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Abstract

Cu isotope ratios have been widely applied to fingerprinting metal sources, tracking fluid
pathways, and tracing mineralization processes, for which knowledge of isotope fractionation is
required. This paper presents new experimental calibration data of Cu isotope fractionation
between Cu-bearing minerals (native Cu and cuprite) and Cl-bearing hydrothermal fluids at
25-800°C and 0.1-200 MPa. The experiments were performed either using a Teflon beaker on a
hotplate, a rapid heat/rapid quench argon cold seal pressure vessel (RH/RQ Ar-CSPV), or a large
volume fluid reactor, which enabled fluid sampling ex situ (the former two) and in situ (the latter).
Three setups were designed to investigate Cu isotope fractionation (AGSCUﬂuid_mineral): (D)
associated with Cu(I) dissolution, Cu(I) disproportionation as well as oxidation of Cu(0) and Cu(I)
in Cu=Cu,O+HCI systems at temperatures of up to 800°C and pressures of up to 200 MPa, (2)
related to Cu-Au alloying processes in the Cu+NaCI/HCI system at 600°C and 150 MPa, (3) to
evaluate the influences of different sampling techniques (ex situ versus in situ) and superimposed
cooling processes. The selected system is Cu,O+NaCl+0.2 m HAc/NaAc (pH-buffer) and runs
were conducted at 200-250°C and 20 MPa.

AGSCUﬂuid.mineral shows the least variation during solid separation from source fluids,
generally less than 0.16+0.03%o. Positive AGSCUﬂuid_minera] values are found in most runs excluding
cuprite dissolution in NaCI/HCI solutions at 200-250°C, 20 MPa, and 800°C, 200 MPa. Cu
oxidative leaching into Cu(I) results in decreasing A®’Cucym.cuo) values from 0.12£0.05%o to
0.07+0.05%o, and -0.30£0.03%o at 25, 50, and 200°C, respectively. In contrast, Cu dissolution at
high temperatures (600—800°C) leads to Cu(I)-containing quench fluids and subsequent native Cu
precipitates. Both products are enriched in heavy isotopes by up to 5%o, caused by preferential

enrichment of ®*Cu at the surface layer during the alloying-induced diffusion transport process.

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld



36

37

38

39

40

41

42

43

44

45

46

47

48

49

This is the peer-reviewed, final accepted version for American Mineralogist, published by the Mineralogical Society of America.
The published version is subject to change. Cite as Authors (Year) Title. American Mineralogist, in press.
DOI: https://doi.org/10.2138/am-2023-9155. http://www.minsocam.org/

Cuprite oxidative leaching in HCI leads to fluids enriched in Cu(Il), and the corresponding
A(’SCuCH(H)-Cu(I) increases from 0.52+0.04%o at 25°C to 0.89+0.02%o at 50°C. Fluids are enriched
with light isotopes (63Cu) during cuprite dissolution at 200, 250, and 800°C, i.e., 0-0.55+0.04%o
lower than the precursor. At 250—-300°C, Cu(l) disproportionation into Cu(Il) and Cu(0)
dominates the observed isotope fractionation, yielding A®°Cu fuig-cu20 up to 0.59+0.03%o and
A% Cu cy(0)-cu20 Up to -0.28+0.02%o.

Rapid cooling (3—25 K s relative to slow cooling (0.014 K s™) can cause phase separation
as well as significant isotope fractionation, particularly if fluids cool from an intermediate high
temperature to ambient temperature (e.g., from 200-300 to 25°C), which highlights the
importance of kinetic processes that may potentially alter the isotope composition of natural
ore-forming fluids.
Keywords: Cu isotope fractionation, redox reaction, cooling, Cu-Au alloying, diffusion, in situ

fluid sampling.
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1. INTRODUCTION

Copper (Cu) is a chalcophile and fluid-mobile element that exhibits moderately volatile
behavior at high temperatures. As revealed by numerous case studies of Cu mineralization,
hydrothermal fluids play a vital role in Cu sequestration, mobility, and enrichment. In
ore-forming fluids, Cu is transported as a monovalent Cu(I) species, such as CuHS in
low-temperature sulfidic solutions (<350°C; Crerar and Barnes 1976; Mountain and Seward
1999, 2003) and CuCl, CuCl, at temperatures higher than 350°C in sulfur-poor systems (Fulton
et al. 2000b; Berry et al. 2006; Hack and Mavrogenes 2006; Zajacz et al. 2011; Mei et al. 2014;
Schmidt et al. 2018). Cl is one of the most significant ore fluid components, for instance, high
temperature (>400°C) porphyry and low temperature (<200°C) sediment-hosted ore systems
contain up to 55 wt.% NaCleguivalent (€.8., Roedder, 1984; Hezarkhani and Williams-Jones, 1998;
Ulrich et al., 1999). Experimental investigations show that aqueous Cl positively correlates to Cu
content in aqueous fluids. Synthetic fluid inclusion studies demonstrate that chloride-bearing
fluids transport up to 15 wt.% Cu at 525-1000°C and 150-1700 MPa (Hack and Mavrogenes,
2006; Qi et al., 2020; Zajacz et al., 2011). On the other hand, low temperature (<300°C) fluids
contain up to 3 wt.% Cu (Liu et al., 2001; Xiao et al., 1998). Thus, ligands such as chloride play
an important role in metal complexation as well as in ore deposit formation.

In nature, Cu isotopes provide a potential proxy for planetary as well as terrestrial processes,
with an overall 8*’Cu value varying from -16.98 to 25.73%o (Mathur et al. 2009; Zegkinoglou et
al., 2023)). Hereafter 5°°Cu (%o) denotes as [((*’Cu/”’Cu)sampie/(¥Cu/*Cu Inist 976) -1]1%1000,
and NIST 976 refers to the international reference material). Among these processes,
hydrothermal processes can result in significant mass-dependent isotopic fractionation

(A®Cup.p(%0)=8%Cus-6% Cug, phase A refers to fluid in most cases (to a neoformed Cu-bearing
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solid in a few cases) and phase B refers to a Cu-bearing solid in this study). Therefore, Cu
isotopes provide information that furthers our understanding of hydrothermal processes, which
could in turn lead to greater success in the exploration for concealed orebodies as well as in
identifying primary or secondary ore minerals in various types of ore deposits, such as porphyry
deposits (Li et al. 2010; Gregory and Mathur 2017; Zheng et al. 2019; Kim et al. 2019; Kidder
et al. 2021), skarn deposits (Maher and Larson 2007; Wang et al. 2017), high sulfidation
epithermal deposits (Duan et al. 2016; Wu et al. 2017), orogenic deposits (Molnar et al. 2016;
Wang et al. 2018), volcanogenic massive sulfide deposits (Mason et al. 2005; Ikehata et al.
2011), Mississippi Valley-type deposits (MVT; Luczaj and Huang 2018), sediment-hosted Cu
deposits (Asael et al. 2007, 2009, 2012), vein-type deposits (Markl et al. 2006; Yao et al. 2016),
magmatic Ni-Cu-PGE deposits (Ripley et al. 2015; Zhao et al. 2017; Brzozowski et al. 2021),
native Cu deposits (Larson et al. 2003; Bornhorst and Mathur 2017), and modern seafloor black
smoker chimneys (Rouxel et al. 2004; Berkenbosch et al. 2015; Zegkinoglou et al., 2023), as
well as in the associated oceanic crust alteration processes (Huang et al. 2016a; Liu et al. 2019;
Zeng et al. 2021). Among them, high-temperature (hypogene) ore-forming processes can result
in Cu isotope variations over ~2%o (Larson et al. 2003; Rouxel et al. 2004; Mathur et al. 2009;
Wu et al. 2017; Zhao et al. 2017). More pronounced variations can be induced by supergene and
sea-floor alteration processes, from -16.96 to 25.73%0 (Mathur et al. 2009, 2010; Kim et al.
2019) and from -1.52 to 4.70%0 (Maréchal et al. 1999; Zhu et al. 2000; Rouxel et al. 2004;
Dekov et al. 2013; Berkenbosch et al. 2015; Liu et al. 2019; Zeng et al. 2021; Zegkinoglou et al.,
2023), respectively. This large variation (up to 42.69%o) is due to the combined effect of various
controlling mechanisms, such as reductive dissolution during redox state change (Ehrlich et al.

2004; Pekala et al. 2011; Qi et al. 2019) and oxidative leaching (Mathur et al. 2005; Fernandez
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96 and Borrok 2009; Kimball et al. 2009)], liquid-vapor partitioning (reaching -1%o; Maher et al.
97 2011; Rempel et al. 2012), mineral dissolution (Syverson et al. 2021), exsolution of
98 hydrothermal fluids from silicate melts (Guo et al. 2020), sorption (Ijichi et al. 2018) and
99 evaporation (Ni et al. 2021). Furthermore, theoretical calculations provide more information on
100 knowledge of equilibrium and kinetic Cu isotope fractionation factors for different Cu species
101 (Seo et al. 2007; Fujii et al. 2013, 2014; Sherman 2013; Sherman and Little 2020; Liu et al.
102 2021). These experimental and theoretical studies provide first-order constraints on
103 understanding Cu isotope fractionation in geological systems as well as fingerprinting
104 associated with hypogene and supergene processes.

105 Copper can exist in the metallic (Cu(0)), cuprous (Cu(l)), and cupric (Cu(Il)) oxidation
106  states. Interestingly, minerals that contain Cu in these three valence states can coexist in both
107  supergene and sea-floor settings (e.g., Hannington et al., 1988; Larson et al., 2003). This paper is
108  dedicated to understanding the partitioning of Cu isotopes among Cu(0), Cu(I), and Cu(Il) in
109 aqueous environments in a range of geological settings, e.g., near-surficial,
110  epithermal-sedimentary, and magmatic. In this paper, we present the results of Cu and Cu,O
111 dissolution in HCI/NaCl solutions. Cu and Cu,O were selected due to their important valence
112 and abundance in geological settings, such as the supergene setting. More specifically, native Cu
113 is an important type of copper deposit in nature, such as the world-famous Keweenaw Peninsula
114 native copper district. Native Cu has also been observed in ultramafic and mafic rocks from
115  ophiolitic and orogenic massifs (Zhang et al. 2006; Ikehata and Hirata 2012; Eslami et al. 2021
116  and references therein). Interestingly, native Cu is also found coexisting with Cu(II) minerals
117  (e.g., atacamite, covellite) during the alteration process of chalcopyrite due to interaction with

118  seawater at the ocean floor (Hannington et al. 1988). For example, native Cu formation is
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suggested to occur due to (i) low-temperature in situ alteration of magmatic or hydrothermal Cu
sulfides at highly reducing conditions (e.g., Eslami et al. 2021), (ii) by precipitation from
low-temperature metamorphogenic hydrothermal fluids (e.g., Bornhorst and Mathur, 2017), or
(ii1) during crystallization in equilibrium with mafic magma at high temperatures (e.g., Zhang et
al. 2006). Experiments on the dissolution and oxidation of native Cu at temperatures above
100°C are scarce and can have direct implications for ore-forming and magmatic-hydrothermal
processes. Transformations in the oxidation state and complexation of Cu are strongly dependent
on physical conditions, thus the mechanisms by which these transformations may affect the
isotope composition of fluids need to be investigated further. Despite this, natural and
experimental findings show that high-temperature processes can result in large variations in Cu
isotope composition, e.g., fractionation up to 18%o (e.g., Busigny et al. 2018; Guo et al. 2020; Ni
et al. 2021), and it is unclear whether this significant degree of fractionation is related to post
cooling processes. In this study, we analyzed Cu isotopes of the coexisting Cu-bearing minerals
and hydrothermal fluids, and these data allow us to examine the dependence of Cu isotope

fractionation on oxidation/reduction processes and cooling rates.
2. EXPERIMENTAL APPROACH

All experiments and measurements in this study were carried out at the Institute of
Mineralogy, Leibniz University of Hannover (Germany).

Cu tubing (2.45 mm L.D., 2.55 mm O.D., and 30 mm length) and Au tubing (2.80 mm L.D.,
3.20 mm O.D., and 30 mm length) were used as capsule materials. Thin Cu foil (thickness of
0.05 mm) and fine copper powder (14—25 um) were used as additional Cu(0) sources. Cuprite
(Cu0) in powder and pellet form was used as a source of Cu(I). The pellet preparation followed

the procedure of Qi et al. (2020). Starting solutions containing NaCl or HCl were doped with
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400-600 pg g RbCl and CsCl for verification of dilution levels during analyses. Equimolar
acetic acid and crystalline anhydrous sodium acetate were added to NaCl solution to buffer pH at
ca. 4.6. Although decomposition of acetate was generally found to be the dominant reaction at
temperatures below 400°C (Kharaka et al., 1983; Palmer and Drummond, 1986). Hydrothermal
studies of acetate decomposition have been carried out in stainless steel vessels (Kharaka et
al.,1983), Ti vessels, Au cups or bags (also used in this study), silica tubes, and Pyrex tubes
(Palmer and Drummond, 1986). Their results have shown that aqueous solutions of acetic acid
are relatively stable under thermal stress (Kharaka et al.,1983; Palmer and Drummond, 1986).
Our runs were performed much shorter than the half-life of acetate (half-lives of ca.300—1.2 x10°
hours at 350°C; Kharaka et al.,1983; Palmer and Drummond, 1986). Due to acetate
decarboxylation, a pH-buffered solution was not used in high-temperature runs (>600°C).
Capsule filling is shown in Fig.lc. Solid reagents were loaded before aqueous solutions.
Capsules were squeezed on top to remove additional air and weighed, cut, and welded shut under
a flow of Ar gas. To avoid volatile loss due to vaporization during welding of the upper end of
the capsule, the filled capsules were frozen by wrapping them in wet tissues and submerging
them in liquid nitrogen. The capsules were weighed before and after welding, and only those
without mass change were selected for the subsequent experiments. Using these experimental
materials, three sets of experiments with different purposes were performed at 25—800°C and
0.1-200 MPa (Table 1).

The first set of experiments (Set 1) was designed to assess Cu isotope fractionation related
to the dissolution of Cu(0) and Cu(I) in an HCI solution. Low-temperature runs (25-50°C) were
performed within one hour on a hot plate (Fig. 1a). These runs were performed for a short period

(1 h), to avoid vapor loss that may carry the light Cu isotope (63Cu) during the heating process.
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Metallic copper or cuprite pellets and aqueous HCI solutions were added to Teflon beakers which
were closed tightly during the run. The oxygen fugacity of the system can be determined by the

proportion of oxygen in the atmosphere. The volume percentage of O, in the air is 20.9476% at

15°C (Lide, 1997), and 1logfO2 is -0.68 (logfO,=log 0.209476%1(bar)). The volume percent of O,

is constant with temperature, and hence, logfO,(air) is insensitive to temperature. High
temperature and high-pressure experiments (200—800°C, 20-200 MPa) were conducted in
RH/RQ Ar CSPV (details are given in Matthews et al. 2003). Note that the quench fluid of
DQ169* is collected from a fluid inclusion synthesis experiment by Qi et al. (2020). In this run,
cuprite powder, quartz cylinders, and an HCI solution were loaded into a Cu capsule. The
temperature and pressure varied within +5°C and < +5 MPa, respectively. The intrinsic oxygen
fugacity imposed by a Ni filler rod in this vessel was buffered at ca. NNO + 2.3 (2.3 log units
above the Ni-NiO buffer; Berndt et al. (2001)). Accordingly, logfO, of 200°C-800°C runs vary
between -115 and -22 (Huebner and Sato, 1970). Starting materials such as Cu foil, Cu powder
or cuprite pellets, and aqueous HCI1 or NaCl solutions were added to Au/Cu capsules (Fig. 1b).
These capsules were attached to a nickel rod with a metal ring at the bottom, and then
pressurized to target pressure at room temperature and held at the water circulating zone until the
furnace was heated to target temperature, and quickly transferred to the heated hot zone by an
outer mobile magnet. Three types of quench techniques in RH/RQ Ar CSPV runs were applied to
check whether Cu isotope fractionations are affected by different cooling rates. Cooling rates of
0.5, 3, and 25 K/s refer to cooling the autoclave at room temperature, cooling the autoclave with
compressed air at the hot end, and cooling the sample at the cool water zone, respectively, (more
details are given in Qi et al. 2020). The final experimental products after quenching included

both aqueous fluids and solid precipitates; the latter of which may be formed either at the
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experimental condition or during quenching as a cooling product.

Set 2 experiments were performed to study the Cu isotope fractionation of Cu dissolution
and precipitation processes in a Cl-bearing solution. Cu powder and 1.5 m NaCI/HCI solutions
were added into Au capsules. Experiments were conducted at 600°C and 150-180 MPa in
RH/RQ Ar-CSPVs.

Set 3 experiments were conducted to investigate fluid chemistry differences sampled by ex
situ and in situ techniques. This series of experiments was also designed to investigate the
different cooling rates on the phase transformation and the associated isotope fractionation.
Cuprite pellets and pH-buffered NaCl solution were loaded into either an Au reaction cell (~60
ml) or Au capsules (similar to set 2). These runs were performed with two different vessels at
100—250°C, 20 MPa, i.e., a large volume fluid reactor (Cp3, 6) vs. an RH/RQ Ar CSPV (Cp4-5,
7-8). The large-volume fluid reactor (also called an internally filtered gold-cell reactor) was used
for inline fluid sampling (Fig. 1c), which is described in detail by Dickson et al. (1963) and
Seyfried et al. (1979). The oxygen fugacity of this device has not been determined, but it may be
indicated by the mineral assemblages. Qi (2019) performed runs with Cu,O-HAc-KAc in the
same device. Although the solution composition of Qi (2019) is slightly different from this study,
the pH of solutions of 250°C runs is almost the same (4.5-5.1). Their results indicate that Cu,O is
the residual phase in all runs, Cu appears at the early stage (at 7-24h) at 250°C, and CuO is
present at the late stage (72 h) in both 150 and 250°C runs. This may indicate that the oxygen
fugacity of the large-volume fluid reactor varies between Cu-Cu,O and Cu,O-CuO. The
procedure for the large-volume fluid reactor runs is as follows. The large-volume fluid reactor
would be heated to a target temperature within 0.5 h isobarically (e.g., 250°C). After reaching the

target temperature pressure will be readjusted to the target pressure. The temperature and
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pressure vary within £2°C and < +0.1 MPa, respectively. In situ solutions were extracted through
a long titanium tube (ca. 25 cm), a three-way valve, and two interconnected titanium tubes and
containers (total length of ca. Scm). These titanium parts were not heated during the run so they
may have a lower temperature than the internal fluid reactor. The titanium containers (~1 ml)
were used to temporarily store the in situ solutions. Each sampling was done twice by opening
the main valve connected to the longest titanium tube, and then opening the 1% valve to collect
the first sample and closing this valve (Fig. 1c). The 2" solution follows the same procedure.
The 1* fluids represented the flush solution which may not have been well mixed and solids may
precipitate along the cooled pathway. In comparison, the 2™ solution represented experimental
fluid and was further processed for chemical purposes. After the run, the furnace was removed
from the autoclave, and the cooling rate was about 0.014 K/s from 250°C down to 50°C. Run
Cp3 was carried out at a constant temperature of 200°C for 48 h and in situ solutions of Cp3
were extracted at 200°C, 48 h, and 100°C, 50 h. Run Cp6 investigated both the heating and
cooling effect on Cu content and the corresponding isotope fractionation in a temperature range
of 100-250°C. In situ solutions of Cp6 were sampled at 100, 150, 200, and 250°C with a time
interval of 1 h and 64 h, and along the cooling process from 250 to 100°C within 2 h. Their
comparable runs Cp4-5 and Cp7-8 were performed in RH/RQ Ar-CSPVs at 200 and 250°C,
respectively. However, the ex situ fluid sampled and post-run treatments of Cp4-5 and Cp7-8 are
different and described below.

Fluids collected from 25—50°C experiments were processed directly in an ultra-clean lab.
Quench fluids collected from capsules (Set 1, 2, Cp4-5 of Set 3) were treated via the following
steps: (i) The squeezed capsules were expanded by annealing at 150°C for 15 min in a furnace at

atmospheric pressure. Note that copper diffusion in gold at 150°C is very slow, and the diffusion
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layer is less than 1.8x10” um (4 h; Tompkins and Pinnel 1976). Thus, annealing of Au at 150°C

would keep the isotopic data of the capsules to remain invariant on the time scale of our
experiments. (ii) These capsules were opened by submerging them into liquid nitrogen and then
piercing them with a steel needle, which enabled almost 100% fluid recovery. However, Cp7 and
Cp8 of Set 3 were treated differently from Cp4 and Cp5. Capsules from Cp7-8 were pierced by
steel needles on a frozen stage. Both capsules were transferred to two open Teflon vials which
were heated at 100°C to remove all the liquid phases. After two days, the weight of the capsule
was stable, and the mass difference between the initial capsules and the heated capsules equaled
the loaded aqueous solution. Capsules were cut through to fully retrieve the solids. The solids
included cuprite pellets and blue precipitates. Solids were rinsed with Milli-Q water, which was
treated as an ex situ fluid. Au capsules were rinsed with 1 m HCI solution in an ultrasonic bath
for 10 minutes. Finally, all fluid samples were transferred to Teflon vials in an ultra-clean lab for
further chemical treatment.

Both the surface and the cross-section of the cuprite pellets of Cp3-6, and Cp18-19 were
mounted in resin for in situ analyses. The surface of reacted cuprite pellets was flat enough so
some precipitates remained after polishing. The separation of solids from quenched fluids was
first done by centrifuging. Then the fluids were passed through filters, that were rinsed with MQ
water to fully remove any liquid residue. Fluid samples were then evaporated on a hotplate until
a dry residue was obtained. Finally, solids were transferred to vials, and the filter papers were
pulled off. The solids retrieved were directly processed as solutions for elemental and isotopic

analyses.
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3. ANALYTICAL METHODS

The pH values of the solutions were measured with an InLab® Flex-Micro pH combination
electrode (Mettler Toledo GmbH, Germany). The pH of the fluids was measured at room
temperature for both stock solutions and sampled fluids during and after the run. Standard pH
solutions and each fluid sample were measured three times, and the uncertainty was the standard
error.

The composition of cuprite pellets and post-experiment overgrowths of secondary minerals
were determined on polished sections using a CAMECA SX100 electron probe micro-analyzer
(EPMA). The reference materials for calibration included jadeite (Na), NaCl (Cl), and Cu (Cu).
Raw analytical data were corrected using the standard PAP procedure (Pouchou and Pichoir
1991). Acceleration voltage was set at 15 kV. A focused beam and a 15 nA beam current were
used for analyzing solid phases.

Sampled fluids were transferred into acid-cleaned Savillex PFA labware and further treated
with deionized 18.0 Milli-Q water and Teflon-distilled acids (HNO3; and HCI) in an ultra-clean
lab. Collected ex situ and in situ fluids were evaporated to dryness at 90°C on a hotplate, and
digested in 1 ml of 3% HNOj solution. Solid phases were first processed with a freshly prepared
aqua regia solution and then the procedure described above was followed. Cu deposits on the Au
substrate were digested by ~ 15 ml of 6 mol L™ HCI at 120°C overnight. After the removal of the
Au foil, the solutions were processed following the same procedure for sampled fluids.

The Cu concentration of all solutions was analyzed by inductively coupled plasma optical
emission spectrometry (ICP-OES) on a Varian Vista Pro system (Varian GmbH, Germany),
following the procedure of Roebbert et al. (2018). The precision of the ICP-OES analyses was

better than 10 % (2SD).
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For the isotopic analyses of experimental products, the potential isobaric interference
between *'P0,", **ArPNa’, 2Na*Ca™ and ®Cu as well as between *2S'°0,H", 40ArZSMg,
*Ca'°OH, and Cu (May and Wiedmeyer 1998) was considered. To avoid isobaric interference
between >*Na*’Ca’ and ®Cu, as well as between **Na*’Ca* and *Cu, processed solutions from
sets 2 and 3 were purified by ion-exchange chromatography. The purified Cu solutions were
performed through an anion exchange resin (Bio-rad® AG MP-1), applying the procedure
described by Roebbert et al. (2018). The evaporated residue was dissolved in 1 ml 9 M HCI, and
the purified Cu fractions were acquired by loading the solution with Bio-Rad®*AG MP-1 anion
resin in 2 ml Bio-Rad® columns. The cleaning of resin was carried out with 10 ml 7 M HCI,
water, 5% HNOs, and water before loading samples. The conditioning of resin was done by

adding 12 ml 9 M HCI to the solutions. The samples were then loaded and the matrix was

removed with 7 ml 9 M HCI. The Cu fractions were eluted with 18 ml 5 M HCI and dried. A

mixture of concentrated HNO; and H,O; solutions was added to the dryness. Based on the Cu
concentration of solutions analyzed by ICP-OES, samples were further diluted to ~0.5 pug Cu /g
in 3 % HNOj; solution and doped with 1 pg/g Ni using a Ni NIST SRM 986 standard solution for
Cu isotope measurement with solution nebulization MC-ICP-MS (Neptune, Thermo Scientific).
More details about instrument setup and measurement procedure are provided by Lazarov and
Horn (2015). Cu isotope compositions of the NIST C125-1 standard solution and the sample
replicates were performed simultaneously to monitor the analytical precision and accuracy.
Standard analyses are in agreement with the previously published values of Lazarov and Horn
(2015). The overall uncertainty of isotopic composition measurements was generally better than
0.06%0 (2SD), with an average value of 0.03%o (2SD). The daily reproducibility of the standard

and samples was also better than 0.06%o (2SD; Lazarov and Horn 2015).
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The solid reactants and products mounted in resin were analyzed for their Cu isotope
composition by in situ LA-MC-ICP-MS. An in-house built laser ablation system based on a
UV-femtosecond-laser (Spectra-Physics) was combined with the aforementioned MC-ICP-MS.
The laser system operates in the deep UV at 194 nm. Argon was used as the carrier gas. The
NIST SRM 976 native Cu and two in-house chalcopyrite standards [cpyl and cpy2; Lazarov and
Horn (2015)] were measured as the known and unknown reference materials to verify whether
the laser energy was set to the appropriate level and whether the obtained 8%°Cu values agreed
with the values for the solution reported by Lazarov and Horn (2015). A spot diameter of 40 um
and laser repetition rates of 3—5 Hz and 10 Hz were used for NIST SRM 976 and cpyl-cpy2,
respectively, which resulted in signal intensities of ~15 V on mass 65 (*Cu). To maintain

intensities similar to those observed for the standards, the cuprite pellets and secondary minerals

were generally analyzed with a repetition rate of 5—7 and 10—-30 Hz, respectively. Ablation of

standards and samples was carried out by line mode to avoid potential depth effects, and the

width of lines was ca. 28 um. Thin layers of newly-formed minerals in Cp2 and 5 are generally

wider than the ablation line (Fig.2a, d), however, newly-formed minerals in Cp4 have a width of

5-35 um so there are only three data available for this sample (Fig.2c). There were at least 10 and
3 analyses available for cuprite and the overgrowth mineral, respectively.

For Cu isotope measurements of the solutions and solid phases, standard/sample bracketing
and the Ni NIST SRM 986 standard solution were used to correct measured **Cu/*Cu ratios for
instrumental mass bias. The overall double relative standard error (2RSE, 20) for samples is less
than 0.1%o, which is calculated by the propagation of within-run RSEs of a sample and its two

bracketing standards.
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4. RESULTS

4.1. Composition of solid phases

In Set 1, no discernible solid precipitates were observed after the reaction of Cu and Cu,O
with the HCI solution, respectively, at temperatures lower than <50°C. At moderate temperatures
(300°C), native Cu, Cu-bearing minerals, and precipitates, as well as cuprite, were retrieved from
the Cu,O-HCI system (Fig. 2). It is worth noting that Cu,O of Cp2 are both in the form of
compacted powder (core) and mesh-like overgrowth layer (rim) adjacent to Cp2-S2 in Fig. 2b.
Three types of solid products were obtained, namely, native Cu coating the Au capsule (S0), a
solid mineral at the mantle of cuprite (S1; Fig. 2a), and precipitates separated from the quench
fluid also covering the surface of the Cu,O pellet (S2; Fig. 2b). The thickness of the overgrowth
layer of S1 is about 200-400 um (Fig.2a), and the replacement of Cp2 cuprite by S1 starts from
the outer rim. Three to four spots were analyzed for S1 and S2 by EPMA. The data show that
they have relatively low oxide totals (28.99—88.89 wt.%) and are mainly composed of Cu and Cl
(Table 2). These low totals may originate from unmeasured H,O, which has been confirmed by
Raman spectroscopy. S2 analyses are qualitative since they show a thin coating on cuprite, and
cuprite may be incorporated into their analyses. S2 is defined as hydrous Cu(Il) in Table 2. The
variability of S1 is mainly due to its varying degrees of hydration and has no relation to its
thickness since the layer varies between 160 and 300 um. Although atmospheric CO; can be
purged into the starting solution, no peak of C-related species was found during the Raman
analyses. Although Cu and Cu,O were present in the capsule, the external oxygen fugacity was
governed by the vessel, i.e., log fO2 of NNO+2.3 was lower than that required for Cu-Cu,O.

Thus, aqueous Cu(I) species predominate in the solution, and the potential formula of S1 could
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345  be CuCl-nH,O with the atomic ratios of Cu/Cl is ~1 (Table 2). Whereas the formula of S2 cannot
346  readily be revealed by EPMA data. Cuprite and precipitates were recovered at 800°C. A large
347  quantity of powder and white precipitates was collected from the quench fluid of the Cu,O-HCl
348  system. The results of Qi et al. (2020) demonstrate that Cu,O has been fully consumed and its
349  solubility in HCl was reached in DQ169. Furthermore, Qi et al. (2020) indicate that these
350 fine-grained precipitates are likely to be oversaturated CuCl crystals.

351 In Set 2, the initial Cu powder could not be retrieved, and the thin film of native Cu covered
352  the inner walls of the Au capsule at 600°C (Set 2). The color of these walls changed from deep
353  reddish to metallic given that the duration was prolonged from 0.17 to 96 h (Fig. 2h-I). Blue
354  precipitates deposited at the surface of the Au substrate were not analyzed due to their small
355  quantity (Fig.2h, j).

356 In Set 3, Cu-bearing minerals and cuprite were found, whereas Au bag coated by Cu was
357  not observed in 200°C, 20 MPa runs. A small number of white precipitates which consisted of Na,
358 Cu, and CI (qualitative SEM analyses) were observed to cover the outer surface of Cp3 cuprite at
359  200°C, whereas thin layers of blue precipitates covered cuprite of Cp4, 5 (denoted as Cp4-S2 and
360 Cp5-S2 in Figs. 2c-d, respectively; Table 2). These solids precipitated at the outer rim of Cu,O,
361  which show no crystalline form, and are most likely quench products produced from cooling.
362  Cp4-S is mainly composed of Cu (50—54 wt.%) with a composition similar to that of CuO-nH,O
363  reported in Qi (2019). Cp5-S consists of Cu and Cl with a Cu/Cl ratio of 1.6, the likely form is
364  hydrous copper chloride species. At 250°C, cuprite and native Cu covering the Au substrate were
365 recovered (Set 3). Other solids/precipitates could not be distinguished due to HCI/H,O leaching
366  during post-treatment (described in Section 2). SEM analyses of solid precipitates on Au

367  capsules demonstrate that these phases are mainly composed of Cu, Cl, and Na.
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4.2. Cu content in fluid and isotope fractionation
4.2.1. Set I experiment

In Cu-HCI systems, the Cu content in a 1 m HCI solution increases from 1026+51 to
1534477 and 131594658 pg g at 25, 50, and 200°C (Table 3 and Fig. 3a), respectively.
Likewise, the Cu content of Cu,O-HCl systems increases drastically from 5753+288 to
10727+536 pg g at 25 and 50°C, respectively. It is worth mentioning that fluid inclusions in
DQI169 as a closed system give information about Cu,O solubility in 1.5 m HCI at 800°C, i.e.,
64409+3220 pg g'1 Cu (Qi et al., 2020). The Cu content of quench fluids from this run is one
magnitude lower than the in situ fluid in this run due to the separation of solids.

Results from low-temperature (25—50°C) experiments show that Cu,O dissolution in a 1 m
HCI solution is stronger by about 6 times than that of Cu dissolution in the Cu-HCI system (Fig.
3a). The extent of Cu isotope fractionation in the former one is much larger than the latter one,
1e., AP Cuguid.cucuzo values are up to 0.89+0.02%0 and 0.47+0.02%o, respectively (Fig. 3b). Both
Cu content and isotopic compositions in fluid indicate that acid leaching of Cu,O is more
effective than metallic Cu. Moreover, the enhancement of Cu content in a fluid is attributed to
increasing temperature and chloride concentration. Fig. 3b shows that dissolved Cu yields
heavier isotope composition relative to their precursors except for two runs at 200 and 800°C
(DQI180 and DQ169). At 200°C the A®Cupig.ca value of Cu-HCI system is -0.30+0.03%o,
whereas A®Cugyig.cu values turn to be 0.47+0.02%0 and -0.42+0.03%. for Cu-HCl and
Cu-CuyO-HCl systems at 800°C, respectively (Fig.3b). These negative and positive
AP Cugid.cuicuao values are likely due to different mechanism (cf. Section 5.2).

At 300°C cuprite dissolution in HCI results in the formation of three types of secondary
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solids, SO, S1, and S2 (see above). This run has the lowest Cu content of 538 pg g, which is
probably due to the removal of solid precipitates (S2) from fluids. Both S2 and the quench fluid
yield positive 8°°Cu values above 1%o, and are 0.59—0.75%o heavier than those of the precursor
Cu,0 (Fig. 3b). Furthermore, the isotope composition of S2 is about 0.1%o lower than that of the
fluid, suggesting that S2 derived from the quench fluid. Both the neoformed mineral (S1) and
native Cu (S0) yielded the same isotope signature of 0.23%o (Table 3), and both values are much
lower than that of Cu,O, resulting in A(’SCusl ss0-cu20 values of ca. -0.28%o0 (Note that gray square
and black circle are overlapped in Fig.3b). The A®Cug.cur0 value is 0.75£0.03%o (open square in
Fig. 3b). These different A®Cu values are likely due to their different oxidation states and

chemical complexation.
4.2.2. Set 2 experiments

In the Cu-NaCl system, Cu content increases from 16+1 to 47+2 pg g within 10 h and
drops to 2241 pg g after 96 h (Fig. 4a). pH values of the experimental fluids are slightly acidic,
i.e., varying between 5.52+0.48%o and 5.72+0.39%o (Table 1). In comparison, the Cu content of
the Cu-HCIl system is about three magnitudes higher than that of the Cu-NaCl system. Moreover,
the quench fluid of the Cu-HCI system turned out to be more acidic than that of the Cu-NaCl
system, namely, pH values of 0.3 and 5-6, respectively. Measured A®Cug.c, values of the
Cu-NaCl system increase from 0.42+0.02%o to 0.63%0.02%o, 2.53+0.02%0 and 5.08+0.02%o. for
experimental durations of 0.17, 1, 10, and 96 h, respectively (Fig. 4b). Moreover, the A®Cug.cu
value of the Cu-HCI system is 2.00+£0.02%o, which is lower than that of Cu-NaCl system. On the
other hand, observed Cu isotope fractionations between starting Cu and deposited Cu are

0.83£0.02%o to 4.10£0.02%o for the Cu-NaCl system at 0.17-96 h and 2.37+0.02%o for Cu-HCl

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld



412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

431

432

433

This is the peer-reviewed, final accepted version for American Mineralogist, published by the Mineralogical Society of America.

The published version is subject to change. Cite as Authors (Year) Title. American Mineralogist, in press.
DOI: https://doi.org/10.2138/am-2023-9155. http://www.minsocam.org/

at 21 h. The isotope compositions of deposited Cu are heavier than their precursor as well as the

associated fluids (Fig. 4b).
4.2.3. Set 3 experiments

In the Cu,O—pH-buffered NaCl system (in situ and ex situ fluid-sampling runs), the Cu
content of the solution sampled in situ for the first time is mostly lower than that of the solution
sampled the second time in Cp3 at 200°C (Table 3). The inline sampled solution and the residual
solution in the Au cell are denoted as the in situ and quench fluids in Table 3, respectively. Cu
contents of the Cp3 in situ solutions are roughly twice those of Cp4 and Cp5 at 200°C (Fig. 5a),
which is likely due to the incorporation of Cu into precipitates for the latter two runs (Cp4-S2
and Cp5-S2) during the cooling process. Isotopically, the Cu isotope of all batches in Cp3 is
associated with their precursor following the mass balance rule at 200°C:

565Cuiniﬁ31:f1 '565Cu1 +f2'865CU.2 (1)

Coefficients f; and f; are the mole fractions of the first and second sampled fluids, while 8%Cuy
and 8°Cu, are their corresponding Cu isotope compositions. Similar to Eq. (1), the isotope
fractionation between the in situ fluid and Cu,O of Cp3 is insignificant at 200°C, whereas
A()SCUﬂ_Cuzo value can reach 0.11+0.05%o as temperature cools to 100°C (Fig. 5b).

Quench fluids of Cp4 and Cp5 yield much higher §°°Cu values than Cu,0, resulting in
A®Cug.cuzo values of ~1%o (Fig. 5b). Moreover, the A®Cusy.cuo values of Cp4 and Cp5 are
negative (-0.72+0.03%0 and -0.25+0.32, respectively), implying that these solids were not
quenched precipitates from the fluid during cooling. For run Cp6, Cu contents of in situ fluids
increased by a factor of 4 with increasing temperature, i.e., from 832 to 3756 pg g’ along a

heating course of 100—250°C within 6 h (Table 2, Fig. 5c). However, Cu content in fluid
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decreased by ca. 1000 pg g after 69 h, which was likely due to Cu partitioning between fluid
and gas phases (cf. section 5.1). The A Cuip st fluia-cuw2o values show a coherent increase from
-0.49+0.04%0 to 0.06=0.04%0 (except the first sampled fluid; Fig. 5d). The A65Cuquench f.-Cu20
value is -0.29+£0.04%o. In comparison, quench fluids of Cp7 and Cp8 yielded comparable isotope
compositions as their precursors, i.e., A% Cuguench fluid-cu2o value of ~0%o. Native Cu deposits of
Cp6-8 have yielded rather constant §%Cu values of 0.35+0.02%o, resulting in A®Cuso.cuno values

of ca. -0.10%0.04%o.

5. DISCUSSION
5.1. Reaction mechanisms and Cu speciation

At 25-50°C, aqueous Cu(Il) is likely the dominant species in the atmosphere with a logfO,
of -0.68, which is also confirmed by the Cu-O-H-CI phase diagrams (Figs. 6a-b; Collings et al.,
2000, Brugger et al., 2001). Reactions between Cu or Cu,O and HCI solutions are presented by

Qi et al., (2020) and as follows:

Cugs) + H' (agy = Cu'(ag) T 1/2Hy(g) 2
Cu05) + H' (ag) = 2Cu " (a) + H2O(ag) (3)
Cu'(ag) + H (2 = Cu*"(ag) + 1/2Hag “4)

where subscripts ag and s refer to the fluid phase and the solid phases, respectively. It can be
seen from Figs. 6a-b that CuCl” may be the dominant species in solution at 25-50°C and 0.1
MPa. Thermodynamic calculations of Macdonald et al. (1972), Robie and Hemingway (1995),
and Collings et al. (2000) show that CuCl" is a stable species in oxygenated and/or highly
concentrated Cl-bearing solutions at 175°C. Moreover, spectroscopic observations of D’Angelo

et al. (1997), Collings et al. (2000) and Brugger et al. (2001) demonstrate that Cu*" and CuCI”
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are the dominant species in aqueous Cl-bearing solutions with minor amounts of CuCL° at 90°C.
To a lesser extent, aqueous Cu(I)Cl exists in fluids. A two-step reaction is involved during the
oxidation of Cu(0) to Cu(Il), a fast and reversible transformation of native Cu to Cu(l), and a
slow and rate-determining process of Cu(I)-Cu(II) (Matisson and Bockris 1959).

Fulton et al. (2000b) as well as Brugger et al. (2001) demonstrate that Cu(I) is dominant in
solution at temperatures higher than 100°C and relatively reducing conditions (logfO,=NNO+2)
(Figs. 6¢-d). Cuprite dissolution in HCI/NaCl solutions at temperatures higher than 200°C
follows the reaction (5). Cuprous complexes (primarily CuCl,q), CuCly, CuCl;”) predominate in
acidic solutions with low sulfur activity (e.g., Crerar and Barnes 1976; Xiao et al. 1998; Fulton et
al. 2000a; Mei et al. 2014) above 100°C. With increasing chloride concentration and temperature,
the proportion of CuCls* becomes less dominant. Thermodynamic properties of Cu species are
extracted from the SUPCRT92 database (Johnson et al. 1992). Thermodynamic modeling of the
Cu-O-H-Cl phase diagram has been carried out by using the CHNOSZ software (Dick 2019). A
bi-acetate complex predominates at 250°C and 600°C (Figs. 6¢-d), which is in accordance with
previous findings (e.g., Brugger et al., 2007; Liu et al., 2001).

Cuprite dissolves in HCI solutions mainly in the form of Cu" at 300°C (reaction 5). Both Cu
and Cu,O were present after run Cp3. External oxygen fugacity governed by the vessel is log fO,
~ NNO+2.3, which is lower than that required for buffering Cu and Cu,0. Thus, in line with the
microscopic observation and EMP analyses of S1, cuprite has been replaced homogeneously in
Cp3 by a Cu(I)-bearing mineral, likely CuCl-nH,O. These mineral precipitates are likely formed
at the experimental stage and possibly due to CuCl oversaturation. Unlike Cp2-S1 the solids in
contact with Cu,0 in runs Cp4, 5 have various thicknesses and are much thinner than Cp2-S1.

Moreover, they have variable compositions including variable total oxides (30-60 wt.%) and
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Cu/Cl ratios. This evidence might indicate that Cp4-S2 and Cp5-S2 precipitated from quench
fluid rather than formed at the experimental stage.

The formation of native Cu (S0) in Cu-HCI/NaCl systems at 250°C and 300°C is likely
produced via reaction (5), which is often observed in oxyacid solution (e.g., Wadsworth and
Wadia 1955).

2Cu" (ag) = Cu”"(ag) +Cugg) (%)
Formation of metallic copper by reaction (5) is well known, e.g. the leaching of cuprite in an
oxyacidic solution such as sulfuric acid (Wadsworth and Wadia 1955; Park et al. 2017) or
perchloric acid (Majima et al. 1989). Moreover, Qi (2019) observed the replacement of cuprite
by Cu in both pure water and acetate-acetic-bearing solutions, which was ascribed to the Cu(I)
disproportionation reaction. Aqueous solutions contain both Cu(I),q and Cu(Il),q, and aqueous
Cu(l) species predominate in the solution (Equation 5). At 250°C the estimated content of Cu*"
and Cu’ in solution may be 1000-1200 and 2000-2400 pg g, respectively. Due to the
complexity of the system, solids such as Cu(II)-Ac may form and precipitate after the reaction
(5). Likewise, Qi (2019) observed tenorite (CuO) precipitates in Cu,O-HAc-KAc systems at both
150 and 250°C, which was likely due to Cu(Il) acetate decomposition. Moreover, acetate
decomposed into CO,,) and CHy after long time (~70 h) at 250°C (Qi, 2019).

At 600—800°C, native Cu reacts with HCI or NaCl solutions, which can be explained by
reactions (2) and (6), as suggested by Zajacz et al. (2011) and Qi et al. (2020):

2Cu) + 2H10(aq) T2NaClaq) = NaCuClye) TNaOHaq) +CuOHaq)+ Hog) (6)
Firstly, experimental conditions become more reducing than what is required to maintain the
stability of Cu-Cu,O as the reaction evolves at 600-800°C, i.e., Cu’ is not stable. Secondly,

monovalent Cu(I)-bearing species would be reduced to Cu metal at the surface of Au/Cu
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502  substrate, similar to Fig.3 presented in Qi et al. (2019). In addition, dissolved Cu is far less than
503 the initial loading, i.e., products of 0.002—0.657 mg Cu relative to initial 11.12—12.21 mg in 600°C
504  CuxHCI/NaCl runs. Since no discernible solids are retained after these runs, Cu loss to the Au
505 substrate could explain these large mass discrepancies. Next, based on the Cu-Au phase diagram
506  Cu reacts with Au to form (Cu, Au) alloy at 600°C (Okamoto et al., 1987). Cu diffuses rapidly in
507 both Cu and gold substrates at high temperatures (Kuper et al. 1954; Ravi and Paul 2012).
508  Diffusional transport of Cu can be calculated based on the equation: D = Dy exp(E./RT), where
509 Dy and E, refer to the frequency factor (m? s™") and activation energy (kJ mol™), respectively. The
510  diffusion layer of Cu on both Cu and Au are 29 pm at 800°C (24 h; Kuper et al. 1954) and 1.92—
511 45.54 um at 600°C (0.17-96 h; Ravi and Paul 2012), respectively.

512 Solid precipitates (S2) separated from the quench fluid often appeared to be in powder form
513  (e.g., DQI180) or scattered at the starting mineral surface (e.g., Cp3). This makes it difficult to

514  discern whether they formed during experimental conditions or post-cooling processes.
515 5.2. Cu isotope fractionation mechanisms

516 The aforementioned reactions indicate that the observed fractionations are controlled by: (1)
517  oxidation of Cu(0) to Cu(Il) or Cu(Il) to Cu(Il) at 25—50°C; (2) disproportionation of Cu(I) to
518  Cu(II) and Cu at 250—300°C, and (3) oxidation of Cu(0) to Cu(I) at 600—800°C.

519 At low temperatures (25—50°C), oxidative leaching/dissolution of native Cu in HCI solution
520 induces less significant fractionation than that in the Cu,O-HCI system. Isotope exchange
521 between Cu(0) and Cu(Il) is slower than Cu(I) to Cu(Il) due to a two-step oxidation process, and
522  hence the extent of isotope fractionation is smaller in the oxidation of Cu-Cu(Il) than that of

523 Cu(I)-Cu(Il), e.g., A®Cu values are 0.07—0.12%o and 0.52—0.89%o in the former and latter cases,
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524  respectively. Fluids containing both Cu” and Cu®" may give rise to these positive values in
525  Cu/Cu;0 -HCI systems.

526 Dissolution of Cu,O in pH-buffered NaCI/HCI solutions at both low (200°C, 48 h and
527  250°C, 6 h) and high (800°C) temperatures results in fluid enriched with light isotope (**Cu),
528  about 0-0.55+0.04%o lower than the precursor (Fig. 5b, d). When the temperature gets higher
529 than 250°C and the run duration extends to ~70 h, Cu(I) disproportionation reaction
530 predominates in fluids. A drop of 24% in Cu content after 69 h can be noticed from the
531  time/temperature resolved Cu content evolution curve (Fig.5¢c). On the one hand Cu(l)
532  disproportionation reaction will not cause any Cu variation (reaction 5), and another process (i.e.,
533  phase separation) is likely responsible for this drop. Acetate decomposition into CO,,) and CHag)
534  can occur at conditions similar to this study (Qi, 2019), and hence Cu partitions differently in the

535  coexisting gases and fluids. Vapor may sequester 200-490 g g Cu by considering dissolved Cu

536  of 2865 pg g (69 h of Cp6 in Table 3) and Dco”™ of 0.070.1 (Dcy VL tefers toV-L Cu

537  partitioning coefficient and is taken from Rempel et al., 2012). In addition, Archibald et al. (2002)
538  confirm that up to 280 pg g Cu can be transferred by the vapor phase at 280—-320°C. Phase
539  separation in these runs may overprint the redox process. In ex situ runs vapor phase will be lost
540  during capsule opening and evaporation so that the isotope composition of the final solution will
541  be different from that of the in situ run. Both in situ (Cp6) and ex situ runs (Cp7, 8) yield similar
542  §%Cu values of final solutions and similar A®Cucy cuo values. This phase separation induces
543 insignificant isotope fractionation, and an experimental calibration provides evidence that §°°Cu
544  values of vapor and liquid were equal within uncertainty (Rempel et al., 2012). Redox process
545  results in the fluid mixed with Cu(I) and Cu(Il) as well as enriched with heavy isotope, i.e.,

546 A®Cuin sinu fi-cu20 and A CUguench fi-cu0 are up to 0.13+0.04%o at 250°C and 0.59+0.03%o at 300°C,
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respectively. In contrast, the reduced Cu metal by reaction (5) has a relatively low 8°°Cu value,
e.g., A®Cucy-cuzo of up to -0.28+0.03%o.

At high temperatures (600-800°C), both solid product (Cu) and fluid show a large
variability in 8Cu values, 0.79+0.02%0—5.45+0.02%0 (Table 3). This significant isotope
fractionation (A65Cuqucnc11 fiicu-cu) Up to 5.08+0.02%0 cannot be simply explained by Cu(I)-Cu
oxidative dissolution, and hence, surface diffusion of Cu into Au/Cu during the annealing
process as well as the reduction from deposited Cu to Cu(I) in solution should be taken into
consideration to counterbalance the Cu isotopic budget. Mass transport of Cu-Cu(]) is unlikely to
induce significant isotope fractionation according to Qi et al., (2019). The diffusion of Cu

isotopes in same medium is mass dependent, and McLaughlin (1960) describes this as,

Dy
D,

M,
My

=) (10)

where D; and D; are the isotope-dependent diffusion coefficients of species with molecular mass
M; and M,. The ratio of isotope diffusion coefficient (D63Cu/D65 Cu) is 1.016 when diffusion
occurs in ideal gas and solution (y=0.5; Jdhne et al., 1987; McLaughlin, 1960). This indicates
that light isotope (“Cu) transports faster than its heavy counterpart (**Cu) in an ideal gas and
solution, which is also valid in other phases such as vapor, metal, sulfide, and melt (Savage et al.
2015; Huang et al. 2016b, 2017; Ni et al. 2021). Preferential enrichment of 5Cu at the rim of the
surface diffusion layer is therefore attributed to the distinguished high §*°Cu values of deposited
Cu (up to 4.47+0.02%o; Table 3). Nikitenkov et al. (2006) propose that diffusion transport can
cause a decreasing concentration of the prevalent isotope in a diffusion surface zone. Moreover,
they state that diffusion transport of Cu could cause significant isotope fractionation than that

indicated by Eq.(10). Further experiments are needed to confirm whether an isotopic

composition gradient exists along the diffusion profile. The final solutions yield similar 8**Cu
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570  values as the deposited Cu in these runs and have pH of ~5.7 and 0.3 for NaCl and HCl-bearing
571  runs, respectively. Both pieces of evidence indicate that the neoformed Cu redissolves back to

572  solutions via backward reactions (2, 6).
573  5.3. Post-quench effect on Cu isotope fractionation

574 The effects of different cooling rates on fractionation are investigated at 200-250°C with
575  initial material, pressure, and run durations being equal, i.e., low cooling rate of 0.014 K s™ (Cp3,
576  6) and high cooling rate of 25 K s™ (Cp4-5, and Cp7-8) (Table 3). Both in situ and ex situ fluids
577  were collected from Cp3, 6, whereas ex situ fluids were collected from Cp4-5 and Cp7-8. It is
578  evident from Cp3 and Cp6 that cooling from 200°C to 100°C and from 250°C to 150°C results in
579  an insignificant variation of isotope composition (less than 0.1%o, Fig.5). Moreover, the isotopic
580 composition of 200°C in situ fluid agrees well with the quench solution of Cp3 at 25°C. The
581  250°C-solution sampled at 5.5 h agrees well with the quench solution of Cp6. At the same time,
582  the sample solution after a long time (69 h) is 0.4%o higher than that of the quench solution due
583  to complex reactions. In contrast, different solid phases would form at an elevated cooling rate
584 (25 K/s), e.g., hydrous Cu(Il)-bearing minerals in Cp4 and Cp5, respectively. Moreover, quench
585  fluids are ~0.9%o higher than the initial cuprite whereas new solid phases are 0.25—0.72%o lower
586 than their initial solid phases, which are comparable to Cp6 runs. It is impossible to identify any
587  solid deposits from Cp7 (duplication Cp8) since an improved method to process the dryness has
588  been applied to them. It is interesting to note that 8%Cu values of quench fluids of Cp7,8 are
589 identical to that of in situ fluid of Cp6 at 69 h. Moreover, native Cu formed in all three runs
590 yielded the same value. Three different solid phases (S0, S1, S2) were generated at 300°C in Cp2

591  with a cooling rate of 3 K/s. SO and S1 have identical 8°°Cu values, implying that these phases
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are formed from the same source. Both SO and S1 are about 1%. lower than S2, which have a
similar 8°°Cu value as its precursor fluid. The different isotope signatures in S0, S1, and S2 are
likely due to the rapid cooling process. Rapid quenching (3-25 K s results in different solids
formation, and hence induces significant isotope fractionation. The improved fluid treatment has

the advantage of avoiding the formation of post-quench solids.
5.4. Implications

The formation of native Cu in geological settings has been induced by reduction reactions,
with agents such as methane and organic compounds actively involved in these reactions (Dekov
et al.,, 2013; Markl et al., 2006). Alternatively, the results of this experimental study provide
further insight into the formation of native Cu in geological settings (e.g., seafloor and supergene
conditions), which may be formed due to Cu(l) disproportionation reactions, with product
aqueous Cu(Il) species being lost or precipitated in the vicinity. This mechanism has not received
much attention in natural systems. Both this study and Qi et al. (2019) show that Cu(I)
disproportionation can occur in water, HCI, pH-buffered NaCl, and acetate solutions, which is
probably a function of temperature (e.g., 250—300°C in this study). Moreover, isotope
fractionation during native Cu dissolution and precipitation was determined, i.e., A% Cucu-cum
values vary from -0.03£0.05%o to -0.28+0.02%o at 25 and 250—300°C, respectively. This enables
the use of Cu isotopes for tracing hydrothermal processes associated with the transformation of
Cu-bearing phases with different valence states (e.g., Dekov et al. 2013; Ikehata and Hirata 2012;
Eslami et al. 2021; Bornhorst and Mathur 2017).

Ore minerals crystallization (or recrystallization) is a key process for metal enrichment.

Using Cu isotopes as a proxy cannot only unravel their isotopic exchange through the
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614  crystallization process but also trace the fluid pathway (Baggio et al., 2018; Chaudhari et al.,
615  2022; Syverson et al., 2021; Zeng et al., 2021). In oceanic crust and supergene settings, the
616  corresponding secondary Cu-bearing minerals often have different oxidation states including
617  native Cu, cuprite, and Cu(Il) minerals (Larson et al., 2003; Markl et al., 2006). This study
618  shows that precipitation of neoformed Cu(I) minerals at 200 and 300°C can yield 3*’Cu of as low
619  as -0.26+0.02%o and their complementary heavy ®Cu is released into fluids, corresponding to
620  A%Cupuid.cuo up to ~1%o (Fig. 7). In the seafloor hydrothermal system, Rouxel et al. (2004)
621  reported that negative 8*°Cu values of massive sulfides may be interpreted by recrystallization,
622  supported by the experimental observation that Cu-bearing fluids are 0.22+0.32%o heavier than
623  chalcopyrite during recrystallization (Syverson et al., 2021). Similarly, weathering processes
624  such as the supergene reworking of hypogene Cu(l) sulfides lead to isotopically heavier fluids
625 and lighter residual minerals (Mathur et al., 2010; Mirnejad et al., 2010). These data imply that
626  hydrothermal reworking can change the isotopic signature of Cu-bearing minerals even though
627  their oxidation state has not been modified. In cases in which minerals precipitate directly from
628 the fluid due to the cooling effect, it would induce a relatively insignificant Cu isotope
629 fractionation as demonstrated by our experimental data, i.e., A®Cu values are less than 0.16:0.03%o
630 at temperatures of 200—800°C for those runs in which quench fluid precipitates are observed
631  (Table 3). Likewise, isotope fractionation up to 0.4%o has been observed during the precipitation
632  of malachite or Cu(OH), from Cu(II) solutions (Maréchal et al. 1999; Ehrlich et al. 2004).

633 The redox process exerts a strong effect on Cu isotope fractionation, and is shown in Fig. 7.
634  Previous experiments on the reduction of aqueous Cu(Il) to Cu(I)-bearing sulfides or Cu(0)
635 induce fractionations varying from 1.21+0.06%o to 4.03+0.13%o. at 2—200°C (Ehrlich et al., 2004;

636  Pckala et al., 2011; Qi et al., 2019; Zhu et al., 2002). Oxidative leaching of Cu(I) sulfides to
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aqueous Cu(Il) results in fractionations of 0.98+0.14-2.74+0.22%0 at atmospheric conditions
(Fernandez and Borrok, 2009; Kimball et al., 2009; Mathur et al., 2005). Similarly, oxidative
leaching of Cu/Cu,0 by HCI or NaCl solutions can induce fractionation of up to 1% at 25-300°C
and up to 5.08+0.02%o at 600-800°C in this study. Furthermore, the A®Cu values in this study
during Cu,O oxidative leaching at 200-300°C are in good agreement with the prediction
extrapolation of Qi et al. (2019) and Ehrlich et al. (2004) (Fig. 7). This also indicates that metal
complexing ligands of S* and CI" may have similar effects on Cu isotope fractionation. The most
significant isotope fractionation of 4.03£0.13%o has been observed during the reduction of Cu*"
to Cul (Zhu et al., 2002). This is likely due to the largest ionic radius of I relative to Cl and S. In

comparison to I, S and CI form stiffer bonds with Cu and concentrate heavy isotope of 5Cu

(Schauble, 2004). Evidence show that the transformation of Cu-Cu(I) at low temperature (<

300°C) does not induce significant isotope fractionation, e.g., -0.08+0.05%o of this study, and
almost 0%o in natural (Markl et al., 2006), experimental (Qi et 1., 2019) samples and theoretical
prediction (Fig. 7; Liu et al., 2021; Sherman 2013).

Phase separation, specifically vapor-liquid (V-L) separation related to fluid boiling, is a key
process for metal enrichment in ore systems. V-L separation can decrease Cu content by 24% in
this study. Both this study and Rempel et al. (2012) demonstrate that V-L fractionation of Cu
isotopes would be conservative in a closed system. In contrast, V-L separation can cause
significant Cu isotope fractionation in natural open systems. For example, Yao et al. (2016)
investigated Cu and Mo isotopes of the cogenetic chalcopyrite and molybdenite of the Dahutang
W-Cu-Mo ore in China. They observed a negative correlation between 8°°Cu (-0.31%o—1.48%o)
and 8""Mo (-0.03%o—1.06%o). They attribute this negative trend to V-L separation, which causes

Cu and Mo isotopes to partition differently in the coexisting phases. Zegkinoglou et al. (2023)
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analyzed the Cu isotope composition of primary pyrite and orpiment from seafloor massive
sulfide diffuser vents in the Hellenic volcanic arc. Two types of pyrite have been found, and their
8%Cu values are -0.94%o— 0.25%o and -0.45%o— -0.09%o for pyrite-1, and II, respectively. To date,
orpiment shows the most extreme variability in §°Cu values, i.e., 1.90%0 — 25.73%o. They
propose that continuous boiling and Rayleigh distillation can contribute to the large range of
8%Cu, and sulfides that crystallize from the “Cu-enriched vapor can yield substantially high
8%°Cu (e.g., 25.73%o). Zhao et al. (2023) apply multiple isotopes (H-O-S-Cu) to investigate the
mineralization event in a Chinese shear-zone-hosted Cu deposit. They observe two episodes of
sulfide, and their §°°Cu values are -1.85%o — 0.39%o and -0.030%o — -0.05%o for the early and late
stages, respectively. The progressive increasing 8°°Cu values can be explained by the vapor

transport of *Cu.
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Table 1 Experimental setups and conditions

No. Capsule T P Time System Cooling rate pH
Material (°C) (MPa) (hrs) (Ks™h
Set 1
Cpl5 Teflon 25 0.1 1 Cu, +1m HCI n.m. n.m.
Cpl8 Teflon 25 0.1 1 Cu,Opy+1m HCI n.m. n.m.
Cpl6 Teflon 50 0.1 1 Cug, +1m HCI n.m. n.m.
Cpl9 Teflon 50 0.1 1 Cu,O¢py+1m HCI1 n.m. n.m.
DQ180 Au 200 275 42 Cut1.5mHCI 0.5 0.19+0.02
Cp2 Au 300 100 24 Cu,0Op)t+1.5m HCI 3 n.m.
DQ63 Cu 800 200 24 1.5 m HC1 3 4.87+0.53
DQ169* Cu 800 200 144 Cut+CuOyt1.5m 25 4.06+0.17
HCI+Qz
Set 2
DQ175 Au 600 150  0.17 Cu*1.49 m NaCl 3 5.52+0.48
DQ173 Au 600 150 1 Cut1.49 m NaCl 3 5.60+0.08
DQ174 Au 600 150 10 Cu(y)+1.49 m NaCl 3 5.59+0.12
DQ172 Au 600 150 96 Cu(,)+1.49 m NaCl 3 5.7240.39
DQ178 Au 600 178 21 Cuyt1.5m HCI 3 0.26+0.01
Set 3
Cp3 Au 200 20 48 Cuy0,+0.90 m ca.100 5.13+0.01
NaCl+pH buffer
200 20 48 ca.100 5.04+0.04
100 20 50 0.014 5.06+0.01
100 20 50 0.014 5.09+0.05
Cp4 Au 200 20 1 Cu0,+0.90 m 25 4.68+0.01
NaCl+pH buffer
Cp5 Au 200 20 48 Cuy0;,)+0.90 m 25 4.66+0.06
NaCl+pH buffer
Cpb Au 100 20 2 Cuy0,t0.90 m ca.100 5.48+0.09
NaCl+pH buffer
150 20 3 ca.100
200 20 4 ca.100
250 20 6 ca.100
250 20 69 ca.100
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150 20 71 0.014 5.42+0.12
Cp7 Au 250 20 48 Cu,0;,)+0.90 m 25 n.m.
NaCl+pH buffer
Cp8 Au 250 20 48 CuyO;+0.90 m 25 n.m.
NaCl+pH buffer

Notes:

Cugp, Cugs), Cu(Au), CuyO and Cu,Opy denotes Cu foil, Cu powder, Cu thin film coating Au substrate,
cuprite powder and cuprite pellet, respectively.

pH values are determined by a microelectrode at room temperature, and the uncertainties are 95%
confidences limit about the mean. pH buffer denotes 0.2 m Na(CH;COO)/ CH;COOH and the
starting pH buffered NaCl solution has a pH value of 4.68+0.04.

Details of cooling rates are reported elsewhere in Qi et al. (2020).

n.m. = not measured
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Table 2 Compositions of cuprite and its solid deposits determined by EPMA

Cl Cu,0 Total )
No. mineral
wt% wt% wt%

Cuprite pellet

Cp2 0.09 99.72 100.03 Cuprite
Cp3 0.02 100.12 100.26 Cuprite
Cp4 0.01 100.75 100.80 Cuprite
Cp5 0.01 99.44 99.49 Cuprite
Cp6 0.01 100.06 100.11 Cuprite
Cp7 0.00 99.69 99.95 Cuprite
Cp8 0.00 99.69 99.95 Cuprite

Solids on cuprite

Cp2-S1 17.83 36.71 55.43 CuCl'nH,0

Cp2-S1 17.75 36.89 54.73 CuCl'nH,0

Cp2-S2 3.21 81.33 84.64 Hydrous Cu(Il)
Cp2-S2 1.69 87.18 88.89 Hydrous Cu(II)
Cp2-S2 2.71 81.96 84.69 Hydrous Cu(II)
Cp4-S2 0.13 60.81 61.92 Hydrous Cu(II)
Cp4-S2 0.14 56.88 57.65 Hydrous Cu(II)
Cp5-S2 7.60 25.01 33.44 Hydrous Cu(II)
Cp5-S2 6.39 21.89 28.99 Hydrous Cu(II)
Cp5-S2 7.59 24.30 32.45 Hydrous Cu(Il)

Notes: Sample number corresponds to the cuprite pellets and the experiments in which they were used,
e.g., Cp2-S1 is a solid phase replacing cuprite pellet of Cp2, from experiment Cp2 (Table 1). S1 and S2
refer to S1 and S2 (see text for details).
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Table 3 Cu content and its isotopic composition of initial materials, fluids and solid products

SNO

T (°C)

Cu content (ug g™)

Cu isotope composition (5°°Cu, %o)

Quench I®is. 2™is. Initial Quench 1*is. 2Mis. SO S1 S2
fluid fluid fluid Cu/Cu,O fluid fluid fluid
Setl
Cpl5 25 1026 -0.41+0.05 -0.29+0.02
Cpl8 25 5753 0.43+0.02 0.95+0.03
Cpl6 50 1534 -0.41+0.05 -0.34+0.00
Cpl19 50 10727 0.43+0.02 1.32+0.01
DQ180 200 13159 0.37+0.01 0.07+0.03 0.14+0.01
Cp2 300 538 0.51+0.02 1.10+0.02 0.23+0.01 0.23+0.04 1.26+0.02
DQ63 800 n.m. 0.02+0.02 0.49+0.01
DQ169 800 5627 64409 0.47+0.02 0.05+0.02 0.09+0.02
Set 2
DQ175 600 16 0.37+0.01 0.79+0.02 1.20+0.01 0.75+0.02
DQ173 600 39 0.37+0.01 1.00+0.02 1.3620.01
DQ174 600 47 0.37+0.01 2.90+0.02 3.67+0.01
DQ172 600 22 0.37+0.01 5.45+0.02 4.47+0.02
DQ178 600 21769 0.37+0.01 2.37+0.02 2.74+0.01
St 3
Cp3 200 n.m. 1510 1708 0.46+0.02 0.42+0.02* 0.46+0.04 0.43+0.02
100 2154 2846 0.57+0.02 0.35+0.01
Cp4 200 722 0.46+0.03 1.41+0.01 -0.26+0.02
Cp5 200 712 0.48+0.04 1.32+0.03 0.23+0.32
Cpb 100 803* 879 832 0.42+0.04 0.13+0.01* 0.12+0.05 -0.10+0.03 0.39+0.02
150 969 1631 -0.06+£0.02  -0.13+0.01
200 2442 2615 -0.02+0.05 0.01+0.02
250 3782 3756 0.08+0.04 0.15+0.01
250 735 2865 0.51+0.03 0.55+0.02
150 916 3160 0.50+0.03 0.52+0.01
Cp7 250 1210 0.42+0.04 0.51+0.01 0.35+0.05
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Cp8 250 2673 0.48+0.04 0.55+0.01 0.32+0.02

Notes:

Cu content of 1™ i.s. fluid of DQ169 is take from the measured Cu of synthetic fluid inclusions in the study of Qi et al.(2020).

* refers to Cu content of residual solution of Cp6. Extracted solutions of Cp6 after 69 h suffer a pressure medium dilution, and hence Cu content shown in this table
has been corrected based the dilution factor.

Cu contents of solutions are determined by ICP-OES, and the uncertainties are better than 10% (2SD).
Solution nebulized MC-ICPMS has been used to determine the isotope composition of fluids, quench fluid precipitates and Cu on Au substrate, in situ LA-MC-ICPMS

has been used to determine the isotope composition of initial Cu, Cu,O and solids precipitated on cuprite pellet. The uncertainties of Cu isotope data are given by
the two-sigma errors of the triplicated analyses.
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Figure 1. Schematic drawings of experimental setups. (a) Set 1 experiments were conducted in Teflon
vials with starting materials Cu,O/Cu and HCl solution. (b) Experiments of sets 2, and 3 were performed
in CSPVs with Cu/Au capsule which was loaded with Cu-bearing minerals and Cl-bearing solutions
(modified after Qi et al., 2020). (c¢) A large volume fluid reactor (ref. Qi, 2019) was used in set 3

experiments. Au bag was loaded with Cu,O and pH-buffered NaCl solution.

Figure 2. BSE images of cuprite after reaction (a-f) and photos of Au foils (g-1). a, c, d, e, f-Cross
sections of cuprite pellets of Cp2, 4, 5; b-surficial area of Cp2. Note that a-c and d-e belong to Cp2 and
Cp4 cuprite, respectively. g-Au foil before experiment; h-—Au foils after Cu-NaCIl/HCI reactions at

0.17,1, 10, 21, and 96 h.

Figure 3. Cu content of quench fluids of Set 1 (a). Cu isotope fractionation between products (solution
or solids) and initial CuO (b). S1 and S2 refer to quench fluid precipitates and solid deposits on Cu,O,
respectively. Note that fluids are collected at room temperature and the abscissa (T) refers to the
experimental temperature (in Celsius). The trendline in (a) excludes one point at 300°C due to solids

precipitation.

Figure 4. (a) Cu content variations (a) and its isotope fractionation between the fluids and native Cu (b)

in Set 2. Runs are added with Cu + 8wt% NaCl, 600°C, 150 MPa, duration of 0.17-96 h.

Figure 5. Cu contents and its isotope fractionations in Set 3. Runs were added with CuxO + 5wt% NaCl
+ pH buffer, 200—250°C, 20 MPa, duration of 48—72 h. Runs (Cp3, 4, 5) were conducted at 200°C, 20
MPa for 48 h. In situ fluids of Cp3 were sampled at 200°C and 100°C during cooling with a rate of
0.0014 K/s. Cp6 was performed with increasing temperature from 100°C to 250°C and decreasing from
250°C to 150°C. In situ fluids were sampled at a rate of 50°C/h during heating and cooling. Note that a
second fluid sample was extracted at 250°C before cooling. A drop of ca.1000 pg/g Cu of the second
(69 h) in comparison to the first (5.5) one is likely due to acetate decomposition into CO, and CH4 at

250°C. Thus, Cu partitions differently into fluid and gas phases.

Figure 6. Cu-O-H-Cl phase diagram at 25—600°C, 0.1-150 MPa. (a) Cc,=0.016 m, Cci=1 m, 25°C, 0.1

MPa (Set 1-Cp15); (b) Cci=0.169 m, Cci=1 m, 50°C, 0.1 MPa (Set 1-Cp19); (¢) Cc,=0.045 m, Cc=0.9
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m, 250°C, 20 MPa (Set 3-Cp6); (d) Cci=0.001 m, Cc=1.49 m, 600°C, 150 MPa (Set 2-DQ174).

Figure 7. A°Cu values as a function of temperature. Reduction-induced fractionations are from Zhu et
al. (2002), Ehrlich et al. (2004), Pekala et al. (2011), and Qi et al. (2019), A®*Cusuid.cuy values related
to Cu(I) sulfide oxidative leaching are from Mathur et al. (2005) and Kimball et al. (2009). The brown
line represents the predicted equilibrium fractionation between Cu and CuClyag. At equilibrium
A®Cucy - cuc2’aq) =1000-Infcy -1000 Infcucry’, where f3 refers to the reduced partition function ratio (Bcu
and Scuciy” are taken from Liu et al. (2021) and Sherman (2013), respectively). The blue line refers to
the A®Cu oc T correlation derived from Ehrlich et al. (2004) and Qi et al. (2019), and this trend is

extrapolated to 300 °C.
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Figure 2
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