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Abstract

The evaporation of As-rich leachates generated by the weathering of sulfide-
rich mine wastes accumulated in abandoned tailing dams of the La Concordia mine,
triggers the widespread precipitation of saline crusts and efflorescences. Because
these salts are highly soluble, they may release high concentrations of arsenic after
rainfall events. Thus, the goal of this work is to assess the solid speciation of As in
these efflorescences, which may help to understand the short-term cycling of As in the
site. The results reveal that As is present only as As(V), while its capacity to be
retained in the salts highly depends on their mineralogical composition. Hydrous
sulfates, such as gypsum and epsomite show a very low capacity to scavenge As,
while copiapite retains the highest concentrations of this element. The spectroscopic
evidences suggest that in this mineral, As(V) is included within the lattice, substituting
sulfate in the tetrahedral sites. Because copiapite is highly soluble, it may be
considered as one of the most important transient reservoirs of As in the site that can
release high concentrations of this hazardous pollutant during the occasional rainfall

events produced during the wet season.
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1. Introduction

Acid mine drainage (AMD) is a common product of the alteration of metal
sulfide wastes in areas where abandoned or still active metal sulfide mining operations
are present. Leakage of this highly acidic solution, rich in toxic metals and metalloids
may negatively affect the quality of water in nearby reservoirs. In recent years however,
the studies of the solid products of the alteration of metal sulfide wastes are gaining
attention, because these materials can scavenge the metals released by sulfide
alteration upon exposure to the atmospheric agents. The newly-formed minerals, that
usually precipitate by the evaporation of the acid drainage in the form of saline
efflorescences or spread within the residues, mainly consist of efflorescent (hydrated)
sulfates, Fe(lll) (oxy)hydroxides, (oxy)hydroxysulfates, (sulfo)arsenates, and
(sulfo)arsenites (e.g., Drahota and Filippi, 2009; Lottermoser, 2010; Majzlan et al.,
2014). Due to the high solubility of many of these efflorescent minerals, the climate has
an important control over their formation and the consequent mobilization or retention
of metals and metalloids. In arid and semiarid climates with prolonged dry periods,
thick crusts of salts usually form at the mine site by evaporation of the effluents
resulting of the sulfide alteration, that migrate upward by capillary action (Olyphant et
al.,, 1991; Dold, 1999). Because these salts are highly soluble, they represent a
temporal source of pollution to the water, as they release metals and metalloids after
rainfall events. The cycle of salt precipitation and dissolution results in seasonal
variations in water quality, that adversely affect surrounding ecosystems (Alpers et al.,
1994).

Arsenic (As) is one of the most hazardous contaminants released by the
oxidation of sulfide-rich mine wastes, due to its toxicity and high mobility in natural
environments. In arid regions impacted by acid drainage, As may co-precipitate as an

impurity along with a wide variety of secondary minerals, such as schwertmannite and



jarosite (e.g., Nordstrom and Alpers, 1999; Bigham and Nordstrom, 2000) as well as
metal arsenates and sulfoarsenates (Drahota and Filippi, 2009). These secondary
phases may precipitate either as amorphous, poorly crystalline or well-crystallized
products, cementing and encrusting tailings particles on a laterally extensive or
discontinuous scale (Lottermoser and Ashley, 2006). A number of works have reported
the preferential association of As with amorphous or poorly crystalline ferric
(hydr)oxides, as well as with reactive ferric arsenates formed as alteration products of
primary sulfides. Most of them proposed that the desorption from these minerals or
even their dissolution control the release of As to the water (e.g., Drahota et al., 2016;
Nieva et al., 2016; Kocourkova et al., 2011; Lottermoser, 2010).

The abandoned Concordia mine waste dump (Fig. 1; 4200 m a.s.l.) represents
a local source of As pollution in the Puna region of Argentina (Central Andes). In this
region, climate is semiarid, characterized by wide daily temperature variations and
rainfall concentrated in one season. The annual average precipitation during the fall-
winter seasons is 30 mm, and 149 mm in spring and summer (Bianchi y Yanez, 1992).
The mean annual temperature in the area is 8.7°C, but temperatures as high as 40°C
can be recorded during summer while in winter night temperatures of about -25°C are
frequent. The region has a negative water balance throughout the vyear;
evapotranspiration is maximum in the summer months (exceeds 900 mm year™)

coinciding with the summer precipitation regime.
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FIGURE 1. Map of La Concordia mine site showing the location of the sampling points.
The images show the characteristics of the salts crusts formed at the Concordia’s

streambed and at the tailing sidewalls ans pores in the two sampling periods.

The Concordia mine exploited Pb, Ag, and Zn from an epithermal ore deposit of
high sulfidation type (Zappettini, 1990), until 1986 when the activities finished
(Argafiaraz et al., 1982). In operation, the residues were stored in four tailing dams that

were abandoned after closure. In the following 30 years, the oxidation of metal sulfides



accumulated in the tailing dams upon weathering agents resulted in the formation of a
large variety of secondary minerals and the generation of highly acidic solutions rich in
dissolved metals and metalloids that drained into the Concordia creek (Nieva et al.,
2016, 2018, 2019). Leaching experiments performed with suspensions of the tailing
residues in milliQ water (equilibrium pH ~3) demonstrated that As was rapidly released
after 1 h of sediment-water interaction (i.e., Nieva et al., 2016). This fraction was
associated with the abundant and highly soluble metal hydrated sulfates identified by
SEM/EDS and XRD measurements in the salts spread on the mine site surface. XAS
analysis performed in these wastes (i.e., Nieva et al., 2019) revealed that the more
labile As-phases correspond to amorphous ferric arsenates and arsenate ions
adsorbed on or included into jarosite/schwertmannite. Despite the leaching of the mine
wastes can contribute high concentrations of As and heavy metals to the Concordia
Creek (Nieva et al., 2016; 2018), it has been demonstrated that sulfate salts associated
with mine wastes are also a hazardous source of periodic contamination, particularly
after rainfall events (e.g., Bayless and Olyphant, 1993; Alpers et al., 2000; Frau, 2000;
Jerz and Rimstidt, 2003; Canovas et al., 2008, 2010). Regarding the high
concentrations of As determined in saline crusts deposited at the Concordia mine site
(i.e., Nieva et al., 2016), it is expected that their dissolution due to flush out processes
at the beginning of the spring rainfalls may produce peaks of increasing concentrations
of As in the Concordia Creek’s waters. Therefore, the aim of this work is to assess the
As solid speciation in saline efflorescences formed by the evaporation of the AMD,
which may help to understand the short-term cycling of As in mine-waste disposal

sites.



2. Materials and methods

2.1. Sampling

Samples were collected from three main locations in the mine site: a)
streambed and riverbanks; b) exposed walls of the tailing dams, and c) salts
disseminated as small crystalline aggregates in the mine wastes (Fig. 1). Samplings
were carried out in June 2014, during the dry season, and in April 2016, at the end of
the wet season. Samples were collected using a Teflon shovel in order to avoid metal
contamination, double bagged in sealed low O, diffusion plastic bags and transported

to the laboratory refrigerated at 4 °C, where they were air-dried before analysis.

2.2. Mineralogical analysis

The mineral characterization by X-ray powder diffraction (XRPD) was performed
using a Philips X’Pert Pro diffractometer (40 kV, 40 mA), in Bragg—Brentano reflection
geometry with Cu Ka radiation (A = 1.5418A). The data were recorded between 5° and
70° (20) in steps of 0.02° and 10 s per step. The refinement of the crystal structures
was performed by the Rietveld method (Rietveld., 1969) using the FULLPROF program
(Rodriguez-Carvajal, 1993). A pseudo-voigt shape function was adequate to obtain

good fits in all cases.

2.3. Chemical analysis

The chemical composition of salts was determined in extracts obtained after
dissolution in deionized water (18 MQ cm™, MilliQ, Millipore Corp.). About 1.00 g of
sample was dissolved in 50 ml of MilliQ water, using polypropylene tubes with plug seal
cap, and stirred for 1 day. The obtained leachate (equilibrium pH 3-4), that corresponds
to the water soluble fraction of the salts, was separated from the residue and analyzed
by ICP-MS (Agilent 7500cx). The remaining residue was dried and weighted in order to

calculate the mass of dissolved salts. For elemental determinations, calibration curves



were run before the samples measurements. The calibration solutions were prepared
using ultrapure 2% HNOg3, and certified stock solutions. Sample blanks were analyzed
every set of 8-10 samples for correction of background effect on instrument response.
Metal concentrations in the samples were calculated with the ChemStation
spectrometer software. The limits of detection were calculated as three times the

instrumental standard deviation, obtained after 10 replicates of blank solutions.

2.4. uX-ray fluorescence (u-XRF) and u-XANES analysis

X-ray fluorescence measurements were performed at the DO9B XRF beamline
of the Laboratorio Nacional de Luz Sincrotron (LNLS), in Campinas, Brazil (Pérez et
al., 1999). In addition, uXANES analyses were performed in specific areas of the XRF
maps where high concentrations of As were identified. The setup for u-XRF
experiments and for the collection of the uXANES As K-edge spectra of the samples

and references is described in detail in the Sl file.

2.5. XAS data collection

XAS (X-ray absorption spectroscopy) spectra were collected at the XAFS 2
beamline of the Laboratério Nacional de Luz Sincrotron (LNLS), in Campinas, Brazil.
Details of the line setup for the collection of As K-edge and Fe K-edge spectra in both
transmission and fluorescence modes, standards and samples preparation, and the
methodology followed for the analysis of the XANES and EXAFS data are described in

the Sl file.

3. Results
3.1 Mineralogical composition of the salts associated with mine wastes
The mineralogical composition of the studied salts is reported in Table 1, while

XRD spectra and Rietveld refinement are shown in the supplementary information (Sl)
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file. In general, clastic minerals such as quartz and micas are important constituents in
the salts collected in the dry season, because these minerals are preferentially
transported during winter by the intense winds of the Puna region (e.g., Gaiero et al.,
2013) and deposited in the river valley or attached to the tailings sidewalls. On the
other hand, the salts formed at the end of the wet season are dominantly composed of
evaporitic minerals. Yellowish salts precipitated in the La Concordia streambed during
the dry period are composed of apjohnite, quartz, and nearly similar proportions of
halotrichite and epsomite. Gypsum and As-jarosite are minor phases in the sample. At
the end of the wet season, the riverbanks “salts are white, and show a quite different
mineralogy, as the main component is the Mg-bearing hydrated sulfate epsomite,
which represents nearly 50% of the mineralogical composition. Some other hydrated

sulfates identified in this sample are tamarugite, apjohnite, szmikite, goslarite, and

gypsum.

Table 1. Mineralogical composition of efflorescent salts from La Concordia Mine

Streambed and Tailing mine walls Mine wastes
riverbanks (SB) (TW) matrix (MW)
Phases (%) dry season  wet season  dry season wet season  wet season
Quartz Sio, 22 69 5 8
Muscovite KAI,(SizAl)O19(0OH,F), 16
Gypsum CaS0O,4+2H,0 2 3 5
Jarosite KFe;"(S0,),(OH)g 4 6 1
As-jarosite PbFe;"(As0,)(S04)(OH)s 3 2
Coquimbite Fe®*5(S04)3*9H,0 4 30
Copiapite Fe?*Fe® 4(S0,)s(OH),+20H,0 76 43
Halotrichite Fe?* Al,(SO,)4+22H,0 15
Apjohnite Mn?*Al,(S04),+22H,0 44 5
Tamarugite NaAI(SO,4),*6H,0 27
Epsomite MgSQO,4+7H,0 14 49
Szmikite Mn?*SO4*H,0 15 4
Chalcanthite CuSQ,4*5H,0 18
Goslarite ZnS0O4+7H,0 1 9
%2 2,42 521 3,24 5,80 3,70

The reddish salts formed at the exposed walls of the tailing dams during the dry
season are mostly composed of clastic minerals such as quartz and muscovite, while
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hydrated and hydroxy sulfates such as gypsum, szmikite, jarosite and As-jarosite are
minor constituents. On the contrary, at the end of the wet season, these salts,
dominantly of yellow color, are composed of copiapite, with minor presence of quartz,

jarosite, As-jarosite, gypsum, and szmikite.

The aggregates of salts disseminated in the wastes show a clear blue color and
their mineralogical composition is dominated by copiapite, coquimbite, and
chalcanthite, minerals that represent more than 90% of their total composition. The Cu-
bearing hydrated sulfate chalcanthite is likely responsible for the characteristic blue
greenish color of these salts. Finally, quartz and jarosite are also present, but in much

lower proportion.

3.2 Chemical composition of the water-soluble fraction of efflorescent salts

The chemical composition of the water-soluble salts precipitated during the dry
and wet seasons on the streambed and riverbanks (SB), and tailing mine walls (TW) is
shown in Table 2. The salt aggregates dispersed in the mine wastes matrix (MW) were
only identified in the sampling campaign carried out in the wet season, and thus, only
chemical data of this period are available. The percentages of the water soluble
fraction in these samples is also reported, along with the pH values of the suspensions

recorded after 24 h of salt-water reaction.

Table 2. Chemical composition the water-soluble fraction of the study samples after 24 h of
salt-water reaction.

Samples pH % Na Mg Al K Ca Fe Mn Cu Zn As Pb
24h  soluble % mg
fraction Kg*
Dry
season
TW 2.98 31.6 0.14 1.62 228 012 068 2710 156 276 634 97 27
SB 3.02 70.4 0.33 0.49 0.84 0.01 0.02 1.30 1.16 11 35 6 14
Wet
season
™ 311 87.9 1.62 2563 1428 094 041 4722 949 4976 4443 769 44



SB 4.05 95.5 10.16 2723 1911 0.28 042 010 4196 114 1123 024 0.1
MW 3.04 63.4 0.76 6.53 320 052 024 6428 4.05 3316 2201 204 23

The water-soluble fraction in the salts precipitated at the tailing dams” sidewalls
during the dry season corresponds to nearly 30% of the bulk sample, while in the
remaining samples, this fraction is higher than 60%. The pH values of the suspensions
varied from 2.3 to 4.0, and they slightly increased with time in the recorded period.

The major chemical composition of the water-soluble salts precipitated in the
site is closely associated with the evaporitic minerals identified in them, which are Fe,
Mn, and Mg sulfates, with a minor proportion of Al and Ca sulfates. The ternary
diagram of Figure 2 represents the variability of the relative contents of Fe, Mn and Mg
in the analyzed samples, and shows that the proportion of these elements vary along
the hydrological year, regardless of the site in which the sample is located. In the case
of the samples collected from the Concordia’s streambed and from the tailing’s
sidewalls, the relative content of Fe is much higher than those of Mg and Mn during the
dry season, while during the wet season, the relative content of Mg tends to be more
important. Because the salt aggregates spread in the tailings sediments matrix were
collected only during the wet season, the seasonal variation of their chemical
composition cannot be assessed; however, the relative contents of the three major
components Fe, Mg, and Mn in this sample is similar to those determined for the

soluble salts precipitated on the tailings sidewalls during the dry season.
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FIGURE 2. Ternary diagram showing the relative contents of Fe, Mn and Mg in the study salt
samples.

The As concentrations in the salts precipitated in the site vary from 0.24 to 769
mg Kg* (Table 2). The highest value was determined in the sample of the yellow salt
crust collected from the tailing’s sidewalls at the end of the wet season (sample TW-
W), while the lowest correspond to white salts that cover the streambed and riverbanks

of the Concordia Creek in the same period (sample SB-W).

4.3 XAS analysis

4.3.1. Fe speciation

Normalized Fe XANES spectra and the corresponding first derivative analysis of

samples and reference materials are available in the Sl file, as well as the positions of
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the main peaks determined from the first derivative spectra. Because most of the Fe
compounds identified in the study samples have overlapping peaks in XANES spectra
(O'day et al., 2004), the first derivative values can only be indicative of the oxidation
state of Fe.

LCF analysis was conducted in order to quantify the proportion of the Fe
phases that were previously identified with the XRD and chemical analyses. The
results show that Fe (lll) species are dominant in all samples except in the salts
precipitated in the tailing matrix and tailing sidewalls during the wet period (Table 3,
Fig. 3), where Fe(ll) sulfate species represent more than 50% of the total Fe phases in
the samples. The Fe(ll) species could be assigned to copiapiate, an Fe(ll)-Fe(lll)
mineral that was only identified in these two samples. On the other hand, Fe is present
as Fe(lll) phases in minerals such as jarosite and copiapite, both of them also identified
by XRD, and schwertmannite, a poorly crystalline mineral that is a common product of
alteration in sulfide-rich mineral wastes. Besides, a small proportion of Fe(lll) in the

form of FeAsQ, was fitted in the samples of salts collected from the tailing’s sidewalls.

Table 3. Results of linear combination fits of the Fe K-edge XANES spectra of the Concordia
mine salt samples collected during the dry and wet seasons. The energy range in the normalized
XANES spectra was 7100-7220 eV. Values in parenthesis correspond to the standard deviation.
The residual factor (R) and %2 provide a measure of the goodness of the fit.

Samples LCF -XANES Statistical
Salts parameters
As-Jrs® As-Schw® Scorodite” Ferrous sulfate® e R factor
Dry season
Streambed and 63.9 (3.5) 32.7 (4.2) 3.5(5.5) 0.0003 0.0004
riverbanks (SB)
Tailing mine walls ~ 55.2 (2.7) 30.3(1.8) 11.5 (3.3) 3.1(0.3) 0.0001 0.0001
(TW)
Wet season
Streambed  and  65.2 (2.9) 30.9 (3.5) 3.9 (4.6) 0.0002 0.0003
riverbanks (SB)
Tailing mine walls ~ 25.7 (5.9) 21.2 (4.1) 2.3(0.8) 50.8 (7.3) 0.0003 0.0004
(TW)
Mine wastes 3.0(2.7) 32.9 (3.6) 64.1 (4.5) 0.0002 0.0002
matrix (MW)

12



a Synthetic As(V)-jarosite and schwertmannite (Nieva et al., 2019).
b Natural scorodite (FeAsSQy).

¢ Analytical grade reagents ferrous sulfate.

Wet season [\

7080 7100 7
Energia (eV)

Reference
As-schwertmannite
D As-jarosite
o oo
B reso,

TH0U TI20/ TaD 7180 TIBO 200 Z20 TOBO 7100 TI20 74D TID0 TIBO 7200 YO

Energla {eV) Energla (eV)

FIGURE 3. Linear combination fits of the Fe K-edge spectra for the study samples. Thick solid
lines depict measured spectra; red solid lines indicate fit results. The quantitative data for the
fittings are provided in Table 3. All the reference compounds mentioned in the Sl file have been
considered in the LCF analysis

The analysis of the EXAFS region of the XAS spectra was only performed in
samples collected at the tailing’s sidewalls, because only these spectra showed less
noisy signals. The Fe-EXAFS parameters fitted in the spectra of the red salts
precipitated at the tailing’s walls during the dry season suggest the presence of As-
jarosite and schwertmannite. The first shell represents Fe(lll) atoms in octahedral
coordination with six oxygen atoms (Table 4). The O atoms are positioned in two
layers, four of them at 1.95 A and the remaining two at 2.04 A. In addition, two S atom
are located at 3.24 A from the central Fe atom. Although these arrangements are
typical of jarosite (Menchetti and Sabelli, 1976), the Fe-K shell characteristic of this

mineral could not be identified, probably because this signal is depleted due to the
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presence of arsenate, as reported by Savage et al. (2005). Besides, the high ¢ value
obtained for the Fe-S shell (6°=12.107% A?) indicates that the sulfate tetrahedral site is
quite disordered at the short-range scale. Furthermore, an Fe-As shell could be
considered in the model, regarding the values of R (~3.31 A) and N (3.82). This shell is
typical of scorodite (Kitahama et al., 1975), a mineral that was not identified in this
sample. Thus, these results could be interpreted as the Fe-As distance in jarosite when
sulfate ions are substituted by arsenate (i.e., Savage et al., 2005). In summary, the
spectroscopic evidences such as the presence of fourfold-coordinated As with Fe
atoms, the absence of the Fe-K shell and the identification of a disordered tetrahedral
site clearly suggest the presence of As-substituted jarosite (As-jarosite). Similar
arrangements were identified in the Fe-EXAFS spectra of the sediments sampled from

the oxidation profiles of the study mine wastes (i.e., Nieva et al., 2019).

Two additional Fe-Fe shells were also fitted, with Ree.re = ~3.01 and 3.42 A, and
Nee-re = 1.34 and 3.8 respectively, which are typical values reported for schwertmannite
(Maillot et al., 2013; Nieva et al, 2019).

Table 4. EXAFS fitting results at the Fe K-edge for the sample TW-D and TW-W.
Experimental and calculated curves are shown in the Sl file. Fitted parameters include: N,
coordination number, R (A), interatomic distance, o (A?), squared Debye-Waller factor, AE,
(eV), energy difference accounting for phase shift between overall experimental spectrum and
FEFF calculation.

Sample Shell N R (A) o%(1x10% A%  AE,(eV) R-factor
Dry season
TW-D Fe-O 3.98 1.94 5 6.9 0.001
Fe-O 2.55 2.04 0.6
Fe-S 1.7(f) 3.24 12
Fe-As 3.82 331 8
Fe-Fe 1.34 3.01 2
Fe-Fe 3.80 3.42 28
Wet season
TW-W Fe-O 3.99 1.94 3 7.6 0.001
Fe-O 1.82 2.06 2
Fe-S 212 3.31
Fe-As 1.89 3.36 04
Fe-Fe 2() 3.05 4
Fe-Fe 2(f) 3.30 21
Fe-Fe 1(f) 3.63 6

(f) Fixed parameter.
Standard deviations of N (+ 0.3 atom), R (+ 0.3 A) and AE (+ 0.2 eV).

14



Fit quality was estimated using R-factor.

In the XAS spectra corresponding to the salts collected at the end of the wet
season from the tailing sidewalls, the first shell of coordination corresponds to Fe
atoms in octahedral coordination with four O atoms at a distance of 1.94 A and two
apical O atoms at 2.06 A. The second shell is assigned to Fe-S, characterized by R =
3.31 A and N=2.12 (Table 4), while a Fe-As shell, characterized by R ge.as = 3.36 A and
N = 1.86 was also fitted. The parameters of the second shell (Table 4) are similar to
those reported by Paktunc et al. (2013) for Fe-S in arsenate-bearing Fe(lll) sulfates
that incorporate increasing concentrations of arsenate in their lattices. Low N values
(i.e., ~2) determined for this shell in the study samples might be interpreted as an
evidence of arsenate by sulfate substitution in the corresponding sulfate tetrahedral
site. The third Fe-Fe shell was fitted by fixing the coordination value (i.e., N =1). The
calculated distance (R = 3.63 A) is assigned to corner linked FeOg octahedra along the
octahedral chains in arsenate-bearing Fe(lll) sulfates. Finally, the distances fitted at
3.05 and 3.3 A with N = 2 are assigned to Fe-Fe shells in schwertmannite (Forsyth et

al., 1968, Malillot et al., 2013).

4.3.2. As speciation

Normalized As XANES spectra and the corresponding first derivative analysis of
samples and reference materials are available in the SI file, as well as the positions of
the main peaks determined from the first derivative spectra. All samples show edge
features corresponding to As(V) compounds, regardless their location in the site and
the hydrological condition at the moment of sampling.

According to the LCF results, in all samples collected during the dry season,

arsenic is present in the form of three species: 1) As-jarosite; 2) As-schwertmannite,

15



and 3) Fe arsenates (Figure 4). At the end of the wet season, only species 1) and 2)

were identified in the study salts (Table 5).

Wet season l Mw

11;:14 110 |I;DZ AL * ¥
Energy (eV)

Dry season [ sB

Reference

WAs-schmmnmmm
:Arinﬂniu
_HHBFeAsO,

Normalized absorbance

AL 10 ALy RALVS ) 100
Energy (V) Energy (sV)

FIGURE 4 Linear combination fits of the As K-edge spectra for the study samples. Thick solid
lines depict measured spectra; red solid lines indicate fit results. The quantitative data for the
fittings are provided in Table 5. All the reference compounds mentioned in the Sl file have been
considered in the LCF analysis

Table 5. Results of linear combination fits performed on As K-edge XANES data of saline
samples. Linear combinations were made with the Athenas program (Ravel and Newville,
2005). The energy range in the normalized XANES spectra was 11,840-11,920 eV. The
residual factor (R) and 2 provide a measure of the goodness of the fit.

Samples LCF - Statistical
XANES parameters
As(V)-Jrs ? As(V)-Schw | Scorodite® X2 R factor
a
Dry season
Streambed 52.7 (0.4) 40.7 (0.5) 6.6 (0.7) 0.0005 0.0005
and
riverbanks
(SB)
Tailing mine | 44.2 (1.4) 50.5 (1.0) 5.3(1.7) 0.0016 0.0020
walls (TW)
Wet season

Streambed 11.9(9.9) 88.1(9.6) 0.0031 0.0037
and
riverbanks
(SB)
Tailing mine | 66.3 (0.4) 33.7(0.4) 0.0005 0.0004
walls (TW)
Mine wastes | 56.3 (0.6) 43.7 (0.7) 0.0010 0.0008
matrix (MW)

Values in parenthesis correspond to the standard deviation.
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& Synthetic As(V)-Jrs and Schw (Nieva et al., 2019)
® Natural Scorodite (FeAsOy).

Like in the case of Fe, the EXAFS region of the As K-edge spectra could only be
analyzed in the samples collected from the tailing”s sidewalls in both seasons. In the
sample collected during the dry season, the first shell corresponds to arsenate
compounds in a tetrahedral structure, with oxygen atoms located at 1.68 A from the
central atom (Table 6). This group may correspond to either arsenate ions sorbed onto
mineral surfaces or included within mineral's lattices. The second As-Fe shell is
characterized by R = 3.25 A and N= 2.2 (Table 6), values that have been already
reported for arsenate groups included within the jarosite lattice (i.e., Paktunc and

Dutrizac, 2003; Savage et al., 2005; Nieva et al., 2019).

Table 6. EXAFS fitting results at the As K-edge of the studied samples. Experimental and
calculated curves are shown in the Si file. Fitted parameters include: N, coordination number, R
(A), interatomic distance, 6° (A%, squared Debye-Waller factor and AE, (eV), energy difference
accounting for phase shift between overall experimental spectrum and FEFF calculation.

Samples Shell N R (A) o’(1x10°A?  AE,(eV) R-factor

Dry season

TW-D As-O 3.92 1.68 2 0.25 0.002
As-Fe 222 3.25 9

Wet season

TW-W As-O 3.97 1.68 1 7.48 0.007
As-Fe 4.20 3.34 5
As-Fe 2.80 3.53 2

Standard deviations of N (+ 0.4 atom), R (£ 0.1 A) and AE (x 0.5 eV).
Fit quality was estimated using R-factor.

In the sample collected during the wet season (TW-W), the first shell of
coordination also corresponds to arsenate groups. The parameters of the second shell
are similar to those reported for arsenate-bearing Fe(lll) sulfates (Rre.as = 3.34 A and
N=4.2; Paktunc et al., 2013). These results are in agreement with the results of the Fe-

EXAFS analysis (i.e., Fe-As shell) that revealed arsenate by sulfate substitution in
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arsenate-bearing Fe(lll) sulfates (Paktunc et al., 2013). Finally, the As-Fe shell fitted at
longer distances (i.e., R = 3.53 A), likely corresponds to adsorbed arsenate
monodentate complexes, which typically show interatomic distances at 3.6 A

(Waychunas et al., 1995).

4.4 Elemental associations (u-XRF mapping) and identification of As speciation (u-

XANES) in selected mineral grains

The spatial distribution of elements at a micrometric scale was analyzed in
specific mineral grains of salts collected during the dry period by y-XRF mapping. This
technique allows obtaining distribution maps of elements such as S, Fe, As, Ca, and K
at a precision of 0.5 ym.

Figure 5 shows the elemental maps obtained for some individual grains present
in the sample collected from the tailings ‘walls during the dry season. In this sample,
three zones of different composition can be identified: (i) areas rich in Ca and S that
correspond to grains of gypsum, in which As was not detected (Fig. 5a, spots 1); (ii)
areas rich in Fe, S and K that correspond to jarosite grains (Fig. 5b, spot 2); and (iii)
areas rich in Fe and S (without K) that likely correspond to schwertmannite (Fig. 5c,
spot 3). The areas enriched in As (Fig. 5c, spot 4) are mostly located at the edges of
the jarosite and schwertmannite grains which explains the good correlation between
the contents of As and Fe in the sample (Fig. 5 d). The As K-edge u-XANES
measurements performed in these zones, produced a peak at 11,873 eV, indicating the
presence of As (V) species (data available in the SI file). LCF analysis suggests that
the main As-bearing phases present in the analyzed grains correspond to arsenate
ions included in jarosite and in lesser extent to an Fe arsenate compound (Figure 5e,

Table 5).
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FIGURE 5. Elemental maps showing the distribution of a) Ca, As and S; b) Fe, S, and As in
individual grains of the sample collected from the Concordia streambed during the dry season;
c) dispersion diagram showing the strong correlation between As and S in the sample; d) results

of linear combination fits performed on As K-edge uXANES data collected from As-rich areas
of individual grains.

M-XRF maps performed in samples of the salts accumulated at the streambed
and riverbanks during the dry season, show that As is more homogeneously
distributed, and clearly associated with Fe. Like in the case of the salts precipitated on
the tailing ‘s walls during the dry season, elemental associations also indicate the
presence of As-free gypsum (Fig. 6a, spot 1). On the other hand, the frequently
observed Fe — S rich particles that correspond to the poorly crystalline schwertmannite,

also contain As (Fig. 6b, spot 2). Like in the previous case, LCF analysis of the As K-
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edge P-XANES spectra obtained from the As rich zones (Fig. 6d) also revealed the
presence of adsorbed arsenates and Fe arsenates, species that were identified using
the spectra of Na,HAsO, and scorodite mineral as standards representing these
potential chemical species respectively. Because the analysed As-rich zones are
attached to the schwertmannite grains, the LCF results are interpreted to correspond to
arsenate ions adsorbed onto this mineral, while FeASQ, is considered to correspond to

thin amorphous coatings precipitated at the surface.
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FIGURE 6. Elemental maps showing the distribution of a) Ca, As and S; b) Fe, S, and K, and
¢) Fe, S, and As in individual grains of the sample collected from the tailings ‘walls during the
dry season; d) dispersion diagram showing the strong correlation between As and Fe in the
sample; €) results of linear combination fits performed on As K-edge uXANES data collected
from As-rich areas of individual grains.

5. Factors that control the mineralogy of the evaporitic phases in the mine site

As reported in many sulfide mine sites worldwide (i.e., Frau, 2000; Jerz and
Rimstidt, 2003; Hammarstrom et al., 2005; Velasco et al., 2005; Stumbea et al., 2019),
the chemical and mineralogical variability of the efflorescent sulfates precipitated on the
Concordia streambed and tailing”s sidewalls under contrasting hydrological conditions
are controlled by the wetting-drying seasonal cycles of the region. In the study area,

wetting consists of occasional, short rainfall events, which mainly occur during the
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austral summer months. Consequently, the site is never flooded, and the oscillation of
the redox conditions never occurs in either the wastes or the riverbed sediments.
Instead, over the past 30 years, a progressive oxidation of the metal sulfides
accumulated in the tailing dams has occurred (i.e., Nieva et al., 2019). This is evident
not only from the chemical and mineralogical composition of the tailing dams ‘wastes
but also in the mineral assemblages of the study salts, which are composed exclusively
of the oxidized species of the redox-sensitive elements (i.e. metal sulfates, ferric
oxyhydroxy-sulfates, and arsenates). The absence of transient reducing conditions has
also implications on the release of metal(oids) to the water in contact with these salts,
as it prevents the reductive dissolution of the Fe (hydr)oxides and the concurrent
release of the adsorbed elements, particularly As. This a common process in farm
soils, wetlands and coastal soils affected by periodic waterlogged conditions (e.g.,
Garcia et al.,, 2007; Frohne et al., 2011; Fan et al., 2014; Shaheen et al., 2016;
LeMonte et al., 2017). In addition to climatic conditions, the mineralogy of the salts also
depends on their location in the landscape of the mine site, because this factor controls
the extent of exposure of the salts to the atmospheric conditions.

Unlike the efflorescent salts formed in more sheltered areas, such as tailing’s
sidewalls or within the wastes, that mostly consist of Fe sulfates, the crystalline salts
precipitated on the Concordia streambed and riverbanks mainly correspond to
assemblages of hydrated Mn, Mg, and Fe sulfates, whose proportions vary along the
hydrological year. During the dry season, the mineral assemblage that dominates the
thin saline crust deposited on the Concordia riverbanks consists of apjohnite + quartz +
epsomite + halotrichite, while at the end of the wet season, the main mineral
assemblage in the whitish efflorescent salts consists of epsomite + tamarugite +
szmikite + goslarite. Because all these hydrated sulfates are highly soluble, they
generally crystallize in open areas exposed to intense evaporation in arid climates
(Marszatek et al., 2020). Minerals of the halotrichite group such as apjohnite

(Mn?*Al,(SO4)4*22H,0) and halotrichite (Fe**Al,(SO,)4*22H,0), are more stable and
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precipitate later than the simple magnesium sulfates such as epsomite (e.g. Jerz and
Rimstidt, 2003; Hammastron et al., 2005). In the study area, aluminium is provided by
the alteration by acidic waters, of feldspars, micas, clays or other aluminosilicates
present in the regional rocks and transported downflow by the runoff. At the mine site,
runoff waters mix with the metal/sulfate-rich acid mine drainage and, after prolonged
periods of evaporation, Al usually precipitates in the form of sulfates of the halotrichite
group. On the other hand, the Mg/Na/Mn/Zn hydrated sulfates that compose the salts
collected at the end of the wet season, are likely products of the early stages of
evaporation of the stream acid waters, as it was observed in similar environments
worldwide (e.g., Jambor et al. 2000; Valente and Gomes, 2009; Farkas et al., 2009;
Stumbea et al., 2019). Previous experimental results showed preferential precipitation
of Mg over Fe sulfate salts from metal-rich mine waters at evaporation rates lower than
70% (Chou and Seal, 2003; Basallote et al., 2019), which might be a likely condition in
the Concordia’s riverbanks during the more humid season. Goslarite formation is the
product of the direct evaporation of Zn** and SO,* rich solutions that are released
during the sphalerite oxidation (Buzatu et al., 2015), one of the main mineral ores in the
Concordia Mine (Nieva et al. 2016). In addition to these soluble salts formed by
evaporation of metal-rich acid waters, some other minerals are also present in the
saline crusts accumulated on the streambed and riverbanks. For example, jarosite is a
direct product of the oxidation of pyrite and because it is nearly insoluble, it can be
transported in suspension by runoff water from the tailings where this mineral form (i.e.,
Nieva et al., 2019) to the riverbanks where it accumulates. About 60-65 % of the Fe
present in the riverbank salts is in the form of jarosite, while 30-33 % is present in the
form of schwertmannite, a poorly crystalline mineral identified by LCF of the XANES

spectra.

The soluble fraction of the salts precipitated on the tailing’s sidewalls during the

dry season represents only 30% of their total mass, due to the presence of quartz and
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muscovite as major minerals. Therefore, the mineral assemblage composed of the
hydrated and the hydroxy-sulfates gypsum + jarosite + As-jarosite + szmikite must
account for the chemical composition of the soluble fraction, characterized by relative
much higher contents of Fe than those of Mg and Mn. Surprisingly, the only crystalline
phases that could contribute Fe to the solution are jarosite and As-jarosite, two
minerals that are relatively insoluble. Thus, the contents of Fe measured in the sample
leachate must result from the dissolution of a soluble and poorly crystalline Fe-bearing
salt, likely schwertmannite. This mineral, identified by LCF of the Fe-XANES spectra,
bears more than 30% of the bulk Fe in the sample. The values available in the
literature of the solubility product of this ferric oxyhydroxy-sulfate mineral are variable,
but all of them are relatively high suggesting that this mineral is readily soluble,
especially at acidic pH values. Bigham et al. (1996) proposed 10*® as the solubility
product of schwertmannite, while Yu et al (2002) estimated a log K value of 2.01 + 0.30
and suggested that the solubility of this mineral may vary depending on the content of
sulfate. The dissolution of the amorphous Fe(lll) arsenates identified by XANES and by
uXRF mapping, may also release Fe to the water, but likely in much lower proportion
than schwertmannite as this phase is significantly less soluble, with a solubility product

of 1023 (Langmuir, 2006).

At the end of the wet season, copiapite is the main crystalline salt precipitated
at the tailing’s sidewalls, with minor presence of jarosite, which is a direct product of
the oxidation of pyrite. LCF analysis of the Fe K-edge XANES spectra and the Fe-
EXAFS results also suggest the presence of schwertmannite, and an Fe(lll) sulfate
compound that contains As, which could be assigned to the arsenate bearing Fe(lll)
sulfates defined by Paktunc et al (2013). Copiapite is a water soluble sulfate that
precipitates from acid solutions (pH ~2.0) generated when rainfall that infiltrates in the

wastes removes loosely bound compounds, and finally precipitates under relatively
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humid conditions (i.e., Relative Humidity = 65%; Jerz and Rimstidt, 2003), generally at

the initial stages of evaporation (Basallote et al., 2019).

The presence of the Fe(ll)-Fe(lll) hydrated sulfates copiapite and coquimbite
within the wastes matrix is also consistent with elevated relative humidity, and indicates
progressive oxidizing conditions. In these salts, about 33% of the bulk Fe is in the form
of amorphous or poorly crystalline schwertmannite, while the proportion associated

with jarosite is lower than 5%.

6. As speciation in the evaporitic phases of the mine site

In a previous work, Nieva et al (2016) suggested that the rapid release of As
during the interaction between the wastes of the tailing dams and the water is
associated with the dissolution of highly soluble sulfates. Lower and slower
contributions correspond to desorption from Fe oxy-hydroxides or oxy-hydroxy-sulfates
and from the alteration of less soluble phases such as As-jarosite. The current analysis
of the salts and efflorescences precipitated in the site, also highlight the role of the
mineralogy in the scavenging of As, which in turn is controlled by local and regional
factors, such as the extent of exposure to the atmospheric conditions of the place of
salt precipitation and the climatic conditions respectively.

The highest concentrations of As were determined in the water soluble salts
precipitated during the wet season in the walls and pores of the wastes accumulated in
the tailing dams, in sectors that are not directly exposed to rainfall. On the other hand,
efflorescences and saline crusts formed at the Concordia streambed and riverbanks
show significantly lower capacity to scavenge this element. The solid speciation of As
in these salts reveals that this element is present in the form of arsenate, mostly
associated with jarosite and schwertmannite, regardless the climatic conditions at the
moment of the salt precipitation. The amount of arsenic that may be incorporated into
jarosite is low, typically less than 10 wt.% AsO, (i.e., Salzsauler et al., 2005; Packtunc

and Dutrizac, 2003). On the contrary, schwertmannite is known to be an effective
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scavenger of As (Fukushi et al., 2003; Regenspurg and Peiffer, 2005; Burton et al.,
2009; Cruz Hernandez et al., 2019) through pH-dependent adsorption (Regenspurg
and Peiffer, 2005; Burton et al., 2009; Maillot et al., 2013) or co-precipitation (Park et
al., 2016). In the efflorescent salts precipitated at the Concordia’s riverbank, the low
concentrations of As are distributed in nearly similar proportions between jarosite and
schwertmannite during the dry season. In such salts, uXRF mappings show that the
spatial distribution of As is closely associated with that of S, suggesting either
adsorption on schwertmannite and/or arsenate by sulfate substitution in jarosite, while
a lower proportion is present in the form of arsenate coatings formed at the borders of
the Fe sulfate grains. In the wet season, the concentration of As in the salts is even
lower than in the dry season, and the solid speciation indicates that this element is
mostly associated with schwertmannite.

The low concentration of As determined in the water soluble phases of the
efflorescent salts formed at the Concordia riverbanks contrast with the relatively high
concentrations of this element in the efflorescent salts formed at the exposed walls and
pores of the mine wastes accumulated in the tailing dams, especially during the wet
season. In conditions of high relative humidity, the Fe(ll)-Fe(lll) hydrated sulfates
copiapite and coquimbite are the dominant crystalline phases in these salts. Jamieson
et al. (2005) measured average As concentrations of 64 mg Kg™ in copiapite samples
collected from Richmond mine, and suggested that the storage capacity of potentially
hazardous elements, such as As, is relatively modest. However, the concentration of
the soluble As measured in the sample collected from the tailing”s sidewalls at the end
of the wet season, composed of more than 75% of copiapite, is higher than 750 mg Kg"
! which indicates that the capacity of As storage of this salt is important. The structural
arrangement of Fe and As in this sample is similar to the local structure of ferric
arsenate-sulfate compounds reported by Paktunc et al (2013), in which arsenate may

substitute up to 50 % of the sulfate sites. The identification of structural arsenic in
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copiapite has important environmental implications due to the elevated solubility of this

salt.

CONCLUSIONS

The intense evaporation that affects the As-rich leachates generated by the
oxidative dissolution of sulfide-rich mine wastes accumulated in the abandoned tailing
dams of the La Concordia mine, trigger the precipitation of saline crusts and
efflorescences at the exposed walls and pores. Besides, the evaporation of the
leachates that infiltrate through the wastes and reach lower areas in the mine site also
favor the precipitation of salts at the Concordia’s streambed and riverbanks. The
mineralogical composition of these salts is variable, depending on the regional climatic
conditions (i.e., alternating dry and wet seasons), and also on the extent of exposure to
the atmospheric agents of the place in which the salt precipitates. The nature of the
newly formed minerals also have strong influence on the distribution of arsenic
between the solution and the solid phase.

In highly exposed areas such as the streambed and riverbanks, salts are mostly
composed of simple hydrated sulfates or minerals of the halotrichite group, which have
a low capacity to scavenge As. Therefore, in this part of the mine site, As mostly
remains associated with jarosite and schwertmannite, minerals that are stable along
the entire hydrological year, but are just minor constituents of these salts.

During the dry season, the tailing’s walls are covered by a relative thick crust of
red salts composed of clastic minerals, likely wind-blown particles that are attached to
the walls by action of the intense winds, associated with some hydrated sulfates,
jarosite, schwertmannite and Fe(lll) arsenates. The fraction of soluble As in these salts
is high, and it might be mostly accounted by arsenate complexes adsorbed onto
schwertmannite, while a lower contribution could be expected from the partial
dissolution of amorphous Fe(lll) arsenates. In the wet season, copiapite is the

dominant mineral in the salts precipitated at the tailing’s sidewalls and also in the
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wastes pores. The spectroscopic evidences revealed that As is present in the form of
arsenate substituting sulfate in a structural arrangement that might be assigned to
copiapite. The association of As with copiapite may explain the elevated concentrations
of this element in the salts formed at the tailing’s sidewalls and pores during the wet
season. Thus, copiapite may be considered as one of the most important transient
reservoirs of As in the mine site as it can release this hazardous pollutant during the
occasional rainfall events produced during the wet season. On the contrary, hydrated
sulfates, such as gypsum and epsomite, that are more frequently present in the salts
formed at the streambed and riverbanks, show a very low capacity to scavenge As.
Therefore, unlike copiapite, the dissolution of these salts during rainfall events does not

contribute high concentrations of As to the streamwater.
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FIGURE CAPTIONS
FIGURE 1. Map of La Concordia mine site showing the location of the sampling points.
The images show the characteristics of the salts crusts formed at the Concordia’s

streambed and at the tailing sidewalls ans pores in the two sampling periods.

FIGURE 2. Ternary diagram showing the relative contents of Fe, Mn and Mg in the

study salt samples.

FIGURE 3. Linear combination fits of the Fe K-edge spectra for the study samples.
Thick solid lines depict measured spectra; red solid lines indicate fit results. The
quantitative data for the fittings are provided in Table 3. All the reference compounds

mentioned in the Sl file have been considered in the LCF analysis.

FIGURE 4 Linear combination fits of the As K-edge spectra for the study samples.
Thick solid lines depict measured spectra; red solid lines indicate fit results. The
quantitative data for the fittings are provided in Table 5. All the reference compounds

mentioned in the Sl file have been considered in the LCF analysis.

FIGURE 5. Elemental maps showing the distribution of a) Ca, As and S; b) Fe, S, and
As in individual grains of the sample collected from the Concordia streambed during

the dry season; c) dispersion diagram showing the strong correlation between As and
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S in the sample; d) results of linear combination fits performed on As K-edge uXANES
data collected from As-rich areas of individual grains.

FIGURE 6. Elemental maps showing the distribution of a) Ca, As and S; b) Fe, S, and
K, and c) Fe, S, and As in individual grains of the sample collected from the tailings
‘walls during the dry season; d) dispersion diagram showing the strong correlation
between As and Fe in the sample; e) results of linear combination fits performed on As

K-edge uXANES data collected from As-rich areas of individual grains.

TABLE CAPTIONS

TABLE 1. Mineralogical composition of efflorescent salts from La Concordia Mine

TABLE 2. Chemical composition the water-soluble fraction of the study samples after

24 h of salt-water reaction.

TABLE 3. Results of linear combination fits of the Fe K-edge XANES spectra of the
Concordia mine salt samples collected during the dry and wet seasons. The energy
range in the normalized XANES spectra was 7100-7220 eV. Values in parenthesis
correspond to the standard deviation. The residual factor (R) and x? provide a measure

of the goodness of the fit.

TABLE 4. EXAFS fitting results at the Fe K-edge for the sample TW-D and TW-W.
Experimental and calculated curves are shown in the Sl file. Fitted parameters include:
N, coordination number, R (&), interatomic distance, 02 (A2), squared Debye-Waller
factor, AEO (eV), energy difference accounting for phase shift between overall

experimental spectrum and FEFF calculation.

TABLE 5 Results of linear combination fits performed on As K-edge XANES data of
the salt samples. Linear combinations were performed with the software Athenas

(Ravel and Newville, 2005). The energy range in the normalized XANES spectra was
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11,840-11,920 eV. The residual factor (R) and x? provide a measure of the goodness

of the fit.

TABLE 6. EXAFS fitting results at the As K-edge of the studied samples. Experimental
and calculated curves are shown in the Sl file. Fitted parameters include: N,
coordination number, R (A), interatomic distance, 02 (A2), squared Debye-Waller factor
and AEO (eV), energy difference accounting for phase shift between overall

experimental spectrum and FEFF calculation.
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Highlights

The evaporation of AMD triggers the precipitation of saline crusts at the
Concordia mine site

The newly formed minerals have strong influence on the distribution of
arsenic between the solution and the solid phase.

The highest concentrations of As in the mine site are associated with
copiapite

As is present in the form of arsenate substituting sulfate in copiapite
Gypsum and epsomite show a very low capacity to scavenge As
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