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Abstract The formation of copper deposits is closely
related to hydrothermal processes. Understanding the migra-
tion of copper in hydrothermal fluids aids in reconstructing
mineralization processes and deciphering deposit genesis.
Copper primarily exists as Cu™ and Cu?* in hydrothermal
solutions, with redox conditions governing their interconver-
sion. In chloride-rich geological fluids, Cu—Cl complexes
are considered critical for copper transport. However, the
specific types and valence transitions of Cu—Cl complexes
under varying hydrothermal conditions remain poorly under-
stood. This study employed in situ Raman spectroscopy
to systematically analyze Cu+HCI and CuCl, +K,S,05/
H, systems under saturated vapor pressure at 25-300 °C,
elucidating the effects of temperature, CI™ concentration,
and redox conditions on copper speciation. In the Cu+ HCI
system, copper dissolved as monovalent Cu—CI complexes.
At high temperatures (> 200 °C), [CuCl,]™ is the domi-
nated species, whereas [CuCl;]*>~ becomes prevalent at
lower temperatures and higher HCI concentrations. For the
Cu**—Cl system, the dominant species transitioned from
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[Cu(H,0),]*" (<50 °C) to [CuCl,]*~ (100 °C) and further to
[CuCl]* and [CuC12]° at 300 °C. The introduction of reduc-
ing agents (K,S,05/H,) facilitated Cu®* — Cu* reduction,
thereby stabilizing Cu™—CI complexes and inducing partial
copper precipitation. The behavior of copper in chloride-
rich hydrothermal fluids observed in this study indicates that
high-temperature oxidizing fluids facilitate Cu mobilization,
while cooling and redox changes promote deposition and ore
minerals formation.

Keywords Raman spectroscopy - In situ analysis -
Hydrothermal fluids - Copper - Transport mechanism

1 Introduction

Global copper deposits (e.g., porphyry, sediment-hosted,
IOCG, epithermal) are closely associated with hydrothermal
systems. Studies indicate that copper in hydrothermal fluids
exists in two oxidation states, Cu* and Cu**, and migrates
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primarily as Cu—Cl complexes. The stability of these com-
plexes directly governs copper solubility and transport
capacity, thereby controlling mineralization processes.
Therefore, understanding the speciation of Cu—CI complexes
in hydrothermal fluids and their controlling factors is criti-
cal for deciphering copper migration, precipitation, and the
hydrothermal alteration and overprinting of copper deposits
(Liu et al. 2002; Hua et al. 2004; Brugger et al. 2007; Zhang
et al. 2021).

Previous studies utilizing experimental approaches such
as solubility experiments, UV-Vis spectroscopy, and x-ray
absorption spectroscopy (XAS) have both inferred and
observed in situ the migration forms of copper in hydro-
thermal fluids. Results indicate that [Cu(H,0)]", [CuCl]°,
and [CuCl,]™ are the dominant species in low-C1~, reduced
fluids (Xiao et al. 1998; Liu et al. 2001). With increasing
chloride concentration, higher-order complexes such as
[CuC13]2‘ become more prevalent, and even [CuCl4]3‘ may
form (Liu et al. 2002; Berry et al. 2006). However, some
studies argue that [CuCl,]*~ remains unstable in aqueous
solutions (Brugger et al. 2007; Sherman 2007). As tempera-
ture rises, the stability of other chloride species decreases,
whereas [CuCl,]” becomes increasingly stable (Xiao et al.
1998; Liu et al. 2002; Brugger et al. 2007). Both chloride
concentration and temperature critically influence the stabil-
ity of Cu—Cl complexes, thereby controlling copper solu-
bility in hydrothermal fluids. Thermodynamic modeling
reveals that a decrease in chloride concentration from 5 to
1 m (molality, mol/kg H,0) at 300 °C reduces dissolved cop-
per concentration by 90% (Liu et al. 2002). Similarly, cool-
ing from 350 to 250 °C leads to approximately 90% copper
precipitation (Xiao et al. 1998). Investigating the effects of
chloride concentration and temperature on copper transport
mechanisms is fundamental for reconstructing mineraliza-
tion processes and deciphering deposit genesis.

In near-surface highly oxidizing environments, copper
primarily exists as Cu?*—Cl complexes, which play a criti-
cal role in the formation of supergene enrichment zones
in mineral deposits (Rickard and Cowper 1994; Hua et al.
2004). Under high-chloride conditions, Cu?* can form vari-
ous chloride species, such as [CuCl]*, [CuClz]O, [CuCl,] ™,
and [CuCl,]*". Due to the high solubility of Cu>**~CI com-
plexes in hydrothermal solutions, changes in their speciation
are generally considered unrelated to copper precipitation.
UV-Vis-NIR spectroscopy and XAS studies suggest that
[CuCl,]*~ and [CuCl,(OH,),]° may be the most significant
complexes in oxidized brines associated with mineralization
(Collings et al. 2000; Brugger et al. 2001). Solubility experi-
ments further indicate that Cu®* exhibits higher solubility,
highlighting the importance of redox transitions between
Cu™ and Cu** in controlling copper transport and deposition
(Berger and Winand 1984; Jianu et al. 2018). X-ray absorp-
tion near-edge structure (XANES) spectroscopy analyses

of natural fluid inclusions suggest that Cu™ may oxidize to
Cu?* under acidic and low-temperature conditions, a pro-
cess interpreted as a temperature-dependent reversible redox
reaction (Mavrogenes et al. 2002; Berry et al. 2006, 2009).
However, an alternative hypotheses proposed that transitions
between Cu™ and Cu®* in the same system could result from
artifacts induced by x-ray beam exposure during analysis
(Brugger et al. 2007). Despite these insights, systematic
studies on Cu speciation under redox fluctuations in hydro-
thermal systems remain scarce.

Laser Raman spectroscopy combined with visualized
experimental setups can provide in situ spectroscopic
information on copper complexes in fluids. By integrat-
ing with fused silica capillaries, real-time monitoring of
system states during heating—cooling cycles is achievable.
Applegarth et al. (2014) analyzed the CuCl+ 6 m HCI sys-
tem at 25-80 °C using Raman spectroscopy and ab initio
calculations, identifying [CuCl,]” and [CuC13]2‘ as the
dominant complexes, with corresponding Raman peaks at
297 +3 cm™! and 247 +3 cm™' , respectively. Schmidt et al.
(2018) conducted Raman studies on CuS/Cu mixed with
NaCl/HCI systems under high-temperature and high-pres-
sure conditions (300-600 °C, 2 GPa), revealing [CuCl,]™ as
the primary species, and [CuCl3]2_ at high HCI concen-
trations (5 m), with [CuCl,]™ peaks at 280-290 cm~! and
[CuCl3]2_ peaks near 250 cm™!. The observed peak shifts
compared to Applegarth et al. (2014) were attributed to tem-
perature effects. For Cu?*—Cl complexes, systematic Raman
studies remain limited. Scholars hypothesize their Raman
peaks lie within 200-340 cm™! (Tanimizu et al. 2007; Yang
and Xu 2011; Wu et al. 2016). To further investigate the
evolution of Cu—Cl speciation under varying temperature
(25-300 °C), chlorine concentration (1-6 m), and redox con-
ditions (H,/K,S,05-controlled systems), this study employs
an in situ Raman analysis system coupled with fused silica
capillaries. Through meticulous spectral analysis, the effects
of chloride concentration, temperature, and redox conditions
on copper transport mechanisms in hydrothermal fluids are
elucidated.

2 Experimental
2.1 Sample chamber
2.1.1 FSCC

For experiments without hydrogen addition, FSCC (fused
silica capillary capsule) developed by Chou et al. (2008)
was employed as the sample chamber for spectroscopic
analysis (Fig. 1a). The FSCC specifications were as follows:
inner diameter of 150 pm, outer diameter of 665 pm, and
length <2 cm. A 4-cm-long fused silica capillary capsule
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Fig. 1 FSCC sample chamber (a); exterior (b) and interior (¢) of FSCC and HPOC combined chamber

was cut using a ceramic blade. The brown polyimide coat-
ing on the surface was removed by flame treatment with an
alcohol lamp. One end of the capillary was sealed using
a hydrogen—oxygen flame. After heating the tube wall, the
open end was immersed in a pre-prepared solution to draw
the liquid into the capillary during cooling. Solid powders
were added by directly inserting the open end into the pow-
der. After each addition of solutions or solid, the capillary
was centrifuged to move the sample toward the sealed end.
Then, the open end was connected to the vacuum pump, and
the sealed end was immersed in liquid nitrogen to freeze the
solution, followed by vacuum evacuation using a vacuum
pump. The other end was subsequently sealed with a hydro-
gen—oxygen flame. The fully sealed capillary was placed on
a heating-cooling stage, and Raman spectra were collected
during temperature cycling. To ensure complete reaction of
solid samples, the system was heated to 350 °C and held
for >4 h until gas generation ceased. During cooling, Raman
spectra were collected at the set temperatures after allowing
the system to equilibrate for>2 h.

2.1.2 FSCC and HPOC combined chamber

For experiments involving hydrogen addition, a combined
FSCC and HPOC (high-pressure optical cell) system devel-
oped by Chou et al. (2021) was employed (Fig. 1b, c). The
fused silica capillaries used for FSCC preparation had
specifications of inner diameter 150 pm, outer diameter
365 pm, and length <2 cm. For HPOC fabrication, capil-
laries with an inner diameter of 450 pm, outer diameter of
670 pm, and length ~15 cm were selected. A 15-cm-long
capillary (HPOC specifications) was cut using a ceramic
blade. Approximately 2 cm of the brown polyimide coating
was removed by flame treatment with an alcohol lamp. The
FSCC was then inserted into the HPOC, and one end of
the HPOC was sealed using a hydrogen—oxygen flame. The
other end was coated with high-pressure epoxy resin adhe-
sive and sleeved with a 10-cm-long stainless steel tube. The
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stainless steel end of the HPOC was connected to the gas
line, while the opposite end was placed on a heating-cooling
stage. After heating to the target temperature, the system
was held for >4 h to stabilize the sample. Real-time internal
changes were monitored through the transparent fused silica
capillary under a microscope, while Raman spectra were
simultaneously collected.

2.2 Sample solutions

The initial samples for the experiments in this study were
prepared using chemical reagents, including metallic copper
powder (Cu, 99.9% metal basis, Shanghai Aladdin Biochem-
ical Technology Co., Ltd.), copper chloride (CuCl,-2H,0,
analytical grade, Tianjin Ruijinte Chemical Co., Ltd.),
hydrochloric acid (HCI, guaranteed reagent, GR, Sinopharm
Chemical Reagent Co., Ltd.), potassium thiosulfate (K,S,05,
analytical grade, purity 99.9%, Shanghai Aladdin Biochemi-
cal Technology Co., Ltd.), and deionized water. The concen-
tration units of all solutions were expressed in molality. The
components/compositions of the prepared sample solutions
are shown in Table 1.

Table 1 Initial sample components/compositions

Solid HCI (mol/kg) CuCl, (mol/kg) K,S,04 Gas
(mol/kg)

Cu 1.0 - - -
Cu 2.0 - - -
Cu 3.0 - - -
Cu 6.0 - - -

- - 0.47 0.1 -

- - 1.0 - H,
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2.3 Raman spectral collection and calibration

The Raman spectroscopic analyses were conducted at the
State Key Laboratory for Critical Mineral Research and
Exploration using a LabRAM HR Evolution Raman spec-
trometer (JY Horiba) equipped with 5x, 10x, 20x, and
50x microscope objectives. The laser spot diameter was
approximately 2 pm, with a spectral collection range of
100-4200 cm~! and a grating resolution of 600 g/mm. A
532.17-nm laser was used for excitation. To ensure con-
sistency in Raman intensity comparisons across samples,
identical acquisition conditions were applied: laser power
at 100 mW, integration time of 30 s, and >3 accumulations.
Temperature was controlled using a Linkam CAP500 heat-
ing-cooling stage, the temperature was previously calibrated
with the triple points of H,0 (0.0 °C), CO, (=56.6 °C), and
the melting point of NaNO; (306.8 °C), and the reported
temperature is accurate to+0.1 °C. Hydrogen pressure
within the HPOC was monitored via a Setra 204D pres-
sure transducer and displayed on a Datum 2000™ digital
pressure gauge (maximum detectable pressure: 0.69 MPa,
accuracy +0.14%).

Prior to spectral collection, the spectrometer was cali-
brated using v, peak of a silicon wafer (520.7 cm™') as an
external standard. During experiments, neon lamp emis-
sion lines (2209.35, 2330.40, 2389.35, 2514.58, 2568.81,
and 2708.91 cm™!) were collected as internal standards
for spectral calibration. Acquired spectra were processed

using PeakFit and Origin software, with Gaussian functions
applied to peak fitting. The experimental setup is illustrated
in Fig. 2.

Hydrogen was introduced into the system as follows: First,
the vacuum pump was activated to evacuate gases until the
internal pressure of the HPOC was reduced to <0.01 MPa.
Then, the high-pressure valve of the hydrogen tank was
opened to introduce hydrogen into the HPOC. Gas diffu-
sion through the fused silica capillary equilibrates hydrogen
between the FSCC and the HPOC (Chou et al. 2021). The
internal hydrogen pressure of the HPOC (~0.24 MPa during
experiments) was measured using a pressure gauge.

3 Results
3.1 Effect of HCI concentration

In the Cu+ HCI system, Raman spectra were collected
in situ after the reaction reached equilibrium. As shown in
Fig. 3, distinct Raman peaks at 235, 297, and 4156 cm™" are
observed at 150 °C and 250 °C, indicating the formation of
Cu—Cl complexes and hydrogen gas (H,) through reactions
between Cu and HCI (Schmidt et al. 2018).

The Raman peaks in the 200-300 cm™" range are attrib-
uted to Cu—Cl stretching vibration (Applegarth et al. 2014,
Schmidt et al. 2018). Peak fitting of Raman spectra for
the Cu+3 m HCI system at 150 °C reveals two peaks at

Fig. 2 Schematic diagram of
the experimental setup, modi-
fied from Chou et al. (2021)
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Fig. 3 Raman spectra of Cu+HCI systems. a Peak fitting of Cu—Cl stretching region; b 150 °C; ¢ 250 °C; d vibrational bands of H,

235 cm™! (Cy35) and 297 ecm™! (Cyy;) (Fig. 3a), with a con-
fidence level of 99%. At 150 °C, Raman spectra of solutions
with varying HCI concentrations (1-6 m HCI) exhibit two
prominent peaks at 235 cm™' and 297 cm™'. As HCI concen-
tration increases, the intensity of Cy;5 significantly increases,
while the relative intensity of C,y; decreases (Fig. 3b). At
250 °C, the Raman spectra for 1-6 m HCI solutions show
a dominant peak at 297 cm™!, with a higher-intensity C,;s
being observed only in 6 m HCI solution (Fig. 3c). Addition-
ally, at 300 °C, characteristic Raman peaks at 4126, 4143,
4156, and 4161 cm™! are detected in Cu solutions with dif-
ferent HCI concentrations (Fig. 3d), corresponding to vibra-
tional bands of dissolved H, (aq) (Stoicheff 1957).
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3.2 Effect of temperature

The Cu+ HCI system reached equilibrium after reacting at
350 °C for 4 h. During the cooling process, in situ Raman
spectra were collected from 300 to 24 °C (Fig. 4a—c). The
Raman spectra reveal that the species represented by Peaks
Cy35 and C,y; are the main components in the solution. The
Raman intensity of C,35 is strongest at room temperature
and gradually decreases with temperature increases, accom-
panied by its peak position shifts to lower wavenumbers.
Comparative analysis shows that higher HCI concentrations
enable detection of Cy;5 at elevated temperatures: in 2 m and
3 m HCI solutions, the maximum detectable temperatures
for C,35 are 150 °C and 200 °C respectively, while in 6 m
HCl solution, C,35 remains detectable even at 300 °C. Con-
versely, the Raman intensity of C,y; progressively increases
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Fig. 4 Raman spectra and microscopic images at 24-350 °C. a Raman spectra of Cu+2 m HCI; b Raman spectra of Cu+3 m HCI; ¢ Raman

spectra of Cu+6 m HCI; d microscopic images of Cu+2 m HCl

with rising temperature and reaches maximum intensity at
300 °C, accompanied by a gradual low-wavenumber shift
of its peak position.

In addition to spectral collection, real-time microscopic
observations were conducted during cooling (Fig. 4d). When
the temperature of the Cu+2 m HCl system decreases from
350 to 300 °C, transparent crystalline precipitates form in
the solution, with continuous crystal accumulation observed
during further cooling. Attempts to collect Raman spectra
from the crystals are unsuccessful due to their thermal insta-
bility: minor laser-induced temperature fluctuations cause
crystal melting. Based on system components (H*, Cu™,
CI"), the crystals are speculated to be solid CuCl precipitates
formed by decreased copper solubility at lower temperatures.

3.3 Effect of redox conditions
3.3.1 H, system

The 1 m CuCl, solution was heated to 300 °C, and hydrogen
gas was introduced by opening the hydrogen valve under
a pressure of 0.24 MPa. In situ Raman spectra and micro-
scopic images were collected before and after hydrogen
addition (Fig. S5a—c). After the system had been completely
reduced by H,, the FSCC was removed, reheated to 300 °C,
and held for 24 h. Raman spectra were then collected dur-
ing the cooling process (Fig. 5d). Concurrent microscopic
observations revealed a color change in the solution after H,
introduction: transitioning from the yellow characteristic of
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Fig. 5 a Raman spectra of 1 m CuCl, system at 24-300 °C; b microscopic images were obtained for 1 m CuCl, system both before and after
2 h of H, exposure; ¢ Raman spectra were monitored during continuous hydrogen introduction at 300 °C, with the pressure of H, maintained
at 0.24 MPa in the HPOC. d The 1 m CuCl, system was fully reduced by H,, followed by reheating at 300 °C for 24 h without H,, and then the

Raman spectra were collected during the cooling process

Cu®"—ClI solutions to the colorless appearance of Cu*—Cl
solutions (Scholz et al. 1972; Applegarth et al. 2014).

As shown in Fig. 5a, the 1-m CuCl, system exhibits only
a weak Raman peak at 440 cm™! at room temperature. Upon
heating to 50 °C, a new Raman peak emerges at 286 cm™".
With increasing temperature, the peak position gradually
shifts to higher wavenumbers, reaching 306 cm~! at 300 °C,
accompanied by a light yellow solution color in the micro-
scopic image (Fig. 5b). Then, hydrogen gas was introduced
into the system and diffused into the inner tube with CuCl,
solution. As shown in Fig. 5c, during the first 1-1.5 h of
hydrogen introduction, a new Raman peak at 297 cm™!
appears alongside the 306 cm™' peak. After 2 h of hydrogen
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exposure, the 306 cm™! peak completely disappears, leaving
only the 297 cm™! peak. Microscopic observations show a
colorless solution with simultaneous precipitation of trans-
parent crystals, hypothesized to be CuCl solids (Fig. 5b).
The temperature-dependent Raman spectra of 1 m CuCl,
system reduced by hydrogen gas (Fig. 5d) exhibit behav-
ior similar to the Cu+ HCI system, only the C,y; peak is
observed above 200 °C, while both C,q; and C,35 peaks
appear below 200 °C. The Raman intensity of C,35 increases
with decreasing temperature, whereas C,y; intensity intensi-
fies with rising temperature.
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Fig. 6 Raman spectra of CuCl,+K,S,0; system were collected during the cooling process in 300-24 °C after complete reaction at 350 °C. a

Cu—Cl stretching region; b S—O stretching region
3.3.2 K,S,0; system

The 0.47 m CuCl,+0.1 m K,S,0; system, after complete
reaction at 350 °C, underwent Raman spectral collection
during cooling (Fig. 6). Similar to experiments with the
CuCl, + H, system, the thermal decomposition of K,S,04
at elevated temperatures facilitates the reduction of Cu*
to Cu*t. Above 200 °C, only C,97 1s observed, while both
C,97 and Cy35 are detected below 200 °C (Fig. 6a). Simul-
taneously, Raman spectra in the 900-1200 cm™! region
(Fig. 6b), associated with S—O vibrational modes, reveal
sulfur-containing species including SO42_ (980-990 cm™1),

HSO,~ (1050 cm™"), and SO, (1150 cm™!) (Hurai et al.
2015). Notably, no H,S-related Raman peaks near
2600 cm™! are observed (Hurai et al. 2015), indicating the
predominance of oxidized sulfur species in the post-reaction
system. This further confirms that the reduction of sulfur
species facilitates the conversion of Cu** to Cu™.

Table 2 Previously reported Raman shifts of copper-chloride and copper-aquo complexes

Oxidation state Species Raman shift (cm™") Source This article’s data (cm™)
Cu* [Cu(H,0),]* 370 Fujii et al. (2013)
410 (speculation) Applegarth et al. (2014)
[CuCI(H,0)]° 350, 410 (speculation) Applegarth et al. (2014)
[CuCl,]™ 280-290 Schmidt et al. (2018) 297
296 Creighton and Lippincott (1963)
297 +3 Applegarth et al. (2014)
300 Axtell et al. (1973)
[CuCl3]2_ 247+3 Applegarth et al. (2014) 235
~250 Schmidt et al. (2018)
Cu** [Cu(H,0),1** 436 Davis and Chong (1972) 440
440 Hester and Planes (1964)
[CuCI]™, [CuClz]O 200-340 (speculation) Wau et al. (2016) 306 (speculation)
[CuCl4]2_ 280 (speculation) Tanimizu et al. (2007) 286 (speculation)
286 (speculation) Yang and Xu (2011)
[CuCl6]4_ 286 (speculation) Yang and Xu (2011)
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4 Discussion
4.1 Component attribution

The analysis here primarily focuses on the Cu-Cl or Cu-O
vibrational spectral region associated with copper com-
plexes within the 200-500 cm™! range. Table 2 summa-
rizes previously reported Raman shifts of copper-chloride
or copper-hydroxide complexes.

4.1.1 Monovalent copper (Cu*) species

Studies employing solubility method, UV-Vis spectro-
photometry, and XAS indicate that the [CuCl,]” complex
predominates under conditions of relatively low chloride
concentrations and elevated temperatures, with its stability
increasing progressively at higher temperatures (Xiao et al.
1998; Liu et al. 2002; Brugger et al. 2007). As summarized
in Table 2, Raman studies of [CuCl,]™ identify its charac-
teristic v; symmetric Cu—Cl stretching vibration at approxi-
mately 300 cm™! under ambient conditions (Creighton and
Lippincott 1963; Axtell et al. 1973; Applegarth et al. 2014),
with potential low-wavenumber shifts observed under high-
temperature, high-pressure conditions (Schmidt et al. 2018).
In the Cu+ HCI system studied in this work, the Raman
intensity and peak area of C,q; increase with rising tempera-
tures and decreasing HCI concentration (Fig. 4a—c), indicat-
ing that the species represented by C,y; is dominant in the
solution under higher temperatures and lower HCI concen-
trations. Therefore, C,y; is conclusively assigned to the v,
symmetric Cu—Cl stretching vibration of [CuCl,]~ complex
in this study.

Liu et al. (2002) using UV-Vis spectrophotometry, pro-
posed that higher-order complexes like [CuCl4]3_ replace
[CuCl5]*~ with increasing chloride concentration. Brug-
ger et al. (2007) demonstrated through XAS study that the
[CuCl,]*~ complex dominates under high-salinity and low-
temperature conditions. Applegarth et al. (2014) supported
this conclusion via Raman spectroscopy, observing that
[CuCl3]2_ becomes increasingly predominant with decreas-
ing temperature and rising HCI concentration. They assigned
the Raman peak at 247 cm™! to the v, symmetric Cu—Cl
stretching vibration of [CuCl;]*™. In our experiment, C,3;5 is
observed in 1-6 m HCl solutions at 25-300 °C. At constant
HCI concentration, the Raman intensity and peak area of C,s5
increase progressively with cooling and stabilize (Fig. 4a—c).
At 150 °C and 250 °C, higher HCI concentrations further
amplify the Raman intensity of C,s5 (Fig. 3b, ¢), showing
greater dominance at lower temperatures (150 °C). Align-
ing with previous findings, the relative abundance of the
C,35-associated species grows with decreasing temperature
and rising chloride concentration. Thus, we assign Cy35 to
the [CuC13]2_ complex. The observed discrepancy between
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our peak position (235 cm™') and Applegarth et al.’s (2014)
reported 247 cm™! for [CuC13]2_ may arise from challenges
in baseline selection caused by weak Raman intensity in their
experiments. Liu et al. (2002) proposed that UV-Vis spectral
changes in solution with CI™ concentrations > 6 m under
high-temperature conditions (200-300°C) originate from
the fomation of the higher-order complex [CuCl,]*~, while
Brugger et al. (2007) interpreted these spectral variations as
geometric structural modifications of the [CuC13]2_ complex
induced by salt incorporation, emphasizing the instability of
[CuCl4]3‘ in solution. Sherman (2007) further substantiated
through thermodynamic calculations that this species can
not maintain stability in aqueous solutions at ambient con-
ditions. Raman spectroscopic investigations by Applegarth
et al. (2014) on the CuCl-HCI system (24—80 °C) revealed
no characteristic peaks attributable to [CuC14]3_ even at HCI
concentrations up to 6 m, detecting only a Raman signa-
ture of [CuCl3]2‘ near 240 cm™". Experimental results from
our study conducted across an extended temperature range
(24-300 °C) on the Cu-HCl system validate this conclusion,
exclusively identifying a Raman characteristic peak at 235
cm™! (represents [CuCl3]2_). This observation aligns with
Brugger et al. (2007)’s XANES spectral interpretaions and
Sherman (2007)’s thermodynamic modeling, collectively
demonstrating that [CuCl4]3_ lacks thermodynamic stabil-
ity even under elevated temperatures (< 300 °C) and high
HCI concentrations (6 m).

4.1.2 Divalent copper (Cu**) species

Experimental studies employing electronic spectroscopy
and XAS have demonstrated that under low-temperature
(<75 °C) and low-chloride (C1 <2 m) conditions, Cu** pre-
dominantly exists as the hydrated ion [Cu(HZO)n]2+ (Coll-
ings et al. 2000; Brugger et al. 2001; Zhang et al. 2014,
2017). As summarized in Table 2, previous Raman spectros-
copy studies assigned the characteristic peak at 440 cm™! to
the Cu—O stretching mode of the hydrated ion [Cu(HzO)n]2Jr
(Hester and Planes 1964; Davis and Chong 1972). In our
experiments, a weak peak at 440 cm~! was observed in the
1 m CuCl, solution between 24 and 50 °C, which disap-
peared entirely at 100 °C. This indicates that the species
represented by C,4, exists only under low-temperature
(<100 °C) and low-chloride (C1<2 m) conditions. Based
on prior findings, we attribute the 440 cm™' Raman peak
to the Cu—O stretching vibration of [Cu(H20)n]2+ complex.

Under low-chloride conditions (C1<2 m) and higher
temperatures (> 100 °C), Trevani et al. (2010) identified
[CuCl4]2_ as the dominant species at 150 °C using UV-Vis
spectroscopy. Collings et al. (2000) inferred through EXAFS
spectroscopy that [CuCl]* and [CuC12]0 became predomi-
nant at 175 °C. Li et al. (2015) combined density functional
theory and molecular dynamics simulations to propose that
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Fig. 7 Raman spectra of 1 m CuCl, solution at 100-300 °C (solid line represents the original spectrum, dashed line represents the peak fitting

results of Peak software, with a confidence level of 99%)

[CuCl,]*" stability decreases with rising temperature. Sys-
tematic Raman studies on Cu®* chloride complexes remain
limited, though tentative assignments suggest that the peak
in the 280-286 cm™! range may correspond to tetrahedrally
coordinated Cu—Cl stretching modes in [CuCl4]2‘, while
broader features in 200-340 cm™! could represent Cu—Cl
stretching modes of other Cu®* chloride (Tanimizu et al.
2007; Yang and Xu 2011; Wu et al. 2016). In our experi-
ments with 1 m CuCl,, a new peak emerged at 286 cm™!
at 50 °C. With increasing temperature, this peak shifted to
higher wavenumbers, reaching 306 cm™! at 300 °C. While
thermal red shifts (low wavenumber shifts) typically arise
from bond expansion or weakening (e.g., observed in
Cu*—ClI systems in this study) (Gu et al. 2007), the pro-
nounced blue shift (286 cm™ to 306 cm™") in the Cu**—Cl
system likely reflects speciation changes. Peak fitting of

Raman spectra from 100 to 300 °C using PeakFit software
(Fig. 7) revealed that the Cyg4 peak area dominated at 100 °C
but progressively diminished with heating, while the Csq
peak area increased, becoming dominant at 300 °C. This
indicates a temperature-driven transition from C,gc- to
C;p6-associated species. Integrating previous experimental
findings and proposed Raman peak assignments (Table 2),
we propose Cyg observed at 50 °C corresponds to the tetra-
hedrally coordinated Cu—Cl stretching modes in [CuCl,]*",
and C; observed at 300 °C likely represents Cu—Cl stretch-
ing modes of [CuCl]* and [CuClz]O, which stabilize at high
temperatures. This interpretation aligns with previous speci-
ation models and resolves the anomalous blue shift through
a temperature-dependent speciation mechanism.
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4.2 Migration patterns of copper in medium-
to low-temperature hydrothermal fluids and their
connection with mineralization

In medium- to low-temperature hydrothermal systems, the
precipitation and enrichment of copper are primarily con-
trolled by decreasing chloride concentration, temperature,
oxygen fugacity, and increasing pH. Part 2 of this study
explores the effects of HCI concentration, temperature,
and oxygen fugacity on copper transport mechanisms. Our
experimental results demonstrate that higher HCI concen-
trations enhance Cu™ coordination with C1, stabilizing the
higher-order complex [CuCl3]2_ under low-temperature and
high-salinity conditions. The concurrent increase in Raman
intensity and peak area of [CuCl3]2_ with rising HCI concen-
tration indicates elevated dissolved copper levels in the solu-
tion. Temperature reduction drives a speciation shift from
[CuCl,]™ to [CuCl3]2_, accompanied by decreased copper
solubility and precipitation (Fig. 4d). Thermodynamic cal-
culations (Xiao et al. 1998; Liu et al. 2002; Brugger et al.
2007) suggest that the destabilization of [CuCl,]” during
cooling critically impacts copper solubility. In our HCI sys-
tem, crystalline precipitation observed during cooling from
350 to 300 °C (Fig. 4d) directly reflects this temperature-
induced solubility decline. Oxygen fugacity reduction via
hydrogen addition in Cu**—CI reduction experiments trig-
gered complete conversion to Cu™-Cl complexes, yielding
transparent crystals (Fig. 5b) (hypothesized to be CuCl sol-
ids). This highlights how shifts in copper oxidation state—
such as mixing oxidized fluids with reducing agents or
interaction of oxidized fluids with copper-bearing minerals
(Hua et al. 2004; Chaudhari et al. 2021)—directly reduce
solubility, driving copper precipitation. These findings col-
lectively illustrate how coupled physicochemical conditions
(T, fO,) and fluid composition (C17) govern copper behavior
in hydrothermal systems.

Our study also investigates the phenomenon of revers-
ible temperature-dependent changes in copper oxidation
states within systems containing H" and SO,*~ under low-
temperature conditions (<200 °C). Mavrogenes et al. (2002)
conducted XANES spectroscopy on copper-bearing fluid
and vapor inclusions from the Mole Granite (New South
Wales, Australia), revealing speciation shifts: [Cu(HZO)é]2+
dominates at 25 °C, transitioning to [CuCl,]™ at 200 C, and
further to [CuCl,]™ or [CuCl(HZO)]0 near the liquid—vapor
homogenization temperature (~400 “C). They hypothesized
that SO,>~ and H* induce low-temperature oxidation of Cu*
to Cu?*, generating Cu minerals and acid alteration. Berry
et al. (2006) observed similar reversible Cut — Cu®* oxida-
tion in low-temperature K*/H*/Cl~-bearing fluid inclusions
using XANES. In contrast, our study of a Cu*/H*/CI™ sys-
tem (1 m CuCl, + H,) shows that Cu*—~Cl complexes remain
dominant from 24 to 300 ‘C, with no detectable Cu2+—H20

@ Springer

or Cu’"—Cl complexes. Spectra collected after >24 h stabi-
lization at 300 “C and room temperature exclude effects from
H, or speciation instability. The Cu*/C17/SO,>7/SO, system
(0.47 m CuCl, +0.1 m K,S,05) yields analogous results: no
changes in Cu oxidation state or Raman intensities of sulfur
species during cooling, with Cut—Cl complexes persisting
stably at room temperature.

Comparative analysis reveals that discrepancies in cop-
per valence states between previous experimental results,
and our findings may not only stem from differences in
experimental systems but also relate to x-ray beam-induced
redox effects. For instance, Mesu et al. (2005) demonstrated
that prolonged x-ray beam exposure reduces Cu>* to Cu™,
particularly pronounced in chloride-containing solutions.
Brugger et al. (2007) observed similar phenomena during
XAS of Cu?*-bearing chloride solutions heated from 70
to 150 °C: at 70 °C, the system contained 76% Cu>* and
24% Cu*, while at 150 °C, no detectable Cu?** remained.
These findings suggest that x-ray absorption spectroscopy
may yield inaccurate assessments of copper oxidation states
because of unavoidable beam-induced redox artifacts. Nota-
bly, however, Brugger et al. (2007) found that beam damage
at elevated temperatures actually stabilizes Cu™ in solution,
thereby not interfering with studies of Cu* complexes. In
Raman spectroscopic analyses, laser heating effects could
perturb system temperatures (Hagiwara et al. 2021). To miti-
gate this, we systematically repositioned the laser beam after
each spectral acquisition, minimizing thermal interference
and enhancing result reliability. Our experimental data con-
firm that Cu™—Cl complexes persist across a broad tempera-
ture range (low to high temperatures), actively participating
in copper mineralization processes. This aligns with recent
experimental work demonstrating that cuprous chloride
complexes ([CuClL,], [CuClS]z_) contribute significantly to
the transport of copper in ore-forming hydrothermal fluids
(e.g., red-bed copper deposits; Rose 1976) and hydrothermal
overprinting of ore deposits (Zhang et al. 2021) under low-
temperature reducing conditions.

5 Conclusion

This study employs fused silica capillary capsule coupled
with in situ Raman spectroscopy to systematically acquire
Raman spectra of copper-bearing hydrothermal fluids under
saturated vapor pressure conditions (24-300 °C) across var-
ying HCI concentrations (1-6 m) and redox environments
(Hy/K,S,05-regulated systems). By analyzing characteris-
tic peaks of Cu—Cl and Cu-O stretching vibrations (200 to
450 cm™"), we elucidate the transport mechanisms of copper
in hydrothermal fluids and the factors governing dissolution-
precipitation dynamics:
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(1) In reductive acidic systems, Cu™Cl complexes exhibit
pronounced temperature-concentration dependence: under
high-temperature conditions (> 200 °C), [CuCl,]” emerges
as the predominant species, with its proportion increasing
with rising temperature. In low-temperature (<150 °C) and
high CI” concentration (>2 m) systems, the proportion of
[CuCl3]2_ becomes significantly enhanced, demonstrating
stability positively correlated with CI™ concentration. Nota-
bly, Cu*-Cl complexes remain stable at room temperature,
indicating their potential transport capacity in supergene
environments.

(2) In oxidative acidic systems, the chloride speciation
of Cu?* also exhibits temperature-dependent evolution. At
300 °C, [CuCl]* and [CuClz]O are hypothesized to dominate.
With decreasing temperature, the proportion of higher-coor-
dination complexes such as [CuCl4]2_ increases, while below
50 °C, hydrated species like [Cu(H,0),]*" may emerge.
Through the introduction of H, and K,S,03, the reduction of
Cu?*—Cu* was achieved. This process enables the detection
of Cu*—ClI complexes in the system, accompanied by copper
precipitation triggered by reduced solubility.

(3) Precipitation control mechanism: Temperature
decreasing directly destabilizes Cu—Cl complexes, induc-
ing copper supersaturation and precipitation. Meanwhile,
reductant addition (e.g., H,) triggers copper valence transi-
tion (Cu’*—Cu*) by lowering oxygen fugacity (fO,), con-
currently driving precipitation. Thus, during the evolution
of geological fluids, variations in temperature, chloride con-
centration, and redox conditions critically govern copper dis-
solution, transport, and enrichment in hydrothermal systems,
ultimately shaping its mineralization processes and diverse
copper-bearing sulfides.
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