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ARTICLE INFO ABSTRACT

Editorial handling by Prof. M. Kersten Water availability is a worldwide issue, particularly in semiarid zones. Therefore, it is necessary to know the
geochemical processes involved in the mobility of contaminant sources to ensure adequate quality for this re-
source. Some mining areas of México are of economic importance; however, they are also the sources of large
quantities of mine residues, such as the site included in this study. As an important aspect of understanding
contaminant mobility in sediments and water, a thorough mineralogical characterization is paramount to
identify sources and sinks for relevant elements, in this case, potentially toxic elements (PTEs) such as arsenic
(As), lead (Pb) and cadmium (Cd); hence, scanning electron microscopy (SEM), X-ray diffraction (XRD) and
chemical analysis were used. The total geochemical distribution was established by means of a modified se-
lective sequential extraction procedure. The results showed that sediments constitute an effective attenuation
substrate for mobilized PTEs to groundwater. Hence, arsenic and cadmium were stabilized in the sediments and/
or the vadose zone, and although Pb and Zn were identified in groundwater with concentrations above the
background values, they were below drinking water standards. Sulfate and total hardness concentrations in the
groundwater confirmed the impact of acid mine drainage (AMD) infiltration. Considering that similar sites in
Mexico are found along the Sierra Madre Oriental, the methodology of this study could be applied to understand
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the mobility of PTEs in the sediments and waters of semiarid environments.

1. Introduction

The metallurgical mining and smelting industry is considered one of
the most contaminating activities in the world (Alloway, 1995;
Salomons, 1995) because it involves the release of different quantities
of particulate materials, wastewater effluents, atmospheric emissions
and acidic effluents (generated by the natural oxidation of sulfides such
as pyrite); mining residues can be enriched in elements such as anti-
mony, arsenic, barium, cadmium, lead and zinc. Therefore, these mine
wastes could seriously impact water, sediments, soils, atmosphere and
biota. To reduce the negative impact of mine wastes on living organ-
isms, it is important to know their geochemical behavior in these en-
vironments, which includes the relative mobility in the surroundings.
Of major concern are the oldest deposits because they often contain
high concentrations of contaminants due to the inefficiency of the an-
cient metallurgical processes used (Alloway, 1995) and because the
materials have been exposed to climatic conditions that favored the
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oxidation of sulfides and the subsequent release of acidic effluents,
which ultimately provoke the dissolution of other minerals present in
the deposits. However, some of these minerals act as neutralizers of the
acid, for instance, limestone, dolomite, oxides and some silicates. If the
neutralizing capacity is overcome, the acid effluent receives the name
of acid mine drainage (AMD), and it can flow indefinitely to the sur-
roundings (Alloway, 1995; Salomons, 1995; Dold, 2003), affecting
biota, water, soils and sediments. When AMD reacts with the matrixes
mentioned, it is generally neutralized, and several secondary phases are
generated (i.e., oxides, oxyhydroxides, sulfates and hydroxysulfates).
Therefore, AMD is considered a dangerous effluent in mining zones all
around the world (Plumlee, 1999; Dold et al., 2009; Lindsay et al.,
2015; Lottermoser, 2007; Arcega—Cabrera et al., 2005; Ramos-Arroyo
et al., 2004; Razo et al., 2007; Talavera et al., 2006). On the other hand,
the acidic effluents can move across the terrain and be incorporated to
fluvial systems, where they can be either transported longer distances
or associated with the sediments in secondary phases as oxyhydroxides
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of iron.

Stream sediments have been considered composite samples of the
soil and the weathering products of rocks from upstream sites (Plant
and Hale, 1994); therefore, they are used as geochemical tracers for the
exploration of areas with mineral deposits of economic interest. Erosion
processes distribute dissolved and particulate materials from the source
to the stream sediments; Salomons (1998) has estimated that more than
99% of the contaminants are stored in the sediments; in addition, se-
diments are an effective repository for nutrients. For these reasons,
sediments are considered a useful tool for geochemical surveys in river
basins.

When mining residues reach a fluvial system, several reactions can
occur and modify the composition of the mineral phases in the residues
to new secondary mineral phases. Given that some toxic elements can
attach to secondary phases, it is important to characterize the new
geochemical phases and assess the concentrations of toxic elements in
the different minerals.

Based on chemical and physical properties such as solubility in so-
lutions with different ionic force, pH, and reduction-oxidation and
complex formation potentials, several schemes of chemical fractiona-
tion have been proposed and employed to identify and quantify toxic
element concentrations present in specific phases (Tessier et al., 1979;
Dold, 2003; Hudson-Edwards et al., 2005; Shang and Zelazny, 2008;
Espinosa et al., 2009; Ribeiro de Souza et al., 2016) Then, each fraction
or extract corresponds to the elements associated with the “water/acid
soluble”, “exchangeable”, “reducible”, “oxidizable” and “residual”
fractions present in the analyzed sample (Ure and Davidson, 2002).
These methodologies are relatively fast, easy and inexpensive and can
generate basic information to continue the investigation with more
specialized (sophisticated) methodologies such as scanning electronic
microscopy (SEM), Raman spectroscopy and techniques related to
synchrotron radiation such as Extended X-Ray Absorption Fine Struc-
ture (EXAFS) (Brown et al., 2006).

A semiarid region is considered (Burdon, 1998) a transition zone
between the arid deserts and the subhumid belts, where the controlling
factors are clearly low annual precipitation (mainly in episodic events
of high intensity), extreme temperatures and evaporation. Attention has
been focused in several areas around the world, for example, the Car-
tagena-La Unién mining District in Spain (Navarro et al., 2008; Garcia
Lorenzo et al., 2012), Arizona in the United States (Hayes et al., 2012)
and the north-central zone in Chile (Espejo et al., 2012). In México, the
semiarid zone is located in the central part of the country where there
are several mining zones of great importance with activities developed
over centuries, and in fact, there are some reports about the con-
tamination of different magnitudes that has occurred there (Castro-
Larragoitia et al., 1997; Razo et al., 2004; Goémez-Alvarez et al., 2011).

In Mexico, there are some examples of studies of geochemical
fractionation carried out in mining zones affected by mine wastes in
semiarid regions, such as the following: Zimapan in Hidalgo state
(Espinosa et al., 2009), the Sonora desert (Gémez-Alvarez et al., 2011),
and Xichd in Guanajuato state (Carrillo-Chavez et al., 2014). Due to a
long mining history, many semiarid zones of northern México present
large deposits of historical mine wastes (Carrillo-Chavez et al., 2003;
Razo et al., 2007; Castro-Larragoitia et al., 1997, 2013) that deserve
attention because they have not been protected against weathering
agents (as a result, they have been dispersed to different distances) and
because they contain high concentrations of toxic elements, often in-
volving the generation of acid mine drainage (AMD). These residues
have been deposited on the banks of streams and rivers where the
dispersivity is significantly increased (Smith and Huyck, 1999).

Several studies have been conducted in this area to describe its
environmental history (Martinez Chavez, 2012), to evaluate the phy-
siology of the vegetal species that grow in impacted mining sites
(Rodriguez Torres, 2013), to characterize the deposits of ancient mine
wastes and to evaluate their impact on soil (Razo et al., 2007;
Rodriguez-Rodriguez, 2011; Vazquez, 2012).
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Current research about the environmental behavior of inorganic
contaminants has been mainly focused on their hazardous nature, the
threat they represent for living organisms and their negative impact on
the quality of water and soil resources. Arsenic, barium, cadmium,
copper, chromium, lead, nickel and zinc are inorganic contaminants of
particular relevance due to their known toxicity and, in some cases,
poisonous and carcinogenic nature. In this regard, special attention has
been given to the dispersion of these elements from mining areas
around the world.

The contaminants’ potential mobility from mining and mineral
processing activities depends on the (1) mineral source; (2) abundance
of the mineral; (3) rates and mechanisms of mineral dissolution and
precipitation relative to the flow rate of water; and (4) water (and air)
flow paths because concentrations of constituents in natural waters
depend to a large extent on the rate of dissolution relative to the flow
rate of the water (Berner, 1978; Maher, 2010).

In this work, the distribution of potentially toxic elements (PTEs) in
the different mineral phases associated with ancient residues and se-
diments has been evaluated by means of applying a modified sequential
extraction methodology combined with mineralogical characterization.
This research is important because the mobility of the evaluated ele-
ments poses a threat to the environment, particularly to sediments and
water quality in zones where the water is scarce, as is the case in
semiarid climatic zones.

2. Study site
2.1. Location

The study area is located in the eastern portion of the San Luis
Potosi drainage basin, approximately 19.5 km from San Luis Potosi City
(Fig. 1) and about 420 km north of Mexico City. This district has an
ancient mining history that began in the late XVI century, and there has
been intermittent activity throughout this time associated with the
exploitation of lead-silver and gold deposits.

2.2. Geology

The geological setting of the study area (Labarthe, 1982; Lopez-
Doncel, 2003), as presented in Fig. 1, is composed of outcrops of Lower
Cretaceous sedimentary rocks (limestones and shales) of the La Pena,
Indidura and Cuesta del Cura formations, unconformably overlain by
continental sediments and volcanic rocks (Eocene-Oligocene) with
variable compositions from andesite to rhyolite. Basin-fill sediments
overlie volcanic rocks in the plain of the drainage basin, and Qua-
ternary alluvial deposits include sediments along intermittent streams.

The economic mineralization is associated with a dioritic intrusive
of Tertiary age with porphyritic alteration and tabular form from 15 to
500 m thick, intruding along fractures and stratification planes in the
Cuesta del Cura Formation and producing replacement ore bodies; some
cavity fillings that form layers and chimneys with disseminated mi-
neralization are present as stockworks composed of calcite veinlet
networks with iron oxides (goethite) and deep sulfide zones (pyrite,
sphalerite, tetrahedrite, arsenopyrite, chalcopyrite and acanthite).

2.3. Hydrology

The study area has semiarid conditions (390 mm/annum for the
1951-2010 period; SMN, 2015), is drained by the San Pedro stream
(Fig. 1), and is located in the San Luis Potosi drainage basin; the stream
has an area of approximately 172 km? with a dendritic pattern and an
intermittent main stream length of 10.9 km. There is a small reservoir
(< 1000 m®) in the highlands of the basin. The mobility and dispersion
of the sediments in the basin are usually produced by runoff from high-
intensity summer storms.

The drainage basin of San Luis Potos{ includes two aquifer units: i) a
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Fig. 1. Geological setting and sampling sites in the study area.

shallow (perched) aquifer and ii) a deep aquifer. The shallow aquifer
unit has an irregular distribution: it contains local groundwater flows in
Quaternary alluvium and basin fill (sand and silt with variable amounts
of clay) and has a maximum thickness of approximately 50 m.
Intermediate and regional groundwater flow systems circulate in the
basin-fill sediments and fractured volcanic rocks (deep aquifer unit),
which has a regional extension beyond the surface drainage basin
boundaries. Cretaceous limestone and calcareous mudstone and the
post-Mesozoic granodiorite intrusion form the hydrogeological base-
ment (Cardona et al., 2018).

2.4. Mine residue

Due to the high economic value of the deposits previously men-
tioned, mining activities have been developed for over 400 years, but
the highest production of mineral concentrates was observed in the
middle of the last century, with the subsequent generation of approxi-
mately 150,000 ton of gangue mine wastes enriched in sulfides (Razo
et al., 2007) with heterogeneous granulometry and composition. These
mine wastes accumulated on the banks of the San Pedro stream (Fig. 1).
Vazquez (2012) classified this deposit into two parts: i) the east one is
semiconfined by the wall rock and comprises materials with high

quantities of oxidized minerals and low sulfide content and surficial
spots of secondary minerals (i.e., elemental sulfur and sulfates of cal-
cium and of zinc), and ii) the west unconfined zone is composed mainly
of fine particles with a high content of sulfide minerals. Currently, the
slope of the deposit has a hard cover of secondary oxides-oxyhydroxides
of iron. The mineralogical and textural differences are related to their
origin during different stages of the mining process. Climatic conditions
have induced pyrite oxidation and the consequent generation of AMD.
As result, the stream has three main inputs of contaminants from the
mine residues: residues in particulate form, acid effluents (AMD) and
secondary mineral phases (oxides, sulfates, hydroxides) (Schaider et al.,
2014).

3. Methodology

This section describes the most important aspects related to the field
work and the experimental methodology followed in this research.

3.1. Sampling

Sampling site selection involved a field survey to identify the mine
residue locations and characteristics, drainage pattern, accessibility,
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Table 1
Quality control information.
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Element LOD (mgL™ %) LLOQ (mgL™ 1Y) HLQ (mgL™") MRC 2710A Certified (mgkg ™) MRC 2710A Measured (mgkg ™) Recovery (%)
As 0.0207 0.0621 102 1540 1566 102

cd 0.0022 0.0066 5 12 22 117

Zn 0.0205 0.0615 247 4180 4194 100

Pb 0.0817 0.2450 26 5520 6112 111

Cu 0.0196 0.0587 26 3420 3185 93

Fe 0.0205 0.0615 246 43200 43836 101

Ca 0.0675 0.2024 249 9640 9586 99

S 0.3869 1.1606 11 N. A. N. A. N. A.

Mn 0.0214 0.0643 26 2140 2099 98

LOD = Limit of Detection of the Method calculated (LLOQ/3). LLOQ = Lower Limit of Quantification. HLQ = Higher Limit of Quantification. N. A. = Not apply.

slopes and geology. One sampling site was selected in the small re-
servoir upstream from the main residue location. Other sampling sites
were selected along the stream adjacent to the mine residues.
Additionally, sampling sites downstream were selected to fully under-
stand the sediment dispersion and the mobility of PTEs.

Sediment samples were collected in March 2014 using a steel shovel
in the top 5 cm, making a shallow sampling ditch along the stream bed
traverse. The sampling points for sediments (Fig. 1) were located along
the streambed, the first in the upper part of the basin, 6 km from the
most important mine waste deposits and without evidence of anthro-
pogenic alteration; two sites were located in front of the residue de-
posit; and 4 sites were located downstream from the residues (Table 1)
to evaluate the transport and accumulation of contaminated sediments
along the stream.

To compare and to estimate the influence on the sediments, two
samples of mine residues were taken. The mine residue samples were
collected along the slope after the removal of the coarse and weathered
(cemented) surficial materials. All the samples were sieved with stain-
less steel 2mm mesh and quartering in situ. Approximately 1.0kg of
fine materials were collected in clean plastic bags.

Groundwater samples from an observation well (OW-1, 81 m deep)
located in the San Pedro stream and a production well (PW-1, 600 m
deep) were taken during a three years period (2013-2016) using a
bladder pump and pumping equipment, respectively. Field measure-
ments of temperature, electrical conductivity (EC), pH, Eh (Pt elec-
trode) and dissolved oxygen (DO) were carried out using a closed flow-
through isolation cell; calibrations of the portable field equipment were
made at each site for pH (4.0 and 7.0 buffer solutions) and DO mea-
surements, and the appropriate performances of the Pt electrode and
the EC electrode were controlled with a Zobell solution (3 x 10~ 3M
potassium ferrocyanide and 3 x 10~ >M potassium ferricyanide in
0.1M KCl) and a calibration solution, respectively. Acid-base titration
(Gran method) was used for total alkalinity determination. At each site,
different aliquots were collected for laboratory analyses. For major and
trace element analyses, the samples were filtered (0.45pum) and col-
lected in double acid-washed, low-density polyethylene bottles; the
samples for analyses of cations and trace elements were stabilized with
the addition of 1% ultrapure HNO3; to improve the stabilization of
elements, and samples for NO; determinations were acidified to pH of 2
with H,SO4. The samples for anion analysis were not acidified.

3.2. Sampling conditioning and acid digestion of sediments and mine residue

The samples were dried at room temperature for five days and then
pulverized in a mechanical mortar grinder (Retsch) to a final particle
size of 10 um. Approximately 0.2 g of each dry sample with 2.0 mL of
hydrofluoric acid (HF) and 3.0 mL of nitric acid (ACS quality) was
added to a Teflon vessel and digested in a microwave reaction system
model MARS 6 following the EPA method 3052 (USEPA, 1996; CEM,
2015a). Then, the HF in the digested samples was neutralized with 5 mL
of an aqueous solution of boric acid (4% v/v) as described by CEM
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(2015b). Quality control was achieved by laboratory blank duplicates
and reference certified material (MRC 2710A).

3.3. Groundwater analysis

Analyses for major (C1~, S04>~, Na*, Ca*2, Mg*?) and minor (K™,
F~, NO3; ™) ions were completed following the standard protocols de-
scribed in Eaton et al. (2005). Chloride was analyzed by titration with
AgNO3; SO,427, by a gravimetric method; and NO;~, by automated
colorimetry; F~ concentrations were verified using the SPADNS
method. Major (Ca®>*, Mg®* and Na*) and some minor (K* and Sr*™)
cations and Si were analyzed by an inductively coupled plasma optical
emission spectrometer (ICP-OES), Thermo Scientific model ICAP 7400);
trace elements, by an inductively coupled plasma mass spectrometer
(ICP-MS) Thermo Scientific model ICAP 7400, Perkin Elmer ELAN
9000. The accuracy of ICP-OES and ICP-MS analyses was controlled
using duplicate analyses and appropriate laboratory standards and
checked during each batch using international reference standards,
including NIST-1640 and SLRS-4. The results of groundwater chemistry
were within 5% ionic balance.

3.4. Mineralogical characterization

The mineralogy of representative matrix samples was analyzed
using an X-ray diffractometer (XRD) Bruker model D8-Advance; the
diffraction data were collected from 10 to 90°, 206 (Cu radiation with a
wavelength of 1.5405 A); the method has a detection limit of approxi-
mately 5wt %. To complement these characterizations, samples were
investigated using a scanning electron microscope (SEM) JEOL model
JSM-6610 LV with a backscattering electron detector (BSE) and an
energy dispersive detector (EDS) for the elemental analysis, as well as
the use of a multielemental microanalysis tool by means of scanning on
specific areas or particles of the samples of interest.

3.5. Total chemical characterization

The total concentrations were determined using and ICP-OES
Thermo Scientific model ICAP 7400 Duo calibrated with multi-ele-
mental standards prepared at various concentrations with high-purity
certified stock solutions. All the calibration curves were considered
with r2 = 0.99. The elements were measured in two modes: axial (for
lower concentrations, e.g., < 1.0ppm) and radial (for higher con-
centrations) with different wavelengths as shown in Table 1.

The quality control criterion to accept the recoveries was + 20%
difference from the certified value as recommended by international
organizations (USEPA, 2014). The standard reference material used was
Montana I soil 2710a (MRC 2710A), Highly Elevated Trace Element
Concentrations, from NIST. The recovery values are presented in
Table 1.

The pH of all samples was measured following EPA method 9045D
(USEPA, 2004); a potentiometer Horiba model EX-20 was used and
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Table 2
Selective sequential extraction tests scheme (modified from Dold, 2003).
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Fraction Reactant or solution

Conditions Geochemical fraction

(F1) Elements soluble in simulated meteoric
water

(F2) Elements exchangeables and associated
with carbonates and sulphates

(F3) Elements associated with iron oxy-
hydroxides

(F4) Elements associated with iron oxides

Deionized water, pH = 5.5

1M ammonium acetate, pH = 4.5
(with acetic acid)

0.2 M ammonium oxalate, pH = 3
(adjust with oxalic acid or nitric acid)
0.2M ammonium oxalate, pH = 3
(adjust with oxalic acid or nitric acid)
35% hydrogen peroxide, adjusted at
pH = 2.0 with nitric acid

(F5) Elements associated with organic matter
and sulphides

(F6) Residual Concentrated nitric and hydrofluoric

acid

Shake for 24 h at room temperature (RT) Secondary salts soluble in water

Shake for 2h at RT Exchangeable elements, carbonates,
sulphates

Secondary and amorphous oxy-
hydroxides of iron

Primary and secondary crystalline
oxides of iron

Organic matter and sulphides

Shake for 2h in darkness at RT

Keep the mixtures in water bath at 80 °C for 2h
with occasional shake

Keep the mixtures reacting all night at RT, then
keep in water bath at 80 °C for 2h with
occasional shake

Microwave-assisted digestion (USEPA method
3052)

Mainly refractory and primary
minerals like silicates, quartz

calibrated with buffer solutions at pH 4.0, 7.0 and 9.0.

3.6. Selective sequential extraction tests

The geochemical fractionation of the investigated materials was
determined using a modified scheme of selective sequential extraction
(SSE) described by Dold (2003) as sequence B, which was developed for
copper sulfide mine residues. The procedure is presented in Table 2.
Thus, given that typical runoff produced by a high-intensity storm lasts
for several hours (at least 12-24), the F1 was modified to resemble
these conditions. Steps 5 and 6 from Dold (2003) were merged as F5
(Table 2) because the copper sulfide content is lower than 2%. In every
SSE test, the mixture was centrifuged at 3500 rpm for 10 min using an
Eppendorf centrifuge model 5810r. The supernatant was transferred to
50mL polypropylene vessels (centrifuge tubes), acidified when re-
quired, and filled to a volume of 30-50 mL with deionized water (type
A, =18 MQ). All the analytical reagents and acids utilized were ACS
grade or higher; the acids were previously distilled in a subboiling
Savillex system. All the samples were treated in duplicate, and the
average values are reported.

4. Results and discussion
4.1. Sampling

The sampling points for sediments (Fig. 1) were located on the
streambed, the first in the upper part of the basin, 1.3 km from the most
important mine residue deposits and without evidence of anthro-
pogenic alteration; two sites were located in front of the residue de-
posits; and four sites were located downstream from the residues
(Table 3) to evaluate the transport and accumulation of contaminated
sediments along the stream. To compare and to estimate the influence
over the sediments, two samples of mine residues were taken.

4.2. Mineralogy characterization

The results of XRD and SEM analysis are presented in Tables 4 and
5, respectively. The f allowed the characterization of phases present at
contents higher than 5wt%. Given that secondary phases constitute
solubility controls and given the detection limit of XRD, some varieties
of jarosite were better identified by means of SEM. In addition, SEM
allowed the identification of amorphous phases such as copiapite and
iron oxides, which are known as adsorption sites for arsenic (Dold and
Fontboté, 2001).

It is important to note that the surficial mine residues present im-
portant levels of oxidation and low pH values; samples MW-1 and MW-
2 come from the mineralized intrusive, and the sulfides present in the
materials are oxidized, suggesting that they have low attenuation ca-
pacity, as reported elsewhere (Razo et al., 2007).
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Sulfide oxidation in presence of oxygen and water (reactions 1-3) or
of ferric ions as oxidants (reaction 4) can generate different numbers of
moles of acid. When the acidity increases, different mineral phases are
dissolved; then, the concentration of ions can reach the supersaturation
level, and at this point, some minerals can precipitate as iron oxy-
hydroxides and jarosite (reaction 5) at pH values of approximately 2—-3.
If the acidity generated is neutralized with calcite in the first instance,
several reaction products are formed, such as gypsum (equation (6))
and other metallic sulfates (Plumlee, 1999; Cornell and Schwertmann,
2003; Zhu et al., 2012).

FeS; (s) + 3.502(aq) + Hy Oqy = Feloty + 250§ (ag) + 2H (ag) )
ZnSs) + 20;aq) ~ Zn(agy + SOy 2
PbS(s) + 20;(aq) = Pbagy + SOiy) (3)
FeS, () + 14Fe(yty + 8H, Oy — 15Fe(s) + 250§ (ag) + 16H (g 4)
3Felky + Hy Ot + 2807y + 6H, Oy — (H3;O*)Fes(S04)2(0OH)s (s

+ 6H" aq) 5)
CaCOss) + HySO4aq) + Hy Oy = CaSO4-2H, Oy + CO; (g (6)

Thus, gypsum and a lesser proportion of jarosite appear as pre-
dominant secondary phases (> 5.0 wt%) in the sediments and residues
associated with the deposits and the presence of AMD. The jarosite is
considered a mineral phase that consumes acid when it is precipitated.
Gypsum and other salts such as iron sulfates and oxyhydroxides fill
intergranular pores and cement the residues below the oxidation zone;
the material consolidated is called “hardpan”, and it controls the sulfide
oxidation process and AMD generation (Lottermoser, 2007).

Although calcite is a ubiquitous mineral in the study area (it pro-
ceeds from the Cuesta del Cura and La Pena formations), it is absent
from sediment sample Ss-3 because in this material, the acidity gener-
ated by the oxidation of sulfides has consumed this mineral, reducing it
to concentrations lower than the detection limit of the XRD instrument
employed to characterize the samples. This condition maintains a high
mobility of several elements, as shown in the next sections.

4.3. Chemical characterization of the mine residues and surficial sediments
along the stream

The total elemental concentrations obtained for sediments and mine
residues are presented in Table 6, and the values have standard de-
viations lower than * 20%.

The results of the chemical characterization of the mine residues are
similar to those obtained by Vazquez (2012) in samples from the same
mine residues (Table 7); according to this author, the high concentra-
tions of lead are unusual for a mine residue or a sterile mineral, but XRD
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Table 3
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General observations of the sites and samples collected.

The sediments were collected upstream from a small dam. The sediments collected presented a dark brown color because of decomposing organic material (humus) that
was abundant. This point was located approximately 1.5km upstream from the deposits of wastes and was considered not impacted by mining activities. Location:

Sample collected near site MW-1; the materials were mainly gray fine particles associated with surface agglomerated material (crusts) with some fractures due to the
natural desiccation of sediments. Additionally, some small red-orange ponds of almost dried acid drainage were observed. The streambed was approximately 4-5m

Sample of sediments located near sample site MW-2, where the bed of the stream increased in size and the site conditions favored the accumulation of fine materials
(fine sands, clays and silts). These materials were wetted, and some small ponds of acidic drainage were observed. Location: 313762 N, 2457318 W and 1994 m.a.s.l.
The sediments were collected 100 m downstream from the waste deposits where the streambed was approximately 3 m wide. The sediment in the riverbank was

composed of boulders, cobbles, gravel, and in the center, fine materials (sand and clays) predominated. The color of the shallow sediments was reddish, and the color

The streambed was approximately 10 m wide with abundant deposit of fine materials. The sediments were wet, and the particle were predominantly sand, clays and silts
of gray color, partially consolidated; some boulders were removed manually. The distance to the mine residues was approx. 500 m upstream. Location: 313573 N,

This point was located 2.3 km downstream from the mine residues with some terrain dedicated to agricultural activities. The materials in the riversides were
predominantly cobbles and boulders; in the center was a sand bar with abundant fine particles. The streambed was 2 m below the soil (terrain) level and was

The streambed was approximately 6.0 m wide and composed of pebbles, fine sands, clays and silts (some slags were also found scattered in the bed). The surficial
sediments collected were gray in color and dry, and the deeper materials were predominantly pebbles and cobbles. This point was 3.17 km downstream from the mine

Sample was collected in a shallow dig made along the slope of a deposit of unconfined mine wastes. The material was heterogeneous in texture and color (from white to
gray, ochre and yellow); at the surface, there was a crust of ochre oxides that was removed; only gray-greenish materials with small particle size (< 2.0 mm of diameter)

The wastes in this deposit were semiconfined and had heterogeneous composition. The sample was collected in the same manner as sample MW-1. Location: 313946 N,

indicating that the conditions are not favorable for lead mobilization.

In general, the results are comparable with those obtained by
Hudson-Edwards et al. (2005) in the top sediments of ephemeral
floodplain pools in Spanish rivers impacted by a flood of mining wastes
in 1998; further, in contrast, the pH remained constant (nearly 7.0) in
the sediments collected in this research. Although small ponds of AMD
were found in the streambed immediately after precipitation events (in
Ss-2 and Ss-3), this neutral condition is maintained due to the natural
abundance of calcite in the area. For example, the presence of carbo-
nate minerals (calcite, dolomite and siderite) has been considered to
promote natural neutralization of AMD in zones impacted by the oxi-
dation processes of sulfides (Al et al., 2000; Dold et al., 2009; Espinosa
et al., 2009) as described in reaction 6.

Furthermore, the concentrations of calcium have a different beha-
vior compared with those of sulfur: the highest content of sulfur (mean
of 92686 mgkg ') was quantified in mine wastes and in the sediments
collected in front of them. Downstream, the concentrations decrease
gradually in the sediments; then, the contents of both elements allowed
differentiation of the sediment samples impacted by tailings and those
enriched naturally in limestone mainly downstream of the deposits of
mine residue (Fig. 3).

Sample Observations of the site and sample (Ss = sediment, MW = mine residue or residue) Coordinates in UTM, datum WGS 85
Ss-1
313918 N, 2457560 W and 2047 m.a.s.l.
Ss-2
wide. Location: 313710 N, 2457542 W and 2001 m.a.s.l.
Ss-3
Ss-4
was ochre at depth. Location: 313634 N, 2457032 W and 1986 m.a.s.l.
Ss-5
2456855 W and 1973 m.a.s.l.
Ss-6
approximately 10 m wide. Location: 312744 N, 2456348 W and 1933 m.a.s.l.
Ss-7
residues. Location: 311729 N, 2455429 W and 1914 m.a.s.l.
MW-1
were collected. Location: 313729 N, 2457589 W and 2001 m.a.s.l.
MW-2
2457571 W and 2013 m.a.s.l.
Table 4
Mineral phases identified (v*) by X-ray diffraction analysis.
Minerals identified Sample
Mine residues Sediments
MW-1 MW-2 Ss-1 Ss-2 Ss-3  Ss-4
Albite [Ko2Nag gAlSizOg] - - v - - -
Biotite [K Fe Mg, (Al Si30q0) (OH),] - - - - v -
Calcic montmorillonite [(Ca, - - v v - -
Na)o.3Al(Si, Al)4
010(0H)2.XH,0 ]
Calcite [CaCOs] - - v v - v
Chalcopyrite [CuFeS,] - - - - v -
Chloritoid [(Fe, Mg)2Al14Si»01¢ - - v - - -
(OH)4]
Gypsum [CaSO,. 2H,0] v v - - v v
Halloysite [Al, Siz Os (OH)4] - - - v - -
Hydronian jarosite [(K,H30) v v - - v -
Fe3(S04)2(0H)s]
Kaolinite [Al, Si Os (OH)4] v - v - v
Muscovite [K Al, (Si, Al); 019 (OH),] v - - v = v
Nacrite [Al,Si;O5(OH)4] v v oo- -
Quartz [SiO,] v v vV v v ¢

(Table 4) and SEM (Table 5) characterization showed that lead is re-
lated to the presence of phases of galena, plumbojarosite, coronadite
and cerussite.

The results of the total chemical analysis of the mine residues in-
dicate that the concentrations of sulfur and lead are the highest, re-
flecting the abundance of sulfides and particularly galena. From the
data obtained, it can be observed that the concentrations of arsenic,
iron, lead and sulfur are the main indicators of the influence of the mine
residues on the sediments, in particular sediment sample Ss-3, which is
the sample with major input of these elements from the residues.
Conservative mixing calculations in a two end-member system indicate
that Ss-3 has approximately 70% of the mine residue end member for
sulfur, As and Fe (Fig. 2). Meanwhile, calculations involving lead and
arsenic show lower values, suggesting that lead has mobilized from
deeper zones of the sediment. Downstream sediments and Ss-2 maintain
the same contribution from the mine residue end members (ca. 4-19%),
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The correlation analysis of the elemental concentrations and pH
measured in the sediment samples (Table 8) show that pH only influ-
ences calcium behavior, as this element is related to the predominant
lithology of the area. From the same correlation analysis, some clusters
of elements such as As—Cd—Fe—Pb—S—Zn are identified, given that
they are present in the minerals of economic value processed in the
mining district (COREMI, 1996).

4.4. Downstream distribution of elements

Sample Ss-1 collected in the upper part of the basin represents non-
impacted sediments with the lowest measured concentrations of As, Cd,
Cu, Pb and Zn (Table 4), which seem to represent the natural con-
centrations in this region. In Fig. 3, distribution graphs of the elemental
concentrations registered downstream are presented. Mine residues
have higher concentrations of iron and sulfur than of calcium, derived
from their pyrites, oxides, gypsum and limestone content.

As illustrated in Fig. 3, the calcium concentration behaves
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Table 5
Mineral phases identified (v/) by SEM analysis.
Mineral phases Residue Sediments
Source Class Name Chemical formula MW-1 MW-2 Ss-2 Ss-3 Ss-4 Ss-5
Primary Sulfides Pyrite FeS, v v v v v v
Galena Pbs v v - v v v
Sphalerite Zn$ - v - - v v
Arsenopyrite FeAsS - - - - v -
Galena argentiferous AgPbS v - - - - -
Silicates Quartz Si0, v v v v v v
Carbonates Calcite CaCOs3 - - v v v v
Secondary Sulfates Gypsum CaS0, 2H,0 4 4 - v - -
Melanterite FeSO, v - - v - -
Anglesite PbSO4 v - - v - v
Jarosite KFe3®* (SO4) (OH)s - - - - v -
Plumbojarosite Pbo.sFes® * (S04)2(0H)e v v - v - -
Hydroniumjarosite K 0.84(H30)0.16)F€2.73(S04)2 ((OH)s.19(H20)0.81 - v - - - -
Natrojarosite NaFe5(S04)2(0OH)g - v - - - -
Copiapite Fe?*Fe,> " (504)6(OH),-20H,0 - v - - - -
Zincopiapite ZnFe,(504)s(OH),.18H,0 v v - - -
Aluminumcopiapite (Mg,Al) (Fe**, Al)4(S04)s(OH),—20H,0 v v - - - -
Zincosite ZnS0,4 - v - - v v
Barite BaSO, v v - - v v
Oxides Coronadite Pb(Mng** Mn,>*)04¢ - - v v v v
Arsenolite Asy03 - - - v - -
Carbonates Cerussite PbCO5 - - v v v v
Hydroxides Ferrihydrite FesHOg4H,0 v - - - - -
Elementary Native sulfur S - v - - - -
Chlorides Mimetite Pbs(AsO4);Cl - - - - v N
Arsenates Lead (II) Arsenate Pb3(AsO4), - - v - - -
differently from that of sulfur: the highest sulfur content (mean of Table 7
92686 mgkg ™ ') is quantified in mine residues and adjacent sediments, Results in comparison with previous work.
while downstream; the concentrations in sediments decrease gradually. Sample  Total elemental concentrations mg kg~ (mgKg~1) Reference

Hence, the contents of both elements allowed differentiation of the
extent of impact represented in the sediments. As cd Pb Zn Cu
The impacted zone begins with the concentrations of sample Ss-2

. . . . R4’ 1637 23 17356 492 74 Vazquez (2012)
fad]acent. to the.MW—2. mine re51d.ues. The influence of th.e Fe—S content MW-2° 1862 36 17472 2010 126 This work
in the mine residues is observed in sample Ss-3, located in front of MW- R6" 1752 13 37077 589 173 Vazquez (2012)
1. Additionally, XRD results (Table 4) confirm that the gypsum and MW-1* 1782 31 15716 1607 131 This work

hydronium-jarosite contents (secondary phases) are similar for both
mine residues and sample Ss-3.

Downstream, the calcium content of the samples increases sig-
nificantly because of the predominant limestone geology, and the S and
Fe contents remain low downstream (mean concentration of
Fe = 32401 + 6586 mgkg ' and S = 9296 * 2622 mgkg ') due to
the dilution of the material eroded from the mine residues.

@ Average of two samples.
> Average of four samples.

As from sediments Ss-3 were observed for fractions F3 (495 mgL ™~ 1 and
F4 (357 mgL’l); this behavior indicates the association of As with iron
hydroxides/oxides as an adsorbed species, and jarosite could also be an
additional As source linked with these fractions.

Generally, iron oxides are considered minerals with higher ther-
modynamic stability than poorly crystalline iron oxyhydroxides such as
ferrihydrites (Schwertmann et al., 1999) and jarosite; hence, the ele-
ments associated with the iron oxides are retained with major efficacy
mainly in oxidizing environments.

4.5. Mobility tests in the San Pedro creek

The mobility test results for As, Cd, Pb and Zn from sediments and
mine residues are illustrated in Fig. 4. The maximum concentrations of

Table 6
Total element concentration (mean in mgkg_l) in sediments and mine residues.

Element LLOQ Stream Sediments Mine residues

Ss-1 Ss-2 Ss-3 Ss-4 Ss-5 Ss-6 Ss-7 MW-1 MW-2
As 15.5 39 320 1500 449 662 498 266 1782 1862
Ccd 1.7 < L.L.Q. 18 66 50 27 29 23 31 36
Pb 61.3 266 1781 3908 2199 1694 2229 1382 15716 17472
Zn 15.4 180 4489 8305 4904 2769 3452 2520 1607 2910
Cu 14.7 19 79 90 87 60 70 47 131 126
Fe 15.4 19025 36766 94639 34780 32696 38836 23292 131926 112416
S 290.2 3772 4431 109095 11597 10326 9720 5542 117290 139928
Ca 50.6 98898 111459 85113 188716 204793 180669 179008 71689 68243
Mn 16.1 443 1963 976 2499 1849 2022 1397 142 403
pH N. A 7.46 7.85 7.17 7.85 8.04 8.14 8.34 2.55 2.69

14
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Fig. 2. Relations between; a). Fe—S, b). Fe—As and c). As—Pb in sediment and
mine residue samples.

With the comparison between the iron concentrations obtained
from F3 and F4, we can observe that crystalline iron oxides (F4) are
more predominant than the amorphous oxyhydroxides of iron (F3),
although an exception is made for Ss-1 and Ss-3: the latter includes
secondary amorphous phases formed through precipitation induced by
the evaporation of AMD (at circumneutral pH conditions) (Table 5).
Meanwhile, the iron in mine residues for F4 (mean of 46382 + 1078
mgkg™") is higher than that in mine residues for F3 (mean of
13490 = 8 mgkg™'), suggesting that climatic conditions (high eva-
poration rates and temperatures) favor the transformation of amor-
phous phases to crystalline iron oxides.

The presence of crystalline iron oxides in the mine residues and
sediments influences the mobility and retention of the elements of en-
vironmental interest (As, Cd, Pb and Zn). Among them, several types of
jarosites (i.e., hydronium jarosites, plumbojarosites) become relevant
for this site, as they are highly stable under a wide range of pH (2-14)
and oxidizing aerobic conditions that favor the retention of ions such as
Pb®* and AsO,>".

Lead was observed mainly as plumbojarosite (Fig. 5); given that an
ammonium oxalate solution can dissolve some types of jarosites (Dold,
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2003), a higher concentration of this element was registered in F4 for
MW-1, MW-2 and Ss-3. Although lead was also present as anglesite and
cerussite, which were observed as deposits around several other parti-
cles on reactive minerals such as sulfides, given their low solubility,
they seem to act as a barrier against oxidation in a phenomenon called
attenuation (Lottermoser, 2007).

Since Cd and Zn present very similar geochemistry, they share
comparable environmental mobility. Hence, cadmium and zinc from
MW-1 and MW-2 mainly dissolve in F1 (Fig. 4 ¢ and d), which could be
related to the dissolution of nitrate and chloride salts that were formed
by crystallization during evaporation processes under semiarid condi-
tions. The major dissolution of Cd and Zn for sediments was identified
in F2, which is attributed to the dissolution of sulfates (mainly Ss-3) and
carbonates. In this fraction, cadmium can be released by either dis-
solution or desorption (Wilkie and Hering, 1996).

4.6. Mobility of PTEs and its relationship with the perched aquifer

The impact of the total content of PTEs (As, Cd, Pb and Zn) and
other important elements (Ca, Fe, Mn and Sr) on the perched aquifer
(cations and anions) can be directly associated with the mineralogy of
both mining residues and stream sediments (Tables 4 and 5), as well as
the results of the mobility tests (SSE).

Rainfall on the site generates AMD, infiltration processes along the
preferential pathways (high hydraulic conductivity zones in the stream
sediments and fractures) promotes dissolution of mineral phases (co-
piapite, goethite, coronadite and arsenolite). These reactions allow
AMD neutralization and attenuation processes because of the formation
of jarosites (Fig. 5) and other oxides (Tables 4 and 5); these precipitates
produce suitable adsorption sites for arsenic and some of the lead. Al-
kaline conditions promote cadmium adsorption on particulate matter
and hence decrease Cd mobility (Méndez-Ramirez and Armienta-
Hernandez, 2012). All of these interpretations are confirmed by the
concentrations of PTEs measured in the sediments and the results of F2,
F3 and F4 in SSE tests (23% As in F3 and 24% in F4; 63% Cd in F2; 18%
Pb in F2, 10% in F3 and 17% in F4).

The impact of the infiltrations on the perched aquifer was mon-
itored by means of an observation well (OW-1, Table 9). Local and
intermediate groundwater flow systems along the San Pedro stream are
represented in Fig. 6, the relation between the perched and the deep
aquifers is also shown. Groundwater flow direction in the horizontal
plane agrees with the topographic slope of San Pedro stream; it was
deduced from hydraulic head measurements taken at several observa-
tion wells (not shown) in the area. The Stiff diagram for the local flow
system represented by OW-1 (average composition, Table 9) indicates a
Ca—S0, water type; the sulfate values are derived from reactions 1 to 3;
and that of calcium, from reaction 6. Intermediate groundwater flow is
represented by the composition of PW-1, in this case it is a HCO3-Mixed
water type. This composition is derived the mixture of groundwater
flowing through the fractured volcanics (hydrolysis reactions including
dissolution of Latite Portezuelo glassy matrix and incongruent dis-
solution of plagioclase) and basin fill sediments (incongruent dissolu-
tion of sanidine, Ca-montmorillonite, Na-montmorillonite and illite
resulting in the formation of kaolinite, cation exchange and carbonate
dissolution) included in the deep aquifer (Carrillo-Rivera et al., 2002).
The predominance of silicate weathering reactions in the intermediate
flow system produces higher Si values than for the local flow system. In
the case of OW-1, EC values above the background values (represented
by the intermediate flow system) suggest the impact of AMD infiltration
and attenuation on the perched aquifer; pH measurements indicate
circumneutral conditions and suggest that any infiltrating AMD was
indeed neutralized. Groundwater temperature (20.5 °C) is very close to
the mean summer air temperature (20 °C) because only high-intensity
summer rainfall events characteristic of semiarid conditions, are able to
produce natural recharge. Sulfate and calcium concentrations, as well
as EC values and saturation index (Log Q/K calculated using the
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Geochemical Workbench software with the LLNL thermo database) for
calcite (+0.315) and dolomite (+1.052), are effective indicators of
attenuated AMD in natural water recharge.

In carbonate aquifers, dissolved Mg, Sr and HCO3;~ in groundwater

Ss-7

@ Manganese

can be used as relative residence time indicators (Edmunds et al.,
1987); the measured concentrations for OW-1 are higher than those in

PW-1, suggesting longer residence time, however in this case they are

representing the incongruent dissolution of carbonates with AMD and

Table 8
Pearson's correlation analysis of the total elemental concentration and the pH of sediment samples.
Parameter As Ca cd Cu Fe Mn Pb S Zn pH
As 1
Ca —-0.25 1
cd 0.86 0 1
Cu 0.65 0.05 0.83 1
Fe 0.96 —0.47 0.82 0.66 1
Mn —0.06 0.68 0.28 0.63 —-0.14 1
Pb 0.92 -0.14 0.94 0.86 0.92 0.23 1
S 0.93 —0.52 0.78 0.49 0.97 -0.33 0.83 1
Zn 0.87 —0.26 0.92 0.90 0.91 0.23 0.97 0.81 1
pH —-0.53 0.82 —0.34 -0.14 —0.65 0.56 —-0.36 -0.72 —0.44 1

Correlation statistically significant is > 0.75.
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represent modern recharge. This result is also supported by the low Li
concentration (Table 9) and tritium values (1 + 0.16 TU) compatible
with modern recharge reported by Rivera-Armendariz (2016).

The results show that despite Sr, Mn and B show higher values than
background values, the impact produced by AMD infiltration in the
PTEs mobilization is limited by the attenuation processes, observed
concentrations for PTE's are below international drinking water stan-
dards (USEPA, 2009; WHO, 2011). Adsorption processes in the vadose
zone seem to be very efficient for attenuation of As and Cd; aerobic
(DO = 3-4mg/]) and oxidizing (Eh = 350 mV) conditions favor the
stability of goethite (saturation index of 5.05, low dissolved Fe con-
centration), which are additional factors contributing to the
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stabilization of As. The higher As concentration for PW-1 is linked to
interaction with the geogenic primary sources in the fractured volcanic
rocks (mainly the glassy matrix), in addition to residence time and
circulation depth (Banning, 2012), as evidenced by the water tem-
perature and water type. Although Pb and Zn concentrations are below
drinking water standards, the values show further evidence of the AMD
impact on the perched aquifer; even though the concentrations of these
elements could be higher, the saturation index values (cerussite —4.28
and smithsonite —2.15) show they are subsaturated. Because of the
semiarid conditions, only a few rainfall events can produce natural
recharge and therefore possible conditions for groundwater impact due
to AMD infiltration. This situation explains why a higher impact is
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Fig. 5. SEM image and the microanalysis spectrum of a particle of plumbojarosite (Pbg sFe3(SO4)2(OH)e).

observed on sediments than on groundwater.

5. Conclusions

This study shows the impact of ancient mine residues on sediments
downstream from an ancient dumping site along 5.764km of an

ephemeral stream under semiarid conditions. The primary source for
contaminants is an ancient mine residue pile that contains primary
(sulfides, calcite and quartz) and secondary (sulfates and oxides) phases
that generate AMD under weathering conditions.

A mineralogical characterization showed that carbonates, sulfates
and sulfides were the main mineral phases in the sediments, and minor

Table 9
Average of field parameters and geochemical analyses for OW-1 and PW-1.

Data Parameters Units OW-1 PW-1 MCL® Reference

Aquifer — — Perched Deep — —

— Period Year 2014-2016 2013-2016 — —

Field measurements n — 5 10 — —
pH — 7.16 7.69 6.5-8.5 WHO
Temperature °C 20.48 30.84 — —
EC uS/em 1302.00 306.17 — —
TDS mgL ™! 754.20 165.35 1000 WHO
Eh mv 391.88 337.17 — —
DO mgL ™! 4.01 3.33 — —
Total alkalinity mglL ! 219.70 104.80 — —
Total hardness CaCO3 650.29 75.34 500 WHO

Cations Ca?* mgL ™! 210.74 26.95 — —
Na®* mgL ™! 38.56 25.77 200 WHO
K* mglL ! 3.29 7.09 — —
Mg?* mgL ™! 41.12 1.90 — —

Anions S0,* mgL ™! 536.30 7.67 400 —
HCO5™~ mgL ™! 228.44 136.27 — —
N—NO3" mgL ™! 5.08 2.48 10 USEPA
cl- mglL ™! 26.75 15.32 250 WHO
F~ mgL ™! 0.37 0.58 1.5 WHO

PTEs As pgl~? 2.45 10.17 10 WHO
cd pgl ! <0.014 0.06 3 WHO
Pb pgL ™! 2.66 0.46 10 WHO
Zn pgl~! 65.33 4.36 3000 WHO

Colloids and trace elements Si mgL ™! 25.07 32.48 — —_
Fe pgl~? 17.64 32.97 300 WHO
Li pgl ! 4.74 34.86 — —
B mgL ™! 0.09 0.05 0.5 WHO
Mn pgl~? 19.13 0.62 400 WHO
Sr pgL ! 1402.08 108.55 — —

2 MCL: Maximum contaminant level, WHO (2011), USEPA (2009).
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amounts of silicates and oxides were also identified. The environmental
importance of the mineralogy of the site was confirmed. The total
concentrations of As, Cd, Pb and Zn were used as indicators of the
impact of the mine residue dispersion on the sediments. Zn and Pb
presented the highest concentrations, which correlated with the content
of sulfide particles and the content of these elements in secondary
phases (carbonates and sulfates) produced mainly by AMD reactions in
the stream sediments. The total As and Cd concentrations were lower
than those of Pb and Zn; however, the former were up to 15-20 times
higher than the background values. SSE tests showed that Cd and Zn
have the highest mobilities, the former particularly from the dissolution
of carbonates and sulfates as well as ion exchange reactions, and the
latter also from oxides. Although SSE tests are useful to determine the
potential mobilization of elements, particularly PTEs, in this case, it was
shown that these tests were not definitive to establish environmental
impacts on water. The natural recharge impacted by AMD, as identified
in the perched aquifer, indicated that high sulfate concentration and
hardness (both above drinking water standards) were produced by
AMD attenuation reactions in the vadose zone, and then these species
could be mobilized to the groundwater environment; however, the
concentrations of relevant PTEs such as As and Cd, were below back-
ground values, which was an indication of the effective attenuation in
the vadose zone. Lead and Zn concentrations were below drinking
water international standards; however, their concentrations were
higher than the background concentrations, which further confirmed
the contribution of AMD to natural recharge. The results are an im-
portant example of the impact of ancient mining residues on the dis-
persion of contaminants in a semiarid environment, as shown by the
PTE concentrations in sediments, and an example of the effective at-
tenuation processes that prevented groundwater contamination.
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Because of the semiarid conditions, only a few rainfall events produce
natural recharge and therefore the possible conditions for groundwater
impact due to AMD infiltration. This situation explains why a higher
impact is observed on sediments than on groundwater.

Considering that similar sites with sulfide mining operations under
semiarid conditions with the presence of limestones are found along the
Sierra Madre Oriental, the results of this study can be useful in un-
derstanding the mobility of PTEs in sediments and water.
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