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Abstract

Carbonate clumped isotopes are applied to an increasing number of geological archives to address a wide range of Earth
science questions. However, the effect of changes in salinity on the carbonate clumped isotope technique has not been inves-
tigated experimentally yet. In particular, evaporated sea water and diagenetic fluids differ substantially from solutions used to
calibrate the clumped isotope thermometer as they exhibit high ionic concentrations of e.g., Na*, Ca®>*, Mg?", and CI~. High
jonic concentrations are known to have an impact on 8'30 values, and could potentially impact the successful application of
clumped isotopes to the reconstruction of diagenetic processes, including precipitation temperatures and the origin of the
diagenetic fluid.

In order to address the potential influence of salt ions on the clumped isotope A4; value we precipitated CaCO; minerals
(calcite, aragonite and vaterite), hydromagnesite and mixtures of these minerals in the laboratory from solutions containing
different salt ions (Na*, Ca®*, Mg®", Cl7) at various concentrations and temperatures. The precipitation of some mineralogies
was restricted to solutions with specific ionic concentrations, limiting direct comparability. NaCl-rich solutions mostly led to
vaterite formation. In control experiments CaCQO3 minerals (calcite and aragonite) were precipitated from a CaCOj3 supersatu-
rated solution without addition of any other ions.

Our results show that calcium carbonates precipitated from high NaCl concentrations yield A4; values identical to our
NaCl-free control solution. Although addition of Mg led to the formation of hydromagnesite, it also follows the same
A47-T calibration as calcite. In contrast, A4; values increase together with increased CaCl, concentrations, and deviate by
a few 0.019, from expected equilibrium values.

Overall, clumped isotope values of CaCO; minerals precipitated between 23 °C and 91 °C (with and without NaCl addi-
tion) follow a line with a slope close to results from statistical thermodynamics. We conclude for calcium carbonate and
hydromagnesite that the combined effect of salt ion concentration, acid fractionation and polymorphism is negligible for
ClI™ and Na™ with respect to clumped isotope geochemistry, but that offsets are possible in brines containing high concentra-
tions of CaCls,.
© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
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diagenetic processes in the subsurface (e.g., Miliman, 1974;
Tucker and Bathurst, 1990; Moore, 2001; Alonso-Zarza
and Tanner, 2010). Bulk carbonate 580 and 8'3C values
have been successfully used to infer unique paleoclimate
information (e.g., Emiliani, 1955; Shackleton and
Opdyke, 1976; Zachos et al., 2001), but quantitative inter-
pretations are complicated by the dependence of the car-
bonate 5'%0 value on the parent fluid 8'80 value and the
large range of 8'*C values in the dissolved carbon.

These problems can be circumvented by the analysis of
multiply-substituted isotopologues in CO, produced from
acid digestion of carbonates (Eiler, 2007). The abundance
of isotopologues of CO, containing the rare *C-'%0 bonds
is governed by temperature-dependent isotope exchange
reactions (Wang et al., 2004; Schauble et al., 2006; Cao
and Liu, 2012) and is expressed relative to a high tempera-
ture stochastic distribution (>1000 °C) denoted as A4, value
(Eiler and Schauble, 2004; Affek and Eiler, 2006). The con-
comitant occurrence of two rare isotopes in one molecule is
described as multiply-substituted isotopologue and often
termed ‘clumped isotope’. The carbonate clumped isotope
proxy is an ideal paleothermometer as the Ay; value is
negligibly dependent on the bulk carbonate §'%0 and
3'3C composition (Cao and Liu, 2012) and independent
of the parent fluid 5'%0 and 8'°C values. The Ay, value
under isotopic equilibrium conditions during mineral for-
mation increases with decreasing temperature (~0.0049%,
per 1°C at 50°C; Wang et al., 2004; Schauble et al.,
2006; Ghosh et al., 2006).

Multiply-substituted isotopologues in carbonates (car-
bonate clumped isotopes) are increasingly used and have
already provided significant advances in geothermometry
(e.g., Came et al., 2007; Passey et al., 2010; Bristow et al.,
2011; Eagle et al., 2011; Halevy et al., 2011). However, pos-
sible and so far unexplored effects on the *C-'80 clumping
during mineral formation, such as those related to fluid salt
ion concentration and mineral structure (polymorphism),
are not fully understood. As the popularity of this technique
grows and its applications become more diverse, these effects
must be constrained to ensure that interpretations based on
clumped isotope data account for any fundamental process
that occurs during mineral precipitation.

1.1. Potential effects of salt ions on isotope values

Many natural carbonates precipitate in saline fluids,
such as marine environments that typically yield salinities
of ~35 g/L and mainly contain Na* and CI~ with minor
contributions from Mg2+, S0%~, Ca?', and K" (Zeebe
and Wolf-Gladrow, 2001 and references therein).
Mollusks, brachiopods, corals, and foraminifera grow in
saline marine waters and are frequently used for paleocli-
mate reconstruction based on traditional stable isotopes,
but also increasingly using clumped isotopes (e.g., Ghosh
et al., 2006; Came et al., 2007; Tripati et al., 2010; Csank
et al., 2011; Keating-Bitonti et al., 2011; Saenger et al.,
2012; Eagle et al., 2013; Grauel et al., 2013; Henkes et al.,
2013; Hren et al., 2013).

Other natural fluids beyond sea water often contain a
high concentration of Na®, Mg?*, Ca*" and Cl™ ions.

For example, in sedimentary brines and hydrothermal flu-
ids the dissolved salt amount can reach over 300 g/L (e.g.,
Hanor, 1994; Wilkinson, 2001; Warren, 2006). In particu-
lar, Budd et al. (2013) determined salinities of up to 17.8
wt% NaCl (~220 g/L) in diagenetic fluids from fluid inclu-
sion analysis. Newell and Goldstein (1999) and Rossi et al.
(2002) observed salinities of up to 24 wt% NaCl (~315 g/L)
in fluid inclusions of quartz crystals. Accordingly, diage-
netic processes often involve highly saline fluids that are sig-
nificantly different from solutions used to experimentally
calibrate the carbonate clumped isotope thermometer.
There are various experimental calibrations (Ghosh et al.,
2006; Dennis and Schrag, 2010; Zaarur et al.,, 2013;
Fernandez et al., 2014; Tang et al., 2014; Defliese et al.,
2015), none of which have used parent fluids that reflect
the full range of salinities of natural fluids. Ghosh et al.
(2006) established the first clumped isotope calibration,
where calcite was precipitated from a solution containing
only Ca?*, HCO3 and CO3~ ions at temperatures ranging
between 1 and 50 °C. Zaarur et al. (2013) used the same
approach to refine the commonly cited calibration of
Ghosh et al. (20006).

Given that there is a common mechanism for clumped
and oxygen isotopes, salinity may also influence the Ay;-T
relationship. Evidence for ionic effects are known from oxy-
gen isotopes where studies found a significant effect of ionic
concentrations on the liquid—-vapour fractionation (Taube,
1954; Sofer and Gat, 1972; O’Neil and Truesdell, 1991;
Driesner and Seward, 2000; Kim et al, 2012).
Measurements of CO, equilibrated with a solution contain-
ing various ions revealed a dependence of the §'0 value in
CO, on the salt concentration and the dominating salt ion
(Taube, 1954; O’Neil and Truesdell, 1991). The greatest
effects of up to several per mil (%,) were observed for ions
that exhibit the strongest covalent character of the ion-wa-
ter interaction (e.g., AI’", Mg>"). In contrast, ions that pos-
sess a similar strength of the ion-water interaction
compared to water—water interaction (e.g., Na*) have a
negligible effect on the 8'80 value of CO, in equilibrium
with the solution. These effects can be explained by the
number of water molecules that get ‘bound’ to a certain
ion (i.e. the apparent hydration number) and that are there-
fore no longer freely available for isotopic exchange with
CO; (e.g., Frank and Wen, 1957). The potential to attach
water molecules to the ion separates the water into at least
two distinct groups: water bound to the solutes in the
hydration sphere and free unhydrated water that behaves
similar to pure water (Taube, 1954). This separation can
influence the isotopic composition of the free water and
the isotope exchange reactions between the relatively free
water molecules in the unhydrated water (relative to the
bound water) and dissolved inorganic carbon (DIC).
Structure-making electrolytes (e.g., MgCl,, CaCl,) lead to
the concentration of 'O in the hydration sphere, whereas
structure-breaking electrolytes (KCl, CsCl) prefer °O in
the hydration sphere (e.g. O’Neil and Truesdell, 1991).

It is uncertain what effect different ions in a solution
have on the *C-'80 clumping of the DIC. The *C-'*0
clumping is mainly determined by the characteristics of
the involved C-O bond (e.g., bond order; Schauble et al.,
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2006), which can lead to variations in the isotope exchange
reactions. The abundance of '*C-'%0 bonds in the DIC spe-
cies should be unaffected by ionic effects after isotopic equi-
librium between bound and free water was reached. Most
carbonate and bicarbonate ions interact with the dominat-
ing free water (a minor fraction with the generally much
smaller bound component). As the A4; value does not
depend on the solution isotope values (Cao and Liu,
2012), carbonate and bicarbonate ions should yield the
equilibrium clumped isotope value once isotope exchange
equilibrium in bound and free water is established. Under
kinetic conditions, e.g., during fast mineral growth where
attached water molecules are rapidly stripped off the
hydration spheres, the relative rate of isotope exchange
between free and hydrated water as well as between free
water and (bi)carbonate ions becomes important and dis-
crimination may occur between 2C-'°0-'°0-'0 and
13180 _160_160).

1.2. Potential effects of polymorphism on isotope values

The mineralogy of carbonates could potentially affect
the A4; value in two ways; firstly by the effect on the equi-
librium constant for the isotope exchange reaction relevant
to 1*C-'80 bonds during mineral precipitation, and sec-
ondly, by the mineral-dependent acid fractionation during
phosphoric acid digestion. Although theoretical calcula-
tions of the *C-'80 clumping during carbonate mineral
formation show only a small effect of the crystal structure
on the equilibrium constant (Schauble et al., 20006),
increased *C-'80 clumping is expected in Mg-bearing
minerals and in orthorhombic carbonates (e.g., aragonite;
Schauble et al., 2006). According to calculations based on
density functional perturbation theory this could result in
an equilibrium constant 0.02%, higher for aragonite and
0.01%, higher for magnesite at 25°C (Schauble et al.,
2006). Additionally, isotopic fractionation occurs during
phosphoric acid digestion of the carbonate mineral, altering
the A47 value. Cluster models suggest that the phosphoric
acid fractionation of A4; for aragonite and calcite is similar,
whereas for magnesite it is 0.039%, lower (Guo et al., 2009).
Combined with the *C-'80 clumping related to the min-
eral formation (Schauble et al., 2006) aragonite A4; values
are expected to be higher by ~0.02%, compared to calcite
at any given Earth surface temperature. In contrast, magne-
site and dolomite A4; values are expected to be lower by
~0.02%,. These effects seem to be small, but if not
accounted for would contribute to a temperature error of
~6°C at low temperatures (~25°C), ~12°C at 100 °C,
or 25°C at 200 °C (using the calcite A47-T calibration of
Kluge et al., 2015). These temperature differences are sub-
stantial and would have a significant impact on inter-
pretations of paleoenvironments and diagenetic histories.
Despite a large number of studies of different biogenic
CaCOs; polymorphs (e.g., calcitic and aragonitic mollusks
and brachiopods; Came et al., 2007, 2014; Eagle et al.,
2013; Henkes et al., 2013), it still remains to be experimen-
tally confirmed whether there is a mineral-related effect on
the *C-'80 clumping, and if the model calculations accu-
rately reproduce the effect of CaCO; polymorphism.

In this study we aim to experimentally determine (a)
what influence the salt ion effect has on *C—"%0 clumping,
and (b) whether mineralogy affects the A4; value inherited
from the solution. We precipitated a suite of carbonates
under controlled conditions (temperature, ion concentra-
tion) in the laboratory to address these aims. About half
of the experiments resulted in pure CaCOj3; phases, whereas
the rest consists of a mixture of CaCOj3; polymorphs. The
fact that the samples are composed of multiple CaCO;
phases complicates the independent assessment of salt ion
effect and mineralogy, but still allows quantification of
the combined effect.

2. METHODS

2.1. Laboratory precipitation of carbonate minerals and
sample screening

The experiments were conducted in an analogous fash-
ion to the experiments of McCrea (1950), O’Neil et al.
(1969), and Kim and O’Neil (1997). As the initial calibra-
tion of the carbonate clumped isotope thermometer
(Ghosh et al., 2006) and the recent refinement (Zaarur
et al., 2013) used the same method, it allows direct compar-
ison with our experimental results. We used two different
growth solutions, one with a low ionic concentration that
only consisted of a solution with reverse osmosis water
(processed with an Ultrapure” 18 MQ system) and dis-
solved calcite (0.007 molal Ca?"; similar to the clumped iso-
tope temperature calibration of Ghosh et al., 2006) and one
with added NaCl, CaCl, or MgCl,(H»0)s (up to 6.5 molal
for NaCl, 1.8molal for CaCl,, and 0.7 molal for
MgCly(H;0)¢; Table 1). Temperatures for individual experi-
ments were adjusted to fixed values between 23 and 91 °C.
The solutions were prepared by dissolving ~360 mg of
high-purity calcite (Merck Suprapur, 99.95% calcium car-
bonate) into 500 mL deionized water. Continuous CO,
bubbling through the stirred solution led to dissolution of
the added calcite. The solution was filtered after 2-3 h of
CO, bubbling to remove any undissolved calcite.
Subsequently, the DIC in the solution was isotopically equi-
librated with water at the intended experiment temperature
for a minimum of 2 h (91 °C) up to 24 h (25 °C, time scales
based on Beck et al., 2005) before salts were added
(optional, for the experiments Mg-1 to Mg-3 and CA-1 to
CA-3 salt was added prior to isotopic equilibration).
Equilibration times for water-DIC exchange are oriented
at the values for oxygen isotopes as the experiments of
Affek (2013) showed that the equilibration time scales for
CO; clumped isotopes are comparable to that of oxygen
isotopes. For equilibration the solution inside the
Erlenmeyer flask was stored in the water bath. At a water
bath temperature above 50 °C a constant and low CO, flow
through the solution was maintained during the equilibra-
tion phase to avoid precipitation of carbonates. In order
to induce carbonate precipitation the equilibrated solution
was slowly purged with nitrogen for up to several days
(bubbling rate of ~1 bubble per second). The pH was moni-
tored in several experiments to assess the evolution of the
solution (Fig. 1). At the beginning of the slow N, bubbling
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Table 1

Experimental conditions during laboratory carbonate precipitation following the methods of McCrea (1950) and O’Neil et al. (1969), and X-
ray diffraction results. The uncertainty in the mineral phase quantification is about 3%.

Experiment CaCOs gissolved T (C) Added salts Equilibration  Precipitation =~ Mineralogy

No. (/1) (g/) (h) (h)

No salt added

1 0.74 23.54+0.5 - 17 147 Calcite

2 1.00 257405 - 15 72 Calcite

3 0.70 37.5+£05 - 17 100 Calcite

4 0.60 49.6+0.5 - 15 30 Calcite (55%), aragonite (45%)

5 0.74 49.6£0.5 — 17 195 Calcite

6 0.60 69.9+05 - 17 44 Calcite (57%) aragonite (43%)

7 0.76 69.9+£05 - 18 25 Calcite (90%) aragonite (10%)

8 0.70 799+05 - 3 ~20 Calcite (78%) aragonite (22%)

9 0.78 91.0+0.5 - 2 22 Calcite (72%) aragonite (28%)

10 0.74 91.0£05 - 3 138 Aragonite (83%), calcite (17%)

NaCl added

NA-1 0.68 23.54+0.5 250 23 451 Vaterite

NA-2 0.60 25.7+£0.5 300 15 168 Calcite, aragonite”

NA-3 0.70 37.54+0.5 260 21 72 Vaterite (95%), calcite (5%)

NA-4 0.74 37.5+£0.5 244 14 341 Vaterite (>95%), rest: calcite

NA-5 0.70 49.6 £0.5 375 16 143 Vaterite

NA-6 0.80 49.6 £0.5 262 17 573 Vaterite

NA-7 0.70 69.9+0.5 325 3 69 Vaterite

NA-8 0.78 79.9+0.5 280 3 47 Calcite (49%), aragonite (24%), vaterite
(27%)

NA-9 0.70 91.0£0.5 260 3 42 Vaterite (94%), aragonite (6%), calcite
(<10 0)

CaCl, added

CA-1 0.74 799+0.5 26 3 164 Calcite

CA-2 0.70 7994+0.5 48 3 164 Calcite

CA-3 0.74 799405 98 15 192 Calcite

CA-4 0.77 25.74+0.5 100 24 312 Calcite”

CA-5 0.72 25.74+0.5 200 25 502 Calcite”

MgCl(H>0)s

Mg-1 0.66 799+£0.5 50 15 142 Hydromagnesite (88%), aragonite (12%)

Mg-2 0.70 79.9+0.5 102 16 241 Brucite

Mg-3 0.86 799 £0.5 150 14 315 Hydromagnesite

* Checked via light microscopy only.

the pH value increased typically to ~7.5, where the main
fraction of the minerals formed. Generally no mineral
growth was observed during the first 24 h when the main
pH change of the solution occurred. As the time required
for 99% DIC-water equilibration at 25 °C is below 2 h at
pH < 7.5 (following Uchikawa and Zeebe, 2012) no dise-
quilibrium effects are expected from the initial pH changes.
Furthermore, for pH 7.7-9 HCO5 is the dominating DIC
species (>95%) for pure water with a fraction that only
marginally changes with pH in this range. Isotopic disequi-
librium effects related to changes in the DIC speciation are
therefore unlikely for low-salinity water. In case of signifi-
cant salt addition the DIC composition changes towards
CO3™ and an increase in the equilibration time is expected
(Uchikawa and Zeebe, 2012). Although relevant for all
experiments with NaCl addition and experiments Mg-3,
Ca-3 to Ca-5, we prevented an incomplete isotope exchange
by equilibrating the solution with the DIC at the experi-
ment temperature prior to salt addition (except Mg-3 and
Ca-3, where salts were added prior to equilibration).

The precipitated calcite crystals were filtered from the
solution and inspected microscopically and via X-ray
diffraction before analysing them for clumped isotopes.
The precipitation experiments were repeated if not enough
carbonate was formed for three or more A4; measurements
per precipitation temperature (Table 2).

XRD measurements were performed at the National
History Museum London using an Enraf Nonius FR 590
Powder Diffractometer with Cu Ka radiation that was
operated at 40 kV and 35 mA. Carbonate samples were
placed as a thin layer on a sapphire substrate and were mea-
sured in a fixed beam-sample-detector geometry with a 5°
incidence angle between X-ray beam and sample using an
INEL 120° position-sensitive detector. Analysis times var-
ied between 10 and 90 min depending on counting statistics
and step size. The signals were evaluated by a computer-
routine (X’'Pert Highscore, PANalytical B.V., 2009) that
compares measured spectra with a mineral data base.
Peak positions were calibrated with two standards (silver
behenate; Blanton et al., 1995; and quartz). Pure calcite
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Fig. 1. pH evolution during carbonate precipitation. Precipitated
carbonate was typically observed after approximately one day, with
the exception of the CaCl, where carbonate was typically observed
after a few hours. In the case of Ca-5 (CaCl, 100 g) significant
precipitation started only after 6 days. Mg and NaCl addition
delayed the initiation of carbonate precipitation by up to several
days. The initial increase in the pH values is due to the slow CO,
degassing by controlled N, bubbling.

and aragonite standards were measured for phase quan-
tification. The aragonite and calcite phase fraction was
determined via comparison with the pure standards using
an automated routine of the X’Pert Highscore software
and/or manual evaluation using peak intensities.

2.2. Sample treatment for carbonate clumped isotope analysis

Individual samples consisting each of 5-8 mg carbonate
were inserted into the inlet part of a reaction vessel that
allows sample storage separate from the 105% phosphoric
acid at the bottom (1.5-3 ml per sample). Each sample ali-
quot was reacted separately in a cleaned reaction vessel
with new acid (Supplementary Fig. S1). No common acid
bath was used. The reaction vessel, containing carbonate
sample and ortho-phosphoric acid, was evacuated for
30 min and typically reached pressures of 107!'-1072 mbar
before the acid digestion was started. At 90 °C CaCO;
was reacted with ortho-phosphoric acid for 10 min in the
stirred reaction vessel and the evolving CO, continuously
trapped. At the beginning of the study CaCOj3; samples were
reacted at 70 °C for 15 min (Table 2) according to the lab-
oratory practice at this time, before the procedure was
changed to 90 °C for all experiments. The reaction times
at 70 °C and 90 °C extended beyond the point when bubble
formation in the acid ceased and thereby ensured a com-
plete phosphoric acid reaction. The reactant CO, was
cleaned using a procedure analogous to that of Dennis
and Schrag (2010). In brief, the evolved CO, was continu-
ously trapped during the phosphoric acid reaction in a lig-
uid-N,-cooled trap. Subsequently, potential atmospheric
components were cryogenically separated from the liquid-
N,-cooled trap. Water was then separated from CO, in this
trap using a dry-ice ethanol mixture. The CO, gas was
afterwards passively passed through a glass trap filled with

silver wool and another trap densely packed with Porapak
Q (filled length: 13 cm, inner diameter: ~8 mm) held at
—35°C. The purified CO, gas was transferred to the mass
spectrometer for analysis. A schematic diagram of the pro-
cedure is shown in the Supplementary (Fig. S2).

2.3. Mass spectrometric analysis and data evaluation

Mass spectrometric analyses were performed on two iso-
tope ratio mass spectrometers (MAT 253, Thermo
Scientific) in the Qatar Stable Isotope Lab at Imperial
College. The analysis followed the procedures described
by Huntington et al. (2009) and Dennis et al. (2011). A
measurement consisted of 8 cycles with 7 sequences per
cycle and an integration time of 26 s per sequence (in total
~1460 s for sample and reference gas, respectively). Each
cycle included a peak center, background measurements
and an automatic bellows pressure adjustment aimed at a
15V signal at mass 44. The sample gas was measured
against an Oztech reference standard (8'°C = —3.63%,
VPDB, §'%0=-15.79%, VPDB and &'C=-3.629,
VPDB, §'%0 =—-15.73%, VPDB, respectively). Heated
gases (1000 °C), water-equilibrated gases (25°C, 50 °C,
80 °C), a Carrara Marble carbonate standard and a carbon-
ate standard provided by ETH Zurich (data in
Supplementary) were measured regularly to transfer the
raw Ay, values into the CO, equilibrium scale reference
frame (‘CDES’; Dennis et al., 2011). Potential sample con-
tamination was monitored using the mass 48 and mass 49
signals (Eiler and Schauble, 2004; Huntington et al.,
2009). Sample measurements were rejected based on ele-
vated 48 and 49 signals following the procedures of
Huntington et al. (2011). Threshold values were considered
to be deviations of sample mass-48 of more than 2%, from
that of clean standards and a mass-49 parameter >0.2
(mass-49 parameter = (sample 49 signal (mV)/sample 44
signal (mV) — standard 49 signal (mV)/standard 44 signal
(mV)) * 1000). Replicate measurements were spread out
over several months to exclude effects of potential short-
term variability of mass spectrometer signals.

Raw Ay, values were first linearity-corrected using the
heated gas data (Huntington et al., 2009) and then trans-
ferred into the CO, equilibrium scale of Dennis et al.
(2011) using empirical transfer functions (ETF). Primary
ETFs were established based on equilibrated and heated
gases and were additionally used to determine the phospho-
ric-acid-correction-free A4; values of carbonate standards
in the CDES. Once A4; values of carbonate standards were
established, a secondary transfer function was established
based on heated gases and gas evolved from carbonates
(ETFs and standard values are given in the
Supplementary). Secondary ETFs have to be determined
if no equilibrated gases were measured and the transfer into
the CDES is mainly based on carbonate standards (Dennis
et al., 2011). Average A4; values for Carrara marble in the
CDES were 0.389 4 0.003%, (1 SE, n = 74, machine 1) and
0.386 £ 0.006%, (1 SE, n =23, machine 2) in agreement
with published values (Dennis et al., 2011). A phosphoric
acid correction was applied to carbonate samples after the
A4; values were transferred into the CDES. For acid
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Table 2

A4z, 8180, and 8'3C values of laboratory carbonate precipitates. 8'®Oyater is the calculated solution isotope value based on the carbonate 8'%0
value and the mineral-specific fractionation factor (see Section 2.3). n indicates the number of replicates measured. The uncertainties are given

as standard error for the A4; values and as 16 standard deviation for 5'%0 and 5'3C. Samples marked by ‘+ were reacted at 90 °C, <™ indicates
that part of the replicates were reacted at 90 °C. All other samples were digested with phosphoric acid at 70 °C.

Experiment no. T (°C) A7 (%0) 8"°0 (%) 8°C (%) 8" Oyater (%o) n(-)
No salt added

1 23.54+0.5 0.691 4 0.004 —8.24 4+ 0.08 —18.51 +0.04 —6.4+0.1 3
2 25.7+0.5 0.706 +0.010 —8.40 £+ 0.51 —17.05+0.11 —6.1 £0.5 3
3" 37.5+0.5 0.670 4 0.023 —12.38 +0.18 —20.61 +0.11 -7.84+0.2 4
4 49.6 +0.5 0.625 +0.016 —13.51 +£0.28 —19.04 £+ 0.01 —6.8 +0.3 2
5" 49.6 0.5 0.628 - 0.013 —14.04 +0.11 —28.23 +0.10 -74+0.1 3
6 69.9 +0.5 0.584 4+ 0.020 —15.43 +£0.01 —19.42 +0.01 —5.6 +£0.1 2
7 69.9 +0.5 0.577 4+ 0.008 —16.89 +0.11 —23.224+0.12 -7.0+0.2 3
8" 79.9 +£0.5 0.562 +0.012 —17.07 +£0.37 —25.07+0.21 —-57+04 8
9 91.0+0.5 0.528 4= 0.007 —18.84 +0.10 —24.34 4+0.07 —6.0 0.1 3
10" 91.0+0.5 0.521 +0.026 —20.60 £ 0.08 —31.20 £ 0.01 —8.1 £0.1 2
NaCl added

NA-1 23.54+0.5 0.689 =4 0.003 —8.574+0.16 —18.21 4 0.06 —6.8 +0.2 3
NA-2 25.7+0.5 0.698 4+ 0.008 —8.70 £ 0.16 —18.50 4+ 0.07 —6.4+0.2 3
NA-3 37.5+0.5 0.639 4 0.020 —11.2940.20 —20.39 +0.10 —6.8 0.1 1
NA-4" 37.5+0.5 0.672 4+ 0.027 —13.30 +£0.37 —26.06 +0.18 —-8.8+04 3
NA-5 49.6 0.5 0.605 4= 0.005 —13.854+0.26 —21.39 4+ 0.03 —-7240.3 2
NA-6" 49.6 +0.5 0.634 4+ 0.008 —15.06 +0.22 —25.26 +0.17 —8.4+0.2 3
NA-7 69.9 + 0.5 0.577 +0.010 —16.924+0.15 —21.71 £ 0.03 -7.0+0.2 3
NA-8 79.9 +£0.5 0.553 +0.018 —17.54 +0.03 —25.86 +0.10 —-6.3+0.1 3
NA-9* 91.0+0.5 0.545 4 0.005 —19.21 £ 0.15 —25.00 £ 0.16 —6.34+0.2 5
CaCl, added

CA-17 79.9 +£0.5 0.558 +0.010 —18.21 +£0.18 —30.22 +0.08 —6.8 +0.2 3
CA-2" 799+0.5 0.548 +0.017 —17.65 £ 0.06 —30.37 4+ 0.05 —6.2+0.1 3
CA-3* 79.9 +£0.5 0.588 +0.014 —16.95 +0.26 —28.85 4+ 0.02 —-55+0.3 3
CA-4" 25.7+0.5 0.713 +0.016 —8.70 +-0.26 —23.054+0.15 —6.44+0.3 4
CA-5* 25.7+0.5 0.750 4+ 0.003 —10.00 £ 0.08 —26.35+0.18 -7.7+0.1 2
MgClL(H,0)s

Mg-1" 79.9+0.5 0.568 4= 0.006 —16.96 +0.27 —17.70 4 0.06 -9.0+0.3 3
Mg-2* 79.9 +£0.5 0.577 +0.020 —12.81+0.20 —5.74 +£0.10 - 1
Mg-3" 79.9 +£0.5 0.571 +0.011 —16.1440.10 —16.76 4 0.01 —8.6 £ 0.1 4

digestion of calcite we used a correction of 0.0699,, at 90 °C
and of 0.0529,, at 70 °C (based on Guo et al., 2009; Eq. 23
therein), and applied the same fractionation factor to all
measured carbonates. This approach is justified for the
CaCOs; polymorphs calcite and aragonite as, for example,
the study of Wacker et al. (2013) and Defliese et al.
(2015) did not find a significant difference between the acid
fractionation factors of aragonite and calcite. Note that the
acid digestion correction of Guo et al. (2009) is a theoretical
estimate based on ab-intio calculation and transition state
theory. Experimental studies that reacted samples at
90 °C derived acid fractionation factors ranging from
~0.07 to ~0.099, (Passey et al., 2010; Henkes et al.,
2013; Wacker et al., 2013; Defliese et al., 2015).
Carbonate 3'®0 values were calculated using the acid
fractionation factors of Kim and O’Neil (1997) with the
correction of Bohm et al. (2000) for calcite, the acid frac-
tionation factors of Kim et al. (2007b) for aragonite, and
of Das Sharma et al. (2002) for hydromagnesite (assumed
to be similar to magnesite). Mixtures of calcite (or hydro-
magnesite) and aragonite crystals were evaluated using
the corresponding fractionation factors and the ratio of

calcite (or hydromagnesite) to aragonite. For vaterite the
calcite fractionation factor was used due to the lack of stud-
ies that explicitly investigated the oxygen isotope fractiona-
tion factor between vaterite and water. The studies of
Tarutani et al. (1969) and Kim and O’Neil (1997) suggest
an enrichment of vaterite relative to calcite of 0.5 and
0.6%,, respectively.

Water 5'%0 values were not directly determined on the
solution, but back-calculated from the carbonate &80
using the water-carbonate fractionation factors of Kim
and O’Neil (1997) for calcite, of Kim et al. (2007a) for
aragonite, and of O’Neil and Barnes (1971) and Friedman
and O’Neil (1977) using the equation of Zedef et al.
(2000) for hydromagnesite. Mixtures were proportionally
evaluated using the corresponding fractionation factors.

The analytical uncertainties of A47, 5'%0 and 8'*C mea-
surements were calculated by Gaussian error propagation.
We used the standard error (SE) of the mean in the case
of replicate analyses and the standard deviation for a single
measurement (lo: ~0.02%, for A4, 0.2%, for 8'%0, and
0.1%, for 8'C). The typical standard deviation of a single
measurement was deduced from the long-term analysis of
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carbonate standards and agrees with the reproducibility of
samples.

3. RESULTS

XRD analyses confirmed all minerals to be polymorphs
of CaCOs;, with the exception of experiments involving Mg
where hydromagnesite and brucite was precipitated
(Table 1). At lower temperatures calcite was prevalent in
experiments without salt addition, whereas the precipitates
at higher temperatures (=50 °C) consisted of a mixture of
calcite and aragonite (Table 1). No pure aragonite precipi-
tate was observed. NaCl addition led to the formation of
vaterite (Kluge and John, 2014). Increased levels of CaCl,
favoured the precipitation of pure calcite. The addition of
Mg led to the precipitation of a hydromagnesite/aragonite
mixture at low Mg concentrations (0.25 molal
MgCl,(H,0)6) and exclusively to hydromagnesite at higher
concentrations.

The §'%0 value of the solution was calculated from the
carbonate 3'%0 value using the experimental temperature
and the fractionation factors corresponding to the precipi-
tated mineral (see Section 2.3). The solution 3'0 value
was calculated to check for potential kinetic effects that
could occur during mineral precipitation. The laboratory
reverse osmosis water was processed from local tap water
that has an isotopic composition similar to ground and sur-
face water in the London Metropolitan area (—69%, to
—8%,, Darling et al., 2003). The calculated solution water
3'%0 values yield an average of —6.5 4 0.6%, in 2012 and
of —8.4 4+ 0.6%, in 2013 (Supplementary Fig. S3). No sys-
tematic trends are observed in relation to the experiment
temperature (Supplementary Fig. S4), generally suggesting
neither a kinetic effect during mineral formation nor evap-
orative change of the solution 8'80. Exceptions are the
experiments where CaCl, was added. In these cases the
back-calculated water 8'%0 values are elevated at higher
CaCl, concentrations (Table 1).

The A4; values of replicate measurements of the lab-
oratory precipitates vary between 0.750 £ 0.003%, (1 SE)
and 0.521 4+ 0.026%, (1 SE) corresponding to the experimen-
tal temperature range of 23 °C to 91 °C (Table 2). Addition
of NaCl resulted in no statistical significant deviation from
NaCl-free CaCO; minerals (Table 2, Fig. 2). Comparing
samples measured on the same day and on the same mass
spectrometer, the maximum difference in A4 of samples pre-
cipitated from the NaCl brine relative to samples from a
NaCl-free solution was observed for carbonates precipitated
at 70 °C, but their A4; values agree within the 1o-standard
deviation. On average, the difference between CaCO; miner-
als formed from a solution with and without NaCl is
—0.003 £ 0.008%, (10), considering only samples measured
on the same day, and —0.001 +0.010%, (lo) taking into
account all measurements. This result suggests that a poten-
tial salt ion effect on *C—"%0 clumping is below the limit of
current instrumental precision or, alternatively, that the
effects of NaCl, acid fractionation and CaCOj3 polymor-
phism are each small and compensate each other.

Addition of varying amounts of CaCl, (0.24-1.80 molal)
led to the formation of calcite minerals yielding A4, values
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Fig. 2. Differences in the A4; values of CaCO; minerals precipi-
tated with and without NaCl addition (brine and low-salinity
solution, respectively). Carbonates precipitated under both condi-
tions were measured either at the same day or within a few days of
each other to minimize potential session-specific analytical bias.
The thick black line and the two thin lines represent the mean Ay,
difference and its 1o standard deviation (—0.003 £ 0.008%,).

that deviate from the reference solution in particular at ele-
vated CaCl, concentration (Table 2, Fig. 3). At a growth
temperature of 80 °C the highest offset of 0.029 £ 0.0179%,
was observed at the highest CaCl, concentration
(0.89 molal). A repeat experiment at 25 °C with CaCl, con-
centrations of ~0.9 and 1.8 molal led to similar offsets of
0.011 £ 0.0219%, and 0.048 + 0.013%,,, respectively. These
offsets were calculated using the combined average A4,
value of all experiments at 80 °C with and without NaCl
as salt-free reference.

MgCl,(H,0)s addition resulted in the precipitation of
hydromagnesite and brucite. Hydromagnesite shows no sig-
nificant offset (0.010 + 0.015%,). Therefore, A4; values of

006l | ® 80°C i
o 25°C
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A, (brine)-A,, (low salinity) (%)

-0.02 |- -

0.0 0.5 1.0 15
cacl, (molfl)

Fig. 3. Differences in the A4; values of carbonate minerals
precipitated with and without CaCl, addition (brine and low-
salinity solution, respectively). The values were calculated by
comparing the sample carbonate Ay; values with the average Ay,
value of CaCOj precipitated from a CaCl,-free solution at the same
temperature (80 °C and 25 °C, respectively; includes the NaCl-
brine data). The solid line is a linear regression of the A4; difference
against the solution CaCl, concentration (R> = 0.72).
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hdyromagnesite seem to be indistinguishable from CaCO;
minerals precipitated from Mg-free solutions if the same
acid fractionation factor is used (Table 2, Fig. 4). In one
experiment only a minor, unidentifiable carbonate fraction
precipitated together with brucite and is therefore not dis-
cussed further.

Average A4; values of all samples (with and without
added NaCl) at a given temperature follow a A4;-T slope
of 4.00 + 0.18-10*/7% (T in K; R*>=0.97). This value over-
laps with an error-weighted fit of carbonates from the
NaCl-free solution (4.14 + 0.23-10%/ 72, R* = 0.96) and with

0.03 T T T T T

0.02 4

0:07 b 1 .............................................................
0.00 |- { | —

A, (brine)-A,, (low salinity) (%o)

0.0 e -
calcite/ hydromag. 88% pure
002 - aragonite aragonite 12% hydromag. |
-0.03 1 " 1 " 1 " 1 " 1
0.0 0.2 0.4 0.6 0.8

MgCl,(H,0), (mol/l)

Fig. 4. Differences in the A4; values of carbonate minerals
precipitated with and without MgCl,(H,0)s addition. The values
are calculated by comparing the sample carbonate A4, values with
the A47 value of CaCOj; precipitated from a Mg-free solution at the
same temperature (80 °C). The grey shaded area indicates the 1 SE
uncertainty of the Mg-free carbonate reference.
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Fig. 5. Absolute A4; values of inorganic laboratory precipitates
(filled squares) with linear regression (thick continuous line) and
95% confidence intervals (thin line above and below). Each data
point represents the average of all measurements at this tempera-
ture including carbonates formed under NaCl-saturated condi-
tions. Theoretical (dash-dotted line: Schauble et al., 2006; *with an
acid fractionation correction after Passey and Henkes, 2012) and
experimental calibrations (dashed line: Ghosh et al., 2006; short
dashed line: Dennis et al., 2011; thin line: Zaarur et al., 2013) are
given for comparison.

that of a linear regression based on theoretical calculations
for the investigated temperature interval (3.95-10%/77,
Fig. 5; linear approximation over 1/7> from 0 to 100 °C
of Schauble et al, 2006 and Guo et al, 2009).
Furthermore, the A4;-T slope agrees with recent synthetic
calibration studies that acid-reacted carbonates at elevated
temperatures of 90 °C or 100 °C (Dennis and Schrag, 2010;
Passey and Henkes, 2012; Fernandez et al., 2014; Tang
et al., 2014) and is discussed in Kluge et al. (2015).

4. DISCUSSION

The addition of salt ions led to the precipitation of vari-
ous CaCOj; polymorphs and hydromagnesite which compli-
cates a direct comparison of the results. Three different
effects could influence the A4; value: ionic effects related
to high salt concentrations, fractionation during phospho-
ric acid digestion depending on the specific mineral (Guo
et al., 2009), and differences in the preferential formation
of 3C-180 bonds for specific minerals during carbonate
growth (Schauble et al., 2006). Current studies suggest that
the Ay4; fractionation for different CaCO5; polymorphs dur-
ing phosphoric acid reaction is within analytical precision
(Wacker et al., 2013; Defliese et al., 2015; see also
Section 4.3). The A4, fractionation related to the acid diges-
tion should be a constant value for a given mineralogy and
digestion temperature, whereas a potential ionic effect is
likely proportional to the ionic concentration, providing
an opportunity to distinguish between both effects.

4.1. Effect of salt ions on *C-'30 clumping

We investigated the effect of salt ions on *C-'%0 clump-
ing relative to ions that are common in subsurface fluids,
but also in seawater (Mg>", Ca®*, Na', CI7). Samples
related to NaCl addition (average concentration of
5.0 + 0.9 molal) consist of several CaCOj; polymorphs with
the mineral structure depending whether the minerals
formed in a NaCl-containing solution (mostly vaterite) or
a NaCl-free fluid (calcite or aragonite). No significant dif-
ferences were observed for experiments where the same
CaCOj; polymorphs were precipitated in both cases. For
example, at 80 °C a calcite-dominated calcite-aragonite
mixture was formed in the NaCl-free and the NaCl-satu-
rated solution (there with a small vaterite contribution).
A47; values of both laboratory precipitates are within
0.008 £ 0.0219, of each other. Similarly, calcite and a cal-
cite-aragonite mixture were precipitated at 25 °C in both
experimental settings, yielding almost identical A4; values
(difference: 0.008 +0.0139,). Both cases suggest that
NaCl has no significant influence on '*C-"*0 clumping.
At other experimental temperatures different CaCOj3 poly-
morphs were precipitated in both settings. Assuming
mineral-specific effects to be negligible for CaCOj poly-
morphs (see Defliese et al., 2015) and comparing all samples
from NaCl-free solutions with NaCl-saturated precipitates
suggests no significant effect of the NaCl addition on the
A47 value in the temperature range from 23 to 91 °C. The
average deviation of CaCOj sample pairs from NaCl-free
solutions and NaCl brine measured on the same machine



T. Kluge, C.M. John/Geochimica et Cosmochimica Acta 160 (2015) 155-168 163

and at the same day is —0.003 + 0.008%, (lo; Fig. 2).
Considering all samples from both machines similarly
yields a negligible deviation between both sample sets of
—0.001 £ 0.010%, (1o). Note, that the effect of high NaCl
concentrations and a potential mineral-specific effect (dur-
ing growth or acid fractionation) could theoretically cancel
each other in case of mixed CaCOj3; polymorphs. Therefore,
our results strictly indicate only that the combined effect of
NaCl addition and CaCOj3 polymorphism is negligible. We
note, however, that these effects would have had to com-
pensate for each other in several of our samples that con-
tain various multiphase mixtures and were precipitated at
a range of temperatures. We therefore deem this to be
unlikely.

In contrast, the addition of CaCl, at 80 °C resulted in
A47 offsets, in particular at elevated CaCl, concentration
(Fig. 3). To substantiate these finding we repeated the pre-
cipitation at 25 °C and added in two independent experi-
ments 50 and 100g of CaCl,, respectively. The first
minerals at 25 °C were observed after 1 day ruling out rapid
mineral formation as cause for the observed effects. A4; val-
ues at 25°C are 0.713 +0.016%, and 0.750 £ 0.0039,,
higher than the CaCl,-free reference value
(0.702 £ 0.006%,) and, thus, confirm the robustness of the
trend of increasing offsets with increasing CaCl, concentra-
tion determined at the earlier precipitation experiments at
80°. Combining both experiments at 25 °C and 80 °C sug-
gests an increase of the A4; values of +0.03 (£0.01)%, per
mol CaCl, added to 1 liter solution (R?>=0.72; Fig. 3).
Potential explanations for this offset are discussed in
Section 4.2.

MgCly(H,0)¢ addition resulted in the formation of
hydromagnesite (Mgs(CO3)4(OH),-4H,0) and brucite
(Mg(OH),) with a minor, unidentifiable carbonate fraction.
Experiments with a MgCl,(H,0)¢ concentration >2 molal
did not yield carbonate minerals within several weeks and
were abandoned. The results of the hydromagnesite analy-
ses are not directly comparable to the CaCO; minerals pre-
cipitated in the other experiments due to a potentially
different acid fractionation factor. Differences of the mea-
sured Ay, value relative to Mg-free samples could relate
to the mineral structure (during growth and/or during acid
digestion) or the Mg concentration of the solution. Lacking
both theoretical and experimental acid fractionation factors
for hydromagnesite and other hydrous carbonates we tenta-
tively assume their acid digestion correction factor to be
similar to CaCO; for a given acid reaction temperature.
Based on this assumption, A4; values of hydromagnesite
deviate negligibly from Mg-free minerals (0.008 + 0.0119,
and 0.011 + 0.015%,; Fig. 4).

4.2. Interpretation of observed ionic effects

In the discussion of potential ionic effects we focus first on
oxygen isotopes. The experiments of Taube (1954), Sofer
and Gat (1972), and O’Neil and Truesdell (1991) sampled
the unhydrated water that exchanges relative freely with
the measured CO, collected above the water interface in
their setup (i.e., in equilibrium with the free water). They
found the free unhydrated water to be depleted in '*O for

structure-making electrolytes with a postulated enrichment
of 80 in the hydration spheres. In our experiments we
observed the isotopic values related to the DIC via the pre-
cipitated carbonate. Insights into the oxygen isotope frac-
tionation between hydrated and free water is mostly
related to the unhydrated water with which the DIC freely
exchanges. The exchange of oxygen isotopes in the hydration
sphere of Ca or Mg with DIC during mineral formation is
likely small as the time scales for oxygen isotope equilibra-
tion in the carbonate system are typically larger and on the
order of minutes to hours at pH 8 and 25-40 °C (Zeebe
and Wolf-Gladrow, 2001; Beck et al., 2005). An exception
is hydromagnesite (Mgs(CO3)4(OH),-4(H,0)) as part of
the bound water in the hydration sphere may be included
in the mineral structure.

An important parameter for ionic effects and their expla-
nation is the dynamic hydration number which strongly
varies for each ion and defines which portion of the total
water fraction is bound in the hydration sphere. Na™ and
Cl™ have respectively a low (0.22) and negligible (0)
dynamic hydration number (Kiriukhin and Collins, 2002),
thus, have no tightly bound water molecules in their hydra-
tion spheres and are therefore expected to exert no influence
on the isotopic values. The experiments of Taube (1954)
and O’Neil and Truesdell (1991) confirm this expectation
and exhibit no isotopic effects at addition of NaCl.
Similarly, we do not observe a significant difference in the
3180 value between the NaCl-free solution (—6.7 & 0.9%,)
and the NaCl-saturated brine (—7.1 +0.9%,). Mg>" and
Ca®" have significantly higher dynamic hydration numbers
(5.9 and 2.1, respectively; Kiriukhin and Collins, 2002) and,
thus, lead to isotopic fractionation between free and
hydrated water. The evolution of the 8'30 values with the
ion concentration is illustrated in Fig.6 for free and
hydrated water. The 5'0 values in the hydration sphere
were calculated by using the pure water as reference and
assuming partitioning of oxygen isotopes between hydra-
tion sphere and unhydrated water in dependence of the
ion concentration and the dynamic hydration number.
For both experiments with Mg and Ca addition more posi-
tive back-calculated solution 8'®0 values relative to the
unhydrated water are visible (Fig. 6). An exception is
experiment Mg-1 which is consistent with the unhydrated
water. In case of Ca®" addition to the solution, more nega-
tive back-calculated solution 3'0 values would be expected
as the hydration sphere is completely stripped off during
mineral formation. However, high CaCl, concentrations
are correlated with more positive back-calculated solution
5'%0 values (Fig. 6). The consistently more positive back-
calculated solution 8'30 values would contradict the obser-
vation of O’Neil and Truesdell (1991) if the carbonate
mainly reflected unhydrated water. Non-equilibrium effects
in general appear unlikely (such as due to rapid growth,
insufficient isotopic equilibration of solution and DIC, or
changes in the DIC composition due to increased salinity;
see Supplementary). This holds in particular for the experi-
ments at 25 °C where the temperature during preparation
and equilibration of the solution and during carbonate pre-
cipitation was similar and close to room temperature.
Salinity-driven changes in the DIC composition would
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Fig. 6. Offset of the calculated water 5'%0 values in Mg- (black squares) or Ca-bearing solutions (triangles) compared to the 5'%0 value of
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enrichment of ‘%0 in the hydration spheres (continuous lines) relative to the '*O depletion in the unhydrated water (dashed lines).

cause more negative 8'°0 values (Zeebe and Wolf-
Gladrow, 2001) which are not observed. Rapid mineral for-
mation could also be excluded (first minerals formed
~1 day after end of the equilibration phase) and, thus, in
absence of other realistic causes the offset appears to be
related to the presence of Ca®' ions. Isotope exchange in
a transition state related to the stripping off of water mole-
cules from the hydration sphere and their preferential incor-
poration into the mineral could potentially explain elevated
carbonate 5'%0 values. Using the 5'%0 values of the hydra-
tion sphere and the unhydrated water as end-members, the
back-calculated solution water 5'*0 yields a ~20% con-
tribution from the hydration sphere. Stripping off hydrated
water requires energy (e.g., Smith, 1977) and suggests that it
is unlikely an instantaneous process and therefore provides
some time for isotope exchange between water molecules
from the hydration sphere and carbonate ions during min-
eral formation.

Hydromagnesite 5'%0 values indicate solution 5'%0 val-
ues that increase with electrolyte molality (Fig. 6).
Hydromagnesite and back-calculated solution 3'*0 values
follow a trend with molality comparable in magnitude,
but opposite in sign to that observed by O’Neil and
Truesdell (1991) for the free unhydrated water. This indi-
cates that a portion of hydrated water is included in hydro-
magnesite or influenced the DIC during the stripping off of
the hydrated water. Note that we used the oxygen isotope
fractionation factor o'®.urbonate-free water Of salt-free water
also for the brine due to the lack of a corresponding frac-
tionation factor for brines.

In contrast to the oxygen isotope values that were calcu-
lated from the solution via the isotopic value of the carbon-
ate and that were altered by isotope partitioning between
hydration water and ‘free’ water, the occurrence of
13C-180 bonds in the carbonate mineral should be unaf-
fected by hydration effects after isotopic equilibrium
between hydrated and free water was reached. Under
kinetic conditions, however, e.g., during fast mineral

growth where attached water molecules are rapidly stripped
off the hydration spheres, a discrimination may occur for
80 in the water molecules between hydration water and
‘free’ water that finally affects the distribution of
2¢_160-190-1°0 and '*C-'80-'0-'°0. Analogous to
oxygen isotopes we expect no influence on Ay; from various
NaCl concentrations, which is confirmed by our measure-
ments (Fig. 2).

As we have no pure CaCOj; in the Mg-related experi-
ments (Table 1) a direct comparison with Mg-free minerals
is difficult. Mg-addition caused the formation of hydro-
magnesite that exhibits a distinct structure and was
expected to have a Ay; acid fractionation factor different
from calcite or aragonite (for magnesite: Schauble et al.,
2006; Guo et al., 2009). Thus, a potential salt-ion effect dur-
ing mineral formation may be super-imposed by effects dur-
ing acid digestion of the carbonate. A cancelation of both
effects is however unlikely and would only shift absolute
values. A trend in the A,; values versus Mg>" molality
should be visible despite this complication.
Hydromagnesite formed in this study at Mg concentrations
of up to 0.4 molal and yielded no effect of Mg*" on the A4,
value (Fig. 4). This is consistent with expectations for
clumped isotope equilibrium conditions. Hydromagnesite
that grew at elevated Mg>" concentrations contains four
water molecules within its structure. Thus, there is the
potential to accommodate the majority of the water mole-
cules present in the hydration sphere of Mg®" (5.9;
Kiriukhin and Collins, 2002) directly into the mineral.
This limits or prevents isotope exchange reactions in transi-
tion states, such as the stripping off of the water molecules
from the Mg?" ion, and provides a potential explanation
for the missing effect of Mg concentration on the A4; value.
The 8'80 value nevertheless increases as the water mole-
cules in the hydration sphere are enriched in '*0 and incor-
porated indiscriminately in the mineral structure.

High CaCl, concentrations are correlated with A4; off-
sets that increase with the CaCl, concentration (Fig. 3).
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This could have several causes which at least can be dis-
carded for the 25°C experiments (see Supplementary).
The lack of temperature variations exclude effects related
to the isotope equilibration time. Salt-addition increases
the fraction of CO3~ within the DIC causing lower A4; val-
ues under fast growth conditions (Hill et al., 2014) which
are not observed in our study. Instead, the correlation of
A4 values with Ca®' concentrations could be explained
as a direct effect of the structure-making properties of
Ca”" jons in the solution and the isotopically different
hydration sphere. Incomplete isotope exchange between
carbonate ions and the '®O-enriched hydration sphere of
Ca”" in a transition state during mineral formation (as also
indicated by the §'%0 values) could also influence the abun-
dance of the ">C-"%0 bonds and may explain the A4 offset
from equilibrium. Therefore, the deviations from the
expected Ay; value are potentially caused by the presence
and concentration of the Ca>* ion.

Although our data set is limited it suggests that the salt
ion effect on A4; values is small or negligible for NaCl. The
small effect of CaCl, addition on A4; values and the missing
effect for Mg addition provide a first insight into the role of
hydration spheres and its isotopic influence during mineral
formation. It also stresses the importance of a clear under-
standing of the mechanisms leading to the precipitation of
Mg-bearing minerals to assess for potential salt-ion effects
on the *C-"*0 clumping.

4.3. Effect of mineral structure on *C-'30 clumping

Theoretical considerations suggest significant differences
of the A4; value between various carbonate minerals and
CaCOj3 polymorphs (Schauble et al., 2006; Guo et al.,
2009). For example, aragonite and calcite that is precipi-
tated at the same temperature is expected to differ by
0.02%, at a 25°C mineral formation temperature, with
aragonite A4; values being higher than calcite A4, values.

Our laboratory precipitates provide an experimental
data set for comparison with theoretical expectations. As
the influence of salinity is negligible for NaCl (see
Section 4.1) differences in the A4 value of the CaCOj; poly-
morphs are either related to the phosphoric acid digestion
or the 1*C-'80 clumping during mineral formation.

A linear regression of Ag; over 1/T7 of aragonite/calcite
mixtures and calcite reveals that both polymorphs of
CaCO; yield similar results (Fig. 7). The linear fits are
not statistically different from each other as the 95% confi-
dence interval of both lines overlap (Fig. 7). A linear fit of
the vaterite data agrees with the calcite results and the cal-
cite/aragonite mixture line. Since we do not have pure
aragonite samples, the aragonite/calcite mixture was taken
as approximation for the aragonite Ay47;-T line. Therefore,
the potential difference between aragonite and calcite may
be underestimated, but still gives insight into the direction
of change related to the mineral structure.

Given the similarity of the linear fits to the three CaCO;
polymorphs, the effect of the CaCOj; mineral structure on
the 3C-'80 clumping or the fractionation during acid
digestion is at least limited (to <0.029, based on our data
set) or at best negligible. A small difference between the
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Fig. 7. A4; values of CaCO; polymorphs precipitated between 23
and 91 °C. At some temperatures (37, 50, 70, 91 °C) the precip-
itation experiment was repeated and resulted at 50, 70 and 91 °C in
a different polymorph or mixture of CaCO; minerals. Linear error-
weighted regressions including confidence intervals were done
separately for different polymorphism (black line: calcite, green
line: vaterite, blue line: aragonite-calcite). Theoretical predictions
(Guo et al., 2009; dashed lines) are given for comparison. (For
interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

Ay47 values of calcite and aragonite was observed in other
studies (Eagle et al., 2013; Henkes et al., 2013; Wacker
et al., 2013; Defliese et al., 2015), but the individual data
sets do not support a significant difference between arago-
nite and calcite. The combined data suggest an effect close
to the limit of current precision. For polymorphs being pre-
cipitated at the same temperature the work of Eagle et al.
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Fig. 8. Differences between the A4; values of pure calcite relative to
aragonite crystals (or aragonite/calcite mixtures) of various experi-
mental studies at two mineral formation temperatures. Both
polymorphs were precipitated at the same temperature. Beyond
this study values were taken from regression of data from Eagle
et al. (2013), Henkes et al. (2013) and Defliese et al. (2015). The
uncertainties were estimated based on the 95% confidence interval
of the linear regression lines. For comparison, theoretical calcula-
tions of Schauble et al. (2006, thick line) and Guo et al. (2009,
dashed line) are given. Note that the analytical precision of
replicate sample measurements is typically on the order of
~0.0159%, (1 standard error).
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(2013) and Henkes et al. (2013) yielded aragonite A47 values
below those of calcite whereas our study and that of
Defliese et al. (2015) yielded A47 values above those of cal-
cite (Fig. 8). Summarizing all studies and comparing arago-
nite (or aragonite/calcite mixtures) with pure calcite at
various temperatures (0 and 25°C) yields slightly, but
insignificantly lower A4, values for calcite (on average
—0.002 £+ 0.0249,,). The agreement between calcite and
aragonite opposes theoretical considerations that predict
aragonite A4, values to be higher than calcite A4; values
(Schauble et al., 2006; Guo et al., 2009). Note however, that
in contrast to biogenic carbonates synthetic CaCOj3 poly-
morphs of Defliese et al. (2015) and our study agree within
uncertainty with theoretical predictions.

Similar to the averaged results of the CaCOj; poly-
morphs aragonite and calcite, no difference was observed
in the A4; values of various other carbonates that were pre-
cipitated at the same temperature. Despite different mineral
structure and chemical composition, carbonates in bioap-
atite and the carbonate siderite (FeCOs;) show Ay acid frac-
tionation factors similar or identical to calcite (Eagle et al.,
2010; Fernandez et al., 2014). This may suggests that the
A7 value is largely determined in the DIC, i.e. in the bicar-
bonate and CO3~ at the typical pH range (~8), independent
of the carbonate mineral structure.

5. CONCLUSIONS

Addition of different ions led to mineralogical variations
in the precipitated carbonate, ranging from calcite and
aragonite in pure CaCOj; solutions to vaterite under
NaCl-saturated conditions and hydromagnesite in Mg-con-
taining water. CaCl, addition resulted in the formation of
pure calcite. Therefore, the measured A4; value could be
influenced simultaneously by ionic effects and mineral-
specific fractionation during phosphoric acid digestion.
However, ionic effects are expected to show a correlation
with the ionic concentration, whereas the acid digestion
fractionation should be a constant factor at a given tem-
perature and carbonate mineralogy, providing a character-
istic behaviour to disentangle both effects.

Clumped isotope values are identical for all carbonates
precipitated at the same temperature, except for samples
where CaCl, was added. This isotopic fractionation is
potentially caused by a kinetic effect during stripping off
water molecules from to the hydration sphere of the Ca>"
ion during carbonate growth. The good agreement between
A47 values of carbonates with and without salt addition
indicates a negligible influence of salt ions on *C-'30
clumping at least for NaCl and moderate Mg concentra-
tions. Thus, CaCO; minerals (and hydromagnesite) precipi-
tated in the ocean or from diagenetic-like fluids should
follow the same A4;-T calibration for the investigated ions
and ion concentrations. One potential exception to this rule
is related to fluids with high Ca®" concentrations, where the
observed A4, offset of +0.039%, per mole CaCl, in 11 solu-
tion would translate into a maximum underestimation of
the carbonate precipitation temperature by 10°C at
25°C, 20 °C at 100 °C, and 40 °C at 200 °C. It remains to
be seen, however, whether this effect is present in natural

brines that have a more complex chemistry involving a mix-
ture of various ions.

No statistically significant effect of CaCO; polymor-
phism can be inferred as calcite, aragonite and vaterite
share similar A47-T relationships. Biogenic carbonates, that
are either aragonitic, calcitic or a mixture of both, should
be treated carefully with regard to the interpretation of
the measured A4; values as the existence of a small offset
between aragonite and calcite of <0.029, cannot be
excluded based on the current empirical data set.
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