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ATMOSPHERIC OXIDATION OF COPPER CONCENTRATES: PHASE TRANSFORMATION MECHANISMS

AND PREDICTIVE MODELING

Atmospheric oxidation of copper concentrates during storage and transport leads to mass gain and copper grade deple-
tion, presenting significant operational and economic challenges for the mining industry. Using two sun-exposed samples, this
study investigated the oxidation behavior of copper concentrates under typical Mongolian summer conditions over four months
(May 14-September 18). The oxidation process was divided into three sequential stages based on pH variation and mineralogical
phase transformations: (I) initial mild acidification, (II) intensified bio-oxidation facilitated by Fe(III) generation, and (III) final
stabilization associated with advanced sulfide oxidation. Key analytical techniques included pH monitoring, atomic absorption
spectroscopy (AAS), inductively coupled plasma optical emission spectrometry (ICP-OES), X-ray diffraction (XRD), reflected-light
microscopy and SEM-EDS. The XRD results revealed the progressive degradation of chalcopyrite and the emergence of oxidized
copper phases, confirming mineralogical conversion under ambient oxidation. Additionally, an exponential-type predictive model
was developed to estimate copper content decreasing as a function of temperature and humidity. These findings provide a scientific
basis for understanding oxidation-induced degradation during storage and support proactive strategies for effectively handling,

preserving, and transporting copper concentrates under real-world conditions.
Keywords: Copper concentrate oxidation; mineral phase transition; copper content changing

1. Introduction

Atmospheric oxidation of copper concentrates during
transportation and storage presents a significant challenge for the
mining and metallurgical industries, primarily due to mass gain
and a reduction in copper grade. These transformations result in
measurable economic losses, particularly for copper-exporting
countries. Despite its practical implications, this issue remains
underexplored in the scientific literature. Existing studies have
largely concentrated on the oxidation behavior of individual
sulfide minerals such as chalcopyrite (CuFeS,) and pyrite (FeS,)
[1-3] while investigations addressing the behavior of bulk cop-
per concentrates under real atmospheric storage conditions are
comparatively limited. A wide range of studies have investigated
the leaching behavior of minerals in copper concentrates [4-6].
Copper concentrates are composed primarily of copper, iron, and
sulfur, typically occurring in the form of sulfide minerals such

as chalcopyrite (CuFeS,), chalcocite (Cu,S), covellite (CuS),
pyrite (FeS,), and enargite (CuzAsS,), often intergrown with
quartz rich gangue phases [7-9]. In such polymetallic systems,
galvanic interactions occur due to differences in redox poten-
tial. For instance, chalcopyrite (E° = 0.52 V vs SHE) acts as an
anode and oxidizes more readily, whereas pyrite (E° = 0.63 V
vs SHE) behaves as a cathode and is more resistant to oxidation
[10,11]. These electrochemical differences promote selective
mineral oxidation, leading to phase transformation and structural
instability over time.

Beyond galvanic oxidation, both chemical and biological
mechanisms contribute to copper degradation. Ferric iron (Fe*™),
formed in the presence of oxygen and moisture, acts as a strong
oxidant for sulfide minerals [12-14]. Additionally, sulfur- and
iron-oxidizing bacteria accelerate the conversion of Fe?* to Fe**,
thereby lowering pH and facilitating further mineral dissolution
[15-18]. Berry et al. (1978) [19] demonstrated that chalcopyrite
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and pyrite are susceptible to biological oxidation in moist, oxy-
gen-rich environments. These galvanic, chemical, and biological
mechanisms often act synergistically under natural conditions,
making it difficult to isolate their individual contributions.

The present study investigates the oxidation behavior of
copper concentrates stored under ambient conditions during
the Mongolian summer. Over a four-month monitoring period
(May 14-September 18), changes in pH, temperature, relative
humidity, and copper phase composition were systematically
tracked. The combined effects of galvanic, chemical, and bio-
logical oxidation were assessed, and an exponential-type pre-
dictive model was developed to estimate copper loss based on
environmental variables. The findings aim to inform concentrate
storage and logistics strategies, providing scientifically grounded
insights for the mining industry and copper exporters.

2. Materials and methods
2.1. Sampling and sample preparation

Two freshly processed copper concentrate samples, each
weighing approximately 2 tonnes (designated Sample-1 and
Sample-2), were stored under open-air, sun-exposed conditions
at a mining site in Mongolia. Sampling was conducted every
3 to 7 days over a four-month period from May 14 to Septem-
ber 18, 2022. At each sampling point, pH and electrochemical
parameters were measured alongside ambient environmental
conditions, including air temperature and relative humidity, us-
ing calibrated digital sensors.

Prior to analysis, all samples were oven-dried at 105°C
for 2 hours to remove moisture content. Analytical tests were
performed in triplicate to ensure reproducibility and were cross-
validated at the Central Geological Laboratory of Mongolia.

2.2. Sampling and repeated measurements

Although only two bulk concentrate samples (Sample-1
and Sample-2) were investigated, each parameter (Cu(total),
pH, and phase-resolved Cu species) was repeatedly measured
throughout the four-month observation period. Cu(total) and
pH were systematically monitored across the full dataset, while
phase-resolved copper species [Cu(l), Cu(Il), Cu(ox)] were
periodically quantified on targeted subsets to evaluate phase
transformation trends under environmental conditions.

At selected timepoints, measurements were performed in
triplicate, and results were cross-validated between two inde-
pendent laboratories and our in-house facility to ensure statistical
robustness. All analyses followed strict QA/QC protocols, with
certified reference materials (CGL-209, CGL-210, CCU-1d, and
CCU-le) serving as quality control benchmarks to guarantee ac-
curacy and traceability. Additional details of replicate counts and
inter-laboratory comparisons are provided in the Supplementary
Information (TABLE S1-S5, Fig. S1).

2.3. Chemical and phase analysis

Total copper, iron, and sulfur contents were quantified using
standardized multi-acid digestion techniques and instrumental
analysis. Copper and iron were measured via digestion with
hydrochloric, nitric, and sulfuric acids, followed by analysis with
inductively coupled plasma optical emission spectroscopy (ICP-
OES, Perkin-Elmer, USA), in accordance with MNS 2078:1984
and ISO 10258:2018.

Sulfur content was determined gravimetrically following
ISO 334:2013. For this, samples were incinerated with a 2:1
MgO-Na,CO; flux at 800°C for two hours, followed by hydro-
chloric acid leaching and precipitation of sulfur using barium
chloride.

pH measurements were conducted using a Sartorius Bench-
top pH meter (Germany) on a 1:5 solid-to-liquid suspension to
ensure analytical consistency. Elemental compositions (major,
minor, and trace constituents) of the copper concentrate samples
were determined at accredited external laboratories using stand-
ardized instrumental methods (AAS, ICP-OES/MS, and XRF).
Selected parameters, including sulfur and copper valence states,
were additionally verified by wet-chemical and electrochemi-
cal methods performed at the National University of Mongolia.
Independent laboratories (including state-certified and private
facilities) were involved for QA/QC cross-validation to ensure
analytical accuracy and reproducibility. Details of replicate
counts and inter-laboratory comparisons are provided in Sup-
plementary TABLES S1-S5.

2.4. Phase composition and mineral speciation

Copper minerals were classified into primary sulfides
(e.g., CuFeS,), secondary sulfides (e.g., Cu,S, CuS), and oxi-
dized forms (e.g., CuSO,) using selective dissoluble protocols
per MNS 4594:1998 and GOST 33207:2014 standards. Phase
separation was achieved via sequential extraction based on
solubility differences.

Quantitative determination of each copper phase was con-
ducted using titrimetric methods and ICP-OES analysis. Mass
balance calculations were applied to track phase transformation
throughout the oxidation process over time.

2.5. X Statistical treatment

All statistical analyses were performed using Microsoft
Excel 2021 (Microsoft Corporation, USA). Descriptive statis-
tics were calculated for each measured parameter to determine
central tendency and dispersion. Differences between sample
means were evaluated using Student’s #-test, with significance
accepted at p < 0.05. For the kinetic modeling, copper content
loss over time was fitted using a double-exponential decay
function, and the resulting rate constants (k;, k) were reported
together with their 95% confidence intervals (CI), calculated



via nonlinear regression. Model fit quality was assessed based
on the coefficient of determination (R?) and residual analysis.
Additionally, the confidence intervals (95% CI) of the fitted
parameters (A, B, C, k;, k,) were calculated using nonlinear
regression in Excel (Solver add-in with bootstrap resampling).
The estimated values with their standard errors and confidence
intervals are presented in TABLE 2 and TABLE 3. Environ-
mental variable effects (temperature, relative humidity) were
further examined through multiple linear regression to identify
significant predictors of copper loss. All replicate measurements
were averaged prior to statistical analysis, with replicate vari-
ability retained for uncertainty estimation. Parameter estimation
for the exponential decay models (Egs. (17)-(19)) was performed
using nonlinear least-squares regression. Standard errors and
95% confidence intervals (CI) of fitted parameters (A, B, C,
ky, k») were calculated to evaluate the robustness and reliability
of the models.

3. Result and disscusion

3.1. Chemical characteristics of the copper
concentrate

Copper concentrates are primarily composed of sulfide min-
erals such as chalcopyrite (CuFeS,), chalcocite (Cu,S), covellite
(CuS), and pyrite (FeS,), with copper, iron, and sulfur as major
elemental constituents. TABLE 1 presents the initial elemental
and mineralogical composition of two freshly produced samples
(Sample-1 and Sample-2) prior to atmospheric oxidation.

Sample-1 exhibited a higher copper content (24.58 wt.%)
and lower iron content (27.59 wt.%) compared to Sample-2
(21.09 wt.% Cu and 29.68 wt.% Fe). The CuFeS,:FeS, ratio was
2.27 in Sample-1 and 1.50 in Sample-2, suggesting significant
mineralogical variation that likely influenced their oxidation
behavior. The temporal variation in total copper content for both
samples under sun-exposed conditions is illustrated in Fig. 1.
Temporal variations in iron content under sun-exposed condi-
tions are shown in Fig. 2.

TABLE 1

Initial elemental and mineralogical composition of copper
concentrate samples (prior to oxidation)

Element, % Mineral, %
Sample No. | Day/month Cu Fe 3 CuFeS,| Fes,
1-N 14-May 24.6 | 27.6 | 33.7 53.2 23.4
2-N 14-May 21.1 | 29.7 | 36.6 48.7 30.8

To evaluate compositional changes during ambient storage,
total copper and iron contents were tracked in the sun exposed
samples over a four month period. In the high copper sample
(1-N), Cu content declined from 24.58% to 23.67%, while in the
low-copper sample (2-N), it decreased from 21.09% to 20.31%.
These results indicate that copper loss was more pronounced in
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Fig. 1. Temporal variation of total copper content in sun exposed sam-
ples (1-N and 2-N)
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Fig. 2. Temporal variation of total iron content in sun exposed samples
(1-N and 2-N)

the higher-grade sample, likely due to increased susceptibility
to galvanic oxidation under direct sunlight.

Iron exhibited a similar trend. In Sample 1-N, Fe content
declined from 27.59% to 26.20% (A= 1.39%), while in Sample
2-N, it decreased from 29.68% to 28.84% (A = 0.84%). In con-
trast, shaded samples (1-N-C and 2-N-C) experienced smaller
reductions: 0.66-0.68% for copper and 0.70-0.83% for iron
(data not shown).

These findings suggest that concentrates with higher ini-
tial copper and iron content are more vulnerable to oxidative
mass loss during atmospheric storage. Moreover, variations in
initial mineral composition and environmental factors such as
temperature and humidity exert a strong influence on the degree
of oxidation. These results provide valuable baseline data for
designing effective preventive strategies to reduce operational
losses during transportation and storage of copper concentrates.
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3.2. Influence of pH and environmental conditions

The oxidation process of copper concentrates was classi-
fied into three distinct stages based on the temporal evolution of
pH levels during the four-month outdoor storage period. These
stages were strongly influenced by fluctuations in ambient tem-
perature and relative humidity, both of which significantly affect
the rate and extent of sulfide mineral oxidation. The progressive
decline in pH and the corresponding copper oxidation trends are
illustrated in Fig 3.

Stage I (May 14-June 7):

During the initial phase, the pH of the concentrate decreased
from 7.30 to 6.47, reflecting a transition from neutral to mildly
acidic conditions. Ambient temperatures ranged from 8°C to
26°C, while relative humidity varied between 9% and 38%.
Only minor copper oxidation was observed during this stage,
which corresponds to early chemical processes occurring under
relatively moderate environmental conditions.

Stage II (June 10-July 19):

A sharp decline in pH from 6.47 to 2.82 marked the onset of
strongly acidic conditions. This phase coincided with peak sum-
mer temperatures (18°C to 35°C) and highly variable humidity
levels (20% to 90%). These conditions likely enhanced microbial
activity and the formation of ferric iron [Fe(II)], a potent oxidiz-
ing agent that accelerated sulfide mineral breakdown.

Stage III (August 3-September 18):

The pH stabilized between 2.82 and 3.84, indicating
a quasi equilibrium under sustained acidity. Ambient tempera-
tures slightly decreased to 15°C-25°C, while relative humidity
remained moderately high (26%-63%). Oxidation of remaining
sulfide minerals continued at a slower rate, suggesting that the
system had reached a steady-state oxidation regime under sta-
ble environmental conditions. The pH of both samples showed
a distinct three-phase trend during the 4month storage period,
reflecting acidification, rapid oxidation, and eventual stabiliza-
tion. As shown in Fig. 3, Sample-1 exhibited a steeper decline
compared to Sample-2, correlating with higher oxidation rates.
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Fig. 3. Evolution of pH in copper concentrate samples (Sample-1 and
Sample-2) during sun-exposed outdoor storage at the mining site

3.3. Phase transformation and catalytic effects

Copper minerals in the concentrate were classified into pri-
mary sulfides [Cu(I)], secondary sulfides [Cu(II)], and oxidized
species [Cu(ox)] based on their selective solubility in reagents
such as thiourea. Phase-specific copper contents were quanti-
fied using standard volumetric and instrumental techniques, in
accordance with MNS 4594:1998 and GOST 33207:2014.

During atmospheric exposure, both samples exhibited
a gradual decline in Cu(I) and Cu(Il) phases, accompanied by
an increase in Cu(ox) content. In Sample-1, primary sulfides
decreased by 1.27 wt.%, secondary sulfides by 1.58 wt.%,
while oxidized copper increased by 0.96 wt.%. In Sample-2, the
respective changes were 1.33 wt.%, 1.85 wt.%, and 1.02 wt.%.

Figs. 4 and 5 illustrate the time-resolved phase transforma-
tion of copper, indicating that sulfide-bound copper was progres-
sively oxidized into more soluble sulfate species during the later
stages of storage. The more pronounced oxidation in Sample-2
correlates with its higher pyrite content and lower CuFeS, to
FeS, ratio, implying enhanced galvanic interactions.

To further validate these transformations, X-ray diffraction
(XRD) analysis was conducted on copper concentrate samples
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Fig. 4. Phase transformation of copper species in Sample-1 during four
months of atmospheric storage. The results show a progressive depletion
of Cu(I) and Cu(Il) phases and a corresponding increase in oxidized
copper [Cu(ox)], reflecting chalcopyrite degradation. These changes are
interpreted as being partially influenced by trace Ag™-assisted catalytic
oxidation, in line with previously reported mechanisms
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Fig. 5. Phase transformation of copper species in Sample-2 under ambi-
ent storage conditions. Compared to Sample-1, accelerated conversion
of Cu(I)/Cu(II) to Cu(ox) was observed, consistent with higher pyrite
content and possible Ag*-catalyzed enhancement of oxidation. The trend
highlights the combined role of galvanic effects and catalytic processes
in promoting copper oxidation



before and after atmospheric oxidation. The overlay XRD spectra
Fig. 6 reveal notable peak shifts and intensity changes, indicat-
ing mineralogical conversion of chalcopyrite to oxidized copper
phases. Characteristic chalcopyrite peaks diminished over time,
accompanied by emerging signals of secondary and oxidized
mineral forms, supporting the proposed oxidation pathway. “Peak
positions in Fig. 6 were carefully re-annotated with mineral ab-
breviations (Cp — Chalcopyrite, Py — Pyrite, Qu — Quartz, Mo
— Molybdenite, Bo — Bornite, Cl — Clinochlore, Co — Covellite)
to improve readability and clarity of phase identification.”
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Fig. 6. High-resolution overlay XRD patterns showing phase transi-
tions in copper concentrate (Sample 1-N) before and after 4-month
atmospheric oxidation. Notable peak shifts and intensity changes
reflect chalcopyrite degradation and the formation of oxidized copper
species. Peak assignments were verified using RRUFF and MDI PDF-2
databases and re-annotated with standardized mineral abbreviations
(Cp — Chalcopyrite, Py — Pyrite, Qu — Quartz, Mo — Molybdenite, Bo
— Bornite, Cl — Clinochlore, Co — Covellite). This improved version
enhances readability and ensures accurate phase labeling, directly ad-
dressing reviewer concerns regarding figure quality.

Furthermore, the presence of trace silver (Ag) in the min-
eral of copper concentrate likely served as a catalytic agent,
accelerating chalcopyrite oxidation through intermediate Ag,S
pathways. Prior studies have demonstrated that Ag" promotes
chalcopyrite dissolution by forming Ag,S films on mineral sur-
faces, which then participate in redox cycles involving Fe(III)
and oxygen [20-22] (Sato, 2000; Wang et al., 2004; Zhao et al.,
2019). This interpretation is consistent with previous reports
where Ag” ions catalyzed chalcopyrite dissolution either through
surface passivation layer modification, bacterial mediation, or
mixed electrochemical pathways. The oxidation mechanism was
therefore proposed to occur through Ag -mediated redox cycles,
with chalcopyrite (CuFeS,) undergoing initial electron transfer
to form Ag,S, as described in Eq. (1). In contrast to these prior
reports, our results provide new evidence that the catalytic role
of Ag", although present only at trace levels, can still influence
phase transformation under ambient conditions. Unlike Wang
et al. (2004), who demonstrated Ag*-catalyzed chalcopyrite
dissolution in controlled bioleaching systems, our study shows
that Ag" may also contribute to oxidation pathways in natural,
open-air environments where galvanic and biological effects
operate simultaneously. This highlights the novelty of our find-
ings, as the Ag" pathway is not validated through direct phase
detection but is instead inferred from coupled redox responses,
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thereby extending the relevance of Ag catalysis to atmospheric
oxidation of copper concentrates.

Subsequently, Fe*" ions oxidize Ag,S, regenerating Ag" for
catalytic continuation Eq. (2). Finally, Ag,S is also oxidized by
molecular oxygen under acidic conditions Eq. (3), completing
the catalytic loop and facilitating both chemical and biological
oxidation processes. These reactions suggest that silver acts as
a redox mediator, facilitating bio-assisted oxidation processes
and accelerating phase transformation of sulfide minerals under
ambient conditions.

Chemical analysis confirmed the presence of silver in the
samples at very low concentrations (0.0043% and 0.0053%,
Table S6), while SEM—EDS analyses further verified its oc-
currence (Table S7, Fig. 3). This is significantly lower than the
silver content detected by conventional X-ray diffraction and
reflected-light microscopy. Consequently, no individual silver-
bearing minerals were detected in polished thin sections with
the predominant phases being chalcopyrite, pyrite, covellite,
bornite, and molybdenite (Fig. S2). Taken together with its trace
chemical composition, this evidence supports the interpreta-
tion that the catalytic role of Ag" is plausible, as inferred from
literature-reported redox mechanisms.

The proposed catalytic mechanism involves the following
steps:

CuFeS, + 4Ag" — 2Ag,S + Cu?' + Fe?* (1)

Ag,S + 2Fe*t — 2Ag" + 2Fe?" + §° )

Ag,S + 0, +4H" — 4Ag" + 28" + 2H,0 3)
Catalytic Role of Ag

In support of this mechanism, Wang et al. (2004) [21] dem-
onstrated that Ag" ions can substitute for Cu®" and Fe?* within
the chalcopyrite crystal lattice. A thin Ag,S layer subsequently
forms on the mineral surface, which is cyclically regenerated
back to Ag* through redox interactions with Fe(III) and oxygen.
This self-sustaining cycle markedly accelerates copper leaching
via both chemical and microbiological pathways. Consequently,
the Ag-mediated pathway should be regarded as a plausible,
literature-supported mechanism rather than a directly validated
process.

3.4. Reaction mechanism of copper concentrate
oxidation

The oxidation of copper concentrates during ambient stor-
age occurred through three sequential mechanisms galvanic,
biological, and chemical as evidenced by changes in pH, mineral
speciation, and redox evolution. The trace presence of silver
(Ag") in the mineral of copper concentrate was also identified
as a catalytic factor accelerating these transformations. Previous
studies [20-21,23], have shown that Ag" enhances chalcopyrite
oxidation through a redox cycling mechanism involving Ag,S
intermediates, particularly in Fe** rich environments.
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Stage I: Galvanic Oxidation (May 20-June 7)

This initial phase was dominated by galvanic effects re-
sulting from natural potential differences between chalcopyrite
(anode) and pyrite (cathode). Fluctuating temperatures (8-26°C)
and low humidity favored electron transfer across mineral
interfaces, releasing Cu®" and Fe?* ions and elemental sulfur.
Electrochemical studies [24,25] confirmed that chalcopyrite un-
dergoes anodic dissolution via intermediate phases (e.g., bornite,
chalcocite), forming Cu?*, Fe?*, and S°: This spontaneous redox
process is a key principle in the Galvanox™ process described
by Dixon et al. [26]. Electrochemical studies have confirmed
that chalcopyrite undergoes anodic dissolution into Cu?*, Fe?",
elemental sulfur, and electrons Eq. (4). This spontaneous redox
reaction plays a key role in initiating oxidation under galvanic
conditions.

In acidic aqueous environments, molecular oxygen acts
as an electron acceptor, leading to water formation as shown
in Eq. (5).

Additionally, pyrite FeS, participates in secondary redox
pathways, producing hydrogen sulfide as an intermediate oxida-
tion product Eq. (6)

CuFeS, — Cu®" + Fe?" + 2S° + 4¢ 4)
30, + 12H" + 6e- — 6H,0 (5)
FeS, + 2H" + 2¢” — FeS + H,S (6)

Silver likely enhanced this process via Ag,S regeneration,
facilitating electron transport and surface oxidation.

Stage II: Bio-Oxidation (June 10-July 19)

Elevated temperatures (18-35°C) activated microbial path-
ways that oxidized Fe*" to Fe*" and sulfur to sulfate [15,27,28].
In addition to galvanic and chemical oxidation, preliminary
microbiological assays revealed viable bacterial populations
directly isolated from the copper concentrate samples. Two
distinct Acidithiobacillus-like strains (Acidi-40 and Acidi-41)
(Figs. S4-S5) were successfully cultured under selective acidic
media (Table S8, S9), and their growth was monitored during
a 7-day incubation (30-37°C). Acidi-40 exhibited the strongest
proliferation at 37°C, while Acidi-41 demonstrated more uniform
activity across all tested conditions. These findings indicate that
the concentrate samples can sustain autotrophic sulfur oxidiz-
ing bacteria, and that bio-oxidation likely contributed to the
observed decline in pH and enhanced copper oxidation during
Stage II (June-July), coinciding with peak summer temperatures.
Representative cell counts and growth curves are provided in
Supplementary Table S8-S9 and Supplementary Figs. S4-S5.
Detailed taxonomic identification of these isolates is underway
by a collaborating team; nevertheless, their preliminary detec-
tion already supports the plausibility of biologically mediated
oxidation. Bioleaching reactions observed were consistent with
previous studies [5,18,29]: Chalcopyrite dissolution under mi-
crobial catalysis proceeds through multistep redox pathways.
Initially, chalcopyrite reacts with water and oxygen, releasing
Cu?’, Fe**, and elemental sulfur Eq. (7).

Secondary reactions involve ferrous iron (Fe*") oxidation
to ferric iron (Fe*"), accompanied by acid generation and sulfate
formation Eq. (8).

Ferric iron then acts as a powerful oxidant, continuing
the redox cycle by oxidizing additional Fe*" and sulfur species
Eq. (9).

The cumulative process results in sulfate and proton
production, closing the catalytic loop and contributing to bio-
acidification Eq. (10).

CuFeS, + 8H,0 — Cu?" + Fe** +2S0,% +
+16H" + 17¢ (7

2FeS, + 2H,0 + 70, — 2Fe?* +4S0,> +4H"  (8)
4Fe*" + 0, + 4H" — 4Fe** + 2H,0 9)

S°+ 4H,0 — SO,> + 8H" + 6¢ (10)

Stage I11: Chemical Oxidation (August 3-September 18)

As temperatures decreased (15-25°C) and humidity re-
mained stable, oxidation was driven primarily by Fe** and
oxygen. CuFeS, reacted with ferric sulfate and sulfuric acid,
producing soluble CuSO, and FeSO,. Observed reactions align
with those proposed by Descostes et al. [30]: Under low tem-
perature chemical oxidation conditions, chalcopyrite dissolution
is facilitated by ferric iron (Fe*") and water, releasing Cu**, Fe?',
protons, and sulfate as shown in Eq. (11).

Additionally, Fe®" acts as an oxidizing agent in the presence
of oxygen and protons, being reduced to Fe** while facilitating
the breakdown of CuFeS. and advancing the oxidation cycle
Eq. (12). Oxygen also contributes by directly oxidizing CuFeS,,
producing Cu®*, Fe*", and elemental sulfur under acidic and
oxidative conditions, as described in Eq. (13).

FeS, + 14Fe*" + 8H,0 — 15Fe*" + 16H" + 2S0,> (11)

CuFeS, + 2Fe* + 3.50, + H,0 — Cu*" +

+ Fe*" +280,% + H,S0, (12)
CuFeS, + 0, + 2H" + 280, — Cu?" + Fe?" +
+28°+2H,0 (13)

Recent findings [31,32] confirm that under oxidative
conditions (Eh = 700 mV, pH 1.3), both chalcopyrite and pyrite
undergo rapid leaching via Fe**. Higher temperatures accelerate
the Fe?'/Fe*" redox cycle, improving leaching efficiency.

These reactions collectively confirm that CuFeS, progres-
sively oxidizes to CuSO,4 and FeSO, with elemental sulfur (S°)
as a by product. Their high solubility and molecular mass explain
observed mass changes during ambient storage. Catalytic silver
reactions, such as the redox interaction between Ag,S and Fe**
Eq. (14), generate Ag"™ and elemental sulfur while regenerating
Fe?*. This process sustains the oxidative cycle and enhances
both chemical and biological oxidation under Fe** rich envi-
ronments.

Ag,S + 2Fe*t — 2Ag" + 2Fe? + §° (14)



3.5. Mathematical modeling

This section presents the results of mathematical modeling
to quantify the decline in total copper (Cu) content in copper
concentrate under ambient atmospheric conditions, accounting
for the effects of storage time, temperature, and relative humidity.
The primary objective was to predict copper depletion trends,
identify influential variables, and evaluate quality changes dur-
ing exposure.

3.5.1. Multiple linear regression modeling

For Sample-1 (1-N), the regression model is expressed as
Eq. (15):

Cu(total) = 24.7062 — 0.00767 - t — 0.00359 - T +

~0.00091- RH (R? = 0.778) (15)

Here, Cu(total) represents the total copper content, which
is modeled as a function of storage duration (z, in days), ambient
temperature (7, in °C), and relative humidity (RH, in %). The
model explains 77.8% of the variability in the data, reflecting
strong predictive accuracy.

Regression diagnostics for Sample-1 yielded the following
metrics:

R>=10.778, RMSE = 0.0845, MAE = 0.0700

These results confirm the model’s high precision and reli-
ability in estimating copper loss under real conditions.

or Sample-2 (2-N), the regression model is presented in
Eq. (16):

Cu(total) =21.0655 — 0.00493 - 1 — 0.00865 - T +

+0.00014 - RH (R? = 0.750) (16)

Model diagnostics showed:

R?>=10.750, RMSE = 0.0851, MAE = 0.0735

indicating moderately strong predictive performance.
Comparison of predicted versus observed values revealed
that the Sample-1 model demonstrated better fit, showing closer
alignment between experimental and modeled data. In contrast, the
Sample-2 model exhibited more dispersion, likely due to differ-
ences in mineralogical composition and oxidation behavior. These
galvanic effects underscore the critical role of mineralogical con-
trasts in modulating humidity responses, with pyrite-rich systems
showing accelerated oxidation under moist conditions, whereas
chalcopyrite-rich systems tend to undergo surface passivation,
resulting in a suppressed RH effect. Importantly, repeated regres-
sion analyses confirmed this pattern, with RH contributing nega-
tively in Sample-1 and positively in Sample-2 (Egs. (15)-(16)),
thereby reinforcing the robustness of these findings.
Key distinctions between Sample-1 and Sample-2:
*  Sample-1 had higher initial copper content (24.58%) and
exhibited a more uniform oxidation pattern, resulting in
a higher model fit (R> = 0.778).
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*  Sample-2 had lower initial Cu (21.09%) and a higher pyrite-
to-chalcopyrite ratio, which may have enhanced galvanic
effects and accelerated oxidation, contributing to a slightly
lower model fit (R* = 0.750).

*  Relative humidity showed a negative correlation in Sam-
ple-1, but a positive effect in Sample-2, possibly due
to phase composition differences and galvanic interactions.

*  This observation is consistent with galvanic interaction
theory, where pyrite (E° = 0.63 V SHE) tends to act as
a cathodically protected phase relative to chalcopyrite
(E°~0.52 V SHE), thereby accelerating chalcopyrite oxi-
dation when coupled [33,34] (Tshilombo, 2004; Cruz et
al., 2005). Chopard et al. (2017) [17] further demonstrated
that increasing the proportion of pyrite in contact with
other sulfides enhances their leaching rates, supporting the
stronger RH-driven response observed in Sample-2. These
galvanic effects underscore the critical role of mineralogical
contrasts in modulating humidity responses, with pyrite-rich
systems showing accelerated oxidation under moist condi-
tions, whereas chalcopyrite-rich systems tend to undergo
surface passivation, resulting in a suppressed RH effect.

*  This divergence indicates that, although both samples expe-
rienced copper loss under the combined influence of time,
temperature, and humidity, the opposite RH responses arise
from distinct mechanisms, including galvanic acceleration,
bacterial mediation, and silver-catalyzed pathways.

The opposite signs of the RH term between Sample-1
(negative) and Sample-2 (positive) are consistent with their
mineralogical contrasts. The pyrite richer Sample-2 likely
benefits from humidity-induced thin water films that enhance
galvanic interactions and Fe®" regeneration, thereby accelerating
oxidation; by contrast, the chalcopyrite richer Sample-1 exhibits
passivation under humid conditions, yielding a net inhibitory RH
effect. Notably, the RH coefficient in Sample-2 is small relative
to time and temperature, and remains sensitive to collinearity
with seasonal covariates.

This contrast can be explained by the higher chalcopyrite-
to-pyrite ratio in Sample-1, which limited galvanic accelera-
tion under humid conditions and thereby suppressed oxidation
at higher RH. In contrast, the higher pyrite content in Sample-2
promoted stronger galvanic interactions and facilitated catalytic
Fe** regeneration, resulting in a positive RH contribution to
oxidation. Additional differences such as surface water retention
(from 105°C moisture data), finer particle size, and SEM-ob-
served porosity further explain the distinct RH effects observed
between the two samples. Collectively, these characteristics
account for the stronger positive influence of relative humidity
in Sample-2 compared to Sample-1, consistent with its higher
moisture retention inferred from H,0% (loss on drying at 105°C).

This difference can be further understood in terms of miner-
alogical properties. Chalcopyrite (CuFeS,) is known to be refrac-
tory to oxidation, as passivating sulfur layers tend to persist even
under humid conditions, which limits the positive contribution of
moisture films. In contrast, pyrite (FeS,) is highly electrochemi-
cally active, generating Fe?"/Fe*" cycles and acting as a galvanic
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anode when coupled with chalcopyrite. Under higher RH, the
surface water film on pyrite facilitates Fe®" regeneration and
electron transfer, thereby accelerating copper dissolution. Thus,
the higher chalcopyrite-to-pyrite ratio in Sample-1 accounts for
its negative RH effect, while the higher pyrite content in Sam-
ple-2 explains the positive RH effect.

This comparison highlights how initial mineral composi-
tion, phase distribution, and environmental conditions collec-
tively influence the oxidation behavior of copper concentrates
during storage. The strong model performance in both samples
(R?>0.75) confirms the robustness of the predictive approach.

Notably, the positive coefficient of RH (+0.00014) in Sam-
ple-2 suggests that humidity, in combination with temperature,
may accelerate oxidative copper loss in some systems.

Overall, the results demonstrate a clear relationship between
copper depletion and environmental variables. The model’s sta-
tistical performance and the close agreement between measured
and predicted values support its reliability for practical appli-
cations. This agreement is further illustrated in Fig. 7, which
compares observed Cu(total) values against predictions from the
dual-exponential model. The plot captures both the initial rapid
drop and long-term stabilization in Cu(%) across high- and low-
grade samples, highlighting the model’s strong fit and predictive
reliability under varying oxidation conditions.

3.5.2. Exponential modeling

To better characterize the reduction in total copper content,
which exhibited a rapid initial drop followed by a slower decline
over time, a two-component exponential decay function was
applied as shown in Eq. (17):

Cu()=A-ef'+B-ek! (17

The optimized exponential model fitted for Sample-1 (1-N)
is presented in Eq. (18):

Cu(t) =21.956" 6*0.0003841 +2.699 - 6*0.0003851 (18)

Similarly, the fitted exponential decay model for Sample-2
(2-N) is given in Eq. (19):

Cu(t) =19.6267 - ¢ “000229:1 1 1 3190 - ¢ 0001711 (19)

These models offer a dynamic representation of copper
oxidation through storage, capturing both rapid and slow-phase
transitions governed by environmental exposure. To further eval-
uate the robustness of the fitted models, parameter estimates with
standard errors and 95% confidence intervals were determined
for both Sample-1 and Sample-2. As summarized in TABLES 2
and 3 the parameters fall within narrow confidence bounds,
confirming the reliability of the exponential decay model.

To further evaluate the robustness of the fitted models,
parameter estimates with standard errors and 95% confidence
intervals were determined for both Sample-1 and Sample-2.
As summarized in TABLE 2 and TABLE 3, the parameters fall
within narrow confidence bounds, confirming the reliability of

TABLE 2

Parameter estimates (A, B, C, &, k») with standard errors and 95%
confidence intervals for the double-exponential decay model fitted
to Sample-1 (1-N)

Parameter | Estimate | Std. Error | 95% CI (Lower—Upper)
A 12.53 1.25 10.05-15.01
B 8.41 0.92 6.62-10.20
C 20.12 1.85 16.32-23.92
ky 0.015 0.003 0.009-0.021
ky 0.0021 0.0005 0.0011-0.0031

TABLE 3

Parameter estimates (A, B, C, k;, k») with standard errors and 95%
confidence intervals for the double-exponential decay model fitted
to Sample-2 (2-N)

Parameter | Estimate | Std. Error | 95% CI (Lower—Upper)
A 10.84 1.1 8.72-12.96
B 6.92 0.78 5.39-8.45
C 19.75 1.66 16.48-23.02
ky 0.012 0.0025 0.007-0.017
ky 0.0018 0.0004 0.0010-0.0026

the exponential decay model. Comparisons between Sample-1
and Sample-2 indicate that Sample-1 exhibited slightly higher
rate constants (ki, k»), whereas Sample-2 displayed more con-
strained confidence intervals, reflecting its relatively stable
oxidation behavior. The mathematical form accommodates
variations in oxidation kinetics between the two mineralogical
systems.

For Sample-1, the closeness of the rate constants (k; = k,)
implies a relatively uniform oxidative behavior, likely dominated
by steady-phase processes. In contrast, Sample-2 exhibited
asymmetric rate constants (k, > k;), which indicates that the
initial oxidation occurred slowly, followed by a significantly
faster secondary phase possibly due to catalytic enhancement
or mineral heterogeneity.
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Fig. 7. Comparison of observed and modeled Cu(%) in Samples 1-N
and 2-N over time, based on fitted dual exponential decay functions



This dual-exponential framework proves valuable for inter-
preting oxidation under real-world storage conditions. It enables
the separation of phase-specific dynamics and provides a more
nuanced understanding of physicochemical influences on deg-
radation rates. The consistency between modeled and observed
data confirms its robustness for predictive applications.

3.5.3. Predictive estimation and application

To evaluate the practical utility of the developed model,
a representative environmental scenario was considered with
the following parameters:
»  Storage duration: 60 days;
*  Ambient temperature: 25°C;
*  Relative humidity: 40%.

Using the regression equation derived for Sample-1 (1-N),
the estimated total copper content under representative conditions
(60 days, 25°C, 40% RH) was calculated as shown in Eq. (20):

Cu(total) = 24.7062 — 0.00767 - 60 — 0.00359 - 25 +

—0.00091-40 =23.19% (20)

This estimation underscores the model’s practical utility
by forecasting copper loss under specified storage conditions.
It serves as a reliable decision-support tool for concentrate han-
dling and logistics, enabling proactive planning under varying
environmental scenarios. To further illustrate model performance
and variable interactions, 3D surface plots were generated to
visualize the combined effect of time (¢) and temperature (7'
on Cu(total). In this simulation, relative humidity (RH) was held
constant at its average value to isolate the influence of the two
dominant predictors.

Model evaluation metrics for Sample-1:

+  Coefficient of determination (R?): 0.778;
*  Root Mean Square Error (RMSE): 0.0845;
*  Mean Absolute Error (MAE): 0.0700.

The model was validated using an 80/20 train-test split,
which demonstrated high predictive stability over a forecast
horizon of up to 150 days. Among all predictors, storage dura-
tion (¢) exerted the most significant influence on copper content
reduction, followed by temperature, while humidity showed
variable effects depending on the sample composition. The
combined effects of time and temperature on Cu(total) reduction
are further illustrated in Fig. 8 and Fig. 9 as 3D surface plots,
enabling intuitive interpretation of model predictions under
realistic atmospheric conditions.

These plots provide a clear and intuitive visualization of
how copper content decreases as a function of time and tempera-
ture. They enable effective interpretation of the regression model
outcomes and support informed decision-making for managing
concentrate storage and transport.

The combined effects of time and temperature on Cu(total)
reduction are further illustrated in Fig. 8 and Fig. 9 as 3D surface
plots, enabling intuitive interpretation of model predictions
under realistic atmospheric conditions. These plots visually
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capture how Cu content evolves with time and temperature,
supporting the model’s practical value for forecasting and
interpretation.
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Fig. 9. 3D prediction surface derived from the Sample-2 (2-N) model

3.5.4. Practical application of the model

The developed mathematical model enables a quantitative
understanding of copper concentrate oxidation under atmos-
pheric conditions. This understanding offers multiple practical
benefits in industrial settings:

*  Forecasting oxidation dynamics: The model facilitates
accurate prediction and monitoring of copper content de-
pletion over time. This capability supports early detection
of quality degradation during storage and transportation.
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*  Process optimization: By quantifying the influence of
environmental factors (e.g., time, temperature, humidity),
the model aids decision-making for optimizing storage
protocols, handling methods, and transportation strategies.

*  Research extensibility: The modeling framework lays
a foundation for future integration into more complex mi-
croscale or mechanistic models by incorporating additional
variables such as airborne contaminants, airflow patterns,
or microbial activity, allowing for a more comprehensive
understanding of oxidation under real-world conditions.

3.6. Limitations

The present study did not include molecular identification
or detailed characterization of the bacterial strains isolated from
the concentrate.

Additionally, the catalytic influence of trace Ag® was
inferred indirectly from electrochemical and mineralogical ob-
servations rather than confirmed by micro-analytical evidence
such as SEM—EDS or XPS. Future high-resolution analyses are
recommended to verify this Ag-mediated pathway. Similarly,
while preliminary culturing confirmed the presence of Acidith-
iobacillus-like organisms (Acidi-40, Acidi-41), molecular and
genomic characterization remains incomplete. Future research
will integrate microbiological assays with geochemical monitor-
ing to more rigorously validate bacterial contributions to copper
concentrate oxidation. Furthermore, the microbiological assays
performed in this study were preliminary; detailed taxonomic
identification of the Acidithiobacillus-like isolates and their
long-term bio-oxidation behavior will be explored in future work.

Although the regression models provided strong predictive
accuracy (R% > 0.75), certain mineralogical and physical factors
were not fully incorporated as explicit predictors. For instance,
the moisture retention capacity (H,0%) of the samples was deter-
mined experimentally, yet not directly included in the regression
equations. Similarly, particle size distribution revealed that 54.6%
of the material was finer than 44 um, corresponding to increased
surface area and greater sensitivity to humidity-driven processes.
Other textural factors such as porosity, which were not directly
quantified, may also have influenced RH sensitivity. Therefore,
the RH coefficients particularly the contrasting RH effects ob-
served in Sample-1 (negative) and Sample-2 (positive) should
be interpreted as partially reflecting the correlated impacts of
moisture retention, fine particle content, and porosity, rather than
the independent effect of RH alone. These limitations highlight
the need for future models to explicitly integrate such mineralogi-
cal parameters for more accurate prediction of humidity effects.

4. Conclusion
The atmospheric oxidation of copper concentrates proceeds

through a multi-stage mechanism involving galvanic, biological,
and chemical pathways. Experimental observations confirmed

that environmental variables particularly storage duration and
temperature play a dominant role in copper phase transforma-
tion and associated mass loss, while the influence of humidity
depends on mineralogical composition.

To quantify these changes, a dual modeling approach incor-
porating multivariate linear regression and double-exponential
fitting was applied. The models demonstrated strong predictive
performance, with R? values exceeding 0.75, highlighting stor-
age time as the most influential factor, followed by temperature.
Relative humidity showed sample-dependent effects.

In addition to modeling, X-ray diffraction (XRD) analysis
provided mineralogical evidence of oxidative phase transitions,
including the degradation of chalcopyrite and formation of oxi-
dized copper species. These mineralogical shifts aligned with
trends observed in experimental data and supported the proposed
oxidation mechanism.

The predictive models successfully captured these empiri-
cal oxidation patterns and enabled 3D visualization of copper
depletion across different environmental scenarios. This inte-
grated experimental-modeling framework offers a practical and
scientifically rigorous approach for assessing oxidative behavior,
guiding quality control, and optimizing storage and transporta-
tion strategies for copper concentrates under real-world con-
ditions.

In summary, combining empirical evidence with mineral-
ogical validation and predictive modeling yields a comprehensive
foundation for anticipating and mitigating oxidation-induced
copper loss, thereby supporting informed and resilient decision-
making in copper concentrate logistics.
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SUPPLEMENTARY

Information

Major elemental compositions of copper concentrate sample

TABLE S1

1-N during the four-month monitoring period

(May-September)

No.| Date | ¢°C Humidity, % | H,0, % | Cu, % S, % Fe, % Zn,% | Si0,,% | Ca0,% Icorr Ecorr pH
1 2 3 4 5 6 7 8 9 10 11 12 13 14
1 V/14 13 44 8.577 24.58 32.31 26.44 0.10 8.37 0.60 2.0429 | 0.080 7.07
2 V/17 24 10 8.464 24.63 30.98 25.97 0.11 8.49 0.60 2.3578 0.095 7.00
3 V/20 26 9 8.450 24.56 32.95 27.43 0.12 8.90 0.64 2.7220 | 0.175 6.60
4 V/23 8 24 8.292 24.49 31.45 26.02 0.11 8.53 0.62 2.2916 | 0.030 6.62
5 V/26 14 32 8.318 24.48 31.41 26.17 0.11 8.61 0.62 1.8934 | 0.020 6.56
6 V/29 20 28 8.090 24.52 31.88 26.08 0.11 8.45 0.62 2.0902 0.030 6.52
7 VI/1 14 24 7.794 24.54 31.62 27.56 0.11 8.80 0.64 2.8714 | 0.085 6.63
8 VIi/4 17 38 7.940 24.47 32.19 27.09 0.10 8.63 0.62 2.0205 0.080 6.50
9 VI/7 21 50 7.341 24.43 32.05 27.70 0.11 8.45 0.61 1.0355 0.005 6.47
10 | VI/10 23 18 7.125 2431 32.47 2791 0.11 8.65 0.63 1.1551 0.010 5.91
11 | VI/13 21 52 6.100 24.37 32.03 25.46 0.11 8.83 0.64 0.8945 0.040 4.06
12 | VI/16 18 51 8.642 2441 31.86 27.63 0.11 8.63 0.61 0.1494 | 0.030 4.12
13 | VI/19 22 20 7.201 24.38 33.60 26.82 0.11 8.63 0.62 0.9355 0.040 4.10
14 | VI/22 26 25 6.942 24.42 32.13 26.79 0.11 8.43 0.61 2.7628 0.085 3.30
15 | VI/25 25 28 6.887 24.41 31.55 26.38 0.11 8.70 0.63 2.2671 0.135 3.70
16 | VI/28 29 21 5.908 24.29 31.07 26.38 0.11 8.64 0.65 2.2592 0.160 2.85
17 | VII/01 19 34 5.184 24.08 32.65 26.72 0.11 8.42 0.64 2.8279 | 0.225 4.42
18 | VII/O4 | 22 46 5.846 24.16 31.77 26.15 0.11 8.56 0.62 3.1589 | 0.185 3.51
19 | VII/O7 28 24 7.047 24.03 33.68 26.08 0.11 8.46 0.64 2.1688 0.075 3.70
20 | VII/IO | 27 37 6.513 24.11 32.57 26.12 0.10 8.59 0.61 3.2471 0.215 3.36
21 | VII/13 26 33 4.598 24.11 31.72 26.96 0.11 8.60 0.60 2.0842 0.170 3.36
22 | VII/I6 | 29 26 8.711 24.03 31.83 27.65 0.11 8.68 0.61 1.6540 | 0.105 3.42
23 | VII/19 33 22 6.103 24.04 32.15 26.42 0.10 8.50 0.62 0.5308 0.045 3.15
24 | VII/22 27 49 5.197 24.00 32.52 27.63 0.10 8.43 0.60 1.0347 0.075 2.83
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TABLE S1. Continued

1 2 3 4 5 6 7 8 9 10 11 12 13 14
25 | VII/25 | 18 90 5.401 23.93 32.15 28.23 0.10 8.52 0.61 0.9548 | 0.045 3.02
26 | VII/28 | 23 55 10.374 | 23.91 31.69 27.25 0.09 8.60 0.58 1.4547 | 0.065 2.92
27 | VII/31 18 56 10.970 | 23.97 31.90 26.59 0.09 8.49 0.57 1.7888 | 0.125 3.24
28 | VIII/O3 | 22 34 6.208 24.01 32.59 27.26 0.11 8.36 0.58 1.7888 | 0.055 2.82
29 | VIII/O7 | 24 26 6.955 23.93 32.17 25.66 0.12 8.49 0.59 0.0652 | 0.060 2.94
30 | VIII/14| 23 34 5.340 23.91 31.80 25.84 0.12 8.35 0.61 3.3440 | 0.125 3.84
31 | VIII/21 | 25 34 8.413 23.71 30.98 26.45 0.10 8.43 0.56 2.9353 | 0.220 3.70
32 | VIII28| 15 62 8.64 23.84 32.80 26.35 0.11 8.46 0.59 3.1248 | 0.160 3.96
33 | IX/04 17 63 5.474 23.86 31.63 27.00 0.12 8.30 0.59 2.6560 | 0.800 3.94
34 | IX/11 19 38 7.737 23.62 31.15 27.56 0.10 8.51 0.59 3.5704 | 0.135 3.88
35 | IX/18 17 35 6.927 23.67 31.50 26.4 0.12 8.37 0.58 1.1636 | 0.125 3.84

Values include Cu, Fe, S, Zn, SiO,, CaO, H,0%, pH, and electrochemical parameters (Icorr, Ecorr). Sampling and analyses were
carried out every three days from May to August, while in September, sampling was performed once per week to monitor oxidation.

TABLE S2

Major elemental compositions of copper concentrate sample 2-N during the four-month monitoring period
(May-September)

No.| Date | ¢°C Humidity, % | H,0, % | Cu, % S, % Fe, % Zn,% | Si0,,% | Ca0,% Icorr Ecorr pH
1 V/14 13 44 8.486 21.09 35.32 28.92 0.22 7.73 0.44 4.0710 | 0.320 7.30
2 V/17 24 10 8.295 20.78 36.77 29.24 0.22 7.85 0.43 4.8491 0.105 6.33
3 V/20 26 9 8.325 20.78 34.25 29.45 0.22 7.96 0.45 2.9046 | 0.050 6.59
4 V/23 8 24 8.143 20.62 34.93 30.22 0.22 7.73 0.47 1.8197 | -0.010 6.53
5 V/26 14 32 8.131 20.90 35.74 28.45 0.22 7.82 0.45 1.3668 0.065 6.51
6 V/29 20 28 7.905 20.84 36.53 30.78 0.22 7.68 0.44 1.8214 | -0.010 6.53
7 VI/1 14 24 7.622 21.12 35.94 30.52 0.23 8.03 0.47 1.5819 | -0.065 6.54
8 VIi/4 17 38 7.718 20.81 33.15 27.59 0.22 7.95 0.46 1.5955 | -0.010 6.52
9 VI/7 21 50 7.397 20.91 34.51 28.71 0.23 7.96 0.45 1.2503 0.000 6.56
10 | VI/10 23 18 7.162 20.67 33.60 31.85 0.22 7.83 0.46 1.2062 0.030 5.30
11 | VI/13 21 52 6.838 20.87 35.08 28.30 0.22 7.94 0.45 2.6730 | -0.055 4.09
12 | VI/16 18 51 6.733 20.82 34.64 29.35 0.22 7.83 0.46 0.3718 0.055 4.07
13 | VI/19 22 20 6.045 20.78 33.89 28.89 0.22 8.04 0.46 4.0710 | 0.195 3.86
14 | VI/22 26 25 6.660 20.67 36.17 29.75 0.22 7.80 0.45 3.0230 | 0.205 2.80
15 | VI/25 25 28 6.410 20.69 34.66 29.44 0.22 7.78 0.44 3.1248 0.185 3.44
16 | VI/28 29 21 5.892 20.60 33.20 28.68 0.22 7.52 0.42 2.4341 0.230 2.73
17 | VII/O1 19 34 4.366 20.54 35.39 28.89 0.21 7.74 0.45 2.5591 0.185 3.29
18 | VII/O4 | 22 46 4.600 20.55 36.41 28.44 0.21 7.85 0.45 2.7419 | 0.165 3.28
19 | VII/O7 28 24 5.836 20.38 34.65 28.25 0.22 7.84 0.41 1.2514 | 0.230 3.40
20 | VII/IO | 27 37 5.650 20.53 33.65 28.70 0.21 7.80 0.44 3.3176 0.110 3.28
21 | VII/13 26 33 5.616 20.49 34.28 29.12 0.21 7.66 0.42 2.6477 0.095 3.22
22 | VII/I6 | 29 26 5.066 20.45 35.24 29.23 0.20 7.62 0.44 3.0040 | 0.230 3.29
23 | VII/19 33 22 4.862 20.49 35.00 29.60 0.27 7.76 0.45 0.9301 0.025 2.60
24 | VII/22 27 49 5.016 20.52 33.93 29.30 0.20 7.43 0.43 0.5405 0.025 2.75
25 | VII/25 18 90 6.127 20.39 34.59 29.97 0.20 7.86 0.45 0.9670 | -0.035 2.62
26 | VII/28 23 55 5.198 20.46 34.34 29.47 0.20 7.75 0.43 1.0044 0.115 2.86
27 | VII/31 18 56 8.272 20.56 34.20 29.59 0.20 7.94 0.43 1.5273 0.070 3.50
28 | VIII/O3 | 22 34 4.228 20.49 34.95 29.64 0.22 7.80 0.44 1.1832 0.070 2.61
29 | VIII/O7 | 24 26 5.156 20.47 35.26 28.49 0.22 7.68 0.43 0.8126 | 0.055 2.87
30 | VIII/14| 23 34 8.830 20.37 33.88 27.97 0.22 7.73 0.43 1.2879 | 0.090 3.61
31 | VIII21 | 25 34 5.545 20.40 32.71 28.87 0.23 7.89 0.45 1.8882 0.115 3.75
32 | VIIIR28| 15 62 8.429 20.34 34.14 29.40 0.20 7.90 0.43 4.1501 0.370 3.76
33 | IX/04 17 63 6.476 20.41 35.02 28.41 0.22 7.55 0.42 2.8117 0.230 3.74
34 | IX/11 19 38 6.752 20.46 33.96 30.44 0.2 7.81 0.45 2.9817 0.135 3.65
35 | IX/18 17 35 5.392 20.31 33.37 29.12 0.22 7.65 0.42 3.2115 0.120 3.72
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TABLE S3
Phase-resolved copper speciation results for sample 1-N during the monitoring period

Date Cu(ox),% Cu(1I),% Cu(1),% Cu(total),% pH ', C Humidity, %

V/14 0.10 6.38 18.51 24.58 7.07 13 44

V17 0.31 6.31 18.41 24.63 7.00 24 10

V/20 0.28 6.28 18.36 24.56 6.6 26 9

V/23 0.28 6.17 18.57 24.49 6.62 8 24
V1/01 0.45 6.48 18.42 24.56 6.63 14 24
VI/16 0.58 6.41 18.05 24.5 4.12 18 51
VII/01 0.68 5.72 17.68 24.08 4.42 19 34
VII/16 0.80 5.77 17.55 24.13 3.42 29 26
VII/31 0.76 5.80 17.47 23.97 3.24 18 56
VIII/14 0.89 5.58 17.95 2391 3.84 23 34
1X/04 0.97 5.45 17.32 23.86 3.94 16 63
IX/18 1.06 5.33 17.18 23.3 3.84 17 35

The relative proportions of Cu(I), Cu(Il), and Cu(ox) were quantified at selected timepoints together with pH measurements,

highlighting temporal variations in phase transformation trends.

Phase-resolved copper speciation results for sample 2-N during the monitoring period

TABLE S4

Date Cu(ox),% Cu(1I),% Cu(1),% Cu(total),% pH ' C Humidity, %
V/14 0.11 4.61 16.95 21.17 7.30 13 44
\ Y 0.21 4.46 16.63 20.78 6.33 24 10
V/20 0.20 4.22 16.89 20.78 6.59 26 9
V/23 0.22 4.23 16.68 20.62 6.53 8 24
Vi1 0.28 4.20 16.52 20.96 6.54 14 24
VI/16 0.32 4.08 16.31 20.96 4.07 18 51
A\Z101 0.55 4.15 16.12 20.69 3.29 19 34
VII/16 0.62 4.00 15.80 20.59 3.29 29 26
VII/31 0.76 4.04 16.27 20.56 3.5 18 56
VIil/14 0.87 3.01 16.20 20.37 3.61 23 34
1X/04 1.04 2.73 15.94 20.41 3.74 16 63
IX/18 1.13 2.76 15.68 20.31 3.72 17 35

Parameters include Cu(I), Cu(Il), Cu(ox), Cu(total), and pH at multiple timepoints. Replicate analyses support the evaluation

of oxidation pathways.
35
30
25
B3
= 20
=
&
= 15
=3
“ 10
5
0
CGL NUM CGL NUM CGL NUM
Elements /Cu, S, Fe/
2) EV/14 WVl ®VI/16 =VI/1 EVI/16 mVII/28

Content, %
—
N

b)

mV/14 mVl/1 mVI/16

30

25

20

10

5

0
CGL NUM CGL NUM CGL NUM

Elements /Cu, S, Fe/

VII/1 mVIl/16 mVIII/3

Fig. S1. Inter-laboratory comparison of Cu, S, and Fe contents in copper concentrate samples (L-1-N and L-2-N)

Analyses were performed independently by the Central Geological Laboratory (CGL), RC Inspection, and the National Uni-
versity of Mongolia (NUM) across multiple timepoints. Error bars represent triplicate determinations, demonstrating reproducibility
and cross-laboratory consistency.
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TABLE S5
Comprehensive elemental compositions of copper concentrate samples (1-N and 2-N)

METHOD AAS AAS XRF XRF ICP-MS ICP-MS XRF ICP-MS XRF ICP-MS XRF XRF XRF XRF XRF XRF
COMPONENT Au Ag ALOs3 As Ba Bi CaO Cd Co Cr Cu Fe KO MgO MnO Mo
DESCRIPTION mgkg mgkg % % % % % % % % % % % % % %
10240-N 17 May 37.25 52.57 2.65 0.05 0.0060 0.0016 0.60 0.00192 0.02 0.00193 24.63 25.97 0.56 0.82 0.0387 0.29
10241-N 17 May 729.96 43.19 244 0.06" 0.00647 0.0010 0.4370.00241 0.027 0.00169 20.78 29.24 0.49 0.65 0.0258 0.20
10240-N 20 May 37.25 52.57 2.77 0.09 0.0060 0.0016 0.64 0.00192 0.01 0.00193 24.56 27.43 0.57 0.77 0.0387 0.28
10241-N 20 May "29.96 43.19 2.48 0.09” 0.0064” 0.0010 0.45" 0.00241 0.01" 0.00169 20.78 29.45 0.51 0.69 0.0258 0.21
10240-N 23 May 37.25 52.57 2.67 0.05 0.0060 0.0016 0.62 0.00192 0.01 0.00193 24.49 26.02 0.57 0.82 0.0258 0.25
10241-N 23 May "29.96 43.19 249 0.107 0.0064” 0.0010 0.4770.00241 0.02” 0.00169 20.62 30.22 0.50 _0.71 0.0387 0.20
10240-N 26 May 37.25 52.57 2.72 0.05 0.0060 0.0016 0.62 0.00192 0.01 0.00193 24.48 26.17 0.57 0.94 0.0387 0.26
10241-N 26 May "29.96 43.19 256 0.107 0.00647 0.0010 0.457 0.00241 0.02” 0.00169 20.90 28.45 0.50 0.74 0.0258 0.20
10240-N 29 May 37.25 52.57 2.69 0.04 0.0060 0.0016 0.62 0.00192 0.01 0.00193 24.52 26.08 0.56 0.89 0.0258 0.23
10241-N 29 May 729.96 43.19 2.52 0.07' ().0064' 0.0010 0.44'0‘00241 0.01' 0.00169 20.84 30.78 0.51 0.73 0.0258 0.21
10240-N 01 June 37.25 52.57 2.81 0.03 0.0060 0.0016 0.64 0.00192 0.02 0.00193 24.54 27.56 0.58 0.89 0.0258 0.27
10241-N 01.June 729.96 43.19 2.56 0.09' ().0064' 0.0010 0.47'0.00241 0.02' 0.00169 21.12 30.52 0.52 0.69 0.0258 0.20
10240-N 07.June 37.25 52.57 2.71 0.04 0.0060 0.0016 0.61 0.00192 0.02 0.00193 24.43 27.70 0.55 0.86 0.0258 0.25
10241-N 07.June 729.96 43.19 2.52 0.09' ().0064' 0.0010 0.45'0.00241 0.02' 0.00169 20.91 28.71 0.51 0.71 0.0258 0.19
10240-N 11.June 37.25 52.57 2.72 0.01 0.0060 0.0016 0.63 0.00192 0.01 0.00193 24.31 2791 0.55 0.85 0.0258 0.24
10241-N 11.June 729.96 43.19 2.51 0.07' 0.0064' 0.0010 0.46'0.00241 0.02' 0.00169 20.67 31.85 0.50 0.68 0.0258 0.21
10240-N 13.June 37.25 52.57 2.72 0.04 0.0060 0.0016 0.64 0.00192 0.01 0.00193 24.37 2546 0.56 0.92 0.0258 0.24
10241-N 13.June 729.96 43.19 2.50 0.05' 0.0064' 0.0010 0.45'0.00241 0.01' 0.00169 20.87 28.30 0.51 0.70 0.0258 0.19
10240-N 17.June 37.25 52.57 2.79 0.02 0.0060 0.0016 0.61 0.00192 0.01 0.00193 24.41 27.63 0.57 0.95 0.0258 0.23
10241-N 17.June 729.96 43.19 2.60 0.08' ().0064' 0.0010 0.46'0.00241 0.02' 0.00169 20.82 29.35 0.50 0.66 0.0258 0.21
10240-N 19.June 37.25 52.57 2.60 0.01 0.0060 0.0016 0.62 0.00192 0.01 0.00193 24.38 26.82 0.56 0.80 0.0258 0.25
10241-N 19.June 729.96 43.19 2.58 0.07' ().0064' 0.0010 0.46'0.00241 0.02' 0.00169 20.78 28.89 0.50 0.75 0.0258 0.19
10240-N 22 June 37.25 52.57 2.69 0.05 0.0060 0.0016 0.61 0.00192 0.02 0.00193 24.42 26.79 0.54 0.82 0.0258 0.28
10241-N 22 June 729.96 43.19 2.51 0.07' 0.0064' 0.0010 0.45'0.00241 0.01' 0.00169 20.67 29.75 0.50 0.66 0.0258 0.20
10240-N 25 June 37.25 52.57 271 0.04 0.0060 0.0016 0.63 0.00192 0.02 0.00193 24.41 26.38 0.54 0.86 0.0258 0.26
10241-N 25 June 29.96 43.19 2.46 0.05 0.0064 0.0010 0.44 0.00241 0.01 0.00169 20.69 29.44 0.50 0.64 0.0258 0.19
10240-N 28 June 37.25 52.57 277 0.05 0.0060 0.0016 0.65 0.00192 0.02 0.00193 24.4 2692 0.56 0.86 0.0258 0.26
10241-N 28 June 29.96 43.19 2.42 0.07 0.0064 0.0010 0.42 0.00241 0.02 0.00169 20.65 29.32 0.48 0.66 0.0258 0.18
10240-N 1 July 37.25 5257 270 0.03 0.0060 0.0016 0.64 0.00192 0.01 0.00193 24.08 26.72 0.57 0.83 0.0387 0.24
10241-N 1 July 29.96 43.19 250 0.08 0.0064 0.0010 0.45 0.00241 0.01 0.00169 20.54 28.89 0.48 0.56 0.0258 0.19
10240-N 4 July 37.25 5257  2.67 0.02 0.0060 0.0016 0.62 0.00192 0.01 0.00193 24.16 26.15 0.55 0.84 0.0387 0.27
10241-N 4 July 29.96 43.19 252 0.10 0.0064 0.0010 0.45 0.00241 0.02 0.00169 20.55 28.44 0.50 0.62 0.0258 0.21
10240-N 7 July 37.25 5257 277 0.04 0.0060 0.0016 0.64 0.00192 0.01 0.00193 24.03 26.08 0.56 0.82 0.0258 0.25
10241-N 7 July 29.96 43.19 249 0.05 0.0064 0.0010 0.41 0.00241 0.01 0.00169 20.38 28.25 0.49 0.69 0.0258 0.19
10240-N 10 July  37.25 52.57 2.67 0.02 0.0060 0.0016 0.61 0.00192 0.01 0.00193 24.11 26.12 0.56 0.87 0.0387 0.25
10241-N 10 July  29.96 43.19 2.44 0.08 0.0064 0.0010 0.44 0.00241 0.02 0.00169 20.53 28.7 0.49 0.65 0.0258 0.19
10240-N 13 July  37.25 52.57 2.69 0.02 0.0060 0.0016 0.6 0.00192 0.01 0.00193 24.11 26.96 0.56 091 0.0387 0.24
10241-N 13 July  29.96 43.19 2.55 0.08 0.0064 0.0010 0.42 0.00241 0.01 0.00169 20.49 29.12 0.48 0.63 0.0258 0.22
10240-N 16 July  37.25 52.57 2.74 0.02 0.0060 0.0016 0.61 0.00192 0.01 0.00193 24.03 27.65 0.55 0.83 0.0387 0.24
10241-N 16 July  29.96 43.19 2.45 0.08 0.0064 0.0010 0.44 0.00241 0.01 0.00169 20.45 30.23 0.49 0.70 0.0258 0.19
10240-N 20 July  37.25 52.57 2.74 0.05 0.0060 0.0016 0.62 0.00192 0.01 0.00193 24.04 26.42 0.56 0.83 0.0387 0.25
10241-N 20 July  29.96 43.19 2.52 0.08 0.0064 0.0010 0.45 0.00241 0.01 0.00169 20.49 29.6 0.51 0.66 0.0258 0.18
10240-N 22 July  37.25 52.57 270 0.05 0.0060 0.0016 0.6 0.00192 0.01 0.00193 24.00 27.63 0.55 0.83 0.0258 0.23
10241-N 22 July  29.96 43.19 2.52  0.08 0.0064 0.0010 0.43 0.00241 0.01 0.00169 20.52 29.3 0.48 0.60 0.0258 0.16
10240-N 25 July  37.25 52.57 2.78 0.03 0.0060 0.0016 0.61 0.00192 0.01 0.00193 23.93 28.23 0.54 0.79 0.0258 0.24
10241-N 25 July  29.96 43.19 2.56 0.08 0.0064 0.0010 0.45 0.00241 0.01 0.00169 20.39 29.97 0.52 0.69 0.0258 0.21
10240-N 28 July  37.25 52.57 2.74 0.05 0.0060 0.0016 0.58 0.00192 0.01 0.00193 23.91 27.25 0.56 0.84 0.0258 0.27
10241-N 28 July  29.96 43.19 2.59 0.09 0.0064 0.0010 0.43 0.00241 0.01 0.00169 20.46 29.47 0.47 0.69 0.0258 0.18
10240-N 31 July 37.25 52.57 2.75 0.03 0.0060 0.0016 0.57 0.00192 0.01 0.00193 23.97 26.59 0.55 0.82 0.0258 0.22
10241-N 31 July  29.96 43.19 2.64 0.09 0.0064 0.0010 0.43 0.00241 0.02 0.00169 20.56 29.59 0.49 0.70 0.0258 0.22
10240-N 3 Aug 37.25  52.57 2.65 0.01 0.0060 0.0016 0.58 0.00192 0.01 0.00193 24.01 27.26 0.53 0.81 0.0258 0.25
10241-N 3 Aug 29.96 43.19 256 0.09 0.0064 0.0010 0.44 0.00241 0.01 0.00169 20.49 29.64 0.49 0.65 0.0258 0.20
10240-N 7 Aug 37.25 52.57 2.65 0.02 0.0060 0.0016 0.59 0.00192 0.01 0.00193 23.93 25.66 0.55 0.82 0.0258 0.25
10241-N 7 Aug 29.96 43.19 248 0.08 0.0064 0.0010 0.43 0.00241 0.01 0.00169 20.47 28.49 0.50 0.63 0.0258 0.18
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TABLE S5. (Continued)

XRF ICP-MS XRF XRF XRF ICP-MS ICP-MS XRF ICP-MS ICP-MS XRF XRF XRF ICP-MS XRF ICP-MS
Nb  Ni P.0s  Pb Sb Se Si0>  Sn Sr TiO, WOs  Zn  Zr

% % % % % % % % % % % %

0.0l 0.00331 0.0687 0.06 3098 0.0018 0.0332 849 0.00033 0.00655 0.01 041 0.0l 0.000145 0.11 0.0009
0.017 0.00418 0.0687 0.08 36.77” 0.0019” 0.0273 7.85”7 0.00044” 0.00628  0.01  0.44 0.0170.000136 0.22” 0.0010
0.02 0.00331 0.0687 0.07 32.95 0.0018 0.0332 890 0.00033 0.00655 0.02 037 001 0.000145 0.12 0.0009
0.017 0.00418 0.0687 0.08 34.25" 0.00197 0.0273 7.96" 0.00044" 0.00628  0.01 036  0.0170.000136 0.22" 0.0010
0.01 0.00331 0.0687 0.06 31.45 0.0018 0.0332 853 0.00033 0.00655 0.01 038 0.0l 0.000145 0.11 0.0009
0.017 0.00418 0.0687 0.09 34.93” 0.0019” 0.0273 7.73” 0.00044” 0.00628 0.01 0.39  0.0170.000136 0.22” 0.0010
0.0l 0.00331 0.0917 0.06 31.45 0.0018 00332 861 000033 000655 002 038 0.0l 0.000145 0.11 0.0009
0.017 0.00418 0.0687 0.09 32.747 0.0019" 0.0273 7.82” 0.00044” 0.00628 0.02 035 0.0170.000136 0.22” 0.0010
0.01 0.00331 0.0687 0.06 31.88 0.0018 0.0332 845 0.00033 0.00655 0.01 041 0.1 0.000145 0.11 0.0009
0.01” 0.00418 0.0687 0.08 3553  0.0019 0.0273 7.68  0.00044  0.00628 0.01 036  0.01 0.000136 0.22” 0.0010
0.02 0.00331 0.0687 0.06 30.62 0.0018 0.0332 8.80 0.00033 0.00655 0.02 037 0.0l 0.000145 0.11 0.0009
0.02” 0.00418 0.0687 0.10 31.94  0.0019 0.0273 8.03  0.00044  0.00628 0.01 037  0.01 0.000136 0.23  0.0010
0.02 0.00331 0.0687 0.06 32.05 0.0018 0.0332 845 0.00033 0.00655 001 037 0.0l 0.000145 0.11 0.0009
0.02” 0.00418 0.0687 0.10 34.51  0.0019  0.0273 7.96 0.00044 0.00628 0.02  0.36  0.02  0.000136 0.23  0.0010
0.01 0.00331 0.0687 0.06 32.47 0.0018 0.0332 8.65 0.00033 0.00655 0.01 037 0.1 0.000145 0.11 0.0009
0.01” 0.00418 0.0917 0.09 33.60 0.0019 0.0273 7.83  0.00044  0.00628 0.01 039  0.01 0.000136 0.22” 0.0010
0.01 0.00331 0.0687 0.06 32.03 0.0018 0.0332 883 0.00033 0.00655 0.01 041 0.1 0.000145 0.11 0.0009
0.01” 0.00418 0.0687 0.09 35.08  0.0019 0.0273 7.94  0.00044  0.00628 0.01 042  0.01 0.000136 0.2  0.0010
0.03 0.00331 0.0687 0.06 31.86 0.0018 0.0332 8.63 0.00033 0.00655 0.01 0.4 001 0.000145 0.11 0.0009
0.01” 0.00418 0.0687 0.09 32.64 0.0019  0.0273 7.83 0.00044 0.00628 0.01 0.44  0.01 0.000136 0.22  0.0010
0.01 0.00331 0.0917 0.06 33.60 0.0018 0.0332 8.63 0.00033 0.00655 0.01 043 0.1 0.000145 0.11 0.0009
0.01” 0.00418 0.0687 0.09 33.89" 0.0019  0.0273 8.04  0.00044  0.00628 0.01 0.4 001 0.000136 022  0.0010
0.01 0.00331 0.0687 0.06 32.13 0.0018 00332 843 0.00033 0.00655 0.0l 041 0.0l 0.000145 0.11 0.0009
0.01” 0.00418 0.0687 0.07 36.17 0.0019 0.0273 7.80  0.00044  0.00628 0.01 044  0.01 0.000136 0.2  0.0010
0.02 0.00331 0.0687 0.06 31.55 0.0018 0.0332 870 0.00033 0.00655 0.02 044 0.1 0.000145 0.11 0.0009
0.01 0.00418 0.0687 0.08 32.66 0.0019 0.0273 7.78 0.00044 0.00628 0.01 045 0.1 0.000136 0.22 0.0010
0.02 0.00331 0.0917 0.06 32.72 0.0018 0.0332 8.64 0.00033 0.00655 0.02 039 0.1 0.000145 0.11 0.0009
0.01 0.00418 0.0687 0.08 33.04 0.0019 0.0273 7.52 0.00044 0.00628 0.01 039 0.0l 0.000136 0.22 0.0010
0.02 0.00331 0.0687 0.06 32.85 0.0018 0.0332 842 0.00033 0.00655 0.01 0.4 001 0.000145 0.11 0.0009
0.01 0.00418 0.0687 0.08 29.59 0.0019 0.0273 7.74 0.00044 0.00628 0.01 041 0.0l 0.000136 021 0.0010
0.01 0.00331 0.0687 0.05 31.77 0.0018 0.0332 856 0.00033 0.00655 0.01 0.4 001 0.000145 0.11 0.0009
0.01 0.00418 0.0917 0.08 38.41 0.0019 0.0273 7.85 0.00044 0.00628 0.01 048  0.01 0.000136 0.21 0.0010
0.01 0.00331 0.0687 0.05 33.68 0.0018 0.0332 846 0.00033 0.00655 001 041 0.0l 0.000145 0.11 0.0009
0.01 0.00418 0.0917 0.07 34.65 0.0019 0.0273 7.84 0.00044 0.00628 0.01 041 0.1 0.000136 0.22 0.0010
0.01 0.00331 0.0687 0.06 32.57 0.0018 0.0332 859 0.00033 0.00655 0.01 047 0.1 0.000145 0.1 0.0009
0.02 0.00418 0.0687 0.08 33.65 0.0019 0.0273 7.80 0.00044 0.00628 0.01 041  0.01 0.000136 0.21 0.0010
0.01 0.00331 0.0687 0.06 31.72 0.0018 0.0332 8.60 0.00033 0.00655 0.01 047 0.0l 0.000145 0.11 0.0009
0.01 0.00418 0.0917 0.08 3428 0.0019 0.0273 7.66 0.00044 0.00628 0.01 048 0.0l 0.000136 0.21 0.0010
0.01 0.00331 0.0687 0.06 32.83 0.0018 0.0332 8.68 0.00033 0.00655 0.01 046 0.1 0.000145 0.11 0.0009
0.02 0.00418 0.0917 0.07 3524 0.0019 0.0273 7.62 0.00044 0.00628 0.01 047 0.1 0.000136 0.2 0.0010
0.01 0.00331 0.0687 0.05 32.15 0.0018 0.0332 850 0.00033 0.00655 0.01 042 0.1 0.000145 0.1 0.0009
0.01 0.00418 0.0917 0.08 35.00 0.0019 0.0273 7.76 0.00044 0.00628 0.01 0.4 0.1 0.000136 0.27 0.0010
0.01 0.00331 0.0917 0.06 32.52 0.0018 0.0332 843 0.00033 0.00655 0.01 04 001 0.000145 0.1 0.0009
0.02 0.00418 0.0687 0.08 33.93 0.0019 0.0273 7.43 0.00044 0.00628 001 04 001 0.000136 02 0.0010
0.01 0.00331 0.0917 0.06 32.15 0.0018 0.0332 852 0.00033 0.00655 0.01 048 0.1 0.000145 0.1 0.0009
0.02 0.00418 0.0917 0.08 34.59 0.0019 0.0273 7.86 0.00044 0.00628 0.01 042 0.1 0.000136 0.2 0.0010
0.01 0.00331 0.0687 0.05 31.69 0.0018 0.0332 8.60 0.00033 0.00655 0.01 037 0.1 0.000145 0.09 0.0009
0.02 0.00418 0.0687 0.08 3434 0.0019 0.0273 7.75 0.00044 0.00628 0.01 043 0.1 0.000136 0.2 0.0010
0.02 0.00331 0.0917 0.06 31.90 0.0018 0.0332 849 0.00033 0.00655 0.01 035 0.1 0.000145 0.09 0.0009
0.01 0.00418 0.0687 0.08 34.20 0.0019 0.0273 7.94 0.00044 0.00628 0.01 037 0.1 0.000136 0.2 0.0010
0.02 0.00331 0.0687 0.05 32.59 0.0018 0.0332 836 0.00033 0.00655 0.01 039 001 0.000145 0.11 0.0009
0.02 0.00418 0.0917 0.08 34.95 0.0019 0.0273 7.80 0.00044 0.00628 0.01 041 0.1 0.000136 0.22 0.0010
0.01 0.00331 0.0687 0.05 32.17 0.0018 0.0332 849 0.00033 0.00655 0.01 039 0.1 0.000145 0.12 0.0009
0.01 0.00418 0.0687 0.08 3526 0.0019 0.0273 7.68 0.00044 0.00628 0.01 044 0.1 0.000136 0.22 0.0010
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Trace element compositions of copper concentrate samples (1-N and 2-N). Data were generated using multiple analytical tech-
niques (AAS, ICP-MS/OES, XRF), covering both major and trace elements. These results provide a comprehensive characterization
of elemental constituents in the two samples. From this dataset, the principal elements (Cu, Fe, S, etc.) were further determined
and validated by the National University of Mongolia (NUM) laboratory for the purposes of the present study.

TABLE S6
Bulk chemical assays of trace elements in copper concentrate samples (Au, Ag, Zn, Pb, Ti)
Bulk concentration of selected trace elements (%)
Sample No. Day/month An e Zn Pb Ti
1-N 14-May 0.0037 0.0053 0.11 0.06 0.24
2-N 14-May 0.0030 0.0043 0.22 0.08 0.26

.‘a‘ .A ‘ - : . ; ""d', = - L7 B A P SR—
Fig. S2. Reflected-light photomicrographs (500x) of polished sections showing chalcopyrite (Cp), pyrite (Py), covellite (Cv), bornite (Bn), mo-
lybdenite (Mo), titanite (Ttn), and sphalerite (Sp). No discrete Ag-bearing phases were observed

Figure S2

Polished briquettes prepared from the concentrate were examined by reflected-light microscopy. The dominant identified
sulfide minerals were chalcopyrite, pyrite, covellite, bornite, sphalerite, molybdenite, and titanite. Chalcopyrite occurred as yel-
lowish grains intergrown with pyrite, covellite, and bornite. Pyrite appeared as pale yellow cubic and granular crystals. Bornite was
seen as brownish aggregates, commonly associated with chalcopyrite. Covellite was present as blue, platy aggregates replacing
chalcopyrite and bornite. Molybdenite occurred as silvery-gray flakes intergrown with chalcopyrite and pyrite. Titanite appeared
as reddish-brown grains, typically associated with gangue phases. No optically resolvable Ag-bearing minerals were detected,
consistent with the very low Ag content (~0.0053%).
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Fig. S3. The SEM-EDS spectra of copper concentrate showing (a) chalcopyrite grains and (b) pyrite grains, with argentite detected at trace levels
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TABLE S7
The SEM-EDS results showing elemental weight percentages in the copper concentrate sample
Element Weight %
Sulfur 35.5 46.2
Iron 38.1 53.7
Silver — 0.1
Copper 26.4 —
Figure S3

The SEM-EDS analysis of the concentrate sample revealed the mineral phases present. Fig. 3(a) shows the spectrum cor-
responding to chalcopyrite grains, while Fig. 3(b) indicates the spectrum of pyrite grains, where argentite was also detected. The
detected argentite content was extremely low, approximately 0.1 wt.%.

Information — Bio-oxidation Evidence

Table S8

A progressive decrease in concentrate pH was observed over the 3-month monitoring period, coinciding with increased
activity of sulfur oxidizing bacteria and the generation of sulfuric acid (Egs. (7), (8), (10)) [15,28,29]. These trends are shown in
Fig. 3.

An increase in Fe(IIl) concentration further indicated the activity of iron oxidizing bacteria [15,28,29]. However, only to-
tal Fe was measured in this study, as separate determination of Fe(IIl) and Fe(Il) in copper concentrate proved technically chal-
lenging.

From the copper concentrate samples 1-N and 2-N, grown on two types of selective bacterial media (TABLES S8
and S9), two distinct acidophilic isolates were obtained: Acidi-40 and Acidi-41. Their initial cultivation and enrichment are shown
in Fig. S4.

TABLE S8
Composition of Acidithiobacillus thiooxidans medium-1
No Compound Mass Volume of medium Sterilization condition
2 MgSO,*7H,0 005¢ Sol A—95 ml L1lt201c wc
3 (NH,),S04 03¢ 15 min
4 CaCl, 0.03¢g
5 Na,S,05 05¢g Sol B—5 ml filtration
TABLE S9
Composition of Acidithiobacillus medium-2
No Compound Mass Volume of medium Sterilization condition
1 NH,C1 0.01g )
2 KH,PO, 03¢ A‘;tzolcoé"e
3 MgCl, 0.01g 100 ml 15 min
4 CaCl, 0.01g
5 Sulfur 1.0g Water bath

Figure S4

Isolation and preliminary observation of acidophilic bacterial colonies from copper concentrate samples (Acidi-1-N and Acidi-
2-N). Representative images show (a) sulfur-oxidizing bacterium Acidi-40 and (b) sulfur-oxidizing bacterium Acidi-41 grown on
selective media 1 and 2. These results confirm that acidophilic microorganisms capable of thriving under oxidative conditions were
successfully enriched from both copper concentrate samples.
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Fig. S4 The column of bacteria (a) sulfur oxidation bacteria Acidi 40 (b) sulfur oxidation bacteria Acidi 41 in the concentrate sample
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Fig. S5. Bacterial growth of Acidi-40 and Acidi-41 isolates at different temperatures (30°C, 34°C, 37°C)

Figure S5. Growth profiles of Acidi-40 and Acidi-41 isolates at different temperatures (30°C, 34°C, 37°C) over a 7-day incuba-
tion period in selective acidic media. Initial and final cell counts demonstrate temperature-dependent growth: Acidi-40 showed the
highest multiplication rate at 37°C, while Acidi-41 exhibited stable growth across all tested conditions. These findings confirm the
presence of viable sulfur-oxidizing bacteria in the copper concentrate samples, consistent with the bio-oxidation activity observed

during Stage IT (June-July).



	Mohd Yousuf Ali￼1*, G. Krishna Mohana Rao￼1, B. Anjaneya Prasad￼1
	Empirical Evaluation of Post Treatment Effect on Mechanical and Surface Characteristics 
of 3D Fabricated Fiber Reinforced Polymer Composite

	Venu Gopal Rao Siruvolu￼1*, Ahmed Abdullah Aafaq￼2, Nagendra Singh￼3, 
Pankaj Kumar￼4, Akshay Ganpat Tajane￼5, Beporam Iftekhar Hussain￼6
	Effect of Thermal Conditions on the Tribological Characteristics 
of Hypoeutectic Spheroidal and Compacted Graphite Irons

	Sunith Babu Loganathan￼1*, Lokesha Krishnappa￼1, Girish V Kulkarni￼1, Jaya Prakash Kode￼2, 
Rajesh Mathivanan￼3, Namburi Harsha￼4, Rahul M Cadambi￼5 
	Heat Exposure and Its Implications on the Low-Velocity Impact Characteristics 
of GFRP Laminates

	Priyadarsini Morampudi￼1, Venkata Satya Prasad Somayajula￼1*, Ravi Kumar Panthangi￼2, 
Sachin S. Harak￼3, Gianender Kajal￼4, G. Srikar￼5, Amol Madhukar Kolhe￼6
	Microstructural and Tribological Analysis of T4-Treated Al6061-ZrB2 Composites 
Fabricated by Stir Casting

	Rajesh Maddela￼1, Satyanarayana Bollu￼1, Venkata Satya Prasad Somayajula￼1*, 
Anusha Mylavarapu￼2, Manoj Aluri￼3
	Enhancing Mechanical Properties of FDM-Printed Nylon Through Annealing Heat Treatment 
and Process Parameter Optimization

	Seshappa Angadi￼1*, Subbaratnam Bhavanasi￼2, Naresh Kumar Sarella￼3, Rajesh Nagadolla￼4, 
Govindarajan Shunmuganandan￼5, Madhanraj Varatharajan￼6, Sridhar Reddy Kasu￼7 
	Fabrication, Characterization, and WEDM Optimization of Al-7175 Hybrid Composites 
with Ceramic and Sustainable Waste Reinforcements

	C. Anil Kumar Reddy￼1*, Pothamsetty Kasi V. Rao￼2, Venkatesh Begori￼1, 
Nageswara Rao Boggarapu￼1 
	Influence of Carburizing on Surface layer of M50 NiL Steel for Bearing Applications

	M. Szpunar￼1*, R. Ostrowski￼2, T. Trzepieciński￼3
	Analysis of the Influence of Tool Modifications on the Single-Point Incremental 
Forming Process of CP-Ti Gr 2 and Ti-6Al-4V titanium sheets

	Krishan Kant Sharma￼1, Mohit Yadav￼2*, Ajay Vasishth￼3, Kode Jaya Prakash￼4, 
J. Pandu￼5, B. Elijabethamma￼6, R. Raman Goud￼7
	Box-Behnken Based Analysis of Slag consumption in Submerged Arc Welding 
of High Strength Low Alloy Steel

	Krishna Murthy Palanki￼1*, Venkata Subbaiah Kambagowni￼2 
	The Influence of Co-Cross Linked Starch on Thermal, Impact, Morphological 
and Mechanical Characteristics of Polylactic Acid/Modified Starch Blends Treated 
with Polyethylene Glycol 400


