 6.16 x 107>
FeOH™ 1.51 x 1077 462 % 107° 1.32 x 107° 4.14 x 1078 475 % 107° 5.58 x 107°
Ph
PbCl™ 6.02 x 1078 8.41 x 1078 7.82 x 107° 231 x 107° 1.03 x 1073 429 x 107°
PbCO, 519 x 1078 1.58 x 1078 1.32 x 107° 1.35 x 1078 6.42 x 107¢ 1.34 x 107°
PbHCO] 3.60 x 1078 351 x 1078 2.65x 107° 145 x 1077 1.44 x 10°° 4.32x107°
Pb*" 238 x 1078 2.77 x 1078 5.07 x 107° 7.58 x 10710 2.73 x 107° 1.00 x 107
PbCl, 1.01 x 1078 1.68 x 1078 1.16 x 10710 483 x 10710 2.49 x 107° 1.05 x 107
Zn
Zn**t 1.93 x 107 4.96 x 107° 8.86 x 1077 5.82 x 1077 1.59 x 1073 1.74 x 1073
ZnHCO7 4.13x 1077 8.59 x 1077 781 x 10°° 1.72 x 1077 1.05 x 10°° 1.17 x 10>

Data calculated using PHREEQC and database MINTEQ. Values in molality.

@ ZHSO4.

the samples. These concentrations are similar to
those obtained in column-leaching experiments with
tailings (Navarro et al., 2004) and indicate a low
mobility of the metalloid. Arsenic can be mobilized
in reducing or oxidizing conditions at pH values of
6.5-8.5. In natural waters, As may be present as
As(IT), As(V) or linked to organic forms after
industrial contamination processes (Smedley and

Kinniburgh, 2002). In contrast to most metallic cat-
ions, a pH increase causes the anionic forms of As
to be desorbed from soils or solid phases in the sat-
urated zone of the aquifers and As becomes rela-
tively mobile under reducing conditions. Under
oxidizing conditions, the dominant species at
pH <6.9 is H,AsO,, whereas H3A502 dominates
at alkaline pH. In the studied groundwaters, where
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Table 6

Calculated saturation index for groundwater and lixiviate D1

Phase mineral P1 P3 P6 P8 SM D1
Iron oxy-hydroxides

Fe(OH); —4.63 —6.72 —5.29 —5.21 -2.22 —1.45
Goethite —0.23 —2.32 —0.90 —0.81 2.17 -2.95
Fe(OH),.,Cly 3 1.18 —0.74 0.59 0.38 3.48 4.61
Sulfate minerals

Jarosite —10.8 —15.6 —12.0 —15.2 —5.24 1.05
Jarosite-Na —124 -17.3 —13.9 —17.2 —7.06 0.55
Gypsum —0.20 —0.07 —0.76 —0.46 —0.38 0.43
Melanterite -3.39 —4.94 —5.63 —5.41 —6.11 -3.97
Lead minerals

Anglesite —-2.92 —2.88 -3.79 —4.60 —1.03 —0.49
Cotunnite —4.98 —4.75 —6.10 —6.31 —2.57 —2.93
Cerrusite —1.35 —1.86 —2.97 —1.94 0.76 —2.90
Zinc minerals

Goslarite —6.93 —6.56 —7.36 —7.58 —6.25 —5.32
Other minerals

Chalcanthite —15.0 —15.1 —124 —17.3 —11.5 -7.1
Fayalite —11.6* —12.8* —13.3* —8.36" —8.96" —354

Saturation indices calculated using PHREEQC and database MINTEQ.
4 Forsterite.
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Fig. 10. Relationship between Eh and dissolved Pb in contaminated groundwater.
reducing conditions and low pH prevail, H3AsO(3) Almagrera (Navarro et al., 2004). The flux of con-
may be the dominant species and dissolved As taminants reaching the beach and shallow marine
may be present in the As(III) form (Table 5). sediments was estimated based on the hydraulic gra-
The high Fe, Pb and Zn contents in the contam- dient, the hydraulic conductivity of the porous
inated waters might, therefore, be related to the dis- media and the saturated surface of the studied aqui-
solution of secondary phases present in the slags fer. Using a Darcy velocity of 0.78 m/day, the theo-
(Table 6), as occurs in the tailings and contaminated retical stationary flow of contaminants is estimated

soils surrounding the main mining area of Sierra at 1900 kg/ for Fe, 5 kg/a for Pb and 340 kg/a for
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Fig. 11. Relationship between Eh and dissolved Zn in contaminated groundwater.

Zn. This result is consistent with that of Guerrero
et al. (1990) who found significant amounts of met-
als (Hg: 0.55 ppm, Mn > 200 ppm, Pb: 80 ppm) in
the superficial marine sediments near the Sierra
Almagrera Coast.

4.4. Leaching test and geochemical modeling

The results of leaching tests (Table 7) show signif-
icant solubilization of metals, metalloids and other
inorganic compounds (Na, Mg, K and Sr). Thus,
Al (0.89-12.6 mg/L), Mn (0.85-40.2 mg/L), Fe
(0.22-9.8 mg/L), Zn (>2.5 mg/L) and Pb (>2 mg/L)
are mobilized in quantities similar to those found in
the most contaminated aquifer wells (Table 7).

Elements such as As (5.2-31 pg/L), Cu (>2 mg/
L), Ni (0.092-2.7 mg/L) and Sb (3.4-11.6 ng/L) were
also leached from the slags used in the tests, although
in higher amounts than those found in the ground-
water, which might be related to an attenuation pro-
cess in the aquifer. Finally, in the leaching tests, Ag
(0.2-31 pg/L), Cd (1.3-36.8 ng/L) and Hg (0.2
7 ug/L) were detected, although these metals were
not found in the analyzed groundwaters. The con-
centrations of dissolved metals are higher than the
values reported in slag dumps of Penn mine and in
leachates of the Clayton Ag mine (Table 7), with
the exception of Pb and Zn, perhaps reflecting a more
intense weathering of the slags in the study area.

Secondary minerals seem to play a very important
role in the mobility of metals and trace elements.

Table 7

Main hydrogeochemical characteristics of leachates obtained in
the column-leaching experiment and two water samples from US
slag dumps

Parameter Penn mine Clayton silver Leaching
(1) mine (2) experiment
pH 7.2 5.65 5.39-6.4
Mg (mg/L) 1.4 <0.1 5.52-1290
Na 2.10 0.25 21.9-11,900
K 0.92 0.34 3.18-19.8
SO, 7.4 4.7 200-17,500
Al (ng/L) 21 7.1 893-12,600
As 0.72 52 5.2-31
Ba 140 5 55-101
Cd 0.41 0.3 1.3-36.8
Cu 4.6 650 200 — 2000
Fe 41 <20 220-9800
Mn 7.6 120 854-40,200
Ni 0.55 3 92.2-2760
Pb 0.53 8400 200-2000
Sb 2.1 230 3.4-11.6
Zn 250 310 200 — 2500

(1) Water chemistry from depression in a slag dump (Parsons
et al., 2001).

(2) Leachate sample from Pb-Ag Clayton silver mine
obtained by deionized water (Piatak et al., 2004).

Major cation units are mg/L and minor elements units are pg/L.

Particular salts are formed at every dumping area
depending on the local composition, pH and Eh of
groundwater and the relative humidity. The heavy
metal mobilization and/or attenuation processes
resulting from the interaction between groundwater
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and smelter slags vary according to the composition
of the slag (Ettler et al., 2003).

The chemical analysis of leachate D1 was used to
evaluate the speciation of dissolved constituents and
to calculate the saturation state of the effluents
(Tables 5 and 6). The numerical code PHREEQC
(version 2.10.03) was used for these calculations.

In relation to Fe phase minerals, the modeling of
leachate D1 indicates that ferrihydrite and goethite
are undersaturated, and Fe(OH),,Cly 7, jarosite
and natrojarosite are supersaturated, unlike in
groundwater, where hydroxysulfates are clearly
undersaturated. Melanterite, which has a behaviour
similar to other efflorescent salts detected in the
mineralogical study (halotrichite, szomolnokite,
etc.) is also undersaturated, indicating a control
of Fe-solubility by Fe hydroxysulfates and the pos-
sible dissolution of oxyhydroxides and efflorescent
salts during the leaching process. The primary
phase fayalite is undersaturated as well, and a
kinetic rate of surface-controlled dissolution of
the silicate can explain part of the dissolved Fe,
such as in other base-metal slag dumps (Parsons
et al., 2001).

The mobilization of As, Cu, Ni and Zn in the
leachates may be related to the dissolution of under-
saturated secondary phases and primary mineral
phases such as melilite and/or celsian for Zn,
because of the great concentration of ZnO in these
minerals (up to 2.5 wt.%). As for secondary phases,
Cu and Zn may originate in the dissolution of chal-
canthite and goslarite, while As and Ni can be mobi-
lized from efflorescent salts in the weathered slags
(copiapite, halotrichite and szomolnokite).

The dissolved concentrations of some anions
such as SOff and some cations (Na', Mg®")
detected in the leachates might reflect the hydrogeo-
chemistry of the “pore water”. Thus, the soil and
slag “pore water” may be affected by seawater infil-
tration from the present industrial activity, thereby
causing the mobilization of these substances in the
leaching experiment.

5. Conclusions

This study examined the role of unconfined slag
dumps from the old mining district of Sierra Almag-
rera (Almeria, SE Spain) in the contamination of
soils and groundwaters. Geochemical and mineral-
ogical analyses show that smelting slags and soils
in the vicinity of SA contain high concentrations
of Ag, As, Ba, Cu, Fe, Pb, Sb and Zn.

The slag textures consist of a matrix of prismatic
silicate crystals (olivine, celsian and melilite) and
rounded sulfide blebs (pyrrhotite, sphalerite and
galena) distributed throughout the samples. Cotun-
nite, magnetite, goethite and Zn-Pb-Fe alloys
appear scattered throughout the matrix and along
silicate grain boundaries.

Quartz, fayalite, barite, melilite, celsian, pyrrho-
tite, magnetite, galena and Zn—Pb-Fe alloys occur
as primary phases and jarosite-natrojarosite, cotun-
nite, cerussite, goethite, ferrihydrite, chalcanthite,
copiapite, goslarite, halotrichite and szomolnokite
occur as secondary phases. Olivines are Fe-rich
(Fag,), containing up to 1.5 wt.% ZnO. Celsian con-
tains up to 30.5 wt.% BaO and reflects the presence
of abundant barite in the ores. Amounts of Pb (up
to 0.4 wt.% PbO) and Zn (up to 2.5 wt.% ZnO) were
also found in this mineral. Melilite is Ba—Fe-rich (up
to 21 and 22 wt.% BaO and FeOr, respectively) and
contains up to 2.5 wt.% ZnO. The origin of cotun-
nite is not well understood, but it probably formed
after the reaction of Pb-bearing minerals (galena)
with the seawater used by chemical industrial facil-
ities located on top of the slag dumps. Sea water
probably accelerated metal mobilization in this
study area by causing an ionic strength increase in
the pore water. The formation of Cl species and
minerals such as cotunnite, may promote the mobi-
lization of metals that would otherwise have low
mobility.

Due to their reactivity, sulfide blebs may be a
major source of metal contamination. However, in
semiarid environments such as the study area, the
role of secondary phases (Fe—Cu sulfates such as
chalcanthite, copiapite, halotrichite and szomolnok-
ite) accumulated in soils and mining residues during
dry periods seems very important in the mobiliza-
tion of Cu, Pb and Zn, as demonstrated in labora-
tory experiments (Navarro et al., 2004).
Groundwater below the main dumping area con-
tains high amounts of Cu (0.64 mg/L), Fe (40 mg/
L), Mn (0.6 mg/L), Pb (5.1 mg/L), Zn (7.6 mg/L)
and As (0.019 mg/L). The oxidation of sulfides from
the slag dumps contributed to the development of
acidic waters that mobilized these metals into the
groundwater, soil and marine environment.

Leaching experiments using demineralized water
provided an experimental analog for the solubiliza-
tion of metals from slags, thus confirming the mobi-
lization of heavy metals from slag minerals. The
release of metals and trace elements into the aqui-
fers, soils and seawater along the coastline seems
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to be controlled by the dissolution of metal sulfates
and oxyhydroxides originating from the oxidation
of sulfides. If the leaching tests reproduce the mobi-
lization of metals that can be released from the slag
in environmental conditions, the impact over the
sediments and marine environment may be very
important.
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