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Abstract 

Transport and deposition of copper in the Earth’s crust are mainly controlled by the speciation of Cu and 

solubility of Cu-bearing phases in magmatic-hydrothermal fluids. In order to improve our understanding of 

mobilization of copper by hydrothermal fluids, we conducted experiments with Cu-bearing phases (metallic copper, 

Cu2O, CuCl) and aqueous solutions (H2O, NaClaq, KClaq, HCl, acetate solutions with/without pH buffer) at 25°C-

800°C and 0.1 -200 MPa.  

The high temperature and high pressure (i.e., 800°C and 200 MPa) experiments were conducted in rapid 

heat/rapid quench argon cold seal pressure vessel using the synthetic fluid inclusion technique. The experimental 

charges Cu2Os ± CuCls + H2O ± NaClaq ± HClaq (chloride concentration: 0 to 4.3 mol/kg) were loaded in either Cu 

or Au capsules. Two types of quartz cylinders were used to trap in-situ hydrothermal fluids: (i) pre-cracked and (ii) 

intact prior to experiment. Fluid composition was subsequently determined by analyzing individual fluid inclusions 

using laser ablation inductively coupled plasma mass spectrometry. Two types of inclusions, i.e., fluid inclusion and 

Na-bearing silicate melt inclusion, have been formed exclusively in metallic Cu-NaCl system. Moreover, micron- to 

submicron-sized cuprite has been observed in both types of inclusions. In HCl±CuCl-bearing systems, fluid 

inclusion trapping potential nantokite (CuCl) is observed. The Cu content is strongly enhanced by initial chloride 

content, and can reach up to 4.3 wt% and 11 wt% in 4.3 m NaCl and 1.9 m HCl solutions, respectively. Fast cooling 

which is avoided by most researchers shows advantages of preservation of ample inclusions in Cu-NaCl system. In 

addition, the fluid inclusions after rapid quench (25 K/s) yields much smaller variation of Cu content in comparison 

to the usually favored slow quench process (0.5 K/s). The H-D exchange experiment demonstrates that only H2O is 

present in isolated, isometric inclusions whereas D2O has been measured in necking-down inclusions, implying 

isolated (and isometric) inclusions are well sealed and are representative of fluid present at run conditions. This 

study confirms that synthetic fluid inclusion is an effective method to preserve in situ hydrothermal fluid at high P-T 

conditions. Two coexisting phases, i.e. hydrothermal brine and silica-rich melt phases, may be responsible for Cu 

transport and enrichment. 

The moderate temperature and pressure (100-250°C, 5-30 MPa) experiments were conducted in a Parr 

autoclave allowing for in-situ sampling of liquid phase. The partitioning of Cu between cuprite and hydrothermal 

fluids (KClaq, H2O, pH buffered KClaq and H2O, where pH buffer refers to 0.2 m HAc/KAc) has been investigated 

from two aspects: Cu concentration and isotope fractionation. Experimental products are native copper and tenorite. 

Native copper is formed at 250°C and occurs in H2O and KCl-bearing runs and short-termed (≤24 hours) acetate-

bearing runs. Tenorite formed in 150°C and 250°C long-termed (72 hours) acetate-bearing runs. Four competing 

reactions control the Cu partitioning, i.e., cuprite dissolution, Cu(I) disproportionation into Cu(II) and native Cu, 

decomposition of acetate into methane and carbon dioxide and oxidation of dissolved Cu(I) to Cu(II). It is worth 

noting that the last reaction exclusively occurs in Cu2O-acetate systems. During the cuprite dissolution stage (<~6 

hours), Cu content in pH buffered solution is by an order of magnitude higher than that without. In pH buffered 

solutions: (i) Cu content in KCl solutions is up to two orders magnitude higher than that of acetate solutions; (ii) 

temperature and salinity can significantly affect Cu content, whereas the effect of pressure is insignificant. The 
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subsequent coupled Cu(I) disproportionation and acetate decarboxylation processes result in a reduction of dissolved 

Cu. Conjointly, the resulting isotope fractionation is 0.10±0.10‰ (Δ65Cu [Cu(0)-Cu(I)]). The oxidation substantially 

increases Δ65Cu Cu(II)O-Cu(I) to 0.35±0.05‰. 

The low temperature-pressure (5-80°C, 0.1 MPa) experiments were conducted to get insights into the 

mechanisms of isotope fractionations induced by reduction processes (Cu2+ + 2e- = Cu0). All experiments have been 

conducted in aqueous CuSO4 solutions using Cu electroplating method. In all cases, the plated Cu metal is enriched 

in the light isotope (63Cu) with respect to the solution. At room temperature the Cu isotopic fractionation between 

the electroplated Cu and electrolyte is found to increase with electrolyte concentration and stirring speed, and to 

decrease with current and run duration. These trends can be explained by three competing processes: copper 

transport in the solution, the kinetics of electrochemical reduction of copper ions and the surface diffusion at the 

electrode, i.e., transport becomes important at low copper concentration, low stirring speed, high currents and large 

amount of copper precipitation. Copper isotope fractionation has a maximum (Δ65Cu = -2.66±0.02‰) near 35°C, 

decreasing both towards higher and lower temperatures. Our findings in comparison to other studies imply that 

transformation of fivefold to sixfold coordinated aquacomplexes of Cu2+ to linear Cu+ complexes is a key step 

during reduction of copper in aqueous solutions, inducing large negative copper isotope fractionation. These 

findings support that copper isotopes can be used as effective tracers of redox processes. This may have implications 

to various hydrothermal ore deposits, such as supergene processes, black smokers and volcanic-hosted massive 

sulfide. 

 

Keywords: Native Cu, cuprite, tenorite, nantokite, synthetic fluid inclusions, silicate melt inclusions, Cu solubility in 

aqueous fluids, Cu isotopes, disproportionation, decarboxylation, oxidation, electrochemical reduction, 

thermodynamic equilibrium, kinetics  
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Kurzzusammenfassung 

Der Transport und die Ablagerung von Kupfer in der Erdkruste wird hauptsächlich durch die Speziation des Cu 

und die Löslichkeit von Cu-haltigen Phasen in magmatisch-hydrothermalen Flüssigkeiten gesteuert. Um unser 

Verständnis der Mobilisierung von Kupfer durch hydrothermale Flüssigkeiten zu verbessern, haben wir Experimente 

mit Cu-haltigen Phasen (metallisches Kupfer, Cu2O, CuCl) und wässrigen Lösungen (H2O, NaClaq, KClaq, HCl, 

Acetatlösungen mit/ohne pH-Puffer) bei 25°C-800°C und 0,1-200 MPa durchgeführt. 

Die Hochtemperatur- und Hochdruckversuche (d.h. 800°C und 200 MPa) wurden in einem Argon-cold seal 

pressure vessel (CSPV) mit rapid-heat/rapid-quench-Funktion unter Verwendung der künstliche-Fluideinschluss-

Technik durchgeführt. Die experimentellen Bestandteile Cu2Os ± CuCls + H2O ± NaClaq ± HClaq 

(Chloridkonzentration: 0 bis 4,3 mol/kg) wurden entweder in Cu- oder Au-Kapseln geladen. Zwei Arten von 

Quarzzylindern wurden in den Versuchen verwendet, um in-situ hydrothermale Flüssigkeiten einzufangen:(i) zur 

Rissbildung vorbehandelt und (ii) intakt. Die Fluidzusammensetzungen wurde anschließend durch die Analyse 

einzelner Flüssigkeitseinschlüsse mittels Laserablation und induktiv gekoppelter Plasma-Massenspektrometrie 

bestimmt. Zwei Arten von Einschlüssen, nämlich der Flüssigkeitseinschluss und der Na-haltige 

Silikatschmelzeinschluss, wurden ausschließlich im metallischen Cu-NaCl-System gebildet. Darüber hinaus wurde 

bei beiden Arten von Einschlüssen mikron- bis submikrongroße Cuprit-Kristalle beobachtet. In HCl±CuCl-haltigen 

Systemen wird das Einfangen von sich potentiell bildenden Nantokite (CuCl; wahrscheinlich eine Quenchphase) in 

Flüssigkeitseinschlüssen beobachtet. Der Cu-Gehalt wird durch den initialen Chloridgehalt stark erhöht und kann bis 

zu 4,3 Gew.-% bzw. 11 Gew.-% in 4,3 m NaCl- und 1,9 m HCl-Lösungen erreichen. Die von den meisten Forschern 

vermiedene schnelle Abkühlung der Experimente zeigt Vorteile bei der Erhaltung einer Vielzahl von Einschlüssen 

im Cu-NaCl-System. Darüber hinaus ergeben sich für die Flüssigkeitseinschlüsse nach dem Schnellabschrecken (25 

K/s) eine wesentlich geringere Variation des Cu-Gehalts im Vergleich zum normalerweise bevorzugten langsamen 

Abschreckverfahren (0,5 K/s). Das H-D-Austausch-Experiment zeigt, dass nur H2O in den isolierten, isometrischen 

Einschlüssen vorhanden ist, was bedeutet, dass diese Einschlüsse gut versiegelt sind und für das unter 

Experimentalbedingungen vorhandene Fluid repräsentativ sind. Diese Studie bestätigt, dass die Herstellung 

synthetischer Fluideinschlüsse eine effektive Methode ist, um in situ hydrothermale Fluide unter hohen P-T-

Bedingungen zu erhalten. Zwei koexistierende Phasen, nämlich hydrothermale Sole und siliziumhaltige 

Schmelzphasen, können für den Cu-Transport und die Anreicherung verantwortlich sein. 

Die Experimente mit moderaten Temperaturen und Drücken (100-250°C, 5-30 MPa) wurden in einem Parr-

Autoklaven durchgeführt, der eine in-situ-Probenahme der flüssigen Phase ermöglicht. Die Verteilung des Cu 

zwischen Cuprit und hydrothermalen Flüssigkeiten (KClaq, H2O, pH-gepuffertes KClaq und H2O, mit pH-Puffer 0,2 

m HAc/KAc) wurde unter zwei Aspekten untersucht: Cu-Konzentration und Isotopenfraktionierung. Experimentelle 

Produkte sind gediegenes Kupfer und Tenorit. Gediegenes Kupfer wurde bei 250°C gebildet und trat in H2O- und 

KCl-Experimenten und kurzfristigen (≤ 24 Stunden) acetathaltigen Experimenten auf. Tenorit bildete sich in den 

Experimenten bei 150°C und 250°C sowie in lang anhaltenden (72 Stunden) acetathaltigen Experimenten. Vier 
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konkurrierende Reaktionen steuern die Cu-Aufteilung, als da wären Cupritauflösung, Cu(I)-Disproportionierung in 

Cu(II) und gediegenes Cu, Abbau von Acetat in Methan und Kohlendioxid und die Oxidation von gelöstem Cu(I) zu 

Cu(II). Dabei ist festzuhalten, dass die letzte Reaktion ausschließlich in Cu2O-Acetatsystemen stattfindet. Während 

der Stufe der Cupritauflösung (<~6 Stunden) ist der Cu-Gehalt in pH-gepufferter Lösung um eine Größenordnung 

höher als ohne. In pH-gepufferten Lösungen: (i) Der Cu-Gehalt in KCl-Lösungen ist um bis zu zwei 

Größenordnungen höher als bei Acetatlösungen; (ii) Temperatur und Salzgehalt können den Cu-Gehalt signifikant 

beeinflussen, während der Einfluss des Drucks unbedeutend ist. Die nachfolgenden gekoppelten Cu(I)-

Disproportionierungs- und Acetatdecarboxylierungs-prozesse führen zu einer Reduktion von gelöstem Cu. Die 

resultierende Isotopenfraktionierung beträgt insgesamt bis zu 0,10±0,10‰ (Δ65Cu[Cu(0)-Cu(I)]). Die Oxidation erhöht 

Δ65CuCu(II)-Cu(I) erheblich auf  0,35±0,05‰. 

Die Experimenten bei Tiefen Drücken und Temperaturen (5-80°C, 0.1 MPa) wurden durchgeführt, um 

Einblicke in die Mechanismen der Isotopenfraktionierung durch Reduktionsprozesse (Cu2+ + 2e- = Cu0) zu erhalten. 

Alle Experimente wurden mit wässrigen CuSO4-Lösungen unter Verwendung der Cu-Galvanisierungsmethode 

durchgeführt. In allen Fällen wird das galvanisierte Cu-Metall gegenüber der Lösung mir dem leichten Isotop (63Cu) 

angereichert. Bei Raumtemperatur nimmt die Cu-Isotopenfraktionierung zwischen dem galvanisierten Cu und dem 

Elektrolyten mit der Elektrolytkonzentration und der Rührgeschwindigkeit zu und mit Strom und Betriebsdauer ab. 

Diese Trends lassen sich durch drei konkurrierende Prozesse erklären: den Kupfertransport in der Lösung, die 

Kinetik der elektrochemischen Reduktion von Kupferionen und die Oberflächendiffusion an der Elektrode, d.h. der 

Transport wird bei niedriger Kupferkonzentration, niedriger Rührgeschwindigkeit, hohen Strömen und großer 

Menge an Kupferfällung zunehmend wichtig. Die Kupferisotopenfraktionierung hat ein Maximum (Δ65Cu =           

-2,66±0,02‰) bei 35°C und sinkt sowohl zu höheren als auch zu niedrigeren Temperaturen hin ab. Die Kombination 

unserer Ergebnisse mit den Befunden anderer Studien deutet darauf hin, dass die Transformation von fünffach bis 

sechsfach koordinierten Aquakomplexen von Cu2+ zu linearen Cu+-Komplexen ein wichtiger Schritt bei der 

Reduktion von Kupfer in wässrigen Lösungen ist und zu einer großen negativen Kupferisotopenfraktionierung führt. 

Diese Ergebnisse belegen, dass Kupferisotope als effektive Tracer für Redoxprozesse eingesetzt werden können. 

Dies birgt Implikationen für verschiedene hydrothermale Erzvorkommen, wie z.B. supergene Prozesse, black 

smoker und vulkanische Massivsulfide. 

 

Schlüsselwörter: Gediegenes Cu, Cuprit, Tenorit, Nantokite, synthetische Fluideinschlüsse, silikatische 

Schmelzeinschlüsse, Kupfer Löslichkeit in wässrigen Lösungen, Kupferisotope, Disproportionierung, 

Decarboxylierung, Oxidation, elektrochemische Reduktion, thermodynamisches Equilibrium, Kinetik 
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Introduction 

World copper consumption grew from ~ 50 000 metric tons per year to approximately 8.5 million metric tons 

per year over a  century (Mikesell, 2013). Among the Cu-bearing deposits, porphyry copper deposits are of great 

importance as they supply 75% of the world’s copper (Sillitoe, 2010). In addition, there is significant production 

from volcanogenic massive sulfide, sediment-hosted copper ores, and skarn deposits, with sedimentary-exhalative, 

epithermal and polymetallic vein deposits as further sources (e.g., Brown, 1992; Hitzman et al., 2005). Thus, many 

attentions have been aroused to understand Cu transport, enrichment and precipitation, and to trace the metal source. 

Fortunately, these questions can be answered equivocally by detailed experimental and analytical investigations. 

Magmatic and hydrothermal fluids play an essential role in the sequestration and transport of economically 

important metals. For example, Blundy et al. (2015) proposed that copper enrichment and transport in porphyry 

copper deposits is strongly associated with metalliferous, magmatic-hydrothermal fluids stemmed from the 

underlying mafic intrusions. In addition, Cu shows stronger affinity to fluid phase than the melt phase (e.g., Keppler 

and Wyllie, 1991; Williams et al., 1995; Bai and Koster van Groos, 1999; Simon et al., 2006). Preservation of 

hydrothermal fluids in miniscule inclusions yields the most direct evidence about the physical and chemical 

characteristics of these hydrothermal fluids. Furthermore, synthetic fluid inclusions, produced at controlled 

experimental conditions (favored at high temperatures), provide a quantitative link between the laboratory studies 

and the natural observations demonstrating a high potential in exploration of ore deposits (Nash, 1976). The 

application of synthetic fluid inclusion provides metal solubility, speciation and partitioning data for high T-P fluids 

and sheds light on the earliest stages of the hydrothermal ore formation process. At low temperatures, fluid inclusion 

synthesis is no longer appropriate due to less formation of inclusions and sluggish crack healing. Cu-bearing mineral 

and hydrothermal fluid interaction has been studied by silica tube technique (e.g., Xiao et al., 1998; Liu et al., 2001), 

titanium autoclave (Archibald et al., 2001), and heated flow-through apparatus (Mountain and Seward, 1999, 2003). 

These methods have certain limitations that they can be either operated at vapor-saturated pressure or very low 

temperature (<100°C). 

In hydrothermal fluids, complexing ligands such as Cl-, HS-, Ac- and OH- are described as the main agents for 

mobilization, transport and concentration of copper at ore forming conditions (e.g., Barnes, 1967; Seward and 

Barnes, 1997; Liu et al., 2001; Mountain and Seward, 2003; Zajacz et al., 2011). Cuprous bisulfide complexes are 

stable under reduced, near neutral to alkaline conditions with high total S concentrations (Crerar and Barnes, 1976; 

Thompson and Helz, 1994; Mountain and Seward, 1999, 2003). At higher temperatures (>300°C), chloride will be 

the dominant ligand (Mountain and Seward, 2003). The solubility of aqueous copper complexes has been focused on 

Cl- and HS- at both low and high temperatures (e.g., Xiao et al., 1998; Mountain and Seward, 1999; Zajacz et al., 

2011). Less emphasis has been put on the acetate and very little investigations have been conducted on Cu-acetate 

complexes (Liu et al., 2001; Lai et al., 2018). However, acetate can be a major component of oil field waters and 
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sedimentary brines (e.g., Willey et al., 1975; Fisher, 1987) and subduction zone fluids (Sverjensky et al., 2014). 

Indeed, up to 5000 ppm acetate has been reported in oil field water (Carothers and Kharaka, 1978). Acetate in 

sedimentary brines can play a vital role in metal complxation in sediment-hosted ores (e.g., Barnes, 1979; Giordano 

and Barnes, 1981; Giordano, 1985). Thus, acetate has been considered in this study. In addition, ore-forming fluids 

cover wide ranges in temperature (25 to > 600°C), pressure (0.1 to > 500 MPa) and compositions ranging from 

nearly pure water to highly saline fluids (> 50 mol% NaCl, KCl, CaCl2 and FeCl2) (Brugger et al., 2016). Therefore, 

the investigation of Cu transport process in this study has been conducted at both high T-P (800°C and 200 MPa) 

and low T-P conditions (5 -250°C and 0.1-30 MPa). 

Deciphering metal transport and enrichment during hydrothermal and other geological processes is difficult due 

to a variety of pressure-temperature conditions and variable compositions of fluids interacting with the lithosphere. 

The precise transition metal isotope ratios (e.g., for Fe, Cu and Zn) can help to answer the longstanding questions on 

the source of the metals and mineralization processes in ore-forming systems. Among the transition metals, copper 

has received the greatest attention among researchers interested in applying metal stable isotope to mineral deposits. 

Cu isotopes are often used as a geological tracer due to its significance in a variety of natural processes, such as 

liquid-vapor separation (Pokrovski et al., 2008; Rempel et al., 2012), multi-step equilibrium processes (Zhu et al., 

2002), fluid-rock chemical interaction (Rouxel et al., 2004; Markl et al., 2006; Asael et al., 2012b; Gregory and 

Mathur, 2017), ore forming supergene process (Larson et al., 2003; Mathur et al., 2005; Haest et al., 2009; Mathur 

and Fantle, 2015), and the formation of the solar system (Luck et al., 2005; Barrat et al., 2012). Such processes 

generate pronounced variation in copper isotope composition in natural samples (expressed as δ65Cu (‰) = 

[((65Cu/63Cu)sample / (
65Cu/63Cu )NIST-SRM 976) -1] ×1000) that ranges from -17‰ to +10‰ with respect to the NIST-

SRM 976 standard (e.g., Mathur et al., 2009; Asael et al., 2012a; Mathur and Fantle, 2015). Among various 

geological processes, oxidation-reduction (redox) process related Cu isotope fractionation induces largest 

fractionation, which is frequently observed in various systems (such as oceanic sea floor, weathering process) and is 

particularly pronounced at low temperatures. Although the redox reactions induced isotope fractionation has been 

widely studied between Cu(I) and Cu(II) phases at low temperature (<100°C), the reduced Cu (native Cu/metallic 

Cu) may also affect isotope fractionation during redox state change and the related data is rare. 

Although numerous experimental studies have been carried out to obtain Cu solubility, speciation, partitioning 

behavior and isotope fractionation (e.g., Ehrlich et al., 2004; Hack and Mavrogenes, 2006a; Righter et al., 2010), 

there are still open questions. Firstly, it is generally agreed that copper is transported as Cu(I) both in melt and fluid 

phases at temperature >100°C (e.g., Ripley and Brophy, 1995; Fulton et al., 2000b), the stability of multivalent Cu 

species (Cu0, Cu+ and Cu2+ ) at high temperature and their interactions with hydrothermal fluids are not well 

understood. Secondly, the previous experiments may have potential limitations regarding to: attainment of 

equilibrium, alloying problems with capsule materials, overprint by retrograde exchange processes, and precision of 

chemical analysis of the fluid phase. Thirdly, the knowledge of Cu transport and speciation in hydrothermal fluids at 

low temperature are restricted to vapor saturated conditions due to limitation of experimental vessels, which cannot 

represent the general condition that liquid is likely the dominant phase in metal transport at ore forming conditions. 
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The main objectives of this study are addressed as follows: 

(1) To provide a detailed study of native copper in addition to cuprite and copper(I) chloride dissolution 

mechanism in hydrothermal fluids (H2O/NaCl/HCl) at elevated temperature and pressure (800°C and 200 MPa). In 

addition, this study tries to shed some lights about the properties of fluid inclusion, such as the sealing issue of 

inclusion, the effect of silica gel on inclusions, and cooling rate effect on inclusion. 

(2) A thermodynamic stable mineral (i.e., cuprite, >100°C; Fulton et al., 2000b) is selected to study the 

partitioning behavior of Cu between crystalline phase and fluid phases (H2O/KCl/NaCl/HAc-KAc) via Cu 

concentration and isotope determination at low P-T conditions (100-250°C, 5-30 MPa). The additional aim is to 

understand the dominant complexation ligands (Cl-, Ac-, OH-) in hydrothermal fluids and their ability to transport 

and precipitate Cu. Furthermore, the data allow us to deduce the reaction mechanisms (simple cuprite dissolution 

reaction or coupled with other competing reactions) and their influences on Cu partitioning. The result of this part 

can be used to unravel Cu transport process in sediment-hosted Cu ores.  

(3) To explore the reduction (Cu2+ + 2e- = Cu0) effect on Cu isotope fractionation by using the Cu electroplating 

technique. The isotopic variability of Cu(II) and Cu(0) species facilitate the understanding of the influence of each 

factor (electrolyte concentration, stirring speed, current, time and temperature), and the resulting fractionation data 

can unravel the controlling mechanisms. More knowledge can be gained about the possible bonding environments 

by linking the theoretical predicted data and the results in this study. 
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Abstract 

Transport and deposition of copper in the Earth’s crust are mainly controlled by the speciation of Cu and 

solubility of Cu-bearing phases in magmatic-hydrothermal fluids. In order to improve our understanding of 

mobilization of copper by hydrothermal fluids, we conducted experiments with Cu-bearing phases (metallic copper, 

Cu2O, CuCl) and aqueous chloride solutions (H2O ± NaCl ± HCl; 0 to 4.3 mol/kg) in rapid heat/rapid quench argon-

cold seal pressure vessels at 800°C, 200 MPa and logfO2 = NNO + 2.3. The addition of silica gel (as a crack healing 

agent) is favored in most runs to generate more and larger fluid inclusions. Either Cu capsules or Au capsules were 

used as container. The run products were sampled in-situ by the entrapment of synthetic fluid inclusions in two types 

of quartz cylinders: 1) pre-cracked and 2) intact prior to experiment. Fluid composition was subsequently 

determined by analyzing individual fluid inclusions using laser ablation inductively coupled plasma mass 

spectrometry. Na-bearing silicate melt inclusions have been observed exclusively in metallic Cu-NaCl system in 

addition to fluid inclusions. Moreover, micron- to submicron-sized cuprite has been observed in fluid inclusions and 

in Na-bearing silicate melt inclusions. In HCl/CuCl bearing systems, potential nantokite (CuCl) is observed by 

optical microscopy and Raman spectroscopy. The Cu content is strongly enhanced by initial chloride content with 

Cu/Cl molal ratios of 1:7 and 1:1 in native Cu-NaClaq and native Cu-HCl systems, respectively. Thus, Cu content 

can reach up to 4.3 wt% and 11 wt% in 4.3 m NaCl and 1.9 m HCl solutions, respectively. However, a Cu/Cl molal 

ratio of 1:3 has been found in native Cu-CuCl-H2O and Cu2O-NaClaq systems, which is caused by a back reaction 

with the production of native Cu (i.e., Cu+ + ½ H2 = Cu + H+). Thus, the stability of Cu-bearing phases is strongly 

affected by oxygen fugacity and the dissolved Cu+ content.  

The influence of silica gel (crack healing agent) on elements content in fluid inclusions has been tested in some 

runs. It is evident that the fluid inclusions formed in runs with additional silica gel show much smaller variation of 

Cs content and relatively higher Cu content than those without silica gel. Different quench techniques were 

compared to clarify whether formation of fluid inclusions is affected by the way of cooling. Interestingly, fast 

cooling which is avoided by most researchers shows advantages of preservation of ample inclusions in Cu-NaCl 

system. In addition, the fluid inclusions after rapid quench (25 K/s) yields much smaller variation of Cu content in 

comparison to the usually favored slow quench process (0.5 K/s). In NaCl-bearing system, rapid quench can be an 

optimum experimental procedure to preserve ample fluid inclusion at high P-T conditions and to avoid overprint 

from late stage modifications. The exchange experiment between H2O-bearing inclusion and outer D2O solution 

demonstrates that only H2O is present in the isolated, isometric inclusions, implying these inclusions are properly 

sealed and are representative of fluid present at experimental conditions. This study confirms that synthetic fluid 

inclusion is an effective method to preserve in situ hydrothermal fluid at high temperature and high pressure 

conditions. Two coexisting phases, i.e. hydrothermal brine and silica-rich melt, may be responsible for Cu transport 

and enrichment. 

Keywords 

Synthetic fluid inclusions, silicate melt inclusions, native copper, nantokite  
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1. Introduction 

Formation of hydrothermal ore deposits requires a fluid with the capability to transport and deposit metals. 

Sources as well as physical and chemical characteristics of these hydrothermal fluids may vary widely (Bodnar et al., 

2014). Fluid inclusions trapped in minerals yield the most direct evidence about the composition of hydrothermal 

fluids responsible for mineralization and deposition of metals. Furthermore, synthetic fluid inclusions, produced at 

controlled experimental conditions, provide a quantitative link between the laboratory studies and the natural 

observations demonstrating a high potential in exploration of ore deposits (Nash, 1976). For more than a century, 

data obtained from fluid inclusion studies have provided important information to better understand ore-forming 

processes in hydrothermal deposits (see reviews in Sorby, 1858; Hedenquist and Richards, 1998; Bodnar et al., 

2014).  

Compilation of experimental and thermodynamic data show that ligands, mostly Cl- and HS-, are important for 

solution of Cu in magmatic hydrothermal fluids (e.g. Seward and Barnes, 1997; Liu and McPhail, 2005). Cuprous 

bisulfide complexes are stable under reduced, near neutral to alkaline conditions with high total S concentrations 

(Crerar and Barnes, 1976; Thompson and Helz, 1994; Mountain and Seward, 1999, 2003). At higher temperatures 

(>300°C), chloride will be the dominant ligand (Mountain and Seward, 2003). Experimental investigations of Cu 

speciation in fluids at lower temperatures (<500°C; Crerar and Barnes, 1976; Var’yash, 1992; Xiao et al., 1998; 

Fulton et al., 2000a; Archibald et al., 2001; Brugger et al., 2001; Liu et al., 2001; Liu et al., 2002; Berry et al., 2006; 

Sherman, 2007; Rempel et al., 2012) indicate that [CuCl]0 and [CuCl2]
- complexes dominate in a wide range of Cl 

concentrations. Higher order complexes with the stoichiometry of CuCln
n-1 (where n>2) and Cu3Cl3·(H2O)n

gas are 

also considered to be possible complexes in vapor phase (Xiao et al., 1998; Archibald et al., 2002; Williams-Jones et 

al., 2002; Liu et al., 2008). The application of synthetic fluid inclusion provides metal solubility and speciation data 

for high T-P fluids and sheds light on the earliest stages of the hydrothermal ore formation process. 

The available synthetic fluid inclusion studies of Cu solubility in hydrothermal brines in the single fluid phase 

region are generally focused on cuprous (e.g., Cu2O) and/or cupric (e.g., CuCl2) phases (Berry et al., 2006; Hack and 

Mavrogenes, 2006). Based on the analysis of synthetic fluid inclusions, Hack and Mavrogenes (2006) studied the 

influence of Cl concentration, temperature, and pressure on copper solubility at oxygen fugacity and pH buffered 

conditions. The experimental charges of their study were composed of native copper + cuprite + talc + quartz + 

CuCl2(aq). The experiments were conducted in a piston cylinder apparatus with a cooling rate of 50°C/min in a 

temperature range from 525°C to 725°C and pressure range from 300 MPa to 1750 MPa. They analyzed fluid 

inclusion with laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) and measured up to 15 wt% 

Cu at 630°C and 340 MPa. They inferred high order complexes with general stoichiometry CuCl(HCl)n-1
0 (where n 

is up to 4), preferring n ≤ 2 at geological conditions. Berry et al. (2006) used XANES spectroscopy to extend the 

synthetic fluid inclusion study of Hack and Mavrogenes (2006) using native copper + magnetite + hematite + 

orthoclase + quartz + sillimanite + KCl (aq) as starting materials. Their LA-ICP-MS and PIXE analyses indicated that 

~10 wt% Cu were dissolved in the fluid (700°C and 341 MPa; 4 - 8 m KCl(aq)) which was equilibrated with native 
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copper and mineral buffers. Berry et al. (2006) concluded that Cu+ occurs as linear species [CuCl2]
- in the presence 

of K+ and as [CuCl4]
3- species in the absence of K+.  Zajacz et al. (2011) conducted experiments in Au97Cu3 alloy 

capsules (aCu=0.01) with various chemical components at 1000°C and 150 MPa. A maximum Cu content of 0.025wt% 

was reached in 0.75 m NaClaq solution. This study proposed the presence of NaCuCl2 and KCuCl2 complexes. There 

is a general agreement that Cu(I) remains stable at high temperature regime, however, the redox state change 

between native Cu and cuprous Cu at near magmatic-hydrothermal conditions has not been well understood. 

Native copper is known to precipitate from hydrothermal fluids in ancient oceanic spilitic pillow basalts (Nagle 

et al., 1973) or in continental flood basalt (e.g., Stoiber and Davidson, 1959; Pinto et al., 2011; Zhang et al., 2013; 

Ikehata et al., 2016). In several localities hydrothermal processes have resulted in concentration of native copper to 

economic or near economic levels, such as the world’s largest and most significant Keweenaw Peninsula native 

copper ore district in USA, and Emeishan large igneous province in China, (e.g. Butler and Burbank, 1929; Zhu et 

al., 2003; Wang et al., 2006; Bornhorst and Mathur, 2017). However, the transport process of native copper in 

hydrothermal fluids has not been systematically studied at elevated temperature and pressure. Thus, we conducted a 

detailed study of the behavior of copper in water and chlorine-bearing fluids at magmatic-hydrothermal conditions. 

Experiments were performed to equilibrate native Cu with aqueous hydrothermal fluids at 800°C and 200 MPa over 

a range of Cl (namely NaCl, HCl and CuCl) contents from 0 to 4 m (mol kg-1 H2O). The resulting fluids were 

trapped in quartz seed crystals and the fluid inclusions were analyzed by LA-ICP-MS. In comparison to previous 

studies (aCu=1 (Hack and Mavrogenes, 206; Berry et al., 2006) and aCu=0.01 (Zajacz et al., 2011)), we provide a 

systematic study to investigate the behavior of copper in different systems (both in NaCl-absent system (similar to 

Hack and Mavrogenes (2006)) and in NaCl-present systems ( similar to Zajacz et al. (2011))) at copper saturated 

condition (aCu=1). 

2. Experimental and analytical procedure 

2.1 Starting materials and fluid inclusion synthesis 

Quartz samples used in this study were prepared from a large, inclusion-free synthetic single crystal. Quartz 

cylinders, 2.0 mm in diameter, ca. 3 mm in length, ca.0.025 g in weight, were drilled parallel to c-axis of the crystal. 

These cylinders were first cleaned with acetone and distilled water in an ultrasonic bath. Some cylinders were 

fractured by heating them at 350°C for 10 min in an atmospheric oven and quenching them in distilled water. After 

drying, these cylinders were immersed in 40% hydrofluoric acid for 10 min to leach quartz along the cracks and to 

produce larger and more abundant fluid inclusions, as suggested by Derrey et al. (2017). After leaching the pre-

fractured quartz cylinders (hereafter denoted as pref. Qz), acetone and distilled water were used to remove acid and 

further clean the cylinders. Both pref. Qz and intact quartz cylinders (denoted as in-situ fractured quartz or i.s. Qz) 

were placed in an oven at 110°C overnight to remove rests of water from the surface and cracks. 

Copper tubing was purchased from Sürth Stahl-Metalle und Schrauben. Metallic copper contains 99.97 wt% Cu 

and 0.03 wt% P as determined by electron microprobe analyses. Copper(I) oxide powder (purity of 97%, purchased 
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from Sigma Aldrich) was directly used as a starting material or it was transformed into pellets by sintering. In doing 

so, cuprite (Cu2O) powder (~1g) was pressed into pellet of 13 mm in diameter and 2 mm in thickness by uniaxial 

pressing method at 140 MPa. Afterwards, these pellets were sintered at 1030°C for 30 h at atmospheric condition, i.e. 

in the stability field of cuprite (Neumann et al., 1984). NaCl solutions were prepared using distilled water and NaCl 

powder (purity of 99.99%, purchased from Alfa Aesar). HCl solutions were diluted from a 6 mol l-1 stock solution. 

All solutions were doped with 400 - 600 μg/g RbCl and CsCl for internal standardization during LA-ICP-MS 

measurements (Duc-Tin et al., 2007; Derrey et al., 2017). Silica gel (purity of 99.99%) and Cu(I)Cl powder (purity 

of 99.999%) were purchased from Alfa Aesar. Further details about each proportion of the starting materials are 

provided in supplementary Table A1. 

A schematic drawing of the assemblage in the capsule is shown in Fig.1a. Two types of capsule material were 

used in this study, namely Cu capsules (2.45 mm I.D., 2.55 mm O.D. and 30 mm length) and Au capsules (2.80 mm 

I.D., 3.20 mm O.D. and 30 mm length). Solutions (H2O ± NaCl ± HCl; doped with internal standards) and solid 

reactants (fine silica gel / quartz powder / CuCl powder / Cu2O powder / sintered Cu2O pellet) were placed at the 

bottom of the capsule which was welded shut on one end prior to loading (Table 1). The total volume of liquid in the 

capsule was calculated to be lower than the free volume in the capsule under experimental P,T condition using the 

equation from Pitzer and Sterner (1994) for pure H2O. The capsules were crimped at the center, and then two quartz 

cylinders were loaded in the upper part of the capsule. The intact quartz cylinder was always placed beneath the pre-

fractured quartz cylinder (Fig. 1a). Capsules were squeezed on top, weighed, cut and then welded shut under Ar 

flow. During welding, the capsule was cooled with a wrapped tissue soaked with distilled water and then frozen by 

liquid nitrogen to avoid loss of volatile components during welding. The capsule was weighed again to check for 

volatile loss during welding, stored in an oven at 110°C overnight, and weighed a third time to test for possible 

leakage. 

 

Figure 1 Schematic drawing of the experiment conducted in RH/RQ Ar-CSPV. (a) The design of capsule wgich is 
modified after Derrey et al. (2017); (b) Thermal history of the experiment. The cooling rates were calculated based 
on the total time needed for the temperature dropping from 800°C to 300°C at the external thermocouple. SQ - slow 
quench (applied in most cases); CAQ - compressed air quench; RQ - rapid quench; VSQ- very slow quench. 
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A rapid heat/rapid quench argon cold seal pressure vessel (RH/RQ Ar-CSPV, similar to Matthews et al. (2003)) 

was used for the experiments. All experiments were conducted at 800°C and 200 MPa. Based on calibration, the 

uncertainties of temperature and pressure measurements are ≤ ±5°C and ≤ ±5 MPa, respectively. The oxygen 

fugacity imposed by the vessel was ca. NNO + 2.3 (i.e., 2.3 log units above the Ni-NiO buffer; Berndt et al. (2001)). 

Loaded capsules were firstly pressurized to 200 MPa at room temperature and rapidly moved to the preheated hot 

zone of the vessel by an externally moving magnet. The temperature distribution in the hot zone was previously 

calibrated using a calibration inset with three shielded type-K thermocouples. The heating of the capsules to 800°C 

occurred within few minutes at isobaric conditions. 

Almost all experiments included an “intermediate quench” step by descending the sample to the water-cooled 

region to initiate cracks within the intact quartz cylinder as a result of thermal stress (e.g., Li and Audétat, 2009). 

After intermediate quench the capsules were rapidly placed back to their previous position in the hot zone (see Fig. 

1b). The technique to trap fluid at run conditions in synthetic fluid inclusions in quartz follows the procedure of 

Bodnar and Sterner (1987) and Derrey et al. (2017). Five types of quench technique were tested to optimize quantity 

and quality of trapped fluid inclusions (Fig.1b):   

[1] Slow quench (SQ) was used to avoid further cracking of the quartz cylinders after experiment due to thermal 

shock. The autoclave was pulled out of the hot furnace and slowly cooled to ambient conditions. The initial cooling 

rate of SQ is about 0.5 K/s (heavy dashed line in Fig.1b) as estimated by the temperature evolution of the inner 

calibration unit and the outer thermocouple from target temperature down to 300°C. It must be noted that this 

strategy was applied in most of the synthetic fluid inclusion studies. 

 [2] Slow quench + rapid quench (SQ+RQ) were conducted to avoid any formation of fluid inclusions at low 

temperature. This technique was conducted in two steps: firstly, the autoclave was removed out of the hot furnace 

(as in case [1]); secondly, the sample was rapidly cooled at temperature ≤ 600°C. The cooling rates for these two 

stages were estimated to be 2 K/s (800°C - 600°C) and ~25 K/s (600°C - 300°C; light gray dashed line in Fig.1b), 

respectively.  

 [3] Very slow quench + rapid quench (VSQ+RQ) were only performed in HCl-bearing system to test whether it can 

produce more inclusions. The sample was cooled slowly from 800°C to 600°C at constant pressure by setting a 

cooling rate of the furnace to 0.07 K/s (thin gray line in Fig.1b). After cooling to 600°C the sample was quenched 

rapidly (RQ, see below). In this case the rapid quench was within the stability field of α-quartz ( < 630°C at 200 

MPa; Swamy et al. (1994)).  

[4] Compressed air quench (CAQ) was applied to adjust an intermediate cooling rate as high as 3 K/s (gray line in 

Fig.1b). The autoclave was pulled out of the furnace and immediately cooled down by compressed air at the hot end.  

[5] Rapid quench (RQ) revealed the highest cooling rate of 25 K/s (thick black line in Fig.1b), initiated by dropping 

the external magnet rapidly to place the sample at water-cooled zone.  

After the experiment, the capsules were cleaned and weighed to verify that they had no leaks. The capsules 

were then carefully opened at one side, and the two quartz cylinders were taken out. When the capsule was inflated 

and the weight of the capsule had not changed, it was possible to collect the quench fluids by a metal syringe and 
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transfer the fluid into Teflon vials. Otherwise, only the acidity of the fluid was tested with pH paper. Both sides 

polished slices with a thickness of ca.300 μm were prepared along the axis of the quartz cylinders. 

2.2 Additional supportive runs for inclusion study 

In order to investigate the cooling path of the rapid quench process, ~30 mg synthesized rhyolitic glass (~ 5 wt % 

H2O) was added to a Au capsule according to the method of Zhang et al. (1997). The samples were pre-equilibrated 

for few minutes at 800°C and 200 MPa and then quenched rapidly. Then the sample was doubly polished to remove 

the diffusive layer and analyzed by Fourier transform infrared spectroscopy (FTIR). The final quenched speciation 

of molecular H2Om and OH groups in the quenched glass can provide a geospeedometer to estimate the cooling rate 

of certain process (Zhang et al., 2000; Xu and Zhang, 2002). A cooling rate of 25 K/s was calculated from the water 

speciation in a rhyolitic glass 

With the purpose to find out whether synthetic fluid inclusions remain a closed system at our run conditions, we 

conducted a two-step experiment. Fluid inclusions were firstly synthesized using a 1.5 m NaCl solution in Cu 

capsule for 6 days at 800°C and 200 MPa (DQ-121 in Table 1). Then the retrieved quartz cylinders were transferred 

to a new Au capsule which was only loaded with pure D2O prior to run (DQ-124 in Table 1). This experiment was 

conducted at the same condition for an hour. After this run, synthetic fluid inclusions were analyzed with Raman 

spectrometry and Fourier transform infrared spectroscopy to characterize qualitatively the abundance of H2O and 

D2O. 

In order to understand the kinetics of Cu mobility in water and to compare the results of both fluid inclusion 

analysis and quench fluid measurement, two experiments were conducted in Cu capsule with deionized H2O (~30 

mg) at the same P-T condition for 19 and 26 hrs, respectively. These runs were quenched rapidly. The crimped 

capsules were firstly expanded at 200°C for 15 min in atmospheric furnace. Then, the Cu capsules were frozen by 

liquid nitrogen and pierced to extract the quench fluids which were later diluted with certain amount of water for pH 

test and ICP-OES determination. 

2.3 Microthermometry and chemical analyses 

Microthermometry was carried out on a Linkam THMSG 600 heating (T < 600°C) and freezing stage. The in-

house synthesized standard fluid inclusions (pure water-bearing and CO2-bearing inclusions) were used to calibrate 

the stage and is accurate to ± 0.1°C in the range of -56.6°C to 0.0°C, and ± 1°C up to 347°C. Typically five fluid 

inclusions were analyzed on each quartz chip. Final ice melting temperatures (Tm) were determined to obtain bulk 

salinity (i.e. NaCleq.) of the fluids. Homogenization temperatures (Th) were acquired by heating up the inclusions 

until a uniform phase is observed. Heating and cooling were repeated again to obtain a duplicate analysis to check 

for reproducibility. The computer program BULK (Bakker, 2003) was used to estimate the bulk salinity of the fluid 

inclusion. 
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Figure 2 Typical LA-ICP-MS signal from a frozen fluid inclusion (DQ-21, Cu+SiO2(gel)+8wt% NaCl, formed at 
800°C, 200 MPa) using a UV-fs-laser, heating-freezing cell and Element XR ICP-MS. 

The inclusions were analyzed for their major and minor element contents by LA-ICP-MS. An in-house build 

laser ablation system based on a UV-femtosecond-laser (Spectra Physics) was combined with a heating-freezing cell 

and a fast scanning sector field inductively coupled plasma mass spectrometer (Element XR, Thermo Scientific) (for 

more details see Albrecht et al. (2014)). The laser system is operating in the deep UV at 194 nm and spot size was 

set to ca. 25μm. The ablation cell was a modified INSTECTM heating-freezing stage with an adjusted volume of 3 

cm3. Helium mixed with 2 vol% hydrogen (to adjust the hydrogen flow rate to ca. 5-6 ml/min as suggested by 

Guillong and Heinrich (2007)) was used as sample-chamber gas. After leaving the sample chamber it was mixed 

with argon as a carrier gas. Analyses were performed at a temperature of -40°C, guaranteeing completely frozen 

fluid inclusions prior to the ablation, which resulted in an excellent control on the opening of the inclusions and 

considerably longer signal analysis time compared to the analysis of liquid fluid inclusions. The analytical 

uncertainty of the method is estimated to be 10-30% for most elements as discussed in Albrecht et al. (2014). NIST 

SRM 610 glass was used as external standard (using reference values of the GeoReM database; Jochum et al. (2005)) 

and measured with a repetition rate of 10 Hz. Laser repetition rates for fluid inclusions analyses have been adjusted 
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from 5 to 10 Hz, depending on the depth of the inclusion, with higher rates for deeper (down to 40 μm) and lower 

rates for shallower (down to 20 μm) ones. To evaluate the acquired data, the SILLS data reduction software 

designed by Guillong et al. (2008) was applied, which is particularly suitable for the interpretation of fluid inclusion 

signals. The known initial Rb content was used for internal standardization of Cu-H2O±HCl±CuCl±Cu2O and Cu2O-

NaCl systems, and the microthermometrically determined Na content was used for Cu-NaCl system (reasons are 

given below). Figure 2 shows a representative example of a fluid inclusion analysis. 

The elemental contents of quench fluids were analyzed by inductively coupled plasma optical emission 

spectrometry (ICP-OES) on a Varian Vista Pro system (Varian GmbH, Germany).  

Raman spectroscopy was used to identify trapped minerals and the presence of H2O and D2O in inclusions. The 

measurements were performed using a confocal Bruker Senterra micro-Raman spectrometer equipped with an 

Olympus BX 51 microscope and an Andor DU420-OE CCD camera. Unpolarized spectra were collected under 

ambient conditions, using the 532 nm laser excitation line with 20 mW power, under a long distance Olympus 50× 

magnification objective for 10s with 2 times acquisition repetitions. Instrumental precision was within ±3 cm-1.  

Fourier transform infrared spectroscopy (FTIR) was used for geospeedometry as well as to estimate the relative 

abundance of H2O and D2O in synthetic fluid inclusions. The spectra were collected with a Bruker IFS88 FTIR 

spectrometer equipped with a Bruker IRscope II microscope (operation conditions: globar light source and MCT 

detector). Absorption spectra were collected both in the mid-infrared region (MIR) for quantification of H2O and 

D2O in synthetic fluid inclusions and in the near-infrared region (NIR) for geospeedometry. The spectral resolution 

was 2 cm-1 and 100 scans were collected for each spectrum. A flexi-curve baseline and the calibration of Withers 

and Behrens (1999) were employed to determine the concentration of water species in the rhyolitic glass used as 

geospeedometer (Zhang et al., 1997). 

The composition of silicate melt inclusion was determined with an electron probe micro-analyzer (EMP) 

CAMECA SX100. The reference materials for calibration included jadeite (Na), kyanite (Al), wollastonite (Si, Ca), 

orthoclase (K), NaCl (Cl) and Cu(Cu). Raw analytical data were corrected using the standard PAP procedure 

(Pouchou and Pichoir, 1991). The acceleration voltage was set as 15 kV. Focused beam and 15 nA were used for 

cuprite analysis, and defocused beam (2 µm) and 5 nA were used for Na-bearing silicate glass determination. 

3. Results 

3.1 Fluid inclusion microscopy 

Results are presented and discussed in terms of three systems: 1) native Cu + NaClaq; 2) native Cu ± Cu2O ± 

CuCl + H2O ± HCl; and 3) cuprite (Cu2O) + NaClaq. The inclusion description follows the order of increasing 

quench rate as described in Experimental and analytical procedure. It must be noted that silica gel is generally 

added to the starting material unless otherwise mentioned. All experimental details are tabulated in Table 1. 
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Table 1 Details of synthetic fluid inclusion experiments 

SNO 
Capsule 
material 

System 
(+ Qz cylinders) 

NaCleq. 

wt% 

t1 
(d) 

t2 
(d) 

Quench 
Technique 

Cooling 
rate 

(K/s) 
Type  

DQ-22 Cu 1 wt% NaCl+SiO2(gel) 1.1 2 3 SQ 0.5 FI+SMI 

DQ-36 Cu 8 wt%  NaCl 8.9 3 2 SQ 0.5 FI+SMI 

DQ-21 Cu 8 wt%  NaCl+SiO2(gel) 8.7 2 3 SQ 0.5 FI+SMI 

DQ-145 Cu 8 wt%  NaCl+SiO2(gel) 8.5 3 3 SQ+RQ 0.5;25 FI+SMI 

DQ-146 Cu 8 wt%  NaCl+SiO2(gel) 8.3 3 3 CAQ 3 FI+SMI 

DQ-154 Cu 8 wt%  NaCl+SiO2(gel) 8.7 4 4 RQ 25 FI+SMI 

DQ-183 Cu 8 wt%  NaCl+SiO2(gel) 8.5 / 2 RQ 25 FI+SMI 

DQ-165 Cu 8 wt%  NaCl+SiO2(gel) 8.5 2 10 RQ 25 FI+SMI 

DQ-23 Cu 8 wt%  NaCl+SiO2(gel) 20.2 2 3 SQ 0.5 FI+SMI 

DQ-121 Cu 8 wt%  NaCl+SiO2(gel)  2 7 SQ 0.5 FI+SMI 

DQ-124 Au D2O (Qz from DQ121)  
  

SQ 0.5 FI+SMI 

DQ-99 Au 8 wt%  NaCl 8.0 3 3 SQ 0.5 FI 

DQ-100 Au 8 wt%  NaCl +SiO2(gel) 8.1 3 3 SQ 0.5 FI 

DQ-101 Au 
8 wt%  NaCl +Qz 
powder  

8.0 2 4 SQ 0.5 FI 

DQ-187 Au 
8 wt%  NaCl+ Cu2O(s) + 
SiO2(gel)  

6.8 2 5 SQ 0.5 FI 

DQ-188 Au 
8 wt%  NaCl+ Cu2O(s) + 
SiO2(gel)  

6.8 / 10 SQ 0.5 FI 

DQ-37 Cu H2O  3 2 SQ 0.5 FI 

DQ-123 Cu 0.5 m HCl+SiO2(gel)  2 4 VSQ+RQ 0.07;25 FI 
DQ-42 Cu 1.5 m  HCl  3 3 SQ 0.5 FI 
DQ-43 Cu 1.5 m HCl  3 3 SQ 0.5 FI 

DQ-169 Cu 
1.5 m HCl + 
Cu2O(powder)+ SiO2(gel) 

 3 3 RQ 25 FI 

DQ-102 Cu 
1.5 m HCl +H2O+ 
CuCl(s) + SiO2(gel) 

 3 3 RQ 25 FI 

DQ-47 Cu H2O+CuCl(s) + SiO2(gel)  3 3 SQ 0.5 FI 
Notes: 
All experiments were conducted with two types of quartz cylinders (excluding DQ-188 with only pref. Qz) at 800°C, 
200 MPa. 
m denotes the molality of the solution, mol/kg. 
Cu2O(powder) and Cu2O(s) denote the powder form of cuprite and the sintered cuprite pellet, respectively. 
All batch solutions in each run are taken from the same stock solutions. 
In order to compare the bulk salinity after mircothermometry measurements (NaCleq.) and initial solution, we used 
wt% instead of molality of NaCl solutions. The conversion between wt% and molality is : 1wt% = 0.17 m NaClaq,  8 
wt% = 1.49 m NaClaq, 20 wt% = 4.30 m NaClaq.  
t1 denotes experiment duration before intermediate quench, t2 means the run duration after intermediate quench. The 
runs DQ-183 and DQ-188 were not conducted with intermediate quench. 
Quench techniques: CAQ - compressed air quench; RQ - rapid quench; SQ - slow quench; VSQ+RQ - very slow 
quench and rapid quench (for more details see Experimental and analytical procedure). 
FI represents fluid inclusion, SMI represents silicate melt inclusion. 
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3.1.1 Native Cu-NaCl system 

[1] SQ (Slow Quench, 0.5 K/s): There were two types of inclusions formed in this system: fluid inclusion and silicate 

melt inclusion. Fluid inclusion (FI) contained condensed liquid phase and a vapor shrinkage bubble (Fig. 3a). The 

size of most fluid inclusions varied from 20 µm to 30 µm. Silicate melt inclusion (SMI; Fig. 3b) usually consisted of 

a vapor bubble, a liquid phase, sodium-bearing silicate glass and one or several reddish to dark opaque minerals 

(Raman has been used to identify these phases, more information has been given below). The relative abundance of 

the silicate melt inclusions was dependent on the initial NaCl content in the system. SMIs accounted for <5 vol. %, 

10-15 vol. % and 30-40 vol. % of inclusions in 0.17 m, 1.49 m and 4.28 m NaCl-bearing runs. Note that vol. % was 

estimated from 50 inclusions. The shape of these inclusions changed from small single isolated inclusion to large 

connected channels with increasing salinity. The microthermometry measurements indicated that the measured 

NaCleq.values of fluid inclusions of the run products in Cu-NaCl systems were similar to their initial NaCl values 

(Table 1), which may be due to a coexistence of Na+ and  Cu+ in fluid inclusion in which CuCl2
- may be dominant 

(Hack and Marvogenes, 2006). The silicate melt inclusions was not subject to any visible change upon heating 

(<600°C) and freezing (>-100°C).  

In SQ experiment without SiO2 (gel): Inclusions tended to be less abundant and smaller than those in the run with the 

presence of SiO2 (gel). Nevertheless, both fluid inclusions and silicate melt inclusions were detected in the two quartz 

chips. The sizes of inclusions were < 20 µm (FI) and 20-30 µm (SMI) in pref. Qz, whereas the i.s. Qz cylinder 

contained very few and tiny inclusions, which made the interpretation of LA-ICP-MS data difficult.  

[2] SQ+RQ (slow quench, 0.5 K/s for 800-600°C, and rapid quench, ~25 K/s for 600-300°C): Inclusions in pref. Qz 

were less abundant than the SQ run. The size of fluid inclusions and silicate melt inclusions were less than 20 µm 

and 25µm, respectively. Silicate melt inclusions usually contained more micron- to submicron-sized cuprite crystals 

especially in necking down channels (similar to Fig. 10d). In contrast, few tiny inclusions were preserved in the i.s. 

Qz.  

[4] CAQ (compressed air quench, 3 K/s): In pref. Qz, the amount of preserved fluid inclusions was the least among 

all experiments with NaCl. The inclusions were smaller than 25 µm. Silicate melt inclusions were smaller than 10 

µm and often appeared as connected channels containing submicron-sized cuprite crystals (e.g. Fig.10d). Very few 

inclusions could be found in i.s. Qz of this run.  

[5] RQ (rapid quench 25 K/s): Three runs (DQ-183, DQ-154 and DQ-165) with the same starting materials and 

cooling rate but various run durations (2-14 d) were conducted and compared. Even though the run (DQ-183) was 

conducted only for two days and was later quenched rapidly, there were still ample inclusions preserved in the pref. 

Qz (Fig.3c, d) while few inclusions (<10 µm) could be preserved in the i.s. Qz without conducting intermediate 

quench. In addition, inclusions of these runs were very abundant, the size of which varied mostly from 15 to 30 µm. 

Most fluid inclusions contained cuprite (identified by Raman; see below), while silicate melt inclusions contained no 

discernible minerals and appeared to be rather homogeneous (Fig.3d). Moreover, larger fluid inclusions containing 

more cuprite crystals were observed in the longest run (14 d, DQ-165), whereas smaller inclusions with less cuprite 

crystals were produced in the shorter run (2 days, DQ-183). 
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Figure 3 Photomicrographs of typical quartz-hosted inclusions at 25°C. (a, b) Photos are taken from different area of 
the pref. Qz of DQ-21 in which both FI (marked in (a)) and SMI (marked in (b)) coexist. Discernible cuprite crystals 
are observed in SMI in despite of FI. (c, d) Both FI (Fig. 3c) and SMI (Fig. 3d) coexist in the pref. Qz of DQ-183, no 
intermediate quench was adopted. FI often contains cuprite aggregates. (e) Possible nantokite was observed in fluid 
inclusions of the run with cuprite (Cu2O) + NaClaq (DQ-187); (f) Potential nantokite was precipitated in fluid 
inclusions of the run with native Cu + HClaq (DQ-43); pref. Qz- prefractured quartz cylinder; i.s. Qz-in situ fractured 
quartz cylinder; FI-fluid inclusion; SMI-silicate melt inclusion. 
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3.1.2 Native Cu- H2O ± HCl± CuCl ± Cu2O system 

[1] SQ (slow quench, 0.5K/s): It is worth noting that fewer inclusions were observed in HCl/CuCl systems than the 

pure water system. Only one type of fluid inclusions was observed in these systems (H2O ± HCl ± CuCl solutions), 

consisting of condensed liquid, a vapor bubble and/or a colorless to dark tetrahedral crystal, possibly nantokite 

(CuCl; Fig.3f). The nantokite crystal was absent in the run with pure water. Fluid inclusions were generally smaller 

than 25µm, with elongated oval to irregular shape. The nantokite crystal tended to decompose with exposure to 

incident Raman beam. Berry et al. (2006) undertook experiments with similar starting materials (native Cu and 

KClaq) as our study, and used XANES spectroscopy to identify a similar tetrahedral mineral as nantokite (CuCl). 

They suggested that this mineral was not stable at room temperature as well as under laser beam. 

In SQ experiment without SiO2(gel): Fluid inclusions were less abundant than the runs with the presence of SiO2(gel), 

often smaller than 10µm in size. Fluid inclusions mostly appeared as necking-down inclusions. Opaque minerals 

(i.e., possible nantokite) could be only observed in larger inclusions than 30 µm.  

[3] VSQ+RQ (very slow quench, 0.07 K/s, 800-600°C, and rapid quench, 25 K/s, 600-300°C): Fluid inclusions were 

the most abundant in comparison to the rest runs. The size of these inclusions was smaller than 20 µm.  

 [5] RQ (rapid quench 25 K/s):  This run contained the smallest amount of inclusions, generally smaller than 20µm. 

Nantokite could be only observed in large inclusions. The inclusions retrieved from i.s. Qz were too small to be 

measured with LA-ICP-MS. 

3.1.3 Cu2O- NaCl system 

[1] SQ (slow quench, 0.5K/s): The fluid inclusions were similar to those of the previous series (native Cu +Cu2O(s) 

H2O/HCl/CuCl(s)+H2O), which consisted of condensed liquid, a vapor bubble and/or a colorless to dark tetrahedral 

daughter crystal (nantokite; Figure 3e). Inclusions mostly ranged from 15 to 40 µm, with a round to oval shape. The 

measured NaCleq. value of the fluid inclusions was lower than the initial NaCl content, i.e., 6.8 ± 0.1 wt% and 8 wt%, 

respectively. 

To sum up, the most abundant fluid inclusions were observed in the run with NaCl aqueous solutions with a 

cooling rate of 0.5 K/s and 25 K/s. Two types of inclusions, namely fluid inclusion and silicate melt inclusion, were 

only observed in native Cu-NaCl system. Cuprite (Cu2O) was observed as quench products in both fluid inclusions 

and silicate melt inclusions. Microthermometric measurements demonstrated that the homogenization temperatures 

of fluid inclusions and silicate melt inclusions are 440-480°C and a higher temperature than the limit of the current 

thermal stage (600°C), respectively, resulting in a coexistence of two immiscible fluids at run conditions. In contrast, 

only one type of fluid inclusion was observed in Cu-Cu2O-CuCl-H2O-HCl systems and Cu2O-NaClaq system, which 

usually contained a tetrahedral mineral, potentially nantokite (CuCl).  
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3.2 Chemical and spectroscopic analyses  

Thin sections of quartz cylinders were polished to expose silicate melt inclusions for the EMP analysis. Fig 4 

shows a typical backscattered electron (BSE) image of the silicate melt inclusion. The rounded bright dots marked in 

Fig.4 were possible cuprite which was later identified by Raman spectra (Fig. 5a). The total oxide amount of the 

silicate melt inclusions varies from 71 wt% to 91wt% (given in Supplementary Table A2). The atomic ratios of 

Na/Si and Cu/Si are ~0.1 and 0.01 - 0.2, respectively. These qualitative data can be used to interpret the composition 

of silicate melt (mainly SiO2, less Na and Cu). 

 

 

Figure 4 A BSE image of a silicate melt inclusion of the pref. Qz of DQ-21. The run was conducted with Cu +1.49 
m NaClaq + SiO2 (gel) + Qz at 800°C and 200 MPa for 5 days. 

 

Fig 5a depicts the Raman measurements of the opaque minerals trapped in fluid inclusions and silicate melt 

inclusions from both SQ and RQ runs with native Cu + NaClaq. The Raman spectrum of fibrous minerals (Fig.3c) 

trapped in fluid inclusions of RQ series exhibits five complex bands, centered at 146 cm-1, 218 cm-1, 308 cm-1, 412 

cm-1 and 625 cm-1 (Fig.5a), which is analogous to natural cuprite (RRUF database, ID: R050374). The Raman 

spectra of the red minerals (Fig.3b) trapped in silicate melt inclusions of SQ series are in good agreement with these 

spectra. Therefore, the mineral phase trapped in fluid inclusions with rapid quench and in silicate melt inclusion with 

slow quench is identified as cuprite, i.e. Cu2O.  
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Figure 5 Raman spectra of different phases in inclusions after SQ (DQ-21) and RQ (DQ-183) runs. (a) Raman 
analyses of crystals trapped in fluid inclusions (DQ-183) and silicate melt inclusions (DQ-21) in comparison with 
natural cuprite and quartz host. The vertical dashed lines are assigned to typical cuprite Raman bands (for more 
details in text). (b) Raman analyses of silicate melt phase in comparison to quartz and fluid inclusion. Broad bands at 
550-600 cm-1 and 1000-1100 cm-1 may be assigned to amorphous silica (see text). SQ (DQ-21): Cu + SiO2 (gel) + Qz 
+ 1.49m NaCl, 800°C, 200 MPa, SQ, 5 d; RQ (DQ-183): Cu + SiO2 (gel) + Qz +1.49m NaCl, 800°C, 200 MPa, 2 d. 

 

Fig.5b shows the Raman spectra of the silicate melt phase from these runs. The distinctive broad band at 992 - 

1076 cm-1 is found to be similar to silicon Qn vibrational modes (e.g. 950-1050 cm-1 for Q2 species; ca. 1000 cm-1 for 

Q3 species (Colomban and Schreiber, 2005)). Unlike a crystalline phase, there are no well defined and intense peaks 

of the spectra in these silicate melt inclusions. Halasz et al. (2007) have reported the Raman spectra of crystalline 

Na2SiO3, Na2SiO3•9H2O and aqueous Na2SiO3 solutions. They assign the 931 and 997 cm-1 bands to (Na/H)O-Si-

O(Na/H) vibration, likely Na2H2SiO4, and the band at 1018 cm-1 to (X)O-Si-O(X) vibration, where X is Na, H or - 

charge, likely NaH2SiO4
-. There are Raman peaks at 3500 cm-1 (not shown here, but similar to Fig.11a), indicating 

the presence of H2O in these silicate melt inclusions. Moreover, the absence of Raman bands below 300 cm-1 

confirms that this phase could be amorphous (Handke and Mozgawa, 1993) and a broad band in the range of 500-

600 cm-1 also indicate an amorphous structure. The broad region (992 - 1076 cm-1) in this case may be assigned to 

sodium-bearing silicate glass, e.g. Na2SiO3 • nH2O. Therefore, low Na/Si ratio, high wavenumber of these bands as 

well as broad bands, support polymerized units of silicon. 

3.3 Quench fluid analyses 

Quench fluids were collected only from two runs after inclusion synthesis, i.e., DQ-165 and DQ-169. The visual 

inspection shows no precipitates at the bottom of the capsule. In the quench fluid of the run with native Cu + NaClaq 

(DQ-165) 1.56 m Na (8.4 wt% NaCl) and 0.002 m Cu have been measured by ICP-OES. This analysis confirms that 

Na content after run is in a good agreement with the initial Na content, implying that less Na is incorpated in the 
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melt phase. Quench fluid collected from a Na+-free run (Cu+Cu2O+HCl; DQ-169) contained 0.09 m Cu (570 ppm 

Cu). The visual inspection and the OES result indicate that the added Cu2O powder and HCl solution have been 

consumed, resulting in a less acidic fluids (pH= 4.06) than the initial solution (pH= ~0). These evidences are 

consistent with the initial loading in which the ratio of Cu+/Cl- is nearly 1:1.  

Quench fluids collected from Cu capsule loaded with pure water yield 0.02 m and 0.04 m Cu after 19 and 26 

hours, respectively. The content data indicate that reaction kinetics may prevent reaching equilibrium within one day, 

but the measured values can be treated as the minimum solubility of Cu in hydrothermal fluids of the run with native 

Cu and H2O. After re-calculation the pH value based on the dilution factor, it is likely that acidic fluids are 

responsible for Cu enrichment in pure water system, i.e., pH values of ~3. 

3.4 LA-ICP-MS data standardization 

In this study we analyzed the content of five isotopes with masses of 23Na, 28Si, 65Cu, 85Rb and 133Cs in fluid 

inclusions with LA-ICP-MS (a typical example is shown in Fig. 2), and the results are tabulated in Table 2. Using 

experimental assemblages initially doped with Rb or Cs to normalize LA-ICP-MS data of synthetic fluid inclusions 

is widely accepted in previous studies (e.g., Duc-Tin et al., 2007; Lerchbaumer and Audetat, 2012; Derrey et al., 

2017). By applying this method to quantify Na content, the evaluated Na content (Na(std=Rb)) is in a good agreement 

with the Naeq. value of the microthermometry analysis for the runs with Cu2O+NaClaq and pure NaClaq (note that Au 

capsule was used in both cases; Fig.6). In contrast, it can be noted that the evaluated Na(std=Rb) content of fluid 

inclusions is several times higher than that of the Naeq. in the runs with native Cu + NaClaq (Fig.6). Thus, using Rb 

or Cs content to evaluate the LA-ICP-MS data is inappropriate for the system of native Cu + NaClaq due to the 

formation of silicate melt phase which can adsorb certain amount of Rb and Cs into the system. 

Microthermometry data can help to interpret multicomponent fluid inclusion compositions. However, the bulk 

salinity obtained from the microthermometry represents the overall salt content, i.e., NaClaq and possibly CuClaq. On 

the one hand, it is evident that NaCl is the dominant dissolved component in the fluid regardless of the partitioning 

of some Na into silicate melt phase. As mentioned above the Na content in quench fluid matches well with Nainitial. 

Moreover, in NaCl-bearing aqueous fluids, Na strongly partitions toward the fluid in comparison to melt (e.g., 

granitic melt and NaCl; Bai and Koster van Groos, 1999). On the other hand, submicron-sized cuprite is probably 

the dominant metal phase (Fig.3b, 3c, 10), which controls the total amount of Cu and these minerals cannot be 

dissolved along heating during microthermometry measurements. Furthermore, Na content evaluated from 

microthermometry data can provide a reliable proxy for data standardization, as suggested by Günther et al. (1998). 

An example given by Steele-MacInnis et al. (2016) demonstrates that ca. 5% of error can be introduced using NaCleq. 

(determined by Tm, ice; similar method used in our case) instead of a corrected (predicted) NaCl value based on the 

generic H2O-(Na,K)Cl-∑Xn+Cln phase stability relations in a multi-salt system (NaCl-KCl-FeCl2). Thus, the 

uncertainty of using Naeq. (evaluated from NaCleq.) to standardize the LA-ICP-MS data can probably be limited to 

few percents. 
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Figure 6 Examples of Na contents in fluid inclusions based on the internal standardization using Rb (400 ppm). The 
gray bar represents Naeq. which is calculated by the NaCleq. from the microthermometric data; Nainitial denotes the 
initial loading of NaClaq. Apparently, using Rb content is inappropriate for evaluation the LA-ICP-MS data of native 
Cu+NaClaq series, more details are given in text. 
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Table 2 Experimental details and measured Cu concentration from LA-ICP-MS analyses 

SNO pH Cltot. Quench 

fluid 

Cu 

(pref. Qz) 

n 

flinc 

Cu 

(i.s. Qz) 

n 

flinc 

Note 

m m m m 

Native Cu + NaCl 

DQ-22 7 0.17  0.05 ±0.02 13 0.08±0.03 11 Na std. 

DQ-36 13 1.49  0.21±0.16 11 0.11±0.09 11 Na std. 

DQ-21 7 1.49  0.23±0.11 20 0.23±0.14 15 Na std. 

DQ-145 n.m. 1.49  0.20±0.09 16 Small 
 

Na std. 

DQ-146 13 1.49  0.19±0.08 16 Small 
 

Na std. 

DQ-154 n.m. 1.49  0.20±0.07 15 0.23±0.05 15 Na std. 

DQ-183 8 1.49  0.22±0.19 14 Small 
 

Na std. 

DQ-165 5.61b 1.49 1.56(Na)/0.002(Cu) 0.22±0.14 13 0.27±0.11 14 Na std. 

DQ-23 8 4.28  0.66±0.29 22 0.64±0.25 18 Na std. 

Native Cu ± Cu2O + H2O ± HCl ± CuCl 
   

DQ-37 4 0 0.02-0.04*(Cu) 0.04±0.08 15 0.003±0.002 10 Rb std. 

DQ-123 3 0.5  0.44±0.21 15 0.62±0.21 9 Rb std. 

DQ-42 1 1.5  0.82±0.36 12 1.23±0.37 16 Rb std. 

DQ-43 1 1.5  1.28±0.56 16 1.29±0.58 13 Rb std. 

DQ-169 4.06b 1.5 0.09(Cu) 1.01±0.38 12 Small 
 

Rb std. 

DQ-102 3 1.88  1.63±0.30 11 Small 
 

Rb std. 

DQ-47 1 1.45  0.54±0.19 13 0.57±0.21 15 Rb std. 

Cuprite + NaCl 

DQ-187 7.00 1.49  0.54±0.14 15 0.53±0.12 14 Rb std. 

DQ-188 7.00 1.49  0.43±0.17 15 N 
 

Rb std. 

Notes: 
All experiments were conducted at 800°C/200 MPa. 
pHb of quench fluids is measured by an Inlab microelectrode, the final data presented in this table are justified based 
on the dilution factor; n.m. denotes pH of the quench fluids was not measured.  
Cltot. represents the initial Cl added to the experiment. 
Quench fluids are measured by ICP-OES which yields a precision less than 10% (2SD). Na and Cu represent the 
elements concentration of Na and Cu.  
Note that 0.02 - 0.04 m Cu in quench fluids are not collected from the run DQ-37, which are directly collected from 
the Cu capsule after comparable runs with pure H2O after 19 and 26 hrs, respectively (for more details see text). 
Cu concentration is the mean Cu concentration obtained from n individual fluid inclusion measurements by LA-ICP-
MS. Concentration uncertainties are 95% confidence limits about the mean. 
nflinc denotes the number of fluid inclusions which have been measured by LA-ICP-MS. 
Na std. is calculated based on NaCleq. of microthermometric data; Rb std. is calculated by the initial RbCl(s). 
Inclusions of i.s. Qz of DQ-145,146,183,169 and 102 are too small to be analyzed; DQ-188 was not loaded with i.s. 
Qz. 
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3.5 Effect of run duration and intermediate Quench on FI 

To understand the formation of fluid inclusions, three experiments with same starting materials (native Cu+1.5 

m NaClaq) but different run durations, were performed using rapid quench for cooling (Table 1). As it is shown in 

Fig.1b, there are two stages in fluid inclusion synthesis: (i) the first stage is prior to intermediate quench (DQ-183) 

and (ii) the second stage is after intermediate quench (i.s. Qz cylinders of DQ-154 and DQ-165).  

 

Figure 7 Average Cu, Rb and Cs concentrations of fluid inclusions (error bar is given by the standard deviation of 
the data). All runs were conducted with native Cu + 8wt% NaCl + SiO2(gel) + Qz at 800°C and 200 MPa, using rapid 
quench technique. DQ-183- no intermediate quench was performed; DQ-154- intermediate quench after 4 days; DQ-
165- intermediate quench after 2 days. 
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Fig.7 depicts the variations of Cu, Rb and Cs as a function of run duration. The mean Cu contents of short term 

run (DQ-183) is in a good agreement with long term runs ( 8 d and 14 d for DQ-154 and DQ-165, respectively), i.e., 

~0.2 m Cu. In general, Rb and Cs contents of these runs range from 100 to 500 μg/g. The i.s. Qz of the run (DQ-154) 

with longer equilibration time (4 d) prior to intermediate quench yields smaller Cu, Rb, Cs content variations than 

those with short equilibration durations (2 d for DQ183 and DQ-165). This may imply that fluid-metal equilibration 

needs longer time than expected, in addition, the potential equilibrated fluids can be trapped in unfractured quartz 

cylinders after the in situ cracking (i.s. Qz; Derrey et al. (2017)). 

3.6 Effect of silica gel 

Figure 8 describes Cu variation with respect to Cs content in the presence or absence of silica gel in the Na+ 

bearing and Na+ free systems. Obviously, Cu content of the system Cu-HCl is at least twice higher than that of the 

system Cu + NaClaq. In the presence of silica gel, rather constant Rb and Cu contents are achieved for both pref. Qz 

and i.s. Qz in both systems. In addition, the evaluated Cs content (using Rb as the internal standard) in Cu-HCl 

system is consistent with the initial Cs content, whereas the Cs content in Cu-NaCl system is lower than the initial 

value due to Cs partitioning into melt phase. In the absence of silica gel, the variation of Cs content is several times 

larger than that of the runs with silica gel. Moreover, Cu content is lower than the runs with the addition of silica gel. 

The content variation can be caused by a low silica supply which hinders crack healing as well as entrapment of 

more equilibrated fluids.  

 

Figure 8 Cu content versus Cs content in Na+ bearing and Na+ free systems. Elemental concentrations of the runs 
with 1.49 m NaCl are standardized based on Naeq.; Elemental concentrations of the runs with 1.50 m HCl are 
standardized based on Rbinitial. 
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3.7 Cu content VS. Cl content in fluid inclusions 

In systems containing Na+, the pH measurements show that the quench fluids tend to be neutral to basic up to a 

pH of ~13 (e.g. DQ-36 and DQ-146 in Table 2). Cu contents in native Cu-NaCl series increase from 0.08± 0.03 m to 

0.23± 0.14 m and 0.63 ± 0.30 m as the salinity (NaCl) increases from 0.17 m to 1.49 m and 4.28 m, respectively 

(Fig.9). A positive correlation derived from Fig.9 shows a Cu/Cl ratio of ~1:6. Results of the comparable runs 

(Cu+1.49 NaClaq) quenched at different cooling rates (Table 2) demonstrate a similar mean Cu content, ca. 0.23 m. 

Cu content of the run applied with rapid quench (25 K/s) indicates smaller data variation than the others, i.e., 

0.20±0.07 m vs. 0.20±0.14 m (Table 2). When native Cu is replaced by Cu2O (relic Cu2O can be found after run), 

the content of Cu in NaCl solution is increased by a factor of ~ 2, i.e., to 0.54 ± 0.14 m. In addition, the Cu content 

in Cu2O-NaClaq system without conducting intermediate quench (DQ-188) slightly lower than the value of the run 

applied with intermediate quench, i.e., 0.43±0.17 m and 0.54±0.14 m, respectively.  

 

Figure 9 Cu concentrations as a function of initial chloride concentration in fluid inclusions. All runs were 
performed in Cu capsules, except for the run with Cu2O + NaClaq (Au capsule). Most runs were quenched with slow 
cooling rates (0.5 K/s). Runs with different cooling rates in the Cu-NaCl (1.49 m) system were also plotted, however, 
the average Cu content remains constant (ca. 0.23 m) and the difference of Cu contents is within the error. Solid 
symbols represent the runs with NaCl solution, whereas the gray symbols stand for the runs without NaCl solution. 
Solid line is a regression relation between the average Cu concentration (native Cu + NaClaq) and initial chloride 
concentration. Dashed line represents Cu/Cl ratio of 1. The arrow represents the run with Cu + CuCl + H2O. 
Experiments of Hack and Mavrogenes (2006) (H&M) were conducted in the system of Cu + Cu2O + CuCl2 + H2O 
(fluid acidity was buffered by talc and quartz) at temperature range of 525-725°C and pressure range of 300-1700 
MPa. 
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In H2O-HCl-CuCl systems, the quenched fluids are acidic in the pH range of 1-4. After inspection of capsules, 

white precipitates (possibly CuCl powder) were observed after the runs with HCl solution, excluding the run with 

Cu2O (DQ-169) due to consumption. Note that the initial composition of each component is given in Supplementary 

Table A1. The Cu contents increase with increasing acid contents (Fig.9). In pure water, the Cu content of the pref. 

Qz is 0.04±0.08 m, which is comparable to the value of quench fluid (Table 2). The i.s. Qz of pure water system 

yields much lower Cu content (0.003±0.002) than that of pref. Qz due to weak healing in absence of silica gel. Cu 

enrichment in pure water in this study is ca. 4 times  higher than that of Zajacz et al. (2011) who have conducted the 

experiment in Au97Cu3 capsule (aCu=0.01). A nearly 1:1 ratio of Cu/HCl can be derived from Cu content and initial 

acid content (dashed line in Fig.9). When Cu2O is added to 1.5 m HCl solution, the Cu content (1.01±0.38 m) of Cu-

Cu2O-HCl system is lower than its value (1.28±0.56 m) in Cu-HCl system, yet twice higher than its value 

(0.54±0.14 m) when NaCl is present (Cu2O+NaCl in Au capsule). When CuCl is added to the system (Cu-CuCl-HCl, 

with an initial Cu+ / Cl- = 1/2; Table A2), Cu content is three times higher than that in pure CuCl  system (Cu-CuCl-

H2O, initial Cu+ / Cl- = 1), i.e., 1.63±0.30 m and 0.54±0.19 m, respectively. The lower Cu content in pure CuCl 

system than that in pure HCl/CuCl-HCl system may be due to a reduction of Cu+ to native Cu (more details are 

given below).  The Cu content of Cu-CuCl-H2O system is in a good agreement with its content in Cu2O-NaClaq 

system (in Au capsule) at the same chloride content (1.5 m), ca. 0.5 m. It is worth noting that Cu contents in systems 

such as Cu-NaClaq, Cu2O-NaClaq, Cu-CuCl-H2O are in a good agreement with the estimated data of Hack and 

Mavrogenes (2006) who investigated Cu solubility in Cu-Cu2O-CuCl2-H2O system at lower temperature and higher 

pressure ranges than this study, i.e., 525-725°C and 300-1700 MPa. 

 4. Discussion 

4.1 Silicate melt inclusions and quartz solubility 

Knowledge of the silica solubility in aqueous fluids is fundamental for the quantitative understanding of 

hydrothermal processes. The strong partitioning of SiO2 into a concentrated salt solution (or even diluted salt 

solutions, Xie and Walther (1993)) is called a ‘salting in’ effect, or quartz solubility enhancement. The dissolution of 

quartz into the surrounding fluid is described formally by the reaction: 

SiO2 (s) + n H2O = SiO2 • nH2O (aq)        (1) 

The solute species is thought to be dominantly a neutral complex represented by the formulas Si(OH)4 or 

H2SiO4, thus n is generally considered to be 4 (Walther and Orville, 1983; Shmulovich et al., 2001).  

Shmulovich et al. (2006) proposed a modified Setchenow-type equation (2) to estimate the quartz solubility in 

fluids at crustal conditions, 

log SQz=log S0
Qz + 3.5• log XH2O + a• (m NaClaq)

b   (2) 
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where SQz is the overall quartz solubility, S0
Qz is the quartz solubility in pure water at certain run condition, XH2O is 

mole fraction of H2O, m NaClaq is the molality of sodium chloride in the aqueous solution, a and b are constants 

dependent on specific P and T. Given the fact that the run conditions are fixed at 800°C and 200 MPa, SiO2 

solubility increases with increasing salinity (NaClaq), i.e., increasing from ~0.2 m to 0.26 m, 0.33m and 0.37m when 

NaClaq ranges from 0 to 0.2, 1.5 and 4.3 m (Anderson and Burnham, 1965; Shmulovich et al., 2006; Dolejš and 

Manning, 2010). Therefore, up to ~0.7 mg of SiO2 is expected to be dissolved in the fluid at run conditions.  

Silicate melt inclusions were absent in experiments conducted with pure water (no NaCl and no HCl), which 

can be expected considering the results of Shmulovich et al. (2006) showing a drastic change in quartz solubility 

behavior between pure H2O and NaCl bearing fluids. On the other hand, the solubility of Qz in H2O is about 50% 

lower than that in 1.5 m NaCl at 800°C and 200 MPa (Eq.(2); Shmulovich et al. (2006)). However, the presence of a 

melt phase has only been observed in native Cu-NaCl series (Fig.3b, d), but not in experiments conducted with Cu-

HCl/CuCl, which may be due to a pH effect or the dissolution mechanism. Table 2 shows that the pH of quench 

fluids from native Cu + NaCl runs may be more basic than those in other systems (native Cu ± Cu2O ± HCl ± CuCl 

and Cu2O + NaClaq). The pH values of 13 indicates that the OH- concentration in quench fluids is ~0.1 m. Quartz is 

found to be much more soluble in alkali hydroxide solutions than in alkali chloride solutions (Anderson and Burham, 

1967).  Anderson and Burham (1967) have invoked the following reaction (3): 

(Na, K)OH(aq) + H4SiO4(aq)  = (Na,K)H3SiO4(aq) + H2O(l)    (3) 

The production of sodium hydroxide in this case is probably triggered by the following reactions (4)-(6): 

Cu(s) + H2O(l) = CuOH(aq) + ½ H2(g)       (4) 

CuOH(aq) + NaCl(aq) = NaOH(aq) + CuCl(aq)      (5) 

CuCl(aq) + Cl-
( aq) = CuCl2

-
( aq)        (6) 

An overall reaction is comparable to what has been proposed by Zajacz et al. (2011) : 

Cu(s) + SiO2 (s) + 2NaCl(g) + 2H2O(g) = NaCuCl2(g) + NaH3SiO4(g) + ½ H2(g)  (7) 

Unfortunately, Zajacz et al. (2011) did not find any evidence of the presence of NaH3SiO4 in their experiments. 

The likelihood of NaH3SiO4 has been confirmed in this study by the Raman spectroscopic determination. The 

Raman spectra of the melt phase indicate that the silicate melt phase is dominantly composed of silicon Q2 and Q3 

units, meaning that a silicate network is formed by condensation reactions of NaOH with quartz and silica gel 

(reaction (3)). Furthermore, the formation of the amorphous silicate phase which occurs in 2 -14 days experiments 

with/without additional silica gel is likely a kinetic controlled process, suggesting that the system at run condition 

reaches an immiscibility gap, i.e., a fluid phase coexists with a melt phase. 
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4.2 Redox state and stable phase 

It is necessary to understand the oxygen and hydrogen fugacity at run conditions in presence of native Cu and 

/or Cu(I) minerals (i.e., Cu2O, CuCl) in some runs. At the initial stage, the logfO2 of the inner capsule is probably 

buffered at Cu-Cu2O, which is expected to be 3 log units higher in oxygen fugacity than the autoclave (logfO2: ca. 

NNO+2.3). During this stage the reactions (4 and 8) can explain the oxidation of native Cu in Cu-NaClaq and Cu-

HCl systems. 

Cu(s) + HCl(aq) ⇋ CuCl(aq) + ½ H2(g)    (8) 

In a subsequent stage, hydrogen that is present in the pressure medium can diffuse through the capsule wall and 

the conditions become more reducing, i.e., Cu2O (or Cu+) is not stable. At experimental condition, the bulk 

production of  hydrogen in all runs is less than 4.5×10-5 g, the time needed for hydrogen migration through the Cu 

capsule wall is far less than an hour at 800°C and 200 MPa. The permeation rate of hydrogen through copper 

capsule is 1.18×10-10 g/cm·sec·bar1/2 (Reiter et al., 1993). The external hydrogen fugacity imposed by the vessel 

may control or disturb the internal reactions in Cu capsule. It is noteworthy that hydrogen fugacity within the Cu 

capsule is dependent on the aqueous Cu+ content according to Eq.(8). In addition, the oxygen fugacity is given by  

H2(g) + ½ O2(g) = H2O(l)       (9) 

It is evident that native Cu maintains its stability at the late stage. This is corroborated by the following  

evidences: (i) the fluid acidity of the run with Cu + CuCl (DQ-47) turns from neutral into very acidic (pH=1), 

additionally, Cu content in this system is three times lower than that in pure HCl solutions (Fig. 9), both implying 

that the reaction (8) is shifted to the left side. (ii) A microscopic observation of Au foil after the run with Cu2O + 

NaClaq (DQ-187, 188) confirms the deposition of thin native Cu layer on Au.  

4.3 Influence of cooling rate on nucleation of cuprite 

A slow quench rate was adopted to terminate the experiment by most researchers to avoid inclusion 

decrepitation and to preserve more inclusions, e.g. cooling rate of ~0.5 K/s (Zhang et al., 2012; Derrey et al., 2017), 

~0.8 K/s (Hack and Mavrogenes, 2006). We applied various quenching techniques to investigate their effects on Cu 

content of fluids trapped in inclusions with the same starting materials (Table 1).  

An interesting observation is that the appearance of cuprite in both FI and SMI depends on the cooling rate (Fig. 

10). In FIs, the presence of cuprite is mainly observed at fast cooling rate (Fig.10 c, e), but cuprite phases could not 

be discerned at slow cooling rate (Fig.10a), which is surprising. This may be due to different nucleation behavior of 

cuprite. During rapid cooling process cuprite is likely formed within the fluid (homogeneous nucleation) while in the 

case of slow quench cuprite favors depositing on the inner surface of inclusions (heterogeneous nucleation) or being 

adsorbed on the bubble surface or locating in its interior. However, the average copper contents in FI remain 

constant independent on cooling rates, i.e., ca. 0.2 m, implying that cuprite as a quench phases may also have been 

formed at slow quench rates. The most probable explanation is that the nucleation and growth of the cuprite differs 
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strongly depending on quench rate. In SMIs, the presence of cuprite is mainly observed at slow-intermediate cooling 

rates (Fig. 10b, d), but not observed at fast cooling rate (Fig.10a). However the presence of micron-sized cuprite 

can’t be excluded in rapid quench runs. The different behavior of cuprite in SMIs and FIs might be due to the higher 

viscosity of silicate melt than fluid phase. 

 

Figure 10 Presence of cuprite in fluid inclusions (FIs) and silicate melt inclusions (SMIs) with respect to cooling rate. 
All runs were conducted in the system of Cu-NaCl (1.49 m) at 800°C and 200 MPa for 5-8 d. (a, b) Inclusions of 
DQ-21 which was cooled with a rate of 0.5 K/s; (c, d) Inclusions of DQ-146 adopted with a moderate cooling rate (3 
K/s); (e, f) Inclusions of DQ-183 quenched rapidly (25K/s). 
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Although the mean copper contents of the inclusions after different cooling rates are the same (ca. 0.2 m), the 

variations of Cu content in each run are somehow related to cooling rates. When the cooling rate decreases from 25 

K/s to 0.5 K/s, this variation increases by a factor of 2 (Table 1). The larger Cu variation of the runs with slow 

cooling rate (e.g. 0.5 K/s) may be related to the formation of late inclusions during cooling. Hence, the rapid quench 

is an effective technique to preserve reliable information of synthetic fluid inclusions at high T-P conditions in NaCl 

bearing system and to eliminate formation of post-quench inclusions. However, rapid quench technique is not 

suitable to Na+ free systems in which very little inclusions are formed. 

4.4 Proper sealing of synthetic fluid inclusions 

One of the important assumptions in fluid inclusion studies is that nothing is added to, or removed from, the 

inclusion following trapping (Roedder, 1984). Several studies illustrate that elements in inclusions can be re-

equilibrated in relatively short experimental run times at elevated temperature and pressures (Mavrogenes and 

Bodnar, 1994; Audetat and Gunther, 1999; Li et al., 2009b; Audétat et al., 2018). Previous findings of Doppler et al. 

(2013) show that hydrogen isotope in inclusions can be fully exchanged with outer deuterium isotope after 19 days 

at 650°C and 337 MPa. 

The minimum area of the analyzed volume of inclusions with FTIR in this study is 30 µm × 30 µm, the results 

are strongly biased especially when there are more than one inclusion and/or cracks adjacent to the analyzed area. 

The results of FTIR analyses show that single and isometric inclusions contain only H2O, however, larger fluid 

inclusions (>50 µm), e.g. necking-down inclusions and inclusions of irregular shape, contain D2O as well as H2O 

(Fig.11b). The confocal Raman spectroscopy allows precise single inclusion measurement due to its high spatial 

resolution. Both H2O and D2O have well defined Raman spectra, with discrete bands in the range of 2900 - 3800 cm-

1 and 2100 - 2800 cm-1, respectively. The Raman analyses indicate that isometric, isolated inclusions contain only 

H2O (Fig. 11a). Whether these findings can be generalized needs further investigation since we have conducted only 

one experiment. 
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Figure 11 Spectra are shown to discuss possible hydrogen-deuterium isotope exchange between fluid and inclusions. 
The Raman spectra (a) clearly show no contamination of the inclusion by D2O. The FTIR spectra (b) in most cases 
show bands of H2O as well as of D2O due to possible incorporation of poor quality inclusions, e.g., necking-down 
inclusions (more details are given in text). Bands at 2800 - 3000 cm-1 are due to hydrocarbon from contamination 
during sample preparation. 

 

Crack healing is a process where an open micro-crack is filled with locally redistributed quartz through pore-

fluid diffusion (Brantley, 1992). The enhancement of micro-crack healing in quartz is a function of fluid chemistry 

in the order: CO2-H2O < H2O < NaCl bearing fluids, and the healing is more effective with increasing temperature 

and pressure (Brantley et al., 1990; Brantley, 1992). Even in short duration experiments (~15 min) significant 

healing occurs at 600°C and 200 MPa, and micro-cracks such as ~100 μm in length and <~10 μm in width are 

healed in 4 hours at this condition (Brantley et al., 1990). Brantley (1992) reported that quartz micro-fractures 

underwent at least 50% self-healing on a time scale of 5 hours at 600°C and 200 MPa in the presence of NaCl-H2O 

fluids. Simon et al. (2007) showed that crack healing would not be promoted prior to aqueous fluid equilibration 

even if brine salinities approaching 60 wt% NaCleq. at 800°C and 100-110 MPa. Although crack healing might be 

fast at our run condition, the formation of silicate melt inclusions and enhanced quartz solubility (dissolution of up 

to 2 wt% of total SiO2) can speed up the crack healing rate. As a result, the faster rates of crack healing, perhaps 

prior to fluid-solid equilibration, will lead to entrapment of fluids from different stages and large content variations 

even in a single run are possible.  

4.5 Copper diffusion  

At elevated temperature (≥ 100°C) the valence state of copper has been widely accepted as monovalent Cu+ in 

magmatic hydrothermal fluids (e.g., Fulton et al., 2000a; Brugger et al., 2007; Schmidt et al., 2018), and in silicate 
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melt (e.g., Ripley and Brophy, 1995; Holzheid and Lodders, 2001). Our observations in this study are consistent 

with Cu(I) being the predominant oxidation state.  

Kats (1961) and Götze (2009) suggest that monovalent cations, including H+, Li+, Na+, Cu+, and Ag+, can be 

located within channels parallel to the quartz c-axis to compensate the charge deficit of Al3+ replacing Si4+ in quartz. 

Many experimental results have revealed that interstitial ions (mainly H+, Li+, and Na+) diffused quickly along the 

quartz channel (c-axis) by applying an electric field (Verhoogen, 1952; White, 1970; Kronenberg and Kirby, 1987; 

Girardet et al., 1988). Li et al. (2009b) performed Na, Cu exchange experiments between synthetic fluid inclusions 

and external aqueous solutions and measured up to 0.5 wt% Cu gained during the re-equilibration experiments at 

600-800°C, 70-140MPa and 6-8 days. They suggested that the increment of Cu content was likely controlled by 

processes other than Na-Cu interdiffusion. Lerchbaumer and Audetat (2012) measured ~6 wt% Cu gained within 

three days in vapor inclusions of re-equilibrated experiments at 800°C and 70 MPa. The copper diffusion coefficient 

in quartz reported from this study was 2.9 × 10-10 m2/s at temperature of 800°C. Rottier et al. (2017) studied trace 

element diffusion in quartz during heating experiments with a Linkam TS 1500 stage. Their results show that Cu 

content of melt inclusions increase 10 folds and Cu content of hydrothermal quartz crystals are two orders of 

magnitude higher than its starting content from 0°C to 900°C. Since we synthesized fluid inclusions from an 

inclusion-free synthetic single quartz crystal, we can rule out any elemental contributions from the pre-existing 

inclusions. Cu diffusional gain over a period of 15 min during cooling process (800°C-300°C) is < 1μg/g based on 

the diffusivity of Cu at 400°C, i.e. 1.5× 10-12 m2/s (Lerchbaumer and Audetat, 2012). This process is highly 

dependent on the cation (e.g., Na+, Cu+) concentration in quartz. However, the diffusion exchange upon intermediate 

quench and cooling has rather weak influence on Cu content in the fluid inclusions. Cu contents in fluid inclusions 

span a large range even in a single run (Fig.9), which cannot be simply attributed to diffusion coefficient. 

Furthermore, it is the transport rate not the diffusion coefficient of Cu that determines how much Cu can be 

transferred from or into the inclusions. Fluid inclusions of various Cu contents may be caused by transport process. 

4.6 Copper speciation in fluids 

Cu solubility in the single phase region by synthetic fluid inclusion technique has been investigated in the 

temperature range from 525°C to 1000°C, at pressure from 300 MPa to 1700 MPa (Berry et al., 2006; Hack and 

Mavrogenes, 2006; Zajacz et al., 2011). Both XANES spectroscopy investigation (Berry et al., 2006; 2009) and 

theoretical calculations (Zajacz et al., 2011; Mei et al., 2014) agree that Cu(I) is found to occur exclusively as linear 

species CuCl2
- in solutions. The dominant Cu(I) species is Na(K)CuCl2 in NaCl/KCl solutions (Berry et al., 2006; 

Zajacz et al., 2011). Whereas higher order copper chloride complexes, stoichiometrically CuCl(HCl)n-1
0 (where n is 

up to 4), have been characterized in Na+/K+ -free solutions by the solubility study (Hack and Mavrogenes, 2006) and 

spectroscopic investigation (Berry et al., 2006).  

It is evident from Fig.9 that Cu:Cl ratio reaches ~1:6 in Na+-bearing system, which is similar to the ratios (up to 

1:6) determined by Berry et al. (2006) in the pH and oxygen buffered native Cu-KClaq system. This consistency may 

indicate that NaCuCl2 predominates in the native Cu-NaCl system. Interestingly, none of these studies have reported 
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the presence of Na-bearing silicate melt phase even when native copper was added as the metal source (Berry et al., 

2006; Zajacz et al., 2011). The possible reasons can be related to different experimental conditions and starting 

materials. In Cu-HCl systems, the Cu:Cl ratios of nearly 1:1 ratio (in HCl solutions) and very acidic fluid with pH 

values of ~1 corroborate the likely form of CuCl(HCl)n-1
0 ( the coefficient n describes the average stoichiometry of 

copper(I)-chloride species present). The unlikelihood of  HCuCl2 (where n = 2) is also due to rather low dielectric 

constant of water in ‘supercritical’ fluids (Uematsu and Frank, 1980). 

4.7 Implications 

The finding of coexisting silicate melt and fluid inclusion in this study may shed some lights on the 

understanding of Cu enrichment in porphyry copper deposit (PCD). PCDs supplying 75% of the world’s copper are 

associated with hydrothermal fluids and  magmatic processes which play a key role in the enrichment of copper and 

its precipitation as sulphide (Blundy et al., 2015). Cu enrichment and transport are favored by oxidized, chlorine-

rich fluids. Copper enrichment is attributed to fractional crystallization of volatile-rich, mafic parent magmas under 

oxidizing conditions to form silicic magmas that are rich in chlorine and potentially copper but poor in sulphur (Lee 

et al., 2012; Blundy et al., 2015). Magmatic brines which are derived from the silicic magmas play a vital role in Cu 

transport. For example, weight per cent levels of dissolved copper are found in high-salinity fluid inclusions (Bodnar 

et al., 2014). Although as proposed that brines are exsolved from silicic magma due to low-pressure degassing or 

condensation of supercritical gas (Blundy et al., 2015), it is not clear whether these two phase can coexist. Here we 

draw on observations of synthetic fluid inclusion to propose an alternation explanation for Cu enrichment in PCD. 

The coexisting high-silica rich melt phase containing cuprite and hydrothermal brines containing 0.5-4 wt% Cu (1-

20 wt% NaCl) may support that Cu can be enriched in sulphur-poor high silica melt and in chlorine-rich fluids, and 

may ultimately provide favorable sites for PCD formation. The silicate melt has a limited influence on Cu transport 

due to its high viscosity and solidification at rather high temperature. The hydrothermal brine can be no longer stable 

at low pressure (e.g., it separates into low-salinity vapor and high-density brine at 800°C and 130 MPa), thus the 

presence of different types of inclusion and silicate melt inclusion is not surprising. For example, the 

contemporaneous trapping of K-feldspar-rich melt inclusions, hypersaline and vapor-rich inclusions are observed in 

Grasberg porphyry Cu-Au deposit (Mernagh and Mavrogenes, 2018). Coeval silicate melt and fluid inclusions have 

also been documented elsewhere, such as Pantlleria, Italy (Lowenstern, 1994), Erzgebirge, Germany (Thomas, 1994) 

and synthetic fluid inclusion (Student and Bodnar, 1999). 

The data obtained in this study may help to qualitatively estimate the transport of Cu in a native Cu ore in 

Keweenaw peninsula, Michigan, USA. The ore deposits of the Keweenaw Peninsula are unique, where native 

copper accounts for more than 99% of the district production (ca. 5 billion kg of refined copper) in the period of 

1845-1968 (Weege and Pollack, 1971). This native copper ore deposit is hosted by the source rock, Keweenaw 

basalt. It is evident that under reduced and sulfide-absent conditions, magmatic native copper (Cu0) can be the stable 

species coexisting with silicate minerals such as olivine and plagioclase in mantle derived peridotite (Zhang et al., 

2006; Ikehata and Hirata, 2012). Native copper blebs were also found in Keweenaw basalt (Scofield, 1980; 

Hofmeister and Rossman, 1985). Larson et al. (2003) and Bornhorst and Mathur (2017) provide a Cu isotopic study 
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to constrain the genesis of the Keweenaw native copper ore. Bornhorst and Mathur (2017) proposed that Keweenaw 

basalt was enriched in native copper and underwent later burial metamorphism; the progressive batches of 

metamorphogenic ore-forming fluids with similar copper isotopic composition of source rock were transporting Cu 

as Cu+ (e.g CuCl2
-); the final reductive precipitation of native copper from the metamorphogenic ore-forming fluids 

was facilitated by the mixing with meteoric waters. Cu contents in Keweenaw basalt range from 20 to 200 μg/g, 

averaging at 70 μg/g (Jolly, 1974), the dimension of which is ca. 4 km wide, 40 km long and 25 km thick (Weege 

and Pollack, 1971; Bornhorst, 1997; Bornhorst and Mathur, 2017). Given the fact that the average density of the 

basalt is 2.55 g cm-3 (Moore, 2001). Based on these parameters, the estimated Cu content in Keweenaw basalt is 

7×1011 kg, indicating that the basalt has a potential to form an ore deposit. Fig.9 shows that the dissolution of native 

copper by 13 wt% NaClaq (Audetat et al., 2008) can uptake 2.5 wt% dissolved Cu in magmatic-hydrothermal fluids. 

Provided that flow rates range from 1 to 5 m/yr and total discharge rate is 5×106 m3/yr (Garven, 1985), we estimated 

that ~30 km3 of fluid would be required to form the deposits, and the ore forming event would last ~6000 years, 

rather than tens of millions of years (Woodruff et al., 1995). 

5.  Conclusions 

This study has shown that chloride-bearing aqueous fluids have the potential to increase Cu content appreciably 

at magmatic-hydrothermal conditions (800°C, 200 MPa), e.g., 1.5 wt% and 5.4 wt% of Cu dissolved in 1.5 m NaCl 

and 1.5 m HCl solutions, respectively. In native Cu-NaClaq systems, two types of inclusions were formed, namely 

fluid inclusions and Na-bearing silicate melt inclusion, indicating that hydrothermal brine and silicate melt phase 

can coexist. Cuprite trapped in fluid inclusions and Na-bearing silicate melt inclusions is precipitated as quench 

product due to different cooling rates. In HCl-bearing systems, nantokite has been a common daughter mineral 

throughout all experiments. Quench fluids of native Cu + NaCl and Cu2O+NaCl systems are neutral to basic 

whereas the fluids collected from native Cu ± Cu2O + HCl + CuCl systems are generally acidic. A linear correlation 

between Cu content and initial chloride content has been derived, with Cu/Cl ratios of 1:7 in native Cu-NaClaq 

system and 1:1 to 1:3 in native Cu ± Cu2O + HCl + CuCl and Cu2O+NaClaq runs.  

Although there are few inclusions already formed in the intact quartz cylinder prior to intermediate quench, this 

will have minor effect on Cu content in in situ cracked quartz, and the two types of quartz cylinders, i.e. prefractured 

and in situ fractured quartz, is a reliable technique to acquire information of hydrothermal fluids. Rapid quench is an 

optimum quench technique to rule out fluid inclusions formed at late stage, which can be applied to NaCl-bearing 

system. The addition of silica gel is of great importance not only for cracks healing but also for improvement of 

fluid inclusion quality. Caution should be taken when using Rb and Cs as internal standards in native Cu-NaClaq 

system to evaluate LA-ICP-MS data, if two phases (fluid and melt) are present, which will lead to trace elements 

partitioning between both phases.  

Acknowledgments 

This research was supported by the German Academic Exchange Service (DAAD-57076462) and Graduate School 

GeoFluxes. We thank Dr. M. Albrecht, U. Kroll and J. Feige for their technical supports.  



Chapter I 

47 
 

Supplementary data 

 

 

Table A1 Initial loading of all runs 

SNO SiO2 (gel) Cu2O(s) CuCl(s) NaCl(aq) HCl(l) H2O(l) Cu+ / Cl- 

 10-3 g 10-3 g 10-3 g 10-3 g 10-3 g 10-3 g Initial ratio 

Native Cu + NaCl  

DQ-22 2.41 
  

25.07 
  

 
DQ-36 

   
26.52 

  
 

DQ-21 1.73 
  

24.49 
  

 
DQ-145 3.70 

  
30.72 

  
 

DQ-146 2.38 
  

30.16 
  

 
DQ-154 1.63 

  
29.96 

  
 

DQ-183 2.34 
  

31.21 
  

 

DQ-165 2.05 
  

30.96 
  

 

DQ-23 2.22 
  

27.56 
  

 

Native Cu ± Cu2O + H2O ± HCl ± CuCl 
   

 

DQ-37 
     

25.92  
DQ-123 3.91 

   
9.94 20.15  

DQ-42 
    

24.10 
 

 
DQ-43 3.41 

   
24.25 

 
 

DQ-169 3.25 3.67 
  

28.51 
 

1.2 

DQ-102 2.20 
 

3.13 
 

15.50 14.59 0.6 
DQ-47 2.58 

 
4.37 

  
30.43 1.0 

Cuprite + NaCl 
     

 

DQ-187 2.13 22.89 
 

22.89 
  

10.2 
DQ-188 2.36 22.29 

 
35.18 

  
6.5 

 

Note: 

Stock solutions, such as NaCl(aq), HCl(aq), are prepared prior to loading. Unless otherwise mentioned, H2O has not 
added in each capsule.                                         

The ratio of Cu+/Cl- denotes a mole ratio between the initial Cu(I) minerals (CuCl, Cu2O) and chloride content. 
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Table A2 EMP analyses of quartz and silicate melt inclusions in run DQ21 (% m/m) 

Sample Na2O SiO2 Cl Cu2O Total 

Qz 0 101.01 0 0.11 101.16 

Qz -0.04 104.28 0 -0.39 104.29 

Cu2O 4.77 24.04 0.17 65.28 94.67 

Cu2O 0.72 12.75 0.01 88.76 102.6 

SMI-1 1.98 78.48 0.32 8.94 90.51 

SMI-2 4.54 61.74 0.31 2.79 71.1 

SMI-2* 1.95 68.86 0.32 0.06 74.04 

SMI-2* 5.09 75.4 0.92 0.25 84.15 

SMI-2* 2.04 70.59 0.23 0.95 76.67 

SMI-3 3.9 81.11 0.04 -0.45 88.4 

SMI-3* -0.02 81.79 0.01 0.13 82.09 

SMI-4 2.07 65.4 0.35 -0.16 71.47 

SMI-5 4.12 63.95 0.05 -0.03 75.5 

SMI-5* 1.88 60.35 0.04 0 71.81 

SMI-5* 4.19 70.16 0.02 0.34 79.08 

Notes: Qz denotes quartz. Cu2O is the crystal trapped in silicate melt inclusions (Fig.4). 2*, 3*, 5* mean the 

analyses were conducted in the same inclusion but different locations. DQ21: Cu +1.49 m NaClaq + SiO2 (gel) + Qz, 

800°C, 200 MPa, 5 days. Focused beam and 15 nA were used for cuprite determination; defocused bean with a size 

of 2 µm and 5 nA were used for Na-bearing silicate glass determination. 
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Abstract 

Copper content and isotope fractionation has been determined experimentally between cuprite and H2O±acetate 

hydrothermal fluids. The experiments were conducted in a Au reaction cell at temperature range of 100°C -250°C, 

pressure of 5 MPa - 30 MPa up to 72 hours in pure water and 0.2 mol/kg HAc/KAc solutions (equimolal), with all 

starting solutions acidity of 4.5. The hydrothermal equipment used in this study enables time series in situ fluid 

sampling. At 250°C, native copper has not been observed within 6 hours, but it has deposited at the surface of the 

Au substrates as well as the cuprite in acetate bearing system after 24 hours. For long run periods of 72 hours, 

tenorite (CuO) has been exclusively observed in acetate-bearing systems at 150°C and 250°C. While native Cu was 

produced in pure water after 72 hours. Four competing reactions control the variations of Cu concentration and 

isotopic composition, i.e., cuprite dissolution, Cu(I) disproportionation into Cu(II) and native Cu, oxidation of 

Cu(I)/Cu(0) to Cu(II) and decomposition of acetate into methane and carbon dioxide.   

In the early stage of cuprite dissolution, Cu content of the liquid obviously increase with time, but solubility 

decreases with temperature. At 250°C, pressure has significant effect on cuprite solubility when it changes from 5 

MPa to 10 MPa. At constant conditions (250°C, 20 MPa, 72 hours) the dissolved Cu in water is ca. 3 μg/g which is 

by an order of magnitude lower than in the acetate-bearing solution. Subsequently Cu(I) disproportionation and the 

acetate decarboxylation processes have led to a significant Cu content drop. Accordingly, Cu(I) disproportionation 

reaction has a weak influence on isotope fractionation, i.e., Δ65Cu [native Cu-Cu(I)] are 0.09±0.09‰. However, even in a 

single run the isotope composition of native Cu which has deposited at different locations (i.e., on Au substrates and 

in cavities of cuprite pellet) can be different. This difference is caused by the reaction mechanism and its precursor 

mineral or source fluids.  Further oxidation of Cu(I)/Cu(0) to CuO induces the most significant fractionation, i.e. 

Δ65Cu [CuO-Cu(I)] values of 0.35±0.05‰. The precipitation of CuO from Cu2+ and Cu+-bearing fluids may lead to a 

fractionation up to 0.7‰. 

In comparison to other studies, our data imply that hundreds ppm Cu transported by acetate-bearing fluids and 

subsequent metal precipitation due to instability of the complexing ligand. This may explain the enrichment of 

copper in sediment-hosted Cu ore deposit. 
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1. Introduction 

Aliphatic acids that originate from biodegradation and catalytic aquathermolysis reactions of kerogen are 

widespread in oil field waters (potential precursors for petroleum; Cordell, 1972) as well as in sedimentary basins 

(e.g., Fisher, 1987). More emphasis from field and laboratory studies has been put on the acetic acid/acetate than the 

other short-chain aliphatic acids, primarily because of its higher abundance (0.5 wt%  in oil field waters; Willey et 

al., 1975; Carothers and Kharaka, 1978), relative chemical simplicity and stability at basinal waters (i.e., projected 

half-lives of over 5 billion years at 100°C; Palmer and Drummond, 1986; Bell et al., 1994). The fact that high 

concentrations of acetate exist in basin brines has led to speculation as to their roles in geologic processes, including 

(i) the mass transport of metals such as Cu (Liu et al., 2001), Fe (Kharaka et al., 1983; Drummond and Palmer, 1985; 

Bell et al., 1994), Zn (Hennet et al., 1988; Glordano and Drummond, 1991; Borg and Liu, 2010), Mg (Semmler et al., 

1990; Fein, 1991), Pb (Hennet et al., 1988; Giordano, 1989; Yang et al., 1989), Al (Fein, 1991; Benezeth et al., 1994) 

and Cd (Bénézeth and Palmer, 2000); (ii) the dissolution and/or precipitation of both carbonates and 

aluminosilicates (e.g., Surdam and Crossey, 1985; Kharaka et al., 1986; Lundegard and Land, 1986); and (iii) the 

migration of methane (Carothers and Kharaka, 1978; Kharaka et al., 1983; Drummond and Palmer, 1986). The 

importance of acetic acid in the above-mentioned processes depends in part on its reactivity under the pressure-

temperature conditions prevalent in the basin environment. 

Therefore, the stability of acetate ions in hydrothermal fluids is of great importance. Although decomposition 

of acetate was generally found to be the dominant reaction at temperature below 400°C (Kharaka et al., 1983; 

Palmer and Drummond, 1986), there are exceptions that other reactions could be favored over decarboxylation in 

appropriate geologic settings, e.g., acetic acid was converted to ketene at temperature as low as 268 to 330°C (Child 

and Hay, 1964). Moreover, Sverjensky et al. (2014) demonstrated that the fluids in subduction zones contain 

abundant ionic organic carbon species that are mainly acetate ions which can be rather stable at high temperature 

and high pressure (e.g., 600°C, ≥ 2900 MPa). Sverjensky et al. (2014) also proposed that diamond is likely to 

precipitate from fluids containing acetate. It is likely that acetic acid exists metastably with respect to its 

decomposition products. The question whether the decarboxylation reaction occurs can be readily answered by 

considering the temperature of the system in addition to the presence of mineral catalyzer. 

Hydrothermal studies in stainless steel vessels (Kharaka et al.,1983), Ti vessels, Au cups or bags, silica tubes, 

and Pyrex tubes (Palmer and Drummond, 1986) have shown that aqueous solutions of acetic acid are relatively 

stable under thermal stress (half-lives of ca.300- 1.2 ×105 hours at 350°C), however, if suitable catalytic surface is 

present decarboxylation can be completed within a considerably short period (e.g., less than 100 hours at 350°C with 

the presence of magnetite or hematite). Thus, the presence of the mineral surface acting as a true catalyst, remaining 

unchanged, or playing a role as reactant has yet to be fully understood. 

It has been suggested that metal-acetate complexes may also contribute to the formation of sediment-hosted 

base metal deposits, such as Mississippi Valley-type Pb-Zn deposits (e.g., Barnes, 1979; Giordano and Barnes, 1981; 

Giordano, 1985). Furthermore, organic matters may act as reductant and facilitate the precipitation of copper 
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sulfides in sediment-hosted copper ores (Sun and Püttmann, 2000; Hitzman et al., 2010). Thus, Cu-acetate 

complexes may provide better knowledge to understand the transport process of Cu in low-temperature geological 

environments. A detailed study of cuprite in acetate-bearing solutions has been conducted by Liu et al. (2001), they 

concluded that Cu(I)Ac and CuAc2
- are the stable Cu species in fluids and decarboxylation of acetate does not occur 

in most of their runs even at 250°C due to the unchanged fluid acidity. However, this evidence is not sufficient for 

understanding the decarboxylation rate at run condition if cuprite acts as a catalyzer. In the case of decarboxylation 

in Fe-bearing system, Kharaka et al. (1983) found that the decomposition of acetic acid does not change the fluid 

acidity. Indeed, the pH values of fluids remains constant (~3.1) throughout the total consumption of acetic acid over 

a period of ~4000 hours (Kharaka et al., 1983).  

In this study, we conducted a series of experiment to investigate the cuprite dissolution in water and 

acetate/acetic acid-bearing fluids at temperatures 100°C - 250°C and pressures 5 MPa - 30 MPa. Based on the Cu 

concentration variation and isotopic signature we could understand reaction mechanism between cuprite and fluids. 

In addition, the experimental products and results can help to understand whether cuprite has catalytic effect on 

acetate decomposition.  

2. Experimental and analytical procedures 

2.1 Reagents and material 

Solid starting material, sintered pellets of Cu2O, was used. This has the advantage that relic starting material 

can be easily separated from quenched material and that the weight change of the pellet gives an estimate of copper 

solubility in the fluid. Copper (I) oxide (cuprite) powder ( 97% purity, purchased from Sigma-Aldrich) was used for 

pellet material. The round disks, ~ 1 g, 13 mm diameter and 2 mm thickness, were sintered at 930°C, log fO2 = -2 

for 24 hours (cuprite pellets sintered at other conditions were compared and listed in Appendix A1). The X-ray-

powder diffraction (XRD) and electron microprobe analyses show that the composition of the pellets (surface and 

cross-section) was pure Cu2O. More details about chemical quantifications are given in Appendix. 

Crystalline anhydrous potassium acetate was purchased from Alfa Aesar, with a purity of 99%. Analytical-grade 

acetic acid (glacial, 100%) was acquired from Merck. Stock solutions were prepared using fresh 18 mΩ, double-

deionized water. The pH buffers (0.2 m HAc/KAc, hereafter Ac and m refer to acetate and mol/kg) were prepared 

with a concentration ratio of 1:1 to optimize the buffer capacity. In general, two types of experimental solutions, 

namely pH buffered solutions (pH=4.6) and non-pH buffered solutions, have been used throughout this study 

(details are listed in Table 1).  

Acetic-acid-acetate buffers are widely used for pH control in laboratory experiments (e.g. Liu et al., 2001; 

Palmer, 2011). The application of this buffer is due to a well-defined ionization constants of acetic acid at elevated 

temperatures (Mesmer et al., 1989) and the relatively higher threshold temperature for decarboxylation of acetate (≥ 

300°C; Kharaka et al., 1983; Drummond and Palmer, 1986; Palmer and Drummond, 1986). Given the fact that 

decarboxylation rates of acetate (in the absence of catalytic active minerals) at 200°C and 300°C are 1.81×10-8 s-1 
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and 8.17×10-8 s-1, respectively (Kharaka et al., 1983), the final concentration of acetate in this study changes less 

than 2% (a duration of 72 hours). 

2.2 Fluid sampling procedure 

Investigation of cuprite and hydrothermal fluids interaction at temperature and pressure up to 250°C and 30 

MPa was carried out in hydrothermal equipment allowing for in situ sampling fluid with time (Seyfried et al., 1979).  

The stainless steel autoclave (250 ml, I.D.: 55 mm, O.D.: 95 mm, height of 100 mm) was purchased from Parr 

Instrument Company, installed with three thermocouples and pressure manometer. Fig.1 shows the setup of this 

hydrothermal vessel. The vessel worked in such a way that aqueous solutions could be ‘squeezed’ from the reaction 

cell by a force exerted on water surrounding the cell by a high pressure hydraulic pump. For this procedure, the 

reaction cell must be deformable without rupturing and therefore was constructed of gold. The Au reaction cell 

consisted of a lower cylindrical-shaped gold body and star-like-conic end (Fig.1), with a volume of ~60 ml (I.D. 

37.5 mm, O.D. 38.3 mm and a height of 60 mm). The Au reaction cell was prepared in-house by a piece of Au foil, 

it was later reshaped and welded shut under Argon flow. The brink of the gold reaction cell was previously wrapped 

with Teflon bands (<270°C) prior to loading for better sealing. The titanium head fitted snugly into this Au reaction 

cell and served as a cap; the gold extended approximately to the flared portion of the head. A seal between the 

titanium head and the titanium collar was established by six thrust bolts threaded into a retainer plate. These bolts 

forced the titanium head against the collar, thereby making a pressure seal against the collar, which led to making a 

pressure seal against the gold. These bolts were tightened with torch wrench with a force 2 N·m. Titanium was used 

in the construction of the reaction cell top because it is highly inert to such natural fluids as sea water, brines, and 

many dilute acids, even at the elevated temperatures. Moreover, the titanium parts were passivated at 450°C for an 

hour in atmospheric furnace prior to usage. The whole assembly was held in a stainless pressure vessel and secured 

within a furnace. The steel autoclave was filled with water served as the pressure medium. A separated pressure line 

leading to the steel bomb allowed water to be pumped. Three Type-J (iron-constantan) thermocouples with different 

lengths in direct contact with water in the autoclave adjacent the reaction cell provided a primary input for 

temperature control. The whole assemblage was sealed in such way as to prevent interchange of the material 

between the sample cell and the steel autoclave. The steel pressure vessel was covered by a ceramic furnace and 

isolation coat outside.  

After loading cuprite pellets, a small piece of Au foil and ~30 ml aqueous solution in Au reaction cell, the 

preparation of the experimental vessel follows the above-mentioned procedure. The pressure was regulated by an 

additional pressure pump which enabled to build up or release pressure automatically. Temperature was set by an 

electronic controller connected to three thermocouples inside the Parr autoclave. Pressure was increased before 

increasing temperature with the purpose to check the possible leakage. Upon reaching experimental pressure and 

temperature, fluids were transported through a titanium capillary tubing (I.D.: 1.60 mm, O.D.:6.35mm, length: 

25mm) to the titanium sampling container by opening a three-way titanium valve. 
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Figure 1 Schematic drawing of the fluid reactor 

In-situ sampling was carried out by two steps: (i) opening of the 1st sampling valve (Fig.1) to flush the 

pathways and collected the flush liquid in a 1st titanium container, and quickly closing this valve; (ii) opening of the 

2nd valve (Fig.1) to collect the experimental fluids in a 2nd container and closing the valve. Sometimes, another 

independent sampling was necessary for fluid acidity determination (Tables 2, 3). The small mass change in the total 

fluid mass (i.e., 1 g per sample and ~30 g of total solution loaded in the Au reaction cell) by sampling results in an 

instant pressure decrease of ~3 MPa in the autoclave. Then the pressure pump starts to adjust the pressure 

automatically within few seconds. Afterwards, the sampling containers were cooled with compressed air gun for 10-

20 min. The obtained fluids (excluding the fluids for pH measurements) were transferred into Teflon vials and 

processed immediately with 1 mol/l HCl and deionized water to avoid possible precipitation. The solids, such as 

cuprite pellets and Au foil, were dried at room temperature and weighed again. The Au bag was digested with 6 

mol/l HCl at 60°C for 24 h. Afterwards, the Au bag was taken out and rinsed with water. All fluids were evaporated 

to dryness on a 90°C hotplate. The dryness was dissolved in 3% HNO3 and two batches from this solution were 

further diluted with 3% HNO3 for further analyses (ICP-OES and MC-ICP-MS measurements). 

After each run, the deformed Au reaction cell was annealed at 850°C for 15 min and reshaped by hand, this 

procedure was usually repeated several times until the shrunk Au bag was recovered back to its cylindrical shape. 

The inner surface of titanium containers were carefully checked for any corrosion under a microscope. When it was 

necessary, the containers were immersed in 10% HNO3 for 4h at 180°C, and the above passivation procedure was 

repeated. 
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Table 1 listed the details of each experiment. Five series of experiments were performed to study the interaction 

of cuprite in hydrothermal fluids, i.e., run duration, temperature, pressure, water with/without pH buffer and 

temperature cycling. Run duration was set to 24 and 72 hours, temperatures were 100-250°C, pressures were 5-30 

MPa and pH buffer (0.2 m HAc/KAc) was added in most runs, excluding run Cp41 in which only water was added. 

The cycling experiments were conducted at temperature between 150°C and 250°C with time interval of 24 hours at 

20 MPa. 

3. Analytical procedures 

3.1 Solid sample analyses 

Scanning electron microcopy (JOEL JSM-6390A SEM) coupled to an energy-dispersive X-ray analysis system 

(Bruker Quantax 200 EDXS) was employed to characterize the composition of the solid samples qualitatively. An 

acceleration voltage was set to 30.0 kV. 

X-ray powder diffraction (XRD) was performed to identify the composition of cuprite pellets by using CuKα 

radiation between 5° and 85° in the step of 0.02° (Bruker D8). The WinXPow software (STOE) and the powder 

diffraction file were used for data evaluation.  

The major element composition of the products was determined using a Cameca SX 100 electron probe 

microanalyzer (EPMA). Standards include native metals (Cu and Au), jadeite (Na), orthoclase (K), and synthetic 

NaCl (Cl) and Fe2O3 (Fe). A sample current of 15 nA and an acceleration voltage of 15 kV were used for all 

analyses. Raw data were corrected using the standard “PAP” procedure (Pouchou and Pichoir, 1991). Beam size of 

1-2 μm and sample current of 10-15 nA were applied to different minerals. 

3.2 Copper isotope microanalysis 

A femtosecond laser ablation system (Solstice, Spectra-Physics, USA) coupled to a Neptune Plus (Thermo 

Scientific, Germany) multi-collector-ICP-MS was used to measure the Cu isotope composition of samples and 

reference materials. In addition to the two isotopes, four Ni isotopes (60Ni, 61Ni, 62Ni and 63Ni) were simultaneously 

measured. For the Ni source, we used 1 μg/g Ni NIST SRM 986 standard solution, which was added via a quartz 

glass spray chamber (double pass Scott design) and a PFA micro-flow nebulizer (uptake rate ~100 μL/min). The 

measured 62Ni/60Ni was used for the internal instrumental mass bias correction. For a detailed description, see 

Lazarov and Horn (2015). Samples have been measured against the NIST SRM 976 Cu-metal standard. 

In addition, the cpy1 and cpy2 chalcopyrite from Lazarov and Horn (2015) were measured as the unknown 

standards to verify if the laser energy was set to the appropriate level and if the obtained δ65Cu values agreed with 

the values for the solution reported by Lazarov and Horn (2015). Reference materials and samples (excluding Au 

foils) were ablated along lines. Au foils covered by thin Cu layers were analyzed by raster pattern. A spot diameter 

of 40 μm and laser repetition rates of 5 Hz and 10 Hz for NIST SRM 976 and cpy2, respectively, resulted in signal 
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intensities of ~15V on mass 65 (65Cu). To maintain similar intensities as the standard, cuprite pellets, tenorite 

crystals and native Cu crystals on Au foil were generally analyzed with a repetition rate of 5-7 Hz, 2 Hz, 6-10 Hz 

and 2-12 Hz, respectively. For native copper precipitates, a raster ablation pattern was used due to relatively low Cu 

concentrations in samples as well as low Cu signal intensities, in addition, the repetition rates of standards (NIST 

SRM 976, cpy1 and cpy2) were adjusted accordingly. The overall double relative standard error (2RSE, 2 σ) for 

samples is less than 0.1‰, which is calculated by the propagation of the within-run RSEs of a sample and its two 

bracketing standards. 

3.3 Fluids treatment and analysis 

The pH values of the solutions were measured with an InLab
®

 Flex-Micro pH combination electrode (Mettler 

Toledo GmbH, Germany).  

Inductively coupled plasma-optical emission spectrometer (ICP-OES) (Varian 715-ES, Varian GmbH, Germany) 

equipped with a patented VistaChip CCD simultaneous detector was used in the determination of elemental 

concentrations of sampled solutions. The samples were introduced with a concentric nebulizer and a cyclonic spray 

chamber. A total of 8 representative samples were analyzed for their elemental composition (Na, K, Ti, Fe, Ni, Cu, 

Rb and Cs). Sampled in situ fluids and quench fluids were mainly prepared with 3% HNO3. 

In situ and quenched fluids were diluted to ~0.5 μg/g Cu in 3% HNO3 and doped with 1 μg/g Ni NIST SRM 

986 standard solution. The simultaneously measured 62Ni/60Ni ratio of the Ni NIST SRM 986 standard solution was 

used for calculation of the instrumental mass bias correction. The Cu NIST SRM 976 standard solution was used for 

the standard-sample-standard bracketing, usually with 2-3 samples run between two standards. Measurements were 

run with the same cup configuration and method file as for the the LA-MC-ICP-MS measurements, using an 

increased measurement time of 250 s. The internal uncertainty for each single measurement was better than 0.01 ‰ 

(2RSE), while the daily reproducibility of the standard and samples was better than 0.06‰ (2SD). Repeatedly-

processed an in-house Cu standard solution (cuprite, δ65Cu=0.42) was 0.02‰ heavier than the initial solution, and 

thus showed no significant isotopic fractionation during the chemical process.  
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4. Results 

4.1 Formation of new minerals 

The presence of newly formed minerals tenorite (CuO), Au92Cu8 and native Cu is listed in Table 1. The 

formation of native copper is exclusively found at 250°C runs with acetate (run periods of 24 hours) and without the 

presence of acetate (run periods of 24 hours). The formation of tenorite and Au92Cu8 are only found in acetate 

bearing system for long periods (72 hours) at 150°C and 250°C. The presence of Cu minerals with respect to time is 

shown in Fig. 2.  

 

 

Figure 2 The presence of different Cu bearing minerals as a function of time at 250°C. Note that tenorite was also 
formed at 150°C. Cu-native copper;  Cu2O-cuprite;  CuO-tenorite. 

 

We conducted a series of time dependent experiments (e.g., run durations of 6-72 hours) at 250°C and 20 MPa 

with/without the addition of acetate to understand the appearance of mineral phases at different stages. With the time 

elapses, we found out in acetate-bearing systems: (i) there was almost no native Cu precipitation on Au substrate 

within 6 hours, which is verified by the ICP-OES analysis of dissolved Cu from Au reaction cell as well as by in situ 

LA-MC-ICP-MS analysis of Au foil of this run. (ii) Ample amount of native Cu deposits have been observed after 

24 hours runs, which also enables the quantitative in situ LA-ICP-MS analysis. The precipitation of native Cu occurs 

in two localities: i.e. fully covering Au foil and Au reaction cell, and filling the cracks and cavities of cuprite pellets 

(Fig.3a, b). It is worth noting that the Au reaction cell covered by Cu precipitates starts from the maximum filling of 

solution rather than a local area where cuprite may locate. The mass gain of small Au foils indicates that the 
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maximum thickness of the thin Cu layer is less than 2 μm. (iii) After 72 hours, a growth zone of tenorite crystals has 

been observed at the rims of initial cuprite (Fig. 3c, d, e). It is noteworthy that little micron-sized Au92Cu8 nuggets 

have been enclaved at the rim of tenorite (Fig.3e, f; the composition of the nuggets were determined by EMP 

analysis). In addition, Au foils are covered by a black tenorite layer (determined by Raman spectra). A comb-like 

growth pattern of tenorite is shown in Fig. 3c, d and f. Outer rims of cuprite are covered by massive precipitation of 

aggregated tenorite, which kept the original shape of the cuprite (Fig. 3c, d). Between the outer rims and the interior 

cuprite, there are columnar minerals growing from the non-crystalline outer rim to interior cuprite. The appearance 

of columnar mineral is probably because acetic solution is corrosive and dissolves cuprite strongly, which supports 

more tenorite crystals to growth within the free vacancy. There are pores left in the growing zone of tenorite due to 

the density difference between these two minerals. Another comparable experiment was performed with pure water 

at similar conditions (250°C, 20 MPa, 72 hours). Interestingly, only little amount of native copper has been formed 

in pure H2O system. Native Cu is only deposited on one side of the Au foil, in addition, tiny native Cu deposits are 

found at the rim of cuprite. Thus, the presence of tenorite is directly linked to the addition of acetate to the system. 
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Figure 3 Images of cuprite pellets after reaction with 0.2 m HAc/KAc at 20 MPa. (a) A microscopic image of the 
surface of the retrieved cuprite pellet in 250°C run after 24 h. Native copper has been observed in vugs of cuprite 
pellet. (b) Back scattered image of the cross-section of the same cuprite pellet in white square of (a). Native copper 
has a well crystalline structure. Grain size of native Cu ranges from 20 μm to 100 μm. (c) Cuprite is retrieved in 
250°C run after 72 h. Surfaces of the cuprite are fully covered by tenorite which appears as comb-like structure (for 
more details see text). The thickness of the outer rim is ~200 μm. The length of the columnar tenorite is ~ 100 μm.  
(d) A detached piece from the retrieved cuprite of Fig.3e is collected in a 150°C run after 72 h. (e) An overall cuprite 
is collected close to the Au reaction cell. Outer rims of the cuprite are covered by tenorite. The length of the 
columnar tenorite is smaller than that of Cp24 (Fig. 3c), i.e., < 100 μm. f - The coexistence of tenorite and Au92Cu8 
nuggets. The nuggets generally < 15μm appear at the outer rim of tenorite in both 150°C and 250°C runs. 

 

4.2 Raman spectra of tenorite 

Fig. 4 shows the Raman spectra of tenorite standards as well as the newly formed tenorite in 150°C and 250°C 

runs. CuO-std-1 is a compressed pellet which is made up of CuO powder and CuO-std-2 is a sintered tenorite 

powder pellet at 760°C, 1 atm. and for 24 hours. The spectra of tenorite standards present typical peaks at 291, 338, 

623 and a broad band at 1050 - 1200 cm-1. These peaks can also be found in the wavelength of newly formed 

tenorite at 150°C and 250 runs (Fig.2). Another peak at 2627 cm-1 is likely to be assigned to carbon, implying a 

possible relic of graphite. However, discernible graphite has not been found after these experiments. 
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Figure 4 Raman spectra of cuprite and tenorite. CuO-std-1 and CuO-std-2 are tenorite standards: std-1 is pressed 
CuO powder pellet without further treatment, std-2 is sintered tenorite powder pellet at 760°C, 1 atm. for 24 hours. 
Typical tenorite bands are at 291, 338, 623 and 1094 cm-1. A Raman shift at 2627 cm-1 may be related to graphite.  

 

4.3 Calculation of Cu isotope composition of initial cuprite pellets 

The sintered cuprite pellets are found to be chemically homogeneous (details are given in Appendix A1), 

however, they are isotopically heterogeneous. The surface of cuprite pellet in contact with air is depleted in light Cu 

isotope due to preferentially evaporation of the light isotope during sintering at ~1000°C. To better constrain the 

isotope composition of the initial pellets, we separated these pellets into two groups: (1) freshly prepared cuprite 

pellets without further treatment were used in the runs of Cp21-Cp34. (2) Cuprite pellets were polished from both 

maximum exposed surface, i.e., a thickness of 200 μm has been removed from both sides. These treated pellets were 

firstly cut into two pieces, one was kept as reference starting pellet for later analysis and the other was added to the 

solution for reaction. The treated pellets were used for the experiments Cp35 - Cp44.  

The average isotopic composition of the cuprite pellets were calculated based on the initial and residual pellet 

by the following steps: 

(i) An example is selected from Group 2 cuprite pellet which defines clearly the isotope composition of the 

initial and relic cuprite (Fig. 5). It is evident that δ65Cu values decrease with distance from rim to core (Fig.5, 6), and 

the correlation can be simplified as linear relation via 

                                                  � =  � +  � • ∆�                            (1) 
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where y and Δx mean the measured δ65Cu values and distance from rim to core, respectively. a and b can be derived 

from the linear regression of the known δ65Cu value and distance (examples are given in Fig.6). 

(ii) The cuprite pellet has a dimension of 13 mm diameter and 2 mm thickness, hence the area of the top and 

bottom bases is ca. 3 times larger than the lateral area. Therefore, more materials will be dissolved from the surface 

than the lateral area. Here we consider the removed material from both top and bottom bases. In the case of Cp43, 

we can estimate the integrated area of the reacted cuprite using Eq. (1) and data in Fig.6 as follows: 

                                                         �
 = � �0.65 − 0.002�
�����
�      (2) 

= ��0.65 �
 � − 0.001�

���

�� 

                            = 0.65 × �26 − 0�  −  0.001 × �26 − 0��  

       =18 ‰•μm 

 

                                                          �� = � �0.32 − 0.002�����


�                 (3) 

= �0.32�� − 0.001��
���

�� 

                            = 0.32 × �11 − 0�  −  0.001 × �11 − 0��  

       =9 ‰•μm 

where f1 and f2 describe the integrated area as a function of y (Eq.(1))  and distances, the unit of which is ‰•μm. 

 (iii) The initial (e.g., Cp43-1, Fig. 5) and residual (e.g., Cp43-2, Fig. 4) cuprite pellets and the Eqs. (2, 3) can 

help to define the average Cu isotope composition of the reacted cuprite which is responsible for the reaction and  

has been dissolved in fluids. Thus, the average integrated area or the isotope composition of the reacted cuprite is 

calculated by 

                                                           

65

1 2

Cu( )
Δ Δ

‰ 1 2f  + f  

x  + x  
                                     (4) 

                     = �
!"#� ‰•%& 

���"

� %&   
       = 0.57‰  

where Δx1 and Δx2 are 26 μm and 11 μm (in the case of Cp43, Figs.5, 6) 

In the case of Group I cuprite pellets, we measured a cuprite pellet (without reaction) to derive linear correlation 

as Eqs. (1-3). The relic cuprite pellets after run Cp21-Cp34 are compared with this pellet which may not be identical 

to the initial cuprite of each run but can be representative to derive the value of the reacted cuprite (Eq.(5)). The 

estimated uncertainty of the Cu isotope composition from Eq.(4) is 0.2‰ (2σ). 
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Figure 5 Cuprite pellet before (Cp43-1) and after (Cp43-2) reaction with acetic solution. The black thick lines are 
laser ablated lines and Cu isotope compositions are given next to the lines. The highlighted white box in Cp43-1 
represents the remaining area after the reaction, which is also shown in the red area. The reacted area is calculated 
by Eq.(1-4), which yields a δ65Cu value of 0.57±0.20‰. 

 

Figure 6 δ65Cu values of cuprite as a function of distance. The cuprite pellets are prior to and after run Cp43 (Fig.5). 
The distance is expressed as the distance from one rim to another. 
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4.4 Pressure medium dilution effect on elements concentration 

~500 μg/g Rb has been doped into the stock solutions (precise amount of Rb in solutions has been determined 

by ICP-OES; Table 2). However, Rb content decreases after certain time in some runs (Fig. 7a, b). It is clearly 

indicated from Fig.7a, b that Rb content decreases by ~30% (~100 μg/g) at 72 hours relative to initial Rb content. 

Concomitantly, Cu content shows a similar decreasing trend in Fig. 7a, i.e., reducing by 43% relative to its 

maximum value. As the run conditions have been controlled under liquid-saturated condition, therefore, there is no 

Rb partitioning between different phases (e.g., liquid and vapor). The possible explanation for these conjoint 

decreasing trends is an introduction of H2O by pressure medium during extraction, which can be supported by the 

constant isotope data (Fig.7d). Thus, a correction for all data has been made based on the dilution factor of initial Rb 

and sampled Rb values, results are tabulated in Table 2. The original data which have been analyzed by ICP-OES 

are shown in Appendix A4-1. 

The data of two fluids (both 1st flush pathway fluid and 2nd extracted fluid were sampled at the same time) show 

that the differences in elemental concentrations and isotopic compositions are within the range of uncertainty 

(Figs.7a-d). This also indicates that the formation of quench products has insignificant effect on elemental and 

isotopic variation during fluid extraction. Later on we extracted two samples per time but only quantitatively analyze 

the 2nd extracted fluid and used the 1st fluid sample for pH determination.  
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Figure 7 Elements concentration (a, c) and Cu isotope fractionation (b, d) as s function of run duration at 250°C and 
20 MPa. (a, c) Rb and Cu contents without dilution factor correction (Original data are listed in Appendix Table A4-
1).  
 

4.5 Cu concentration and isotope signature of fluids in Cu2O-HAc/KAc system at 20 MPa 

Elements content and Cu isotopic composition of different phases are tabulated in Table 2. Fig.8 shows the Cu 

concentration and isotope fractionation as a function of run duration. Fig.8a shows the Cu concentration increases 

sharply with time, ranging from ~0 μg/g at 100°C onset of the reaction between cuprite and acetic solution to ~400 

μg/g after 24 hours. δ65Cu values of fluids continuously increase from -0.1‰ to +1.2 ‰ with time (Fig.7b), and no 

plateau has been observed. At 150°C, Cu concentration increases steeply by factors of 7, reaching 350 μg/g Cu after 

6 hours (Fig.7a). δ65Cu values of fluids continuously increase from +0.1‰ to +1.8 ‰ with time (Fig.7b), and no 

plateau has been observed. At 200°C, Cu concentration is almost doubled from 74 μg/g at 0.5 hour to 126 μg/g at 24 

hour (Fig.8c). δ65Cu values of fluids decrease from +1.0‰ to ~ 0‰ within 1 hours and increase to +0.6‰ after 6 
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hours,  and a plateau has been observed in Fig.7b. The abnormal high Cu concentration (174 μg/g) and Cu isotope 

signature of the sampled fluid at 1 hour in Fig. 8c may be related to some remnants of Cu bearing phases from 

previous run which has deposited in the pathway. Strikingly, a rapid decreasing trend of Cu content is observed 

within 6 hours at 250°C (Fig. 8c), reducing from ~300 μg/g to ~50 μg/g. The decreasing trend of Cu may be due to 

decarboxylation of acetate (explained in Discussion). δ65Cu values of fluids sampled in 250°C runs increase from 

0.8‰ to 1.2 ‰ within 6 hours and keep constant at +1.2 ‰ after 6 hours (Fig.7b). 

Constant Cu contents can be reached within 24 hours (excluding 100°C run), which may indicate that the 

cuprite solubility has been reached at these run conditions. The Cu isotopic equilibrium between cuprite and 

dissolved Cu cannot be defined easily at temperatures of 150℃ and 250℃ (Fig. 7b, 7d), which is a result of 

oxidation, i.e., the formation of tenorite. Whereas Cu isotopic equilibrium can be reached within 24 hours for 100℃ 

and 200℃ runs in which there are no new phases formed. 

 

Figure 8 Elements concentration and Cu isotope fractionation as a function of run durations. All experiments were 
conducted in water under pH buffered condition at 20 MPa. (a, b) 100°C, 24 hours; (c, d) 200°C, 24 hours. 
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4.6  T, P, pH effects on cuprite dissolution 

Fig.9 depicts the influences of temperature, pressure and fluid acidity on Cu contents in fluid. It is apparent that 

temperature has an negative effect on Cu2O solubility (Fig.9a), decreasing from 380 μg/g Cu at 100°C to 80 μg/g Cu 

at 250°C. Our data are by up to 2 orders of magnitudes higher than the data of Liu et al. (2001) in which Cu contents 

are ≤ 45 μg/g in all temperature ranges (Fig.9a).  

Fluids in both runs (with/without pH buffer) were sampled periodically. Cu content in pure water ranges from 1 

to 3 μg/g over 72 hours (Cp41; Table 3). On the contrary, dissolved Cu decreases from 350 to 50 μg/g in acetate 

solution over 72 hours (Cp24; Table 2), which may be due to acetate decomposition. Although there is only one 

experiment which has been conducted without pH buffer, Cu concentration is strongly enhanced by at least 17 times, 

i.e., ≥50 μg/g in H2O-pH buffer solution and ≤3 μg/g in pure water (Fig. 9b).  

Pressure has an effect on cuprite solubility by increasing from 52 μg/g at 5 MPa to 100 μg/g at 10 MPa (Fig. 9c). 

Cu content remains ~80 μg/g in the pressure range from 20 MPa to 30 MPa.  

 

Figure 9 Cu content as functions of temperature (a), fluid acidity (b) and pressure (c) in H2O ± acetate systems. pH 
buffer denotes 0.2 m HAc/KAc. Note that the pH values of sampled fluids in pure water system changes from 6.28 
to 7.49 after 1 and 72 hours, respectively. The average pH value is shown in (b).  
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4.7  Cu(I) disproportionation effect on Cu isotope fractionation 

As it is stated previously, no native Cu has been formed within 6 hours, and the precipitates are exclusively 

observed during the period of 7-24 hours at 250°C (Fig.2). This phenomenon may be explained by Cu(I) 

disproportionation reaction (1): 

2Cu+
 (aq) = Cu2+

 (aq) + Cu(s)    (1) 

Fig.10a shows a slight decrease of Cu content in fluids with time. This can be explained by native Cu 

precipitates on cuprite, which hampers the further cuprite dissolution by forming a protection layer of Cu at the 

cuprite surface. The mass of native Cu precipitation can be estimated from the mass gain of Au foil and Au reaction 

cell, the later one is achieved by solution measurement, i.e., dissolving Au reaction cell in HCl solutions and 

analyzing Cu content by ICP-OES measurement. The estimation shows up to 120 μg Cu precipitates on Au 

substrates, which results in ≤ 8% Cu(II)aq and ≥ 92% Cu(I)aq in the aqueous fluids based on reaction (1). The 

isotopic compositions of fluids containing both Cu2+ and Cu+ species are generally similar to or slightly higher than 

those contain solely Cu+ species (Fig.10b).  

Native copper precipitates yield similar isotope signature as their source. On the one hand, the δ65Cu values of 

native Cu deposits on Au foil are similar to that of Cu+-bearing fluids, i.e., δ65Cu values of 1.71‰ and 1.72‰ at 5 

MPa and 1.04‰ and 1.16‰ at 10 MPa (Fig.10b; Cp29 and Cp30 in Table 3). On the other hand, the Cu isotope 

compositions of native Cu deposits on cuprite yield similar values to the adjacent relic cuprite, i.e., δ65Cu values of 

0.63‰ and 0.69‰ at 5 MPa and 0.60‰ and 0.54‰ at 10 MPa (Fig.10b; Cp29 and Cp30 in Table 3). Quite different 

δ65Cu values of native Cu are observed at different localities, implying different formation mechanisms, i.e., 

reduction of aqueous Cu(I) species to native Cu in the fluid and reduction of cuprite to native Cu which is aided by 

H2 production at the early stage of decarboxylation and local material transport. 

Without the presence of pH buffer (at 20 MPa), isotope compositions among cuprite, equilibrated fluid, native 

Cu and associated fluid show very little variations, implying neutral fluid environment does not favor isotope 

fractionation. 

To sum up, Cu(I) disproportionation induces less significant isotope fractionation, Δ65Cunative Cu-Cu(I) of  

0.09±0.09‰. 
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Figure 10 The variation of Cu concentration and isotope composition associated with native Cu precipitation. All 
experiments were conducted at 250°C with and without pH buffer (marked with dashed area). (a) Cu content 
variation as functions of run duration and pressure. (b) Cu isotope composition as function of pressure. Native 
Cu(Au) denotes native Cu precipitates on Au foil; Native Cu(Cu2O) denotes native Cu precipitates on cuprite. Cu+ -
fl. means the fluid contains Cu+ cations. Cu2+ + Cu+ -fl represents the fluid contains both Cu2+ and Cu+, which were 
sampled at the final stage (either 24 hours or 72 hours). 
 

Cu(I) disproportionation effect on Cu isotope fractionation has further been investigated by temperature 

oscillating experiment, i.e., T alternating between 150°C to 250°C. The result shows that Cu concentration increases 

from 50 μg/g at 150°C to 90 μg/g at 250°C, and decreases continuously to ~0 μg/g when temperature sets back to 

150°C (Fig. 11a). The isotopic compositions of dissolved Cu(I) in fluids at 150°C and 250°C remain constant at 

~0‰. Cu(I) disproportionates into Cu(II) and native Cu is likely faster at 250°C, which may trigger the precipitation 

of native Cu on the surface of Au foil and cuprite. The isotope fractionation between Cu(I) species and native Cu 

can be induced by disproportionation reaction, i.e.,  Δ65Cunative Cu-Cu(I) andΔ65Cunative Cu-Cu2O values are 0.04±0.05‰ 

and 0.08±0.05‰ (Fig.11b; Table 3). Due to the native Cu precipitation, Cu content and Cu isotope composition of 

fluids continuously decrease even at 150°C (Fig. 11a, b). 
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Figure 11 The variation of Cu concentration (a) and isotope composition (b) as functions of run duration and 
temperature. Dashed lines with arrow suggest the likelihood of isotope fractionation associated with Cu(I) 
disproportionation process. 

4.8 Oxidation of Cu(I) to Cu(II) 

Tenorite produced in acetate-bearing solution at 150°C and 250°C for 72 hours yields a constant δ65Cu value of 

1.2‰ (Fig.12). The most significant isotope fractionation is induced by oxidation of Cu(I) to Cu(II), i.e., ~1‰ at 

150°C and ~0.4‰ at 250°C (Fig.12). Note that fluids at oxidized condition may contain Cu2+ as well as Cu+, 

however, the amount of Cu+ in fluids cannot be easily estimated. This implies that fluids associated the oxidation 

process are enriched in heavy isotope (65Cu). The precipitation of tenorite can also induce isotope fractionation, i.e., 

~0.7‰ at 150°C and ~0.1‰ at 250°C (Fig.12). Tenorite as a stable phase precipitated at different temperatures 

(150°C and 250°C) yield the same isotope signature of 1.2‰.  

 

Figure 12 δ65Cu values of fluids, initial cuprite (Cu2O) and tenorite (CuO).  Runs are Cp22 (150°C, 20 MPa, 72 hrs) 
and Cp24 (150°C, 20 MPa, 72 hrs) 
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5. Discussion 

5.1 Cu speciation in hydrothermal fluids 

The potential-pH diagram (Pourbaix diagram; Fig. 13) for copper in water has been studied by Beverskog and 

Puigdomenech (1997).The hydrolysis of copper (I) and (II) is included with two and four hydroxide complexes, 

respectively. The pourbaix diagrams of Beverskog and Puigdomenech (1997) show that the stable solid phases of 

copper at 25°C to 200°C at ~0.1 μg/g of dissolved species are native Cu, Cu2O and CuO, and at 300°C only native 

Cu and CuO are stable. 

 

Figure 13 Pourbaix (potential-pH) diagram for copper at 250°C at [Cu(aq)]tot = 0.06 μg/g (modified from Beverskog 
and Puigdomenech (1997)). The parallel sloping dashed lines in the Porbaix diagrams represent the stability of water 
at a partial pressure of gaseous species equal to 1 atm. The upper dashed line represents the oxygen equilibrium line 
(O2(g)/H2O(l)), and potential above this line will oxidize water resulting in oxygen evolution. The lower dashed line 
represents the hydrogen line (H+/H2(g)), and potential below this will result in hydrogen evolution. Two dotted lines 
represent the fluid acidity change at run condition (calculated against the ionization of water at 250°C). cr is an 
abbreviation of crystal. The shaded area represents the possible potentials and pH values of the run in pure H2O 
(Cp41). 

 

In the system of cuprite and water, the pH values range from 4.53 (stock solution) to 7.58 for a duration of 72 

hours (note that the pH values are determined at 25°C; Tables 2, 3). Considering the self-ionization of water at 

250°C, the corresponding pH values are adjusted and shown in Fig.13 (two parallel dotted lines). The area within 
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two dashed lines defines the stability of water at given condition (250°C and 0.1 MPa). Oxygen will be generated 

when the potential is higher than the upper dashed line, hydrogen is produced when potential is below the lower 

dashed line. At run conditions, there are no detectable gases (including H2) produced during the experiment (results 

are given in Table 4). Thus, it is likely that the reaction occurs within the stability field of water without producing 

any gases. It is also clear that Cu+ is the dominant species in fluid (Gray region in Fig.13). However, this 

heterogeneous reaction may lead to certain changes in oxygen fugacity especially in the vicinity of cuprite and Au 

substrate. Furthermore, the presence of native Cu, the changes of fluid acidity and the absence of H2 support a 

similar Cu(I) disproportionation reaction (1) as mentioned in previous chapter. 

The transport of copper (cuprite) in acetate solutions has been well studied by Liu et al. (2001) using silica tube 

technique at a temperature range of 50°C-150°C over NaAc concentration from 0.1 m to 2 m (note that HAc and 

NaAc are always equimolal in the solution). In addition, their 250°C runs were unsuccessful due to the explosion of 

silica tubes, which may be caused by the overpressure generated by the decarboxylation of acetate. Liu et al. (2001) 

calculate that the hydrolysis reaction rate of Cu+ is by almost 9 orders of magnitude slower than the reaction with 

acetate, also the affinity of Cu+ to acetate is much higher than that to H2O (Lai et al., 2018). Also, this is supported 

by the data in this study that Cu concentration in pure water is 20 times lower than that in acetate-bearing system. 

Solubility investigation (Liu et al., 2001) and molecular dynamic simulation (Lai et al., 2018) suggest that Cu(I) 

exists exclusively as Cu(I)Ac in acetate solutions at temperature up to 150°C, the possible complexes are 

[Cu(CH3COO)(H2O)] and [ (CH3COO)2Cu]- (Lai et al., 2018). 

However, native Cu and tenotire are the main solid products formed the system of cuprite and water ± acetate 

(0.2 m HAc/KAc) at 250°C (for more details see Results). Formation of native Cu in acetate solutions is exclusively 

observed in 24 hours runs, the reaction may be similar to what proposed by Ball and Portwood (1994): 

Cu2O(s) + 2CH3COOH(aq)  = Cu(CH3COO)2 (aq)  + Cu(s) + H2O(l)  (2) 

Intriguingly, tenorite, more oxidized mineral, is observed in acetate solutions at 150°C and 250°C for 72 hours 

runs. Very little Au92Cu8 nuggets (<15 μm) found at the rim of tenorite (Fig.3e, f), which may be the relic of native 

Cu on Au reaction cell. The formation of tenorite on both cuprite and Au foils are possibly explained by following 

reactions. 

CH3COOH(aq) = CO2(g) + CH4(g)      (3) 

CO2(g) = C(g) + O2(g)       (4) 

Cu(s) + ½ O2 (aq) = CuO(s)       (5) 

       2Cu(s) + ½ O2 (aq) = Cu2O(aq)               (6) 

Cu2O(aq)  + ½ O2 (aq) = 2 CuO(s)      (7) 

Comparable run (more details are given in Appendix A2) have confirmed that acetic acid has been completely 

decomposed with the production of CO2 and CH4 (Table). Subsequently, CO2 may act as an oxidant via reaction (3), 

the production of C (graphite) may be supported by Raman spectra (Fig.4). The produced oxygen will be further 

consumed by the oxidation reactions (4-6) to form tenorite. 
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However, the precipitation of tenorite can also be attributed to Cu(CH3COO)2. The breakdown of metal acetate 

complexes into metal oxide is possible. Palmer and Drummond (1986) conducted a series of experiments to 

investigate the titanium oxide solubility in acetate and/or acetic acid at a temperature range of 360°C-440°C. 

Experiments conducted either in acetic acid solutions or in exclusively sodium acetate showed no changes of the 

titanium surface. However, a significant amount of recrystallization of TiO2 surface layer was found in the run with 

equimolal acetic acid/sodium acetate solution. The overall concentration of acetate ions strongly affects the 

solubility of titanium oxide. They also suggested that the high concentration of titanium acetate (Ti(AC)2+n 
n-) in 

solution can lead to the gradual deposition of TiO2 during the experiment as the concentration of acetic acid declines. 

5.2 Acetate effect on metal transport and deposition 

Acetic acid was found to decompose faster than acetate (Kharaka et al., 1983; Palmer and Drummond, 1986; 

Bell et al., 1994). The C-C bond in the adsorbed acetate ion may be more destabilized compared to the adsorbed 

acetic acid molecule, but react more slowly because of the lack of a neighboring adsorbed H atom.  

Kharaka et al. (1983) used a same vessel as this study to investigate of thermal decarboxylation of acetic acid as 

well as the Fe concentration in fluids at 200°C, 300°C and 1.5, 8.5 bar, respectively. Runs were carried out in HAc 

and NaAc solutions for periods of up to 4400 hours. At 200°C, Fe concentration in pure acetic acid initially 

increases from 5580 μg/g to 7090 μg/g, and decreases to almost half after 650 hours, e.g., 4100 μg/g at 1146 hour 

(Fig.14a). Note that the pH of the solution remains constant even all acetic acid is consumed, i.e., pH values of 

3.11±0.08. The trend of Fe concentration with time is comparable to the evolution of Cu concentration at 150°C run 

in this study, rising from 50 to 350 μg/g within 6 hours, and reduces to 150 μg/g at 24 hour. At higher temperatures 

(250°C and 300°C) and in pure acetic acid system, an initial decreasing trend is observed commensurate with the Fe 

and Cu2O dissolution. Kharaka et al. (1983) also found that iron concentration in the sodium acetate solutions were 

<1 μg/g and decarboxylation was found to be orders of magnitude slower. An explanation of this phenomenon is 

that the dissolution, or oxidation, of iron is mainly promoted by the acetic acid content of the solution due to the 

formation of [FeAc2]aq which is predicted to be the dominant iron acetate complex at these conditions (Drummond 

and Palmer, 1985) and is independent of the acetate anion concentration. Since the half lives of acetic acid in 

stainless steel are ca. 2400 hours and ca. 10000 hours at 300°C and 200°C, respectively (Kharaka et al., 1983), the 

acetic acid is almost consumed over a period of 4400 hours at 300°C so that Fe content decreases over time. The 

increment of Fe and Cu concentrations is inversely proportion to temperature (Fig.14a, b). Furthermore, the 

concentration of the acetic acid promotes the metal enrichment, and it is likely that the decarboxylation of acetic 

acid which attenuates the metal concentration.  
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Figure 14 Cu and Fe concentrations as functions of time and temperature. (a) Cu and Fe contents at temperature ≤ 
200°C, liquid- and vapor-saturated conditions, respectively; (b) Cu and Fe contents at temperature > 200°C, liquid- 
and vapor-saturated conditions, respectively. Fe concentration data are taken from Kharaka et al. (1983). Their runs 
were conducted in the same equipment as used in this study but at vapor-saturated condition, and reactions took 
place between Fe (stainless steel) and 0.5 m HAc/NaAc solutions. In order to better compare the data in a similar 
range, some changes of the data from Kharaka et al. (1983) have been made, i.e., reaction time and Fe concentration 
data of the 200°C run are reduced by an order of magnitude.  

 

Experiments similar to Cp24 and Cp40 (Cu2O+H2O ± KAc/HAc) have been done to investigate the 

compositions of gas phase generated in the system (Experimental details are given in Appendix A2). Additionally, 

one run has been conducted in pH buffered solution, and all results are tabulated in Table 4. It is clear that methane 

(CH4) and carbon dioxide (CO2) are the dominant reaction products of both pH buffered runs. Interestingly, 0.2 

mol/kg acetic acid has been fully consumed in KCl system (with KAc/HAc), whereas some acetic acids can still be 

detected after the run with H2O and KAc/HAc. This may support the finding of  Bell et al. (1994) that the presence 

of chloride can also speed up decarboxylation reaction. Furthermore, the generated CO2 may be act as an oxidant, 

which will help to oxidize Cu(I) to Cu(II) via the following reaction. 

2 Cu2O(s) + CO2(g) = 4 CuO(s) + C(s) (7) 

The production of carbon is possible during this oxidation process. A direct evidence is the coexistence of carbon 

and tenorite, which has been measured by Raman spectra in Fig.4.  

Table 4 Compositions of gas phase products in 250°C and 20 MPa runs 

SNO System Time CH4 CO2 H2 Acetone Presence 
of acetic acid 

  
hrs mol% mol%  mol% mol% 

Cp45 Cu2O + H2O 72 / / / / N 

Cp46 Cu2O + H2O + 0.2 m HAc/KAc 72 49 51 / 52 Y 

Cp47 Cu2O + KCl + 0.2 m HAc/KAc 72 56 44 / 6 N 

Notes:  
Starting and gas compositions of each experiment are given in Appendix table A2. 
N and Y denote the absence and the presence of certain phase. 
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5.3 Fractionation mechanism 

Although the nature of the reaction has not yet been identified unequivocally, it is possible that four reactions 

competing during the fluid-cuprite interaction, namely cuprite dissolution (step 1), Cu(I) disproportionation in the 

fluid (step 2) and  oxidation of Cu(I)/Cu(0) to Cu(II) (only takes place in acetate bearing system; step 3) and acetate 

decarboxyaltion (step 4). Step (2) and step 3 are responsible for isotope fractionation. 

Comparing temperature cycling and constant temperature experiments, it is certain that Cu(I) disproportion 

reaction rate is faster at high temperature (250°C) than low temperature, i.e., native copper occurs in all 250°C runs 

(e.g., 24 hours in H2O-KAc/HAc system and 72 hours in pure water). The isotope data indicate that Cu+ dominant 

fluid sampled at early stage yields generally similar δ65Cu values to that consists of a mixture of Cu+ and Cu2+ (Fig. 

10b). Concomitantly, the reduction of Cu(I) to native Cu yields fractionation of ~0‰. This conclusion is in a good 

agreement of chapter III which investigated the isotope fractionation between Cu(II) and Cu(0) using Cu 

electroplating method. A major conclusion is that the observed isotope fractionation is controlled by the reduction of 

Cu(II) to Cu(I) and is less significantly affected by the reduction of Cu(I) to native Cu. However, even in a single 

run the isotope signature of native Cu deposited at different locations can be different (up to 1‰; Fig.10b). Thus, 

δ65Cu value of native Cu is strongly dependent on its precursor mineral or source fluids.  

Step 3 may be initiated by decarboxylation of acetate because methane and carbon dioxide are found in a 

comparable run. Although the mechanism of oxidation of Cu(I) and / or Cu(0) into tenorite remains enigma, this 

process will certainly induce isotope fractionation. The initial Cu+ dominant fluids has a δ65Cu value of 0.8‰ (at 

150°C and 250°C), much lower than the initial cuprite (Fig. 12). After 24 hours, the decomposition of acetate 

releases gases (CH4 and CO2) which may lead to the destabilization of copper acetate (likely CuAc) and/or cuprite 

and native Cu oxidation. The fluid dominated by Cu2+ will have a higher δ65Cu value than that of Cu+ fluid, i.e., 

δ65Cu values are 1.8‰ and 1.2‰ for Cu2+ fluids at 150°C and 250°C, respectively. When the concentration of 

copper exceeds certain mineral solubility, which will result in the gradual precipitation of oxides, e.g., tenorite 

(analogous to the findings of Palmer and Drummond (1986)). The isotope fractionation between tenorite and Cu(I)-

bearing fluids is 0.35±0.05‰ at both 150℃ and 250℃. The precipitation of Cu mineral from the solution can also 

yield isotope fractionation, e.g., up to 0.4‰ lighter than the solution (Maréchal and Sheppard, 2002; Ehrlich et al., 

2004). However, in our case the precipitation of tenorite may induces isotope fractionation of up to 0.7‰ due to the 

possible mixing of Cu2+ and Cu+ in fluids. 

5.4 Implications 

 Researchers have placed less emphasis on the complexation between acetate and Cu(I) ion due to (i) the lower 

stability of Cu-Ac complexes and (ii) the low concentration of acetate relative to Cl-. However, experimental 

investigation (Drummond and Palmer, 1986) and theoretical simulation (Lai et al., 2018) prove that the first factor 

has been overstated, and their results suggest that metal-acetate (e.g., CuAc(aq)) complexes are stronger than the 

analogous chloro-complexes and the high stability of the acetate complexes in aqueous may account for a large 

proportion of metal transport in deep sedimentary basins.  
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The lack of evidence of acetate/acetic acid in natural systems is undoubtedly attributed to several factors. Many 

of the hydrothermal and ore-forming fluids of interest are contained only in fluid inclusions. It is rather difficult to 

preserve acetic anions in miniscule volume of fluid over a reasonable geological time because deacrboxylation at 

elevated temperature is rapid, especially when the system contains catalytic active mineral (e.g., hematite (Bell et al., 

1994), cuprite (this study)). However, there are evidences that up to 1 m acetate may exist in the original ore fluids 

of a polymetallic mineral deposit in Northern Caucasus (Germanov and Mel'Kanovitskaya, 1975; Drummond and 

Palmer, 1986). Furthermore, up to 0.08 m (i.e., 4900 μg/g) aliphatic acid (possibly acetic acid) has been detected in 

sedimentary basin brines at San Emidio Nose oil field, California (Carothers and Kharaka, 1978). 

It is evident from this study that acetate is capable of the transportation of metals in hydrothermal solutions by 

acetate complexing at low temperature. There are several hydrothermal metal transport processes related to copper 

in which carboxylation may play a vital role, including (1) the formation of sediment-hosted stratiform Cu ore (e.g., 

Azaraien et al., 2017), (2) reaction with sulfate to produce H2S which helps Cu precipitation (Sun and Püttmann, 

2000). For these processes to be effective, the metal-carboxylate complexes must be sufficiently stable with respect 

to other competing metal ions and ligands and, in case 1, a mechanism must exist to cause metal deposition at ore 

concentrations. Among the many mechanisms known to cause the precipitation of metals from solution, instability 

of the complexing ligand (acetate) due to decomposition as the brine encounters catalytic and / or reactive oxidant 

minerals provides an additional mechanism (Ti2O precipitation (Palmer and Drummond, 1986) and CuO 

precipitation (this study)). 

Sediment-hosted stratiform Cu ores account for significant proportion of the world’s Cu, e.g., ca.3.3 Mt at 

White Pine native Cu mine (Brown, 2009), and ca. 0.6 Mt at Rammelsberg deposit (Large and Walcher, 1999). The 

source of copper in sediment-hosted stratiform copper deposits is commonly attributed to the leaching of copper 

from large volumes of footwall red beds (Rose, 1976; Hitzman et al., 2005). Previous studies have stated that ppm 

level of Cu (typically 5-50 μg/g) is enough to form these tonnage Cu ores (commonly the footwall red beds are 

hundreds of km3: White, 1971; Hitzman et al., 2005). A recent estimation from Brown (2009) shows that 20 μg/g Cu 

leached out from the red bed can lead to a 1 Mt Cu deposit over a million year.  More to this point, Giordano (1985) 

concluded that at least 10 μg/g metal (Pb, Zn) acetate complexes are required to form a sediment-hosted Pb-Zn 

deposit (e.g., Mississippi Valley-Type deposit). In this way, our data imply that hundreds ppm Cu transported by 

acetate-bearing fluids and subsequent metal precipitation due to instability of the complexing ligand may explain the 

enrichment of copper in sediment-hosted Cu ore deposit. 

6. Conclusion 

The partitioning of Cu between cuprite and H2O ± 0.2 m HAc/KAc solutions is investigated elementally and 

isotopically at 100-250°C and 5-30 MPa. The experiments were carried out for periods of up to 72 hours in a Parr 

autoclave allowing for in-situ sampling of fluid phase. Native copper and tenorite are the dominant experimental 

products. Native Cu forms in pure H2O solution (run duration of 72 hours) and in acetate-bearing runs (≤ 24 hours) 

at 250°C. Tenorite is observed in 150°C and 250°C long-termed (72 hours) acetate-bearing runs. 
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The decomposition of cuprite in hydrothermal fluids was found to occur by several types of reactions: (1) 

simple cuprite dissolution and production of Cu(I) in hydrothermal fluids at the early stage (≤ 6 hours); (2) Cu(I) 

disproportionation into Cu(II) and native Cu (6-24 hours); (3) decarboxylation reaction and production of equimolal 

methane and carbon dioxide; (4) oxidation of Cu(I)/Cu(0) to Cu(II). 

During cuprite dissolution process, Cu content in acetate solution (pH= ~4.5) is ~20 times higher than that in 

pure water (pH= 4.5-7.5), i.e., 70 μg/g and 3 μg/g, respectively. In pH buffered solutions: (i) temperature correlates 

inversely with Cu content, i.e., decreasing from ~400 μg/g at 100°C to ~70 μg/g at 250°C; (ii) Cu content increases  

from 50 μg/g at 5 MPa to 100 μg/g at 10 MPa, a constant value of ~100 μg/g is observed over a pressure range of 

10-30 MPa.  

The Cu(I) disproportionation reaction induces insignificant isotope fractionation, i.e., Δ65Cu [native Cu-Cu(I)] values 

of 0.09±0.09‰. It is likely that the oxidation of Cu(I) and Cu(0) to CuO is due to decarboxylation of acetate and/or 

acetic acid. This oxidation reaction induces substantial fractionations, i.e. Δ65Cu [CuO-Cu(I)] values are 0.35±0.05‰ at 

150°C and 250°C. The accompanying precipitation of CuO from Cu(II) may lead to a fractionation of 0.10±0.02 to 

0.70±0.01‰ at 150°C and 250°C, respectively.  

This study indicates that acetate plays a dual role in copper transport and depoisiton. On the one hand, the 

presence of acetate strongly enhances Cu content up to 400 μg/g, implying that acetate complexation can be 

responsible for metal transport in hydrothermal fluids. On the other hand, decarboxylation of acetate substantially 

decreases the dissolved Cu and aid the precipitation of Cu-bearing minerals (e.g., native Cu and tenorite). These 

findings may help to explain the enrichment of copper in sediment-hosted Cu ore deposit. 
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Abstract 

Copper solubility and isotope fractionation has been determined experimentally between cuprite and KCl-

bearing hydrothermal fluids at temperatures of 100°C -250°C, pressures of 5 MPa - 30 MPa for up to 72 hours. 

Aqueous solutions contained 0.14 - 0.72 mol/kg chloride solutions (with/without the presence of pH buffer, 0.2 m 

HAc/KAc), with all starting solutions acidity of 4.5. This study utilized deformable gold-cell technology, which 

allowed time-series sampling of solution during cuprite dissolution and isotope exchange. At 250°C, native copper 

as an additional stable mineral is produced and mainly deposits on Au substrate. Three competing reactions control 

the variations of Cu concentration and isotopic composition at 250°C, i.e., cuprite dissolution, Cu(I) 

disproportionation into Cu(II) and native Cu, and decomposition of acetate into methane and carbon dioxide.  

At the early stage (<24 hours) of the cuprite dissolution process, constant Cu content can be achieved within 6 

hours at 100°C - 250°C. Cu content is strongly dependent on temperature, salinity (KClaq concentration) and fluid 

acidity and almost independent of pressure. The dissolved Cu in pH buffered KCl-bearing solution (pH=4.5) is ca. 2 

log units higher than that in pure solution where fluid acidities vary from 4.5 to 9.3. In pH buffered solutions: (i) 

increasing temperature from 100 to 250°C promotes Cu dissolution from 1000 μg/g to ~3000 μg/g at 0.41 m KClaq. 

(ii) Increasing salinity significantly increases Cu content by a factor of 3, i.e., 1200 μg/g and 3600 μg/g at 0.14 m 

and 0.71 m KClaq, respectively.  

Subsequent Cu(I) disproportionation induces isotope fractionation, i.e., Δ65Cu[native Cu-Cu(I)] value are 0.15±0.07‰. 

The data indicate that reduction of Cu(I) to native Cu has less significant effect on isotope fractionation. 

The gas spectrometry measurement shows that equimolal methane and carbon dioxide has been generated due 

to acetate decarboxylation. Moreover, the discernible dissolved Cu reduction after 6 hours at 250°C runs may be 

related to decomposition of acetic acid. 

The results of this study show that chloride in addition to acetate can be strong complexation ligands, which 

significantly increase Cu content in hydrothermal fluids to ~4000 μg/g. Our findings can help to understand the 

enrichment of Cu in sedimentary settings. 
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1. Introduction 

Fluids play an important role in a variety of processes in the Earth’s crust and upper mantle. The majority of 

economic copper deposits are hydrothermal in origin, and the presence of an aqueous fluid phase helps to transport 

metals over long distances, and eventually deposit them as ore minerals. In hydrothermal fluids, the stability of 

aqueous metal complexes which results in metal ions transport is controlled by the physicochemical environment 

(e.g., Heinrich et al., 1999; Harris et al., 2003; Redmond et al., 2004; Harris et al., 2005; Landtwing et al., 2005). 

Ore-forming fluids cover wide ranges in temperature (25 to >600°C), pressure (0.1 to >500 MPa) and compositions 

ranging from nearly pure water to highly saline fluids (>50 mol% NaCl, KCl, CaCl2 and FeCl2) (Brugger et al., 

2016).  

At room temperature and atmospheric condition, the stable oxidation states of copper are cupric and metallic 

copper. The Cu+ ion is unstable and tends to disproportionate to Cu(s) and Cu2+ in aqueous solution (Brugger et al., 

2007; Moynier et al., 2017). Cu(I) becomes more stable than Cu(II) in aqueous fluid and vapor at elevated 

temperature (>100°C). In hydrothermal fluids, Cu would readily form either chloride or hydrosulphide species, 

depending on P-T-X conditions and ligand availability (Mountain and Seward, 1999, 2003; Etschmann et al., 2010). 

Numerous studies of fluid inclusions from copper deposits and fluid composition of modern hydrothermal systems 

indicate that chloride is one of the most important complex ligand in ore-forming fluids (e.g., Barnes, 1979; 

Heinrich et al., 1989). For sedimentary-hosted copper deposits, usually formed at low temperature (<200°C), copper 

chloride complexes are suggested to be important for copper transport. Spectroscopic (e.g. Fulton et al., 2000a; Liu 

et al., 2002; Berry et al., 2006; Brugger et al., 2007), experimental (Xiao et al., 1998; Liu et al., 2001; Hack and 

Mavrogenes, 2006) and thermodynamic (Liu and McPhail, 2005; Sherman, 2007) investigations suggest that the 

dominant Cu(I) chloride complexes are linear complexes, i.e. [H2O-Cu-Cl]0 and [Cl-Cu-Cl]- at temperature above 

100°C. The linear dichloro Cu+ species as [CuCl2]
- is the only Cu+ chloride complex stable over the range of 

salinities (up to 17 mol kg-1) typical of natural fluids at the temperatures of ore-deposition (up to 450°C) (Berry et al., 

2006; Brugger et al., 2007; Cauzid et al., 2007).  

Deciphering metal transport and enrichment during hydrothermal and other geological processes is complicated 

due to a variety of pressure-temperature conditions and variable compositions of fluids interacting with the 

lithosphere. The precise transition metal isotope ratios (e.g., Fe, Cu and Zn) can help to answer the longstanding 

questions on the source of the metals and mineralization processes in ore-forming systems. Among the transition 

metals, copper has received the greatest attention among researchers interested in applying metal stable isotope to 

mineral deposits. Copper has two stable isotopes (63Cu and 65Cu with the abundances of 69.17% and 30.83%, 

respectively, Shields et al., 1964) and its isotopic ratio is commonly expressed in δ notation (δ65Cu (‰) = 

[((65Cu/63Cu)sample / (
65Cu/63Cu )NIST-SRM 976) -1] ×1000, NIST SRM 976 denotes the standard reference material of 

Cu). Due to the recent advances in multi-collector ICP-MS (MC-ICP-MS) and high precision measurements, Cu 

isotopes have been used to fingerprint the sources and/or processes involved in solar system, subduction zones, 
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mantle plumes and the crust (e.g., Luck et al., 2005; Savage et al., 2015; Busigny et al., 2018). To date, the overall 

δ65Cu values range from -16.5‰ to 10‰ in nature (Moynier et al., 2017).  

High temperature magmatic processes yield almost no noticeable isotope fractionation, with δ65Cu  values 

averaging to ~0.07±0.10‰ which is believed to represent the bulk Earth composition (e.g. Li et al., 2009a; Liu et al., 

2015; Savage et al., 2015; Huang et al., 2016; Moynier et al., 2017). In contrast, a very large Cu isotope 

fractionation was observed during redox processes at low temperature. For instance, in low temperature (40°C) 

sediment-hosted copper deposits the isotope compositions of Cu(II) minerals are up to 3.86‰ higher than that of 

covellite (Asael et al., 2012b). Rouxel et al. (2004) found that low temperature alteration of sulfides from 

hydrothermal sea-floor vents produces secondary copper minerals enriched in 65Cu, whereas the actual high-

temperature precipitation process (massive sulfides deposition) did not lead to variation in δ65Cu. Markl et al. (2006) 

studied the primary and secondary copper minerals from hydrothermal veins in the Schwarzwald mining district, 

south Germany. They found that secondary Cu(II) minerals were formed at the expense of the primary Cu(I) 

minerals during interaction with low temperature (<50°C) oxidizing solutions. Moreover, they found that the isotope 

composition of Cu(II) minerals are up to 3.69‰ higher than those of Cu(I) minerals on the same specimen, whereas 

alteration of the primary Cu(I) mineral to cuprite does not affect the δ65Cu value significantly. Experimental 

determinations of Cu redox state change suggest that Cu isotopes fractionate up to 4.12‰ at temperament lower 

than 100°C, e.g., the precipitation of Cu(I) minerals from aqueous Cu(II) solutions (Zhu et al., 2002; Ehrlich et al., 

2004), the electrochemical reduction of aqueous Cu(II) species to Cu(0) (Qi et al., submitted), oxidative leaching of 

Cu(I) mineral to aqueous Cu(II) solutions (Mathur et al., 2005; Fernandez and Borrok, 2009b; Pękala et al., 2011). 

Based on theoretical calculations of equilibrium isotopic fractionation (Urey, 1947) at elevated temperature will 

become less pronounced, especially where mass differences between isotopes are small (e.g. for Cu, Fe and Zn). 

However, studies by Larson et al. (2003) and Graham et al. (2004) suggest that significant Cu isotope fractionation 

occurs at temperatures above 200°C in ore forming system. Yet, very limited attempt has been made to 

quantitatively measure the copper isotope fractionation in hypogene ore-forming systems. An experimental study by 

Rempel et al. (2012) demonstrates that isotopic partitioning between vapor and liquid-phase has been observed up to 

0.69‰ at temperature up to 450°C and pressure up to 40 MPa. These findings are consistent with the theoretical 

prediction that isotopic partitioning up to 2.5‰ may occur during boiling process (Seo et al., 2007).  Additionally,  

the isotopic signature of the dissolved Cu in fluids is up to 1‰ lighter than the precursor chalcopyrite during mineral 

dissolution processes at temperature of 250°C and 300°C and vapor saturated pressure (Maher et al., 2011). Their 

results also reveal that the isotope fractionation is controlled by several parameters such as pH, salinity, and partition 

between liquid and vapor phases.  

However, a major impediment to the interpretation of Cu isotope data as well as fractionation during fluid-

mineral interaction is that the hydrothermal fluids and aqueous species are well preserved and are not overprinted by 

retrograde exchange processes (e.g., quenched phases are produced by fluid cooling). We have conducted a series of 

fluid (KClaq/NaClaq) - mineral (cuprite) interaction experiments in Au reaction cell at 100°C-250°C, 5 MPa-30 MPa 

over a range of salinities and with/without the presence of pH buffer. In addition, the experimental vessel used in 
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this study allows for on-line sampling liquid phased. Our objectives are: (i) to determine the partitioning behavior of 

Cu between crystalline material and the fluid phase as a function of P, T, and fluid chemistry; (iii) to understand the 

mechanism controlling the Cu isotope fractionation; (ii) to unravel the process during cuprite dissolution process by 

using concentration and the isotopic data; (iv) to gain insight into the natural weathering history of ore deposit 

during aqueous water-rock interactions at low-temperature. 

2. Experimental and analytical procedures 

Experimental and analytical procedures are similar to Chapter IIA. 

2.1 Experiments setup 

Due to the matrix effect of 23Na40Ar and 23Na2
16O1H complexes on the mass of 63Cu, NaCl-bearing solution was 

only use in one run (Cp6), and KCl-bearing solutions were used in most runs. Table 1 listed the details of each 

experiment. Six types of experiments were performed to study the interaction of cuprite in hydrothermal fluids, i.e., 

run duration, temperature, pressure, salinity (KClaq concentration), with/without pH buffer and temperature cycling. 

Run duration was set to 24 and 72 hours, temperatures were 100°C, 150°C, 200°C and 250°C, pressures were 5 MPa, 

10 MPa, 20 MPa and 30 MPa and KCl concentration was varied between 0.14 m and 0.7 m, pH buffer (0.2 m 

HAc/KAc) was added in most runs excluding run Cp42 in which only 0.41 m KClaq solution was added. The cycling 

experiments were conducted at temperature between 100°C and 250°C at 20 MPa. 

2.2  Chromatographic purification 

For isotopic analyses of the Na-bearing samples, Cu was separated from the matrix to avoid potential isobaric 

interferences from the 23Na40Ar and 23Na2
16O1H complexes on the mass of 63Cu (Zhu et al., 2000). The purification 

was done by ion-exchange chromatography following a modified method described by Maréchal et al. (1999) and 

Borrok et al. (2007). The digested samples were taken up in 1 ml of 9 mol/l HCl (hereafter M denotes mol/l), and 

purified Cu fractions were obtained by passing the solution through Bio-Rad® AG MP-1 (100-200 mesh, chloride 

form) anion resin in 2 ml Bio - Rad® colums. Prior to loading the sample, the resin was cleaned once with 12 ml 9 

mol/l HCl and twice with 10 ml 3 mol/l HNO3, alternating with M.Q.H2O. It was subsequently conditioned by 12ml 

9 mol/l HCl. The samples were loaded on the resin, the matrix was removed with 8 ml 9 mol/l HCl, then Cu was 

eluted from the columns with 18 ml 5mol/l HCl + 0.001% H2O2. After separation, all sample aliquots were dried and 

dissolved in 3% HNO3, and diluted to a final concentration of approximately 500 ppb Cu for MC-ICP-MS analyses. 
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3. Results  

3.1 Formation of new minerals 

The solid phases, starting cuprite, newly formed native copper and quench product cuprous chloride are shown 

in Fig.1. The starting pellet shows a porous structure, with higher porosity near the outer rims compared to the 

interior (Fig.1a). This is probably due to the combustion of polyvinyl alcohol which was added during preparation to 

improve the pellet quality. Assuming an ideal cylindrical shape of the sintered pellet, the mass determination of 

cuprite pellet indicates that the density of the cuprite pellet is 4.5 - 5.0 g/cm3 lower than the theoretical value (6.11 

g/cm3), resulting the porosity of 18-26% relative to the theoretical density. The XRD and EMP analyses (shown in 

Appendix A1) confirm that the pellet is made up of Cu2O under the sintering conditions 930°C, 24 hours and log 

fO2= -3 (other sintering condition is also compared and listed in Appendix A1). 

Copper-chloride-bearing precipitates have been found at the surfaces and rims of cuprite (Fig.1b,d). SEM, 

Raman spectroscopy and qualitative EMP analyses indicate that the phase is composed of Cu, Cl and H2O, with a 

Cu/Cl atomic ratio of 1:1 (the total oxides ratio is ~50 wt%), and possible formula of this phase is CuCl(H2O)n. This 

phase might be a quench product due to its absence in the interior of cuprite. 

Intriguingly, the golden colored Au foils turn into reddish color after all 250°C runs (Fig.1c). The SEM analyses 

identify this deposit as native Cu. Native copper occurs at two localities, which is predominated by deposition on Au 

substrate and to a lesser extent Cu is attached to the rim of cuprite (Fig.1c). In the presence of the pH buffer, both 

sides of Au foils are covered by the native Cu deposits. Additionally, the growth of native copper crystal on Au foil 

surrounding the cuprite rim can be observed (e.g., Fig.1c). From the mass gain of the Au foil as well as the 

quantitative Cu content determination (ICP-OES analyses of Cu deposits on Au reaction cell), the estimated Cu 

layer thickness is less than 4 µm (Cp37, Fig.1c). In the absence of pH buffer (only one run Cp42 is conducted with 

Cu2O and KCl solution), the native copper precipitates occur only at one side of the Au foil as well as the cuprite 

where a discernible zone was found (Fig. 1e). Under 100× objective, native copper was found to be surrounded by 

gray precipitates (Fig.1f) which cannot be identified by Raman and SEM. In addition, these gray precipitates cannot 

be found in the interior of a cross-section of cuprite, implying this phase must be a quench product.  

Precipitates in residual solutions collected from the Au reaction cell are found to be fine cuprite precipitates and 

blue copper chloride deposits which were collected from the 150°C run (Cp21). The composition of these 

precipitates was identified by SEM analysis.  
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Figure 1 Images of cuprite pellets before and after reaction with pH buffered KCl-bearing solutions. (a) Back 
scattered image (BSE) of a cross-cut cuprite pellet prior to experiment. Rims tend to be more porous than the 
interior. (b) BSE image of a cuprite (in orange color) after run at 250°C, 200°C, for 72 hours. The tabular copper 
chloride phase (in blue color) is observed at the rim of the cuprite. (c) Au foils prior to and after run Cp37. Native 
Cu crystals up to 150 μm are observed at the surface of Au foil and rims of cuprite pellet. (d) Microscopic image 
(under reflected light) of copper chloride (quenched phase) at the surface of cuprite after run with 0.71 m KClaq at 
250°C and 20 MPa. (e) Microscopic image (under reflected light) of the reacted cuprite. Rims are covered by native 
Cu and quench product. More details of the white box in (e) is shown in (f). (f) Spatial relationship among native Cu, 
cuprite and quench product. 
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3.2 Elements concentration and Cu isotope fractionation as a function of run duration 

In the presence of pH buffer, pH values of the sampled fluids are in good agreements with the stock solutions, 

i.e., 4.77±0.18 (Table 2, 3, 4). Without the presence of pH buffer (Cp42), the fluid acidity decreases with time, i.e., 

pH values of fluids rise from 5.54 to 6.81 and 9.28 after 1 hour, 12 hours and 72 hours, respectively (Table 1). 

Therefore, experiments are done in two fluids, i.e., acidic and neutral-basic fluids. 

In 250°C run two fluids (i.e., 1st fluid is to flush pathway and 2nd fluid is similar to run fluids, mentioned above) 

have been sampled and the results indicate that there is almost no difference in elemental concentrations and isotopic 

compositions (Fig.2g, h). Later on we extracted two samples per time but only quantitatively analyze the 2nd 

extracted fluid and used the 1st fluid sample for pH determination. The results of elements concentration (all 

calibrated against dilution factor of Rb, see Chapter IIA results) and Cu isotope compositions are tabulated in Table 

2. 

Fig.2 shows the results from fluids collected from the runs with buffered KCl solution (at 0.42 m) at 20 MPa. Fig. 

2a depicts that Cu concentration increases by factors of ~6 from 240 μg/g to 1350 μg/g within 6 hours at 100°C. As 

it is shown in Fig.2c, Cu concentration increases from 530 μg/g to 2100 μg/g when the temperature increases to 

150°C. At 200°C, the Cu concentration gets doubled from 1100 to 2200 μg/g within 6 hours (Fig.2e). The data agree 

within error for 6 and 24 hours, implying that the dissolution process is likely to be finished within 6 hours. When 

the temperature is elevated to 250°C, the Cu concentration rises steeply from 700 μg/g to 3300 μg/g within first 6 

hours and is constant for the following 18 hours (Fig.2g). In all temperature ranges (100-250°C), it is likely that Cu 

content reaches constant within 24 hours.  

At 150°C run, the initial and the final cuprite pellet are preserved and the isotope compositions can be well 

characterized. The isotopic data show that fluids of 150°C run yield slight lower or similar isotopic composition as 

their precursor cuprite (Fig. 2d). Since initial cuprite pellets of 100°C, 200°C and 250°C runs were not preserved, it 

is shown from Fig.2b, f and h that fluids yield much lower Cu isotope composition than expected possibly due to not 

well-defined isotopic values of initial cuprite in these runs. Therefore, there is almost no isotope fractionation 

between initial cuprite and fluids during cuprite dissolution process. 
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Figure 2 Elements concentration and Cu isotope composition as functions of run duration. All experiments were 
conducted in pH buffered KCl solutions at 20 MPa. (a, b) 100°C, 24 hours; (c, d) 150°C, 24 hours; (e, f) 200°C, 24 
hours;(g, h) 250°C, 72 hours. 

 

3.3 T, P, Cl and pH effects on cuprite dissolution process 

Temperature, pressure, chloride concentration and pH effects on Cu content are shown in Fig.3. Among these 

factors, temperature, chloride concentration and fluid acidity strongly enhance the Cu content in fluids, whereas 

pressure has insignificant effect on Cu concentration. The details of the evolution of each set of experiments with 

time are presented in Table 2. Here, we take the concentration at 24 hours of each series. 

In this study, a positive correlation between copper concentration and temperature is indicated from Fig.3a. Cu 

concentration increases steeply from 1600 μg/g at 100°C to 3000 μg/g at 150°C. At temperature ≥ 150°C, the 

enhancement of Cu concentration shows no dependence on temperature increment, i.e., ~3000 μg/g Cu at 

temperature range of 150°C-250°C. Liu et al. (2001) reported cuprite solubility data by using the silica tube 

technique (more details are given by Seward (1976)). They conducted experiments with cuprite and pH buffered 

NaCl solutions at vapor-saturated pressure (<4 MPa; estimated from H2O-NaCl phase diagram of Driesner and 

Heinrich (2007)). The pH buffered added in our study is similar to Liu et al. (2001). However, out data are much 

lower than the cuprite solubility data of Liu et al. (2001), especially at low temperature. This is probably due to 

sampling strategy, i.e., a collection of in situ hydrothermal fluids (this study) vs. bulk fluids containing possible 

cuprite particles (Liu et al. (2001)). In addition, the pressure is much lower in the experiments of Liu et al (2001) 

than ours, i.e., <4 MPa and 20 MPa (in general), respectively. Thus, the dominant transport medium either vapor or 

liquid may cause certain difference in metal transport process.  



Chapter IIB 

99 
 

Fig.3b reveals the variation of Cu content with respect to fluid salinity at 250°C. The cuprite solubility data of 

Liu et al. (2001) demonstrate a positive correlation between Cu content and NaCl content (Fig.3b). It is worth noting 

that our data are in good agreement with Cu2O solubility data of Liu et al. (2001) when chloride concentration is 

lower than 0.4 m (Fig.3b). In this study, a relative constant Cu concentration of ~3200 μg/g is observed at Cl-  

content of 0.4 - 0.9 m, which is almost half of the reported data of Liu et al. (2001) (Fig.3b).  

Fig. 3c compares the results of the runs with and without pH buffer at the same condition of 250°C, 20 MPa and 

72 hours. In comparison to a pH buffered system (pH= 4.5±0.5), the unbuffered fluids turn into basic (pH= 9.3) after 

72 hours. Intriguingly, Cu concentration in pH buffered solution is by almost one order of magnitude higher than the 

fluids without pH buffer (Fig. 3c). This difference may be explained by the reaction kinetics which are slowed down 

in absence of the acetate buffer. 

The increment of pressure from 5 MPa to 30 MPa has almost no effect on Cu content, producing ~ 4000 μg/g 

Cu in 250°C fluids (Fig. 3d).  

 

Figure 3 Cu content in fluids as functions of temperature (a), chloride concentration (b), pH (c) and pressure (d). 
Comparable cuprite solubility data are taken from Liu et al. (2001). Note that the pH values of unbuffered run 
change from 5.54 (1 hour) to 6.81 (12 hours) and 9.28 (72 hours), averaging 7.38±1.54 (in (d)).  
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3.4 The influence of the disproportionation of Cu(I) on Cu concentration and isotope fractionation 

As mentioned before, native copper formation occurs exclusively at 250°C, which may be explained by Cu(I) 

disproportionation reaction (1). 

2Cu+
 (aq) = Cu2+

 (aq) + Cu(s)    (1) 

Thus, this phenomenon was systematically investigated at 250°C with run time of 24 hours and varying Cl 

content and pressure. 

In several runs, Cu concentration drops after 6 hours, i.e., loss of < 30% of dissolved Cu in solution (Fig.4a, c). 

This may be explained by Eq.(1) that up to 15% of dissolved Cu are deposited as native Cu, which reduces the total 

dissolved Cu in solution. The amount of native Cu precipitation is summarized from the mass gain of Au foil and Cu 

concentration of Au reaction cell (ICP-OES determination), which is in a good agreement with the estimation that 

<15% Cu is involved with native Cu deposition. On the other hand, there are two types of Cu species coexisting in 

the solution, i.e., Cu(II)aq and Cu(I)aq accounts for < 15%  and > 85%, respectively. Cu content in the fluids keeps 

constant with native Cu precipitation when chloride concentration is above 0.41 m and pressure is 20 MPa (Fig. 4c).  

However, there are other reasons contributing to Cu content reduction for 5 MPa and 30 MPa runs. The reason 

for the Cu concentration drop at 5 MPa is probably caused by a pressure decrease to 0.4 MPa after 6 hours reaction 

due to the malfunction of pressure pump. Even though the fluid sample was collected after 3 hours when the 

pressure was readjusted back to ~5 MPa, the final Cu concentration is 5 times lower than the maximum at 6 hours. 

In this case, Cu transport was controlled under vapor saturated condition rather than liquid saturated condition, 

which strongly lowers the Cu content (e.g., Rempel et al., 2012). Moreover, Cu isotopic data of the fluid sampled at 

6 hours (fluid dominated by Cu+ species) is higher than that at 24 hours (fluid mixed with Cu+ and Cu2+; Fig. 4b), 

which may be expected that light isotope 63Cu enters more readily in the vapor phase (dominant phase for the 6 

hours). Additionally, a possible vapor + salt immiscibility field is also generated at this condition ( based on the 

H2O-NaCl phase diagram of Driesner and Heinrich (2007)). In the case of 30 MPa run, a reduction of Cu 

concentration at 24 hours is likely due to less sampled fluids than that at 6 hours, i.e., ~0.5 ml and ~1ml, respectively. 

The isotopic compositions of native Cu have been analyzed by solution MC-ICP-MS (for Cu precipitates on Au 

bag) and in situ LA-MC-ICP-MS (for Cu precipitated on small pieces of Au foils). Data of both analyses are in good 

agreement, and the results are given in Table 3. To rule out any existing and/or superimposed Cu-bearing phases in 

reaction cell, here we use the data of in situ LA-MC-ICP-MS analyses. The isotope compositions of precipitated Cu 

on Au foils show a constant δ65Cu value of ~1.0‰ in the pressure range of 5 MPa- 30 MPa. Whereas native Cu 

yields δ65Cu values of 0.03‰ to 1.51‰ in runs with 0.14 m - 0.71 m KClaq solutions. The isotopic difference of 

native Cu may be due to different starting material, i.e., intact (Group I) and treated cuprite (Group II) pellets were 

used for pressure and salinity series runs, respectively. 

As it is indicated from previous chapter IIA that fluids sampled within 6 hours at 250°C are dominated by Cu+ 

cations, whereas fluids sampled at late stage (e.g., > 24hours) likely incorporate Cu2+ cations (<15%) in addition to 

Cu+ cations (>85%). Accompanying native Cu precipitation, Cu(I) disproportionation reaction (7) induces certain 

isotope fractionation among different species. Fluids containing Cu2+ and Cu+ species yield similar or slightly higher 
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δ65Cu values than the Cu+ -bearing fluids (excluding 5 MPa run; Fig.4 b, 4d). It is evident that the average Cu 

isotope compositions of native Cu are 0.15±0.07‰ higher than the Cu+-bearing fluids (Fig.4 b, 4d). 

The isotope compositions of fluids extracted from 5 MPa run show a different trend, i.e., δ65Cu values of 0.72‰ 

and 0.58‰ for fluids sampled at 6 and 24 hours, respectively. This is probably due to a pressure drop from 5 MPa to 

0.4 MPa at the early stage (mentioned above), vapor phase is not as competent as liquid phase in transporting 

isotopes. Thus a lowered isotope composition at vapor saturated condition (<6 hours) is expected. 

 

Figure 4 Variation of Cu concentration and Cu isotopic composition with respect to native Cu precipitation on Au 
foils. (a,b) Pressure series. (c, d) Salinity series. Cu+ -fl. means the fluid containing Cu+ cations. Cu2+ + Cu+ -fl 
represents the fluid containing both Cu2+ and Cu+, which were sampled during native Cu precipitation.  
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4. Discussion 

4.1 Cu speciation in fluids 

Cu solubility studies (e.g., Xiao et al., 1998; Liu et al., 2001), spectroscopic investigation (e.g., Brugger et al., 

2007; Schmidt et al., 2018) are in general agreement that copper is transported as Cu(I) in hydrothermal fluids, 

predominantly as linear CuCl2
-(aq) complexes, the stability of which increases with temperature (Fig.5). The 

thermodynamic properties of copper (I) chloride complexes have been reviewed by Liu and McPhail (2005). 

 

Figure 5 Mineral solubility and dominant aqueous complexes for Cu in hydrothermal solutions at 25°C (a) and 
300°C (b) (Etschmann et al., 2010). The thermodynamic modeling is assumed at the condition: Cutot = 10-3 m, aCl- =  
2 m, aS = 0.2 m. 

 

A thermodynamic model of Liu et al. (2001) suggest the following possible reactions between cuprite and fluids 

at temperature ≤ 250°C: 

Cu2O(s) + 2H+
(aq) = 2Cu+ (aq) + H2O(l)  (2) 

Cu+
(aq) + xCl-

(aq)  =  CuClx
1-x

(aq)   (3) 

Cu+
(aq) + yAc-

(aq)  =  CuAcy
1-y

(aq)  (4) 

where subscripts x and y represent the number of chloride and acetate ligands, respectively. The presence of Cu-

hydroxide complexes is unlikely in all pH buffered runs due to the pH range (approximately 4.6±0.5 in this study), 

and the hydrolysis constants for Cu(I) is much lower than that of copper chloride and copper acetate (logKCuOH = -

6.39 at 250°C, log KCuCl = 3.76 at 150°C and 3.97 at 250°C, log KCuAc = 2.26 at 150°C; Liu et al. (2001)). In 

comparison to the pH buffered system, Cu content is strongly reduced in the unbuffered system, accompanying by a 

decrease in acidity (from 4.5 to 9.3). The possible reactions are: 

O2-
 (aq) + H2O(l) = 2 OH-

 (aq)   (5) 

Cu(H2O)+
(aq) + OH-

 (aq) = Cu(OH)(H2O) (aq)  (6) 
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According to Liu et al. (2001), the speciation of copper at our run conditions (solutions with Cl- 

concentration >0.1 m and temperature of 150°C - 250°C) suggests that CuCl2
- and CuCl(aq) are the major species in 

solution, accounting for > ~60 mol % CuCl2
- and < ~35 mol % CuCl(aq), respectively, with little contribution of 

CuCl3
2- ( < ~5 mol %).  

The Cu(I) disproportionation reaction or  the coexistence of Cu0, Cu+ and Cu2+ in fluids are not been favored by 

the current spectroscopic studies (e.g., Collings et al., 2000; Berry et al., 2006; Schmidt et al., 2018) and the phase 

diagram (e.g., Fig.5). Although spectroscopic analysis has confirmed the formation of native copper and mixture of 

Cu+ ([CuCl2]
-) and Cu2+ in the fluid, these phenomena are attributed to beam damage (Berry et al., 2006).  

However, there are other evidences supporting the possiblibity of the Cu(I) disproportionation reaction. The 

aqueous cupric chloride complexes can be stable up to 175°C in oxidized NaCl solutions determined by EXAFS 

(Collings et al., 2000). Solid state reaction demonstrates that cuprite disproportionates into CuO and Cu at 

temperature >200°C and pressure higher than 5000 MPa (Belash et al., 1977; Webb et al., 1990). In nature, 

Thornber (1985) proposed the likelihood of Cu(I) disproportionation reaction (Eq.(1)) in supergene environment and 

suggested that this reaction is favored by the existing metallic surface for native Cu nucleation in a region of pH <6. 

In order to verify whether the formation of native Cu and Cu(I) disproportionation reaction is dependent on the 

experimental vessel, we performed additional experiments with cuprite in NaCl/HCl/NaCl+acetate solutions in cold 

seal pressure vessel with a logfO2 of ~NNO+2.3 (Details are given in Appendix A3). Native Cu precipitates on Au 

capsules have been confirmed in these runs. Without apparent reducing agent and direct spectroscopic evidence of 

Cu2+, our favored explanation for the formation of native copper is disproportionation of Cu+ at run condition (i.e., 

250°C; ). 

4.2 Thermal decarboxylation of acetate 

Decarboxylation is a term for the decomposition of caboxylic acids where the carboxyl group is liberated, 

usually involves cleavage of the C-C bond. The decarboxylation of aqueous acetic acid can be represented by the 

general equation:  

[CH3COOH](aq) → CH4 (g) + CO2 (g) + (CO (g)+ H2 (g)+ CnH2n+2 + · · ·)  (7) 

The thermally induced decarboxylation of acetate has been well studied by (Kharaka et al., 1983; Drummond 

and Palmer, 1986; Palmer and Drummond, 1986; Bell et al., 1994). Indeed, acetate can survive at low hydrothermal 

temperature (e.g., 100°C) over billion years to promote the mobility of metals as acetate complexes (Drummond and 

Palmer, 1986; Bell et al., 1994). With the temperature increase, the decarboxylation rates are enhanced, e.g., 9000 h 

at 360 °C (in gold reaction cell; Palmer and Drummond, 1986). The principal products of acetic acid decomposition 

are generally CH4 and CO2, but varying amounts of CO, H2, and volatile hydrocarbons are also observed (e.g., 

Kharaka et al., 1983; Palmer and Drummond, 1986). 

Experimental determinations of decarboxylation rates in stainless vessel (Kharaka et al., 1983), Ti vessel, Au 

cups, silica tubes and Pyrex tubes (Palmer and Drummond, 1986) have shown that, although aqueous solutions of 

acetic acid are relatively stable and the decomposition reaction is sluggish, decarboxylation can be enhanced by a 
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suitable catalytic mineral surface. As a matter of fact, decarboxylation is used to test the catalytic properties of 

metals, which can be served as potentially useful industrial catalysts (Rajadurai, 1987; Kim and Barteau, 1988). 

Catalytic effects of mineral surfaces on decarboxylation of acetic acid and acetate have been investigated by 

Palmer and Drummond (1986) and Bell et al. (1994). Passivated titanium cell (surface covered by TiO2) and Au cell 

do not catalyze aqueous decarboxylation reactions, in contrast hematite and synthetic minerals such as pyrite and 

magnetite affect profoundly the decomposition of acetic acid and result in rapid reaction kinetics (Bell et al., 1994). 

For example, at 350°C the half-life for acetic acid decomposition is ca. 5000 hours in titanium cell with the presence 

of TiO2 (Palmer and Drummond, 1986), however, the half life can be shorted to ca. 100 hours with the presence of 

hematite in the same vessel (Bell et al., 1994). In addition, Drummond and Palmer (1986) demonstrated that the 

presence of acetic acid / acetate accelerated the equilibration of the hematite-magnetite oxygen buffer, and extended 

the useful temperature range of the oxygen buffer below 300°C. 

The result of gas components obtained after a duplicate run in the system of KCl- HAc-KAc (details are given 

in Appendix A2) has been compared with water±acetate systems and all data acquired at 250°C and 20 MPa for 72 

hours are tabulated in Table 4 in Chapter IIA. The data indicate that CH4 and CO2 are the dominant products, 

accounting for 56 mol% and 44 mol% (Table 4), respectively. Furthermore, no detectable acetic acid can be found, 

implying a total consumption of acetic acid (0.2 mol/kg). The estimation of the production of CH4 and CO2 can 

generate 20% of Cu2+ in the bulk solution (predominated by Cu+). Thus, the presence of cuprite (especially in nano-

particle form) and chloride can substantially reduce the time needed for acetic acid decomposition from ca. 2×106 

hours in Au reaction (Palmer and Drummond, 1986) to 72 hours. The ability of synthetic cuprite to affect the 

decomposition of acetic acid may be due to its surface. Note that there are pores or cavities existed at the surface of 

the cuprite pellet (Fig. 1a). These sites suitable for decarboxylation may function as true catalyst, such that the 

overall rate of decarboxylation is governed by the rates of adsorption/desorption of acetic acid molecules onto these 

sites and the rate of the subsequent decomposition of the adsorbed species (Palmer and Drummond, 1986). The 

adsorbed acetic ions enable the mobilization of metals because metal-acetate complexes are stronger than the 

analogous chloro-complexes (Bell et al., 1994). Apparently, dissolved Cu in the pH buffered KCl solution can be 20 

times higher than that in pure KCl solutions (Fig. 3c). Note that Cu content in pure KCl solution (Cp41) increases 

from 98 μg/g to 152 μg/g and 41 μg/g after 1, 12 and 72 hours, respectively. 

The production of native Cu is also enhanced by the presence of acetate/acetic acid, which is strongly 

dependent on the amount of dissolved Cu in fluids. For example, more Cu crystals (< 200 μm) grow at the interface 

between cuprite pellet and Au foil with the presence of acetate/acetic acid (Fig. 1c), whereas only little Cu crystals 

(<50 μm) has been found in the pure KCl system (Fig.1e, f). Kharaka et al. (1983) found that there are large amount 

of hydrogen gas produced at the initial stage of decarboxylation. This evidence may help to understand the 

formation of native Cu after certain period (i.e., > 6 hours) due to possible H2 production and disproportionation 

reaction. 

The catalytic effect of copper bearing minerals on decarboxylation has not been well determined. We can 

consider analogous catalytic effect of Cu on other acid. For example, it is known that amino acid condensations are 
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catalyzed by copper chloride in reaction mixtures containing high concentration of NaCl. These reactions are mainly 

governed by the Cu(II) catalytic effect and by the water-removing force of concentrated chloride solutions. 

Although the nature of the reaction has not yet been identified unequivocally, it is apparent that the presence of 

acetic acid and acetate may play a significant role in increasing Cu content in 250°C fluids, e.g., 3300 μg/g (with 

HAc and KAc) and 160 μg/g (without HAc and KAc). In addition, cuprite and/or chloride cause an extremely rapid 

decomposition of acetic acid. 

4.3 Fractionation mechanism 

Due to the complexity of our experiments, we consider the following possible steps for Cu mobilization: (i) 

release of copper from cuprite by dissolution reaction; (ii) disproportionation reaction of Cu(I) to Cu(II) and native 

Cu, which occurs in all 250°C runs; (iii) decarboxylation reaction of acetate. Among three steps, only the second 

step induces isotope fractionation. 

The reasonable explanation for the formation of native Cu and Cu concentration (after Rb correction) starts to 

decrease after 6 hours in all 250°C runs is that Cu(I) disproportionation reaction occurs and predominates at late 

stage (>6 hours). This reaction path has been further explored by temperature cycling experiments (Cp6 and Cp39; 

Table 4). Fig. 6 shows that Cu concentration of fluids increases steeply at the early stage of cuprite-fluid interaction, 

and starts to decrease after ~30 hours when temperature increases from 150°C to 250°C. The decreasing trend of Cu 

in hydrothermal fluids is potentially related to the deposition of native Cu (Fig.6a, c). Subsequently, the 

disproportionation reaction will cause Cu isotope fractionation between different Cu oxidation states, e.g. favoring 

heavy isotope (65Cu) in residual aqueous which may contain <15% Cu2+ and >85% Cu+ and slightly lower 

fractionationation between precipitated Cu metal and dissolved Cu(I) (Fig. 6b, d). In acidic KCl solution, 

Δ65Cu[Cu(II+I)-Cu(I)] and Δ65Cu[Cu(0)-Cu(I)] values are ~0.30‰ and ~0‰, respectively (Fig. 6b). In acidic NaCl solution, 

the isotopic fractionation determined in Fig.6d can be a qualitative estimation because no intermediate sampling 

between 1 and 72 hours was done at 250°C, i.e., Δ65Cu[Cu(II+I)-Cu(I)] and Δ65Cu[Cu(0)-Cu(I)] values are ~0.40‰ and ~0.3‰, 

respectively. In combination of the previous data shown in Fig. 4 (pressure and salinity series at 250°C), the 

fractionation between Cu(II) and Cu(0) during the disproportionation reaction is estimated to be <~0.4‰, which is 

followed by isotopic re-equilibration between Cu(I) and Cu(II) in the fluid. 
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Figure 6 Cu concentration and Cu isotope fractionation in KCl and NaCl solutions. (a, c) Cu concentration variations 
in buffered KCl and acetic solutions. (b, d) Cu isotope fractionation between in situ fluids, native Cu and cuprite. 
The errors show the likelihood of isotope fractionation induced by disproportionation reaction. In order to simply the 
expression, Cu(II) in (b, d) represents dissolved Cu(I) and Cu(II) cations in solution. Note that the Cu(II) in the 
solution may account for <15%. 

 

When does the disproportionation reaction occur at run conditions is not known precisely, we can gain insight 

from the predicted isotope fractionation between Cu(II) and Cu(I) in aqueous Cl-bearing solutions. The equilibrium 

fractionation factors is expressed as Eq.(9): 

Δ65CuA-B (‰) = δ65CuA - δ65CuB 

                                                      ≈1000•lnβCu(A) -1000• lnβCu(B)     (8) 
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where β factors are predicted values based on species vibrational frequency. Moynier et al. (2017) summarized the β 

factors for Cu-bearing species (solid minerals as well as aqueous Cu complexes), which will enable us to calculate 

the estimated fractionation between cupric and cuprous ions. It is previously mentioned that CuCl2
- is the dominant 

complexes at high temperature during the dissolution of cuprite in KCl solutions. At equilibrium, the upper and 

lower boundaries of isotope fractionatoion between Cu2+ and Cu+ are derived from Eq.(9) and shown in Fig. 7, i.e., 

Δ65Cu
CuCl+‐CuCl2

‐  and Δ65Cu
,-,./0‐CuCl2

‐ , respectively. The observed Δ65Cu values (0.3-0.4‰,; Fig.7) at 250°C lie in the 

range of the predicted range (data obtained from Moynier et al. (2017)), which may explain the likelihood of Cu(I) 

disproportionation reaction. 

 

Figure 7 Isotope fractionation between aqueous cupric and cuprous chloride complexes as function of temperature. 
Upper (defined by gray circles) and lower (defined by blue triangular symbols) boundaries of isotope fractionation 
are calculated based on Eq.(9) and data in  Moynier et al. (2017). The red symbols are the data calculated from Fig.6.  
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4.4 Implications 

Spectroscopic investigation (Fulton et al., 2000a), experimental and thermodynamic data (Xiao et al., 1998; Liu 

et al., 2001) show that cuprous copper species are stable at temperature higher than 100°C. The study of Cu(I) 

mineral (e.g. cuprite, Cu2O) is of practical importance for Cu transport in crustal hydrothermal fluids. 

Supergene alteration occurs during weathering of primary, hypogene ore minerals, where mainly sulfides are 

oxidized and their metal ions are redistributed by near surface percolating ground water. The coexisting Cu0, Cu+, 

and Cu2+ minerals can be found even within a single hand specimen in this setting. Such deposits are important 

metal sources, which supply over 50% of the Cu production on Earth (Sillitoe, 2005). Copper not only precipitates 

as copper sulfide phases in the supergene system, but also precipitates as sulfates and oxides (Titley, 1978). The low 

temperature weathering, where temperature-dependent fractionation might a priori be predicted to be large, and the 

coexistence of minerals with multivalent cationic states, make supergene alteration an ideal environment in which to 

study fractionation of transition metal isotopes, e.g. Cu isotopes. 

In the leaching event, alteration and weathering of primary copper minerals produce a wide copper isotope 

range in low-temperature secondary copper minerals. The precursor Cu(I) minerals will dissolve oxidatively to 

release isotopically heavy copper from the solid reservoir into solution (Zhu et al., 2000; Larson et al., 2003; Rouxel 

et al., 2004; Mathur et al., 2005; Asael et al., 2007; Mathur et al., 2009). A sample with both native copper and 

cuprite from Ccatun Pucara deposit, Tintaya district, Peru, was analyzed by Larson et al. (2003). Cuprite yields a 

slight higher δ65Cu value than native copper, i.e. -0.54‰ and -0.83‰, respectively. However, a detailed paragenic 

relation between these minerals was not reported in this study. A possible reduction/oxidation reaction may be 

responsible for this small fractionation, Δ65Cu [Cu(0)-Cu2O] = -0.29‰. Moreover, native copper even from the same 

locality produces different values, e.g. 0.72‰ (Ray-2b) and -0.04‰ (Ray-1) from Ray Arizona, USA (Larson et al., 

2003). This is consistent with our findings that the isotopic composition of native copper is strongly dependent on 

the conditions and its precursor mineral. 

Interestingly, both Cu(II) and Cu(0) minerals are coexisting in one hand sample due to secondary process, 

which have been collected from metamorphosed Besshi-type volcanogenic massive sulfide (VMS) deposits in Japan 

(Ikehata et al., 2011). It is worth noting that secondary minerals show higher δ65Cu values than inferred Cu(I) 

precursor mineral. Although the formation mechanism of secondary copper minerals are not fully understood yet, 

they proposed possible redox reactions with cuprite as the precursor mineral (Ikehata et al., 2011). Both malachite 

and native copper are possibly generated by reduction and/or oxidation of cuprite via 

Cu2O(s) + H2O(l) + HCO3
-
(aq) = Cu2(OH)2CO3 (s) + H+

(aq) + 2 e-  (9) 

Cu2O(s) + 2 FeSO4(aq) + H2SO4 (aq)= 2 Cu(s) + Fe2(SO4)3(aq) + H2O(l) (10) 

However, the production of malachite (Cu(II)) and native copper (Cu(0)) could be due to cuprite 

disproportionation process, similar to this study. In this sense, the experiments conducted in this study are thought to 

provide new evidence for what happened in nature. The oxidative dissolution of cuprite releases Cu(II) into solution 

whose δ65Cu values can be higher by up to 1‰ at 150°C and 0.4‰ at 250°C, accompanying by the formation of 

native Cu who inherited its precursor’s isotope signature but slightly lower than the Cu(II) species. Therefore, 65Cu 
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has been transported from primary Cu(I) species to secondary phases, more likely to the observation of Ikehata et al. 

(2011). 

Our experiments are of great interest to natural systems due to an appropriate pH range, 4 - 9. The results show 

that isotope fractionation of acidic fluids (under pH buffered conditions) is more significant than those neutral-basic 

(without pH buffer) fluids. The possible explanation is that Cu solubility and speciation in fluids play a vital role in 

isotope fractionation.  Cu concentrations in acidic fluids are at least by one magnitude higher than those in neutral-

basic fluids. The speciation of Cu may change from CuCl2
-/CuAc2

- in acidic solution to Cu-bearing aqua complexes 

or Cu(OH)2
-. According to the predicted β values from Moynier et al. (2017), this change will attenuate the isotope 

fractionation, e.g. Δ65Cu [Cu(H2O)2+ - Cu2O] and Δ65Cu [CuCl2- - Cu2O] are -0.22‰ and -0.45‰, respectively. 

In addition, the speciation of copper in the liquid is a function of temperature, Cl- activity (simplified as 

concentration) and fO2. At higher temperature, higher chloride concentration, CuCl2
- turns into major species. Thus, 

isotope fractionation related to CuCl2
- gets more pronounced than CuCl(aq). 

Pressure (fluid density) has strong influence on isotope fractionation. In pH buffered KCl solutions, low 

pressure (i.e. 5 MPa) favors stronger fractionation than high pressure, which is probably due to light isotope (63Cu) 

can be easily transported by the diluted fluid. In pH buffered acetic solutions, pressure in the range of 10-20 MPa 

strongly fractionates Cu isotope in comparison to the high and low pressure (30 MPa and 5 MPa), Δ65Cu value of -

0.5‰ at 10 MPa increases to nearly  -0‰ at 50 MPa and 30 MPa. Fluid densities at low and high pressure are vapor-

like and dense, which are not suitable for 63Cu transport in acetic fluids. 

5. Conclusion 

Copper content and isotope fractionation has been determined experimentally between cuprite and KCl-bearing 

hydrothermal fluids. The experiments were conducted in a Au reaction cell at temperature range of 100°C -250°C, 

pressure of 5 MPa - 30 MPa for up to 72 hours in 0. 14 - 0.72 mol/kg chloride solutions (with/without the presence 

of pH buffer (0.2 m HAc/KAc)), with all starting solutions acidity of 4.5. Native copper is exclusively observed in 

all 250°C runs.  

Three competing reactions control the Cu transport and precipitation processes, i.e., simple cuprite dissolution, 

Cu(I) disproportionation into Cu(II) and native Cu, and decomposition of acetate into methane and carbon dioxide. 

During the early stage (<24 hours) cuprite dissolution process, constant Cu content can be achieved within 6 hours 

at 100°C - 250°C. Cu dissolved in pH buffered KCl solutions is ~20 times higher than that in pure KClaq, i.e., 160 

μg/g and 3200 μg/g, respectively. In pH buffered solutions: (i) the increment of temperature and salinity strongly 

promotes Cu dissolution, i.e., increasing from 1000 μg/g at 100°C to ~3000 μg/g at 250°C and 1350 μg/g at 0.71 m 

KCl to 4300 μg/g at 0.71 m KCl; (ii) Cu content remains rather constant value of ~3500 μg/g with pressure ranging 

from 5 MPa to 30 MPa. Cu isotope fractionation is induced by the Cu(I) disproportionation reaction, i.e., the average 

Δ65Cu [Cu(0)-Cu(I)] value is 0.15±0.07‰. It is likely that the reduction of dissolve Cu at 250°C after 6 hours is due to 

decarboxylation of acetate and/or acetic acid.  
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It is evident that acetate doped KCl solutions transport one magnitude more dissolved Cu than pure KCl 

solution, implying that acetate acts as catalyzer in dissolving more Cu in fluids. However, cuprite has an active 

catalytic effect on accelerating decarboxylation reaction. Our findings can help to understand the formation of 

sediment-hosted Cu ore deposits and weathering process in supergene environments where multivalent of Cu 

species are present, e.g. Cu2+, Cu+ and Cu0. 
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Appendix: 

A1. Cuprite pellets preparation procedure 

Copper (I) oxide powder (97% purity, purchased from Sigma-Aldrich) was used for pellet preparation. The 

pressure of the die was set 100 MPa to check the quality of the pellet. As the fragility of the pellet, an increased 

pressure up to 140 MPa was applied to attain better quality. After this pressure the pellet was intact but upon 

removal from the die module it broke into pieces. Bigger broken pieces of Cu2O pellets were selected to do sintering 

later in a horizontal reduction furnace. The first batch experiment was done at 1027°C, 30 hours at atmosphere 

condition. The second batch was conducted CO2 atmosphere, i.e., 927°C, log fO2= -3, 4 hours.  

All pellets were characterized by X-ray-powder diffraction on a Philips PW-1800 powder diffractometer. The 

WinXpow software (STOE) and the TOPAS software (Bruker) were used for data evaluation. The X-ray powder 

pattern of the 8 h product was further analyzed to check any impurities in the pellets (Buhl et al., 2010). The sintered 

samples were cut through and analyzed with XRD to check the homogeneity of the composition on the surface and 

cross-section. XRD analyses (Fig.A1) show that the synthesis of cuprite pellet at atmosphere condition may contain 

some impurities while the purity will be significantly enhanced at reduced conditions (fO2 = 10-3 bar). 

 

Figure A1-1 XRD analyses of synthesized cuprite pellets. Cu2O-atm. and Cu2O-log fO2 are the cuprite pellets 
sintered at atmosphere condition and reduced condition, respectively (for more details see text).  
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Due to the fragility of cuprite pellet, an improved method by the introduction of some polyvinylalcohol was 

applied and used to enhance the quality. The addition of polyvinylalcohol would help to increase the mechanical 

stability of the pellet during preparation. The details are as follows: 

a) The mixture was prepared by adding 9 g of copper(I) oxide and 15 ml distilled water in a glass beaker; 

b)  PVA, about 2 % of the copper(I) oxide weight, was weighed and loaded into the starting solution.  

c) The mixture should be stirred thoroughly for 1-2 min; 

d) The beaker was placed on a magnetic hot plate with magnetic stirrers inside to increase the system’s 

homogeneity. The temperature was set to 80 - 100°C to cook the mixture. 

e) After 2 hours sitting on the hot plate the water was already evaporated and the powder was retrieved from 

the beaker. 

f) Prior to pressing into the pellet, the required amount of powder was grinded with agate mortar until the 

powder was fine enough.  

g) Applying 140 MPa of the steel die would be the optimum pressure to keep pellet intact, afterward the disks 

were ~ 1 g, 13 mm diameter and 2 mm thickness.  

h) The pressed cuprite pellets were loaded in a ceramic boat which was covered by copper foils. The sintering 

of these pellets was done by two steps. The first step was to remove polyvinylalcohol from the pellets, which was 

achieved by increasing temperature at a rate of 50 K/h to 300°C and this temperature was fixed for next two hours. 

Secondly, these pellets were heated in the same furnace directly to 1030°C at atmospheric condition, which 

supposed to be in the stability field of cuprite (Neumann et al., 1984). The sintered pellets were later analyzed with 

EMP analyzer. The results indicate that native copper nuggets are present in cuprite pellet at this condition (Fig. A1-

2a). This may be explained by Cu(I) disproportionation reaction that results in the formation of native Cu and 

tenorite. Native copper was found in the cuprite pellets (Fig.A1-2a) and tenorite may precipitate at the surface of 

native copper. Although we did not analyze the composition of the Cu foil, we observed a color change of the Cu 

foil from metallic color (before sintering) to black color.  

i) Thus, an improved step was conducted to increase the pellet purity. Pellets after the first step (combustion 

of polyvinylalcohol at 300°C) were rapidly transferred to a reduction furnace which was pre-heated to 927°C, and 

oxygen fugacity is fixed at 10-3 bar, which is also in the stability field of Cu2O. After the sintering, the Cu foils 

almost remained their metallic color. Moreover, the EMP analysis indicates that cuprite pellet sintered in reduced 

condition turns out to be pure and homogeneous (Fig. A2b). Therefore, we used the later conditions, i.e., 927°C, log 

fO2 = -3 and 24 hrs for all cuprite pellets preparation. 

 

 

 

 



Chapter IIB 

115 
 

 

 

 

 Figure A1-2 BSE images of the cross-section of cuprite pellets. a- cuprite was sintered at 1027°Cand atmosphere 
condition for 30 hours; native Cu in addition to Cu2O have been formed at this condition. b- cuprite was sintered at 
927°C, log fO2 (bar) at 10-3 for 24 hours. Cuprite is made up of Cu2O. 

A2. Gas phase determination 

Additional runs were designed to check the possible gases produced in cuprite-fluid interaction process. Three 

Au capsules (4.00 mm I.D., 4.40 mm O.D. and 30 mm length) were loaded with: (i) cuprite + H2O (similar to Cp41); 

(ii) cuprite + H2O + 0.2 m HAc/KAc (similar to Cp24); (iii) cuprite + KClaq + 0.2 m HAc/KAc (similar to Cp23). 

The loading of each component is tabulated in Table A2. The mineral/fluid ratio is similar to the runs conducted in 

Au reaction cell, i.e., 0.015 (mineral/fluid by mass). All runs were conducted in the stainless autoclave at 250°C and 

20 MPa with a period of 72 hours. Later the gas components in Au capsules are determined by headspace-gas 

chromatography in BGR (Bundesanstalt für Geowissenschaften und Rohstoffe, Hannover). 
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Table A2 Educts and products in 250°C and 20 MPa runs 

Starting compositions Products 
mass [g] n [nmol] n [nmol] 

Cp45-Cu2O + H2O, 72 hrs 
Cu2O 0.005 31519 
H2O 0.305 16924785 
H2 <70 
CH4 1.3 
CO2 114.8 
Acetone 0 

Cp46- Cu2O + H2O + 0.2 m HAc/KAc, 72 hrs 
Cu2O 0.005 33475 
H2O 0.299 16582463 
KAc 0.006 61692 
HAc 0.004 61647 
total solution 0.308 
H2 <70 
CH4 31045 
CO2 32351 
Acetone 52 

Cp46- Cu2O +KCl + 0.2 m HAc/KAc, 72 hrs 
Cu2O 0.005 70305 
H2O 0.302 16776514 
KAc 0.006 62414 
HAc 0.004 62368 
KCl 0.009 125383 
total solution 0.312 
H2 <70 
CH4 60688 
CO2 48220 
Acetone 6 

Notes:  nmol denotes 10-9 mol. 

A3. Additional runs to confirm the formation of native Cu 

Additional runs were designed to verify the formation of native Cu in different fluids and experimental vessels. 

Au capsule (3.00 mm I.D., 3.40 mm O.D. and 30 mm length) was selected as container. Three runs were conducted 

in cold seal pressure vessel with cuprite in 1.49 m NaCl (without pH buffer) solution at 300°C and 20 MPa, in 1.5 m 

HCl solution at 300°C and 20 MPa and in 0.9 m NaCl (with pH buffer) solution 250°C and 20 MPa. Inner walls of 

all Au capsules have been covered by native Cu precipitates (identified by SEM). 
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A4. Original data measured by ICP-OES (no Rb correction applied) 

Table A4-1 Original Cu and Rb content in H2O±HAc/KAc systems 

 

SNO Run duration Cu-1st fl. Cu-2nd fl. Rb-1st fl. Rb-2nd fl.
hrs μg/g μg/g μg/g μg/g

Cp27 0 14 459
0.5 24 467
1 55 429
3 133 425
6 141 375

24 378 376
Cp22 0 104 52 314 503

0.5 88 114 490 466
1 157 203 459 450
3 299 238 543 340
7 356 340 455 433

24 302 277 390 380
48 246 222 356 344
72 172 138 304 289

Cp26 0 173 406
0.5 74 441
1 109 439
3 137 432
7 126 417

24 126 365
Cp24 0 277 103 206 121

0.5 98 163 124 456
1 93 97 449 446
3 77 73 418 414
7 66 72 404 403

24 49 53 376 362
48 50 47 359 337
72 28 44 303 292

Cp29 1 118 447
6 52 414

24 11 268
Cp30 1 86 436

6 97 426
24 46 377

Cp31 1 80 426
6 79 440

24 53 402
Cp43 1 64 497

6 79 416
Cp41 1 3 556

12 3 569
71 1 459

Cp40 1 51 456
6 92 480

24 59 499
25 87 498
31 58 492
49 53 383
50 37 332
56 33 344
74 10 323
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Table A4-2 Original Cu and Rb content in KCl±HAc/KAc systems 

  

 

    

 

 

 

  

SNO Run duration Cu-1st fl. Cu-2nd fl. Rb-1st fl. Rb-2nd fl.
hrs μg/g μg/g μg/g μg/g

Cp28 0 207 398

0.5 371 396

1 532 409

3 680 387

6 1111 377

24 1097 310

Cp38 1 533 376

6 1200 354

24 2085 322

Cp25 0 1083 420

0.5 1192 402

1 1356 393

3 1853 385

7 2200 370

24 2490 350

Cp23 0 712 1332 363 431

0.5 1474 1606 435 430

1 1848 1950 446 417

3 2239 2593 411 415

7 2817 3301 389 395

24 3066 3320 397 427

48 2324 2673 375 362

72 2042 2304 347 340

Cp6 2.3 879 832 469 630

3.3 711 1631 315 543

4.3 2442 2615 545 536

5.5 2903 2930 486 470

69 619 1234 440 442

71 825 998 400 370

Cp42 1 98 502

11 152 461

72 30 353

SNO Run duration Cu-2nd fl. Rb-2nd fl.

hrs μg/g μg/g

Cp32 1 1717 415

6 3275 364

24 689 482

Cp33 1 2355 436

6 3883 401

24 2050 351

Cp34 1 2714 444

6 4129 432

24 2280 419

Cp35 1 960 534

6 1188 530

6 1352 497

24 857 549

Cp44 1 714 445

6 1112 394

24 753 373

Cp36 1 1958 457

6 2579 452

24 1641 436

Cp37 1 2025 457

6 3564 416

24 3802 409

Cp39 1 641 445

6 965 451

24 2404 475

25 2341 401

31 2223 397

49 1663 384

50 1241 308

56 1195 312

74 817 292
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Abstract 

Redox processes are ubiquitous in Earth science, and redox transitions often lead to large fractionations of the 

stable isotopes of many transition metals such as copper. To get insights into the mechanisms of isotope 

fractionations induced by electrochemical processes, we examine the behavior of copper isotopes during the 

reduction reaction Cu2+ + 2e- = Cu0. All experiments have been conducted by applying a controlled current between 

the working electrode and the auxiliary electrode, i.e., the galvanostatic electrodeposition technique, in aqueous 

CuSO4 solutions. Controlling parameters were tested by varying electrolyte concentration (0.01 - 1 mol kg-1), 

stirring speed (0 - 500 rpm), current (0.1 - 0.5 A), time (35 - 600 s), and temperature (5 - 80°C). In all cases, the 

plated Cu metal is enriched in the light isotope (63Cu) with respect to the solution. At room temperature the Cu 

isotopic fractionation between the electroplated Cu and electrolyte is found to increase with electrolyte 

concentration and stirring speed, and to decrease with current and run duration. These trends can be explained by 

three competing processes: copper transport in the solution, the kinetics of electrochemical reduction of copper ions 

and the surface diffusion at the electrode, i.e. transport becomes important at low copper concentration, low stirring 

speed, high currents and large amount of copper precipitation. Copper isotope fractionation has a maximum near 

35°C, decreasing both towards higher and lower temperatures. In the temperature range of 35 - 80°C, the 

dependence of temperature on isotope fractionation can be described by  

Δ65CuCu(0)-Cu(II) = -(0.20±0.04) × 106 T-2 - (0.44±0.39) 

where Δ65CuCu(II)-Cu(0) (‰) represents the copper isotopic composition differences between the product (electroplated 

copper) and the reactant (electrolyte solution, CuSO4(aq)), and T is the temperature in K. At low temperature (down 

to 5°C) a noticeable deviation from this trend suggests a change in the controlling mechanism, i.e., transport in the 

solution becomes important. Our findings in comparison to other studies imply that transformation of fivefold to 

sixfold coordinated aquacomplexes of Cu2+ to linear Cu+ complexes is a key step during reduction of copper in 

aqueous solutions, inducing large negative copper isotope fractionation. These findings support that copper isotopes 

can be used as effective tracers of redox processes. This may have implications to various hydrothermal ore deposits, 

such as supergene processes, black smokers and volcanic-hosted massive sulfide. 

Keywords:  

Cu isotopes, Metallic Cu, Electrochemical reduction, Thermodynamic equilibrium, Kinetics   
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1. Introduction 

Copper exists as two stable isotopes 65Cu (69.17%) and 63Cu (30.83%) in nature. Profound knowledge on Cu 

isotopes has been gained due to recent advances in multiple collector inductively coupled plasma mass spectrometry 

(MC-ICP-MS), and the precision of Cu isotope ratios better than 0.04‰ (1σ) can be achieved when using Zn (Ni) 

doping and sample-standard bracketing techniques for instrumental mass bias correction (Maréchal et al., 1999; Zhu 

et al., 2000; Bigalke et al., 2010; Lazarov and Horn, 2015). Moreover, attention has focused on Cu isotopes as a 

geological tracer due to its significance in a variety of natural processes, such as liquid-vapor separation (Pokrovski 

et al., 2008; Rempel et al., 2012), multi-step equilibrium processes (Zhu et al., 2002), fluid-rock chemical interaction 

(Rouxel et al., 2004; Markl et al., 2006; Asael et al., 2012b; Gregory and Mathur, 2017), ore forming supergene 

process (Larson et al., 2003; Mathur et al., 2005; Haest et al., 2009; Mathur and Fantle, 2015), and the formation of 

the solar system (Luck et al., 2005; Barrat et al., 2012). Such processes generate pronounced variation in copper 

isotope composition in natural samples (expressed as δ65Cu (‰) = [((65Cu/63Cu)sample / (
65Cu/63Cu )NIST-SRM 976) -1] 

×1000) that ranges from -17‰ to +10‰ with respect to the NIST-SRM 976 standard (e.g., Mathur et al., 2009; 

Asael et al., 2012a; Mathur and Fantle, 2015). 

Cu isotope fractionation is typically very small during high temperature processes. For instance, a homogeneous 

Cu isotopic composition of non-metasomatized mantle peridotites and produced basalts was observed with δ65Cu 

values similar to the bulk silicate Earth, with an average δ65Cu value of 0.06 ± 0.2‰ (Liu et al., 2015) and 

references therein). Moreover, Cu isotope fractionation smaller than 0.7‰ has been observed during Cu partitioning 

between H2O-NaCl bearing vapor and liquid, suggesting that the vapor phase  is slightly depleted in 65Cu (Li et al., 

2010; Rempel et al., 2012).  

Oxidation-reduction (redox) process related Cu isotope fractionation induces larger fractionation in comparison 

to other geological processes, which is frequently observed in various systems and is particularly pronounced at low 

temperatures. Supergene systems serve as examples, where Cu0, Cu+, and Cu2+ minerals may coexist even within the 

same hand specimen. Such deposits are important metal sources, which supply over 50% of the Cu production on 

Earth (Sillitoe, 2005). Natural and experimental findings give clear evidences that changes in oxidation states lead to 

large fractionations of the stable isotopes for many transition metals such as Cu, Fe as well as Zn, suggesting that 

transition metal stable isotope signatures could be used as a redox tracer for such systems. In the case of copper the 

fractionation effect can be described as  

Δ65Cu (‰) =  δ65Cuproduct - δ
65Cureactant     (1) 

Asael et al. (2007) and Haest et al. (2009) found that δ65Cu values of Cu(II) products are 3.5‰ higher than the 

Cu(I)-precursors after supergene reworking of ore deposits. Ikehata et al. (2011) observed that secondary malachite 

and native copper have higher δ65Cu values than the primary chalcopyrite from the same deposit. Copper isotope 

data from the modern submarine hydrothermal vent systems support that 65Cu enrichment appears in secondary 

Cu(II) minerals at low temperature (Zhu et al., 2000; Rouxel et al., 2004), yielding Δ65Cu values of 3‰. The natural 
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redox-related isotopic fractionation has been rendered by experimental investigations. Several research teams (Zhu 

et al., 2002; Ehrlich et al., 2004; Asael et al., 2006) conducted Cu(II)-Cu(I) reduction experiments and found that the 

reduced Cu(I) minerals are usually depleted in 65Cu, the Δ65Cu values of which are up to 4‰ lower than their source 

solutions. (Mathur et al., 2005; Fernandez and Borrok, 2009a; Kimball et al., 2009) confirmed a fractionation up to 3‰ 

during oxidative leaching experiments of Cu(I) minerals with an enrichment of 65Cu in aqueous Cu(II) solution. On 

the contrary, Δ65Cu values smaller than 0.4‰ were observed during precipitation process without changes in the 

oxidation state (Maréchal and Sheppard, 2002; Ehrlich et al., 2004). 

Native Cu is not as common as Cu sulfides, carbonates and sulfates in nature. In most cases native Cu is 

associated with extrusive and intrusive mafic rocks formed under reducing conditions (e.g. Cooper et al., 2008; 

Ikehata et al., 2011; Pinto et al., 2011). Other occurrences are reported from porphyry and hydrothermal copper 

deposits which have been reworked by supergene alteration (Markl et al., 2006; Ikehata et al., 2011; Ikehata and 

Hirata, 2012; Dekov et al., 2013; Baggio et al., 2017). The overall isotope composition of native copper ranges from 

-3‰ to 2‰. Larger variations were found for supergene environments (-3‰ - +1.7‰; Maréchal et al., 1999; Larson 

et al., 2003; Markl et al., 2006; Ikehata et al., 2011) compared to hydrothermal ore deposits and oceanic crust (-1.3‰ 

- +1.3‰; Zhu et al., 2000; Larson et al., 2003; Rouxel et al., 2004; Dekov et al., 2013).  

Increasing interest in understanding the mechanisms of copper deposition from in aqueous solutions comes also 

from industrial production of electronic device (Kondo et al., 2014). Thin layers of copper metal are often used as 

ultrascale integrated interconnects. The uniformity and structure of the electroplated layers depend on the deposition 

kinetics, which may be controlled by reduction processes in the solution and at the substrate surface as well as by 

nucleation and growth of the metallic phase on the substrate (Mattsson and Bockris, 1959; Bockris and Enyo, 1962; 

Hurlen et al., 1978; Brande and Winand, 1992; Andersen et al., 1994; Grujicic and Pesic, 2002; Majidi et al., 2009; 

Nagar et al., 2016). Effects of parameters such as cupric (Cu2+) ion concentration, inorganic and organic additives, 

pH value of the solution, plating mode and rate, substrate property were systematically investigated (Brande and 

Winand, 1992; Natter and Hempelmann, 1996; Grujicic and Pesic, 2002; Vicenzo and Cavallotti, 2002; Hu and Wu, 

2003; Bozzini et al., 2006; Hai et al., 2012; Nagar et al., 2016). To our knowledge, isotope fractionation during the 

electrodeposition of copper has not been studied so far. Such data may give some important new views to the 

mechanisms of electrochemical reduction processes. 

Here, we report a series of electrochemical deposition experiments with the aim of exploring the redox effect on 

Cu isotope fractionation by using the electroplating technique. The purpose of this study was (1) to investigate the 

isotopic variability of Cu(II) and Cu(0) species, (2) to relate measured copper isotope variations to the possible 

controlling factors and (3) to interpret the data using theoretical calculations of isotope fractionation between copper 

species and their relations to possible bonding environments from literature. The results from this study provide new 

insights into mechanisms of electrochemical processes in aqueous Cu-bearing systems.  
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2. Experimental setup 

An in-house built plating device adjusted to a 500 ml glass beaker was used for copper electrodeposition. A 

schematic drawing is shown in figure 1. Metallic copper was deposited on a flat gold foil with dimension varying 

from 5.4×0.5 cm2 to 5.4×0.8 cm2. In most of the experiments Au foils of 5.4×0.5 cm2 were used. A copper foil 

(purity of 99.99%) with a surface area of 6.3×0.8 cm2 was used as a counter electrode. The basic working 

electrolytes were aqueous solutions of 0.01, 0.1, 0.5 and 1.0 mol kg-1 CuSO4. The maximum concentration is below 

the saturation level in the T-range of our study (1.26 - 3.42 mol kg-1 in the temperature range from 20 to 80°C, 

(Höffler and Steiger, 2018; Justel et al., 2018)). The plating bath (~400 ml) was prepared freshly prior to each 

electroplating experiment by adding definite amounts of copper (II) sulfate (CuSO4), purchased from VWR with a 

purity of 99.3%, to deionized water (see Table 1). A Statron power supply was used to control copper deposition. In 

this study, we applied the controlled current method (galvanostatic technique) to conduct Cu electroplating, i.e. a 

constant operating current was adjusted at ≤ 0.5 A. The associated voltage displayed by the power supply was 3.3 ± 

0.4 V. A Schott induction hotplate was used for stirring and/or heating. A Teflon coated magnetic stirring bar was 

placed at the bottom of the beaker to homogenize the solution. The precise temperature of the electrolyte solution 

was measured by inserting a thermometer in the solution during or after electrodeposition. The pH of the electrolyte 

solutions was determined by an Inlab microelectrode before and after experiment. 

Five sets of experiments were performed which are listed in Table 1. The first three series were performed to 

find out the optimum conditions for controlled electroplating. In the first set four different electrolyte concentrations 

were prepared with CuSO4(aq) ranging from 0.01 to 1 mol kg-1. Next, the effect of stirring speed was tested in the 

range of 0 - 500 revolutions per minute (rpm). Then, the applied current was varied from 0.1 to 0.5 A. After 

establishing optimum plating conditions, the stability of the conditions was checked by variation of run duration (35 

- 600 s). Finally, the optimized parameters were used to study the temperature effect on copper isotope fractionation 

in the range of 5 to 80°C. To verify the reproducibility of the isotope compositions, duplicate experiments were 

performed at selected conditions.  

After each run, the cathode electrodes (Au foils) were removed from the plating bath, gently rinsed with 

deionized water, dried at room temperature, weighed and sent to the ultraclean lab for further treatments. Electrolyte 

solutions were collected both before and after each run to identify possible changes in copper concentration and 

isotopic abundance.  

3. Analytical methodology 

The collected electrolyte solutions were evaporated to dryness at 90°C on a hotplate, and their residuals were 

dissolved in 1 ml of 3% HNO3. The solid samples, deposited Cu on Au foils, were firstly digested by ~ 15 ml of 6 

mol/l HCl at 120°C overnight. After removal of the Au foil, the solutions were evaporated to dryness, and the 

residuals were dissolved in 1 ml of 3% HNO3 for further measurements. The Cu concentration of all solutions was 

analyzed by inductively coupled plasma optical emission spectrometry (ICP-OES) on a Varian Vista Pro system 
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(Varian GmbH, Germany), following the procedure of Roebbert et al. (2018). The precision was better than 10% 

(2SD) for the ICP-OES analyses. 

Based on the concentration data, samples were further diluted to ~0.5 μg/g in 3% HNO3 and doped with 1 μg/g 

Ni using a Ni NIST SRM 986 standard solution for the solution nebulization MC-ICP-MS (ThermoFinnigan 

Neptune) measurement. For more details about the MC-ICP-MS measurements see Lazarov and Horn (2015). 

Standard-sample bracketing and the Ni NIST SRM 986 standard solution were used to correct measured 65Cu/63Cu 

ratios for instrumental mass bias. All results were reported in the delta notation relative to the Cu isotopic standard 

NIST SRM 976. Measurements of the in-house standard C125-1 were performed along with the sample replicates in 

order to determine the analytical precision and accuracy. The analyses of the standards are in an excellent agreement 

with the previously published values (Kusonwiriyawong et al., 2016, 2017; Roebbert et al., 2018). The overall 

uncertainty of the measurement for the isotope data was generally better than 0.06‰ (2SD), with an average value 

of 0.03‰ (2SD). The daily reproducibility of the standard and samples was also better than 0.06‰ (2SD) (Lazarov 

and Horn, 2015). 

4. Results 

After experiment the Au foils show a homogeneous reddish color on both sides due to deposited thin Cu layers, 

except for the high temperature experiments (>35°C). Here the layers are less homogeneous and contain randomly 

distributed round pits which are attributed to vapor bubbles generated at electrode surface while heating. 

       The experimental conditions, measured Cu concentration and isotope fractionation are presented in Table 1 and 

Fig. 2. Isotopic differences between initial and post electrolyte solution are less than 0.02‰, which is within the 

analytical precision. Two types of Cu foils with slightly different isotope compositions have been used (Table 1): Cu 

foil No.1 with a δ65Cu value of 0.38 ± 0.05‰ was only used in the concentration series; Cu foil No.2 with a δ65Cu 

value of 0.11 ± 0.01 ‰ was used for the rest runs. In this study, Cu isotope fractionation between the metallic Cu(0) 

precipitates and the residual bulk electrolyte Cu(II) solutions are expressed as: 

Δ65CuCu(0)- Cu(II) (‰) = δ65Cuelectroplated Cu - δ
65CuCuSO4 after electrodeposition           (2) 

All electroplated samples are isotopically lighter than their stock solutions, yielding negative δ65Cu values (Table 1). 

The measured Δ65CuCu(II)-Cu(0) values vary from -0.76 ‰ to -2.66 ‰. 

Ambient temperatures changed slightly at 24 ± 1°C, but the temperature maintained constant within each series. 

The measured pH values of 0.01, 0.1, 0.5 and 1.0 mol kg-1 CuSO4 solutions were 4.69, 4.21, 3.61 and 3.32, 

respectively, and the pH of the solutions remain constant prior to and after electroplating. The ICP-OES analyses 

indicate that the Cu concentration of the electrolyte collected before and after each run varies less than 5% except 

for the run performed at 5°C (CuAu-38). The run CuAu-38 was conducted in such a way that ice crystals were 

directly added to the electrolyte solution, thus a dilution of electrolyte solution lowered the initial Cu concentration 

by 14%. Using the concentration of the solution with dissolved copper metal measured by ICP-OES and the 
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respective volume, the total mass of deposited copper is estimated. Then, the electrodeposition efficiency is the ratio 

between the measured mass of metallic Cu (mreal) and the Faradaic estimation (mtheoretical): 

mtheoretical=
i·t·M

F·z
        (3) 

Efficiency=100× 1mtheoretical-mreal

mtheoretical
-11       (4) 

where i is the applied current in ampere (A), t is the run duration in second (s), F is the Faraday constant, 96485 C 

mol-1, M is the molar mass of copper in grams per mol (g mol-1), z is the valence number of dissolved copper ions 

(+2). An independent measure of the amount of deposited copper is obtained by weighing the gold foil before and 

after electrodeposition. However, this is an unspecific determination which may be affected by additional 

components incorporated in the copper layer, i.e. water or electrolyte solution, as well as post-experimental 

oxidation of copper metal. Nevertheless, in most of the experiments both determinations agree within 20%, see table 

1. Low values obtained by ICP-OES are due to some loss of precipitated copper during transfer to the digestion 

beaker.  

Efficiency values are particularly high at high electrolyte concentration and high applied currents, even higher 

by a factor 2-3 than the predicted values of Eq. (3). We suggest that at such extreme conditions, an additional redox 

reaction may be initiated by high overpotential at the electrodes, i.e. coupling of the copper redox reaction with the 

electrolysis of water. These observations reflect the limits of the constant current technique and such extreme 

conditions are not further considered in our study. 

Duplicate runs were conducted at three different temperatures (CuAu-11 and CuAu-14 at 25°C; CuAu-48 and 

CuAu-44 at 50°C; CuAu-46 and CuAu-64 at 80°C). Both the efficiency estimation and the isotopic data are 

reproduced within the analytical error by these duplicates (see Table 1). Furthermore, variation of the electrode 

surface between 2.7 and 3.8 cm2 does not affect the efficiency of electrodeposition and the isotopic composition of 

precipitated copper metal. 
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A positive relationship between electrolyte concentration and the mass of electroplated Cu is visible in Fig.2a. 

This finding is consistent with Takahashi and Gross (1999) who suggested that the cathodic exchange current 

increases linearly with copper ion concentration, resulting in an enhancement of the plating rate. Copper isotope 

fractionation increases with increasing copper concentration in the solution, i.e. Δ65CuCu(0)- Cu(II) decreases from -0.76 

to -2.26‰ as the CuSO4(aq) increases from 0.01 to 1 mol kg-1  (Fig. 2b). As noted in previous studies (e.g. Vicenzo 

and Cavallotti, 2002), high concentrations of CuSO4 favor formation of homogeneous, well developped copper 

layers on electrodes and, therefore, we have chosen 1 m CuSO4(aq) as standard bath solutions. 

The stirring rate of the electrolyte solution has insignificant influence on the amount of deposited Cu (Fig.2c), 

whereas it has a strong effect on Cu isotope fractionation (Fig. 2d). The well stirred run CuAu-54 (300 rpm) yield 

Δ65CuCu(0)-Cu(II) values ~1.40‰ lighter than the run CuAu-60 (non-stirred). The transport of species to the metal 

surface and away from the metal surface depends on the thickness of the diffusion layer which increases with 

increasing stirring rate. Higher stirring rates also promote the steady local current at the electrode (Bard and 

Faulkner, 2001) and support strong isotope fractionation. We choose a stirring speed of 300 rpm as standard 

conditions to minimize contributions of transport in the diffuse layer to copper isotope fractionation. 

Fig. 2e shows that the mass of deposited Cu strongly increases with increasing current at high current (> 0.3 A). 

The isotope fractionation remains rather constant at currents up to 0.3 A, while its extent decreases sharply at higher 

currents (Fig. 2f). This implies that transport in the solution becomes a predominant factor for isotopic fractionation 

at currents > 0.3 A, and we choose a current of 0.3 A as standard condition for our experiments. 

Deposition efficiency at standard conditions (0.3 A, 300 rpm and 1 mol kg-1 CuSO4(aq)) has a positive linear 

correlation to run duration as shown in Fig. 2g, which is in good agreement with the Faradaic estimation (Eq. (3)).  

The straight line in Fig. 2g can be extrapolated to the origin, i.e. m(t=0) =0 g, meaning that there is no delay in 

nucleation in our study. This finding is consistent with literature. Based on microscopic observations, Andersen et al. 

(1994), Guo and Searson (2010) and Mamme et al. (2017) concluded that nucleation of copper metal from copper 

sulfate solution occurs within less than 20 seconds and often instantaneously. The copper isotopic data show a trend 

of increasing Δ65Cu values with increasing run duration (Fig. 2h). This trend can be explained by preferential 

incorporation of 63Cu in the metallic phase and depletion of the adjacent solution in the light copper isotope. With 

progressing electroplating transport through the diffuse layer becomes increasingly important for the effective 

isotope fractionation. Since we were particularly interested in the reactions in the double layer, we decided to use a 

short run duration of 35 s to avoid significant influence of transport in the diffuse layer. 

The evolution of the amount of precipitated copper and its isotopic composition with temperature is shown in 

Figs. 2i, 2j. Both curves have a minimum at 35°C. The minimum is more pronounced in the isotope fractionation, i.e. 

Δ 65CuCu(0)-Cu(II) value at 35°C is 1.61‰ lower than that at 5°C.  Dilution by ice melting cannot explain this difference. 

Considering Fig. 2b, lowering of Cu concentration by 15% corresponds to an increase of Δ65CuCu(0)-Cu(II)  by 0.3‰. 

The drastic change in isotope fractionation may indicate a change in the controlling mechanisms for 

electrodeposition. Most likely transport in the diffuse layer becomes important at such conditions. On the one hand,  
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the thickness of the diffuse layer increases upon cooling due to the increase in viscosity (Hotlos and Jaskuła, 1988). 

On the other hand, the diffusivity of dissolved species is lowered by a factor of 2 when temperature decreases from 

35°C to 5°C (Hinatsu and Foulkes, 1989). Both effects cause the Cu2+ ions to take longer to pass through the diffuse 

layer. Lowering of isotope fractionation is expected when diffusion in the solution becomes the controlling process.    
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Figure 2 The mass change of electroplated Cu and copper isotope fractionation as a function of experimental 
variables. Dashed lines are the Faradic estimation of the mass of deposited Cu at given conditions.  Cathode mass 
gain was acquired by the data of ICP-OES analyses. (a, b) variation of CuSO4 concentration; (c, d) variation of 
electrolysis time; (e, f) variation of applied current; (g, h) variation of cell temperature; (i, j) variation of solution 
stirring speed. 
 

5. Discussion 

Kavner and co-workers used the electroplating technique to study isotope fractionation during reduction in Fe 

and Zn solutions (Kavner et al., 2005; Kavner et al., 2008; Kavner et al., 2009; Black et al., 2010b; Black et al., 

2014). They applied the constant potential technique which has the advantage to enable measurements of 

overpotential at the electrodes during operation. The constant current method used in our study, on the other hand, 

has the advantage to give insights into the material fluxes in the system and is often applied in industrial 

electroplating. In combination with quantification of the bulk metal deposition rate, information can be obtained on 

the processes affecting electroplating. However, regardless of whether controlled current or controlled potential is 

applied, light isotopes are preferentially electroplated, which is consistent with a rule of thumb stating that higher 

oxidation states tend to favor heavier isotopes (Schauble, 2004).  

A key question in isotope fractionation studies is whether the measured fractionation between different phases 

or different species represents thermodynamic equilibrium or is determined by kinetic effects. Quite often this 

question could not be answered unequivocally in previous copper isotope fractionation studies (experiments are 
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summarized in Moynier et al. (2017)). In the first case, isotopic exchange between coexisting phases/species must be 

possible at any stage of the experiment, for instance copper isotopes in precipitated minerals must be able to 

exchange with copper isotopes in solution. This has not been approved in most of the studies. In the second case, 

one of the steps in the reaction mechanisms is irreversible, for instance there is no possibility of re-mobilization of 

isotopes which are strongly bonded in newly formed minerals. Diffusion is commonly too slow in minerals at room 

temperature so that the interior of the minerals is disconnected from the solution. In order to clarify this question, we 

will have a closer look on the mechanisms of Cu electrodeposition in following.  

5.1 Mechanisms of Cu electrodeposition  

A simplified illustration of copper electroplating is shown in Fig. 3. Under acidic conditions the dominating 

copper species in aqueous solutions are aquacomplexes of Cu2+ ions. In several papers a sixfold coordination of Cu2+ 

has been proposed with longer Cu2+-O distances along the vertical axis, due to the Jahn-Teller distortion (Musinu et 

al., 1983; Fulton et al., 2000a; Sherman, 2001). Computational (Amira et al., 2005; Frank et al., 2005) and 

spectroscopic (Benfatto et al., 2002; de Almeida et al., 2009) studies favor a picture with fivefold coordination of 

Cu2+, and a rapid interconversion between square pyramidal and trigonal bipyramidal configurations (Pasquarello et 

al., 2001). In our further considerations we used both the sixfold and the fivefold coordination as extrema to estimate 

the extent of copper isotope fractionation during electrochemical copper reduction. In addition to the solvated ions, 

CuSO4
0-associates (or ion pairs) are important species in the solutions, i.e. at elevated copper concentrations, low 

temperature and acidic condition (Casas et al., 2000; Cifuentes et al., 2006).  Due to the strong preference of Cu2+ to 

higher coordinations (fourfold-sixfold), it is likely that 2-4 H2O molecules are bonded in the coordination shell of 

the copper ions of CuSO4
0-associates. In the scheme these water molecules are not shown for clarity. In the bulk 

solution, [Cu(H2O)5]
2+, [Cu(H2O)6]

2+ and CuSO4
0 are rapidly homogenized by stirring and by thermal motion. Thus, 

five steps need to be discussed as possible rate-controlling during Cu electrodeposition: 

(a) Near the surface of the electrode the mass transport boundary layer (also called diffuse layer, Bard and 

Faulkner (2001)) is formed. Its thickness depends on the viscosity of the solution and the stirring rate. In 

the mass transport boundary layer, diffusion controls the transport of species towards the electrode surface. 

(b) Rapid, reversible interconversion of Cu(II) species occurs in the diffuse layer as well as in bulk solution. 

Thus, CuSO4
0 is in dynamic equilibrium with [Cu(H2O)5]

2+ and [Cu(H2O)6]
2+.  

(c) The surface of the electrodes is covered by adsorbed water molecules and other possible species dissolved 

in the solution. An electric double layer is formed in response to the charge of the electrode. In this layer 

hydrated copper (II) complexes are enriched and can react by electron transfer to a monovalent 

intermediate via 

[Cu(H2O)6]
2+ + e-  

34567⎯9 [Cu(H2O)2]
+ + 4 H2O     (c’) 

[Cu(H2O)5]
2+ + e-

  
34567⎯9 [Cu(H2O)2]

+ + 3 H2O     (c’’) 
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These reactions are shown in the scheme of Fig. 3. In these electrochemical reactions a change in 

coordination of copper occurs since Cu+ has strong preference for linear coordination (Fulton et al., 2000a, 

2000b). 

(d) Subsequently, the monovalent species is adsorbed and discharged at the electrode surface (Fig. 3).  

[Cu(H2O)2]
+ + e  

:;<=>9 Cu0 + 2 H2O    (d) 

This reaction is reversible and much faster than step (c) (Mattsson and Bockris, 1959; Bockris and Enyo, 

1962). Thus, the first reduction reactions (c’, c’’) is a bottleneck for the electroplating reaction. 

(e) The final step of the process is the formation of the metallic film. This may include nucleation on the 

electrode surface as well as the growth of nuclei. This process depends strongly on the overpotential and on 

the surface structure of the electrode, i.e. suitable sites for hosting copper atoms, (Venables et al., 1984; 

Brande and Winand, 1992; Budevski et al., 2000; Grujicic and Pesic, 2002; Radisic et al., 2006). Surface 

diffusion can be rate-controlling when the Cu electrodeposition is conducted at low current densities as 

well as the electrode surface is specially treated in order to maintain a low number of surface dislocations 

(Bockris and Enyo, 1962; Bockris and Kita, 1962). 

 

 

 

Figure 3. Schematic drawing of copper electroplating (modified from Bard and Faulkner (2001)). The deposition of 
copper can be controlled by three processes, mass transport in the diffuse layer (step a), kinetics of the 
electrochemical reaction (step c’, c’’ and d), and nucleation and growth of metallic phase (step e). See text for more 
details.  
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Formation of Cu(I) as an intermediate species during the copper electroplating has been approved by several 

studies (Mattsson and Bockris, 1959; Brown and Thirsk, 1965; Slaiman and Lorenz, 1974). A cuprous oxi-

hydroxide has been identified in a pH of ~5 solution by spectroscopic methods (Texier et al., 1998; Velasco-Vélez et 

al., 2017), consistent with the Eh-pH diagram of the CuSO4-H2O system published by (Grujicic and Pesic, 2002). At 

lower pH as used in our study a [Cu(H2O)2]
+ complex is more likely. If the solution is sufficiently acidic metallic Cu 

will be formed. On the other hand, at pH ≥ 4.8 the precipitation of Cu2O instead of metallic Cu was proved by 

Velasco-Vélez et al. (2017). Since our focus is on the formation of metallic copper and our experiments were 

performed at pH < 4.7, we will restrict the discussion to acidic conditions. In the following the effects of 

thermodynamics and kinetics on copper isotope fractionation during electroplating will be discussed from a 

theoretical point of view.  

5.2 Equilibrium effects on isotope fractionation 

If the system reaches thermodynamic equilibrium, meaning all processes are reversible, isotope fractionation is 

a result of different vibration frequencies of isotopes in the coexisting states. When the vibrational frequencies of the 

isotopomers of all the species are known, the equilibrium isotope fractionations can be easily calculated using their 

reduced partition function ratios β (Bigeleisen and Mayer, 1947; Urey, 1947; O'Neil, 1986; Criss, 1999; Schauble, 

2004; Anbar et al., 2005; Moynier et al., 2017). The β values can easily be converted to δ65Cu for two complexes in 

equilibrium by Eq.(5): 

Δ65CuB-C (‰) = δ65CuB - δ65CuC 

                                                      ≈1000•lnβCu(B) -1000• lnβCu(c)     (5) 

where B and C represents two different copper species.  

Fujii et al. (2013) have used this approach to calculate equilibrium fractionation for different copper species in 

aqueous solutions. As shown in Fig. 3, Cu(II) and Cu (I) species in solution are [Cu(H2O)5]
2+, [Cu(H2O)6]

2+, 

CuSO4
0-associates and [Cu(H2O)2]

+. In the calculation it is assumed that CuSO4
0-associates are also complexed by 

water molecules, i.e. the coordination is [CuSO4(H2O)4]
0, consistent with Cu-O distances measured by X-ray 

diffraction (Musinu et al., 1983). The predicted Δ65Cu values for the equilibrium between different copper species 

are included in Fig. 5. Isotope fractionation is more pronounced when a fivefold coordinated Cu2+ is involved 

compared to a sixfold coordinated Cu2+.  At room temperature, the predicted Δ65Cu value at equilibrium is -0.856‰  

between [Cu(H2O)5]
2+ and [CuSO4(H2O)4]

0, and -1.679‰ between [Cu(H2O)5]
2+ and [Cu(H2O)2]

+. With increasing 

temperature the equilibrium isotope fractionation for these exchange equilibria becomes less pronounced (Fig. 5).  

Isotope fractionation during the transformation of dissolved Cu(I) into metallic Cu (reaction (d)) is not predicted 

by the computational studies. Thus, the contribution of such equilibrium to the overall copper isotope fractionation 

cannot be estimated. The equilibrium isotope fractionation between the metal precipitates and their hydrated aqua 

complexes has been calculated for other transitional metals (e.g. Fe, Zn) at 25°C, △56FeFe0-Fe(H2O)6
2+  = -0.9‰ 
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(Schauble et al., 2001) and △66ZnZn0-Zn(H2O)6
2+ = -1.6 ‰ (Black et al., 2011). The measured isotope fractionations 

after electroplating (Black et al., 2010a; Black et al., 2010b; Black et al., 2014) are much larger than the predicted 

equilibrium fractionation for both isotope systems, implying that kinetics and not thermodynamic equilibrium 

control the processes. 

5.3 Kinetic effects on isotope fractionation 

The electrodeposition process is a heterogeneous reaction occurring only at the electrode-electrolyte interface. 

Its rate depends on mass transport to the electrode and various surface effects, in addition to the usual kinetic 

variables (Bard and Faulkner, 2001). The rate is typically proportional to the current, expressed as i=n·F·A·k (Bard 

and Faulkner, 2001), where n is the number of electrons delivered, A is the surface area of an electrode and k is the 

electrochemical reaction rate (mol s-1 cm-2). Based on this relation, a mass-dependent current and reaction rate 

expression has been proposed by Black et al. (2010b) to explain Fe isotope fractionation during electrodeposition 

experiments. Applying this concept to our experiments yields 

)
63 63

(
2

1

2 s

k

C uu e C 
  , 63

i=2FAk1    (6) 

)
65 65

(
2

2

2 s

k

C uu e C 
  , 65

i=2FAk2    (7) 

where 63
i and 65

i are the partial currents related to both copper isotopes and k1 and k2 are the corresponding reaction 

rates. Following Black et al. (2010b) and using Eqs. (6, 7), the Cu isotope fractionation induced by the different 

partial currents can be expressed as: 

65
65

Cu(0)-Cu(II) 63
Δ Cu (‰) 1000 ( 1) 0.16

i

i
      (8) 

where 0.16‰ is the Cu isotope composition of starting electrolyte solution (Table 1). Using Eq.(8), we could 

theoretically estimate the isotope fractionation controlled by different processes, i.e. mass transport, electrochemical 

reduction and surface diffusion. 

       5.3.1 Diffusion related Cu isotopic fractionation  

Two steps related to diffusion, i.e. mass transport and surface diffusion, can contribute to isotope fractionation. 

Theoretical estimations in the following enable us to understand their influence on isotope fractionation. 

The mass transport (a) in the diffuse layer to the electrode can be limiting for the reaction rate (Fig. 3). The 

largest rate of mass transfer of the species occurs when Cu2+ is reduced as fast as it is delivered to the electrode 

surface. The value of the current under these conditions is called the limiting current,  idiffusion limited, which can be 

derived from a semi-empirical treatment of steady state mass transfer, (Bard and Faulkner, 2001): 
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?@A::-<ABC .A&A=D@ = E · F · A · IJ · KLMNO
∗   (9) 

where KLMNO
∗  is the bulk concentration of Cu2+ (mol kg-1), mO is the mass transfer coefficient (cm s) defined by 

I5 = QRS
T       (10) 

where DCu is the diffusion coefficient of Cu2+ in the solution (cm2 s-1), d is the thickness of the diffusion layer (cm) 

which is in most cases unknown for the specific equipment and conditions of electroplating. However, for 

calculation of the diffusion-related isotope fractionation, the knowledge of the thickness of the diffusion layer is not 

required, but only the difference in the diffusion coefficients is relevant. Combining Eqs. (8, 9, 10) yields  

65
Cu(0)-Cu(II)Δ Cu ( ) = 1000  ( -1) - 0.1‰ 6

65Cu

63Cu

D

D
   (11) 

The mass dependence of the ratio on the diffusion coefficients can be described as 

QU
QN

= �VN
VU

�W     (12) 

where D1 and D2 are the isotope-dependent diffusion coefficients of species with molecular mass M1 and M2. In the 

case of diffusion in ideal gases the exponent γ is experimentally determined as 0.5 (Jähne et al., 1987). Applicability 

of Eq. (12) has also been verified by experimental data on the isotopic fractionation during diffusion of ions in water 

(Pikal, 1972; Fritz, 1992; Rodushkin et al., 2004; Richter et al., 2006).  

In gases the species are well defined as neutral molecules or atoms with corresponding masses. In aqueous 

solutions, however, diffusing species are complexes with more or less strongly bond ligands but may be also 

associates of ions. Hence, effective masses of diffusing species are much larger than the mass of the involved ions 

and diffusion-induced fractionation is small. Additionally, the γ value of 0.5 seriously overstates the mass 

dependence of diffusion of ionic species in water. The experimental value of the exponent γ decreases from 0.02 for 

dissolved Na to 0.002 for dissolved Fe and Zn, respectively, (Pikal, 1972; Rodushkin et al., 2004). As Cu shows 

similar geochemical behavior as other transitional metals, such as Fe and Zn, we may apply the exponent γ as 0.002 

to estimate the extent of fractionation caused by diffusion. Considering [CuSO4(H2O)4]
0, [Cu(H2O)5]

2+ and 

[Cu(H2O)6]
2+ as the Cu diffusing species, the corresponding values of  

QXYRS
QX/RS

  are 0.9957, 0.9960 and 0.9963, 

respectively. In all cases, the diffusion-induced Δ65Cu values are about -0.2‰. Thus, this calculation confirms that 

mass transfer in the solution causes only minor Cu isotopic fractionation, consistent with findings of Black et al.  

(2010a, 2010b) for electrochemical reduction of Fe and Zn isotopes. If the solution is well stirred (e.g. ≥ 300 rpm), 

currents are kept low (e.g. ≤ 0.3 A) and the concentration of Cu2+ is higher than 0.5 mol/kg, the effect of mass 

transport on copper isotope fractionation is negligible for short electroplating times. However, with progressive 

precipitation of metallic copper, the solution adjacent to the electrode is depleted in the light copper isotope, 
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resulting in a decrease of effective fractionation which is determined as the difference between bulk solution and 

deposited metal. 

In addition, surface diffusion on the electrode (step (e)) can be a dominant for the formation of the thin metal 

film especially at low current. The adsorbed species on the electrode surface can be charged ions (e.g. [Cu(H2O)2]
+) 

and/or uncharged atoms (Cu0). A surface diffusion effect on isotope fractionation of these species can be calculated 

by means of Eqs. (11, 12). When doing so, the estimated isotope fractionation caused by surface diffusion at the 

electrode is also insignificant, i.e. -0.2‰, when γ is assumed as 0.002. 

        5.3.2 Isotopic fractionation due to electrochemical kinetics 

The previous theoretical estimations of both equilibrium fractionation and diffusion (mass transport, surface 

diffusion) induced fractionation show much lower values than the experimentally observed fractionation. Thus, the 

chemical and electron transfer steps governing the precipitation reaction at the electrode must contribute 

significantly to the isotope fractionations. 

 

Figure 4. Simplified illustration of standard free energy changes during the first reduction step at the cathode 
(modified after Bard and Faulkner (2001)). Reaction coordinate represents the changes in bond distances and 
reorientation of solvent molecules. ΔGCu(II)

0 and ΔGCu(I)
0 are the activation energies of Cu2+ and Cu+ at equilibrium; 

ΔGCu(II) and ΔGCu(I) are the activation energies of Cu2+ and Cu+  when the applied potential is more negative than the 
equilibrium potential. F is Faraday constant. Intersection points of the energy curves correspond to the transition 
state. 

 

In Figure 4 a simple energy scheme for the rate determining step Cu2+ + e- ↔ Cu+ at the cathode is shown. 

When no voltage is applied, the forward (Cu2+ + e- → Cu+) and the backward (Cu+ → Cu2+ + e-) reaction rates are 

equal, and the system is at dynamic equilibrium. In that case, the electrode potential (E) is equivalent to the 
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equilibrium potential of the system (Eeq), thus, the overpotential (η=E - Eeq) is zero. The intersection of the energy 

curves of reactants and products corresponds to the transition state, i.e. a high energetic configuration in the system. 

The difference in energy between the reactants or the products to the intersection point defines the corresponding 

activation energy ΔG. In the equilibrium case both values are identical.   

When switching on the electrical power, the energy level of the product side (Cu+) is lowered and a netto flux 

towards the reduced side occurs. As a consequence, a negative overpotential is generated at the cathode, which 

modifies the energy landscape.  The energy barrier for reduction is lowered and that for oxidation is raised up. The 

activation energy is determined by two distinct contributions: i) reorganization energy involving changes in bond 

length and angles prior to electron transfer; ii) the difference in configurational free energy between products and 

reactants; (Kavner et al., 2005). Hence, difference in vibrational states of the isotopologues result in slightly 

different activation energies and, subsequently, in an isotopic fractionation.  

(Kavner et al., 2005) developed a model for isotope fractionation during electrodeposition by combining stable 

isotope theory and electron transfer kinetics. For iron electroplating they demonstrated that isotope fractionation can 

be strongly affected by the applied voltage. However, the effect seems to be highly dependent on the experimental 

conditions, the specific redox system as well as the ligands available for complexation. For instance, little variation 

of Zn isotope fractionation with overpotential was observed during zinc electroplating from various solutions (Fig. 

5a in Black et al.  (2010a)). It is worth noting that the model of Kavner et al. (2005) may not be directly transferable 

to copper electroplating which is a two-step reaction, and the rate-determining step Cu2+ + e- → Cu+ occurs in the 

solution rather than directly on the electrode surface. Although we cannot exclude that the applied voltage has some 

effect on isotope fractionation in our experiments as well, we presume that its contribution to the measured 

fractionation is small, and the key parameter is the vibrational state of the isotopes in the reactants and in the 

transition state. 

5.4 Temperature dependence in comparison to other studies 

A linear dependence of Δ65Cu vs. 1/T2 is expected for equilibrium isotope fractionation by stable isotope theory 

(Bigeleisen and Mayer, 1947; Urey, 1947). In the range from 35 - 80°C our data are well represented by such 

relationship as shown in Fig. 5. Linear regression yields Δ65CuCu(0)s-Cu(II)aq = -(0.27±0.04) ×106T-2 - (0.16±0.34), 

R2=0.93. However, noticeable deviation from this linear trend is visible towards lower temperature with much 

smaller fractionation than expected. This implies a change in the controlling mechanisms. Most likely, as discussed 

in the Results chapter, mass transport through the diffuse layer becomes dominating at low temperature for the 

applied electroplating conditions. The consistency of our high temperature data with the results of Ehrlich et al. 

(2004) is striking. They conducted anoxic precipitation of covellite (Cu(I)S) from an aqueous CuSO4 solution at 

temperatures from 2°C to 40°C using Na2S solution as reducing agent. Their experiments were performed at slightly 

acidic conditions (pH of 4.3 -4.45). The measured Cu isotope fractionation between Cu(II) and Cu(I) ranged from -

2.7‰ to -3.5‰ and linear regression yields Δ65CuCu(I)s - Cu(II)aq = -(0.25±0.03) × 106T-2 - (0.18±0.30), R2=0.98. In the 

experiments of Ehrlich et al. (2004), the first step is a reduction of Cu2+ aquacomplexes by sulfide ions in solution. 
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Subsequently, covellite is precipitated due to oversaturation of the solution. According to Ehrlich et al (2004) the 

resulting Cu isotope fractionation is most likely controlled by reaction kinetics and does not represent equilibrium 

fractionation, since the precipitation is irreversible. Thus, although the experimental conditions are very different in 

our study and the study of Ehrlich et al. (2004), it appears that in both cases the kinetics of reduction of Cu2+ 

aquacomplexes determine the isotope fractionation. This implies that the specific electron transfer (either from an 

electrode or from a reducing agent such as sulfide) has minor effect on the fractionation process. Thus, the key 

parameter is the change in configuration from the reactant to the transition state. Combining both data sets (without 

our low temperature data) a regression is established over a large temperature range of 2 - 80°C (Δ65CuCu(I)s - Cu(II)aq = 

-(0.29±0.01) × 106T-2 - (0.31±0.15), R2 = 0.98). This relationship may be used to estimate copper isotope variation 

also for natural systems or in mining environments when reduction starts from Cu2+ aquacomplexes and reaction 

kinetics control fractionation.  

 

Figure 5. Temperature dependence on Cu isotope fractionation. Solid triangular symbols represent isotope 
fractionation associated with Cu(0)-Cu(II) reduction process, and data are from this study (T series in Table 1). Gray 
symbols represent isotope fractionation between Cu(I) minerals and aqueous Cu(II) solutions, data sources and 
experimental approaches are given in the right side legend. The dark gray field marks the area of precipitation of 
Cu2+- bearing minerals without redox change. Solid lines are linear regressions to the data of this study (excluding 
our low temperature data) and Ehrlich et al. (2004). Dashed trend line is the linear-fit regression of both data sets. 
The dotted lines represent theoretical predictions for species reactions in aqueous solutions (see text for more 
details). 
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However, isotope fractionation may be different when copper complexing ligands, i.e. halogens, are present in 

solution. Zhu et al. (2002) studied reduction of Cu(NO3)2 solution by KI at 20°C. They found a large isotope 

difference of -4.1‰ between the precipitated CuI and the remaining solution. Furthermore, a different control of the 

reduction process may occur when solid reduction agents such as pyrite or pyrrhotite are used. Asael et al. (2006) 

applied this method to precipitate Cu(I) sulfides (i.e., chalcopyrite, covellite and chalcocite) from a CuSO4 solution 

at temperature of 40°C and 100°C under anoxic condition and measured fractionation values of ca. -3.0‰ and ca. -

2.7‰, respectively.  

In any cases, the reduction-induced copper isotope fractionation is much larger than the theoretical predictions 

for equilibrium fractionation of copper species in aqueous solutions (Fig. 5). Furthermore, chemical reactions 

without redox state change, e.g., precipitation of malachite or Cu(OH)2 from Cu(II) solutions, isotope fractionations 

are generally one order of magnitude lower than those from redox reactions, i.e. -0.2‰ to -0.4‰ (Fig.5; Maréchal 

and Sheppard, 2002; Ehrlich et al., 2004).   

Abiotic oxidative dissolution process can produce substantial variations in Cu isotopes (up to -2.6‰) as shown 

by Mathur et al. (2005), Fernandez and Borrok (2009a) and Kimball et al. (2009). However, the involved reactions 

are rather complex and the findings are difficult to interpret in terms of the processes determining copper isotope 

fractionation. Therefore, these data are not considered in Fig. 5. 

6. Conclusions and implications 

Cu electrodeposition experiments under constant current condition were performed to reduce Cu(II) to metallic 

Cu. The results show that the light isotope is preferentially electroplated and large isotope fractionation is induced 

by the change of the redox state. The Cu isotope fractionation is most strongly affected by the electrolyte 

concentration, followed by solution stirring speed, electrolysis time, current and temperature. The Δ65CuCu(0)-Cu(II) 

values vary from -2.66‰ at 35°C to -1.93‰ at 80°C, suggesting a negative temperature dependence on the isotope 

fractionation in this temperature range. However, smaller fractionation observed in the range of 5 - 25°C indicates a 

change in the controlling mechanism towards lower temperature. 

The theoretical estimations indicate that equilibrium fractionation of Cu species in aqueous solution is unlikely 

responsible for the observed fractionation. Three competing kinetic processes must be considered as rate and 

fractionation controlling: mass transport to the electrode, electrochemical reaction kinetics and surface diffusion at 

the surface of the electrode. When the Cu electroplating is carried out at high electrolyte concentration (> 0.5 mol 

kg-1 CuSO4(aq)), short electrolysis time (e.g. 35 s), low current (≤ 0.3 A), and high temperature (≥ 35°C) in well 

stirred solutions (≥ 300 rpm), the effects of mass transport in the solution and surface diffusion are negligible, but 

the electrochemical kinetics can yield pronounced isotope fractionations. It is the vibrational state of the 

isotopologues in the reactants and in the transition state that determines the magnitude of isotope fractionation.  

The experimental methodology in this study can be considered analogous to the natural galvanic interaction in 

copper-bearing systems. The galvanic interactions are based on the resting potential difference between two 
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minerals in direct physical contact. In a galvanic assembly: the mineral with higher resting potential is protected and 

behaves as a cathode where the reduction reaction occurs; the mineral with the lower resting potential behaves as an 

anode and preferentially dissolves. In fact, most sulfide minerals are good electronic conductors so that the galvanic 

process gives rise to metal sulfide anodic oxidization, e.g. Fe(II)-Fe(III), Cu(I)-Cu(II) and S(II)-S(IV), coupling with 

cathodic reduction, e.g.,O0-O-2, Cu(II)-Cu(I), Cu(II)-Cu(0), (Thornber, 1985; Sikka et al., 1991). Furthermore, 

galvanic interaction, yet has not been considered in most natural processes, may play a vital role in metal release in 

various occurrences, such as supergene ore system, black smokers, terrestrial and seafloor sulfide ore deposits, and 

acid mine drainage (e.g. Sikka et al., 1991; Koski et al., 2008; Webber et al., 2015; Fallon et al., 2017). Dissolution 

of chalcopyrite (in physical contact with pyrite) by galvanic interaction results in the mobilization of Cu2+ and Fe2+ 

in aqueous fluids (e.g. Fallon et al., 2017). Fe2+, one of the most common reducing agents, may promote a 

subsequent redox reaction with native copper formation (Genovese and Mellini, 2007). Moreover, covellite (Cu(I)S) 

as one of the most abundant sulfide minerals can be generated by ion-exchange reaction between mobilized Cu2+ 

and FeS/ZnS coupled with a change in oxidations state (Blowes and Jambor, 1990). The results of our study are 

helpful to understand the processes during cathodic reduction of Cu-bearing galvanic assembly. Most likely the 

reduction occurs in the electrical double layer in the solution (or between the solution and adsorbed species on the 

surface), similar as illustrated in Fig. 3. The emphasized transition between high-coordinated Cu2+ to low-

coordinated Cu+ may be rate controlling as well. This has to be tested by further experimental investigations. 
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Nomenclature 

A: surface area of an electrode (cm2) 
KLMNO

∗ : concentration of Cu(II) in the bulk solution (mol cm-3) 
d: thickness of the electrode (cm) 
ZLMNO: diffusion coefficient of Cu(II) (cm2s-1) 
F: Faraday constant (96485 Coulombs mol-1) 
ΔG: activation energy 
idiffusion limited: current flowing under diffusion control (Amps) 
k: electrochemical reaction rate (mol s-1 cm-2) 
mtheoretical : the estimated mass of the substance liberated at an electrode (gram) 
mreal : the mass of Cu desposits on an electrode (gram) 
mO: mass transfer coefficient (cm s) 
M : is the molar mass of copper in grams per mol (g mol-1) 
n: stoichiometric number of electrons transferred in reaction 
R: gas constant (8.3145 J K-1 mol-1) 
T: temperature (K) 
t : run duration in second (s) 
xi: mole fraction mole fraction of species i in deposits 
z : valence number 
β: reduced partition function ratios 
γ: coefficient to interpret the relation of diffusion coefficients in two isotopologue species 
η: overpotential (Volts) 
δ

65
Cu: Cu isotope composition of certain species (‰) 

Δ
65

Cu: Cu isotope fractionation between different species (‰) 
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Summary and conclusions 

The transport of Cu in the liquid phase of NaCl/KCl-HCl-HAc/KAc-H2O systems has been experimentally 

investigated at both high P-T (800°C and 200 MPa) and low P-T ranges (100-250°C, 5-30 MPa). The total chloride 

concentration varies from 0 to 4.3 m. It is worth noting that copper content increases with temperature increment, 

e.g., there are 0.35 wt% and 0.86 wt% Cu dissolved in 0.9 m NaCl solution at 250°C and 800°C, respectively. In 

addition, Cu content is positively in proportion to the increasing salinity, e.g., 0.5 wt% and 4.3 wt% Cu in 0.17 m 

and 4.3 m NaCl solutions at 800°C, respectively. Cu was found to dissolve primarily as Cu+, likely CuCl2
-. 

1. Conclusion remarks from high P-T experiments (800°C, 200 MPa) 

Experiments, which were conducted with Cu/Cu2O/CuCl and NaCl/HCl/H2O at magmatic-hydrothermal 

conditions (800°C, 200 MPa), revealed that chloride-bearing aqueous fluids have the potential to increase Cu 

content appreciably, e.g., 1.5 wt% and 5.4 wt% of Cu dissolved in 1.5 m NaCl and 1.5 m HCl solutions, respectively. 

In native Cu-NaClaq systems, two types of inclusions were formed, namely fluid inclusions and Na-bearing silicate 

melt inclusion, indicating that hydrothermal brine and silicate melt phase can coexist at run condition. Note that Na-

bearing silicate melt inclusion was formed exclusively in native Cu-NaClaq systems. Cuprite trapped in fluid 

inclusions and Na-bearing silicate melt inclusions is precipitated as quench product due to different cooling rates. In 

HCl-bearing systems, nantokite has been a common daughter mineral throughout all experiments. Quench fluids of 

native Cu + NaCl systems are basic whereas the fluids of the runs with native Cu ± Cu2O + HCl + CuCl and 

Cu2O+NaCl are generally acidic. A linear correlation between Cu content and initial chloride content has been 

derived, with Cu/Cl molal ratios of 1:7 in native Cu-NaClaq system and nearly 1:1 in native Cu-HCl systems. It is 

evident that not only chloride concentration but also fluid acidity has strongly effects on Cu enrichment. However, a 

Cu/Cl molal ratio of 1:3 has been found in native Cu-CuCl-H2O and Cu2O-NaClaq systems, which is caused by a 

back reaction with the production of native Cu (i.e., Cu+ + H2 = Cu + H+). Thus, the stability of Cu-bearing species 

is strongly affected by systems oxygen fugacities and the Cu+ content. 

These experiments also shed some lights about the inclusion properties. Firstly, regarding to the fluid inclusion 

synthesis technique, few inclusions can be formed in the intact quartz cylinder prior to intermediate quench but this 

will have minor effect on Cu content in this quart cylinder. In addition, using two types of quartz cylinders, i.e. 

prefractured and in situ fractured quartz, is a reliable technique to acquire information of hydrothermal fluids. 

Secondly, the addition of silica gel is of great importance not only for crack healing but also for improvement of 

fluid inclusion quality. Thirdly, well isolated and isomeric inclusions are properly sealed whereas necking down and 

irregular inclusions tend to lose or gain H2O and/or metals. Finally, rapid quench is an optimum quench technique to 

rule out fluid inclusions formed at late stage, which can be applied to NaCl-bearing system. Caution should be taken 
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when using Rb and Cs contents to standardize LA-ICP-MS data in native Cu-NaClaq system due to the coexistence 

of two phases (fluid as well as melt phases), which will lead to trace elements partitioning between both phases.  

2. Conclusion remarks from moderate P-T experiments (100-250°C, 5-20 MPa) 

The partitioning of Cu between cuprite and hydrothermal fluids (K(Na)Cl / HAc-K(Na)Ac / H2O, where Ac 

refers to acetate) is investigated elementally and isotopically at 100-250°C and 50-300 bar. The experiments were 

carried out for periods of up to 72 hours in a Parr autoclave allowing for in-situ sampling of fluid phase. Native 

copper and tenorite are the dominant experimental products. At 250°C, native Cu has been found to precipitate in 

pure H2O, KCl-bearing solutions and in acetate-bearing runs (≤ 24 hours). Tenorite is observed in 150°C and 250°C 

long-termed (72 hours) acetate-bearing runs. 

The decomposition of cuprite in hydrothermal fluids was found to be controlled by several types of reactions: (1) 

simple cuprite dissolution and production of Cu(I) in hydrothermal fluids at the early stage (≤ 6 hours); (2) Cu(I) 

disproportionation into Cu(II) and native Cu (likely 6-24 hours); (3) decarboxylation reaction and production of 

equimolal methane and carbon dioxide; (4) oxidation of Cu(I)/Cu(0) to Cu(II). Processes (1-3) are dominant in KCl-

bearing systems, and processes (1-4) predominate in H2O-acetate-bearing systems. Cu was found to dissolve 

primarily as Cu+, however, Cu2+ produced by Cu(I) disproportination reaction may account for ≤ 15% in bulk 

solution. 

During the early stage (<24 hours) cuprite dissolution process, constant Cu content can be achieved within 24 

hours at 100°C - 250°C. Dissolved Cu in pure solutions (KClaq and H2O) is ~20 times lower than that in pH buffered 

solutions (KCl/H2O + pH buffer). Without the presence of pH buffer (0.2 m HAc/KAc), Cu content in KCl-bearing 

solutions is ca. 2 log units higher than that in pure water, i.e., 160 μg/g and 3 μg/g, respectively. In the presence of 

pH buffer: (1) the temperature increment positively correlates to Cu content in KCl-bearing solutions but negatively 

correlates to dissolved Cu in acetate-bearing solutions; (2) pressure has almost insignificant effect on cuprite 

solubility; (3) increasing chloride concentration strongly enhances Cu content. 

The most significant isotope fractionation is induced by oxidation reaction of Cu(I) to Cu(II), i.e., Δ65Cu [Cu(II)O-

Cu(I)] values are up to 0.35±0.05‰. To a lesser extent, isotope fractionation can be caused by the Cu(I) 

disproportionation reaction, i.e., Δ65Cu [Cu(0)-Cu(I)] values are up to 0.10±0.10‰.  

The gas phase determination indicates that equimolal methane and carbon dioxide are produced by 

acetate/acetic acid decarboxylation. It is likely that the decarboxylation results in significant reduction of dissolve 

Cu at 250°C after 6 hours. Furthermore, the produced gas phase (e.g., carbon dioxide) can act as oxidant, which later 

help to oxidize the Cu(I) into tenorite. 

This study indicates that acetate plays a dual role in copper transport and deposition. On the one hand, the 

presence of acetate appreciably enhances Cu content by an order of magnitude, suggesting that acetate as a 

complexation ligand can be responsible for metal transportation in hydrothermal fluids. On the other hand, 
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decarboxylation of acetate substantially decreases the dissolved Cu and aids the precipitation of Cu-bearing minerals 

(e.g., native Cu and tenorite). These findings may elucidate the enrichment of copper in sediment-hosted Cu ore 

deposit. 

3. Conclusion remarks from low P-T experiments (5-80°C, 0.1 MPa) 

Cu electrodeposition experiments under constant current condition were performed to reduce Cu(II) to metallic 

Cu. The results show that the light isotope is preferentially electroplated and large isotope fractionation is induced 

by the change of the redox state. The Cu isotope fractionation is most strongly affected by the electrolyte 

concentration, followed by solution stirring speed, electrolysis time, current and temperature. The Δ65CuCu(0)-Cu(II) 

values vary from -2.66‰ at 35°C to -1.93‰ at 80°C, suggesting a negative temperature dependence on the isotope 

fractionation in this temperature range. However, smaller fractionation observed in the range of 5 - 25°C indicates a 

change in the controlling mechanism towards lower temperature. 

The theoretical estimations indicate that equilibrium fractionation of Cu species in aqueous solution is unlikely 

responsible for the observed fractionation. Three competing kinetic processes must be considered as rate and 

fractionation controlling: mass transport to the electrode, electrochemical reaction kinetics and surface diffusion at 

the surface of the electrode. When the Cu electroplating is carried out at high electrolyte concentration (> 0.5 mol 

kg-1 CuSO4(aq)), short electrolysis time (e.g. 35 s), low current (≤ 0.3 A), and high temperature (≥ 35°C) in well 

stirred solutions (≥ 300 rpm), the effects of mass transport in the solution and surface diffusion are negligible, but 

the electrochemical kinetics can yield pronounced isotope fractionations. It is the vibrational state of the 

isotopologues in the reactants and in the transition state that determines the magnitude of isotope fractionation.  

Two consecutive reduction processes are related to Cu(II)-Cu(0) reduction, i.e., Cu(II) to Cu(I) and Cu(I) to 

metallic Cu reduction steps. Based on the findings of Cu(I) disproportionation reaction (previous part), isotope 

fractionation induced by second step (Cu+ +e →Cu0) is limited to the range of ~0‰ to ~0.2‰ (Δ65CuCu(0)-Cu(I)).  It is 

evident that the transformation of fivefold to sixfold coordinated aquacomplexes of Cu2+ to linear Cu+ complexes is 

a key step during reduction of copper in aqueous solutions, inducing large negative copper isotope fractionation. 
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