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ABSTRACT

Oxygen isotope fractionation between carbonate minerals and water is used as an environmental proxy to es-
timate mineral formation temperatures or isotopic composition of precipitating fluids. To date no experimental
data on the oxygen isotope fractionation factor between smithsonite (ZnCO3) and water, a(*®0)smithsonite-
water = (*80/2%0)gmithsonite / (-20/*0)yater, exist. Therefore, in the present study experimental work on smith-
sonite synthesis in the temperature range between 25 and 80 °C is coupled with ab-initio based theoretical
calculations.

Laboratory precipitation experiments took place in titanium reactors at elevated pCO5 (~10 atm) in order to
induce the formation of smithsonite from hydrozincite (Zns(CO3)>(OH)e), which is the precursor phase initially
formed at 25°C and low pCO, (pH~ 6.8). The constant a(*®*0)sminsonite-water = (1000 + 8 8O0¢minonite) /
(1000 + 8'®0yacer) value reached at a reaction time = 10,000 min (7 days) suggests near equilibrium conditions.
Based on the experimentally obtained temperature relation of a(*30)smithsonite-water at 25, 40, 60, and 80 °C the
integrated equation can be linearly described by the function:

1031t (130 gmithsonite—water = (2.79%106/T2-0.95) + (0.06%10°/T? + 0.60)

where the temperature is in Kelvin. The ab initio calculations suggest that this relation can be described in the
temperature range from 0 to 100 °C as:

10°InClgmithsonite—liquid water = (3.21%10%/T2-3.63) + (0.025x10°/T? + 0.90)

The a(*®0)smithsonite-water Values from the experimental approach fit within error to the theoretical relation-
ship from the literature and the above ab initio calculations. Difference in slope between the experiment and
theoretical obtained equation likely reflects modeling inaccuracies, whereas kinetic effects cannot be completely
ruled out in the experimental approach.

The obtained  a(*®*0)smithsonite-water match  with  the general sequence  of
Zn** < Fe?* < Mn?* < Ca®* for mono-cation trigonal Me-carbonate minerals suggesting incorporation of
lighter oxygen isotopes in the carbonate mineral at increasing cation radius as indicated from thermodynamic
considerations. Potential applications of oxygen isotope fractionation during smithsonite formation for natural
aqueous surroundings are discussed.

values

1. Introduction

laboratory, whereas smithsonite synthesis is comparatively more com-
plicated (Jambor, 1964; Bouchard and Smith, 2001; Zhu et al., 2001).

Zinc carbonate minerals are typically formed within the oxidation
zone of zinc bearing ore bodies (Anthony et al., 2003). Two zinc car-
bonate minerals are known, smithsonite (ZnCO3) and hydrozincite
(Zns(CO3)2(OH)e). Hydrozincite can be readily synthesized in the

Until now no experimental data exist for the oxygen isotope fractio-
nation between smithsonite and water (Qsmithsonite-
water = (*80/0)gmithsonite 7 (30/°0)water) and its temperature depen-
dence. This lack of data is likely caused by the seldom occurrence of the
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physicochemical conditions required for smithsonite formation in
Earth's surface environments and the competitive precipitation of hy-
drozincite. The formation conditions for smithsonite versus hydro-
zincite are strongly controlled by the partial pressure of CO,. Under
Earth's atmospheric conditions (CO, partial pressure of about
1073 atm) hydrozincite is the stable zinc carbonate phase. If the partial
pressure of CO, increases smithsonite formation is favored, depending
in particular on pH and on dissolved inorganic carbon (DIC refers to
COy(aq), H2CO3, HCO3™, and CO527) concentration (Alwan and
Williams, 1979; Williams, 1990).

Since Urey's work in 1947 and from a large number of experimental
(e.g. McCrea, 1950; O'Neil et al., 1969; Tarutani et al., 1969;
McConnaughey, 1989; Kim and O'Neil, 1997; Kim et al., 2006; Dietzel
et al., 2009; Mavromatis et al., 2012) and theoretical (e.g. Urey, 1947;
Zheng, 1999; Watson, 2004; Schauble et al., 2006; Chacko and Deines,
2008; Zheng, 2011) studies thereafter, it is well established that oxygen
isotopes fractionate strongly between carbonate minerals and the
aqueous fluid from which they are formed. The respective isotope
fractionation factor a, defined as the ratio of the abundance of the
isotopomers '®0 and '°0 in the two phases, significantly depends on
temperature (Urey, 1947; McCrea, 1950). Thus oxygen isotopes in
carbonates provide an excellent tool to unravel formation temperature,
providing that the isotopic composition of their parent solution is
known or can be reasonably estimated. Typically the equilibrium
oxygen isotope fractionation factor decreases as temperature increases
(e.g. Hoefs, 2015). In order to use oxygen isotope fractionation as
geological thermometer besides equilibrium fractionation kinetic ef-
fects also have to be evaluated (e.g. Dietzel et al., 2009). The kinetics of
isotopic exchange and the reaction mechanisms between carbonate
minerals and water, as well as between the DIC species and water have
to be considered (e.g. McCrea, 1950; Beck et al., 2005; Kim et al., 2006)
as each species has a distinct oxygen isotope fractionation compared to
water (McCrea, 1950).

Already in 1953, Epstein and co-workers documented oxygen iso-
tope fractionation of various alkaline earth carbonates to differ up to
several per mil. After the study of McCrea (1950) on temperature var-
iation of the fractionation of oxygen isotopes between dissolved in-
organic carbon and water as well as between calcite and water, the
isotopic compositions of a large variety of carbonate minerals such as
strontianite and witherite (O'Neil et al., 1969), biogenic induced ara-
gonite (Tarutani et al., 1969), siderite (Becker and Clayton, 1976;
Carothers et al., 1988; van Dijk et al., 2017), inorganic aragonite (Zhou
and Zheng, 2002, 2003; Kim et al., 2006) have been investigated. The
oxygen isotope fractionation (10slnacarbonatefmineral_
water =~ Al8Ocarbonate,mineralfwater = 8l80carbonate,mineral_Slgowater)
among carbonate minerals varies from 23%o for strontianite (Chacko
and Deines, 2008) up to 32%o for dolomite at 25°C (Schmidt et al.,
2005). Up to date, for smithsonite only theoretical studies on oxygen
isotope fractionation exist (e.g. Zheng, 1999; Chacko and Deines,
2008).

Theoretical studies are based on the vibrational properties of the
phases of interest. Accordingly, Chacko and Deines (2008) have com-
puted the mineral-CO, fractionation for many carbonate minerals, in-
cluding smithsonite, based on the experimentally measured vibrational
properties of these phases. The mineral-liquid water fractionation (e.g.
32.18 + 0.21%o for smithsonite at 25 °C) is obtained accordingly by
combining CO,-H,O experimental data (see Rosenbaum, 1997). How-
ever, Chacko and Deines (2008) base their work on several simplifying
assumptions (see Deines, 2004) and rely on the quality of available
experimental data, which can differ for two different minerals such as
calcite and smithsonite (see the Methodology section of Chacko and
Deines (2008) for further details). Another approach to assess the full
vibrational properties of those phases, independently of any experi-
ment, is based on the electronic structure modeling of minerals and
molecules that was developed for mineral-water fractionation beha-
viors (e.g. Méheut et al., 2007). In the case of the electronic structure-
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based calculation, there are two principal sources of critical un-
certainties: (1) the inevitable choice of an approximate exchange-cor-
relation functional, at the foundation of the electronic structure cal-
culation, induces errors on the harmonic vibrational properties. This
corresponds at first order to an identical relative underestimation of all
vibrational frequencies (e.g. around 5%). (2) The model does not in-
clude anharmonic effects for the water molecule. A new ab initio
modeling for oxygen isotope fractionation is herein applied to yield
theoretical a(18O)Smithscnite_vapour_mo values, further combined with the
experimental vapor-liquid fractionations of Horita and Wesolowski
(1994) to obtain a(*®0)smithsonite-water- W€ provide this by an approach
based on the electronic structure modeling of minerals and molecules
with correction for the above mentioned uncertainties (e.g. Méheut
et al., 2007). This approach is first validated on the well constrained
case of the calcite-water equilibrium and then applied to smithsonite.

In the present study we experimentally determine the until now
poorly constrained oxygen isotope fractionation between smithsonite
and water as a function of temperature. The formation of smithsonite
was induced by the transformation of hydrozincite between 25 and
80°C. The experimental fractionation coefficients were assessed in
comparison to the theoretical values generated in this study and from
the literature. The obtained temperature-controlled oxygen isotope
fractionation kinetics, reaction mechanisms and the implications to
natural smithsonites and smithsonite forming environments are ad-
dressed.

2. Methods
2.1. Experimental setup

Smithsonite was synthesized at the temperature range 25 to 80 °C
( £ 0.5°C) at 10 atm CO,, pressure in either a PARR© non-stirred high-
pressure titanium batch reactor (4601-4622 General Purpose Reactors),
or a PARRO stirred high pressure titanium batch reactor (4560 Mini
Reactors) both equipped with electrical heaters. An illustration of the
experimental set-up used in this study can be seen in Fig. 1. The use of
two different setups (with and without stirring) served as a control of
the reproducibility of the obtained experimental results. The experi-
mental solution was prepared by mixing 250 ml of two stock solutions,
the first containing 0.2 M of NaHCO; (Carl Roth, = 99.5%, p.a., ACS,

temperature sensor

Stirring bar Sampling
Gas bubbler
O-Ring seal with
a split ring pair
°|% Constant T
olo onstan
oC, O heating ring

NaHCO,

Zn(NO,),
Titanium vessel

Fig. 1. Experimental set-up of the high pressure titanium batch reactor which
was used for experiments with and without using the stirring bar.
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ISO) and the second containing 0.04 M of Zn(NO3), (Merck, = 98.5%,
p.a.), in the reactor at ambient temperature. Owing to the high super-
saturation of the reactive solution with respect to hydrozincite, this zinc
hydroxide carbonate mineral (pH6.83 * 0.17) is formed
stantaneously after the mixing of the two stock solutions at ambient
conditions according to the overall reaction

57Zn** + 10 HCO;™ = Zn5(C03)2 (OH)G s t 8 CO, + 2 H,0

in-

@

After the mixing of the stock solutions the reactors were im-
mediately sealed and pressurized at pCO5 ~ 10 atm (within ~10 min
after mixing). The low pH conditions (pH 5.4 *= 0.2), provoked by the
prevailing elevated pCO,, lead to the dissolution of hydrozincite and
the subsequent formation of smithsonite according to the overall re-
action

Zn5(C03),(OH)g ) + 3 CO, — 5ZnCO; 5 + 3 H,0. %)

In total 20 experiments were performed, with reaction times ran-
ging from 465 to 72,620 min (about 8 h to 50 days) in order to follow
the temporal evolution of smithsonite formation as well as its oxygen
isotope composition. At the end of each experiment the reactor was
quenched and subsequently the solution was separated from the pre-
cipitate using vacuum filtration and 0.1 pm filters (Millipore, cellulose
acetate). Aliquots (1 ml) were sampled from the reactive solution in-situ
for alkalinity and 10 ml aliquots for oxygen isotope analyses of the
solution. Additional, an aliquot was acidified to a 2% HNO; matrix for
analysis of Zn and Na concentrations using HNOj of suprapure grade
(Roth ROTIPURAN®). The separated precipitates were thoroughly
rinsed with MilliQ water three times to remove adsorbed Zn ions from
the solid surface and subsequently dried at 40 °C for solid phase char-
acterization.

2.2. Analytics

2.2.1. Solid characterization

The collected solids were analyzed using Attenuated Total
Reflectance - Fourier Transform Infrared Spectroscopy (ATR-FTIR;
Perkin Elmer Spektrum 100) equipped with a ZnSeO, crystal in the
wavenumber range from 650 to 4000 cm ™. X-ray powder diffraction
(XRD) patterns of the precipitates were measured using a PANalytical
X'Pert PRO diffractometer and Co-Ka-radiation (40 mA, 40KkV) over
50 min at a range from 4° to 85° and a scan speed of 0.03° min~'. The
mineral phases were quantified by Rietveld refinement using the
PANalytical X'Pert HighScore Plus software with its associated PDF-2
database. Selected solids were imaged using a ZEISS DSM 982 Gemini
scanning electron microscope (SEM) operating at 2kV accelerating
voltage.

2.2.2. Chemical analyses

Alkalinity of the reactive solutions was measured by potentiometric
titration using 0.01 M HCI and a Schott TitroLine alpha plus titrator
with an uncertainty of + 2%. The pH of the same aliquots was mea-
sured using a WTW IDS pH-meter combined with a SenTix® 945 pH gel
electrode with a glass shaft from WTW, calibrated against NIST stan-
dard buffers at pH = 4.01, 7.00 and 10.01 at 20°C (analytical
error: = 0.03 pH units). Aqueous concentrations of Zn and Na were
analyzed in acidified (2% HNO3) aliquots by inductively coupled
plasma optical emission spectroscopy using a Perkin Elmer Optima
8300 DV ICP-OES. A range of SPS-SW2 Batch 130 and NIST 1640a
standards were measured at the beginning and end of a sample series
and had an analytical error (2s, 3 replicates) of + 3% for all elements
relative to the standards.

2.2.3. Geochemical modeling

Aqueous speciation of the reactive solutions, ion activities and sa-
turation degree (Q = IAP/solubility constant) of the reactive solutions
with respect to smithsonite (see Table 1), hydrozincite, and zincite were
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calculated using PHREEQC software (Parkhurst and Appelo, 1999) to-
gether with its MINTEQ.V4 database as well as PHREEPLOT
(Kinniburgh and Cooper, 2011) to establish a stability diagram of the
Zn-CO,-H,0 system.

2.2.4. Oxygen isotopic analyses

The most common way to analyze the oxygen isotope composition
of solid carbonates is to use a modification of the original phosphoric
acid reaction technique developed by McCrea (1950). The oxygen iso-
tope composition of smithsonite (8'®Ogmimsonice) Was measured with a
Gasbench II sample preparation device interfaced to a Thermo Finnigan
DeltaplusXP a Finnigan GasBench II mass spectrometer using the
common phosphoric acid method (Révész and Landwehr, 2002; Spotl
and Vennemann, 2003; Paul and Skrzypek, 2007). To measure the
oxygen isotope composition of the precipitates, aliquots of approxi-
mately 500 ug material were transferred into 10ml glass vials and
flushed with helium, using a gas flow of 100 ml/min to remove residual
air from the sample vials. Phosphoric acid (99%) added a couple of
drops into each sample vial; the produced CO, is manually transferred
onto a Gas Chromatography column using a flow rate of 1.5 ml/min at
72°C, where the CO, was chromatographically separated from other
components of the gas sample. The analytical error of the 8'®Ogpinsonite
values, reported relative to the VPDB standard, was * 0.1%.The oxygen
isotope ratios of the final reactive solution were measured in 0.3 ml sub-
samples with the classical CO>-H,0 equilibration method (Epstein and
Mayeda, 1953) using a dual inlet Thermo Finnigan Deltaplus mass
spectrometer coupled to an automated preparation unit adopted from
Horita et al. (1989). The measurements were carried out at 24 °C with a
precision < 0.1%o. All §'80,y¢er values are reported relative to VSMOW
(Vienna Standard Mean Ocean Water), calculated using equations by
Coplen et al. (1983).

The measured 8'®Ogmithsonite Values were expressed on the VPDB
scale using the normalization protocol IUPAC developed by Kim et al.
(2015) coupled with the phosphoric acid fractionation factor for
smithsonite reported by Gilg et al. (2003) for the reference materials
NBS 19 and NBS 18 at 72 °C. The 880 ithsonite Values were converted
to the VSMOW scale using the expression

5180vsmow = 30.92 + 1.03092:8'0yppgp 3)

The oxygen isotopic fractionation factor between smithsonite and
water was calculated using the equation

Xsmithsonite—water = (1000 + 51805mithsonite)/(1000 + 6180water) (4)

2.3. Ab initio calculations of mineral-water vapor oxygen isotopic
fractionation factors at the harmonic level

The equilibrium mineral-water vapor fractionation of oxygen iso-
topes is obtained by combining the B-factors of both phases. The isotopic
fractionation factor of an element between two phases A and B, is defined
as the overall ratio of isotopes Y and Y* in the phase A as compared with
the same ratio in B. Both phases A and B contain two isotopic forms Y
and Y*. Y* corresponds to the least abundant isotope. The B-factor cor-
responds to the isotopic fractionation factor of Y between the phase A
and a perfect gas of Y atoms. This quantity can be computed, with the
harmonic approximation, from the vibrational frequencies of the phase
of interest (Bigeleisen and Mayer, 1947). The (-factor of water vapor in
the harmonic approximation is computed following Méheut et al. (2007).
The B-factors of calcite and smithsonite are computed from their phonon
frequencies with Egs. (8) and (16) of Méheut et al. (2007). The phonon
frequencies are computed from first-principles using density functional
theory (DFT) (Hohenberg and Kohn, 1964; Kohn and Sham, 1965). The
calculation was based on the exchange-correlation functional of Perdew,
Burke and Ernzerhof (PBE) (Perdew et al., 1996), a plane-wave basis set,
and atomic pseudopotentials as implemented in the Quantum Espresso
package. The pseudopotentials used for O and H are described in the
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Table 1
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Temperature, pH, duration, added NaHCO3; and Zn(NO3), of the experimental solution. 8'80 values of the precipitates relative to Vienna Standard Mean Ocean Water
(VSMOW). 10°Ina(*80) yrecipitate_water: 0Xygen isotopic fractionation between the precipitate and water (§'%0yaer = —9.58 = 0.33, %o0; VSMOW).

No. T (°C) pH t (min) Added NaHCOs5 (mM) Added Zn(NOs), (mM) 8"®0precipitate 10°Ina(**0)precipitate-water Qprecipitate
Precursor phase (hydrozincite)

T25_.0" 25 6.83 0 199.8 40.9 22.75 32.11 107-%
Smithsonite (non-stirring)

T251.1 25 5.31 465 228.7 435 19.43 28.97 13.49
T251.2 25 5.42 1160 199.5 44.2 20.11 29.64 26.30
T25.1.3 25 5.35 1410 249.5 43.2 20.49 29.95 13.80
T251.4 25 5.46 4485 199.6 42.1 21.24 30.69 8.32
T251.5 25 5.41 10,050 201.4 42.8 20.77 30.32 3.80
T251.6 25 5.40 20,150 199.4 43.2 20.74 30.26 3.24
T25.1.7 25 5.48 30,270 202.0 42.8 20.87 30.36 2.09
T251.8 25 5.39 58,790 201.2 43.0 21.05 30.41 1.74
T251.9 25 5.38 72,620 207.7 44.2 21.06 30.50 1.05
T40_1 40 5.32 24,240 98.1 21.8 17.93 27.35 3.89
T40_2 40 5.54 4125 199.8 39.1 18.09 27.28 6.17
T60_1 60 5.50 18,815 100.2 20.0 14.41 23.79 7.24
T60_2 60 5.06 26,930 103.0 21.1 14.23 24.32 2.14
T80 80 5.48 10,035 100.0 21.0 12.22 21.38 10.96
Smithsonite (stirring)

T25s_1.1 25 5.61 490 226.4 36.9 21.06 30.44 57.54
T255.1.2 25 5.51 930 188.5 39.8 20.6 30.02 44.67
T255.1.3 25 5.45 1345 170.1 39.8 19.99 29.51 39.81
T255_1.4 25 5.40 4490 179.0 38.5 20.14 29.64 28.18
T255.1.5 25 5.38 10,170 166.4 39.5 19.87 29.34 26.92
T255.1.6 25 5.43 20,040 202.1 39.9 19.84 29.35 3.80

s = precipitation of smithsonite by using a stirred reactor.
% hydrozincite precipitated at the initial stage of the experiments at 25 °C.

electronic annexes of Méheut et al. (2007). The pseudopotentials used for
Ca and Zn were taken from the PSlibrary (Dal, 2014). For the C pseu-
dopotential, we used the 1s% 2s% 2p? configuration, with core radius
1.23, 1.23 a. u., respectively.

Computational details for water vapor are the same as in Méheut et al.
(2007). For calcite and smithsonite, electronic wave-functions are ex-
panded in plane-waves up to an energy cutoff ., = 80 Ry and the charge
density cut-off is set to 4 €.,. The electronic structure integration is per-
formed by sampling the first Brillouin zone with a 3 X 3 x 3 k-points grid
according to the Monkhorst-Pack scheme (Monkhorst and Pack, 1976).

Phonon frequencies are computed using linear response theory (Baroni
et al., 2001) with the Quantum Espresso package (Giannozzi et al., 2009).
Interatomic force-constants are obtained from the dynamical matrices
computed exactly (within DFT) on a 3 X 3 X 3 grid of g-vectors.

Long-range effects are taken into account by computing Born effective-
charges and static dielectric constants (Baroni et al., 2001). Dynamical
matrices and thus phonon frequencies can then be obtained in any point of
the reciprocal space by Fourier-interpolation of the force constants. For
smithsonite, the B-factor is converged with a 6x6x6 interpolation grid.

3. Results
3.1. Mineralogy of the precipitates

The collected FT-IR spectra of synthetic smithsonite compared to
those of the intermediate reaction product hydrozincite can be seen in
Fig. 2A. Smithsonite exhibits vibration bands at 742 (carbonate v, in
phase bending mode), 841 (carbonate v, bending mode), 1078 (car-
bonate v; stretching mode) and 1378 cm ™! (carbonate v5 vibrational
mode) in agreement with Hales and Frost (2007). Note here that it is
generally expected that the v, bending mode of carbonates lay within
the frequency range from 890 to 850 cm ™! (Farmer, 1974), a range of
values that is somewhat higher compared to those of our study
(Fig. 2A). The occurrence however of the v, band at 841 cm ™! - ob-
served in this study — is in excellent agreement with that reported by
Hales and Frost (2007) for smithsonite. The infrared spectrum of
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hydrozincite shows additional infrared bands to smithsonite at
949cm ™! and 3306 cm™1, both attributed to hydroxide vibrations
(Stoilova et al., 2002). The X-ray diffraction pattern of the precipitated
solid is compared to a reference smithsonite spectrum in Fig. 2B, which
suggests smithsonite to be the sole reaction product in all experiments
performed at elevated CO, pressure.

From SEM imaging (Fig. 3A) it can be seen that the initially pre-
cipitated hydrozincite consists of nanosized spherical particles with <
1um in diameter that are similar in form to the hydrozincite shape
documented earlier by Wahab et al. (2008), whereas in the final reac-
tion product no hydrozincite is present as it is confirmed by both XRD
and SEM analyses. In addition Fig. 3 illustrates changes in the texture of
the growing smithsonite crystals throughout the experimental runs and
for distinct formation temperatures. For instance, in experiments at
25°C, the size of crystal aggregates increased with reaction time.
Smithsonite incubated for 1160 and 20,150 min (Fig. 3B and C) com-
prised of crystal aggregates with a diameter of 5um. At 30270 min
reaction time the diameter of the crystal aggregates are about 10 pm
(Fig. 3D), whereas at 72620 min reaction time the diameter of the
crystal aggregates increased up to about 20 um (Fig. 3F). The crystal
aggregates of smithsonite consist of rhombohedral crystals with an edge
length of about 1um. In contrast, at higher temperatures the edge
length of the rhombohedral smithsonite crystals increased, but crystal
aggregates are in the same dimension (Fig. 3G at 60 °C for 26,930 min).

3.2. Chemical composition of the reactive solution

The chemical composition of the reactive solution was used to calcu-
late the temporal evolution of pH and supersaturation in respect to
smithsonite. The pH of the reactive solution (see Fig. 4A) for the experi-
ments using the non-stirring reactor is increasing between 465 and
1410 min with a maximum at about 1160 min, whereas the pH for the
experiments using the stirring reactor decreased over the same time in-
terval. The pH for both experiments - using the stirring and non-stirring
reactor - is approaching a constant pH of 5.4 = 0.05 with increasing re-
action time. The supersaturation of the reactive solution in respect to
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Fig. 2. (A) Typical FT-IR spectra of (a) precipitated hydrozincite (exp. T25_0)
from the beginning of each experiment at ambient conditions at a reaction time
of 1 min and (b) precipitated smithsonite from exp. T25_1.1 at 10 pCO2 (atm)
and 25 °C at a reaction time of 480 min; and (B) Characteristic X-ray diffraction
pattern of (a) precipitated hydrozincite (exp. T25_0) from the beginning of each
experiment at ambient conditions at a reaction time of 1 min, (b) precipitated
smithsonite from exp. T25_1.1 at 10 pCO2 (atm) and 25 °C at a reaction time of
480 min and (c) smithsonite (FIZ Karlsruhe, ICSD database; PDF-number: 01-
083-1765 8-449).

smithsonite follows the evolution of pH, i.e. decreasing between 490 and
1345 min (Fig. 4B) for the experiments using the stirring reactor. In con-
trast, between 465 and 1410 min the Qgimsonite fOr the experiments using
the non-stirring reactor show a maximum at about 1160 min. As with pH,
the supersaturation of the reactive solution with respect to smithsonite
reaches an approximately equal value in both experiments of
Qqmithsonite = 1.1 * 0.3. The pH and the supersaturation state evolution
indicates the approach of chemical equilibrium conditions for smithsonite
and confirms the accuracy of solubility data from Schindler et al. (1969).
The pH-induced Qgnimsonite €VOlution is strongly based on the pH depen-
dence of DIC species distribution. The pH difference in the non-stirring
versus stirring reactive solutions can be likely explained by the delayed
neutralization of the in CO, loaded solution due to hydrozincite trans-
formation to smithsonite at non-stirring conditions.

3.3. Oxygen isotopic fractionation factor between smithsonite and solution
at 25°C

The temporal evolution of the oxygen isotope fractionation between
carbonate precipitate and water has been studied in detail for experi-
ments performed at 25 °C. The oxygen isotopic composition of the water
used in our experiments was measured to be
8'80yater = —9.58 * 0.33%0 (VSMOW; n = 20). The temporal
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evolution of the 10%In0tsmithsonite-water Values is displayed in Fig. 5. The
10°InCtgmithsonite-water Value at =10,000 min (i.e. 7 days) of the experi-
mental run time is about 30.5 = 0.1%o using the non-stirring reactor,
whereas it is about 29.4 = 0.1%o in experiments conducted with the
stirring reactor (Table 1). Note here, that the apparent 1031nahydmzincite_
water Vvalue between hydrozincite and water is slightly higher
(32.1 + 0.1%o at 25°C; see Table 1) compared to that measured be-
tween smithsonite and water. Although the final Ogpithsonite-water Values
are almost identical within the overall accuracy of the used experi-
mental approach, the temporal evolution using the stirring and non-
stirring reactor were significantly different at the beginning of the runs.
The 10%IN0gmithsonite-water Values decrease by using the stirring reactor,
whereas the experiments performed in the non-stirring reactor indicate
an increase of Qgmithsonite-water With time. These findings indicate that a
synthesis duration of about 10,000 min (Fig. 5) is likely needed in the
experimental runs to approach a constant isotopic fractionation be-
tween smithsonite and water at 25°C, where also thermodynamic
equilibrium is approached (see Fig. 4A and B). Accordingly, less time
for approaching constant isotope composition can be expected for the
experiments at elevated temperatures.

3.4. Oxygen isotopic fractionation factor between 25 and 80 °C

As a constant isotopic fractionation between smithsonite and water
is reached at about 10,000min for T = 25°C the obtained
10%In0gmithsonite-water Values at t = 10,000 min were used to obtain a T
dependence of apparent oxygen isotope fractionation between smith-
sonite and water up to 80 °C (see Table 1; Fig. 6). The experimental

findings indicate a strong negative temperature control on
10%INCgmithsonite water according to the expression
103InGtsmithsonite—water = (2.79%10%/T2-0.95) + (0.06+10/T* + 0.60) 5)

where high temperatures result in lower a values that can be attributed
to near isotopic equilibrium conditions.

3.5. Theoretical calculations of calcite-water and smithsonite-water oxygen
isotope fractionation at equilibrium

Cell parameters of calcite and smithsonite are obtained at zero
pressure until the residual forces are < 10~ 2Ry/A (Table 2). They are
generally overestimated by around 1-2%, which is the usual trend with
GGA PBE functional. A good agreement is observed between calculated
frequencies and experimental ones (Table 3). Generally, the calculated
frequencies underestimate experimental results by a few %, but the
relative difference is varying depending on the modes. The ratio be-
tween calculated harmonic frequencies and corresponding experi-
mental frequencies is discussed in detail in Appendix A. For calcite and
smithsonite this ratio was found to be essentially identical for the two
carbonate minerals, and equal to 0.957 * 0.006, where the error
stands for the standard error on this ratio. This is consistent with the
results from Schauble et al. (2006) who concluded on the adequacy of a
unique scale factor for several anhydrous carbonate minerals.

The mineral-water vapor fractionation factors, calculated from the
raw ab initio-based harmonic frequencies, are given as a function of
temperature in Table 4 and represented on Fig. A3. These calculations
are affected by two errors of different origin. First, harmonic fre-
quencies calculated within our approach underestimate experimental
harmonic frequencies by a few percent. This underestimation was
corrected by multiplying all mode frequencies of a given material by an
identical scale factor, deduced from the comparison of experimental
harmonic frequencies and calculated harmonic frequencies (see details
in Appendix A). For water vapor, experimental harmonic frequencies
are available, and can be compared to our calculation (see Table 1 of
Méheut et al.,, 2007). The obtained scaling factor is 0.954 + 0.003
(1SE) (see details in Appendix A). For calcite and smithsonite, however,
the only available experimental frequencies are anharmonic.
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Fig. 3. Scanning electron microphotographs of precipitated (A) hydrozincite (characteristic transition phase precipitated at 25 °C in all experiments; exp. T25_0) and
(B) typically precipitated smithsonite (exp. T25_1.2; pCO2 = 10 atm; 25 °C; 1160 min), (C) smithsonite (exp. T25_1.6; pCO2 = 10 atm and 25°C at 20150 min
reaction time), (D) smithsonite (exp. T25_1.7; pCO, = 10 atm; 25 °C; 30,270 min), (E) smithsonite (exp. T25_1.8; pCO, = 10 atm; 25 °C; 58,790 min), (F) smithsonite
(exp. T25_1.9; pCO, = 10 atm; 25 °C; 72,620 min), and (G) smithsonite (exp. T60_2; pCO2 = 10 atm; 60 °C; 26,930 min).

Anharmonic effects in calcite and smithsonite are nevertheless expected
to be small (see below), and we therefore used the experiment over
calculation frequency ratio discussed above (0.957 + 0.006) as our
scaling factor.

Second, the expressions used for the (-factors (equation (11) of
Méheut et al., 2007 for water vapor, equation (16) of Méheut et al.,
2007 for the carbonates) are based on the harmonic approximation. For
water vapor, Richet et al. (1977) proposed a simple correction for an-
harmonic effects based on experimental frequencies (equation 49 of
Richet et al., 1977). We simply added this correction to our water vapor
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B-factor. For calcite and smithsonite, the vibrations were assumed to be
harmonic, and therefore no anharmonic correction was applied. This
situation — a gas treated anharmonically, and carbonates considered
harmonic - has been discussed by Chacko and Deines (2008) study.
Based on the estimation of anharmonic effects in calcite by Gillet et al.
(1996) and Polyakov (1998), these authors concluded that these hy-
potheses may lead to an over- or underestimation by about 0.5%o of gas-
carbonate fractionation.

The corrected mineral-water vapor fractionation factors are given as
a function of temperature in Table 4 and represented in Fig. A3. The
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Fig. 4. (A) pH of precipitating solution as a function of reaction time at 25 °C in
the stirring versus non-stirring reactor; and (B) Saturation degree in respect to
smithsonite (at steady state Qsmithsonite = 1.1 + 0.3) plotted as a function of
reaction time at 25 °C in the stirring versus non-stirring reactor. The curve was
connected via two points by a single line.
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Fig. 5. Temporal evolution of the 10°Ina(*®0)smithsonite-water value for the
oxygen isotope fractionation between the precipitate and water for experiments
conducted at 25°C as a function of reaction time in the stirring versus non-
stirring reactor. The pentagon symbol represents the oxygen isotope fractio-
nation of the precipitated hydrozincite (t = 0 min). The curves were fitted using
a calculation of Origin: 10°InAgmithsonite-water = a— b «log(c* time [min]).
Errors are with the size of the symbols.
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Fig. 6. Oxygen isotope fractionation between smithsonite and water as a
function of temperature. Solid symbols represent the obtained data from this
study for smithsonite formation in the non-stirring reactor (only isotope values
between 25 °C and 80 °C for a reaction time > 10,000 min are shown, where
oxygen isotope fractionation is approaching equilibrium). Dashed line re-
presents the theoretical calculation of Chacko and Deines (2008), dashed-dotted
line of Zheng (1999), small dotted line of Golyshev et al. (1981) and the dotted
line shows the ab-initio calculation (of the present study).

Table 2

Structural parameters of calcite and smithsonite, compared with experiment
(exp.) and previous calculations (PBE). The numbers in parenthesis refer to
uncertainties on the last significant digit.

Calcite Smithsonite

This work  Exp” PBE” This work  Exp® PBE®
a(A) 5.0600 4.9896[2] 5.0352 4.7207 4.6526[71 4.714
c(A) 17.2046 17.0610[11] 17.2194 15.3211 15.0257[22] 15.28
x(0)  0.25729 0.25682[11] 0.27550 0.27636[11]

2 Effenberger et al. (1981).
b Schauble et al. (2006).
¢ Ducher et al. (2016).

uncertainty on the obtained corrected law, resulting both from the
uncertainty on the scaling factor and from the estimated 0.5%o addi-
tional error discussed above, is also given on Table 4 and represented
on Fig. A3. To obtain a mineral/liquid-water fractionation (calcite: Fig.
A2; smithsonite: Fig. 6), we combined our calculated calcite/gas-water
fractionation with the liquid/gas-water experimental fractionation de-
termined by Horita and Wesolowski (1994). If we limit ourselves to the
0-100 °C temperature interval, these laws can be given as:

103INCaciteliquid water = (2.65#106/T2-4.87) + (0.025%105/T2 + 0.90)
(6)
103InClymithsonite _liquid water = (3-21#106/T?-3.63) + (0.025%106/T2 + 0.90).
@

4. Discussion
4.1. Reaction mechanisms and pathways

Fig. 7 shows the individual stability fields of zincite, hydrozincite
and smithsonite as a function of the partial pressure of CO, and pH
according to the used thermodynamic data. At the beginning of each
experiment hydrozincite is immediately precipitating at quasi neutral
pH conditions (pH~6.8) at 25°C, and consistently the solution
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Table 3

Chemical Geology 495 (2018) 76-89

Comparison of model phonon frequencies in smithsonite and calcite with experimental data and other calculations (PBE). E; and A;, are Raman-active, Ay, and E,
are IR-active, A;, and A, are silent modes. For IR-active modes, LO and TO frequencies are reported. For smithsonite, measurements (exp.) are from Frost et al.
(2008a) for Raman, and Frost et al. (2008b) for infrared. For calcite, measurements (exp.) are from Gillet et al. (1993) for Raman, and from Hellwege et al. (1970),

Cowley and Pant (1973), White (1974), and Gillet et al. (1996) for infrared.

Mode Smithsonite Calcite
This work Exp PBE This work Exp PBE
Eg 177 196 178 152 156 151
277 304 278 264 281 264
693 730 697 680 711,709 689
1342 1405-1409 1371 1372 1434 1392
Arg 1047 1092 1063 1045 1086 1059
Az, 139-231 114-142 92-132 112-140
311-355 276-385 303-387 275-386
810-827 (842),870 818 824-838 872-900 840-854
E, 149 117-129 102-123 114-127
183-222 205-216 223-239 205-216
260-336 268-363 297-380 267-364
705-707 (729),744 680-681 711 689-690
1339-1496 (1335),1440 1369 1342-1486 1407-1549 1361-1506
Am 208 274
1047 1045
Agg 281 180
372 299
817 828
Table 4 shown for T = 25°C; Fig. 4).

Fits of 10°Ina(**0)mineral-water(vapory for 0-400 °C, with x = 103/T. PBE refers to
the uncorrected calculation. For the correction, see text. The estimated error on
the corrected laws results from the propagation of the uncertainty on the
scaling factor (1SE, see Appendix A) and from the 0.5%o error (treated as an
uncertainty) due to the neglect of anharmonicity for calcite and smithsonite
(see text).

Mineral Regression

Calcite (PBE) 4.257-14.305x + 8.863 X 2-0.656x°
Smithsonite (PBE) 4.367-14.502x + 9.416x°-0.7378x>
Calcite (corrected) 3.9-13.8x + 9.42x>-0.712x>
Smithsonite (corrected) 4.0-14.0x + 10.02x%-0.737x>

Error of corrected laws 0.7 + 0.07x-0.004x> + 9.10 " °x®

composition is plotting within the stability field of hydrozincite (Fig. 7).
The increase of the pCO, pressure to about 10 atm results in a pH de-
crease. Accordingly, the solution composition shifts into the stability
field of smithsonite at temperatures between 25 and 80 °C. Smithsonite
is subsequently formed via dissolution of hydrozincite. For the final
experimental solutions chemical equilibrium in respect to smithsonite
solubility is reached (see saturation degrees in Table 1 and exemplarily

4.2. Kinetics versus isotope equilibrium conditions

In earlier studies it has been well established that deviation from
isotopic equilibrium in carbonate systems may affect apparent
lOﬁnambonm&mineral_water values (Mills and  Urey, 1940;
McConnaughey, 1989; Kim et al., 2006; Dietzel et al., 2009; Gabitov
et al., 2012; Gabitov, 2013; Watkins et al., 2014). Due to the lack of
oxygen isotopic equilibrium data for smithsonite precipitated in the
laboratory, this study explores the temporal evolution of Qsmithsonite-water
at 25 °C, in order to verify the achievement of a constant oxygen iso-
topic fractionation between smithsonite and water as a function of re-
action time (see Fig. 5).

As it can be seen in Fig. 5 Ogmithsonite-water aChieves quasi constant
values that can be attributed to near isotopic equilibrium conditions.
We note here that at a given reaction stage of the experiments kinetic
effects might occur. These effects can be related to isotopic dis-equili-
brium conditions among DIC species and/or high precipitation rates of
carbonate minerals from solution, that can induce non-equilibrium
isotopic conditions at the solid-liquid interface (e.g. Jiménez-Lopez
et al., 2001 for Mg-calcite; Dietzel et al., 2009 for calcite; Mavromatis

Fig. 7. Stability fields of zincite, hydrozincite versus

log pCO,,
log pCO,,

g ) : smithsonite at 25°C as a function of CO2 partial
CO;, > 1 mol/kgw pressure (pCO2 in atm) and pH calculated using
PHREEPLOT combined with PHREEQC software (see
text for details). The pentagon symbol in the left
diagram represents the initial experimental solution
indicating hydrozincite formation as transition step
at 25 °C and low pCO2. The enhanced detail on the
right side shows the smithsonite stability field from
25, 40, 60 to 80°C. The open circles (stirred ex-
periments) and closed squares (non-stirred experi-
ments) refer to the chemical composition and the
CO,, partial pressure shift of the experimental solu-
tions for the temperature of 25 and 80 °C calculated
with PhreeqC; 40 and 60 °C data points are lying in
between those for 25 and 80 °C (this study).
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et al., 2012 for Mg-calcite). In particular, the latter effect might be valid
in this study for initial hydrozincite formation due to mixing of the two
stock solutions inducing extremely high supersaturation of the resulting
solution with respect to hydrozincite (Qpydrozincie = 107-%;  see
Table 1). On the other hand the long term temporal evolution of the
Olsmithsonite-water Value as it is depicted in Fig. 5, together with the in-
crease in the average diameter of the formed crystal (Fig. 3B-F) rather
suggest near equilibrium isotope exchange between smithsonite and the
reactive fluid.

The temporal evolution of the oxygen isotope fractionation between
smithsonite and water is divided into two parts. The first part (in the
range from 465 to 1410min) shows a contrasting behavior of the
10%INCgmithsonite.water Values between the experiments using the non-
stirring and stirring reactor (see Fig. 5 and discussion above). This
contrasting behavior, in analogy to experiments with different agitation
and shaking frequencies of Chacko et al. (1991) and Fortier (1994),
might be caused by the continuous agitation of the solution in the ex-
periments using the stirring reactor. The agitation of the solution might
lead to a fast oxygen exchange rate between smithsonite and the CO,
and follows a higher oxygen isotope fractionation.

In the second part (=1410 min) of the experiments the evolution of
10%In0gmithsonite-water Values using the non-stirring and stirring reactor
shows a similar behavior. With increasing reaction time (=10,000 min)
10°In0gmithsonite-water Feached a constant value, suggesting near isotopic
equilibrium conditions, at a similar reaction time, where isotope equi-
librium between Mg-calcite and precipitating solution is reached (see
Mavromatis et al., 2012; t ~14,400 min). Note here that the transfor-
mation of hydrozincite to smithsonite proceeds via a dissolution and re-
precipitation process. Therefore isotopic memory effects from the pre-
cursor phase hydrozincite are unlikely to occur at the final stage of the
experiments.

4.3. Oxygen isotope equilibrium fractionation between different metal
carbonate minerals and water

In the present study experimental times of =10,000 min were used
to study oxygen isotopic between smithsonite and solution at tem-
peratures ranging from 25 to 80 °C at close isotopic equilibrium con-
ditions (see discussion above; Fig. 6). The obtained decrease of
10°In0gmithsonite-water Values with increasing temperature is a common
feature when isotopic equilibrium is achieved also shown by other ex-
perimental studies, e.g. for calcite, aragonite, dolomite and siderite (e.g.
McCrea, 1950; O'Neil et al., 1969; Tarutani et al., 1969;
McConnaughey, 1989; Kim et al., 2006; Dietzel et al.,, 2009;
Mavromatis et al., 2012; van Dijk et al., 2017), as well as in theoretical
studies (Urey, 1947; Zheng, 1999; Watson, 2004; Schauble et al., 2006;
Chacko and Deines, 2008; Zheng, 2011). In order to verify our ex-
perimental data in the scope of oxygen isotope fractionation between
various carbonate minerals and water from other experimental studies
Fig. 8 illustrates the respective 10°Ina(*®0) values as a function of
temperature. The most noticeable result for the oxygen isotope frac-
tionation as a function of temperature is that all carbonate-water
fractionation curves are positioned parallel to one another indicating
different oxygen isotope fractionation up to several per mil between
various carbonates (see also O'Neil et al. (1969) and Chacko et al.
(2001)). The general finding is: the smaller the cation radius the higher
the 10°Ina(*®0) value. Chacko and Deines (2008) pointed out that
both, the increase in cationic size and cationic mass, influence the
preferentially incorporation of lighter oxygen isotopes in the carbonate
mineral, based on internal vibrations of the carbonate and structure
motions (e.g. O'Neil et al., 1969; Golyshev et al., 1981; Kim and O'Neil,
1997). Our experimental data fit into the obtained sequence of
Zn** < Fe** < Mn?* < Ca®* for mono-cation trigonal Me-carbo-
nate minerals at isotopic equilibrium (Fig. 8).
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Fig. 8. Oxygen isotope fractionation between smithsonite and water (see Eq.
(5)) as a function of temperature for those of mono-cation trigonal Me-carbo-
nate minerals: siderite (van Dijk et al., 2017); rhodochrosite (Kim et al., 2009);
calcite (Kim and O'Neil, 1997).

4.4. Ab initio calculations of smithsonite-water fractionation and
comparison to experimental data

The corrected theoretical oxygen isotopic fractionation factor be-
tween calcite and water obtained in our study is in good agreement
both with earlier theoretical calculations (i.e. Chacko and Deines, 2008)
and with experimental data sets, at least in temperatures above 40 °C
(Fig. A2 of the Appendix). This confirms the quality of Chacko and
Deines (2008) calculations and underlines the use of this correction
procedure.

The three computational ab initio models exhibit the general trend
of decreasing oxygen isotope fractionation with increasing temperature
such as with the experimental data (see Fig. 6). However, the existing
theoretical data (e.g. Zheng, 1999; Chacko and Deines, 2008) as well as
the data from the new ab initio calculation are slightly heavier com-
pared to the measured oxygen isotopic fractionation factors of this
study. As different simulation types of liquid water can be used for
theoretical calculations, we assume that the discrepancy between the
theoretical calculations (e.g. Zheng, 1999; Chacko and Deines, 2008
and this study) and the experimental data from this study may be ex-
plained by less precisely described anharmonicity of liquid water and/
or not completely reaching isotopic equilibrium through kinetic effect
in the experiments (see discussion above). Kinetic effects might be an
additional cause for the deviation between experimental and calculated
data.

4.5. Revisiting oxygen isotope fractionation between theoretical calculations
and experimental data of various carbonates

In order to classify our experimental and theoretical data, in Fig. 9
oxygen isotope fractionation between various carbonate minerals and
water is combined as a function of their ion radius at 25 °C. As it can be
seen the 103lnozcarbomtelnir,eral_water values of the experimental data are
located above for Zn, Fe and Cd, underneath for Pb and Ba and on an
equal level for Mn, Ca and Sr in comparison to the theoretical calcu-
lations of Chacko and Deines (2008).

The interesting finding is that the theoretical 103lnacarbonate_mineral_
water Values not completely follow the trend of decreasing oxygen iso-
tope fractionation with increasing ionic radius. For instance, though the
sequence of the ionic radius is Fe** < Mn?* < Cd?* the theoretical
103lnozcaﬂ,m.ite_,mﬂeml,water values are increasing. Furthermore, the se-
quence of the ionic radius is Sr** < Pb®* < Ba®*, certainly the
theoretical 103lnoccarbonateﬁlmml_water value of cerussite forms a
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Fig. 9. Dependence of oxygen isotope fractionation between endmember metal
carbonate minerals and water at 25 °C on the respective ionic metal radius. The
data given in unfilled symbols are from the ab-initio calculation of Chacko and
Deines (2008) and of this study in the half-filled symbol. The data from ex-
perimental studies are illustrated in filled symbols from [1] this study; [2] van
Dijk et al. (2017); [3] Kim et al. (2009); [4] Kim and O'Neil (1997); [5] O'Neil
et al. (1969); [6] Melchiorre et al. (2001).

downward peak between strontianite and witherite. In addition, the
difference between theoretical and experimental 1031nacarbonatefmmeral,
water Values is up to 4%o for Cd and 6%o for Pb. In contrast, our ex-
perimental data fit well into the experimental data of the literature
following the finding: the smaller the cation radius the larger the
oxygen isotope fractionation.

4.6. Implications for natural systems

The temperature-dependent oxygen isotope fractionation between
carbonate minerals and water can act as a sensitive indicator for the
temperature during their formation (Clayton and Epstein, 1961; O'Neil
and Clayton, 1964). However, it has to be considered that the re-
quirements and conditions to use the oxygen isotope fractionation be-
tween carbonate minerals and water as an environmental proxy are
more complex in natural systems compared to experimental and theo-
retical studies due to (i) uncertainties in knowledge or estimation of the
oxygen isotope composition of the precipitating solution (Gilg et al.,
2008), (ii) use of proper mineral-water fractionation factors from lit-
erature (Boni et al., 2003; Boni et al., 2007; Gilg et al., 2008; this
study), and (iii) unknown and/or varying physicochemical conditions
during carbonate formation, such as pH, salinity, CO, pressure, which
can affect the apparent Ocarbonate mineral-water Values e.g. due to kinetic
effects.

In natural surroundings smithsonite formation is mostly related to
oxidation of Zn containing solid sulfide phases by water circulation, e.g.
in a deep karstic network (Alwan and Williams, 1979; Williams, 1990;
Anthony et al., 2003; Boni et al., 2003) as well as in mines and deposits
in Sardinia (Boni et al., 2003), in the Irish midlands (Boni et al., 2007)
and in Belgium (Coppola et al., 2008). Thus from another point of view
unravelling smithsonite formation conditions may open up new insights
into secondary events, which have overprinted the primary depositing
mineral association. In particular geological and environmental events,
which create elevated pCO,, can be recognized and studied by smith-
sonite formation via decomposition of initially formed hydrozincite.

For instance, in 2003, Boni et al. measured oxygen isotopes of dif-
ferent smithsonite types from the deposits of the Iglesias Valley in the
southwest of Sardinia, which are dominated by Paleozoic rocks of se-
dimentary and igneous origin. They measured §'%0 values for smith-
sonite of 27.4 = 0.9%o (given in VSMOW). In order to calculate the
smithsonite formation temperature they used the equation of Zheng
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(1999) and the estimated 8'80 values of De Vivo et al. (1987) for the
forming water between —7.0 and -4.5%0 (VSMOW). Hence, they cal-
culated a formation temperature ranging between 20 and 35 °C. How-
ever, using the Eq. (5) based on our experimental data the formation
temperature is ranging between 10 and 20°C. As the experimental
approach results in most reliable temperature-dependent oxygen iso-
tope fractionation between smithsonite and water (see discussion
above), we assume that the latter lower temperature range to be valid,
which is also closer to the average air temperature in the area.

Calculation of the smithsonite formation temperature from natural
samples in future studies should include the use of clumped isotopes
analyses for naturally formed smithsonite in order to precisely de-
termine the temperatures of mineral formation or overprinting/diage-
netic event. Subsequently the oxygen isotopic composition of the re-
acting fluid can be obtained by Eq. (5). Secondly, an advanced
approach for studying multi metal carbonate (Me) containing deposits
is suggested based on the distinct oxygen isotope signatures of the
above mono-cation trigonal Me-carbonate minerals to follow the
variability and sequences of post depositional changes in environmental
settings. For this purpose e.g. siderite might be of special interest as it
forms exclusively at reducing conditions (Boni et al., 2003; Coppola
et al., 2008). As it can be seen in Fig. 8, the regression line for siderite
shows a different slope compared to smithsonite. Therefore, the dif-
ference in the oxygen isotope fractionation (A'®Oggerite-smithso-
nite = 8180 siderite — 82 Osmithsonite) according to the expression

A18Osiderite—smithsonite = 0.31=% 106/T2_4~15 (8)

may provide an interesting tool for the determination of carbonate
minerals formation temperatures if close to isotopic equilibrium con-
ditions and the identical precipitating fluid can be reasonably assumed,
in particular for elevated temperatures (e.g. A®04iderite-smithso-
nite = — 1.66%0 at 80 °C).

5. Summary and conclusions

In the present study first experimental results on the oxygen isotope
fractionation between smithsonite and water are presented to study the,
until now, poorly constrained Qgmithsonite-water ald its temperature de-
pendence. Therefore, the formation of smithsonite was induced by the
transformation of hydrozincite between 25 and 80 °C. The main con-
clusions of the experimental and modeling results are as follows:

(1) The temporal evolution of the oxygen isotope fractionation between
smithsonite and water indicates the achievement of close to isotopic
equilibrium conditions at a reaction time of about 10,000 min
(~7 days) at T = 25 °C, independent from the hydrodynamic flow/
mixing conditions of the experiments.

(2) The oxygen isotope fractionation between smithsonite and water at
isotopic equilibrium can be calculated as a function of temperature
from 25 to 80 °C according to expression (5) based on the experi-
mental data.

(3) The a(*®0)smithsonite.water Values from the experimental approach fit
within error to the theoretical relationship from the literature and
our ab initio calculations. Discrepancies can be explained by the
non-precisely described anharmonicity of water and/or by non-
entirely approaching isotopic equilibrium throughout formation of
smithsonite.
The transformation of hydrozincite, likely forming in sulfide de-
posits, to smithsonite throughout exposure to solutions at elevated
pCO,, is caused by dissolution and re-crystallization reactions. This
reaction paths/mechanisms and its oxygen isotope fractionation be-
havior can be assessed to evaluate environmental and post-deposi-
tional environmental conditions of zinc-bearing sedimentary ores.
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Appendix A. 1/ Frequency scaling procedure to correct the carbonate-vapor fractionation factor

For calcite, a good agreement is observed between calculated frequencies and experimental ones (Table 3). Generally, the calculated frequencies
underestimate experiment by a few %, but the relative error is varying depending on the modes.
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Fig. Al. Ratio between calculated frequencies and their experimental counterpart. Red and green plain circles are the ratios of each mode taken from Table 3, for
calcite and smithsonite, respectively. Blue symbols are averages of the ratios of calcite over all the modes with frequencies equal or lower than the corresponding
experimental frequency. The chosen values for the correction procedure are the blue line (0.957 *= 0.006), for calcite and smithsonite, and the black line
(0.954 = 0.003) for the water molecule (see text for details). (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

As can be seen on Fig. Al, the four lowest frequencies of calcite (around 100-150 cm ~!) are significantly overestimated, on the contrary to the
rest, and for the above frequencies up to about 300 cm ™!, the ratio is varying significantly. Looking at the average ratio, we find 0.982 + 0.019
(1SE) if we consider all the modes, but 0.957 + 0.006 (1SE) if we consider only the frequencies higher than 350 cm ™. Since the low frequency
modes are not expected to strongly impact fractionation, we will choose this value of 0.957 + 0.006 (blue box on Fig. A1) to discuss the con-
sequences of this error on the fractionation properties. Also, Fig. A1l suggests no difference between the frequency ratio of calcite and of smithsonite.
This is consistent with Schauble et al., 2006 who concluded on the adequacy of a unique scale factor for several anhydrous carbonate minerals.
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Fig. A2. Oxygen isotope fractionation between calcite and fluid as a function of temperature (this study) compared to previous studies. The two thin plain lines
framing the corrected law correspond to the estimated error of this corrected calculation (see text).
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Fig. A3. Calculated fractionation factors between carbonates and an isolated water molecule. Plain line: obtained with the harmonic frequencies calculated from ab
initio methods. Dashed line: fractionation factors corrected and their associated error (see text).

The mineral-water vapor fractionation factors, calculated directly from these ab initio-based harmonic frequencies, are shown as a function of
temperature on Fig. A3. To correct for the approximations inherent to our methodology, we realized two corrections. First, to correct for the error on
harmonic frequencies, we rescaled them. For calcite and smithsonite, the scaling factor considered was 0.957 *+ 0.006. For water vapor, based on
our previous calculation (see Table 2 of Méheut et al., 2007), we obtain a mean scaling factor of 0.954 + 0.003 (1SE). Second, to correct for
anharmonicity, we added the anharmonic contribution determined by Richet et al. (1977). To obtain a calcite-water law, we combined the calcite-
vapor calculation with the experimental liquid-vapor law proposed by Horita and Wesolowski (1994) (Fig. A3). For calcite, the corrected law is in
good agreement with both experimental data and previous theoretical studies.

Table A4

Temperature, pH, pCO,, alkalinity, duration, added NaHCO; and Zn(NO3)., final NaHCO; and Zn(NO3), of the experimental solution. 8180 values of
the precipitates and water relative to Vienna Standard Mean Ocean Water (VSMOW). 1O31n(x(180)precipitate_water: Oxygen isotopic fractionation
between the precipitate and water.

No. T pH Alkalinity pCO, t(min) Added Added Zn Final final Zn 8'®0 8" 0yater  10°Ina(*20) Qprecipitate

Q) (mmol/L) (atm) NaHCO3; (NOs3), NaHCO3; (NO3), precipitate precipitate-

(mM) (mM) (mM) (mM) water

Precursor phase (hydrozincite)
T250° 25 6.83 70.0 1034 0 199.8 40.94 189.9 5.22 22.75 -9.57 3211 10701
Smithsonite (non-stirring)
T251.1 25 5.31 38.6 9.3 465 228.7 43.5 138.4 2.70 19.43 —-9.68 2897 13.49
T251.2 25 5.42 51.9 9.5 1160 199.5 44.2 1189 3.53 20.11 —-9.69 29.64 26.30
T25.1.3 25 5.35 42.8 9.5 1410 249.5 43.2 108.2 2.39 20.49 —-9.62 2995 13.80
T25.1.4 25 5.46 56.0 9.8 4485 199.6 42.1 107.0 0.97 21.24 —-9.63 30.69 8.32
T25.1.5 25 5.41 49.3 9.3 10,050 201.4 42.8 117.0 0.53 20.77 —-9.72  30.32 3.80
T25.1.6 25 5.40 48.0 9.5 20,150 199.4 43.2 118.9 0.47 20.74 —-9.68 30.26 3.24
T25.1.7 25 5.48 58.5 9.3 30,270 202.0 42.8 201.2 0.23 20.87 —9.66 30.36 2.09
T25.1.8 25 5.39 46.1 9.8 58,790 201.2 43.0 101.8 0.27 21.05 —-9.53  30.41 1.74
T25.1.9 25 5.38 38.0 9.9 72,620 207.7 44.2 97.2 0.21 21.06 -9.61 30.50 1.05
T40_1 40 5.32 30.9 9.5 24,240 98.1 21.8 140.8 0.48 17.93 —-9.53 27.35 3.89
T40_2 40 5.54 54.3 10 4125 199.8 39.1 109.6 0.40 18.09 -9.31 27.28 6.17
T60_1 60 5.50 37.6 10.5 18,815 100.2 20.0 163.4 0.33 14.41 —-9.43  23.79 7.24
T60_2 60 5.06 13.0 11 26,930 103.0 21.1 61.6 0.43 14.23 —10.14 24.32 2.14
T80 80 5.48 29.1 12.9 10,035 100.0 21.0 81.9 0.36 12.22 -9.19 21.38 10.96
Smithsonite (stirring)
T25s.1.1 25 5.61 81.6 9.3 490 226.4 36.9 201.3 4.40 21.06 —9.55 30.44 57.54
T25s_1.2 25 5.51 64.4 9.1 930 188.5 39.8 200.6 4.56 20.6 —9.58 30.02 44.67
T25s.1.3 25 5.45 55.8 9.1 1345 170.1 39.8 204.5 4.94 19.99 -9.67 29.51 39.81

(continued on next page)
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No. T pH Alkalinity pCO, t (min) Added Added Zn Final final Zn &0 880y ater  10°Ina(**0) Qprecipitate
(§®) (mmol/L) (atm) NaHCO3; (NOs3), NaHCO3; (NO3), precipitate precipitate-
(mM) (mM) (mM) (mM) water
T25s.1.4 25 5.40 48.9 8.9 4490 179.0 38.5 197.7 4,12 20.14 —9.66  29.64 28.18
T25s_1.5 25 5.38 46.5 8.9 10,170 166.4 39.5 202.4 4.25 19.87 —-9.62 29.34 26.92
T25s_.1.6 25 5.43 51.1 9.1 20,040 202.1 39.9 111.6 0.50 19.84 —-9.66 29.35 3.80

s = precipitation of smithsonite by using a stirred reactor.
? Hydrozincite precipitated at the initial stage of the experiments at 25 °C.
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