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Abstract: The mineralogy of surface crusts and efflorescent salts of two old abandoned tailings
(Xochula and Remedios) of the mining district of Taxco, Guerrero, was studied by short-wave infrared
spectroscopy (SWIR), X-ray diffraction (XRD), and scanning electron microscopy (SEM). The chemistry
of the selected samples was studied with induced coupled plasma mass spectrometry (ICP–MS).
Principal mineralogy is composed of hydrated sulfates of iron (di-trivalent), other less-soluble
sulfates such as gypsum and jarosite, and oxides–hydroxides of iron, all of which are the result of
the weathering of sulfides (mainly pyrite) accumulated in mining waste. Using quantitative X-ray
diffraction (Rietveld method) and the spatial distribution of secondary minerals, two main zones
(lateral and central) have been established in both tailings. The genetic model for their formation
shows that the secondary iron minerals (sulfates, oxides, and hydroxides) in these deposits have been
formed at least in three different stages, mainly by oxidation, dissolution, and precipitation processes
in combination with dehydration and primary sulfides neutralization reactions. The chemical analyses
of some salts confirm the presence of potentially toxic elements (PTE) in their structure and therefore
indicate that the dissolution of the efflorescences in these deposits is a potential source of contamination
during the wet season.

Keywords: hydrated sulfates; mining waste; X-ray diffraction; Rietveld method; SWIR

1. Introduction

The precipitation of sulfates in the form of efflorescent scabs or layers is a phenomenon that is
characteristic of areas with acid drainage identified since antiquity [1]—because of its flower-like and
concretion appearance—in the most superficial parts of the mining waste. They present a wide range of
colorations (white, yellow, red, green, blue, etc.), and in general, there is a lack of vegetation in the area
where they are located. Early civilizations established long ago the toxicity of the efflorescent salts [2].

In many Mexican mining districts, these efflorescences have been ignored, although the study of
their mineralogy, their paragenetic sequence, and their spatial distribution is a critical aspect, since these
minerals incorporate very toxic trace elements in their structures (in the substitution of iron and
aluminum mainly) that can be easily released to water and soil by dissolution [3–5]. Its formation or
dissolution modifies the hydrogen potential, as well as the content and transport of metals and sulfate
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from acid drainage waters. It is widely known that these sulfates are very susceptible to dissolve in
rainy seasons or due to the action of surface waters releasing episodic pulses of highly acidic solutions.
Then, they integrate toxic or contaminating elements into the drainage systems that can infiltrate the
subsoil and impact the aquifers and the ecosystem in general [6–8].

The process of formation of these salts begins with the oxidation of sulfides such as pyrite in the
presence of air or water, generating the necessary degree of acidity and the presence of cations. The rate
of sulfide oxidation in tailings is high because a large volume of residues—characterized by a small
crystal size and large reactive surface—is exposed to the action of the atmosphere. The efflorescent
minerals precipitate by the evaporation of mine acid waters when the climate is warm and dry enough;
they form a wide variety of crystal habits and aggregates, and their formation is determined mainly
by the temperature, the degree of humidity, and the degree of oxidation on the surface of the mining
waste [8–15]. Additionally, because the efflorescences are formed by fine material, they are susceptible
to being transported during the rainy or windy periods [16,17].

In general, the crystals of these metastable phases are very small and contain elements with
diverse oxidation states. They can be difficult to identify because they form complex mixtures and
their structure can be modified very easily by dehydration [18]. The identification of these sulfates
provides information about the depositional environment and the interactions of mine tailings wastes
with water and air, as they are very sensitive to environmental conditions [6,8,17]. The present study
aims to review the presence of hazardous mineralogical phases in small abandoned mining residues
which are very old, not delimited and labeled, and even with vegetation; they are frequently found in
Mexico near mining areas.

The main goals of the present work are as follows: (a) to know the nature, proportion,
and distribution of the sulfate and oxide minerals in the two studied areas, (b) to understand
the degree of oxidation and evolution of efflorescences and, based on the above, (c) to be able to
propose an evolutionary model about their formation and (d) evaluate their potential as a source
of contamination.

Historical Background and Description of the Study Area

The Taxco Mining District (Guerrero State) is located at 1700 m of altitude on the northern of the
Balsas-Mezcala basin on the flank of the Paleozoic Taxco-Zitácuaro outcrops [19].

The geology of the Taxco district is characterized by a marine section with Mesozoic schists in
the basement, Lower Cretaceous limestones, and Upper Cretaceous shales, which are overlaid by
continental conglomerates and Cenozoic volcanic rocks. The rocks are faulted and intruded by dikes
and magmatic bodies of diverse age and composition (diorite, felsitic dikes, and diabases).

The Taxco ore deposits were described as polymetallic intermediate sulfidation epithermal
deposits [19–21] with fluid mineralization temperatures between 200 ◦C and 300 ◦C. The orebodies,
with NW to NS orientation, are veins, stockworks, replacement mantos, and breccias, which are
associated mainly with carbonates of the Mezcala and Morelos formations and less frequently with
the Taxco Schist formation [22–24]. In distant parts, the skarn mineralization type is also present.
Taxco is an important silver producer that is mainly associated with veins, but zinc and lead are also
mined, mostly in mantos [24]. A significant amount of the mineralized bodies is constituted by galena
(silver bearing), chalcopyrite, sphalerite, native silver, argentite, and silver secondary sulfosalts such
as polybasite, proustite, and pyrargyrite. The gangue minerals include pyrite, pyrrhotite, stibnite,
jamesonite, marcasite quartz, barite, fluorite, calcite, rhodochrosite, hematite, tremolite, epidote,
and ilvaite [19,23].

Since the 16th century, metal extraction has been carried out in the Taxco region and its
surroundings, releasing a large amount of mineral waste that has been deposited in the environment
over time [25]. There is little evidence of colonial waste, but by 1920, the first selective flotation profit
plant had been installed by American Smelting and Refining Company [19], initiating the deposit of
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tailings through the Taxco district [23]. For a long time, the tailings were placed on the banks of rivers
and other areas that over the years have been surrounded by human settlements [23,26].

In recent years, some research has been done on this type of deposit in the Taxco region, where the
mining activity takes place [23–29]. However, to our knowledge, there are no published works that
focus on the detailed mineralogical study of scabs and efflorescences of sulfates that form on the surface
of the tailings because of their exposure to the weather.

The Xochula tailings (Figure 1) have approximate dimensions 85 m long by 25 m wide and a
height of 3 m. Only in the superficial central part is there vegetation that decays toward the ends of
the deposit where crusts of violet to red coloration were identified. Xochula can be described as an
oxidized tailings because its yellowish and brown colors are related with the presence of iron oxides
and hydroxides or iron hydrated sulfates. At the NE of these tailings, there are small channels that
seem to have been generated by the runoff of water coming from the highest parts. On the walls of
these channels, white-colored salts with a fibrous habit and very irregular distribution were identified,
which were probably formed by evaporation processes and forming thin crusts (≤1 cm) that only in
certain points can be considered as true efflorescence (Figure 2).
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Figure 1. Location of the abandoned tailings studied in this work, produced by the mining activity in
the Taxco district. Due to their size, the Fraile tailings are those that have been most studied [23,27],
but little work has been made up to this date to characterize the smaller tailings as Remedios and
Xochula. Orange oval in the upper left-hand figure delimits the studied area.
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Figure 2. Field photographs of the Xochula tailings. (A) Appearance of the JH-38 sample with hydrated
iron sulfates. (B) Sample JH-03 shows the field characteristics that generally present the materials
without hydrated iron sulfates. (C) The gutters made at one end of the deposits are highlighted by the
draining of the water from the surface toward the lower parts. The formation of structures of fibrous
appearance in the walls of the channels. (D) Superficial view of the Xochula deposit, the presence of
vegetation, and the formation of soils in some portions can be appreciated. (E,F) Views of two walls of
the tailings highlight the presence of whitish colorations with efflorescent salts on both sides.

The Remedios tailings (Figure 1) have dimensions 55 m long by 45 m wide with a height from the
ground of 10 m. It is also oxidized tailings with low pyrite content, a stacked accumulated mining
waste forming at least two independent terraces. Unlike the Xochula tailings deposit, it does not
present vegetation, and there is no formation of soil on the surface. The colorations observed are very
varied, although there is no pattern that defines their distribution. In this deposit, efflorescence is
observed especially on the side walls, which are characterized by bright orange, yellowish, greenish,
and whitish tones that are generally mixed. In the superficial part, different colorations also appear,
although the efflorescence is less clear and with a more irregular distribution (Figure 3).
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Figure 3. Field photographs of the Remedios tailings. (A–C) Photographs of samples containing iron
hydrated sulfates; the macroscopic aspect of salts and efflorescences are highlighted. (D) Image of
sample JT-33 located on the surface of the tailings shows the general macroscopic characteristics of
materials that do not contain hydrated iron sulfates. (E,F) are panoramic views of the deposit both on
the surface and on the wall.

2. Materials and Methods

2.1. Sampling

Prior to the collection of samples, the tailings were delimited with the help of images from Google
Earth; a sampling square grid with a side length of 10 m was established. A total of 90 samples
were taken, 41 corresponding to the Xochula tailings and 49 corresponding to the Remedios tailings.
In addition to the 10 m grid sampling, changes in the colorations of the materials were also considered
as sampling criteria. The samples chosen were mainly those with a fine-grained (sand and silt) and
salt-like appearance. The samples were collected on the surface (up to 2 cm depth). The samples were
collected during the dry season (May) with an aluminum spoon and stored in small airtight plastic
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bottles; then, they were stored in a dark room at 25 ◦C, where they remained until they were analyzed.
The basic characteristics of each of the samples are detailed in Table 1 (Xochula tailings) and Table 2
(Remedios tailings). The sampling pattern was included as Figure S1.

Table 1. Physical description of samples from the superficial (JH-01 to JH-36) and lateral (JH-37 to
JH-41) parts of Xochula Tailings.

Sample Origin Coloration Description

JH-01 Tailings Yellowish orange Very fine grain efflorescent salts
JH-02 Tailings Pale yellow Soft crust without vegetation
JH-03 Tailings Yellowish orange Material with fibrous texture
JH-04 Soil Yellowish brown and bluish Fine grain with vegetation
JH-05 Tailings Brownish-yellowish orange Very fine grain without efflorescence
JH-5-1 Tailings and crust Intense orange and violet red Consolidated crust
JH-06 Soil Orange brown Fine grain with vegetation
JH-07 Soil Yellowish brown Fine grain with vegetation
JH-08 Soil Brown Consolidated material without vegetation
JH-09 Soil Yellowish brown Fine grain with vegetation
JH-10 Soil Yellowish brown Fine grain with vegetation
JH-11 Soil Brown Fine grain with vegetation
JH-12 Soil Yellowish brown Fine grain with vegetation
JH-13 Soil Yellowish reddish brown Fine grain with vegetation
JH-14 Soil Orange brown Fine grain with vegetation
JH-15 Soil Yellowish brown Fine grain with vegetation
JH-16 Soil Dark yellowish brown Fine grain with vegetation
JH-17 Tailings Intense orange Crust without vegetation
JH-18 Soil Yellowish brown Fine grain with vegetation
JH-19 Soil Yellowish brown Fine grain with vegetation
JH-20 Tailings Yellowish white Very fine grain efflorescent salts
JH-21 Tailings Bright yellow orange Loose material without vegetation
JH-22 Tailings Dark Yellowish brown Consolidated without vegetation
JH-23 Soil Light yellowish brown Fine grain with vegetation
JH-24 Soil Yellowish brown Fine grain with vegetation
JH-25 Soil Orange-reddish brown Fine grain with vegetation
JH-26 Soil Yellowish brown Fine grain with vegetation
JH-27 Soil Yellowish brown Fine grain with vegetation
JH-28 Soil Yellowish-orange brown Fine grain with vegetation
JH-29 Soil Yellowish brown Fine grain with vegetation
JH-30 Tailings Intense orange Fine grain without vegetation
JH-31 Tailings Yellowish white Very fine grain efflorescent salts
JH-32 Tailings Yellowish white Very fine grain efflorescent salts
JH-33 Tailings Intense orange Loose sandy material
JH-34 Tailings Intense orange and yellow Loose sandy material
JH-35 Tailings Intense orange Loose sandy material
JH-36 Tailings Reddish violet and orange Slightly hardened scab
JH-37 Tailings Yellowish white Very fine grain efflorescent salts
JH-38 Tailings Whitish Very fine grain efflorescent salts
JH-39 Tailings White orange Massive, fine-grained efflorescent salts
JH-40 Tailings Pink white Very fine grain efflorescent salts
JH-41 Tailings Gray bluish lead Consolidated material with fibrous texture

2.2. Short-Wave Infrared Spectroscopy

The analysis by short-wave infrared spectroscopy (SWIR) was performed for all 90 samples
collected; the measurements were made with a portable Pro LabSpec spectrophotometer (Analytical
Spectral Devices, Inc., Boulder, CO, USA). Before performing the measurement of the samples, a barite
blank was measured to calibrate the equipment; this calibration was repeated every 5 measured samples.
Before being analyzed, the samples were gently disintegrated with a spatula and placed in a small
container. Each sample was measured in duplicate to verify the response of the spectrophotometer.
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At the end of the measurement, each sample was returned to their original container and stored in the
room at 25 ◦C for later analysis.

Table 2. Physical description of samples from the superficial (JT-01 to JT-47) and lateral (JT-03, JT-04,
JT-05, JT-06, JT-16, JT-44, JT-45, JT-46, JT-48 and JT-49) parts of Remedios Tailings.

Sample Origin Coloration Description

JT-01 Tailings Loose sandy material Loose sandy material
JT-02 Tailings Yellowish brown Material with fibrous texture
JT-07 Tailings Violet gray Loose sandy material
JT-08 Tailings Orange brown Very fine grain efflorescent salts
JT-09 Tailings Greenish yellow Very fine grain efflorescent salts
JT-10 Tailings Orange brown Loose sandy material
JT-11 Tailings Orange red Loose sandy material
JT-12 Tailings Intense orange and yellow Loose sandy material
JT-13 Tailings Yellowish orange Weakly consolidated
JT-14 Tailings Pink violet Slightly hardened crust
JT-15 Tailings Yellowish brown Loose sandy material
JT-17 Tailings Red brown Slightly hardened scab
JT-18 Tailings Red brown Slightly hardened scab
JT-19 Tailings Pink violet Slightly hardened scab
JT-20 Tailings Dark brown violet Slightly hardened scab
JT-21 Tailings Yellowish brown Crust with disease cracks
JT-22 Tailings Yellowish orange Very fine grain efflorescent salts
JT-23 Tailings Orange-red brown Crust with disease cracks
JT-24 Tailings Intense orange brown Soft crust with efflorescence of fine particle size
JT-25 Tailings Yellowish brown Loose sandy material
JT-26 Tailings Orange and greenish yellow Loose sandy material
JT-27 Tailings Amarillo greenish Very fine grain efflorescent salts
JT-28 Tailings Intense violet Loose sandy material
JT-29 Tailings Yellowish orange Slightly hardened crust
JT-30 Tailings Intense orange brown Loose sandy material
JT-31 Tailings Intense orange Crust lightly hardened
JT-32 Tailings Bright yellow Loose sandy material
JT-33 Tailings Bright orange Very fine grain efflorescent salts
JT-34 Soil Black Crust lightly hardened
JT-35 Tailings White orange Very fine grain efflorescent salts
JT-36 Tailings Bright violet Very fine grain efflorescent salts
JT-37 Tailings Reddish brown pink Crust lightly hardened
JT-38 Tailings Yellowish orange Loose sandy material
JT-39 Tailings Bright yellow Stratified layers and crusts
JT-40 Tailings Reddish brown Loose sandy material
JT-41 Tailings Yellowish orange Stratified layers and crusts
JT-42 Tailings Bright brown Crust lightly hardened
JT-43 Tailings Yellowish orange Crust lightly hardened
JT-47 Tailings Orange white Very fine grain and massive efflorescent salts
JT-03 Tailings Bright orange and blue Very fine grain and massive efflorescent salts
JT-04 Tailings Whitish Very fine grain and massive efflorescent salts
JT-05 Tailings Bright greenish yellow Very fine grain and massive efflorescent salts
JT-06 Tailings Bright orange Very fine grain and massive efflorescent salts
JT-16 Tailings Yellowish white Stratified layers and crusts
JT-44 Tailings Yellowish white Very fine grain and massive efflorescent salts
JT-45 Tailings White Very fine grain and massive efflorescent salts
JT-46 Tailings Bright orange Very fine grain and massive efflorescent salts
JT-48 Tailings Bright brown Weakly hardened scab
JT-49 Tailings Bright white brown Very fine grain and massive efflorescent salts

2.3. X-ray Diffraction Analysis

Bulk rock analysis was performed for all samples. Approximately two grams of each sample were
taken, manually ground in an agate mortar, sieved to less than 45 microns, and loaded onto back side
aluminum sample holders. The mineralogical analysis of the clay fraction was performed for 10 selected
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samples, which were gently disaggregated to avoid artificial grain size reduction [30]. Each sample was
broken into small chips (<2 mm) using a porcelain crusher and subsequently dispersed in deionized
water. The clay separation was done using the most non-aggressive method [31,32]. Grain size fractions
of <2 µm were separated in distilled water according to Stoke’s law with a Rotanta (Hettich) centrifuge
operating at 6000 rpm for 5 min. From the <2 µm fractions, air-dried oriented preparations were
obtained by pipetting some drops of the Mg-saturated suspensions onto a glass slide, which was then
dried at 30 ◦C for a few hours [32]. Ethylene glycol solvation of the slides was achieved by exposing
them to ethylene glycol vapor at 70 ◦C for a minimum of 12 h.

For X-ray diffraction analysis, an Empyrean diffractometer (Malvern Panalytical, Malvern, UK)
equipped with a long fine tube (copper and cobalt), as well nickel and iron filters was used, operating
at 40 mA and 45 kV, in a range of 4◦ to 70◦ (2 theta), with a step scan of 0.003◦ (2θ) and 30 s of
integration time. Phase identification and quantification by the Rietveld method was made using
HighScore v4.5 software, making use of both International Center of Diffraction Database (ICDD) and
Inorganic Crystal Structure Database (ICSD). Relevant data from the diffractometer used are shown in
Table 3. The specimen-dependent parameters that were refined were the zero error, displacement error,
polynomial fitting for the background with six coefficients, cell parameters, and atomic coordinates.

With the quantitative XRD results, a hierarchical clustering was performed with Statgraphics
software (version 5.1) to recognize the genetic relation between the different mineral groups.

Table 3. Relevant data from the diffractometer used during measurement and Rietveld refinement.

Parameter Value Parameter Value

Geometry Bragg-Brentano Divergence slit 1
2
◦

Goniometer radius 240 mm Incident antiscatter slit 1◦

Radiation source CuKα and CoKα Reflected antiscatter slit 7.5◦

Generator 45 kV, 40 mA Soller slits 0.04 rad
Tube Long Fine Focus Detector Solid state (PIXcel3D)

Monochromator None Step size 0.003◦ (2θ)
Filter Nickel (Cu) and Iron (Co) Integration time 30 s

Incident beam optics Parallel mirror (Göbel) Spinning 15 rpm

2.4. Scanning Electron Microscopy

A low vacuum scanning electron microscope Hitachi TM-1000 (Hitachi, Tokyo, Japan) was used.
The preparation of the samples was not necessary; however, small fragments of efflorescence were
selected, since the use of sprayed samples is not possible due to the vacuum system. The identification
of the minerals observed was based on both the results of the Energy-Dispersive Spectroscopy (EDS)
analysis and the observation of the morphologies and textures of the crystals and aggregates [12].

2.5. Chemistry of Whole Rock and Trace Elements by Inductively Coupled Plasma

In order to verify if the identified hydrated sulfates contain potentially toxic heavy elements (PTE),
three samples of efflorescences from the Remedios tailings were analyzed by ICP–MS (inductively
coupled plasma) at Activation Laboratories Ltd. (Ancaster, ON, Canada). A combination of packages
Code 4B (lithium metaborate/tetraborate fusion ICP–OES whole rock) and Code 4B2 (trace element
ICP–MS) was used. Fused samples were continuously mixed with a 5% nitric acid solution containing
an internal standard until the sample was completely dissolved and analyzed with a Perkin Elmer
Sciex ELAN ICP–MS. Three blanks and five controls (three before each sample group and two after)
were analyzed with the samples.
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3. Results

3.1. Short-Wave Infrared Spectroscopy

The data obtained were corrected and plotted in Grapher (Golden Software, version 16, Golden,
CO, USA), thus generating the spectra for each measured sample; it was plotted in the ranges of the
near infrared (900 to 1400 nm) and short-wave infrared (1400 to 2550 nm). Mineral identification by
this technique was based on the position of the absorption features of the representative spectrum of
each group, as well as its general shape. In this study, a visual and numerical comparison of these
characteristics was made with spectral libraries [33] and with spectra from [34,35]. The SWIR technique
has been mainly used to discriminate samples with soluble sulfates from samples that do not contain
these minerals (JH-ISWIR and JTSWIR groups) in a way that is quick and qualitative (and in some cases
during field work). This discrimination is important because soluble sulfates are potentially more
dangerous since they dissolve easily in rainy seasons.

To diagnose whether sulfates were present, the existence of a very distinct absorption band
between 1700 and 1850 nm (approximately 1740 nm for gypsum and approximately 1850 nm for
jarosite) was used (ν + δOH/H2O and rotational fundamentals or δS-O overtones [35]). The bands
located between 2100 and 2300 nm are related to the vibrations of the SO bonds, while those related
to the metal–OH bond are found between 1480 and 2250 nm and can seldom be discriminated from
the SO bands. The bands related with H2O + OH bonds, those between 1440 and 1476 nm, and those
related with the H2O molecule alone are found between 1947 and 1969 nm [35].

Based on the absorption characteristics of the spectra obtained, and due to the great similarity
that was found among many of them, a grouping was made and six clusters were established:
three belonging to the Xochula tailings (JH-ISwir, JH-IISwir, JH-IIISwir; Figure 4) and three belonging
to the Remedios one (JT-ISwir, JT-IISwir, JT-IIISwir; Figure 4). It is necessary to mention that there
are small spectral variations within each group, since two samples with strictly equal absorption
characteristics were not found. The first group was characterized in both tailings (JH-ISwir and JT-ISwir)
by presenting a very flat spectrum in which only a small peak near 1850 nm stands out, which coincides
with a characteristic band of jarosite mineral. This group is the most abundant and is characterized
by the absence of soluble iron sulfates. Samples of the second group (JH-IISwir and JT-IISwir) were
characterized by the presence of two important bands at 1850 nm and at 1400 nm (H2O + OH).
For these spectra—also in the zone ranging from 2100 to 2300 nm—a single broad band appears,
which corresponds mainly to the Fe–OH bond. Samples of the third group (JH-IIISwir, JT-IIISwir) were
defined by the same absorption bands as the samples of the second group, but in the zone between
2100 and 2400 nm, two different bands were discriminated, indicating the presence of two types of
bonds between OH and metals.

A graphical comparison was also made of the spectra described above against the spectra of the
main iron sulfates found in the literature [34,35]. From this comparison, it was possible to determine
the presence of some characteristic absorption bands (bending and stretching, mainly of H2O, OH,
SO4, and metal–OH) and relate them with the presence of rozenite, copiapite, jarosite, and hexahydrite
(Figure 5). The SWIR equipment used is not state-of-the-art, but it can be used with confidence.
Nevertheless, SWIR has not allowed us to discriminate the identity of all the soluble sulfates present in
the samples, since these are generally complex mixtures with many phases and the absorption bands
of the hydrated sulfates are often very similar to each other, as shown in Figure 4. To discriminate the
different sulfates and quantify their relative abundance, the infrared data were complemented with the
X-ray diffraction data.
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Figure 4. Groups established during the application of the analysis by infrared spectroscopy in
the samples of the Xochula (JH) tailings and Remedios (JT) tailings. To facilitate the comparison
with the minerals reported by other authors [33,35], the different bands (vertical lines) of the most
important phases identified by X-ray diffraction were introduced. The first group of samples (green) is
characterized by the presence of a very flat spectrum, in which only a small peak near 1850 nm stands
out, coinciding with a characteristic band of jarosite mineral. This group is the most abundant and is
also characterized by the absence of soluble iron sulfates. The second group (blue) is characterized by
the presence of two important bands at 1850 nm and 1400 nm (H2O + OH). For these spectra, in the
zone ranging from 2100 to 2300 nm, a single broad band appears, which corresponds mainly to the
Fe–OH bond. The third group (brown) displays the same absorption bands as the samples of the second
group, but it is characterized by the presence of two bands in the zone between 2100 and 2400 nm,
indicating the presence of two types of bonds between OH and metal.

3.2. X-ray Diffraction

Most of the minerals identified are of secondary (predominance of Fe2+) and tertiary (predominance
of Fe3+) origin, and they correspond (Table 4) mainly to iron sulfates with different degrees of hydration,
demonstrating that the main primary iron mineral accumulated in both mining residues was probably
pyrite. The hydrated sulfates of iron predominate, but it is worth noting the presence, in low proportion,
of hydrated magnesium sulfates with different hydration status (7 water molecules for epsomite,
6 water molecules for hexahydrite, 4 water molecules for starkeyite, and one water molecule for
kieserite) in both tailings. For each of the tailings, a sample (JH20 and JT47) with gunningite was
identified; this is a hydrated zinc and manganese sulfate. These data are congruent with the high
zinc content of the samples analyzed by ICP–MS in this mining waste, as well as with the presence
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of sphalerite in the Taxco mineral deposit. Furthermore, a sample of Remedios tailings (JT47) with
botryogen (magnesium and iron hydroxysulfate) was identified.Minerals 2020, 10, x FOR PEER REVIEW  11  of  25 
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Figure 5. Characteristic short-wave infrared spectroscopy (SWIR) absorption spectra of some
iron-bearing sulfates found at Taxco tailings. Reflectance spectra of (A) rozenite, (B) copiapite,
(C) jarosite, and (D) hexahydrite, compared with digitalized literature spectra (Velasco et al., 2005;
Cloutis et al., 2006). In general, only when the sample has more than 25% of the phase can a good
correlation be observed.

3.2.1. Xochula Tailings

The primary minerals identified were quartz, feldspars, pyrite, fluorite, calcite, and clay minerals.
For example, quartz was detected in 39 samples (17–82%); feldspars, mainly plagioclase, were detected
in 19 samples (4–15%); pyrite was found in 13 samples (1–11%); fluorite was found in six samples
(2–8%); carbonates were found in three samples (with a maximum of 7%), and zeolites were found only
in one sample (5% in sample JH22). Phyllosilicates are more abundant than in the Remedios tailings
and were identified in clay fraction (<2 µm), mica-illite was identified in 27 samples (2–27%), kaolinite
was identified in 26 samples (3–17%), smectite was identified in four samples (6–12%), and chlorite
was identified in only two samples, with a maximum ratio of 17% in sample JH14. These minerals are
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quite crystalline and were defined as primary minerals. The most important hydrated sulfate mineral
in the Xochula tailings are coquimbite (in six samples with a maximum ratio of 30% in sample JH32),
copiapite (in three samples in a range of 7% to 48%), rozenite (in three samples with a range of 15% to
38%), szomolnokite (in two samples with a maximum of 13% in sample JH38), and halotrichite (in two
samples with a range of 5% to 16%). Other minerals of this group are starkeyite (approximately 69% in
sample JH20), hexahydrite (58% in sample JH35), gunningite (9% in sample JH20), and melanterite (4%
in sample JH04); all of them were only found in one sample each. As for insoluble sulfates, jarosite was
identified in 18 samples (1% to 19%), alunite was identified in two samples (3% to 5%), and gypsum
was identified in 22 samples (4% to 46%). Regarding iron oxides and hydroxides, goethite was found
in 10 samples (1% to 28%), hematite was found in seven samples (2–10%, always in a lower ratio than
goethite), ferrihydrite was found in two samples (8 and 9%), and schwertmannite was found only in
one sample JH37 (8%). Jarosite and gypsum were found both in samples rich in hydrated iron sulfates
and in those that are characterized by the presence of oxides of this element, such as goethite and
hematite. Table S1 shows the mineral phases identified and their relative abundance estimated by the
Rietveld refinement method.

Table 4. Table with the non-primary minerals found in the studied efflorescences of Xochula (JH) and
Remedios (JT) tailings.

Mineral
Name Abbr. Chemical Formula Group XRD Pattern Ref. Characteristic XRD Peaks (Å)

Botryogen Bot MgFe3+(SO4)2(OH)·7(H2O) Iron and Mg hydroxysulfate ICSD 980034682 6.36 8.96 5.52
Epsomite Ep MgSO4·7(H2O) Hydrous Mg sulfate ICSD 980029384 4.22 4.21 5.36

Halotrichite Hal Fe2+Al2(SO4)4·22(H2O) Hydrous Fe and Al sulfate ICSD 980096598 4.80 15.84 4.95
Hexahydrite Hex MgSO4·6(H2O) Hydrous Mg sulfate ICSD 980016546 4.36 5.45 4.03
Hohmannite Hoh Fe3+

2(SO4)2(OH)2·7(H2O) Iron hydroxysulfate ICSD 980037328 7.96 8.73 10.42
Fibroferrite Fi Fe3+(SO4)(OH)·5(H2O) Iron hydroxysulfate ICSD 980100721 12.08 4.07 3.45
Gunningite Gun (Zn, Mn2+)SO4·H2O Hydrous Zn and Mn sulfate ICSD 980071348 4.40 4.76 3.05

Kieserite Kie MgSO4·H2O Hydrous Mg sulfate ICSD 980015924 4.79 3.40 3.36
Melanterite Me FeSO4·7H2O Hydrous Fe sulfate ICSD 980016589 4.90 3.77 4.87

Rostite Ros Al(SO4)(OH)·5H2O Hydroxysulfate ICDD 000421427 4.25 4.18 3.90
Rozenite Roz FeSO4·4H2O Hydrous Fe sulfate ICSD 980023914 5.47 4.50 3.98

Starkeyite Stk MgSO4·4(H2O) Hydrous Mg sulfate ICDD 010721096 4.47 5.43 3.95
Szomolnokite Szo Fe2+SO4·(H2O) Hydrous Fe sulfate ICSD 980027098 3.44 3.11 4.86

Copiapite Cop Fe2+Fe3+
4(SO4)6(OH)2 20(H2O) Hydroxysulfate ICDD 000110395 10.5 6.87 3.43

Coquimbite Coq Fe3+
2(SO4)3·9(H2O) Hydrous Fe sulfate ICDD 010802836 8.27 9.45 3.36

Alunite Al KAl3(SO4)2(OH)6 Hydrous sulfate of K and Al ICSD 980012106 5.40 7.37 10.81
Jarosite Jar KFe3+

3(SO4)2(OH)6 Hydrous sulfate of K and Fe ICSD 980157717 3.08 5.10 3.11
Beudantite Beu PbFe3(AsO4)(SO4)(OH)6 Hydrous arsenate of Pb and Fe ICSD 980067455 3.07 5.94 3.66
Pb-Jarosite PbJar Pb0.5Fe3+

3(SO4)2(OH)6 Hydrous sulfate of Pb and Fe ICSD 980169961 3.07 5.93 2.25
Gypsum Gy CaSO4·2H2O Calcium sulfate dihydrate ICSD 980161622 7.59 4.28 2.87

Ferrihydrite Ferri Fe3+
2O3·0.5(H2O) Hydrous ferric oxyhydroxide ICSD 980056287 1.15 1.02 0.90

Goethite Goe Fe+3O(OH) Iron oxyhydroxide ICDD 010755065 4.18 2.45 3.88
Hematite Hem Fe2O3 Iron oxide ICDD 010715088 2.70 2.52 3.68

Schwertmann. Schw Fe3+
16O16(OH)12(SO4)2 Iron oxyhydroxysulfate ICSD 980169971 2.55 3.39 4.86

3.2.2. Remedios Tailings

The primary minerals identified were quartz, pyrite, anglesite (only in sample JT36), fluorite,
zeolites, and clay minerals; they were found mainly in the samples impoverished in hydrous iron
sulfates. These phases are distributed irregularly throughout the sampled area. For example, quartz
was detected in almost all samples (5–82%), pyrite was found only in seven samples in a proportion
of 2% to 7%, fluorite was found only in two samples (6–7%), and carbonates and feldspars were
not detected in the analyzed samples. Phyllosilicates were identified in clay fraction (<2 µm) as
mica-illite in 16 samples (1–16%), kaolinite was identified in two samples (9–17%), smectite was
identified only as traces (<5% in several samples), and chlorite was identified in only three samples
with a maximum percentage of 8%. These minerals are always primary minerals. The most important
hydrated sulfate mineral in the Remedios tailings is copiapite, which is present in 14 samples (1%
to 38%). Other abundant minerals of this group are rozenite (in seven samples with percentages
that vary from 2% to 33%), coquimbite (in five samples with percentages that vary from 1% to 30%),
szomolnokite (in four samples with a maximum of 21% in sample JT06), and epsomite (in four
samples with percentages from 2% to 24%). Minerals such as hohmannite (45% in sample JT46),



Minerals 2020, 10, 871 13 of 24

metahohmannite (26% in sample JT03), fibroferrite (3% in sample JT06), starkeyite (81% in sample
JT04), and kieserite (20% in sample JT47) were identified only in one or two samples. Minerals of
the alunite group such as hydronium or K-jarosite (identified in 42 samples with percentages that
vary from 2% to 30%), beudantite (identified in five samples with a maximum ratio of 5% in sample
JT39), and plumbojarosite (identified in two samples with a maximum ratio of 11% in sample JT36)
are present both in samples taken from the side walls of the deposit and in most of those taken from
the surface. In the JT-04 sample, the presence of ferrihydrite (4%) was confirmed. As a product of the
oxidation and subsequent dehydration of primary sulfides [36], hematite was identified in 24 samples
(2–12%), and goethite was identified in 30 samples (2–33%). Both minerals were found both in samples
taken on the surface and in those taken on the side walls of the deposit. Gypsum, present in 46 samples,
is a very ubiquitous mineral (2–35%). Anhydrite was identified only as traces in the case of sample
JT-46. Table S1 shows the mineral phases identified and their relative abundance estimated by the
Rietveld refinement method [37].

3.2.3. X-ray Diffraction General Grouping

In order to compare the mineralogical results more easily and efficiently, seven genetic categories
of minerals were established (primary (including gangue and ore minerals), phyllosilicates, secondary
sulfates (with Fe2+), tertiary sulfates (with Fe3+), alunite group (alunite and all types of jarosite),
iron oxides and hydroxides, and gypsum). Making these groupings was essential, since various
minerals were discretely identified only in a few samples. Based on the XRD results and these seven
mineralogical associations, three main groups of samples could be discriminated in each of the tailings
(Figure 6).

Group I (JH-IDRX & JT-IDRX): samples with primary minerals (mainly quartz) and phyllosilicates
(mainly mica), gypsum, jarosite and, in a variable proportion, iron oxides and hydroxides. This group
is characterized by the absence of soluble hydrated sulfates. Small amounts of pyrite were identified in
some of these samples, which is more frequent in JH tailings (13 samples) than in JT ones (7 samples).
Phyllosilicates are more abundant for JH samples, while oxides and hydroxides, gypsum, and jarosite
are more abundant for JT samples (Figure 7).

Group II (JH-IIDRX and JT-IIDRX): samples with a predominance of secondary hydrated sulfates
with reduced iron (Fe2+). The predominant mineral of this group in both tailings is rozenite.
Samples from that group may also contain jarosite, gypsum, quartz, or oxides and hydroxides
in varying proportions.

Group III (JH-IIIDRX and JT-IIIDRX): samples with a predominance of hydrated tertiary iron
sulfates (mainly coquimbite, as well as hohmannite and fibroferrite in specific samples), but which may
also present a mixture of secondary and tertiary sulfates (Fe2+ + Fe3+) or minerals such as coquimbite,
which has both oxidized and reduced iron. In the case of JH tailings, the predominant mineral of this
type is coquimbite, while for JT samples, it is copiapite. Samples from that group may also contain
quartz, jarosite, gypsum, iron oxides, and hydroxides in varying proportions.

The first group of samples established by XRD coincides for both mining tailings in more than 90%
of the cases with group I of samples established by SWIR. The second and third groups established
by XRD only partially coincide (63%) with groups II and II established by SWIR. This is because the
diffraction groups were established based on the presence of Fe2+ or Fe3+ in the minerals, but it is
probable that groups II and III established by SWIR should have a more direct relationship with the
structure of the different types of sulfate minerals [38]. However, since each sample is generally a
complex mineral mixture, it has not been possible to dig deeper into this issue.

3.3. Scanning Electron Microscopy

By means of this technique, we were able to verify that the habit of iron-hydrated sulfates is
mainly fibrous and that the crystals are generally of small size (clay and silt) (Figure 8). In many
of the samples, the mixture of different hydrated phases was observed, evidencing that they were
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formed quickly by evaporation of the acid drainage mainly in the walls of the tailings, where the runoff

processes are observed. Since many of the secondary minerals are iron sulfates with different oxidation
and hydration states, it was not possible to discriminate among them by means of EDS measurements.
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Figure 6. Representative XRD patterns from each of the three sample groups for Xochula (JH) tailings
and Remedios (JT) tailings. The first group (blue) is characterized by the presence of primary minerals
(mainly quartz) and phyllosilicates (mainly mica), gypsum, jarosite, and a variable proportion of
iron oxides and hydroxides. The second group of samples (green) has a predominance of secondary
hydrated sulfates with reduced iron (Fe2+). Samples from that group may also contain jarosite,
gypsum, iron, and/or quartz oxides and hydroxides in varying proportions. The third group of
samples (brown) has a predominance of hydrated tertiary iron sulfates or a mixture of secondary and
tertiary sulfates (Fe2+ + Fe3+). Samples from that group may also contain quartz, jarosite, gypsum,
iron oxides, and hydroxides in varying proportions. Co: copiapite; Ch: chlorite; Hex: hexahydrite;
FeCo: ferrocopiapite; Fl: fluorite; Goe: goethite; Gy: gypsum; Hem: hematite; Ja: jarosite; Q: quartz;
Mel: melanterite; Roz: rozenite; Szo: szomolnokite.
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Figure 7. Example of quantification of crystalline phases using XRD and the Rietveld refinement
method for sample JT11 (JT-IDRX).

3.4. Geochemistry

To verify if the hydrated sulfates identified contain in their structure potentially toxic heavy
elements (PTE), three samples of efflorescences from the Remedios tailings were analyzed for major
(Table 5) and trace elements (Table 6).

Regarding the major elements, all the samples analyzed have approximately the same amount of
silica (21% to 28%), which coincides with the proportion of quartz (close to 20%) that these samples
present. The values of loss by ignition are very high (29% to 43%) in all samples, demonstrating that
these are mainly constituted by sulfates (loss of SO3) with different degrees of hydration (loss of H2O).
The iron percentage is also very high and very close to 25% Fe2O3 in the three samples. It can be related
to the presence of iron oxides, hydrated iron sulfates, and traces of pyrite, the latter only for sample
JT48. The Al2O3 content is always low and related to the presence of small amounts of phyllosilicates.
The content of CaO (4% to 7%) is related with the presence of gypsum in all samples (7% to 18%
by weight).

Table 5. Major element analysis from three samples of Remedios tailings. Concentrations in wt %.
All detection limits 0.01%, except Mn, 0.001%. LOI: loss on ignition.

Sample SiO2 Al2O3 Fe2O3(T) MnO MgO CaO Na2O K2O TiO2 P2O5 LOI Total

JT-05 20.47 1.92 26.23 0.222 0.24 3.46 0.02 0.34 0.071 0.03 43.25 96.25
JT-03 20.80 1.33 25.69 0.585 0.26 4.70 0.01 0.24 0.040 0.02 38.11 91.78
JT-48 27.51 1.43 25.89 0.486 0.23 6.47 0.02 0.38 0.103 0.03 29.38 91.92

Regarding the trace elements (Table 6), the samples are enriched in the following potentially toxic
elements (PTE): Cu (850 to 980 ppm), Zn (2980 to 9000 ppm), As (453 to 569 ppm), Sn (573 to >1000 ppm),
Pb (1260 to 4730 ppm), and, to a lesser extent, Sb (38 to 60 ppm) and W (34 to 59 ppm). Sample JT03 is
the one that is more enriched in Pb and Zn, while sample JT05 is the one with the highest content of As.
The highest contents of Cu, Sn, Sb, and W were found in sample JT48. Zn and Cu can be hosted in
copiapites (soluble sulfate); on the other hand, Pb and As are hosted in minerals from the jarosite group
(less soluble sulfate). By comparison of these results with those obtained in other abandoned tailings
in Mexico—such as those of San Felipe [39] or those of Nacozari de García [40]—the studied tailings of
the Taxco mining district are those with the highest Zn and Cu enrichment; they are less enriched in
As and Pb than those in San Felipe (>6000 ppm As, >8000 ppm Pb) [39] but much more enriched in
these elements than the tailings of Nacozari de García (29 ppm As, 39 ppm Pb) [40]. Based on the XRD
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mineralogical data, we can confirm that these potentially toxic elements are clearly associated with the
hydrated iron sulfates. The concentrations of Cu, Zn, As, Pb, Sn, and Sb exceed for all the samples the
maximum permissible limits of toxicity for soils reported by the World Health Organization [41] and
the regulations of the Secretary of Environment and Natural Resources (SEMARNAT) of the United
States of Mexico [42].Minerals 2020, 10, x FOR PEER REVIEW  16  of  25 
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Figure 8. Microphotographs of samples with efflorescence. JH: Xochula; JT: Remedios. (a) Sample
JH41, prismatic gypsum crystals; (b) Sample JH02, general aspect of the sample with different types
of sulfates (mainly jarosite with anhedral crystals and tabular copiapite); (c) Sample JH48, tabular
copiapite crystals; (d) Sample JH48, gypsum, jarosite, and clay minerals (central part), with tabular
copiapite crystals at the external part; (e) Sample JT03, general appearance of the sample. It is observed
that the sample is formed by an irregular mixture of different types of sulfates mixed with residues of
the primary material; (f) Sample JT03, aggregate of copiapite crystals. In scale bar um = µm.
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Table 6. Induced coupled plasma mass spectrometry (ICP–MS) analysis of some important trace
elements from three samples of Remedios tailings. Concentrations in µg g−1 (ppm). Detection limits:
Cu (10), Zn (30), As (5), Sn (1), Sb (0.2), W (10), Pb (30). RBV: Regional background values [23];
NOM-141: NOM-141-SEMARNAT-2003 [42].

Sample Cu Zn As Sn Sb W Pb

JT-05 850 2980 569 815 37.6 45.8 1260
JT-03 880 9000 453 573 48.6 33.6 4730
JT-48 980 6920 519 >1000 59.5 58.8 2830
RBV 25 64 30 - 9.0 - 26

NOM-141 100 100 20 - - - 100

4. Discussion

4.1. Mineral Zoning of the Mining Waste

To establish the mineral zoning, the quantitative XRD results of the seven defined mineralogical
groups (primary minerals, phyllosilicates, secondary hydrated sulfates, tertiary hydrated sulfates,
alunite group, gypsum, and iron oxides and hydroxides) have been used as variables to (a) draw a
contour map for Xochula (Figure 9) and Remedios Tailings (Figure 10) and (b) calculate a dendrogram
using hierarchical clustering (Figure 11) that illustrates the statistic association between these groups
in each of the tailings.Minerals 2020, 10, x FOR PEER REVIEW  18  of  25 
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Figure 9. Contour map calculated from the quantitative data obtained using X-ray diffraction and
the Rietveld method for Xochula (JH)) tailings. The groups considered are: primary minerals (pyrite,
fluorite, calcite, and feldspars) in brown color, phyllosilicates (micas, smectites, kaolinite, chlorite) in
light green color, secondary hydrated sulfates (Fe2+) in dark green color, tertiary hydrated sulfates
(Fe3+) in blue color, alunite group minerals (mainly jarosite) in cyan color, gypsum in purple color,
and iron oxides and hydroxides (schwertmannite, ferrihydrite, hematite, and goethite) in red color.
The black line represents the outline of the tailings (superficial and lateral views).
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Figure 10. Contour map calculated from the quantitative data obtained using X-ray diffraction and the
Rietveld method for Remedios (JT) tailings. The groups considered are: iron oxides and hydroxides
(schwertmannite, ferrihydrite, hematite, and goethite) in red color, phyllosilicates (micas, smectites,
kaolinite, and chlorite) in light green color, secondary hydrated sulfates (Fe2+) in dark green color,
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gypsum in purple color. The black line represents the outline of the tailings (superficial view).
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Figure 11. Dendrogram based on the quantitative X-ray diffraction data calculated with the Rietveld
method. The groups considered are: primary minerals (pyrite, fluorite, calcite, and feldspars),
secondary hydrated sulfates (Fe2+), tertiary hydrated sulfates (Fe3+), alunite group minerals (mainly
jarosite), phyllosilicates (micas, smectites, kaolinite, and chlorite), gypsum, iron oxides and hydroxides
(schwertmannite, ferrihydrite, hematite, and goethite). (A) Xochula (JH) and (B) Remedios (JT).

Based on these graphs, two different mineralogical zones have been distinguished for both tailings,
which are the central, more horizontal area and the lateral or edge zone of the tailings. Secondary
and tertiary hydrated soluble sulfates clearly predominate in the lateral zones and are practically
non-existent in the central part of the tailings (Figures 9 and 10). Comparing the lateral areas of both
tailings, tertiary (with Fe3+) hydrated soluble sulfates predominate in Remedios, while secondary ones
(Fe2+) are more abundant in the Remedios tailings. In both tailings, there is a good correlation between
poorly soluble sulfates (jarosites and gypsum). However, while in the Xochula the distribution of
alunite mineral group is similar to Remedios, the distribution of gypsum is more uneven. The iron
oxides are distributed throughout all the Remedios tailings and correlate well with the distribution of
primary minerals. In Xochula, the presence of iron oxides is much more reduced, and its distribution is
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directly related to the presence of jarosite (Figure 11A). The relationship between phyllosilicates and
primary minerals is very clear in Xochula and less in Remedios, where the phyllosilicates are only
found in the central part. These results are concordant with the color (yellowish to intense orange,
violet, blue in the lateral part) distribution in the tailings.

The described zonation was governed mainly by the water runoff. In the areas through which the
deposits drain, a greater presence of efflorescent salts was observed. In places where drainage channels
were absent, few agglomerations of the efflorescent salts were observed. Runoff water infiltrates from
the surface to the internal part and the sides of the tailings, precipitating by evaporation many of the
elements that it carries in solution. The formation of the efflorescence occurs when the water saturated
in different elements evaporates, depositing sulfates in the lower and lateral parts of the deposit. In the
superficial part of the waste deposits, secondary minerals were mainly non-soluble sulfates such as
gypsum and jarosite, as well as more evolved minerals such as iron oxides.

4.2. Comparison of the Xochula Tailings with the Remedios Tailings

Xochula (JH samples) is an old tailing (probably more than 100 years old) with the development
of soil and vegetation on its surface. Remedios (JT samples) is a younger and bigger deposit without
evidence of vegetation or soil formation, which is characterized by a greater diversity and abundance
of soluble hydrated sulfates. In the case of Xochula, the predominant tertiary hydrated sulfate (with
Fe3+) mineral is coquimbite, while for Remedios (JT samples) it is copiapite. Both tailings have a lot
of quartz, but other primary minerals such as potassium feldspar or small amounts of calcite were
only identified in the Xochula tailings. Pyrite was identified in 13 JH samples and only in seven JT
samples. Phyllosilicates are also more abundant for JH samples, whereas oxides and hydroxides,
gypsum, and jarosite are at a higher abundance in JT samples. The presence of these clays on the
surface of the tailings is related with the settlement of the soil and vegetation.

Almost all the identified sulfates are of iron, indicating that the tailings were originally deposits
of residual pyrite. Being ancient accumulations and based on the obtained mineralogical results, it is
interpreted that both have undergone several alteration cycles over the time that they have been
exposed to weathering. The mineralogical evolution in both tailings is quite similar and can be
classified as advanced. However, the irregular distribution of non-oxidized pyrite in tailings as old
as these can only be related to waste dumping in more recent times (different episodes). The great
abundance of gypsum without residues of calcite in the Remedios tailings could be an indication of the
use of carbonates as a remediation mechanism in this bigger deposit.

4.3. Genetic Model

Different authors [3,9,10,36] have demonstrated that the first hydrated iron sulfate that is formed
during the pyrite alteration sequence is melanterite [FeSO4·7(H2O)], and that the process that allows
its formation is evaporation. In the case of the tailings studied in Taxco, this mineral was found only
in two (JT03, JH04) of all analyzed samples, which was attributed to the fact that melanterite is a
mineral highly sensitive to changes in humidity and temperature, which means it could have been
transformed easily to another phase. The blue-green colorations observed in the field (Table 1) suggest
the presence of this mineral. From the melanterite, other iron (divalent) sulfates were formed by a
dehydration process, such as rozenite [FeSO4·4(H2O)], which was present in the samples JH37, JH38,
JH39, JT04, JT16, JT20, JT35, JT44, JT46, JT47 and JT49 and szomolnokite [FeSO4·H2O], which is a
mineral that was found in samples JH38, JH39, JT03, JT06, JT47, and JT49. It is known that rozenite
precipitates are associated with very acidic (pH ≈ 1) drainage waters [33]. Once the szomolnokite had
been formed, the oxidation process began, and the dehydration continued to form di-trivalent iron
sulfates, such as copiapite [Fe2+Fe3+

4(SO4)6(OH)2·20(H2O)] (14 samples of JT and three samples of
JH) and coquimbite [Fe2-xAlx(SO4)3·9(H2O), x~0.5], which were found in 11 samples (JT09, JT26, JT28,
JT32, JT39, JH01, JH05, JH08, JH32, JH34, and JH37). It is known that ferrocopiapite precipitates from
extremely Fe3+-rich solutions [43].



Minerals 2020, 10, 871 20 of 24

In many of the samples, these minerals originated by oxidation were mixed with other
phases formed by dehydration; this mixture of processes acting on the same sample gives rise
to the mineralogical variability that was identified. In a more evolved stage, schwertmannite
[(Fe8O8(OH)6(SO4)·n(H2O)] was formed by the rapid oxidation of Fe2+ in acidic conditions [36].
This mineral was only identified in sample JH37, but due to its low crystallinity, it could also be present
in other samples. It would be necessary to use other techniques such as Raman or X-ray absorption
spectroscopy [44,45] to confirm its identification.

Iron oxides and hydroxides identified during the study were ferrihydrite, goethite, and hematite.
These minerals can be formed by the oxidation and hydrolysis of primary sulfides, especially pyrite.
During the iron oxidation processes, the first phase that was precipitated by hydrolysis was ferrihydrite,
but since it is a metastable material, it later changed to goethite or hematite. Another possible option
for the formation of ferrihydrite in the studied area is through the dissolution–oxidation of hydrated
sulfates such as rozenite, szomolnokite, copiapite, and coquimbite. Once formed, ferrihydrite can
be decomposed by dehydration to form goethite. If dehydration continues, hematite is formed.
Ferrihydrite was only found in three samples (JT04, JH22, and JH36), which indicates that if it was
formed at an earlier stage, it may have already transformed to form goethite or hematite. This mineral
was not found mixed with other oxides. Hematite and goethite were observed as mixed phases in
many samples.

Oxides were formed by the two aforementioned processes: the uninterrupted process of alteration
of pyrite (during the wet or rainy season), and the dissolution–dehydration of ferrous sulfates,
which would have been formed prior to the interruption of the oxidation process of pyrite during the
dry period. Their possible formation by bacterial activity was not demonstrated in this work, but it
is important to mention that, as presented by [36] in his training model, the biological environment
plays a decisive role in their formation. For example, the bacterium Acidithiobacillus ferrooxidans is
an acidophilic bacterium with a physiology based on the fixation of carbon from atmospheric CO2,
obtaining its energy from the oxidation of iron.

Jarosite is represented in half of the Xochula tailings samples and in almost all the samples from
Remedios tailings (the exception of six samples). Oxides were probably formed from the alteration of
the jarosite; therefore, associations of jarosite–goethite–hematite were observed in several samples.

The stability of the jarosite depends on the pH; with the increase of pH values, jarosite tends
to transform into goethite. If the sulfuric acid generated by the primary oxidation of pyrite is not
neutralized, the pH decreases; under these conditions, jarosite is formed from ferric iron oxides.
An important role in the production of jarosite during the oxidation of ferrous iron is the bacterial
activity of Acidithiobacillus ferrooxidans [46]. Based on this, three evolutionary stages are proposed to
explain the formation of these mining wastes (Figure 12).

Stage 1: Rozenite, szomolnokite, hexahydrite, and halotriquite (secondary sulfates), which
were formed by the progress of oxidation and dehydration, were identified in both tailings [36].
The scarcity of melanterite and the presence of minerals that—according to the model of genetic
evolution—are subsequent to this indicates that melanterite was probably formed, but it disappeared
by continuous action of the same processes forming rozenite, which is the secondary hydrated sulfate
that is more common in efflorescences of Xochula and Remedios tailings.

Stage 2: The second stage of minerals in the analyzed tailings are represented by the presence of
copiapite and coquimbite (tertiary sulfate minerals), which are generated by the oxidation–dehydration
of the minerals of the first stage. However, a mixture of minerals of both stages is observed in
general; this may be the result of only a part of the minerals in the first stage having been altered,
or that—within the same sample—these processes were acting simultaneously, leading to a stepped
sequence of alteration.
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Stage 3: The third stage of pyrite alteration in these tailings is represented by the presence of
schwertmannite and ferrihydrite. Although they were identified in the studied sites, these minerals
are found only in small amounts. This shortage is because they represent the last stage of alteration in
which more stable minerals (goethite and hematite) are generated and there is still the generation of
acidity in the deposits. The appearance of schwertmannite and ferrihydrite showcases the depletion of
sources of acidity, according to [34].

According to [8], the efflorescences are a result of the consumption of the neutralization potential of
the gangue minerals. The leached that determined the formation of efflorescent minerals is considered
the final step in the evolution of the acid drainage system; at this point, it is too late for preventive
actions, and only remediation tools can be applied (soil compactation, seal with clay, covers with
sludge, dry covers, etc.) to avoid more affectations in the ecosystems [47]. For the Remedios and
Xochula tailings, since they are small waste deposits, harvesting the efflorescences before the rainy
season would reduce the risk of surface water contamination.

5. Conclusions

Xochula and Remedios tailings were both exposed to weathering for more than 50 years, developing
a thick oxidation zone with jarosite as a predominant mineral and abundant efflorescent salts (secondary
and tertiary soluble hydrated iron sulfates) in the borderline surface and lateral parts, where runoff

water flows. As a result of this distribution, the removal of the efflorescences before the rainy season
starts is a good alternative to avoid contamination of the water or air. Similarly to other efflorescences
studied around the world, three paragenetic stages of the formation of efflorescent minerals were
observed in both tailings. In the first stage, ferrous sulfates such as rozenite were formed; in the second
one, ferrous and ferric sulfates (mainly copiapite and coquimbite) predominate; and in the final stage,
iron hydroxides and oxides appear. The irregular distribution of non-oxidized pyrite in tailings as old
as these can only be related to waste dumping in more recent times. The Remedios tailing is a younger
and bigger deposit than Xochula, presenting greater mineralogical diversity but similar advanced
mineralogical evolution.
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The SWIR technique proved to be very useful to quickly discriminate the samples with soluble
sulfate. However, this technique did not allow for the individual sulfate minerals to be discriminated
from each other, since the samples are mineralogically complex mixtures of minerals with very similar
SWIR patterns. Only for the most abundant minerals (>25% in weight of the sample) was it possible to
conduct their discrimination by SWIR by comparison with the literature spectra. The X-ray diffraction
technique using the Rietveld refinement method turned out to be an ideal tool to characterize and
quantify all the individual phases. Furthermore, statistical tools applied to the quantitative XRD results
allowed us to establish the genetic relationship between the different mineralogical groups.

The geochemical data showed that efflorescent salts present concentrations of potentially toxic
elements (especially Zn, Cu, As and Pb) well above the values recommended by the World Health
Organization and the country’s legislation, demonstrating that the Xochula and Remedios tailings
are still potentially harmful long after they were dumped. Tailings derived from ores similar to the
ones in Taxco will not be mineralogically stabilized even after many decades of weathering, but their
morphological exposure will progressively be confused with the landscape, making them a permanent
source of contamination.
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