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ABSTRACT

The replacement of chalcopyrite in NaCl solutions was investigated from 310 to 365 °C and 15 to
25 MPa with ex-situ surface characterization techniques and in-situ electrochemical methods. The
replacement products and reactionswere analyzed ex situ using Raman spectroscopy and a scanning elec-
tron microscope (SEM) with an energy-dispersive X-ray spectrometer (EDS). Chalcopyrite dissolution
wasmonitored by open circuit potential (OCP), polarization curves, and electrochemical impedance spec-
troscopy (EIS). The ex-situ and in-situ measurements show that: (1) elevated temperature and pressure
promote the oxidative dissolution of chalcopyrite by different pathways; (2) the altered chalcopyrite sur-
face consists of an outer layer of hematite and an inner layer of covellite; (3) at elevated temperature,
removal of more copper from chalcopyrite surface enhances chalcopyrite dissolution, and favors hematite
formation over covellite in the alteration rind; and (4) at elevated pressure, more iron ions diffuse through
the passive covellite layer by point defects, promoting chalcopyrite replacement by covellite over hema-
tite. This study provides experimental evidence on the replacement of chalcopyrite by covellite, the pre-
cipitation of hematite, and the exchange of Fe/Cu ions between chalcopyrite and hydrothermal brine.
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INTRODUCTION

Chalcopyrite (CuFeS2) is one of the most ubiquitous copper-
bearing sulfide minerals. It mainly occurs in copper-nickel sulfide
deposits, porphyry copper deposits, contact metasomatic skarn
copper deposits, sandstone-type copper deposits, stratiform copper
deposits, vein copper deposits, and volcanic-hosted massive sul-
fide deposits (Chen et al. 2023; Duran et al. 2017; Gritsenko et al.
2022; Li et al. 2023; Suhendra et al. 2024; Syverson et al. 2017;
Tivey 2007; Zhao et al. 2021). Therefore, chalcopyrite is formed in
different geo-environments from low to high temperatures. Due to
multi-stage mineralization, early-formed chalcopyrite in high-
temperature geo-environments could be altered by later hydrother-
mal fluids. For instance, chalcopyrite is routinely encountered in
magmatic-hydrothermal systems in the shallow continental crust,
such as extensive porphyry deposits, where metal-bearing brines
and vapors interact with evolving magmatic fluids (Blundy et al.
2015; Graham et al. 2004; Hedenquist and Lowenstern 1994;
Syverson et al. 2017). The formation of chalcopyrite also occurs
along the inner wall of chimneys in seafloor hydrothermal vent
deposits, where it directly contacts venting hot spring fluids
(Seewald and Seyfried 1990; Seyfried and Ding 1993; Tivey
2007; Tivey et al. 1995). Therefore, it is necessary to research
the chalcopyrite alteration at high temperature and pressure.

Most often, mineral-fluid interaction primarily relies on tradi-
tional chemical processes, including decomposition reactions, syn-
thesis reactions, double displacement reactions, and replacement

reactions. In traditional processes, chemical reactions usually
require contact between reactants. However, chalcopyrite is a cop-
per sulfide with semiconductor properties (Engin et al. 2011;
McMillan et al. 1982; O’Connor and Eksteen 2020). Semiconduc-
tor materials can undergo electrochemical reactions due to their
unique electronic structure that allows electrons to transition
between energy bands. In electrochemical reactions, electrons
are transferred from one reactant to another through a conductive
medium (such as an electrolyte solution), triggering a chemical
reaction. This reaction mode does not require direct contact
between reactants. As chalcopyrite is a semiconductor, both tradi-
tional chemical processes and electrochemical processes can occur
on its surface. Recent studies indicate that chalcopyrite can be oxi-
dized to bornite, covellite, and elemental sulfur by electrochemical
processes in different systems at ambient temperature and pressure
through reactions 1, 2, and 3 (Almeida et al. 2016; Ghahremaninez-
had et al. 2010; Liu et al. 2018):

5CuFeS2 → Cu5FeS4 + 6S0 + 4Fe3+ + 12e− (1)

2CuFeS2 + 13H2O → 0.75CuS + 1.25Cu2+

+ 2Fe3+ + 3.25SO2−
4 + 26H+ + 28e− (2)

CuFeS2 → Cu2+ + Fe3+ + 2S0 + 5e− (3)

There are few studies focusing on the electrochemical oxi-
dation of chalcopyrite at high temperatures and pressures.
Chalcopyrite replacement in hydrothermal systems consists
of electrochemical processes and traditional chemical pro-
cesses (Mikhlin et al. 2004). These electrochemical reactions
obtained by electrochemical techniques are helpful to explain
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