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ABSTRACT: To improve our understanding of the formation of sedimentary
copper deposits, the reaction of cuprite with 0.2 m HAc-KAc or pure H2O
solutions is studied systematically at 100−250 °C and 5−30 MPa. The
experiments were carried out for periods of up to 72 h in a Parr autoclave,
allowing for the in situ sampling of the fluid phase. The experiments
conducted in this study demonstrate that cuprite (Cu2O) underwent a series
of changes: (i) simple dissolution, (ii) Cu(I) disproportionation to native Cu
and Cu(II), and (iii) subsequent oxidation into tenorite (CuO). In pure water,
only (i) and (ii) steps can be discerned, whereas all three processes have been
observed in an acetate-bearing system. In HAc-KAc solutions, the maximum
dissolved Cu content correlates inversely with temperature, i.e., 378 to 168
μg/g at 100 and 200 °C, respectively. However, equilibrium has not been
reached in our experiments and these values may be treated as minimum
cuprite solubility. In situ Cu isotope analyses have been carried out by laser ablation combined with a multicollector inductively
coupled plasma-mass spectrometer. The data imply that copper isotope fractionation during cuprite replacement reactions is small.
Both the microscopic observations on cross sections and the analytical data support the idea that the mineral replacement reaction is
controlled by a coupled dissolution-reprecipitation (CDR) mechanism. This applies to both the deposition of metallic copper and
the formation of tenorite. As suggested by the formation of pore spaces in the deposited layers, only a portion of the dissolved
copper is redeposited directly in situ. The isotopic analyses of the solution and solid phases show that the partial transfer of copper
into the surrounding solution is not associated with a significant isotopic effect, e.g., a measured difference between Cu and Cu2O is
within 0.32 ± 0.06‰. Our study indicates that acetate plays a dual role in copper transport and deposition. On one hand, the
presence of acetate strongly enhances the Cu content in solution 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 aids the precipitation of tenorite. This may lead to the co-occurrence of Cu-bearing minerals with different
oxidation valence states at low temperatures in a variety of geological settings such as supergene hydrothermal systems.
KEYWORDS: cuprite, native copper, tenorite, coupled dissolution and reprecipitation, Cu(I) disproportion, Cu isotope fractionation,
acetate

1. INTRODUCTION
Cu transport, sequestration, and enrichment are highly depend-
ent on its speciation in aqueous solutions, i.e., the oxidation state
of copper and the formation of complexes with suitable ligands.
For copper-ore settings at prevailing diagenetic conditions, at
low temperatures (50−250 °C),1 cuprous copper (Cu+) is the
predominant oxidation state, and the corresponding mineral
cuprite (Cu2O) dominates in oil field brines as well as in
sediment-hosted ore deposits.2 Modern oil field brines and
basinal fluids are thought to be characteristic ore fluids
responsible for the formation of sediment-hosted base metal
deposits. In these fluids, chloride and bisulfide are usually
thought to be the most important ligands for metal complex-
ation. In contrast, organic agents are typically much weaker

ligands. For example, a 1M (mol/kg) sodium acetate solution at
150 °C can dissolve about 200 μg/g of copper, which is only
one-third compared to a 0.1 M NaCl solution.3,4 Nevertheless,
the high abundance of organics has led to speculation as to their
roles in ore-forming processes, such as acting as reaction
catalyzers, reduction or oxidation medium, immobilization and
mobilization of metals, and changing fluid geochemistry.5 For
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example, organics such as ketone can transport 1100 ppm Au
and other platinum group elements in the Zechstein copper
deposits,6 and carboxylate ligands such as acetate play a vital role
in the stabilization of metals in Mississippi Valley-type Pb−Zn
deposit.7 Moreover, acetate can also be of importance for the
dissolution behavior of copper, i.e., when concentrations of
halogens and bisulfide are low. Weight percent level of acetic
acid and its salts are measured in oil field waters (0.5 wt %).8,9

These fluids are not only the precursors for petroleum10 but also
are involved in the formation of sediment-hosted base metal
sulfide ore deposits as well as in low-grade metamorphic ore
deposits.2,11−13 Moreover, acetate-bearing hydrothermal fluids
are likely responsible for the oxidation zone development in the
porphyry and/or hydrothermal Cu ore deposits.14,15 Oxidation
zones are strongly weathered and contain alteration minerals
with different oxidation states, e.g., cuprite is found to coexist
with native Cu and tenorite (in the most oxidized zone). The
association of Cu2O−Cu represents an intermediate replace-
ment product.16,17 Tenorite that replaces cuprite and native Cu
is favored at alkaline or neutral pH.17

The stability of acetate ions (CH3COO−) and acetic acid
(CH3COOH) in hydrothermal fluids is of great importance for
both the complex formation and oxidation state of transition
metals. Hydrothermal experiments in stainless-steel vessels,18 Ti
vessels, Au cups or bags, silica tubes, and Pyrex tubes19 have
shown that aqueous solutions of acetic acid are relatively stable
under thermal stress (half-lives of ca. 300−1.2 × 105 h at 350
°C). However, if suitable catalytic surfaces are present,
significant decarboxylation can occur within a considerably
shorter period, e.g., less than 100 h at 350 °C in the presence of
magnetite or hematite.19 Thus, the role of mineral surfaces
acting either as a true catalyst, remaining unchanged, or being
involved as a reactant needs to be better constrained.
Cu is a transition metal and has two stable isotopes, i.e., 63Cu

and 65Cu. Large variations from −16.96 to 25.73‰ in Cu
isotope composition have been reported in terrestrial
samples,20,21 and hence Cu isotope has been widely used to
fingerprint hydrothermal activity and to uncover the processes
resulting in the formation of ore bodies. Experimental
calibrations demonstrate that hydrothermal processes without
change in the Cu oxidation state induce Cu isotope fractionation
of less than 0.70‰, e.g., fluid-rock interaction,22 fluid-magma
separation,23 mineral dissolution,24 and mineral precipitation
processes.25 On the other hand, redox-induced fluid−mineral
interaction causes significant isotope fractionation. For example,
the abiotic oxidative dissolution process can lead to aqueous
Cu(II) being up to 3.1‰ heavier than its parent Cu(I)
mineral.26−32 Precipitation of Cu(I)/Cu(0) from an aqueous
Cu(II) solution yields a fractionation of up to 4.0‰, with lighter
Cu isotope incorporated into the reduced mineral
phases.25,33−35 Pronounced isotope fractionation occurs at low
temperatures, and copper isotope fractionation up to 3‰ has
been reported in sediment-hosted stratiform copper depos-
its.31,36 Yet, Cu isotope fractionation between Cu(I)-bearing
mineral and acetate solution has not been determined at
conditions of sedimentary, metamorphic, and oxidation zone
settings. Well-established experimental calibration may help to
unravel the fractionation factor and controlling mechanism.
Cu is a bioessential trace metal for both humans and

organisms. Biotic fractionation up to 2.5‰ has been recorded
through biological uptake, sorption, redox, and organic
complexation.37−41 Copper forms stronger complexes with
functional groups than abiotic forms in organic matter,40,42 and

hence complexation competes with sorption in Cu and its
isotope distribution.38,42 For instance, Cu sorption to Fe−Mn
crusts is isotopically light (δ65Cu of ∼0.3 to 0.5‰) compared to
the residual dissolved Cu pool in seawater (∼0.9‰).38,43 Over
99% of dissolved Cu in the ocean is organically complexed (e.g.,
L1, L2

44,45), and organic complexation favors the heavy Cu
isotope.43,46−48 Organic complexes such as carboxyls and
amines are actively involved in biological uptake induced
isotope fractionation. For example, Bigalke et al.49 reported a
Δ65Cuhumic‑Cu

2+ of 0.26 ± 0.11‰. Ryan et al.40 measured a
variable Δ65Cucomplex‑free from 0.14 to 0.84‰, where complex
refers to natural and synthetic organic ligands. Thus, Cu isotopes
can be used as a source and process tracer for Cu biogeochemical
cycling.
This study provides information about the reaction between

cuprite and acetate−acetic acid bearing fluids at the temperature
of 100−250 °C and pressure of 5−30MPa. One objective was to
obtain new data on the solubility of copper in hydrothermal
fluids. Furthermore, it should be tested whether significant
fractionation of copper isotopes occurs during the dissolution
and transformation reactions of cuprite. Another important
aspect is the stability of acetate in hydrothermal systems with
different types of mineral surfaces.

2. EXPERIMENTAL AND ANALYTICAL PROCEDURES
Most of the experiments and analyses were carried out at the
Leibniz University of Hannover. Studies on the formation of
gases during the reaction of cuprite with hydrothermal solutions
were performed at the Federal Institute for Geosciences and
Natural Resources (BGR) in Hannover. No unexpected or
unusually high safety hazards were encountered throughout all
experiments.
2.1. Reagents andMaterials.As the solid starting material,

sintered pellets of Cu2O were used. This has the advantage that
relicts of the starting material can be easily separated from
quenched material from the fluid. The weight change of the
pellet enables a first estimate of copper solubility in the fluid.
Copper(I) oxide (cuprite) powder (97% purity, purchased from
Sigma-Aldrich) was used to prepare the pellets. Poly(vinyl
alcohol) (PVA, chemical formula [CH2CH(OH)]n) decom-
poses into CO2, CO, N2, hydrocarbons, and H2O at 100−800
°C.50 PVA can increase the density and the compressing
strength of pellets produced, and it was added to avoid the
disintegration of pellets after compaction. The preparation
procedure was as follows:

(1) Mixing ∼9 g of copper(I) oxide powder, ∼2 g PVA
powder, and 15 mL distilled water in a glass beaker.

(2) Stirring and cooking the mixture at 100 °C until all water
has evaporated.

(3) Grinding the dry mixture into a fine powder.
(4) Compressing ca. 1 g of powder into a disc (O.D. = 13mm,

height = 1 mm) at 140 MPa.
(5) Placing pellets in a ceramic boat wrapped with a piece of

copper foil to avoid any potential contaminants from the
ceramic boat. To avoid the change of oxygen fugacity by
PVA pyrolysis, the PVA removal is as follows. Heating at a
rate of 50 °C/h to 300 °C in an atmospheric horizontal
tube furnace and holding at 300 °C for 2 h to remove
PVA.

(6) Adjusting the sintering conditions of Cu2O according to
Neumann et al.51

ACS Earth and Space Chemistry http://pubs.acs.org/journal/aesccq Article

https://doi.org/10.1021/acsearthspacechem.3c00254
ACS Earth Space Chem. XXXX, XXX, XXX−XXX

B

http://pubs.acs.org/journal/aesccq?ref=pdf
https://doi.org/10.1021/acsearthspacechem.3c00254?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(7) Cooling the ceramic boat in the air on a metal plate to
ensure rapid cooling.

In the first trial, pellets were heated at 1030 °C in the air (log
fOd2

/bar = −0.69) for 30 h. In a second attempt, pellets were
heated under a CO2 atmosphere (log f Od2

/bar ≈ −3, measured
with a zirconia cell) at 927 °C for 24 h.
As a reference material, tenorite (CuO) pellets were prepared.

Cupric oxide (CuO) powder was purchased from Johnson
Matthey with a purity of 99%. CuO pellet preparation was the
same as the aforementioned procedure for Cu2O. The sintering
of CuO was performed at 760 °C in the air for 24 h.
Acetic acid−acetate buffers are widely used for pH control in

laboratory experiments4,52 because of their well-defined
ionization constants at elevated temperatures53 and the
relatively high threshold temperature for decarboxylation of
acetate.18,19,54 In the absence of catalytic active minerals, the
decarboxylation rates of acetate at 200 and 300 °C are only 1.81
× 10−8 and 8.17 × 10−8 s−1, respectively,18 resulting in a
concentration variation of less than 2% over 72 h at 300 °C.
Crystalline anhydrous potassium acetate (KAc) was pur-

chased from Alfa Aesar, with a purity of 99%. Analytical-grade
acetic acid (Ac) was acquired from Merck. Stock solutions with
modal concentrations of 0.2 m (mol/kg) were prepared from
both chemicals using fresh 18 mΩ, double-deionized water. The
pH buffer consists of a 1:1 mixture of both solutions, yielding a
pH of 4.6 determined by the pH microelectrode (described
below). The pH buffer solution was used in all experiments
except for Cp41 in which pure H2O was used (details are listed
in Table 2). Rubidium chloride (99.99%) powder was added to
the stock solution with a concentration of ∼400 μg/g as an
internal standard for mass spectrometry. This also enables
monitoring of whether elements partition into different phases
(vapor, liquid, and mineral) along the reaction path.
2.2. Fluid Sampling Procedure. A scheme of the reaction

vessel is given in Figure 1. The setup resembles that of Dickson
et al.55 and Seyfried et al.56 The stainless-steel autoclave (V =
250 mL; I.D. = 55 mm; O.D. = 95 mm, height = 100 mm) was
purchased from Parr Instrument Company and installed with
three type-J thermocouples and a manometer. The steel
autoclave was filled with water and then connected to the
pressure line to pressurize the system. The amount of water was
adjustable by an autotuning pressure pump. To retain an inert

environment, a flexible Au cell was used to separate the solution
and cuprite from the pressure medium (H2O). The reaction cell
consisted of a self-made cylindrical gold cell with a star-like conic
end and a volume of∼50mL (I.D. of 37.5mm,O.D. of 38.3mm,
and a height of 60 mm). After loading the titanium closure and
multiple runs, the Au bag is prone to deform and hence the
volume will reduce to ∼30 mL (deformed Au cell in Figure 1).
Deionized water was added to the reshaped cell to obtain the
maximum loading of solution prior to each run. Minor air may
exist and be squeezed via pressurization. Titanium parts
including closure, bolts, and containers were manufactured in-
house from grade 2 Ti cylinders. Ti components were passivated
at 450 °C for 1 h in a 1 atm furnace prior to usage. To separate
solids from fluids during sampling, a filter was installed at the end
of the Ti tubing (Figure 1). The cylindrical titanium filter with a
pore size of 0.5 μm, a diameter of 6.35 mm, and a height of 0.99
mm was purchased from TECHLAB, Germany. This cylinder
was tightly pressed into the bore hole of a Ti cylinder and two Ti
tubes were screwed in from the top and the bottom so that no
liquid could flow along the side.
A piece of cuprite pellet and∼30mL of aqueous solution were

loaded into the Au reaction cell. A small piece of gold foil
(dimension of 5 × 7 mm, thickness of 0.25 mm, weight of ∼1 g)
was added to identify and analyze metallic copper deposition
after the run. The temperature was set by an electronic controller
connected to the middle thermocouple (Figure 1). Thermo-
couple tips have a distance of 45 mm, and the maximum
difference in temperature was less than 3 °C. The pressure was
regulated by a manually controlled pump, which enabled it to
build up or release pressure automatically, and the uncertainty of
pressure was within 0.1 MPa. The desired pressure was adjusted
before heating to check for possible leakage. During heating, the
pressure was kept constant. After reaching experimental pressure
and temperature, fluids could be transported through a titanium
capillary tubing (Grade 5; V = 0.5 mL, I.D. = 1.60 mm, O.D. =
6.35 mm, length = 250 mm) to the titanium sampling container
by opening a three-way titanium valve. A Ti connecting tube
(Grade 2; V = 0.95 mL; I.D. = 5.5 mm; O.D. = 10 mm, height =
40 mm) and a Ti container (V = 0.26 mL; I.D. = 1.6 mm; O.D. =
6.35 mm, height = 13 mm) were used to temporarily sample and
store in situ fluid from the Au cell.
In situ sampling of the fluid was carried out in two steps: (i)

opening the first valve (Figure 1) to flush the pathways,

Table 1. Experimental Conditions and Formation of New Phasesa

no. T (°C) P (MPa) type of cuprite time (h) mpellet before (g) mpellet after (g) new phases

Cu2O + 0.2 m HAc/KAc
Cp27 100 20 I 24 0.44465 0.43125
Cp22 150 20 I 72 0.96854 n.m. tenorite, Au−Cu
Cp26 200 20 I 24 0.49875 0.48926
Cp29 250 5 I 24 0.42242 0.39843 native Cu
Cp30 250 10 I 24 0.66672 0.4928 native Cu
Cp43 250 20 II 6 0.14918 0.14676
Cp24 250 20 I 72 0.96411 n.m. tenorite, Au−Cu
Cp31 250 30 I 24 0.39616 0.38159 native Cu
Cp40 150 20 II 24 0.20402 0.19103 native Cu

250 20 24
150 20 24

Cu2O + H2O
Cp41 250 20 II 72 0.17741 n.m. few native Cu

aI and II refer to type-I and type-II cuprite pellets, respectively (details are given in Section 4.3). Au−Cu indicates Au particles with a few percent
of Cu. n.m. refers to not being measured. Pellets of these runs were deformed into pieces and their masses are not reliable.
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collecting the flushed liquid in a titanium container, and closing
this valve immediately; (ii) opening the second valve (Figure 1)
to collect the experimental fluids in the second container and
closing this valve. In some cases, a third solution was taken. For
doing so, the valve was immediately cooled by an air stream, and
the second container was replaced by a new one. The small
change in the total fluid mass (i.e., 1 g per sample compared to
∼30 g of total solution loaded in the Au reaction cell) by
sampling results in an instant pressure decrease of∼3MPa in the
autoclave, which was automatically compensated by the pressure
pump within few seconds. The sampling containers were cooled
with a compressed air gun for 10−20 min. The obtained liquids
(except for the liquid for pH measurements) were transferred
into Teflon vials and processed immediately with 1mL of 1mol/
L HCl and 1 mL of deionized water to avoid possible
precipitation. After cooling the autoclave and releasing the
pressure, the residual liquid was transferred into a Teflon vial,
and the solids were collected. The volume of the Au reaction cell
after the run was less than 35mL due to online sampling, and the
Au reaction cell was rinsed with ∼35 mL of 1 mol/L HCl and
∼35 mL of deionized water. These collected solutions were
further digested and processed with freshly prepared aqua regia
solution. Potential solids retained in the rinsing solution were
removed by centrifugation. The solids, such as cuprite pellet and
Au foil, were dried in air and weighed again. The Au cell was
cleaned with 6 mol/L HCl at 60 °C for 24 h and rinsed with
water.
After each run, the deformed Au reaction cell was annealed at

850 °C for 15 min and reshaped manually. This procedure was
usually repeated several times until the cylindrical shape was re-
established. The inner surface of titanium containers was
carefully checked for possible corrosion under a microscope.
When necessary, the containers were immersed in 10% HNO3
for 4 h at 180 °C, and the Ti passivation procedure described
above was repeated.
Table 1 lists the details of each experiment. Ten experiments

were performed to study the interaction of cuprite with
hydrothermal fluids, i.e., the effects of run duration (24 to 72

h), temperature (100−250 °C), pressure (5−30 MPa), and pH
buffer (±0.2 m HAc/KAc). To check the possible effects of
pretreatment and the reversibility of the reaction, we conducted
one cycling experiment (150−250−150 °C) at 20MPa (Cp40).
First, starting materials were reacted at 150 °C, and three fluid
samples were collected at 1, 6, and 24 h. Then, the temperature
was regulated to 250 °C and, finally, it was set back to 150 °C.
After changing the temperature, conditions were accomplished
within 1 h. The timing of fluid extraction at the second and third
stages was similar to the first one.
2.3. Tests for Gas Production. Two experiments were

performed to check for possible gas phases produced by the
thermal decomposition of acetic acid. Au capsules (4.00 mm
I.D., 4.40mmO.D., and 40mm length) were loaded with 4.5 mg
of cuprite pellet and 300 mg of either pure H2O or 0.2 m HAc/
KAc solution and welded shut under a gentle gas stream of argon
to enclose the fluid and solid. Themineral/fluid ratio was similar
to the runs conducted in the Au reaction cell, i.e., 0.015
(mineral/fluid by mass). The experiments were performed in a
stainless autoclave at 250 °C, 20 MPa for 72 h.

3. ANALYTICAL PROCEDURES
3.1. Analyses of Starting Materials and Run Products.

Crystalline phases in sintered pellets were studied by X-ray
powder diffraction (XRD) on a Philips PW-1800 powder
diffractometer using Cu Kα radiation in steps of 0.02° between 5
and 85°. The WinXPow software (STOE) and the powder
diffraction file were applied for data evaluation.
The retrieved cuprite pellet was cut through the center by a

low-speed saw with a fine blade with embedded diamond
powder. Half of its cross section was mounted in epoxy to
prepare a thin section. Scanning electron microscopy (JEOL
JSM-6390A SEM) coupled with an energy-dispersive X-ray
analysis system (Bruker Quantax 200 EDXS) was employed to
check the homogeneity of solids and to identify unknown
phases. The acceleration voltage was set to 30.0 kV. The beam
size was 1−2 μm, and the sample current was adjusted between
10 and 15 nA. The composition of cuprite and the
corresponding solid products was determined using a Cameca
SX 100 electron probe microanalyzer (EPMA). Standards
include native metals (Cu and Au) and synthetic NaCl (Cl). A
beam 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.58

A confocal Bruker Senterra micro-Raman spectrometer was
used to identify new solid phases. It is equipped with an
Olympus BX 51 microscope with a magnification objective of
50×. The spectra were collected using the 532 nm laser
excitation line and recorded for 10 s with 2 times acquisition
repetitions.
The pH values of some solutions were measured with an

InLab Flex-Micro pH combination electrode (Mettler Toledo
GmbH, Germany). All other solutions were evaporated to
dryness on a 90 °C hot plate and redissolved in 1 mL of 3%
HNO3.
3.2. Element and Cu Isotope Analysis. Elemental

concentrations of sampled solutions were determined by
inductively coupled plasma-optical emission spectrometry
(ICP-OES) on a Varian 715-ES spectrometer (Varian GmbH,
Germany) equipped with a patented VistaChip CCD simulta-
neous detector. The samples were introduced in a concentric
nebulizer and a cyclonic spray chamber. Analyses were
conducted on an aliquot of ∼0.5 mL (about half of the previous

Figure 1. Schematic drawing of the fluid reactor and photo of the
flexible Au cell used in the experiments (modified with permission from
ref 57. Copyright 2023 Mineralogical Society of America). ∼43 and
∼35 mL refer to the maximum solution loaded to the Au cell with a Ti
closure.
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redissolved solution) that was diluted with 3% HNO3 to 6−11
mL. A standard solution containing seven elements (Na, K, Ti,
Fe, Ni, Cu, and Rb) in concentrations of 1, 5, 10, 30, and 50 μg/g
was used for calibration. In the following text, CCu refers to Cu
content. All solution analyses followed the procedure reported
by Roebbert et al.59

The Cu isotope composition of solutions and solid minerals
was determined by a Thermo Scientific Neptune multicollector
inductively coupled plasma-mass spectrometer. For in situ
isotope measurements on solids, the MC-ICP-MS was coupled
to a deep UV femtosecond laser ablation system (UV-fsLA-MC-
ICP-MS).41,42 A quartz glass spray chamber (double pass of
Scott design) and a PFA microflow nebulizer (uptake rate ∼100
μL/min) were used to aspirate standard (Ni NIST SRM 986)
and sample solutions. Pt or Al skimmer cones were employed,
and a low-mass-resolution mode has been used for Cu isotope
measurements. Masses of isotopes 60Ni, 61Ni, 62Ni, 63Cu, 64Ni,
and 65Cu were detected simultaneously. A NIST SRM 976

standard solution and NIST SRM 976 Cu metal were used for
standard-sample-standard bracketing, usually with 2−3 samples
run between two standards.60

The analytical procedures for Cu isotope measurements at
LUH have been described in detail by Lazarov and Horn.61 For
solution nebulization MC-ICP-MS analyses, the remaining half
of the redissolved sample solution was diluted with 3%HNO3 to
a Cu concentration of ∼0.5 μg/g, based on previous Cu
concentration data, and doped with 1 μg/g Ni NIST SRM 986
standard solution that was used to monitor instrumental mass
bias. The internal uncertainty of individual measurements and
the daily reproducibility of the standard and samples were better
than 0.03‰ (2SE) and 0.06‰ (2SD), respectively. For solids
analyzed with UV-fs LA-MC-ICP-MS, two chalcopyrite in-
house standards (cpy1 and cpy2, previously characterized by
Lazarov and Horn61) were measured as secondary standards to
verify that the laser energy was set to the appropriate level and as
a measure for the accuracy of the LA-MC-ICP-MS analyses (i.e.,

Figure 2. Images of reacted cuprite pellets in H2O (a) and 0.2 m HAc-KAc solutions (b−f) at 250 °C. (a) Microscope image of a cross section of a
retrieved cuprite pellet after 72 h at 20 MPa in H2O. Few native copper precipitates were found at the rim of the cuprite pellet. (b) Backscattered
electron image of a cuprite cross section after 6 h. No precipitates can be found. Pronounced voids near the rim developed already during the sintering
of the pellet. (c) Photograph of a reacted cuprite surface. (d) Microscopic image of the cross section of the cuprite pellet shown in (c). Native copper
has been observed at the rim and in open voids of the cuprite pellet. (e,f) BSE images of the cuprite cross section after 72 h. (f) Details showing Au−Cu
particles within the tenorite layer.
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to ensure that the analyzed values are consistent with those
previously determined by solution MC-ICP-MS analyses61).
Reference materials and samples (excluding Au foils) were
ablated along lines (to avoid potential depth effects during laser
ablation). The Au foils covered by thin Cu layers were analyzed
by a raster pattern. A spot diameter of 40 μm and laser repetition
rates of 5 and 10 Hz for NIST SRM 976 and cpy1, 2,
respectively, resulted in ion beams of ∼1.5 × 10−10 A
(corresponding to ∼15 V on 1011 Ω amplifiers) on mass 65
(65Cu). To achieve a similar ion beam, 65Cu cuprite pellets,
tenorite, and native Cu crystals on cuprite and Au foil were
adjusted with a repetition rate of 5−7, 2, 6−10, and 2−12 Hz,
respectively. The overall double relative standard error (2SE) for
samples was less than 0.04‰, similar to that reported by Lazarov
and Horn.61 Copper isotopic data are reported in standard δ
notation in per mil relative to the international reference
material SRM NIST 976

= [

] ×

Cu (‰) ( (( Cu/ Cu) /( Cu/ Cu) )

1 1000)

65 65 63
sample

65 63
NIST 976

(1)

3.3. Analyses of Gases by Gas Chromatographic
Methods. For the experiments in the closed gold capsules
(cf. chap. 2.3), the gas composition after the experiment was
determined. The gold capsules were cleaned after the experi-
ment with consecutive rinses of water, methanol, and dichloro-
methane. Afterward, the outer surface was dried with a stream of
nitrogen gas. Then, the gold capsule was loaded in a 22 mL
headspace vial that was capped with a septum. Through the
septum, the gas phase in the headspace vial was purged with
nitrogen to remove the atmosphere for 10 min. Then, the gold
capsules were pierced through the septum to release the fluids
and gases into the headspace vial. The release gases were
identified and quantified using a modified refinery gas
analyzer.62

4. RESULTS
4.1. Solid Phases. Relict cuprite and newly formed tenorite

(CuO), Au−Cu nuggets, and native Cu were found in the run
products, depending on run conditions (i.e., run duration and
temperature; Table 1). The term Au−Cu nuggets refers to small

metallic particles. Electron microprobe analyses of these
particles yield compositions of ≈97 wt % Au and ≈3 wt % Cu
(Table 1).
In the Cu2O−H2O system, one experiment (Cp41) was

performed at 250 °C and 20 MPa for 72 h. Very few particles of
native copper were deposited at the rim of the cuprite pellet and
on the surface of the Au foil (Figure 2a).
In the Cu2O-0.2 m HAc/KAc system, 9 experiments were

performed at 100−250 °C and 5−30 MPa. At 100 °C, only the
relict cuprite was retrieved after 24 h (similar to Figure 2b), but
no new phases were formed. At 150 °C, cuprite, tenorite, and a
few Au−Cu particles were observed after 72 h (similar to Figure
2e,f). The thickness of the tenorite layer around the pellet varies
between 40 and 300 μm. At 200 °C, cuprite was the only solid
phase retrieved after 24 h (similar to Figure 2b). At 250 °C, a
series of comparable experiments were conducted with a
duration of 6 to 72 h. (i) After 6 h, only cuprite residue was
found (Figure 2b). (ii) After 24 h, massive native Cu precipitates
occurred at the outer rim of the cuprite (denoted as Cu#1) and
on the surface of the Au substrate (denoted as Cu#2). Cu#1 was
heterogeneously distributed and locally replaced by Cu2O, i.e.,
the basic shape of the pellet was preserved (Figures 2c and 6).
Cu#1 has a grain size ranging from 20 to 100 μm (Figure 2d). It
is worth noting that pressure variation from 5 to 30 MPa does
not noticeably affect Cu#1 precipitation. Cu#2 precipitates were
uniformly formed all over the gold surfaces and not only near the
cuprite pellet, indicating that the deposition occurred from the
solution. The mass gain of the added Au foils indicates a
maximum thickness of the deposited Cu#2 layer on Au
substrates less than 2 μm. (iii) After 72 h, tenorite crystals,
and a few metallic particles were found (Figure 3e,f). A layer
(∼200 μm) of tenorite has been generated around the cuprite
pellet (Figure 3e). The outer rim consists of fine-grained
tenorite and prismatic tenorite crystal intergrowths into the
cuprite. Rarely, tenorite crystals were found in voids within the
cuprite polycrystal. The small piece of Au foil retrieved after the
run was also covered by a dark layer of tenorite (identified by
Raman spectroscopy). Au−Cu particles were observed only near
the outer tenorite rim on one side of the pellet. Most likely, these
particles are abrasions of the gold cells, which were trapped in
the growing tenorite layer. It is worth noting that the amount of

Figure 3.XRD analyses of the used cuprite powder (red) in comparison to synthesized cuprite pellets (black and purple). (a) Cuprite and copper were
sintered at 1030 °C, atmosphere condition, for 24 h. (b) Cuprite pellet was sintered at 927 °C, log f Od2

/bar = 10−3 and 24 h. According to the RRUFF
database (Raman spectroscopy, X-ray diffraction and chemistry of minerals), cuprite (R140763) shows peaks at 29, 36, 42, 61, and 73 and copper
(R061078) at 35 and 38 (2θ).
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these nuggets and their copper content are very small in Cp22
and Cp24 runs compared to the native copper precipitation in
the other high-temperature experiments.
4.2. Determination of Solid Phases. Sintered cuprite

pellets have been analyzed using XRD. In addition to the
dominant features of Cu2O, peaks of native Cu were observed in
the pellet sintered at atmospheric conditions at 1030 °C. BSE
images show that the Cu particles can have a size of several tens
of micrometers (Figure 3a). We attribute these findings to an
imprecision of the phase diagram of Cu−O published in
Neumann et al.,51 i.e., the conditions were too close to the
boundaries of the stability field of Cu2O. On the other hand, the
cuprite pellet sintered at reduced conditions, but it turned out to
be pure and chemically homogeneous at lower temperatures
(Figure 3b). Large pores in the edge regions of the pellets are
conspicuous for both intact and reacted Cu2O, which were
attributed to the evaporation of copper species during sintering
as well as mass loss into the solution (e.g., Figure 2b). These

conditions (927 °C, 24 h, log f Od2
/bar = 10−3) were selected for

sintering of the starting materials.
The Raman spectra of newly formed crystalline phases

surrounding cuprite (e.g., Figure 2e) and dark solids from the
retrieved Au foil of Cp22 are shown in Figure 4. These spectra, a
self-made CuO pellet and a tenorite reference from RRUFF
database, are compared. The results give clear evidence that
tenorite has been formed both on cuprite and on Au foil in Cp22
and Cp24 with typical peaks at 291, 338, and 633 cm−1 and a
broad peak of 1110−1420 cm−1.
4.3. Cu Isotope Composition of Solids. 4.3.1. Cuprite

(Cu2O). Cu2O sintering is carried out in a gas furnace with
flowing CO2 at 1030 °C, and this leads to isotopically light cores
(0‰) and heavy rims (∼1.7‰). This effect was more
pronounced for the upper side of the pellet, which was in direct
contact with the gas phase, than for the bottom side placed on a
copper foil (e.g., Figures 5 and 6). This kinetic process is driven
by the evaporation as well as the diffusion of Cu isotopes in gas,
which leads to the progressive enrichment of its heavier isotope
in the residue Cu2O. Such isotopic fractionation during
evaporation and diffusion has been documented in other
materials as well�for example, the evaporation of copper
from molten basaltic glass in argon induces a Cu isotope
fractionation by ∼18‰.63

A crucial point for the analysis of copper isotope fractionation
is the determination of the precise δ65Cu of the dissolved cuprite
(Table 2). In the first experiments, we used the type-I cuprite
pellets as received after sintering (Tables 1, 2 and Figure 5).
Surficial areas are full of pores and a rough estimation indicates a
porosity of ∼30%. Line scans with UV-fs LA-MC-ICP-MS give
clear evidence for a strong enrichment of 65Cu at both basal
planes, where δ65Cu of up to ∼1.65‰ for the top side and up to
1.11‰ for the bottom side were measured near the edges
(Figure 5). On the other hand, the lateral side of the pellets
seems to be less influenced by copper evaporation and isotopic
enrichment with measured δ65Cu of ∼0.2‰ near the edge. For
these experiments, only a rough estimate of the effective δ65Cu

Figure 4.Raman spectra of newly formed tenorite in experiments Cp22
andCp24 compared to the self-made tenorite reference (sinteredCuO)
and a synthetic tenorite from the RRUFF database (https://rruff.info/
tenorite/display=default/R120076). Spectra are scaled to the same
peak height at ∼296 cm−1 for comparison.

Figure 5. Microscope picture of a cross section of a sintered type-I cuprite pellet (Cp0). Thick black lines marked with green bars represent laser
ablation measurements and the numbers next to them are the measured δ65Cu values. Porous regions near the basal planes were formed by the
evaporation of copper during sintering at high temperature. Note the difference in copper isotopic composition near the basal planes and the side
planes.
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of the dissolved material is possible based on the postexper-
imental LA-MC-ICP-MS measurements and comparison to the
reference sample (one intact pellet). Linear regressions of all
analyses of type-I pellets indicate that the evaporation effect on
the Cu isotope gradient is weaker in the core zone of ∼300 μm
(approaches 0‰), which is about 650 and 500 μm to the rims
(Figure 5). However, a Cu2O pellet with a thickness of 300 μm is
too thin to be fully retrieved after periodical fluid extraction and
the subsequent Au bag deformation. The removal of 200 μm
from both major surfaces is to remove the highly porous outer
region (Figures 5 and 6a) and to retrieve the solid entirely.
These polished pellets (type-II Cu2O) yield δ65Cu of ∼0.6 to
∼0‰ of the long rims and are the same as those of short rims of
type-I Cu2O. Type-II pellets were cut into two pieces, one of
which was kept as a reference for later analysis, and the other one
was used in the experiments (Cp40-Cp43, Figure 6a,b and Table
2). On the one hand, the Cu2O dissolution front proceeds within
50 μm from the rim based on the maximum dissolved Cu in
Table 2. On the other hand, copper diffusion in cuprite leads to a
diffusion layer of 10.04 μm at 100−250 °C for 72 h.64 The
isotopic profiles remain invariant at 100−250 °C and 72 h, and

hence, the δ65Cu of the reacted Cu2O can be estimated precisely
by comparing the intact and dissolved Cu2O.
The determination of the δ65Cu values of the dissolved cuprite

for type-II pellets is illustrated in Figure 6. Data of the reacted
cuprite and the reference sample plot well on straight lines
(Figure 6c). The reference cuprite was used to derive linear
relationships δ65Cu = a + b·Δx, where a and b are fitting
parameters, and Δx is the distance to the original surface of the
pellet. Isotopic data of the reacted pellet half (Figure 6b) and the
reference piece (Figure 6a) are consistent, confirming that
copper isotopes remain unfractionated by diffusion at the
temperatures of the conducted experiments.
Based on the linear relationships, the average δ65Cu of the

dissolved layers was calculated (δ1 and δ2, respectively). After
weight determination using the thickness of the dissolved layers,
the isotope composition of the dissolved material can be
determined as

= ×
+

+ ×
+

x
x x

x
x x

Cu (‰) 1 265 1

1 2

2

1 2
(2)

Figure 6. (a,b) Cross section of type-II cuprite pellets of Cp43 before (a) and after the (b) reaction with an acetic solution. Thick black lines are laser-
ablated lines, and Cu isotope compositions of the removed materials are given next to them. White dashed lines in the reference sample (a), labeled
withΔx1 andΔx2, mark the respective positions of the edges after the reaction, i.e., the sample surface in (b). (c) Corresponding δ65Cu values of cuprite
as a function of distance from the initial lower basal plane. The calculated δ65Cu value of the dissolved cuprite is 0.55 ± 0.15‰. Run Cp43 was carried
out in 0.2 m HAc-KAc solution at 250 °C, 20 MPa for 6 h.
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The contribution by dissolution from the peripheral side is
less than 20% and it has been neglected in the first
approximation. The estimated uncertainty of the δ65Cu values
is 0.08−0.15‰ for the type-II pellets (Table 2).
For type-I pellets, the estimated values of Δx1 and Δx2 as well

as the corresponding δ1 and δ2 values have much higher
uncertainty than those for type-II (see Table 2). In general, the
effective δ65Cu of dissolved cuprite is higher for type-I than that

for type-II, since the isotopically heavy outer layer has been
partially removed for type-II samples (Table 2).

4.3.2. Native Copper (Cu). Copper isotope composition was
separately determined for metallic Cu deposited on the cuprite
pellet (Cu#1) and the gold foil (Cu#2). The overall δ65Cu
variation of native Cu is large, e.g., Cu#1 varies from 0.11 ± 0.04
to 0.81 ± 0.04‰ for the samples shown in Figure 7a−c.
However, within a single sample, δ65Cu values are fairly
constant. For constant temperature runs, Cu#1 shows δ65Cu

Figure 7.Cu isotope composition of native copper in comparison to cuprite. (a,b) Solids after reaction with 0.2 mHAc/KAc solutions at 250 °C for 24
h. (c) Solids from a temperature cycling run, the temperature was set to 150 °C for 24 h and increased to 250 °C for 24 h and decreased to 150 °C for 24
h and other conditions were fixed. Blue bars refer to analyses of metal and green ones to cuprite analyses.

Figure 8.Cu isotope composition of Cu2O and CuO.Microscopic photos of Cp22 (a) and Cp24 (b) were taken under reflected light. Cp22 and Cp24
were loaded with Cu2O + 0.2 mHAc/KAc and performed at 150 °C (a) and at 250 °C (b) for 72 h, respectively. Red bars refer to analyses of tenorite.
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values of 0.68 ± 0.04 to 0.81 ± 0.04‰ at 5 MPa, which is up to
0.23 ± 0.06‰ higher than the estimated isotopic composition
of the dissolved Cu2O. At 10 MPa, the δ65Cu value of Cu#1
varies from 0.45 ± 0.03 to 0.68 ± 0.05‰, which is up to 0.21 ±
0.06‰ lower than that of the dissolved Cu2O. No Cu#2 was
found after 6 h, which suggests that its precipitation initiates
after 6 h and continues at 24 h. Cu#2 is 0.08 ± 0.05 to 0.39 ±
0.05‰ lower than that of the final solutions from constant
temperature runs (Cp29, 30, 31). A temperature cycling
experiment was performed at 20 MPa with a time interval of
24 h at 150 and 250 °C. Cu#1 of this run shows little variation in
Cu isotope composition, i.e., δ65Cu is 0.12 ± 0.04‰. Cu#1 of
Cp40 is up to 0.10 ± 0.06‰ lower than that of the dissolved
Cu2O. The exact timing and temperature of Cu#2 formation are
difficult to define. Isotope fractionation between Cu#2 and the
final solution at 250 °C is roughly estimated to be −0.60 ±
0.05‰.
4.3.3. Tenorite (CuO). Tenorite formed in long-term runs

with 0.2 m HAc/KAc solutions at 150 and 250 °C shows similar
large Cu isotopic variation, i.e., from 0.52 ± 0.04 to 1.19 ±
0.04‰ (Figure 8a,b). The lowest values were typically found for
the short rims, representing the side planes of the pellets, and the

highest values for the long rims, representing the basal planes of
the pellet. These trends coincide with the initial copper isotopic
distribution in the pellets, as shown in Figure 5. For both
experiments, the average δ65Cu of tenorite agrees within error
with the δ65Cu values of dissolved cuprite (Table 2). Again,
there is a rough correlation between the δ65Cu values of tenorite
and those of nearby cuprite. The copper self-diffusion rate in
CuO at 250 °C is very low (e.g., D = 9.3 × 10−26 m2/s,
extrapolated from data of Rebane et al.65). Once formed,
tenorite cannot adjust its Cu isotopic composition to changing
conditions by intracrystalline diffusion.
4.4. Temporal Changes in Element Concentrations

and pH of the Solution.While solids could only be retrieved
after the completion of the experiment, the temporal evolution
of the composition of fluids could be monitored in much more
detail by intermediate sampling. Well-resolved kinetic trends
were obtained for experiments at 150 °C, 20 MPa (Cp22) and
250 °C, 20 MPa (Cp24) over 72 h (Figure 9). With the
progressing experiment, the Rb content continuously decreased
by ∼30% relative to its initial value (Figure 9a,b). All runs have
been performed in single-phase regions of the p, T diagram of
H2O; at 20 MPa up to 200 °C in the liquid field and at 250 °C

Figure 9. Variation of element contents of solutions as a function of time. (a) Run Cp22, 150 °C, 20 MPa, 72 h; (b) run Cp24, 250 °C, 20 MPa, 72 h.
(c) The Cu/Rb ratio (in μg/g) of the 1st and 2nd solutions varies with time. Both experiments were loaded with Cu2O and 0.2 mHAc/KAc solutions.
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with p ≤ 30 MPa in the vapor field. Hence, there is no Rb
partitioning in the single phase. According to crystal chemistry,
the coordination of Cu2+ is a distorted octahedron, thus the ionic
radius of Cu2+ in tenorite should be between 0.73 Å (octahedral
coordination) and 0.57 Å (planar square coordination).66

Rubidium is much larger and has an ionic radius of 1.66 Å in
octahedral coordination. Furthermore, cation charges are
different for Cu2+ and Rb+. Thus, the incorporation of Rb into
the newly formed tenorite is very unlikely. The Cu/Rb ratios in
fluids are not constant and decrease over time after 24 h in run
Cp22 (see Figure 9c). One possible explanation for this is that
decarboxylation led to a decrease in both acetate concentration
and dissolved Cu content, as discussed below. The decarbox-
ylation of acetate produces gases (detailed in Section 4.6), likely
causing Rb to partition into both the fluid and gas phases. The
pH of the collected in situ solutions shows only a slight variation
over 72 h for the 0.2 m HAc/KAc systems, with pH values
ranging from 4.2 to 4.9 (as shown in Table 2). Although the
acetate concentration was not measured, the molal ratio of HAc
and KAc remains constant. On the other hand, the pH increases
from 6.28 to 7.5 after 72 h in the unbufferedH2O run. Leakage of
the Au reaction cell is unlikely to have occurred. First, no Fe was
detected in the extracted solutions. Additionally, the fluid inside
the Au reaction cell remains transparent after the run, whereas
the pressure medium (H2O) in the steel autoclave turns reddish,
suggesting the dissolution of Fe into H2O. It is worth

mentioning that the Ti content in solutions is below the
detection limit.
In run Cp22 after 6 h, both the Rb and the Cu concentrations

of the second flush are slightly lower than that of the first flush
(Figure 9c). In run Cp24, the differences between the first and
second solution samples are minor and unsystematic. This
difference comes from solution loss during sampling. Except for
one sampling (Cp24, 48 h), the δ65Cu values of the first and the
second flush agree within 0.2‰ (Table 2). This implies that the
small volume of solution in the tubing has only a minor effect on
copper isotopes, i.e., there is no significant fractionation in this
stagnant solution before sampling. However, this does not apply
to the first solution collected when reaching the p, T conditions
(t = 0 h). In both experiments, the copper content in the first
flush was significantly higher than in the second flush sampled at
t = 0 h. A possible explanation is that during p, T equilibration,
the volume in the Ti tubing (0.5 mL; cf. chap. 2.2 and Figure 1)
may have some memory of previous experiments and, hence, is
not representative of the solution in the gold cell. In the latter
experiments, the second extracted solution was used for
chemical and isotopic analysis, and the first one was used only
for pH determination.
4.5. Cu Content in Solution and Its Isotope Fractiona-

tion with t, T, P, and pH Buffer.Cu content (CCu) and Δ65Cu
as a function of run time are shown in Figure 10 and tabulated in

Figure 10. Cu content and copper isotope composition of solutions as a function of run duration. (a,c) Runs were conducted in H2O or 0.2 m HAc/
KAc systems at 20 MPa, 100−250 °C for 6−72 h. (c,d) Runs were performed in 0.2 m HAc/KAc systems at 250 °C, 5−30 MPa for 24 h.
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Table 2. In the acetate-free system, theCCu of the solution at 250
°C, 20 MPa decreases from 3.3 to 1.3 μg/g over 72 h.
Much higher copper contents were observed in the acetate

bearing system as well as in runs with porous type-I Cu2O
(Figure 10a). Temperature effects are evident for the
experimental series at 20 MPa. At 100 °C (Cp27), dissolved
Cu increases drastically from 14 to 378 μg/g within 24 h as
Cu2O continuously dissolves from the porous rims. At 150 °C
(Cp22), CCu first increases from 52 to 340 μg/g within 7 h and
then decreases to 138 μg/g after 72 h. When reaching stable p, T
conditions (t = 0 h) at 200 °C (Cp26), CCu was relatively high
with 173 μg/g. Afterward, CCu continuously increased from 74
μg/g after 0.5 h to 168 μg/g after 24 h. The long-term
experiment at 250 °C (Cp24) yielded a maximum CCu in the
second flush already after 0.5 h with 163 μg/g. Afterward, CCu
continuously decreased to 28 μg/g after 72 h. The short-term
experiment at 250 °C (Cp43) yielded a similar CCu after 6 h (79
μg/g) as Cp24, but for short times,CCu was much lower in Cp43
(e.g., after 1 h 64 μg/g for Cp43 compared to 97 μg/g for Cp24).
The reason could be that a type-II cuprite pellet was used in
Cp43. The mechanical removal of the porous outer layer
reduced the effective sample surface area, which lowers the
dissolution rate. The same effect explains the two-thirds lower
Cu contents in the first annealing period at 150 °C for the
cycling experiment Cp40 compared to Cp22. A type-II pellet
was used in Cp40 as well. In the subsequent period at 250 °C,
CCu of Cp40 was in good agreement with that of Cp24. For the
final 24 h period at 150 °C, the Cu content was noticeably lower
than in the final stage of the run Cp22, which was held at a
constant temperature of 150 °C for 72 h. The comparison of the
cycling experiment with the isothermal experiments shows that
other parameters besides temperature have a decisive influence
on the dissolution behavior of cuprite. A decreasing Cu content
correlates with increasing temperature. The possible explanation
is that the less dense fluid at high temperatures has a lower ability
to dissolve ionic species.
It is worth noting that the mass changes of cuprite are in good

agreement with CCu based on solution analyses for runs without

the formation of new phases. Estimated CCu are 315 μg/g for
Cp27 (378 μg/g), 224 μg/g for Cp26 (168 μg/g), and 79 μg/g
for Cp43 (79 μg/g). Here, the finally measured CCu by solution
analyses is given in parentheses for comparison. Additionally,
residual solutions of Cp27 and Cp43 have 364 and 56 μg Cu/g,
respectively, which are comparable to the above values.
However, the significant differences between the in situ samples
and the quenched solution show how error-prone the analysis of
the residual solution can be. In some runs, we observed residual
solutions with massive small particles of Cu2O due to its pellet
dissolution, which may lead to higher or lower CCu than that of
the extracted solution.
The experiments for 24 h at 250 °C may give some hints to a

possible pressure effect on Cu solubility in acetate-bearing
solutions reacted with Cu2O. The maximum CCu of the solution
increases from 11 μg/g at 5 MPa (Cp29) to 46 μg/g at 10 MPa
(Cp30) to 53 μg/g at both 20 (Cp24) and 30 MPa (Cp31).
Fluid densities at 5 and 10−30 MPa are 0.80 and 0.81−0.83 g/
cm3, respectively (Driesner and Heinrich (2007)). Fluid at 5
MPa is less dense than those at 10−30 MPa and, hence, ionic
species are less well stabilized in solution.
The observed Cu isotope fractionation between extracted

fluid and dissolved cuprite, Cu65
fluid Cu O2

, is defined as

=Cu (‰) Cu Cufluid Cu O
65

fluid
65

dissolved Cu O
65

2 2

(3)

A consistent increasing trend of Δ65Cu values with time is
found in all runs (Figure 10c,d). All experiments show an
increase in theΔ65Cu values of the solution within the first hours
(Table 2). After a longer time, the δ65Cu values of the solution
are comparable to the average isotopic composition of the
dissolved cuprite, i.e., the Δ65Cu values are close to zero. An
explanation for this trend could be that cuprite is preferentially
dissolved from peripheral planes at the beginning, which has
relatively low δ65Cu values (see Figure 5). With increasing time,
the basal planes of the pellets, in particular, are dissolved, as can
be seen in Figure 6.

Table 3. Compositions of Gas Phases in 250 °C and 20 MPa Runsa

no. system time (h) CH4 (nmol) CO2 (nmol) H2 (nmol) acetone (nmol)

Cp45 Cu2O + H2O 72 1 115 <70 0
Cp46 Cu2O + 0.4 m HAc/KAc 72 31,045 32,351 <70 52

aMineral/fluid ratios of Cp45 and Cp46 are the same as Cp41 and Cp24, respectively.

Figure 11. Reaction scheme of cuprite and acetate solution. (a) Cuprite dissolution reaction. (b) Cu(I) disproportionation to Cu(II) and native Cu.
(c) Tenorite precipitation and acetate decarboxylation reaction.
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4.6. Formation of Gases in the Experiments. While the
capsule loaded with Cu2O and H2O (Cp45) remained flat after
the experiment, the capsule containing the acetic acid-acetate−
pH buffer (Cp46) expanded, indicating the significant formation
of gases. The results of gas phase analyses are tabulated in Table
3. Methane (CH4) and carbon dioxide (CO2) are the dominant
reaction products in the acetate-bearing system while only trace
amounts of these components were measured in the acetate−
free system. The similar molar amounts of CH4 and CO2 point
to a decomposition reaction CH3COOH = CO2 + CH4,
consistent with findings of Kharaka et al.18 and Drummond and
Palmer54 and in more complex rock systems with Helten et al.62

Based on the initial molar amount of acetic acid/acetate of 1.2 ×
105 nmol in the gold capsule before the experiment and the
measured amount of CH4 and CO2, the acetate concentration in
the solution was reduced by 25% after 72 h at 250 °C. The pH of
solutions of Cp24 (a comparable run of Cp46) was Section 4.6,
suggesting that the HAc/Ac ratio was still close to 1. The
presence of very small amounts of acetone after run Cp46 points
to additional reactions of the decomposition products of acetate,
i.e., addition of methyl group units to the acetate ion in solution
and forming the C3-compound acetone. However, due to the
low molar amounts of this product, this pathway is not
significant for the redox budget in the system. As equimolar
amounts of CO2 and CH4 have been formed, no CO was
detected, and H2 was below the quantification limit, there is no
influence of the decomposition of acetate/acetic acid on the
overall redox system in the gold capsule.

5. DISCUSSION
5.1. Reaction Schemes. Based on microscopic observa-

tions, phase determinations, element contents (Rb, Cu), and Cu
isotope compositions of liquids and solids, threemajor processes
control the reaction of cuprite with acetate-bearing solutions
under hydrothermal conditions (Figure 11).

(i) The initial period (up to 24 h at ≤200 °C, up to 6 h at 250
°C) is governed by Cu2O dissolution. The corresponding
reactions in acetate-bearing solutions are

+ +FCu O 2HAc 2Cu(Ac) H O2 (s) (aq) (aq) 2 (l) (4)

+ + +FCu(Ac) HAc Cu(Ac) H(aq) (aq) 2 (l) (5)

The subscript (aq) is used for neutral species in solution
surrounded by H2O shells; (s) refers to the solid state and (l) to
the liquid state. According to Liu et al.,4 at acetate
concentrations as used in our study, the dominant copper
species in solution is CuAc(aq) with a minor abundance of
Cu(Ac)2−. Complexes of Cu+ with OH− (produced by the
disproportion of water, H2O =OH− and H+) are much weaker52

and not relevant to the conditions of our experiments. The static
computation results of Lai et al.67 suggest that Cu+ forms linear
complexes with one or two acetate ions, rather than with one
acetate ion in a nearly symmetric bidentate structure. With
increasing acetate concentration and temperature, the propor-
tion of the biacetate complex will become more and more
dominating.
The dissolution rate of cuprite is dependent on the available

surface area of the solid. This is evident when comparing Cu
contents of the solution in the initial stage of experiments Cp22
(using the highly porous type-I cuprite pellet) and Cp40 (using
the denser type-II cuprite pellet).

(ii) The second stage involves the formation of native copper
via the disproportion reaction

= ++ +2Cu Cu Cu(aq) (aq)
2

(s) (6)

Formation of metallic copper by such a reaction was already
previously observed, e.g., during leaching of cuprite in oxyacid
solution such as sulfuric acid68−70 or perchloric acid.71 pH has
major control of the Cu(I) disproportionation process, i.e.,
reaction 6 is favored at pH-values < 6.72 Using the acetate
ionization constant of Mesmer et al.,53 the pH values of
extracted solutions measured at ambient conditions are
corrected to be no more than 5.44 at the experimental
conditions in our acetate-bearing runs. Similarly, the measured
pH of solutions of the Cu2O−H2O system corresponds to a
value of 4.69 at 250 °C based on the water ionization constant.73

Thus, in both cases, pH favored the deposition of metallic
copper. Another important factor is the nature of the ligand, i.e.,
acetate stabilizes Cu2+ complexes more than Cu+ complexes,
which favors the disproportionation of Cu+. On the other hand,
copper(I) chloride complexes are very stable even at 250 °C, in
particular at high chlorine concentrations when CuCl2−

complexes are formed.4 Metallic surfaces play a crucial role in
the disproportionation reaction. If inert metal surfaces are
present such as gold foils, Cu(0) tends to deposit on them.72

The importance of such metallic surfaces can also be seen in the
work of Liu et al.4 where experiments with acetate solutions in
quartz ampules at 150 °C showed no copper deposition even
after 9 days. As can be seen in Figure 7, copper deposition on
cuprite is localized and penetrates into the pellet while the
overall shape of the pellet has been maintained. This indicates a
replacement reaction, i.e., Cu+ formed during the dissolution of
cuprite is redeposited directly next to it on the metal surface via
the disproportionation reaction. The uneven coverage of the
cuprite surface with metal precipitates points to the high
nucleation energy for metallic copper in hydrothermal solutions.
This effect may contribute to the formation of massive native
copper deposits in some areas such as the Keweenaw mines in
Michigan.74 Native silver may act as a metallic surface resulting
in the formation ofmetallic copper; the aqueous Cu2+ in solution
would nucleate into iron oxyhydroxides and finally lead to the
formation of hematite in the Keweenaw mines.72,75

(iii) The third stage is an oxidation reaction associated with
the redissolution of metallic copper and the formation of
tenorite. Native copper survived in the 72 h experiment in
the acetate-free experiment Cp41 at 250 °C, and no
tenorite was formed, giving evidence that the oxidation
reaction in the solution is due to acetate or acetic acid. On
the one hand, masses of Cu from Cp29, 30, 31 are
estimated to be about 0.08−0.15 g (e.g., Figure 2c), and it
needs 70−132 mL of air (approximately 14−26 mL O2)
to oxidize Cu to CuO at 25 °C, 0.1 MPa. This is
inconsistent with the fact that the solution was fully filled
before the run. On the other hand, Kharaka et al.18

systematically studied the stability of acetate-containing
solutions under hydrothermal conditions in a stainless-
steel autoclave. They found that acetate is very stable in
solutions even at 300 °C, while acetic acid decomposes
into methane and carbon dioxide in a first-order reaction.
The half-life time t1/2 at 250 °C derived from our run
Cp46 is only 3 days, while from the data of Kharaka et
al.,18 a much longer t1/2 of 195 days would be expected. As
demonstrated by Palmer and Drummond,19 gold surfaces
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have no promoting effect on the decomposition of acetic
acid. Moreover, they found that dissolved transition metal
ions (Fe2+ and Cr3+) did not act as homogeneous catalysts
in the solution. However, findings of62 point to the
possible influence of minerals in the reactions for the
decomposition reaction.

Hence, we conclude that cuprite is actively involved in the
reaction. A strong catalytic effect of cuprite can be inferred also
from the experiments of Liu et al.4 The explosion of silica
ampules after experiments with cuprite and acetic solutions at
250 °C indicates intensive production of gas components (i.e.,
CH4 and CO2). A catalytic effect of the silica glass surface can be
excluded after the experiments of Palmer and Drummond.19 On
the other hand, Palmer and Drummond19 noted that magnetite
strongly speeds up the reaction by heterogeneous catalysis. They
found that at 350 °C, more than 25% of the initial acetic acid had
reacted within the first 70 h. Our findings as well as those of4

suggest that cuprite may have an even much stronger catalytic
effect on the decomposition of acetic acid, i.e., electron transfer
with transition metals plays an important role. However, it is out
of the scope of our study to analyze the kinetics of the reaction in
detail.
The mechanism of the oxidation reaction is still rather unclear

and probably very complex. The decomposition of acetic acid
produces approximately equal proportions of methane and
carbon dioxide. Oxidation of copper species is not associated
with this reaction. The increase of Cu+ in the solution can lead to
supersaturation and redeposition of cuprite (reactions 4 and 5).
Alternatively, it can be directly oxidized into Cu2+, which then
causes supersaturation of the solution with tenorite. Based on
our experiments, we cannot decide which of these processes
takes place because solid samples after intermediate times are
missing. From a thermodynamic point of view, it is very unlikely
that three phases with three different oxidation states of copper
coexist. However, one must be aware that it is a disequilibrium
system and cannot exclude such a situation. In any case, the
shape of the postexperimental pellets with the uniform tenorite
layer is a clear indication that the dissolved metal zones in the
pellets were redeposited on-site by a dissolution−precipitation
process. The replacement of native Cu and Cu2O by CuO had
been confirmed by Raman analysis (Figure 4); however, this
oxidation process remains unclear. These tenorite crystals are
found to deposit on the Au foil and formed directly adjacent to
the dissolved cuprite possibly via

+ = +Cu(Ac) H O CuO 2HAc2(aq) 2 (l) (s) (aq) (7)

The precipitation of the tenorite on Au foil suggests a reaction
mechanism involving the direct deposition of the tenorite from
the solution.
The structure of the tenorite layer around the cuprite pellet

(Figure 8) is very similar to the congruent crystallization of glass
plates (e.g., plagioclase glasses76). In the beginning, tenorite
crystals randomly deposit all around the pellet. These crystals
are rather small and have random orientations. With progressing
reaction, the crystals with preferred orientation are favored and
grow to a larger size. This topology supports scenarios including
local dissolution−precipitation reactions.
In any case, the driving force of tenorite formation is the high

concentration of Cu2+ in the solution. Formation of metal oxide
from acetate solution can also be found elsewhere (e.g., TiO2).

19

They found that a high concentration of titanium acetate

(Ti(Ac)2+nn−) in the solution can lead to a significant amount of
recrystallization of TiO2.
Replacement of cuprite by native Cu and by tenorite indicates

that dissolution and precipitation of these phases proceed from
the surface to the interior of Cu2O (Figures 2c−f, 7 and 8). This
in situ precipitation is in accord with the observation in
oxidation zones, where Cu did not take a long path, but most of
the cuprite and native Cu were directly precipitated almost in
situ.17 This process is similar to the pseudomorphic copper
sulfide replacement reactions.77,78 These textures are controlled
by a CDR mechanism. CDR is the predominant process,
especially in the presence of fluids at a temperature lower than
300 °C, and it occurs rather fast (4−360 h) in the study of
Adegoke et al.77 The precipitation of Cu and tenorite on Cu2O
as well as on the Au foil demonstrates that nucleation and
growth rates are high for tenorite in these systems. It should be
emphasized that Cu diffusion in cuprite and tenorite is too slow
at the experimental conditions to explain the replacement by
solid-state diffusion. Large pores found in the tenorite layer serve
as a pathway for mass transport between the surrounding local
fluid and the reaction front.
5.2. Cu Contents of Solutions and Cuprite Solubility. It

is striking that the Cu contents of the solutions determined in
the initial period of the experiments are drastically higher than
the Cu solubilities reported by Liu et al.4 For instance, according
to Liu et al.,4 the copper solubility in a 0.2mNaAc/HAc solution
at 150 °C is 9 μg/g, while the copper content of a 0.2 m KAc/
HAc solution in run Cp22 was already 340 μg/g (2nd flush, see
Table 2) after 7 h. Taking minor RbCl (0.004 m) into
consideration, our data are higher by a factor of 8 than that of Liu
et al.,4 i.e., 340 and 44 μg/g Cu, respectively. The differences are
likely due to the experimental and analytical procedures in the
two studies. Liu et al.4 applied the silica tube technique which is
well-established from previous studies.79 After cooling, they
used a syringe equipped with a microfilter (0.45 μm) to
withdraw the solution from the area of the silica ampule
separated by a narrow constriction from the area containing a
cuprite pellet. Constant copper contents of the solution were
reached within 2 weeks at 50 °C and within 48 h at 150 °C for
sodium acetate solutions, which was taken as evidence for the
attainment of equilibrium.
In our experiments, the variation in the copper content of the

solutions suggests that chemical equilibrium was not attained,
which is likely due to the progressive acetate decomposition
after a certain time. Thus, only minimum values for cuprite
solubility in acetate-bearing solutions can be derived from our
experiments. At 100 °C, the copper content of 378 μg/g (Cp27,
second flush) in the solution was determined at a time when the
acetate concentration had decreased by 14% based on the Rb
data. Acetate decomposition is not expected at this low
temperature. At 150 °C (Cp22), the maximum Cu content of
340 μg/g (2nd flush) after 7 h is probably close to the
equilibrium value for the 0.2 m KAc/HAc solution. The
constant Rb contents suggest a minor effect of acetate
decomposition and little Rb partitioning into vapor (CO2(g),
CH4(g)) at this time. The strong decrease of Cu content between
24 and 72 h is attributed to the oxidation to tenorite, induced by
the decomposition of acetate. At 200 °C (Cp26), the copper
content continuously increased up to 168 μg/g after 24 h,
although the Rb content was already lowered by 50% at that
time. Acetate concentration is reduced at least to the same
extent, which should lead to a decrease in cuprite solubility. This
implies that the measured CCu after 24 h is still well below the
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cuprite solubility. At 250 °C, the initial dissolution of cuprite is
followed by disproportion and oxidation reactions, and a clear
statement on cuprite solubility is not possible.
The large difference from the previous study cannot be

explained by the different pressures in the experiments (vapor
pressure of 5 MPa in Liu et al.,4 and hydrostatic pressure of 20
MPa in our experiment), since our experiments at 250 °C do not
indicate a significant pressure effect in the range of 5−30 MPa.
Furthermore, solubility data for cuprite in 0.5 m chlorine-
bearing solutions reported by Liu et al.4 are in good agreement
with the experiments of Qi,80 applying the same approach as
presented here. Thus, it is unlikely that the high Cu contents of
the acetate solutions in our study are due to the insufficient
retention of solid microparticles by the titanium filter used in the
experiments. A possible explanation for the discrepancy is that
when the acetate solution cools to room temperature, solids are
precipitated and then retained by the filter attached to the
syringe in the study by Liu et al.4 In that case, the copper
solubility would be underestimated by analysis of the received
solution. This problem is avoided when filtering and liquid
extraction are done at the experimental temperature. However,
further tests are required to support this hypothesis.
Although our experiments have not yielded definitive

solubility data, they do show that acetate is almost as effective
as a complexing agent for copper in solutions as chlorine. At a
comparable HAc-KAc concentration to this study, Liu et al.4

report that cuprite solubility in NaCl solution positively
correlates to temperature, e.g., CCu in 0.1 M NaCl increases
from 437 to 601 and 669 ppm at 50, 150, and 250 °C,
respectively. The Cl-bearing solution dissolves more Cu2O than
the Ac-bearing solution, e.g., at pH of 4.6 dissolved Cu in NaCl
solution are 2 and 20 times higher than that in Ac solution
according to our study and Liu et al.,4 respectively. Although our
data for Ac-bearing solutions are higher than those determined
by Liu et al.,4 the solubility trend is consistent with the increasing
strength of the ligand from OH− to Ac− and Cl−.
5.3. Cu Isotope Fractionation and the Controlling

Mechanism for the Cu2O-HAc-KAc Alteration Process. At
the initial stage of the reaction, no new minerals are formed, and
hence cuprite dissolution is only a one-way reaction.
Furthermore, diffusion of copper in cuprite is too slow, to
readjust the copper isotopic composition inside the cuprite with
dissolved copper species in the solution. Thus, the copper
isotopic composition of the solution equals to that of the
dissolved cuprite.
Several processes are involved in the second stage of the

reaction, i.e., cuprite dissolution, native copper precipitation,
and partial oxidation of Cu+ to Cu2+ in the solution. It is worth
mentioning that native Cu formed in a single run but at different
localities yields different δ65Cu values, e.g., from 0.61 ± 0.09 to
1.13 ± 0.04‰ in Cp30 (Table 2). Large isotope composition
variation during precipitation of native Cu has been reported
elsewhere, e.g., Dekov et al.81 observed Cu isotope variations
between 0.41 and 0.95‰ for native copper from sedimentary
layers. Likely, these Cu isotope compositions indicate a different
mechanism of Cu precipitation. The copper metal deposited on
cuprite by the CDRprocess displays isotope signatures similar to
their adjacent cuprite (Figure 7), i.e., Δ65CuCu#1−Cud2O values are
−0.32± 0.06‰ for Cp29,−0.15 ± 0.06‰ for Cp30, and−0.10
± 0.06‰ for Cp40. Isotopic data of Cu precipitated on the Au
surface (Cu#2) far away from the source cuprite are difficult to
interpret, since the timing of its formation is hardly defined. A

rough estimation can be made based on the difference in δ65Cu
between the last collected solution and the copper layer on the
gold foil, i.e., Δ65CuCu#2−fluid values are −0.31 ± 0.05‰ for
Cp29,−0.08 ± 0.05‰ for Cp30,−0.39 ± 0.05‰ for Cp31, and
−0.62 ± 0.05‰ for Cp40. These negative values might indicate
that Cu does not precipitate from the final solution, and the
precipitation might occur early. The final collected solutions
display a similar copper isotope composition as the average value
for the dissolved cuprite, i.e., Δ65Cufl−Cud2O values of 0.02 ± 0.08
and −0.06 ± 0.43‰ in Cu2O−H2O and Cu2O-HAc-KAc
systems, respectively. In all cases, the isotopic data at this stage of
the reaction reflected kinetic fractionation as the involved phases
either dissolved or formed and no equilibrium could be reached
due to slow intracrystalline diffusion. Cuprite had only dissolved,
but not reprecipitated, and the metal had not redissolved during
this stage.
Different reactions compete at the third stage, e.g., the Cu

metal is redissolved, the dissolution of the cuprite proceeds, and
a new phase (tenorite) is formed. Conclusions about Cu isotope
fractionations during Cu metal dissolution are not possible,
since solid run products including both native copper and
tenorite were not retrieved. Tenorite crystals on the cuprite
pellet have variable isotope signatures due to the initial copper
isotope variations of the pellet and as a result their formation at
different stages. However, tenorite and adjacent cuprite have
very similar δ65Cu. This finding supports the hypothesis that
tenorite likely formed during a CDR process, i.e. a near-site
deposition of the dissolved copper, which is not expected to
result in significant Cu isotope fractionation.
5.4. Implications. Cu metal transport by acetic acid/acetate

may play a vital role in (1) the formation of sediment-hosted
stratiform Cu ore82 and (2) Cu precipitation during its reaction
with sulfate.83 Sediment-hosted stratiform Cu ores account for a
significant portion of the world’s Cu production, e.g., ca. 180Mt
at Copperbelt in Zambia84 and ca. 3.3 Mt at White Pine native
Cumine in theUnited States.85 Up to 0.08m (i.e., 4900 μg/g) of
aliphatic acid (possibly acetic acid) has been detected in
sedimentary basin brines at San Emidio Nose oil field,
California.9 Previous studies have stated that the ppm level of
Cu (typically 5−50 μg/g) in the solution is enough to form such
a tonnage of Cu ores.85,86 Our data imply that hundreds of ppm
of Cu may have been transported by acetate-bearing fluids and
subsequent metal precipitation due to the instability of the
complexing ligand may explain the enrichment of copper in
sediment-hosted Cu ore deposits.
Copper isotope fractionation related to the redox process

within fluids or between fluid and solid are well-known, i.e.,
Δ65Cu values up to 4‰ were observed in both experiments and
in natural samples.25,27,29,32,33,35 In contrast, little is known
about the fractionation of copper isotopes during mineral
replacement reactions, which proceed from a parent mineral
dissolution to the daughter mineral precipitation.77,87 Such
reactions often involve changes in the oxidation state of metals,
e.g., during the replacement of chalcopyrite by covellite and
digenite.78 Copper isotope fractionation can be associated with
such reactions if the initial Cu mineral is replaced by Cu species
with different oxidation states and subsequently, these species
are physically separated from each other. For example, Rouxel et
al.26 analyzed secondary Cu(II)-bearing phases such as
atacamite, digenite, and covellite, which encrusted the primary
chalcopyrite during low-temperature sea-floor hydrothermal
alteration. They state that secondary copper phases yield 3‰
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heavier copper isotopic values than the primary Cu(I) mineral.
Asael et al.30,31 report that Cu(II) minerals (malachite,
paratacamite, and tenorite), which replaced Cu−sulfide, are
up to 3.86‰ heavier than the parent (djurleite, chalcocite, and
covellite) in sedimentary hosted Cu deposits.
A recent study by Chaudhari et al.78 shows that the Cu isotope

composition can be reset during the replacement and
recrystallization reactions of chalcopyrite in the presence of a
65Cu-enriched aqueous fluid. However, the experiments were
conducted under extreme conditions, i.e., the copper content
and the amount of solution were already very high at the
beginning of the experiment. This resulted in the preferential
replacement of 63Cu in the parent chalcopyrite by 65Cu in the
daughtermineral. In our experiments, the replacement of cuprite
by metallic Cu and subsequently by tenorite in HAc/KAc
solution at 250 °C and 20MPa did not induce significant isotope
fractionation, although changes in the oxidation state of copper
are involved. These findings are consistent with observations of
Markl et al.88 who report fractionations of only 0.16−0.5‰
during the oxidation of Cu2O to malachite in the Scharzwald
mining district. On the other hand, our trends are quite different
from the data of Rouxel et al.26 and Asael et al.30,31 In
comparison to insignificant isotope fractionation in this study,
they26,30,31 observe isotope fractionation up to 3‰ due to
stronger complexing ligands (S and/or Cl) and lower temper-
atures than those of this study.
In geological settings, the formation of native copper from a

Cu(I) or Cu(II) source is attributed to an abiotic (methane) or
biotic (organic compounds) reduction process.81,88 Our study
shows that cuprite itself can act as a reducing agent, and the
disproportionation of dissolved Cu+ can lead to the formation of
copper deposits under certain conditions. Moreover, it may offer
an alternative explanation for the co-occurrence of cuprite and
native Cu in the supergene environment.89 Interestingly, this
and other studies show that the reduction-related isotope
fractionation is minor.35,88

A technological aspect of our studies concerns the formation
of tenorite layers on substrates. CuO is of great interest due to its
potential application in the semiconductor material, solar cells,
gas sensors, and catalysts.90 Previous studies show that CuO can
be synthesized from Cu(Ac)2 through various techniques, such
as the solvothermal method,91,92 precipitation method,93

atmospheric decomposition,94,95 and sol−gel-like processing.96

In our experiments, submicroscopic tenorite layers were
deposited on substrates from solutions via a continuous
oxidation process initiated by the decomposition of acetate.
Observations on both the metal foils and the cuprite pellets
indicate that nucleation energy for tenorite is low in aqueous
acetate solutions. Furthermore, it shows an interesting
possibility to fabricate sandwich interconnects of two different
semiconductors (Cu2O and CuO).

6. CONCLUSIONS
The reaction of cuprite (Cu2O) with pH-buffered (0.2 m HAc/
KAc) hydrothermal fluids was experimentally investigated at
temperatures of 100−250 °C and pressures of 5−30 MPa. A
cuprite pellet, a piece of Au foil, and the solution were loaded in a
flexible gold reaction cell inside a steel autoclave held at constant
pressure. In situ fluid sampling enabled the determination of
quenched pH, dissolved copper contents, and isotopic
compositions of the fluid at different stages of the reaction.
The copper isotopic composition of solid phases was analyzed
using LA-MC-ICP-MS. Relict cuprite was observed in all runs.

Massive native copper partially or fully covering the Au cell as
well as foil and locally replacing cuprite have been detected in
acetate-bearing and acetate-free systems after 24 h at 250 °C.
When the run duration was extended to 72 h, tenorite (CuO)
replaced native copper and fully covered cuprite and was
deposited on the Au foil as well at both 150 and 250 °C. These
observations can be explained by a three-step process: (i)
dissolution kinetics of cuprite occurs at 100−200 °C for 24 h and
250 °C for 6 h, with Cu+ as the predominant species in the
solution. (ii) Disproportionation of dissolved Cu+ into Cu metal
and dissolved Cu2+ occurs at high temperature (250 °C)
between 6 and 24 h, which is driven by the high bonding energy
in Cu(II) acetate complexes. (iii) Decomposition of acetate
occurs at 250 °C, >24 h and 150 °C, 72 h. Concomitantly, this
accompanies the oxidation of Cu0 and Cu+ to Cu2+ and a
decrease in complexing agent concentration. This reaction
triggers the formation of tenorite.
Full equilibrium between cuprite and solution was not

achieved at a low temperature of 100−200 °C and minimum
values of cuprite solubility were estimated from the time
evolution of Cu contents of the solutions for 100−200 °C, i.e.,
378 μg Cu/g at 100 °C, 340 μg/g at 150 °C, and 168 μg/g at 200
°C. At 250 °C, cuprite solubility cannot be estimated due to
different reactions competing in the system. Linear regression
yields CCu = 3.3 ± 0.2 + (−0.05 ± 0.001) × T, where T is in
Celsius. Interpretation of the copper isotopic data is complicated
since the cuprite pellets already contained isotopic gradients
imposed by sintering. In the first and second stages, the copper
isotope composition of the solution was similar to the mean
value of the dissolved cuprite. No significant influence of the
pressure was found at 250 °C neither for the Cu contents nor for
the copper isotope composition of the fluid in the range of 5−30
MPa. The in situ measured δ65Cu value for native copper is
similar to that of adjacent cuprite, mostly clustering at 0.15 ±
0.06‰. Including native Cu precipitation on the Au substrate
the overall Δ65CuCu−Cu(I) is within 0.32 ± 0.06‰. Likewise, the
δ65Cu of the tenorite is close to that of the adjacent cuprite.
These findings suggest that the replacement reactions are
controlled by a CDR mechanism, i.e., the released dissolved
copper is directly and quantitatively incorporated into the newly
formed solid phases.
The Cu content in the Ac-bearing solution in this study is

much higher than that reported in the literature.4 The
temperature is inversly related to dissoved Cu in acetate system,
and hence this indicates that the potential of acetate-bearing
solutions to transport copper may bemuch higher than expected
at low temperatures. Furthermore, the transport of hundreds of
ppm of Cu by acetate-bearing solutions is a strong indication
that acetate is an effective complexing agent for copper in
hydrothermal fluids, especially in sedimentary settings.
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