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Accurate quantification of secondary and primary sulfide minerals is fundamental for resource evaluation, ore
processing, and long-term sustainability of mining operations. In addition to visual mapping and automated
mineral quantification, chemical analysis can also be harnessed to characterize the mineralogy of ore deposits. By
evaluating the conditions in which certain minerals can be selectively dissolved from others, a chemical eval-
uation could provide geochemical speciation data of low-abundance minerals, such as copper/iron sulfides
present in low-grade copper ores. The selective dissolution of copper sulfide minerals is, however, understudied.
Here, we evaluate the use of potential selective dissolution conditions to differentiate supergene copper sulfides
from hypogene copper sulfides. By characterizing the dissolution kinetics of chalcocite, covellite, bornite,
enargite, chalcopyrite, and pyrite concentrates, we found that alkaline cyanidation (and not hydrogen peroxide
or acid leaching in the presence of oxidizing agents) selectively dissolves supergene copper sulfides, which can be
applied in a sequential extraction scheme to estimate the sulfide mineralogy of tailings samples. Cyanide
completely dissolved chalcocite and covellite within 5-15 min, whereas dissolution in acid oxidative media only
partially dissolved copper sulfides. Pyrite, chalcopyrite, enargite, and bornite under 0.5% KCN leaching (1 mg/
mL) for 10 min showed approximately 1, 10, 30, and 40% of copper recovery, respectively. Cyanide leaching
applied in sequential extractions of porphyry copper tailings samples from the Piuquenes impoundment, La
Andina, Chile, improved the selective dissolution of secondary sulfides compared to a previously proposed
hydrogen peroxide dissolution method, thus allowing their differentiation from primary sulfide minerals. The
selective leaching of supergene sulfides by cyanidation provides a cheap and efficient method to estimate the
copper sulfide mineralogy in copper ores, facilitating the sustainability and resource evaluation of mining
operations.

1. Introduction by a variety of primary minerals, such as chalcopyrite and pyrite; the

latter occurring as a replacement of primary sulfides throughout the

Mineral quantification of ore deposits is fundamental for resource
estimation, definition of metallurgical extraction processes, and pre-
diction of potential acid mine drainage (AMD) release from mine waste
(e.g., Abrosimova et al., 2015; Fox et al., 2017; Gray and Van Rythoven,
2020; Velasquez et al., 2020). The complex mineral assemblage in ore
bodies, however, greatly challenges large-scale mineralogical quantifi-
cation efforts. In porphyry copper deposits, the sulfide mineralogy is
composed of hypogene and supergene sulfides; the former represented

supergene enrichment zone, usually in the form of secondary chalcocite-
covellite group minerals (Lichtner and Biino, 1992; Ossandon et al.,
2001; Dold, 2010). Hypogene and supergene copper sulfides not only
differ in their relative metal quantity (which determines the ore grade),
but they also define the appropriate extractive metallurgical approach
(e.g., Scheffel et al., 2016; Barton et al., 2018; Bicak, 2019). In addition,
different copper/iron sulfides vary greatly in their potential to generate
AMD, thus controlling future mitigation strategies of the mine residues
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(Carbone et al., 2013; Blowes et al., 2014; Elghali et al., 2018; Guseva
et al., 2021). Therefore, differentiating between hypogene and super-
gene sulfide minerals in porphyry copper ores is crucial for resource
estimation, downstream mineral processing and metallurgical extrac-
tion, as well as accurate assessment of potential environmental impacts.
Our goal is to develop a cost-effective sulfide quantification alternative
that would allow a reliable differentiation between hypogene and su-
pergene copper sulfide minerals, applicable to sulfidic ore and tailings
samples.

In transition zones, where hypogene minerals meet the supergene
zone, several copper/iron sulfides co-occur at different proportions. The
quantification of sulfide minerals in transition zones is, however, usually
carried out by imprecise visual core mapping and/or optical point-
counting analysis, which is costly and time-consuming when a large
amount of samples are analyzed. In the last two decades, the develop-
ment of automated quantitative mineralogy techniques has been
important to improve the mineralogical characterization of ore deposits
(Pooler and Dold, 2017; Guanira et al., 2020). However, automated
mineralogy techniques fail to identify trace elements in the crystalline
lattice, and thus a combination with wet chemical analysis (e.g., mineral
digestion followed by AAS or ICP-MS) is often used to complement
mineralogical characterizations. Cost-effective chemical analyses (such
as cut-off estimates by total copper quantification) are therefore widely
used. The utility of chemical analyses to provide mineralogical in-
terpretations is, however, very limited, unless specific minerals can be
selectively dissolved and the mineralogy further interpreted based on
the dissolved elements. Incorporation of selective dissolution techniques
to complement mineralogical quantifications has successfully been

applied in the context of both partial and sequential extractions (e.g.,
Filipek and Theobald Jr, 1981; Dold and Fontboté, 2001, 2002; Dold and
Weibel, 2013; Preece et al., 2018; Roebbert et al., 2018). However, the
selective dissolution of copper sulfide minerals that commonly occur in
porphyry copper deposits has been poorly studied. Consequently, the
quantification of copper/iron sulfides (such as chalcopyrite, pyrite,
bornite, chalcocite, and covellite) based on selective extraction methods
has yet to be developed. Here, we explore some dissolution conditions
that may allow for the differentiation of commonly occurring supergene
sulfides from hypogene sulfides in a sequential extraction scheme.
Sequential extractions use different chemical digestion steps to
progressively dissolve the same sample (Sahuquillo et al., 2003;
Sutherland, 2010; Cuvier et al., 2021). If a leaching step selectively
dissolves certain minerals, a mineralogical interpretation can then be
made on the basis of dissolved elements in the leachate (e.g., Hall et al.,
1996; Caraballo et al., 2013; Torres and Auleda, 2013; Khorasanipour,
2015; Consani et al., 2019). Despite the importance of copper sulfides in
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both metal availability and acid release, there is no standard procedure
to selectively dissolve supergene from hypogene sulfides. Selective
leaching of sulfide minerals was explored in the seven-step sequential
extraction procedure proposed by Dold (2003a), in which a fifth
leaching step using 35% hydrogen peroxide is used to dissolve super-
gene sulfides only, differentiating them from hypogene sulfides (Fig. 1;
Table S1; Sondag, 1981; Hall et al., 1996; Dold and Fontboté, 2001,
2002; Dold, 2003a). The application of hydrogen peroxide leaching as
part of the sequential extraction of diverse porphyry copper samples
containing chalcopyrite as the main copper/iron-bearing sulfide sug-
gests, however, that chalcopyrite may be highly susceptible to hydrogen
peroxide leaching (Dold and Fontboté, 2001, 2002; Dold and Weibel,
2013; as well as unpublished data). Chalcopyrite dissolution by
hydrogen peroxide treatment prevents the differentiation between sec-
ondary and primary sulfide minerals when using the sequential extrac-
tion approach proposed by Dold (2003a). It is essential, therefore, to
characterize the dissolution of sulfide minerals by kinetic analyses (e.g.,
Dold, 2003b). In this study, the hydrogen peroxide dissolution step
described by Dold (2003a) was assessed using chalcopyrite, pyrite,
bornite, enargite, chalcocite, and covellite concentrates. To improve the
selectivity of the technique, the dissolution kinetics of sulfide concen-
trates were evaluated under acid oxidative and alkaline cyanidation
leaching conditions. An optimized method was obtained and used in
porphyry copper tailings samples to test the selectivity of secondary
sulfide dissolution in the context of a sequential extraction scheme.

2. Materials and methods

2.1. Mineral samples

Dissolution kinetic experiments were performed either using sulfide
concentrates or tailings samples. The tailings samples were taken from
different depths (1.0, 1.5, 2.0, 2.95, 4.0, 5.0, 7.0, and 9.0 m) of an
oxidation profile of the Piuquenes tailings impoundment, La Andina
porphyry copper deposit, Chile (Dold and Fontboté, 2001). The mineral
concentrates included the supergene sulfides chalcocite (CuyS) and
covellite (CuS), and the hypogene sulfides bornite (CusFeS,), enargite
(CusAsFey), chalcopyrite (CuFeSy), and pyrite (FeS5). Altogether, these
minerals typically compose the main sulfide assemblage of porphyry
copper ores (Dold and Fontboté, 2001; Ossandon et al., 2001). Covellite,
bornite, and pyrite samples were hand-collected from natural speci-
mens. Chalcocite, chalcopyrite, and enargite concentrates were enriched
by froth flotation of porphyry copper-molybdenum deposits from Chile.
Mineral samples were crushed and grounded with a ring mill. The por-
tions bellow 38 pm were collected, washed with cold 1 M HCl for 15 min,

A Step 1 Step 2 Step 3 Step 4 Step 5 Step 6 Step 7
50 mL H,0 1M CH,COONH, % 0.2M (NH,),C,0, %‘ 0.2M (NH,),C,0, % % KCIO,, HCI % HNO,, HF, HCIO,
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Fig. 1. Sequential extraction scheme. (A) Diagram of the seven-step sequential extraction procedure proposed by Dold (2003a). One gram of sample is progressively
incubated with solutions that preferentially dissolve specific mineral phases. At each step, the leachate is recovered by centrifugation and the dissolved elements are
quantified, whereas the solid residue is used for the subsequent leaching step. (B) A modification of the fifth step evaluated in this study.
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vacuum filtered (0.45 pm), rinsed with distilled water, and dried at
150 °C. The cold acid wash was used to remove potential oxide coatings
on the surface of the sulfides prior to the dissolution kinetic experiments.

Mineral identification and evaluation of impurities were determined
by powder X-ray diffraction (XRD) using a Bruker D8 Advance X-ray
diffractometer with CuKa radiation (A = 1.5406 f\) at 40 kV and 20 mA.
Scans were collected using a 0.02° 20 step interval and 18.9-28.2 s
counting time per step (Table S2).

2.2. Leaching experiments

Hydrogen peroxide leaching was applied as described in the fifth step
of the sequential extraction procedure after Dold (2003a; Fig. 1;
Table S1). Five milliliters of a 35% H505 solution (Thermo Fisher Sci-
entific, Waltham, MA, USA) was added to 0.1 g of sulfide concentrate in
a 50 mL centrifuge tube for three replicate samples. The tube was then
incubated in a hot water bath (approximately 80 °C) agitated every 10
min for 1 h (Table S1). The supernatant was obtained by vacuum
filtration (0.45 pm) and the sulfide residue was washed twice with 5 mL
of distilled water. The water washes were mixed with the hydrogen
peroxide extraction solution and adjusted to 25 mL before its analysis
(Section 2.3).

A 500 mL three-neck flat-bottom flask was used for the dissolution
kinetic experiments of the mineral concentrates. The reaction flask was
equipped with a thermometer and a condenser. The third neck of the
flask was closed with a ground-glass stopper and was used to take ali-
quots of 1 mL at time points of 5, 10, 15, 25, 40, 60, 90, and 120 min
from a single dissolution experiment for each concentrate and condition
tested. The flask was incubated in a 25 °C water bath, and the dissolution
reaction was initiated by adding 200 mg of sulfide concentrate to 200
mL of the leaching solution (prepared with milli-Q water previously
purged with N») while agitating with a magnetic stirrer at 750 rpm. After
taking a sample at each time point, 1 mL of fresh solution was added
back into the reaction flask to keep a constant solid-to-liquid ratio (1
mg/mL). The samples were immediately filtered with 0.2 pm syringe
filters before their analysis for element quantification (Section 2.3).

Cyanidation kinetics of tailings samples were performed by end-
over-end rocking of 50 mL centrifuge tubes containing 1g of sample
and 25 mL of either 0.5% or 1.0% KCN solution. The leaching with 1.0%
KCN corresponded to a partial extraction (e.g., no previous dissolution
steps) for 1 h, whereas the incubation with 0.5% KCN was applied after
the fourth step of the sequential extraction procedure described by Dold
(2003a), where aliquots at 5, 10, 15, 25, 40, and 60 min were taken for
analysis. The sequential extraction procedure (Fig. 1; Table S1) con-
sisted of a first-step incubation with 50 mL of distilled water for 1 h,
followed by a second leaching step with 20 mL of a solution 1 M
ammonium acetate pH 4.5 for 2 h, a third incubation step for 1 h in the
dark with 20 mL 0.2 M ammonium oxalate adjusted to pH 3.0 with 0.2 M
oxalic acid, and a fourth step consisting of an 80 °C incubation for 2 h
(with agitation every 10 min) using 20 mL 0.2 M ammonium oxalate
adjusted to pH 3.0 with 0.2 M oxalic acid. All reagents used were from
Sigma-Aldrich (St. Luis, MO, USA), unless otherwise indicated. After
each sequential extraction step, the supernatant was obtained by
centrifugation (6000 xg for 5 min) of the 50 mL tube, and the residue
was washed twice with 5 mL of distilled water. The fifth step of the
sequential extraction corresponded either to a 35% hydrogen peroxide
incubation (Dold, 2003a), or to a 0.5% KCN incubation. For the
hydrogen peroxide step, the residue was incubated with 5 mL 35% Hy0»
(Thermo Fisher Scientific) in a water bath at 80 °C for 1 h with agitation
every 10 min. For the cyanide incubation, the residue of the fourth step
[(NH4)2C202 pH 3.0 leach] was additionally washed with 1 mL 0.1 M
KOH to neutralize acid traces (recommended to avoid the potential
release of toxic HCN fumes) and then incubated for 1 h with 0.5% KCN at
room temperature.

Total Cu and Fe in the sulfide concentrates were estimated by com-
plete dissolution of the sample in acid oxidative medium (step 7 of the
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sequential extraction, Table S1; Dold, 2003a). Five milliliters HNOg, 7.5
mL HF, and 2.5 mL HClIO4 were added to 200 mg of sulfide sample in a
polytetrafluoroethylene evaporating dish and heated on a hotplate until
complete evaporation of the solution (~2 h). Five milliliters of water
and 2.5 mL HCl were added to dissolve the remaining salts under
heating. The final solution was adjusted to 25 mL with distilled water.
For metal quantification, two parts of the extract was neutralized with
one part of 10 M KOH. The neutralized fraction was redissolved and
diluted with 100 mM KCN, and the soluble metal-cyano complexes were
quantified by capillary zone electrophoresis as described in the Section
2.3. The total copper or iron content obtained from each sample was
used to calculate the dissolution percentage in the leaching experiments.

2.3. Element quantification

Samples taken from the dissolution kinetic experiments with acid
solutions were used for copper and iron quantification in thiocyanate-
acetone medium (Kitson, 1950). One milliliter 37% HCl, 250 pL 3.5 M
(NH4)2S20g, and 13.75 mL of a 0.6 M NH4SCN 90% acetone solution
were added to 1 mL of sample aliquot and adjusted to 25 mL with
distilled water. The absorbance of the thiocyanate-acetone mixture was
measure at 380 and 480 nm within 10 min using a mixture without
sample as the blank. The soluble metal concentrations were calculated
according to Kitson (1950) and compared against standard curves pre-
pared with FeCl3-6H20 and CuCly-2H50.

Sample time points taken from the dissolution kinetic experiments
with KCN were analyzed by capillary zone electrophoresis (Petre and
Larachi, 2006; Petre et al., 2008). The samples were injected via hy-
drodynamic mode (10 cm height for 20 s) using a Waters (Milford, MA,
USA) Ion Analyzer system equipped with a 95 cm fused-silica capillary
(75 pm ID; Agilent Technologies, Santa Clara, CA, USA). A filtered (0.2
pm) and degassed 20 mM K,HPO4 pH 10, 1 mM KCN, 0.7 mM hexa-
methonium bromide solution was used as the carrier electrolyte. The
capillary was conditioned daily before use with 0.1 M KOH for 30 min,
and flushed between each sample run with the carrier electrolyte for 12
min. A 25 kV negative constant voltage (~68 pA) was applied for the
separation, and the species were detected at 214 nm over a ~1 cm
detection window in the capillary. Quantification of soluble copper,
iron, and thiocyanate was made on the basis of cuprocyanide {[Cu
(CN)31%7}, ferrocyanide {[Fe(CN)¢]*~}, ferricyanide {[Fe(CN)¢1>~},
and SCN™ signals compared to standard solutions of CuCN, KsFe(CN)g,
K4Fe(CN)g-3H20, and NaSCN (Sigma-Aldrich) dissolved in 0.1-3.0%
KCN. Peak identity was verified by comparing the absorbance ratio of
the signals at 214 and 254 nm to their corresponding standard solutions,
and by comparing their migration time relative to an internal standard
of (NH4)¢Mo07024. The Waters Millennium software was used for data
acquisition and analysis.

3. Results
3.1. Hydrogen peroxide leaching of sulfides

The leaching capability of hydrogen peroxide (step 5 in the
sequential extraction procedure of Dold, 2003a; Fig. 1; Table S1) was
tested by a partial extraction of copper/iron sulfide concentrates using
35% Hy05 for 1 h at 80 °C. The dissolved metals after the partial
extraction indicate that chalcocite was not dissolved, and that less than
10% of covellite was dissolved (Fig. 2). A comparable low solubility was
obtained when treating enargite and bornite under hydrogen peroxide
leaching. By contrast, pyrite and chalcopyrite samples showed a disso-
lution of over 50% based on the dissolved iron and copper, respectively
(Fig. 2).

X-ray diffraction of the leaching residues compared to the sulfide
minerals before treatment shows the precipitation of secondary minerals
after hydrogen peroxide leaching of chalcocite, covellite, and bornite,
indicating extensive metal redistribution among phases (Fig. 3;
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Fig. 2. Dissolution of sulfide concentrates using 35% hydrogen peroxide.
Mineral dissolution is expressed as percentages of total Cu and Fe dissolved in
triplicate samples using the fifth step of the sequential extraction described by
Dold (2003a). Abbreviations after Whitney and Evans (2010): Cet, chalcocite;
Cv, covellite; Eng, enargite; Bn, bornite; Ccp, chalcopyrite; Py, pyrite.

Table S2). For example, the chalcocite concentrate almost completely
transformed into digenite (Fig. 3A). In addition, the chalcocite residue
also contains copper oxides/oxyhydroxides precipitates, such as tenorite
and posnjakite. Different precipitates are present in other leaching res-
idues, such as brochantite in the case of covellite and bornite (Fig. 3B),
barite in bornite (Fig. 3C), and sulfur after chalcopyrite leach (Fig. 3E).

3.2. Evaluation of acid oxidative leaching to selectively dissolve supergene
sulfides

Supergene sulfides are preferentially dissolved by solutions of hy-
drochloric or sulfuric acid. However, the dissolution under acid leaching
is considerably slow, unless the dissolution rates are increased by the
addition of oxidizing agents, high temperature, and/or high pressure (e.
g., Vracar et al., 2003; Descostes et al., 2004; Senanayake, 2009; Soki¢
etal., 2009; Velasquez-Yévenes et al., 2010; Miki et al., 2011; Xian et al.,
2012). We evaluated the effects of Hy0,, NO3, and P,04~ added as
oxidizing agents in hydrochloric acid media to test their potential in
selectively dissolving supergene sulfides.

The dissolution kinetics of chalcocite, chalcopyrite, and pyrite were
evaluated using leaching solutions of 0.5 and 2 M HCI containing 0.1 or
0.5 M Hy0,. Fig. 4 shows that, even though chalcocite rapidly and
preferentially dissolves under either condition, its dissolution never
reached more than 80% over the span of a two-hour reaction. Higher
concentrations of both HCl and H05 did not promote higher dissolution
rates for chalcocite, whereas chalcopyrite and pyrite dissolution
increased (Fig. 4B). Alternative oxidizing agents (NO3 and oné’) also
increased the dissolution rates of chalcopyrite and pyrite (Fig. S1). For
all the dissolution experiments evaluated, increasing the concentration
of oxidizing agents in the leaching solution had little effect to promoting
the selective dissolution of chalcocite.

3.3. Evaluation of alkaline complexation to selectively dissolve supergene
sulfides

Sulfide dissolution using ammonia or cyanide as complexing agents
in alkaline solutions has also been evaluated to selectively dissolve
secondary sulfides. Chalcocite preferentially dissolves in the presence of
ammonia (Sarveswara Rao and Ray, 1998; Breuer et al., 2005). How-
ever, similarly to the acid oxidative leaching conditions (Section 3.2),
ammonia solutions did not completely dissolve chalcocite. Addition of
oxidizing agents to promote chalcocite dissolution (0.1 M ammonium
persulfate in 3.0 M NHg; Liu et al., 2012) also increased copper disso-
lution from chalcopyrite, therefore failing to differentiate supergene
from hypogene sulfide minerals (Fig. $2).
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By contrast, cyanide is a strong metal complexing agent that pro-
motes reducing conditions during sulfide leaching (Petre and Larachi,
2006; Petre et al., 2008). To determine the efficiency of cyanide for
sulfide dissolution, the sulfide concentrates were evaluated by dissolu-
tion kinetic analyses using alkaline solutions of potassium cyanide
ranging from 0.1 to 3.0%. Chalcocite and covellite were completely
dissolved within the first 15 min of leaching using KCN concentrations
over 0.5% (Fig. 5). Copper dissolution from the cyanidation of chalco-
pyrite reached ~10% within the first 15 min, whereas virtually no
dissolution of pyrite was observed when treated with 0.5% KCN (Fig. 5).
Dissolution rates of enargite and bornite under cyanidation were higher
than chalcopyrite, but lower than the supergene sulfides. Overall, the
cyanidation of sulfide concentrates showed a dissolution tendency in the
order of Cct > Cv > Eng > Bn > Ccp > Py, where selective dissolution of
supergene sulfides is achieved within 10-15 min of leaching with 0.5%
KCN.

3.4. Cyanide leaching in the sequential extraction of tailings
impoundment samples

The dissolution of supergene sulfides by cyanide was tested as part of
the sequential extraction scheme proposed by Dold (2003a). Samples
from the neutralization and the primary sulfide zones of the La Andina
porphyry copper mine tailings impoundments were either extracted by
using a fifth dissolution step with hydrogen peroxide for 1 h (Fig. 1;
Table S1), or by replacing the fifth step using a 0.5% potassium cyanide
leach (Fig. 6; Table S3).

Comparison of the two extraction methods reveals that hydrogen
peroxide solubilized more copper than cyanide for all the samples
analyzed (Fig. 6A). Iron dissolution was also higher when hydrogen
peroxide was used for the extraction. Fig. 6B shows that iron remained
largely undissolved during the cyanide treatment compared to hydrogen
peroxide when used as the fifth step of the sequential extraction.

The reaction products during the cyanidation of the tailings were
also visualized at different time points by capillary electrophoresis
throughout the dissolution progression. Fig. 7A shows the dissolution
kinetics of copper, iron, and thiocyanate during the cyanide leaching
used as the fifth step of the sequential extraction applied to represen-
tative tailings samples from the neutralization and the primary zones.
Copper extraction reached a plateau after ~10 min of reaction. Fig. 7B
shows the electropherograms of the dissolution of a tailings sample with
0.5% KCN at different time points, where changes in the different redox
couples are visualized through time.

4. Discussions
4.1. The effect of hydrogen peroxide leaching on copper iron sulfides

The hydrogen peroxide leaching in the seven-step sequential
extraction applied by Dold (2003a) showed a limited selectivity to
dissolve secondary sulfide minerals. When mixed with sulfides, a 35%
hydrogen peroxide solution produces an exothermic, usually violent,
reaction. The reaction also produces visible fumes, possibly containing
SO (Fig. S3). In addition to the difficulties associated with the manip-
ulation of highly exothermic reactions, the potential volatilization of
SO, would prevent a mineralogical estimation on the basis of dissolved
sulfur. Previous sequential extraction data using hydrogen peroxide
leaching showed considerable sulfur loss, possibly via SO, volatilization
(unpublished data). In addition, supergene sulfides are not effectively
dissolved by hydrogen peroxide treatment (Fig. 2), and these conditions
also facilitate the precipitation of other sulfides and oxides (Fig. 3;
Table S2), increasing the complexity of the system by element remobi-
lization among the sequential extraction steps.

After HpOy digestion, the chalcocite concentrate transforms into
digenite (Fig. 3A). Digenite normally occurs as a weathered form of
chalcocite (Jennings et al., 2000). Hydrogen peroxide treatment could
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emulate the relatively slower oxidation of chalcocite by water and at-
mospheric oxygen, leading to the formation of digenite (Jennings et al.,
2000; Miki et al., 2011). Two different mechanisms may be involved in
chalcocite transformation: re-precipitation of the dissolved elements to
form digenite, or direct transformation of the crystal lattice. Trans-
formation of the crystal lattice could be associated with the oxidative
progression during dissolution of chalcocite. According to a proposed
leaching mechanism in acid oxidative conditions, chalcocite dissolves
through different steps that lead to the formation of sulfides with pro-
gressively less copper, from chalcocite (CusS) to djurleite (Cuj 94S),
digenite (Cu; gS), and finally covellite (CuS) (Elsherief et al., 1995; Arce
and Gonzalez, 2002; Miki et al., 2011). The oxidation of chalcocite to
digenite is described by the following oxidation half-reaction (Eq. (1)):

Cu,S(—CuyS(,) +0.2Cu** +0.4e” (€))]

When coupled to hydrogen peroxide as the electron acceptor, the

overall reaction is (Eq. (2)):
ZCUZS(,) + Hzoz(aq) + 2H+<aq) —>5CU|ASS(5) + Cuﬁ(aq) + 2H20(|) 2)

According to the stoichiometry of chalcocite oxidation to digenite by
hydrogen peroxide (Eq. (2)), the molar excess of hydrogen peroxide in
the leaching medium used to dissolve chalcocite in Fig. 3A is approxi-
mately 18 times above the equimolar quantity required for the complete
oxidation of chalcocite to digenite. Therefore, the amount of hydrogen
peroxide used was sufficient to explain the entire transformation
observed in Fig. 3A, where no chalcocite (nor djurleite) was found in the
residue.

In addition, copper oxide precipitates (tenorite and posnjakite) were
found in the residue of chalcocite leaching (Fig. 3A). Secondary oxide
precipitates have also been found in previous reports of chalcocite
leaching with hydrogen peroxide (Jennings et al., 2000). Furthermore,
the precipitation of oxides could form passivation layers on the sulfide
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surfaces, preventing further oxidation of digenite to covellite and, ulti-
mately, preventing its complete dissolution. The overall reaction of
chalcocite with hydrogen peroxide involving the formation of tenorite
and digenite is represented as follow (Eq. (3)):

ZCu2S(s) + HzOz(aq)ﬁSCul_SS(s) + CUO(g) + 2H20(]) (3)

Tenorite, as well as posnjakite and other oxides found after the
hydrogen peroxide leaching, precipitate as a consequence of the expo-
sure to oxidizing agents. The precipitation of brochantite observed in the
covellite and bornite residues after hydrogen peroxide treatment may
also represent oxidative sulfide weathering, emulating atmospheric
oxygen in natural environments, as well as supergene enrichment in
porphyry copper deposits (Fig. 3B, C; Pinget, 2016).

A non-stoichiometric relationship is also observed in the copper and
iron concentrations obtained after hydrogen peroxide treatment of
chalcopyrite (Fig. 2). The higher solubility of copper relative to iron may
be explained by the reprecipitation of iron into poorly crystalline ferri-
hydrite/schwertmannite phases, which cannot be detected through
standard X-ray diffraction techniques (Fig. 3E). After HyO, treatment,
iron oxide precipitation on chalcopyrite samples was observed by a color
change from dark gray (the color of the sulfide concentrate before
treatment), to reddish-brown (the color of the residue after hydrogen
peroxide treatment). Iron oxide/oxyhydroxides might be represented by
humps at 35 and 62 26 position in the diffractogram of Fig. 3E. Given the
possible formation of precipitates, iron from chalcopyrite potentially
redistributes to the next step of a sequential extraction procedure when
hydrogen peroxide leaching is used. The precipitation of secondary
oxides could also form a passivation layer on sulfide grains, preventing
further dissolution of chalcopyrite under oxidizing conditions (e.g.,
Cordoba et al., 2008a, 2008b). A passivation layer may also be formed
by the precipitation of sulfur. Sulfur precipitates are observed after the
H»0; leaching of covellite and chalcopyrite concentrates (Fig. 3B, E), in
agreement with previous findings of sulfur precipitation on chalcopyrite
and other sulfide surfaces under acid oxidative leaching (Cordoba et al.,
2008a, 2008b; Nicol et al., 2010).

In addition to sulfide passivation by secondary precipitates, it is also
possible that the composition of the sample could facilitate mineral
dissolution during hydrogen peroxide leaching. Transition metals, such
as ferrous and ferric ions, may catalyze the generation of free radicals
from hydrogen peroxide. Hydroxyl (OH*), superoxide (Oy* ), perhy-
droxyl (HO5*), and ferryl (Fe02+) radicals can be formed by the Fenton
reaction, which may enhance the oxidative dissolution of sulfides (Teel
et al., 2007; Ruiz-Sanchez and Lapidus, 2017). Radical generation may
explain the relatively high metal dissolution from iron-containing min-
erals under hydrogen peroxide treatment (Fig. 2). Parallel reactions
(such as radical formation) may constitute an important mechanism on
the effect of accessory minerals over the dissolution rate of copper sul-
fides (Lundstrom et al., 2012). For example, the presence of pyrite has
been shown to enhance the dissolution rates of chalcopyrite and covel-
lite under acid oxidative conditions (Nicol et al., 2010; Velasquez-
Yévenes et al., 2010; Miki et al., 2011). In theory, it is possible to in-
crease the dissolution of secondary sulfides by mixing them with acid-
producing primary sulfides. The dissolution of chalcopyrite and pyrite
with hydrogen peroxide produces acidity, whereas the dissolution of
chalcocite and covellite does not. The released acidity by chalcopyrite
and/or pyrite would further promote chalcocite and covellite dissolu-
tion, thereby facilitating the heterogeneous dissolution of secondary
sulfides (conditional to the matrix of each sample), which ultimately
precludes their selective dissolution.

4.2. The effect of acid oxidative leaching of sulfides

Even though supergene sulfides dissolve faster under acid media
compared to chalcopyrite and pyrite, the dissolution rates obtained in
this study (Fig. 4; Fig. S1) are not sufficient to differentiate among
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chalcocite, chalcopyrite, and pyrite based on their dissolved elements.
Therefore, incorporation of an acid oxidative dissolution step would also
fail as the fifth step of the sequential extraction procedure proposed by
Dold (2003a). Increased concentrations of hydrogen peroxide in hy-
drochloric acid media showed a little effect on copper recovery from
chalcocite, which instead favored the dissolution of primary minerals
(Fig. 4), in agreement with previous theoretical and experimental evi-
dence (Cordoba et al., 2008a; Nicol et al., 2010). The dissolution ten-
dency under acid oxidative conditions was always in the order Cct >
Ccp > Py, in agreement with previous experimental dissolution data (e.
g., Vracar et al., 2003; Descostes et al., 2004; Senanayake, 2009; Sokic
et al., 2009; Velasquez-Yévenes et al., 2010; Xian et al., 2012). Despite
the preferential leaching of chalcocite (~60% in Fig. 4), the partial
dissolution of chalcopyrite and pyrite can potentially obscure the dif-
ferentiation among these phases in a hypothetical sequential extraction
scheme. Based on these results, it is therefore not recommended to
discriminate supergene from hypogene sulfide minerals on the basis of
their dissolution rates using acid oxidative conditions.

4.3. Selective dissolution of supergene copper sulfides by cyanidation

Among complexing agents, cyanide has shown to entirely dissolve
chalcocite within minutes (Fisher et al., 1992; Fisher, 1994; Breuer et al.,
2005). The dissolution mechanism of chalcocite in the presence of cy-
anide proceeds via copper complexation under non-oxidative condi-
tions, represented by the following equation (Eq. (4)):

CupSg) +2nCN" (o) =2 [CU(CN)W ] Ty S?":where n = 1;2 or 3 4)

As shown in Fig. 4, oxidizing conditions favor the leaching of chal-
copyrite and pyrite (Cordoba et al., 2008a; Nicol et al., 2010). Therefore,
a non-oxidative dissolution mechanism, such as the cyanide complexa-
tion shown in Eq. (4), has the potential to limit the dissolution of pri-
mary sulfide minerals, which proves useful for sulfide estimation based
on selective dissolution. The redox state of the species quantified in this
study by capillary electrophoresis further illustrate the reducing condi-
tions during the cyanidation of sulfides. As a result, the dissolution of
chalcopyrite and pyrite under cyanide treatment is reduced (Fig. 5). In
addition, the high stability constant of copper/iron-cyano complexes
facilitates rapid metal sequestration, preventing the potential oxidation
of sulfides by the release of cupric or ferric ions into the solution.
Released oxidized species are important to take into consideration
during sulfide leaching. Cupric and/or ferric ions released as by-
products of chalcopyrite and pyrite dissolution can provide oxidative
potential that is otherwise absent in the leaching medium (Cordoba
et al., 2008a).

It is also important to note that differences in the sample composition
could potentially lead to mineralogical misinterpretations. Chalcopyrite
and pyrite show a reduced dissolution rate under cyanidation, which
facilitates their mineralogical interpretation on the basis of dissolved
copper and iron when compared to chalcocite and covellite in sulfide-
containing samples (Fig. 5). The presence of other minerals, however,
can potentially confound estimates of chalcocite. For example, enargite
and bornite have higher dissolution rates compared to chalcopyrite and
pyrite (Fig. 5). Within a few minutes, copper recovery from enargite and
bornite reached over 30% using KCN concentrations of 0.5% or higher.
Even though it is possible to differentiate enargite and bornite on the
basis of arsenic and iron dissolution on a sequential extraction proced-
ure, other arsenic- and iron-bearing sulfides not evaluated in this study,
such as tennantite, arsenopyrite and/or pyrrhotite among others, could
interfere as well.

4.4. Cyanide leaching in the sequential extraction of tailings samples

When applied as the fifth step of the sequential extraction method
after Dold (2003a), cyanide leaching better reflects the mineralogy of
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tailings samples compared to the 35% hydrogen peroxide leaching.
Comparison of both extraction procedures reveals that hydrogen
peroxide treatment typically solubilizes between three- to five-fold more
copper than cyanide leaching (Fig. 6A). Giving the low recovery of
copper from the chalcocite concentrate under HyO5 leaching (Fig. 2),
higher copper recoveries obtained after HoO5 leaching of the tailings
samples are possibly associated with non-selective dissolution of pri-
mary sulfides, such as chalcopyrite. If hydrogen peroxide selectively
dissolves supergene sulfides, then between 45 and 65% of the total
copper in the tailings samples can be interpreted to derive from sec-
ondary sulfides (Fig. 6C). Yet, chalcopyrite is the main copper sulfide
mineral, with only minor supergene replacement at the neutralization
zone observed in these tailings samples (Dold and Fontboté, 2001). By
contrast, less than 20% of the total copper was solubilized when 0.5%
KCN was used instead of the 35% H30, as the fifth step of the sequential
extraction (Fig. 6C). In addition, the dissolution kinetics of copper
during cyanidation of the tailings samples agree with the kinetic pat-
terns of secondary and primary sulfide leaching. Fig. 7A shows a rapid
increase in copper dissolution from the tailings within the first 5-10 min
of leaching, which could possibly be associated with the dissolution of
secondary sulfides, such as chalcocite and covellite. Changes in the
copper dissolution rates after 5-10 min (arrows in Fig. 7A) presumably
correspond to the leaching of chalcopyrite.

Iron dissolution from the tailings samples is also higher when
hydrogen peroxide is used as the fifth step of the sequential extraction
(Fig. 6B). In addition, dissolved iron is three- to 30-fold higher than
copper. This variability could be explained by the heterogeneity of the
samples analyzed. Other metal bearing sulfides in the tailings samples
could act as catalysts for the oxidation reaction promoted by hydrogen
peroxide, or could release complexing agents (such as chloride, chlorate,
or sulfate) into the solution, increasing the solubility of metals and
leading to a potential misinterpretation of the data. Therefore, cyanide
leaching was more reliable than hydrogen peroxide treatment for the
dissolution of copper sulfide-bearing tailings samples.

All of the cyanide tailings leachates revealed unidentified reaction
products, including the appearance and disappearance of certain peaks
throughout the dissolution progression visualized by capillary electro-
phoresis over time. For example, in Fig. 7B, a peak at 20.5 min migration
time is observed in the leachate analyzed at 10 min, then it disappeared
in the sample taken after 25 min of leaching, and appeared again after
40 min. A similar pattern is observed in all the tailings samples analyzed.
It is possible that the formation and consumption of unidentified species
is governed by the redox equilibrium of the system during cyanidation.
Some solubilized species are redox sensitive, and their redox state
change according to the reduction potential of the leachate (Petre and
Larachi, 2006; Petre et al., 2008). The unidentified peaks in Fig. 7B
could also correspond to polysulfide intermediates (Hewitt et al., 2009).
Sulfide dissolution may release polysulfide species into the reaction
medium, which can further react with cyanide to produce thiocyanate
and hydrosulfide according to the Eq. (5) (Breuer et al., 2008):

$,3 + (x-1)CN~ = (x-1)SCN™ 4 82~ (5)

Both products of Eq. (5) were identified by capillary electrophoresis,
where the formation kinetics of thiocyanate may represent the overall
sulfide dissolution progression (Fig. 7A). Furthermore, a redox change
involving known species is visualized in the electropherogram from the
sample taken at 15 min of leaching (Fig. 7B). The emergence of a peak
corresponding to ferricyanide follows the disappearance of the hydro-
sulfide peak. The released hydrosulfide has the potential to reduce ferric
ion (Piché and Larachi, 2007; Petre et al., 2008), therefore, ferricyanide
possibly overcame the hydrosulfide equivalents at 15 min of leaching.
Once the reaction proceeded (25 min in Fig. 7B), additional hydrosulfide
ions released into the solution potentially reduced ferricyanide to
ferrocyanide. Iron reduction is visualized by the substitution of the
ferricyanide peak by a hydrosulfide peak. The redox pattern observed
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throughout the dissolution progression in Fig. 7B shows that reducing
conditions (relative to the ferro/ferricyanide redox couple) govern the
cyanide leaching media, which ultimately minimizes the dissolution of
primary sulfides.

In addition to the sequential extraction using 0.5% KCN as the fifth
step, the tailings samples were also directly treated with 1.0% KCN,
without previous leaching steps (partial extraction data in Fig. 6). It is
generally assumed that the conditions used in a sequential extraction
step are more abrasive than the previous step, increasing the order of
aggressiveness throughout the sequence (Sutherland, 2010). In the case
of cyanidation, however, the 1.0% KCN solution may not completely
dissolve oxide phases in the samples. The effect of the preceding steps of
the sequential extraction can be observed by comparing the 1.0% KCN 1
h partial extraction of the tailings samples with the total copper re-
coveries from the steps 1, 2, 3, and 4 of the sequential extraction (Fig. 6).
The overall copper extracted by partial extractions was higher than the
copper obtained by cyanidation in the sequential scheme; however, in
some samples, the copper recovered by the partial extraction was less
than the total amount of copper leached by all the first four steps of the
sequential extraction, suggesting that cyanidation, even at a higher
concentration and time, does not always dissolve the expected quantity
of copper by partial extraction. The matrix effect in these samples is also
relevant, because the presence of other cyanide-complexing metals
could interfere with the availability of free cyanide in solution (e.g.,
Oraby and Eksteen, 2014; Oraby et al., 2017; Barani et al., 2021). In
addition, it is possible that oxide coatings form passivation layers on
sulfide minerals, preventing their leaching by cyanide. Oxide coatings
are expected to dissolve in the previous leaching steps of a sequential
extraction scheme, which provides a cleaner reaction surface for the
cyanide attack. Therefore, previous steps of the sequential extraction
(Fig. 1; Table S1) may be required for the selective dissolution of su-
pergene sulfides in the tailings samples analyzed.

Although not evaluated in this study, the presence of other copper-
containing minerals, such as supergene copper oxides at the neutrali-
zation zone of the tailings impoundment, could potentially be dissolved
by the partial extractions using cyanide (Fig. 6). Copper oxides are also
an important source of copper (e.g., Zhang et al., 2021a, 2021b; Wang
et al., 2021), some of which can partially dissolve under cyanidation (e.
g., Breuer et al., 2005; Oraby et al., 2017; Barton et al., 2018). The
higher recoveries of copper (and iron) by the 1.0% KCN partial extrac-
tion compared to the cyanide treatment as the fifth step of the sequential
extraction (Fig. 6) are possibly associated with the dissolution of copper
oxides in the tailings samples. Therefore, cyanide leaching at different
levels of a sequential extraction scheme could potentially be used to
estimate the mineralogy of copper oxides.

4.5. Applications of selective dissolutions for mineralogical interpretations

The selective dissolution strategy described in this study has the
potential to complement existing mineralogical techniques to better
quantify the mineralogy of a sample. Its applicability, however, relies on
the presence of other sulfide minerals not analyzed in this study, the
variable solubility of copper/iron sulfides from different ore deposits,
and the presence of accessory minerals in the sample matrix. Ideally,
selective dissolution techniques should be calibrated according to the
mineralogy of the particular ore deposit in study (e.g., Dold, 2003a,
2003b; Preece et al., 2018). When reliable, a sequential extraction of
sulfides can provide two immediate applications in the mining industry:
increasing the predictability of the selected metallurgical approach, and
obtaining a detailed acid-base accounting for the prediction of AMD and
associated trace element release.

The mineralogy of the ore ultimately defines the material sorting for
metallurgical operations (e.g., Scheffel et al., 2016; Barton et al., 2018;
Bicak, 2019; Bahrami et al., 2021). In the mining of porphyry copper
ores, the deposit is usually divided into metallurgical units that have
three different destinations: waste dumps, heap bioleaching of leachable
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supergene minerals, or flotation and smelting of hypogene sulfides
(Dold, 2010; Dold and Weibel, 2013). Sulfide evaluation is fundamental
to optimize the exploitation processes because different copper-bearing
minerals have different metallurgical behavior (Jacques et al., 2016).
Large-scale estimates of sulfide mineral loads are, however, usually
performed via visual assessment of core drill samples. Depending on
mineral zonation, petrographic microscopy and chemical quantification
of acid-soluble and total copper are also evaluated. Additional quanti-
fication by automated mineralogy has been successfully implemented by
techniques such as mineral liberation analysis (MLA) and quantitative
evaluation of minerals by scanning electron microscopy (QEMSCAN®;
Dold, 2017; Guanira et al., 2020). Automated techniques have, however,
some disadvantages. A detailed calibration of the specific ore deposit by
X-ray diffraction and petrographic microscopy is usually required in
addition to the automated analysis, which substantially increases
analytical costs. Higher costs reduce the analyses to fewer samples,
therefore, the quality of the data highly relies on the sample represen-
tativeness and the heterogeneity of the deposit. In addition, biases
associated with differential segregation of mineral grains during the
elaboration of briquettes required for automated analyses are usually
observed (Pooler and Dold, 2017).

To overcome inaccuracies in mineralogical estimates, detailed
chemical analysis via sequential extractions can provide a cost- and
time-effective methodology to quantify the assemblage of sulfide min-
erals in ore deposits. A sequential extraction-based quantification of
sulfides proves particularly useful for the estimation of mineral types in
transition zones. Differentiating between supergene and primary sulfide
minerals via sequential extraction allows a characterization of the
mineral assemblage that is required to sort sulfides to either heap
leaching or froth flotation. Chemical analyses are cheaper (therefore,
more samples can be evaluated) and faster than other mineralogical
techniques. In addition, chemical evaluation of leaching solutions pro-
vides lower detection limits for the analysis of trace elements. A rapid
and simple mineralogical characterization technique can also be applied
in the field during mineral extraction. Daily testing of sulfides in the
blasting site increases the predictive value of mining operations by
evaluating the agreement of each metallurgical unit with the mid- and
long-term geometallurgical model, minimizing potential failures in
downstream operations (Dold and Weibel, 2013).

Accurate mineralogical interpretations are also required for the
calculation of an acid-base accounting that better reflects the potential
for AMD generation (Dold, 2017). Sequential extraction data can be
used to differentiate the different contributions of potential acid release
by primary and secondary sulfide minerals (Dold and Weibel, 2013;
Blowes et al., 2014). Traditionally, the acid-base accounting is per-
formed by considering the oxidation potential of total sulfur as pyrite,
which generates 2 mol of protons per mole of sulfur. However, different
sulfide minerals have different potential to generate acidity. Chalcopy-
rite generates only 1 mol of protons per mole of sulfur, whereas chal-
cocite and covellite do not generate acidity. Differential acidity
contributions should be considered for the accurate prediction of AMD
release potential in ore deposits containing a complex sulfide assem-
blage. When adapted to the solubility of specific sulfides in the ore body,
sequential extraction procedures have the potential to increase the
sustainability of mining operations by the calculation of a high-
resolution acid-base accounting (Dold, 2008; Dold and Weibel, 2013).

Sulfide interpretation using selective dissolution techniques also has
the potential to evaluate the re-processing of old mining tailings. Several
sulfidic tailings from old porphyry copper operations contain copper at
higher concentrations than the current cut-off ore grades (Alcalde et al.,
2018). However, tailings deposits (especially the tailings derived from
old mining activities) likely have extensive sulfide oxidation and su-
pergene enrichment (Dold and Fontboté, 2001). In this particular sce-
nario, sequential extractions provide several advantages compared to
other mineralogical techniques. Microscopic evaluation of tailings
samples is challenging, because the material is already crushed and
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milled, which requires the preparation of briquettes that in turn in-
creases the costs and the heterogeneity of the samples by differential
segregation of minerals (Pooler and Dold, 2017). On the other hand,
XRD analyses of tailings samples are limited, because the concentrations
of sulfides in some tailings impoundments are usually lower than XRD
detection limits. Therefore, mineralogical interpretations based on
chemical extraction assays are convenient to define the metallurgical
approach and to evaluate the environmental impact of the potential re-
processing of old tailings.

5. Conclusions

Selective extraction of supergene sulfide minerals provides a plau-
sible strategy to quantify the sulfide fraction in ore deposits. This study
shows that adding a cyanidation step in a previously proposed sequen-
tial extraction procedure offers an alternative method to quantify cop-
per/iron sulfide minerals on the basis of dissolved elements. Differences
in the dissolution rates between secondary and primary sulfides under
cyanidation (0.5% KCN, 5-10 min) enable an effective interpretation of
the sulfide fraction. Incorporation of a cyanidation step in sequential
extractions of sulfidic samples increased the selectivity to differentiate
between the main supergene and hypogene sulfide minerals in super-
gene enriched copper sulfide ores, such as porphyry copper deposits.
Consequently, if the selective dissolution of supergene copper sulfides is
relevant for the study site, a cyanidation step is suggested to replace the
hydrogen peroxide leaching in the fifth step of the sequential extraction
described by Dold (2003a).

The selective dissolution of sulfides could complement other
methods of mineral evaluation to thoroughly characterize the mineral-
ogical assemblage of ore bodies, providing a fast, simple, and low-cost
technique for the assessment of primary and secondary copper sulfide
minerals. Ultimately, a cyanidation step incorporated in a sequential
extraction can help provide a detailed understanding of the spatial dis-
tribution of sulfides in ore bodies, which proves essential for resource
estimation, mineral sorting during metallurgical operations, and
improving the copper recoveries and sustainability of the mining
process.
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