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Abstract

The oxygen and clumped isotope signatures of Mg calcites are routinely used as environmental proxies in a broad range of
surroundings, where Mg calcite forms either by classical nucleation or via an amorphous calcium magnesium carbonate
(ACMC) precursor. Although the (trans)formation of ACMC to Mg calcite has been identified for an increasing number
of settings, the behavior of both isotope proxies throughout this stage is still unexplored. In the present study ACMC (trans)-
formation experiments were carried out at constant pH (8.30 + 0.03) and temperature (25.00 4 0.03 °C) to yield high Mg cal-
cite (up to 20 mol% Mg). The experimental data indicate that the oxygen isotope values of the amorphous and/or crystalline
precipitate (slgopl.ec, analyzed as Mg calcite) are affected by the (trans)formation pathway, whereas clumped isotopes
(As7prec = A47Mg-calcite) are not. The oxygen isotope evolution of the solid phase can be explained by the instantaneous trap-
ping of the isotopic composition of the aqueous (bi)carbonate complexes. This entrapment results in remarkably high 10°In
(Otprec-20) Values of ~33%o at the initial ACMC formation stage. During the ACMC transformation process the oxygen iso-
tope equilibrium is approached rapidly between Mg calcite and water (A“‘OMg calcite-water = 30.3 £ 0.4%0) and no isotopic
memory of the initial to the final Mg calcite at the end of the experiment occurs. The implications for oxygen and clumped
isotope signatures of Mg calcite formed via ACMC are discussed in the aspects of various scenarios of (trans)formation con-
ditions and their use as environmental proxies.
© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/
licenses/by/4.0/).
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1. INTRODUCTION

Oxygen- and clumped- isotope signatures of carbonate
minerals are used as environmental proxies in a broad
range of tasks comprising ancient ocean composition, pale-
oclimate reconstruction, origin of life- and dolostone, car-
bonate diagenesis, speleothem formation, hydrothermal
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carbonate deposits, technical settings, geochemical foren-
sics etc. (e.g. Dietzel et al., 1992; Kosednar et al., 2008;
Hoefs, 2015 and references therein; Defliese et al., 2016;
Dietzel et al., 2016; Falk et al, 2016; Spooner et al., 2016;
Fohlmeister et al., 2018; Kluge et al., 2018; Boch et al.,
2019). To date oxygen isotope fractionation between calcite
and water and clumped isotopes of calcite were studied via
direct precipitation from an aqueous solution. In the past
two decades, however, an alternative pathway of calcite
formation has been shown to occur. During this mode of

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.gca.2020.02.032
http://creativecommons.org/licenses/by/4.0/
mailto:martin.dietzel@tugraz.at
https://doi.org/10.1016/j.gca.2020.02.032
http://crossmark.crossref.org/dialog/?doi=10.1016/j.gca.2020.02.032&domain=pdf

M. Dietzel et al./ Geochimica et Cosmochimica Acta 276 (2020) 258-273 259

precipitation a metastable amorphous calcium carbonate
(ACC) precursor forms initially and subsequently trans-
forms to a crystalline CaCO; phase. The presence of
ACC precursors has been shown to occur in many environ-
mental settings, e.g. calcifying organisms, speleothems and
also in man-made settings like carbonate binder formation
(e.g. Demény et al., 2016; Konrad et al., 2016; Sevéik et al.,
2016; Carino et al., 2017; Jacob et al., 2017; Mass et al.,
2017; Jin et al., 2018). In most natural settings, ACC pre-
cursors are formed in the presence of Mg ions — the most
common and important cation substituting Ca in the calcite
structure — resulting in a more general precursor phase:
amorphous calcium magnesium carbonate (ACMC;
Albéric et al., 2018; Purgstaller et al., 2019).

The presence of an ACMC precursor has been shown
to exert significant controls on the mineralogy and the
chemical/isotopic composition of the forming crystalline
carbonate (e.g. Konrad et al., 2018). For example the
presence of an ACMC precursor allows the incorpora-
tion of elevated amounts of Mg in the calcite crystal
structure. Indeed, high Mg calcite (MgCO3; >4 mol%)
is rather unlikely to form via classic overgrowth tech-
niques (Mavromatis et al., 2013; Goetschl et al., 2019).
In contrast, recent studies focused on the precipitation
of ACMC have shown that its transformation results
in high Mg calcites with up to 20 mol% MgCO; at
25°C (Loste et al., 2003; Purgstaller et al., 2016) and
proto-dolomite at >40°C (Schmidt et al., 2005;
Rodriguez-Blanco et al., 2015). In addition to the miner-
alogy and chemical composition, the presence of an
ACMC precursor during the formation of Mg-bearing
calcite has been shown to affect its isotopic composition.
Indeed, in the earlier study by Mavromatis et al.
(2017a), high Mg-calcites formed via an amorphous pre-
cursor achieve near equilibrium values with respect to
Mg isotopes, almost immediately after the transforma-
tion of the ACMC precursor to the crystalline phase.
This contrasts earlier studies, where Mg-calcite precipi-
tated on seed material, and mineral growth kinetics con-
trol the isotopic composition of the forming solid
(Mavromatis et al., 2013; 2017b).

Although the presence of an amorphous precursor is
considered to play a role in the formation of Mg calcite
in many natural surroundings, the oxygen and clumped
isotope fractionation between amorphous (ACMC), crys-
talline precipitate (Mg calcite) and water is still not exper-
imentally evaluated. The present study explores the
oxygen and clumped isotope fractionation behavior
between precipitate and solution during the formation of
ACMC and its transformation to Mg calcite at well-
defined physicochemical conditions (pH = 8.30 + 0.03;
T =25.00 £0.03°C). In the approach used herein, the
evolution of both isotope signatures is investigated as a
function of precipitation/transformation time. The
obtained results evaluate the potential effects of an amor-
phous precursor pathway on the oxygen isotope and
clumped signatures of the final Mg calcite and how these
isotope proxies might be used to estimate (trans)formation
temperatures or trace Mg calcite formation mechanisms
and pathways.

2. THEORETICAL CONSIDERATIONS

The application of traditional oxygen isotopes is based
on the temperature dependence of the oxygen isotope frac-
tionation between a carbonate mineral, like calcite, and the
precipitating solution according to the overall exchange
reaction

1/3 CaC'80; + H,'°0 = 1/3 CaC'®0; + H,'*0 (1)

(e.g. Urey, 1947; McCrea, 1950; O‘Neil et al., 1969; Kim
and O‘Neil, 1997). Thus, the oxygen isotopic composition
of carbonate minerals is routinely used as (paleo)tempera-
ture proxy assuming that the oxygen isotopic composition
of the carbonate precipitating solution is known or can be
reasonable estimated in marine or terrestrial environments
(e.g. for calcite: Epstein et al., 1953; Hendy, 1971; Veizer
et al., 1999; Adkins et al., 2003; Hoefs, 2015 and references
therein). In contrast clumped isotope signatures are based
on the multiply-substituted isotopologues in carbonates
according to the equation

Ca'*C'*0'°0, + Ca"C'*0; = Ca’C"*0'°0, + Ca'>C'*0;
)

(e.g. for calcite; Eiler, 2007; Schauble et al., 2006) forming
temperature-dependent stochastic abundances of the
13C_80 bonds. This approach provides a temperature
proxy, which is independent of the isotopic composition
of the precipitating solution and widely used for calibration
studies and re-constructing of environmental surroundings
of carbonate mineral formation (e.g. Ghosh et al, 2006;
Kluge et al., 2015; Kluge et al., 2018; Kele et al., 2015;
Defliese et al., 2016; Piasecki et al., 2019; Guo et al.,
2019). For the application of both these approaches iso-
topic equilibrium in respect to the isotopic distribution
between the precipitate, here Mg calcite, and the aqueous
species has to be reached, which is particularly challenging
at ambient and low temperatures (e.g. Dietzel et al., 2009;
Burgener et al., 2018; Daéron et al., 2019).

The oxygen isotope fractionation coefficient between a
carbonate mineral — shown here for calcite as the solid
phase — and water is given by the expression

lchalcilc _ nculcitc( 180) /ncalcitc( 160)
ISRW‘dtC" nwater( 180) /nwater( 160)

0 BOceie + 1000 )
) 80yaer  + 1000

Olcalcite—water —

and is accordingly defined by the n moles of 0 and 60 of
the solid carbonate (calcite) divided by the n moles of '*O
and '°0 of the precipitating water (H,O; see Eq. (1)). An
isotope fractionation coeflicient, o.aicite-water» that is closest
to isotope equilibrium conditions was estimated using spe-
leothem calcite grown at very low precipitation rates (o.
calcite-water — 1.0302; 1031n(ucalcite-water =29.8%0 at 25°C;
see data given by Coplen (2007) and Daéron et al. (2019).
Kinetically driven oxygen isotope fractionation effects can
be related to non-isotopically equilibrated dissolved inor-
ganic carbonate (DIC) species and/or high precipitation
rates (e.g. Dietzel et al., 2009; Geisler et al., 2012; Tripati
et al., 2015; Watkins and Hunts, 2015). Both effects are
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known to result in lower apparent dcajcite-water Values com-
pared to equilibrium conditions. In brief, these kinetic
effects are reflecting isotopic disequilibrium conditions
between the aqueous DIC species and/or during the uptake
of the aqueous carbonate at the growing calcite surface (e.g.
Dietzel et al., 2009; Watkins et al., 2013; Tripati et al.,
2015).

The clumped isotope signatures are based on the distri-
bution of the rare multiply-substituted isotopologues in the
carbonate ion (e.g. Gosh et al., 2006; Eiler, 2007). This
stable isotope thermometer is referred to a homogeneous
isotope exchange and the measurement of the less abundant
13C and 0 isotopes bonded together in a carbonate mole-
cule (13C1801605' see Eq. (2)). The clumped isotopic com-
position of calcite is expressed as:

47R

the suspensions were collected. Subsequently precipitates
and solutions were separated by membrane filtration
(0.2 um) for chemical and isotopic analyses. Ultrapure
water (Millipore Integral 3: 18.2 MQcm™!) and analytical
grade chemicals were used for solution preparation. The
temporal evolution of carbonate precipitates was moni-
tored by in situ Raman spectroscopy as well as by continu-
ous sampling and analysis of precipitates and reactive
solutions.

3.2. Analytics
3.2.1. Solids and liquids

The mineralogy of the precipitates was monitored in situ
by Raman Spectroscopy using a RAMAN RXN2™ ana-

46R 45R

2 BR. BR4+2 7R. BR+ BR-( VR) 2

and it is based on the deviation of the measured '*C-'*0
abundance from stochastic distribution at very high tem-
perature (e.g., Kluge et al., 2015). The Ag7carcite Value is cal-
culated from the ratios 'R = R, of masses i =13, 18,
45, etc.. At 25°C Ag7cacite Values at near isotope equilib-
rium conditions are documented from laboratory calibra-
tions and natural deposits: e.g. Agzcaicite = 0.702; 0.700;
0.695, 0.660 from Zaarur et al. (2013), Kele et al. (2015),
Kluge et al. (2015), Daéron et al. (2019), respectively. The
latter value is measured in speleothem calcite formed at
very slow precipitation rates, thus most likely approaching
isotopic equilibrium. Deviation of A47caciie Values for pre-
cipitated calcite from isotope equilibrium is mostly referred
to non-equilibrated DIC, likely caused by CO, hydration/
hydroxylation effects in particular at alkaline pH (e.g. Hill
et al., 2014; Tang et al., 2014; Tripati et al.,, 2015;
Watkins and Hunts, 2015; Sade and Halevy, 2017; Bajnai
et al., 2018; Guo, 2019).

3. METHODOLOGY
3.1. Experimental setup

The experimental setup used for the precipitation and
transformation of amorphous calcium magnesium carbon-
ate is described in detail in Purgstaller et al. (2016). Briefly,
50 ml of a 1 M NaHCO; solution were placed in a stirred
150 ml borosilicate glass reactor, where within 25 min
50 ml of a 0.6 M (Ca,Mg)Cl, solution was titrated at a rate
of 2mlmin~' at 25.00 + 0.03 °C (Fig. 1A). The Mg/Ca
ratio used in the 0.6 M (Ca,Mg)Cl, solution was 1:5 for
experiment #MgCa5 and 1:4 for experiment #MgCa4.
The pH of the reactive solution was kept constant at pH
8.3 £ 0.1 by automatic titration of a 1 M NaOH solution.
After 60 min the suspension was transferred into a
150 mL air-tight glass bottle and which was placed in a sha-
ker at 25 + 1 °C. As a function of reaction time samples of

BR +2 BR. TR+ ( 7R)®

13R+2 17R+ 1 (4)

lyzer from Kaiser Optical Systems (MR Probe head;
785 nm laser beam) at a time-resolution of 35s. Addition-
ally X-Ray diffraction (XRD; PANanalytical X Pert Pro
diffractometer using Co-Ka) and attenuated total reflection
— infrared spectroscopy (ATR-FTIR; Perkin Elmer Spek-
trum 100) of sampled solids through each run was carried
out. The Mg bearing CaCOj precipitates were characterized
for their Mg contents expressed as mol% MgCO; =
(Mg>h)/(Ca*" + Mg?") - 100 as calcium and magnesium
are the only divalent cations present. The mol % MgCO;3
of the precipitates at a given reaction time was calculated
according to mass balance considerations based on the evo-
lution of the experimental solution chemical composition,
XRD pattern shift (in the case of Mg-calcite), and acid
digestions of precipitates. All calculations yield the same
value within analytical uncertainty, but due to their lowest
uncertainty (+1 mol % MgCO3) acid digestions are used in
the present study.

Aqueous cation concentrations were measured using ion
chromatography (Dionex IC S 3000) with an analytical pre-
cision of +3 %. The total alkalinity of the solutions was
determined by titration using a 0.02 M HCI solution with
an analytical precision of +2 %. The aqueous speciation
of the reactive solutions, ion activities and saturation
degrees were calculated using the PHREEQC computer
code (Parkhurst and Appelo, 1999) with its minteq.v4 data-
base. The ion activity product for Ca; Mg,CO;

(IAP = (a0 ) ™ <aMng>X<aCO§,,), such as Mg-calcite
and ACMC, was calculated from ion activities in the solu-

tions (a;) and the mole fraction of MgCOj in the precipitate
(x) (see Purgstaller et al., 2016).

3.2.2. Isotopes

The stable oxygen isotope ratios of calcite samples were
measured with a Thermo Fisher Scientific (Bremen, Ger-
many) Gas Bench II carbonate preparation device con-
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Fig. 1. A: Experimental setup used for the precipitation of calcium magnesium carbonate during the experimental runs #MgCa4 and
#MgCa5 at a molar Mg/Ca ratio of 1/4 and 1/5, respectively (adapted from Purgstaller et al., 2016). B: Evolution of the maximum intensity
(Imax) of the vy vibration band of solid CO3™ from FTIR spectra as a function of experimental time up to one hour, where individual wave
numbers at I,,x are given. At a reaction time of 25 min mixing of the two stock solution ends. The green shaded areas indicate the
transformation period of amorphous calcium magnesium carbonate (ACMC) to Mg calcite (~20% and 16% Mg calcite for the final product at
a reaction time of 60 days, respectively) by a rapid increase of I,,,x (see Purgstaller et al., 2016). (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)

nected to a Finnigan DELTAP™ XP isotope ratio mass
spectrometer (Révész and Landwehr, 2002; Spotl and
Vennemann, 2003). Sample vessels were cleaned with
diluted phosphoric acid, then rinsed three times with deion-
ized water (18.2 MQ-cm~!, ELGA PURELAB Maxima)
and dried overnight at 70 °C. Prior to analyses phosphoric
acid was injected into the individual sample vials. Each
sample was analyzed twice. The dried samples and interna-
tional reference materials (NBS_19 and NBS_18) were
simultaneously measured. The oxygen isotopic composition
is reported in the delta notation as the per mil (%0) deviation
relative to the Vienna Pee Dee belemnite standard (VPDB)
according to the equation

18 16 18 16
O/ Osample - O/ Oslandard
16
180/ Ostandard

The overall precision (26) for the measurements of 5'%-
Oprec 18 £0.08%0. The oxygen isotopic composition of the
sampled experimental solutions in respect to H,O was ana-
lyzed with a Finnigan DELTAP"™ mass spectrometer using
the classic CO,-H,O equilibrium method (Horita et al.,
1989). The 8'80yaeer values (£0.05%o) are given relative to
Vienna Standard Mean Ocean Water (VSMOW). It has
to be noted that the initial experimental NaHCO; solution
is set to isotope equilibrium between H,O and DIC species
with respect to oxygen isotopes by preparing a day before
using it for the experiments, as at ambient temperature
and pH 8.3 about 10 hours are required to reach isotope
equilibrium (e.g. Usdowski et al., 1991; Zeebe and Wolf-
Gladow, 2005; Weise and Kluge, 2019). The oxygen isotope
fractionation coefficient between precipitated calcite and
water defined in equation (3) yield apparent 1031n0tpm_
water values (’% Algoprec-waler: 6lgoprec - 618()water). The
latter values are based on isotopic values relative to
VSMOW, where the conversion of 5'%0 values from VPDB
to VSMOW standard is given by 450 (VSMOW)
=1.03091 §'80(VPDB) + 30.91 (e.g. Hoefs, 2015).

3 BOpee = x 1000 (5)

For clumped isotope measurements subsamples of the
carbonate precipitates were reacted with 105% phosphoric
acid in stirred glass vessels at 90 °C for 10 min and the
released CO, was collected in a nitrogen-cooled glass trap
(Kluge et al., 2015). After separation and purification the
CO, was transferred either to a Finnigan MAT 253 stable
isotope ratio mass spectrometer (Thermo Fisher Scientific)
at Imperial College, London or a Finnigan MAT 253 Plus
(Thermo Fisher Scientific) at Heidelberg University for car-
bonate clumped isotope analysis. A measurement consisted
of eight acquisitions with 10 cycles per acquisition. The
clumped isotopic composition is based on the deviation of
the measured '*C-'%0 abundance from stochastic distribu-
tion at very high temperature and is given as A4; value
according to equation (4) including gas and carbonate stan-
dards as reference and the '"O correction of Daéron et al.
(2016). Accordingly, A4; values are calculated from the
measured ratios (R = Rcie) Of masses 45, 46 and 47 to
mass 44 and by calculating R (*C/!?C) and "R
('80/'0) from *°R and *°R assuming random distribution,
whereas 'R is calculated from '|R assuming a mass-
dependent relationship between 30 and 7O.

All precipitates were dried at 25 °C before 3'0 and A4;
analyses took place to remove water and provide Mg calcite
for isotope analyses (verified by XRD pattern), although
the precipitate may originally contain ACMC. The latter
step was required to get a well-defined material (in this case
calcite), where the acid fractionation factor for CO, release
by adding phosphoric acid is known for re-calculation of
isotope values and potential artifacts caused by oxygen iso-
tope exchange of H,O (included in ACMC) during acidifi-
cation and CO, production can be ruled out. To test
whether or not this preparation has an effect on the mea-
sured isotope data, selected aliquots of the precipitates from
a separately conducted experiment #CaMg4* at a reaction
time of 5 min and 24 h, respectively, were kept at 25 and
50 °C for drying (see Table 1). The experiment conditions



Table 1

Experimental data for the precipitation of calcium magnesium carbonate for experimental runs #MgCa4 and #MgCa5 at a molar Mg/Ca ratio of 1/4 and 1/5, respectively, at T =25 4 0.1 °C and
pH = 8.2 + 0.1 and at individual run times (see details in Purgstaller et al., 2016). MgCO3 (=Mg/(Ca + Mg) * 100 of the precipitate) denote the Mg content of the ACMC and Mg calcite in % at a
reaction time of up to 25 min and 129600 min (90 days), respectively, where the analysed material consists of Mg calcite as a transformation product throughout drying in all runs at 25 °C and for
(50) at 50 °C. 6180,,rec and 8" 0y e Oxygen isotope composition of precipitate and water. dprec.20: Apparent oxygen isotope fractionation between the precipitate and water. 5"%0c02,
8"%0ycos., and 8'80co3,. values are referred to the oxygen isotope composition of DIC species calculated using measured 8'30y,o values and isotope equilibrium fractionation factors at
equilibrium from literature at 25 °C given in Tab.2. The oxygen isotope composition of the total DIC is obtained by the calculated molar fractions (x) of the dissolved DIC species (from
PHREEQC modelling) and their individual oxygen isotopic composition ("% 0pic = Xco2 8'¥0co2 + Xncos. 8°0mncos. + Xcosa- 6'80c032_). A 47 denotes the analysed clumped isotope
composition of the precipitate and n the number of separate analyses. *separate analogous experiment.

Time MgCO; 8"%0pec 8" Oprec 3%0paer  10°In 3'%0co 3%0ucos.  80comn.  8"%0pic 10%In xCO, xHCO3 xCO3 Ay n
(uprec- (O(DIC-
w’dter) w’dter)
Min % %o %o %o (%o) %o %o %o %o (%o) %o
(VPDB) (VSMOW) (VSMOW) (VSMOW) (VSMOW) (VSMOW) (VSMOW)

CaMg4 5 4.6 —8.87 2177 —9.59 31.17 31.31 21.62 14.66 21.50 30.91 0.001 0980  0.019 0.689 +0.02 1
CaMgd 13 6.8 -736 2332 —9.38 32.48 31.53 21.84 14.88 21.70 30.89 0.001 0977  0.022 0710 +0.017 5
CaMg4 25 9.9 —8.56  22.09 —9.21 31.10 31.71 22.02 15.05 21.86 30.88 0.001 0975  0.024 0.695 +0.004 3
CaMgd 60 15.7 -8.75  21.89 -9.19 30.89 31.73 22.04 15.07 21.88 30.88 0.001 0976  0.023 0.690 +0.012 4
CaMg4 180 16.9 —891 2172 -9.19 30.72 31.73 22.04 15.07 21.90 30.89 0.001 0.978  0.021
CaMgd 1440 17.9 —8.94  21.69 -9.19 30.69 31.73 22.04 15.07 21.94 30.93 0.001 0983  0.016 0.692 +0.023 4
CaMgd 4320 18.5 —9.53  21.09 -9.19 30.10 31.73 22.04 15.07 21.96 30.95 0.001 0986  0.013
CaMg4 20,160 19.4 —931  21.31 -9.19 30.32 31.73 22.04 15.07 21.94 30.94 0.001 0984  0.015
CaMg4 129,600 19.9 —930 2132 -9.19 30.33 31.73 22.04 15.07 21.97 30.96 0.001 0988  0.011 0.684 =+0.013 4
CaMgd* 5 5.6 —830 2235 —-9.59 31.74 31.31 21.62 14.66 21.48 30.89 0.001 0978  0.021 0.695 +0.015 2
CaMg4 5 5.6 —8.63 2201 —-9.59 31.41 31.31 21.62 14.66 21.48 30.89 0.001 0978  0.021 0.694 =+0.006 4
(50)*
CaMgd* 1440 17.1 —828 2237 -9.19 31.36 31.73 22.04 15.07 21.98 30.97 0.001 0989  0.010 0.703 =+0.015 2
CaMgd 1440 17.1 —8.81 2183 -9.19 30.83 31.73 22.04 15.07 21.98 30.97 0.001 0989  0.010 0.708 +0.02 1
(50)*
CaMg5 5 4.6 —9.03  21.60 —-9.57 30.99 31.33 21.64 14.68 21.52 30.91 0.001 0980  0.019
CaMg5 13 6.4 —6.90  23.80 —9.37 32.94 31.54 21.85 14.89 21.71 30.90 0.001 0.978  0.021
CaMg5 25 8.1 —9.19 2144 —9.20 30.46 31.72 22.03 15.06 21.88 30.89 0.001 0977  0.022
CaMg5 60 12.4 —923  21.39 —-9.18 30.39 31.74 22.05 15.08 21.88 30.87 0.001 0974  0.025
CaMg5 180 13.0 —8.77 2187 —9.18 30.86 31.74 22.05 15.08 21.87 30.86 0.001 0973  0.026
CaMg5 1440 14.2 —9.68  20.93 —9.18 29.94 31.74 22.05 15.08 21.95 30.93 0.001 0983  0.016
CaMg5 4320 14.8 —9.55  21.06 —9.18 30.06 31.74 22.05 15.08 21.96 30.94 0.001 0985  0.014
CaMg5 20,160 15.7 —9.78  20.83 —9.18 29.84 31.74 22.05 15.08 21.94 30.93 0.001 0983  0.016
CaMg5 129,600 16.2 —9.77  20.84 —9.18 29.85 31.74 22.05 15.08 21.97 30.96 0.001 0987  0.012
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for #CaMg4 were chosen for this testing due to its high
Mg/Ca ratio, which induces elevated metastability of
ACMC (see below) and its stronger sensitivity to potential
isotopic re-equilibration and/or exchange of oxygen iso-
topes between the solid carbonate and H,O.

4. RESULTS
4.1. Phase transformation

The formation of ACMC can be traced by the in situ
Raman spectra at wave number 1085+ 1cm~'. In
Fig. 1B the transformation of ACMC into Mg calcite is
documented by the evolution of the maximum intensity
(Imax) of the vy vibration band of the solid COZ%~. Note that
at 25 min of reaction time the mixing of the two stock solu-
tion stops. During the experiments ACMC is present up to
about 26 and 35 min of reaction time for #MgCa5 and
#MgCa4, respectively. Subsequently, ACMC transformed
to Mg calcite and after 35 and 45 min Mg calcite is the sole
solid phase, for #MgCa5 and #MgCa4, respectively. The
MgCO; content of the precipitates varies from 4.6 to
19.9 mol% and is increasing as a function of reaction time
(Table 1). As ACMC starts to transform, a strong net
uptake of Mg ions from the solution into the precipitate
occurs, which finally results in the formation of high Mg
calcite with 20 and 16 mol% MgCO; for experiments
#MgCa4 and #MgCa5, respectively (Table 1). The calcu-
lated solubility products of ACMC and Mg calcite achieve
steady state conditions for ACMC and thermodynamic
equilibrium in the case of the final Mg calcite (see #MgCa4
in Purgstaller et al., 2016). The reproducibility of the exper-
imental protocol is assessed by the result of the experiment
#CaMgd*. In this run, that was performed under identical
conditions to experiment #CaMg4, the Mg content of the
solid phase after 1440 min of reaction time was 17.1
+ 0.4 mol% MgCO; and in excellent agreement with the
Mg content of experiment #CaMg4 (i.e. 17.9 & 0.4 mol%
MgCO3;) at the same reaction time (see Table 1).

4.2. Evolution of oxygen isotope distribution of the
precipitate and solution

In Fig. 2A the oxygen isotopic composition of the pre-
cipitates is displayed as a function of reaction time. The 5'8-
Oprec (VPDB) values — analyzed as Mg calcite, but referring
to ACMC and Mg calcite separated from the experimental
solution — behave similar for experiments #MgCa4 and
#MgCa5. The initial precipitate has a 6180},rCC value of
about —9%o, which increases strongly reaching a maximum
value of about —7%o at a reaction time of 13 min, where
ACMC is the reaction product. Throughout the later
stage of transformation of ACMC, the 8]80prec values
decrease to —9.5 + 0.2%o in the final Mg calcite (90 days).
The maximum SISOpm value obtained during the forma-
tion period of ACMC is highly pronounced and clearly
out of the analytical error (Fig. 2). Note here that according
to the required preparation step (see methodology) all pre-
cipitates were analyzed in the form of Mg calcite to provide
proper isotope analyses and data correction. To assess if an
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Fig. 2. Evolution of (A) measured oxygen isotope composition and
(B) clumped isotope signatures of the precipitated Ca Mg carbon-
ate (measured as Mg calcite; see methodology) as a function of
reaction time during the experimental runs #MgCa4 and #MgCa5
at a given aqueous Mg/Ca ratio (see data in Table 1; clumped
isotopes are only measured for experiment #MgCa4). At a reaction
time of 25min (dotted line) the continuous precipitation of
amorphous calcium magnesium carbonate (ACMC) by ongoing
mixing of the two stock solution ends.

oxygen isotope re-distribution between the precipitate and
the H,O included in ACMC has to be considered or not,
in analogous experiments the sampled precipitates were
dried separately at 25° and 50 °C (Table 1). The measured
18OpreC values indicate no pronounced variability in oxygen
isotope data considering their reproducibility (#CaMg4
and CaMgd*: §'%0,c = —8.6 4 0.2%0, VPDB; n = 3; reac-
tion time of 5 min, where ACMC was the reaction product).

The evolution of the 880y, values of the experimental
solution reported in Table 1 is based on the ongoing titra-
tion of the MgCl, (and NaOH) solutions into the NaHCO;
reacting solution. The isotopic composition at the given
experimental time for sampling was modelled by their vol-
ume fractions in the experimental solutions and individual
isotopic compositions. The oxygen isotope compositions
of the MgCl, and NaHCOj; solution were analyzed to
obtain  8"%0p20 = —9.55 £ 0.06% (VSMOW; n=25)
and = —9.80 4+ 0.07%0 (VSMOW; n =5). The oxygen iso-
tope distribution of the measured initial (NaHCO;) and
final experimental solutions (SIBOHZO = —9.17 £ 0.06%0
VSMOW:; n = 5) were used to estimate the isotopic compo-
sition of the added NaOH solution to be 8000 = —7.5
+0.1% (VSMOW) by volume balancing. Accordingly,
the volume balanced 8'®0p0 values of the experimental
solution at each individual reaction step were used to
obtain isotope fractionation coefficients between precipitate
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and solution (Table 1). Note here, that the 58000 = —9.2
4+ 0.1% (VSMOW) of the final experimental solution at
129.600 min (i.e. 90 days) is close to that of the MgCl,
and NaHCOs solutions.

4.3. Clumped isotope data of the precipitates

The temporal evolution of the clumped isotope compo-
sition of the precipitates from the experiments is shown in
Fig. 2B. Obviously, there is no systematic change of the
A47 prec values throughout formation of ACMC and its
transformation to Mg calcite. The average value of all mea-
sured data yield As7prec = 0.696 & 0.008%0 (n = 30), which
lays within the expected range for calcite close to isotope
equilibrium at 25 °C (e.g. Zaarur et al., 2013; Kele et al.,
2015; Kluge et at., 2015; Hill et al., 2014; Tang et al.,
2014; Tripati et al.,, 2015; Watkins and Hunts, 2015;
Sade and Halevy, 2017: see Eq. (4) and discussion above).
Thus, an impact on A4; values of Mg calcite formed via
ACMC precursors compared to direct (Mg) -calcite
formation cannot be seen from the present and above
literature data sets within the analytical uncertainty.
However, considering clumped isotope values of slowest
known calcite precipitation rates as found in specific
speleothems (A47prec = 0.660%0; Daéron et al., 2019) the
values obtained in this study for Mg calcite are higher by
about 0.04 £ 0.01%c and can thus be reasonably suggested
that they deviate from isotopic equilibrium.

5. DISCUSSION

5.1. Oxygen isotope fractionation between Mg-bearing solids
and solution

The oxygen isotope fractionation between the solid
phases and the precipitating solution as a function of reac-
tion time estimated using Eq. (3) is shown in Fig. 3 and
reported in Table 1. The oxygen isotope fractionation coef-
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Fig. 3. Apparent oxygen isotope fractionation between the precip-
itated Ca Mg carbonate and water (Oprec-water = (8o/ 16O)prec/(ls-
0/"0)yater) in the present study during the experimental runs
#MgCa4 and #MgCa5 (see data in Table 1) versus the oxygen
isotope fractionation between calcite/aragonite and water at
equilibrium at 25 °C obtained from literature (solid/dashed line,
respectively). The shaded area marks the transformation period of
ACMC to Mg calcite in both experiments.

ficient Aprec-water (1031n0(prec-water ~ A18()prec-water) follows
most closely the evolution of the analyzed 6180prec values
in Fig. 2A. This similar pattern stems from the fact that
the 8'%0yn0 values are quasi constant during the experi-
mental runs (-9.6 < 5020 < —9.2%0, VSMOW; Table 1).
Accordingly, the 1031nocprec_Walter value reaches a maximum
of about +33%o in the amorphous precipitate at 13 min of
reaction time, when ACMC is formed in the experiments.
This value is significantly higher compared to that at iso-
tope equilibrium between calcite and solution (10°no.
calcite-H20 = 29.8%0 at 25 °C; Coplen, 2007; Daéron et al.,
2019). The obtained results suggest that the precipitates in
experiments #CaMg4 and #CaMg5 discriminate 0 much
stronger than 80 (about 3.2%¢) compared to the isotope
fractionation expected for calcite at isotopic equilibrium.
However, subsequently to the ACMC transformation stage
oxygen isotope equilibrium is approached rapidly between
Mg calcite and water (30.3 £ 0.4%o; Table 1). The obtained
1031notprec_Water values can clearly be separated from oxygen
isotope equilibrium between aragonite and H,O, but are
slightly higher for #CaMg4 (~0.5%0) or identical within
the analytical error for #CaMg5 compared to that expected
for calcite and H,O at oxygen isotope equilibrium (Fig. 3).
The higher 103lnozprec_\,m[er values at the elevated Mg/Ca
ratio in #CaMg4 can be likely explained by the incorpora-
tion of Mg in calcite. Indeed, Mavromatis et al. (2012)
showed that higher MgCO; contents in calcite yield in
higher oivg-calcite-water Values. This relationship is docu-
mented by 1031n0(prec_w.‘uer values of 29.85%c¢ and 30.33%o
for 16.2 and 19.9 mol% MgCOs; in experiments #CaMg5
and #CaMg4, respectively. The difference of about 0.5%0
is similar to that reported by Mavromatis et al. (2012) for
Mg calcites (i.e. 0.6%0) with similar Mg contents to that
of this study and is in general agreement with slightly higher
8y values caused by denser structures and by stronger
chemical bonds for Mg rich carbonate minerals (e.g. Mg
calcite: Tarutani et al., 1969; dolomite: Horita, 2014).

In earlier studies deviation from oxygen isotope equilib-
rium between calcite and water results in smaller fractiona-
tion coefficients (Olcalcite-water)s Which are e.g. kinetically
driven by non-isotope equilibrated DIC (e.g. Dietzel
et al., 2009; Watkins et al., 2014). In the present study,
the DIC species of the initial experimental NaHCOj5 solu-
tion are at isotopic equilibrium with H,O with respect to
oxygen isotopes (see above), thus the analyzed H,O oxygen
isotope composition determines DIC species compositions.
Accordingly, in Fig. 4A the oxygen isotope composition of
the individual DIC species, COy(,q), HCO3 and CO3%™ can
be estimated using the oxygen isotope fractionation coeffi-
cients (o) between H,O and DIC species at isotope equilib-
rium (See AcOo2(aq)-waters AHCO3- -water and ACO32- -water values
at 25 °C in Table 2). The estimated range of 5'%0 values for
DIC species reflects the variability of the isotopic composi-
tion of H,0O, where 8'0 of DIC represents the obtained
value for total DIC, which was calculated by the relative
molar fractions of the aqueous DIC species and their indi-
vidual oxygen isotopic compositions (see Table 1). Follow-
ing this approach the '°O enrichment in the ACMC at
13 min of reaction time cannot be explained by equilibrium
conditions between calcite and solution (see open symbol
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Fig. 4. Range of oxygen isotope (A) and clumped isotope values (B) of the Ca-Mg carbonate precipitates from experiments #MgCa4 and
#MgCa5 as well as individual isotope values of calcite and DIC species calculated using fractionation coefficients from literature displayed in
Table 2 at pH 8.3 and 25 °C considering isotope equilibrium conditions (see values in Table 1). In (A) the open symbol denotes the heaviest
measured oxygen isotope value of the precipitate at a reaction time of 13 min (see Fig. 2). Dashed lines separate calculated isotope values of
calcite (above) from measured values of the present study for H,O (H,O*) and calcite (calcite*) and estimated values for DIC species (all
below). calcite* range includes data, where ACMC and Mg calcite is precipitated in the experiments. [1: value at 13 min reaction time where

ACMC is formed.

Table 2

Oxygen isotope fractionation factors (a) between water (H,O) and
DIC species as well as between calcite/aragonite and H,O
approaching isotope equilibrium from literature at 25 °C.

versus equilibrium value in Fig. 4A). In contrast the
observed highest 103ln(ocprec_water) of about 33%o at 13 min
can be assigned to the rapid incorporation of DIC species
during instantaneous ACMC formation without isotopic

I-ii a(80/'%0),; 10% In(o.5) re-equilibration. For instance, CO3~ in the ACMC precip-
COsaq) — water”! 1.04130 40.47 itate is gained from deprotonation of HCO3 (dominant at
HCO; - water™' 1.03152 31.03 pH 8.3) without isotopic re-equilibration with H,O
CO%¥ — water”! 1.02448 24.19 (Fig. 4A). In this approach the precipitate shifts to isotopi-
calcite — water™ 1.03025 29.76 cally heavier values as HCOj is isotopically heavier than
aragonite — water”" 1.02953 29.10 CO3™ (see Fig. 4A). However, the highest 3'%0,.. values

#1 Beck (2005).
#2 Dagron et al. (2019).
#3 Kim et al. (2006).

(open symbol in Fig. 4A) cannot be explained by this
approach considering solely HCO3, instead they may be
caused by the rapid incorporation of CO3~ gained from



266 M. Dietzel et al./ Geochimica et Cosmochimica Acta 276 (2020) 258-273

additionally occurring aqueous complexes in such highly
concentrated experimental solutions.

In Table A1 (Appendix) the distribution of aqueous spe-
cies of the experimental solutions are provided. The highest
concentrations in respect to carbonate-bearing aqueous
complexes are obtained in the decreasing order of
MgHCO3, MgCO5°, CaHCO7 and CaCO5°. Interestingly,
the concentrations of magnesium carbonate aqueous com-
plexes show a maximum value at a reaction time of
13 min (Fig. 5A), where the Mg and DIC concentration is
at highest level (see Table Al). The maximum concentra-
tion of the aqueous MgHCO3 and MgCO-° species coin-
cides with the maximum of the oxygen isotope
fractionation between solid phase and solution displayed
in Fig. 3. The co-variation of the two parameters is better
displayed by plotting the concentration of MgHCO7Y and
MgCOs° as a function of 10°In(%precwater) Value (Fig. 5B),
where the shaded area is referred to the occurrence of solely
amorphous calcium magnesium carbonate (ACMC) as pre-
cipitate. The formation of ACMC is accompanied by a
highly dynamic exchange of ions with the forming solution
(e.g. Mavromatis et al, 2017a; Purgstaller et al., 2017; Prus
et al., 2019), thus the strong relationship between
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Fig. 5. The concentration of the Mg (bi)carbonate aqueous
complexes, exemplarily shown for experimental run #MgCa4 as a
function of reaction time (A) and apparent oxygen isotope
fractionation between Ca Mg carbonate precipitate and water
(B). Note here, that the highest concentration of Mg (bi)carbonate
aqueous complexes at about 13 min in (A) corresponds to the
maximum of oxygen isotope fractionation observed in Fig. 3. The
shaded area in (B) is referred to the occurrence of solely amorphous
calcium magnesium carbonate (ACMC) as precipitate in the
experiment.

[MgHCO7]+ [MgCO;°] and 103ln(ocprec_wmr) hints on the
impact of both aqueous complexes on the isotopically
heavy ACMC. This highly dynamic ion exchange mecha-
nism is in accordance with the general perception about
amorphous carbonate phases of Jensen et al. (2018), who
concluded based on neutron and X-ray total scattering in
combination with molecular modeling that the local
arrangement of the ions in amorphous calcium carbonate
are more similar to those ions in aqueous solution than to
any of the CaCO; minerals. Following this approach,
MgHCO3 and/or MgCO5° have to be isotopically enriched
in '"®0. This isotopic enrichment can be explained by the
assumption of Uchikawa and Zeebe (2013), who postulated
that magnesium carbonate aqueous complexes, such as
MgCO5°, are enriched in the '®O compared to dissolved
carbonate in accordance to their distribution of stable car-
bon isotopes. However, from their experimental data set no
discernible effect of Mg>* ions on the oxygen isotope frac-
tionation in the CO,~H,O system could be observed in
reactive solutions with up to 2.5 mM of Mg. In the experi-
ments of this study the Mg concentration of the precipitat-
ing solution is up to 10 times higher and thus the impact of
magnesium carbonate aqueous complex on oxygen isotope
distribution might be much more pronounced. In any case,
distinct oxygen isotope fractionation factors between Mg
(bi)carbonate aqueous complexes and H,O cannot be accu-
rately estimated by the present study as more isotope data is
needed at different pH, Mg and DIC contents.

The above proposed model of magnesium calcium car-
bonate precipitation corresponds with the conceptual
model for crystalline CaCO; formation, where at low pre-
cipitation rates CaCOj is formed exclusively from aqueous
CO3™ ions (e.g. Devriendt et al., 2017). At high precipita-
tion rates partly HCO3 (or other bearing (bi)carbonate
complexes) might be incorporated in the precipitate (see
Watkins et al., 2014). However, the composition of ACMC,
its solubility behaviour (see details in Purgstaller et al.,
2019) and its structural composition (e.g. Nebel et al.,
2008) hint on almost exclusively the CO3~ ion to be incor-
porated into the solid phase. As such, it can be reasonably
assumed that the uptake of CO3~ ions from the solution
during ACMC formation induces an instantaneous chemi-
cal response by rapid formation of aqueous CO3~ from
DIC species, e.g. HCO3 and MgHCO3 and MgCO5° spe-
cies. Chemical re-equilibration is fast, but significant longer
time is required to reach oxygen isotopic re-equilibration.
Thus, the chemically incorporated CO3~ in the precipitate
has partly the oxygen isotope composition of the dissolved
(bi)carbonate-bearing species. As a function of reaction
time CO3~ in ACMC starts to isotopically exchange with
the solution, finally approaching isotope equilibrium condi-
tions (see Fig. 3). This highly dynamic exchange behavior of
ACMC with the solution can be followed by obtaining a
maximum SISOpm value, which is explained by the interim
presence of isotopically heavy MgHCO7 and MgCO5° spe-
cies (Fig. 5). This dynamic exchange approach confirms the
chemical concept of Mg content and Mg isotopes in ACMC
to be regulated by the current Mg/Ca ratio and Mg isotope
composition of the precipitating solution (e.g. Blue and
Dove, 2015, Mavromatis et al., 2017a; Purgstaller et al.,
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2016, 2019). These findings support the highly dynamic
coupled dissolution-reprecipitation mechanisms of ACMC
transformation to Mg calcite instead of solid state transfor-
mation mechanism.

In our study, the formation of ACMC occurs after the
addition of the (Ca,Mg)Cl, solution to the NaHCO; solu-
tion. Note here that initially the NaHCO; solution is iso-
topically equilibrated with respect to oxygen isotopes.
After mixing of the two solutions instantaneous precipita-
tion of ACMC occurs, but also MgHCO7 and MgCO5°
aqueous complexes form in the aqueous phase. These com-
plexes are likely isotopically heavier compared to the free
CO3™ (aq) as discussed above. The 25 min of reaction time
at the onset of each run during which the (Ca,Mg)Cl, solu-
tion was titrated into the reactor is a rather short time for
complete oxygen isotope re-equilibration between re-
distributed DIC species at the present conditions (e.g.
Weise and Kluge, 2019). Thus, the absolute value of the
oxygen isotope composition of MgHCO7 and MgCO;°
species in the present case cannot be predicted from the
analyzed isotope range of the precipitates that exhibit
changes of about 1.5%0 between 5 and 25 min of reaction
time (see Figs. 2A and 5B). Nonetheless, the relationship
between their occurrences and more positive 103ln(otprec_
water) Values is clearly indicating their relatively heavy oxy-
gen isotope composition by considering the highly dynamic
exchange of ions between ACMC and the precipitating
solution (see below).

The calcite formed via ACMC in this study exhibits oxy-
gen isotope ratios more positive than expected for calcite
under equilibrium conditions (i.e. Daéron et al., 2019).
The uncommon oxygen isotope composition of the amor-
phous precursor phases can be assigned to kinetic processes
related to the instantaneous trapping of the oxygen isotopic
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Fig. 6. Clumped isotope data versus oxygen isotope fractionation
data for precipitation experiment #MgCa4 (#: this study; Table 1).
Data from Dennis and Schrag (2010), Ghosh et al. (2006) and
Zaarur et al. (2013) are given in respect to clumped isotope values
as refitted according to Tripati et al. (2015) and are based on calcite
precipitation experiments. Kelson et al. (2017) reports carbonate
clumped isotope calibration from calcite synthesis. Values from
Kluge et al. (2015) are based on clumped isotope calibration and
oxygen isotope data of calcite. The isotope data from Daéron et al.
(2019) are from very slow precipitating calcite found in spe-
leothems, thus most likely approaching isotopic equilibrium.

composition from DIC species at the initial stage of ACMC
formation. This observation comes in contrast to isotopi-
cally lighter calcite growing at fast rates under the classical
nucleation-growth model where oversaturation of the fluid
with respect to the forming calcite is comparatively low (see
Dietzel et al., 2009). In this case, the growth rate effect can
be explained by surface entrapment of CO3~ from the solu-
tion at the growing calcite, which differs in its oxygen iso-
tope distribution compared to the aqueous CO3~. In this
case a partial isotope re-equilibrating process prior to cal-
cite overgrowth is expected and its extent is a function of
mineral growth rate. This kinetically driven oxygen isotope
fractionation effect between calcite and aqueous CO3 ™ at
the mineral-water interface is not valid during ACMC pre-
cipitation, due to instantaneous ion exchange between the
bulk ACMC and aqueous solution. Thus, ACMC can be
considered to behave similar to a separate liquid medium
(Jensen et al., 2018, Leukel et al., 2018) with a given bulk
ion and oxygen isotope exchange and fractionation behav-
ior in respect to the aqueous fluid phase (see also
Purgstaller et al., 2019).

5.2. Clumped isotopes of Mg calcites from ACMC
transformation

The clumped isotope composition of the precipitates in
the present experiments shows no systematic change during
the formation of ACMC and its transformation to Mg cal-
cite (Fig. 2). The measured A4; values indicate no impact of
experimental Mg calcite formation pathway via (i) amor-
phous precursor and (ii) direct precipitation (see Fig. 6).
But former and A4; values obtained in this study are still
not representing isotopic equilibrium (see Daéron et al.,
2019). No significant correlation could be observed between
clumped isotope and oxygen isotope fractionation behavior
from our experiments (Fig. 6; Tables 1 and Al). The
absence of correlation indicates that — in contrast to oxygen
isotopes — the A7 distribution of distinct DIC species is not
affecting the clumped isotope composition of the precipi-
tates in the present experiments. As even instantaneous
uptake of carbonate species in ACMC does not affect the
clumped isotopic composition of the final Mg calcite, Ay;
distribution in Mg calcite seems to behave conservatively
in respect to tracing its formation conditions at the given
experimental conditions (25 °C, pH 8.3). This conservative
behavior is consistent with no significant dependence of A4,
values on growth rate of CaCOj reported by Tang et al.
(2014), Kluge et al. (2015), and Levitt et al. (2018); even
for carbonate bearing apatite (Stolper and Eiler, 2015).
However, note here that pH was found to play a role in
influencing A4; values. At strong alkaline conditions A4y
values could be affected during carbonate formation by
kinetic isotope effects based on non-complete isotopic re-
equilibration of DIC species (Hill et al., 2014; Tang et al.,
2014).

Considering A4; values of carbonate minerals close to
isotope equilibrium, Bonifacie et al. (2017) postulated an
universal calibration for all (Ca, Mg, Fe)CO3 minerals to
be valid with no measurable effect due to cation ordering.
In contrast, recently it was shown that a carbonate
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mineral-specific clumped isotope fractionation has to be
considered for different minerals (Miiller et al., 2019;
Bernasconi et al., 2019). The clumped isotope values
obtained for (Mg) calcite in this study lay within the range
documented for (Mg) calcite in the literature (Fig. 6 and
discussion above), with exception of the lowest precipita-
tion rates observed in speleothems. This observation con-
firms that most natural and synthetic carbonate mineral
formation is out of equilibrium.

6. IMPLICATIONS FOR THE USE OF OXYGEN AND
CLUMPED ISOTOPE DATA OF MG CALCITE AS
ENVIRONMENTAL PROXY

The (trans)formation of amorphous to crystalline car-
bonate, such as Mg calcite, may have to be considered in
carbonate archives due to the observed geochemical offsets
compared to the direct precipitation of Mg calcite (e.g.
Immenhauser et al., 2016). The variability of 8180;,rec values
in the present experiments clearly shows that the use of the
finally obtained reaction product, Mg calcite, is challenging
for temperature reconstruction without premises. Thus, Mg
calcite formation via amorphous precursors has to be con-
sidered in addition to other well-known effects on oxygen
isotope fractionation, e.g. metabolic processes of a host
organism, differential composition of the precipitating fluid
from the bulk environmental fluid, precipitation rate, min-
eral composition and structure, and ionic strength (e.g.
Spero and Lea, 1996; Owen et al., 2002). From our experi-
mental results the following scenarios for potential impact
of the formation pathway from ACMC to Mg calcite to
the variability of oxygen isotope composition of Mg calcite
are developed depending on the distinct transformation
settings.

Scenarios in carbonate precipitating surroundings com-
prise of ACMC to be (i) transformed to Mg calcite at the
same aqueous surrounding and physicochemical conditions
of its formation, (ii) removed from its precipitation environ-
ment with subsequent transformation in the absence of an
aqueous solution, and (iii) removed from its precipitation
environment and a subsequent transformation within an
aqueous surrounding at physicochemical conditions differ-
ent from its formation environment. In scenario (i) our data
show that the oxygen isotope composition of the final Mg
calcite is approaching isotope equilibrium conditions, thus
Mg calcite can be used for e.g. temperature reconstruction,
although it is formed via an ACMC precursor. In contrast,
scenario (ii) yield in the separation of the amorphous pre-
cipitate, which can be significantly enriched in 2O of the
CO3}~ ions compared to isotope equilibrium conditions.
This isotopically heavier oxygen isotope signal is subse-
quently carried in the final Mg calcite if no water is present
for re-equilibration (see Fig. 2A). A 8'0ca1cite value of 3%
higher than that expected at isotopic equilibrium at 25 °C
corresponds to a temperature offset of about —12°C
according to Coplen (2007) and Daéron et al. (2019) equa-
tions. In this second scenario the oxygen isotope exchange
between the liberated H,O gained from decomposition of
amorphous carbonate and the finally formed calcite likely
has no significant effect on the final (Mg) calcite in the

present experimental approach as our results show no
pronounced variability of oxygen isotope data of ACMC
transformation to Mg calcite by distinct drying procedures
(#CaMg4 and CaMg4* in Table 1). However, assessment
of this effect is complicated by the still unknown (i) isotope
fractionation between H,O from the bulk solution and the
amorphous phase and (ii) exchange dynamics of liberated
H,O and the CO%~. Scenario (iii) is in particular challeng-
ing to re-construct formation temperatures of (Mg) calcite
from 8'%0,cire value as the distinct aqueous transforma-
tion environment may be different in respect to oxygen iso-
tope composition of the solution as well as CaCOj3
precipitation rate, temperature etc. of transformation com-
pared to ACMC formation conditions. Thus, in the third
scenario the oxygen isotope composition of the final Mg
calcite can be reasonably suggested to be highly influenced
by the transformation conditions, documented by the previ-
ously discussed highly dynamic ion exchange behavior of
ACMC throughout its (trans)formation to Mg calcite.
Assessing the extent of oxygen isotope (and also elemental)
exchange and re-equilibration for distinct highly variable
(trans)formation settings requires additional data sets on
exchange reaction kinetics and on the individual transfor-
mation settings.

The evolution of A4; values of Mg calcite in this study
indicates no direct impact of experimental Mg calcite for-
mation by amorphous precursor or direct precipitation
(see Fig. 6). However, the measured A4; values are distinct
from isotopic equilibrium conditions as suggested by
Daéron et al. (2019). According to its constancy during
the mineralogical evolution, A4; can be considered as a
rather conservative proxy compared to oxygen isotope sig-
natures. In contrast to oxygen isotopes, the clumped iso-
topes of the precipitates seem to be unchanged during the
formation of ACMC and its subsequent transformation
to Mg calcite for both scenarios (i) and (ii) (see Figs. 2B
and 6). For scenario (iii) a change of aqueous solution com-
position considering non-equilibrated DIC to change the
clumped isotope signature due to the highly dynamic ion
exchange behavior of ACMC with the aqueous solution is
consequently expected, however, straightforward outcomes
cannot be proposed and have to be investigated in further
experimental approaches. In addition, temperature changes
during transformation of ACMC may affect the A4; of the
final Mg calcite. Note, that an impact of A4, values on car-
bonate mineral precipitates pointed e.g. to vital effect on
CaCOs; cannot be ruled out (e.g. Kimball et al., 2016;
Spooner et al., 2016), but are suggested to be mostly rele-
vant for non-equilibrated DIC, in particular at elevated
pH and/or strong CO, exchange of the aqueous solution
with the atmosphere; commonly associated with kinetics
of CO, hydration/hydroxylation reactions (e.g. Katz
et al., 2017).

Combining data sets of oxygen isotope and clumped iso-
tope signatures of carbonates are highly promising to
reconstruct, e.g. Mg calcite formation environments. For
instance, mineral formation temperature can be recon-
structed from clumped isotope data and subsequently the
oxygen isotope composition of the precipitating solution
can be revealed by the traditional oxygen isotope values
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using the obtained temperature, where solution isotopic
composition hints on its provenance, evaporation degree
etc. (e.g. Boch et al., 2019). However, for this approach, iso-
tope equilibrium conditions have to be approached, which
may not be necessarily the case considering ACMC precur-
sor pathways, in particular for oxygen isotope distribution
in Mg calcite.

In consequence, experiments on the clumped and oxygen
isotope exchange behavior during ACMC formation and its
transformation at environments differing from its initial
formation conditions (regarding T and isotopic composi-
tion of the transformation solution, see scenario III) are
highly demanded. Recent aragonite to calcite transforma-
tion experiments by Guo et a. (2019) reveal the latter to
be a crucial approach also for transformation of crystalline
carbonate minerals indicating that the temperatures signal
recorded by clumped isotopes in the primary aragonite
can be preserved in the replacement calcite. Thus, one main
focus for further research has to be given on the influence of
temperature changes during the transformation of ACMC
on A47/8'30 values of the final Mg calcites and on the effect
of pH (see also Tripati et al., 2015).

7. SUMMARY AND CONCLUSIONS

The oxygen isotopic composition of the precipitates
obtained from experiments, where Mg calcite forms via
the transformation of an ACMC precursor, shows higher
oxygen isotope fractionation between precipitate and water
compared to those expected at isotopic equilibrium condi-
tions for (Mg) calcite, in particular at the initial stage of
ACMC formation. In contrast to oxygen isotopes, the
clumped isotopes of the precipitates are constant during
the experimental runs. From the experimental results the
following main conclusions can be drawn:

(i) The present experiments indicate that the 8'30 values
of the Mg calcite that formed via ACMC are highly
variable caused by kinetic effects related to the
instantaneous trapping of the isotopic composition
from DIC species at the initial stage of ACMC for-
mation (e.g. CO%~, HCO;3, MgCO3z°, and
MgHCO3?). This effect causes higher apparent oxy-
gen isotope fractionation coefficients than expected
at isotope equilibrium between (Mg) calcite and solu-
tion. Throughout the ongoing formation of Mg cal-
cite oxygen isotope equilibrium is almost
approached between Mg calcite and water.

(i) From ACMC (trans)formation experiments a highly
dynamic exchange reaction between ions/isotopes in
the amorphous phase (ACMC) and the solution is
postulated.

(i) Oxygen isotope composition of Mg calcite formed
via ACMC can be highly affected by its (trans)forma-
tion pathway, which is validated by three scenarios
based on open to closed conditions in respect to the
transformation solution (I and II) and on the trans-
formation environment/conditions being different
from that where ACMC formed (III).

(iv) Clumped isotopes of Mg calcite seem to be more
promising than oxygen isotopes to be used as temper-
ature proxy even at fast precipitation conditions,
where ACMC precursors occur, but in particular sce-
nario III has still to be investigated for this scope.

(v) In a recent study Daéron et al. (2019) suggested
based on isotope data of very slow forming calcite
that the majority of (Mg) calcites precipitated at
Earth’s surface does not reach oxygen isotope equi-
librium as it precipitates in general too fast. In con-
trast our results indicate that very rapidly forming
Mg calcite via amorphous precursor at highest pre-
cipitation rates is nearly approaching oxygen isotope
equilibrium after a certain transformation time. This
contrasting outcome might be explained by high
reaction dynamics of ion and isotope exchange
according to conclusion (ii).
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Distribution of aqueous species calculated by measured concentrations in reactive solution and PHPREQ C modelling approach (see

Purgstaller et al., 2016 for details). Concentrations are given in mmol L. *separate analogous experiment.

Time CO, HCO; CO3 DIC Mg®™  Ca’™  MgCO),* MgHCOF CaCO;° CaHCO3F
min
CaMg4 5 0.52 51591  9.89 52632 1497  3.69 3.59 7.45 1.10 1.96
CaMg4 13 028 27944  6.35 286.07 2442  3.84 5.08 9.46 1.06 1.71
CaMg4 25 0.09  86.10 2.10 88.29 2723 6.18 2.98 5.35 1.05 1.64
CaMg4 60 0.07 7412 1.78 75.97 1206  0.39 1.10 2.07 0.06 0.09
CaMg4 180 0.07  69.40 1.51 70.98 8.89 0.20 0.73 1.49 0.03 0.05
CaMgd 1440 0.07  65.29 1.04 66.40 6.08 0.14 0.35 0.99 0.01 0.03
CaMg4 4320 0.07 6635 0.86 67.28 4.32 0.13 0.21 0.72 0.01 0.03
CaMg4 20,160 0.06  58.43 0.87 59.36 1.89 0.16 0.09 0.28 0.01 0.03
CaMg4 129,600  0.06  59.30 0.67 60.03 0.47 0.17 0.02 0.07 0.01 0.04
CaMg4* 5 0.54 53886  11.82 55122 1403  1.05 3.44 6.80 0.32 0.55
CaMg4(50)* 5 0.54 53886 11.82 55122 1403  1.05 3.44 6.80 0.32 0.55
CaMg4* 1440 0.09  86.14 0.88 87.11 8.17 0.11 0.59 1.93 0.01 0.04
CaMgd(50)* 1440 0.09  86.14 0.88 87.11 8.17 0.11 0.59 1.93 0.01 0.04
CaMg5 5 0.52 51701 991 527.44 1155 0425 277 5.75 0.13 0.23
CaMg5 13 030 29685  6.40 303.55 1842  0.524 379 7.40 0.14 0.24
CaMg5 25 0.10  97.42 2.17 99.69 2187  0.666  2.40 472 0.11 0.19
CaMg5 60 0.09  86.79 2.20 89.08 1138 0387  1.27 222 0.07 0.10
CaMg5 180 0.08  84.68 2.30 87.06 9.79 0390  1.14 1.86 0.07 0.10
CaMg5 1440 0.09  86.20 1.38 87.67 6.79 0.137  0.50 1.37 0.02 0.04
CaMg5 4320 0.08  81.83 1.18 83.09 5.15 0.182  0.32 1.01 0.02 0.05
CaMg5 20,160 0.08 7691 1.27 78.26 277 0.183  0.19 0.51 0.02 0.05
CaMg5 129,600  0.08  77.28 0.95 78.31 1.38 0.189  0.07 0.26 0.02 0.05

APPENDIX A. SUPPLEMENTARY MATERIAL

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.gca.2020.02.032.
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