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Abstract The clumped isotope composition of CaCOs (A4) is a geochemical proxy that can provide min-
eral formation temperatures and, together with measured carbonate '20, inferred fluid 680 values. Under
natural conditions, carbonates form within a relatively wide pH range and varying growth rates which are
typically not reflected in laboratory-based calibrations (mostly ~pH 8, moderate growth rates). A pH and
growth-rate dependence is known for oxygen isotopes and was also postulated for clumped isotopes. Theo-
retical predictions suggest that A4, values could lie between the carbonate equilibrium value and the value
inherited from the dissolved inorganic carbon (predicted offset: +0.04%, pH < 4 and —0.0259,, at high

pH > 12). Here we test whether pH (in addition to temperature) is recorded in the carbonate clumped iso-
tope composition using modern calcites from natural travertine-forming streams and scales precipitated in
pipes of deep geothermal wells from Italy, Hungary, and Turkey (pH: 6.1-7.5, T: 33-100°C). Although a com-
parison of all samples with expected equilibrium values in this pH range and known formation tempera-
tures reveals only an insignificant A4, offset (0.006 = 0.0049,,, 1SE, n = 9), the clumped isotope values of
samples with the highest growth rates (0.014 =+ 0.0079,,, 1SE, n = 5) are consistent with the theoretical pre-
diction attributable to pH of 0.019%,. Similarly, deviations in 620 of up to —2%, follow a growth-rate depen-
dence. This field-based study shows that pH-related effects are mostly small for A7 in the subsurface
environment at lower pH and that high mineral growth rates control the magnitude of this disequilibrium.

1. Introduction

Carbonate clumped isotopes constitute a highly successful tool for geothermometry that is applied to an
increasing number of research questions in Earth sciences (e.g., Eiler, 2011). Carbonate clumped isotopes
are a specific subgroup of multiply substituted isotopologues (Eiler, 2013) and refer to carbonate molecules
that show a “clumping” of two rare isotopes in one molecule. The abundance of multiply substituted isoto-
pologues is governed by thermodynamic parameters for a system at internal isotopic equilibrium (Wang
et al., 2004) and can be calculated using partition functions that depend on the rotational and vibrational
frequencies of the relevant bonds. For CO, gas produced from acid digestion of carbonates, the abundance
of *C-"80 bonds carries information about the carbonate precipitation temperature (e.g, Ghosh et al,,
2006; Guo et al., 2009; Schauble et al., 2006) and is expressed as difference from the stochastic distribution
(A47 value; Affek & Eiler, 2006; Eiler & Schauble, 2004):
R45
)]

RY R
Ay = {( RAT* -1 ) - (R46*

*terms refer to the stochastic ratio, numerator terms to the measured ratios

The A4;-T relationship was calculated for CO, gas via an evaluation of the isotope exchange reactions
(Wang et al., 2004) and for carbonates using first principle lattice dynamics (Schauble et al.,, 2006). The A;,-T
relationship was assessed using inorganic carbonates from laboratory precipitates (e.g., Defliese et al., 2015;
Dennis & Schrag, 2010; Ghosh et al., 2006; Kelson et al,, 2017; Kluge et al., 2015; Zaarur et al., 2013) and natu-
ral travertine samples (Kele et al., 2015) that show a relationship of increasing A, values with decreasing
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temperature. Many biogenic carbonates also follow these inorganic calibrations (e.g., Affek, 2012; Bonifacie
et al, 2017; Grauel et al., 2013). These calibrations provide a basis for paleoclimate studies using a diverse
range of natural carbonate samples (e.g., Affek, 2012; Eiler, 2011) and more generally for reconstructing the
thermal history of minerals and fluids (Huntington & Lechler, 2015).

For the currently used laboratory-based calibrations (Defliese et al., 2015; Dennis & Schrag, 2010; Ghosh
et al., 2006; Kelson et al., 2017; Kluge et al., 2015; Zaarur et al., 2013), carbonates were mostly precipitated at
relatively low ionic strength (few tens of mmol/L; mainly from dissolving CaCOs) and near neutral pH condi-
tions (pH ~ 8). For example, for the initially used A4;-T calibration of Ghosh et al. (2006) carbonates were
precipitated in the laboratory at a pH value of ~8 following a method similar to that of Kim and O’Neil
(1997) where HCO; is the main dissolved inorganic carbonate (DIC) species (>90%; e.g., Mook, 2000). In
contrast, at low pH (pH < 6) H,COs and dissolved CO, are the dominating DIC species, and at pH >10.3
CO%‘ is the main species. Although the neutral pH conditions in the experiments of Ghosh et al. (2006),
Dennis and Schrag (2010), Zaarur et al. (2013), and Kluge et al. (2015) cover a large portion of conditions
typically prevailing during natural carbonate precipitation it leaves the question of a potential influence of
fluid compositions deviating from laboratory conditions on the '*C-"80 clumping untouched. Kelson et al.
(2017) studied a wider range of solution pH values (5-10) and found no significant effect on Ay, values for
typical experimental growth rates (0.4-800 mg/d per Erlenmeyer flask, assuming a surface area of the bea-
ker of 0.02 m? this corresponds to 3 X 10 3-4 pmol/(m?s)), generally consistent with theoretical work of
Watkins and Hunt (2015). However, Watkins and Hunt (2015) also indicate that higher growth rates (>10
mol/(m?s)) at pH 7 may yield measurable deviations of about 0.01%, for A,5. In contrast, at pH 10 Watkins
and Hunt (2015) predict a DIC Ag; value independent of growth rate. In case of travertines and hydrother-
mal scales vertical growth rates of 1-10 mm/yr are typically observed (e.g., Boch et al., 2016), which is above
the typical experimental range, approaches the kinetic growth limit (e.g., Watkins & Hunt, 2015) and is
therefore well-suited to test a potential pH influence. Further evidence for the necessary high growth rate
comes from instantaneous carbonate formation that confirmed an isotopic influence of the DIC-speciation
effect at higher pH values of 7.5-12 (Tripati et al.,, 2015). Still, an assessment of a potential pH effect at lower
pH and high mineral formation rates is lacking.

A pH-related speciation effect is well known for oxygen isotopes and can be substantial (up to 209, e.g.,
Beck et al., 2005; Dietzel et al., 2009; Rollion-Bard et al., 2003; Usdowski et al., 1991; Zeebe, 1999; Zeebe &
Wolf-Gladrow, 2001). Between pH 4 and 10, the mean DIC 4'80 decreases by about 1.6%, per pH unit (at
19°C; Zeebe, 1999). At pH 7-8 and high growth rates, Watkins and Hunt (2015) predict changes in carbonate
5'80 of up to —29, relative to the equilibrium calcite composition. For clumped isotopes, it was initially esti-
mated to be small and potentially negligible (~0.02%,; Guo et al., 2008). Hill et al. (2012, 2014) theoretically
derived the clumped isotope composition of each DIC species. The clumped isotope composition of the DIC
pool is the weighted sum of all DIC components and therefore varies with pH. Hill et al. (2012, 2014) found
slightly larger maximum effects on the order of 0.049, that are significant relative to the achievable analyti-
cal precision of ~0.019,,. The A4 value of carbonates may inherit the isotopic composition of the DIC pool.
Carbonate that forms rapidly by dehydration of HCO; is expected to be ~0.039,, higher in the clumped iso-
tope composition than by direct precipitation from CO?~, and ~0.03%, lower than during formation follow-
ing the conversion of H,CO3 (Hill et al.,, 2014). The predicted deviation of equilibrium calcite is ~0.01%, at
pH 4-9 and —0.025%, at pH 12-14 (Hill et al., 2014). Given this speciation effect is captured in the carbonate
mineral, it can impact on temperatures derived from the A4,-T calibration that is based on carbonates pre-
cipitated from a HCO; dominated solution at a pH value of ~8. High growth rates, however, are necessary
for the pH effect to be recorded in the precipitating carbonate as rapid growth would prevent isotopic
equilibration between DIC and water and amongst the DIC species (e.g. Kele et al., 2011; Tripati et al.,
2015).

In natural systems significant deviations from a HCO; dominated solution (pH ~8) can frequently occur. pH
values above 8.5 were observed, for example, in the extracellular calcifying fluid of marine organisms such
as corals and foraminifera (Al-Horani et al., 2003; Cohen & McConnaughey, 2003; de Nooijer et al., 2009;
Venn et al, 2011). In natural as well as anthropogenically affected alkaline aqueous solutions even much
higher pH values were measured (pH > 11.5; e.g., Andrews et al., 1997; Boch et al., 2015; Chavagnac et al.,
2013; Clark et al., 1992; Falk et al., 2016). pH and the related speciation of the dissolved inorganic carbon in
the calcifying fluid during biomineralization has been suggested to potentially influence the carbonate A,4;
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values in various studies (e.g., Eagle et al., 2013; Grauel et al., 2013; Henkes et al., 2013). However, this could
not be confirmed empirically so far. Eagle et al. (2013) investigated the pH effect on cultured molluscs, but
found no systematic influence on the Ay, values in the pH range of 7.5-8.0. Similarly, Thiagarajan et al.
(2011) and Tripati et al. (2010) did not observe deviations of the A4, value from the expected value in deep-
sea corals and foraminifera, respectively. Fast-growing hermatypic corals (calcification rate of 5-6 umol/
(m?s)) exhibit deviations from equilibrium A4, values, however, the related A,7-0'20 relationship does not
agree with a pH-associated mechanism (Saenger et al,, 2012). Observations from travertines, pool carbo-
nates, and tufa material of various locations did not yield a significant trend of A4; with pH (Kele et al,,
2015). Inorganic carbonates between pH 5 and 10 in the experiments of Kelson et al. (2017) showed no pH
effect, potentially due to not sufficiently high growth rates (<4 pmol/(mzs)). In contrast, Guo et al. (2012)
and Tripati et al. (2015) precipitated barium carbonates almost instantaneously at different pH values and
obtained A,; values that differed from carbonates precipitated from HCO; dominated solutions at the
same temperature. For example, the instantaneously precipitated witherite at pH 7.8-12 in the experiments
of Tripati et al. (2015) revealed a very strong pH effect related to the DIC speciation. Deviations from equilib-
rium calcite A4 values were about +0.0159%, for HCO; and —0.05%, for CO3™, close to the predictions of
Hill et al. (2014).

Direct empirical or experimental observations of the DIC speciation at lower pH < 7 and at high growth
rates are missing. Low pH values <7 are observed in (mostly CO,-rich) subsurface fluids linked to hydrother-
mal activity (Kele et al., 2015) or diagenesis (Hesse, 1987; Gilfillan et al., 2009; Kharaka & Hanor, 2007; Met-
calfe et al.,, 1994). As carbonate clumped isotopes have a high potential as geohermometer for subsurface
applications such as the investigation of diagenesis and the reconstruction of burial depths and fluid flow
history, we focus in the following on the effect of low pH on the "*C-'80 clumping. Theoretical calculations
suggest that A4, values can be up to 0.03%, higher at low pH <4 and 0.019,, at pH 4-9 compared to the
equilibrium composition (Hill et al., 2014). If true, this could impact on the interpretation of A4; values from
subsurface samples that precipitated at lower pH. For example, a deviation of 0.01%, from the correct cali-
bration corresponds to a relative temperature difference of ~5°C at a mineral formation temperature of
60°C (using the A4,-T relationship of Kluge et al., 2015).

The precipitation of carbonates at low pH and reasonably high growth rates in the laboratory is difficult
(due to low CO%’ and HCO; concentrations and the slow conversion of CO, .4 <+ H>CO3) and, thus, natural
samples that grew under well-monitored conditions can provide attractive material for investigation of this
relevant question. In this study, we analyzed carbonates, almost entirely calcite, derived from natural hydro-
thermal vents and deep geothermal wells in Italy, Hungary, and Turkey. The related hydrothermal waters
precipitating calcium carbonate are well characterized and provide a broad range of temperatures (33-
100°C) under slightly acidic conditions (pH values 6.1-6.8), as well as typical surface pH conditions (7.4 and
7.5) for comparison, enabling the investigation of a potential speciation effect on '*C-"80 clumping relevant
to most carbonate forming systems. Stronger effects would only be expected at much lower pH < 4 or sig-
nificantly higher pH > 11.

2. Sites and Samples

Calcium carbonate samples were collected at natural hydrothermal springs depositing travertine succes-
sions at Bagni San Filippo (ltaly; Kele et al., 2015) and at the Beltes-2 springs at Pamukkale (Turkey; Kele
et al, 2011), from thermal wells in Egerszaldk (Hungary; Kele et al.,, 2008), from a well-head pipe at Karahayit
in Pamukkale (Turkey; Kele et al., 2011), and at or near well-head pipes of three man-made deep geothermal
wells in Hungary used for thermal water and heat/energy extraction (SCA-CL1, SCA-CL2, SCA-CL3, and SCA-
CL4). The latter boreholes of different but steady hydrochemical and operational conditions provide
(unwanted) rapidly forming CaCOs; precipitates (“geothermal scaling”) constituting an interesting chemical-
sedimentary archive for fundamental stable/clumped isotopic studies (Boch et al., 2016; Kele et al., 2015).
Two of the geothermal carbonate scales (SCA-CL1 and SCA-CL2) precipitated recently (year 2014) from ther-
mal water of a ca. 1,000 m deep well (53°C at outflow, 45°C after flow through pipe) located in Bik (NW-
Hungary). Fresh precipitates (year 2014; SCA-CL3) were further collected from a 2012 m deep thermal well
(92°C at well-head) of Fabiansebestyén near Szeged and from a ca. 1,800 m deep borehole (~100°C; SCA-
CL4) at Kakasszék (both SE-Hungary). In case of deep hydrothermal waters, pressure reduction with
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Table 1

Sampling Location, Water Parameters, and Mineralogy of the Collected Precipitates

Distance from Ca water Mg water TDS Growth rate
Location, Sample vent (m) T(°Q) pH (mg/L) (mg/L) (mg/L) Mineralogy (mm/yr)
Egerszalok, E-1 0 67 =2 6.12 146.6 24.33 1,535 Calcite 98% ~300
Egerszalok, E-2 0.5 64+ 2 6.6 148.1 24.55 1,535 Calcite 98% ~300
Bagni San Filippo 0 50+ 2 6.62 n.d. n.d. n.d. Calc. 80%, Arag. 15%, ~2
BSF-1 Gypsum 5%
Pamukkale, Bel-2b 155 33.2/334%+2 6.8/6.1% 446.4 93.6 1,188 Calcite 100% n.d.
Karahayit, KH-1 0 51+2 6.2 537 117 nd. Calcite 100% n.d.
SCA-CL1 2 53+3 6.5-6.7 327.1 57.7 7,664 Calcite 99% ~4
SCA-CL2 ~500 45+ 3 6.5-6.7 3513 58.7 7,776 Calcite 99% Up to 50
SCA-CL3 2 92+3 7.5 4.6 1.0 3,160 Mg-calcite 99% n.d.
SCA-CL4 3 100 =3 74 5.8 0.9 3,985 Mg-calcite 99% Up to52

Note. For additional information regarding the sample locations and geochemical parameters see Kele et al. (2008, 2011, 2015) and Boch et al. (2016).
n.d. = not determined or not precisely known. TDS: total dissolved solid content. The temperature uncertainty is an estimate for the temperature stability over

months to a few years.
?Parameters at the vent.

concomitant bubble formation related to CO, outgassing and boiling (H,0) is the main process that induces
supersaturation and subsequently causes carbonate mineral precipitation.

In order to prevent potential kinetic isotope effects related to fast and extensive CO, degassing at the sur-
face or isotopic changes due to Rayleigh-dependent DIC evolution downstream (under equilibrium or
kinetic conditions), the samples were taken directly at the natural vents (Bagni San Filippo, see Table 1) or
at the well-heads (Egerszaldk, Karahayit; SCA-CL1, SCA-CL3, and SCA-CL4) or when impossible, at the loca-
tion of first carbonate precipitation (Beltes 2 spring, sample Bel-2b, 155 m from vent; SCA-CL2, some hun-
dreds of meters from well-head).

The majority of the samples consist of almost pure calcite (>>98%, Table 1). The samples from the deep geo-
thermal wells (SCA-CL1 to SCA-CL4) contain very small amounts (<1 wt %) of silica (quartz). The samples from
NW-Hungary (SCA-CL1 and SCA-CL2) consist of low-Mg-calcite (<2 mol % MgCOs) while the samples from SE-
Hungary (SCA-CL3 and SCA-CL4) consist of Mg-calcite (7-8 mol % MgCOs). Sample BSF-1 consists of 80% cal-
cite, 15% aragonite, and 5% gypsum. The temperatures at the sampling points ranged between 33.2°C (Bel-
2b) and 100°C (SCA-CL4) with pH values between ca. 6.1 and 7.5 (Table 1). The waters yielded a relatively
broad range of compositions but generally low to moderate Mg concentrations (1-120 mg/L) and low to mod-
erate Ca concentrations (5-540 mg/L). The deep thermal waters precipitating the SCA-CL1 and SCA-CL2 calcite
(NW-Hungary) are of the Na-HCOs-Cl type, while the deep aquifers in SE-Hungary (SCA-CL3 and SCA-CL4) are
dominated by Na-HCO; thermal waters entailing carbonate scaling. Further details regarding sampling, site
description, and hydrochemical characteristics are given in Kele et al. (2008, 2011, 2015). The geothermal scale
sample SCA-CL2 was collected from a plastic pipe originally fixed at an auxiliary outlet of a thermal water
transport pipeline several hundreds of meters away from the well-head of the deep geothermal well. Similarly,
the travertine sample Bel-2b, that represents the first precipitate at the hydrothermal spring of the Beltes sec-
tion at Pamukkale, formed not directly at the vent but at 155 m distance from the discharge point. Due to the
high water flow rate in a covered concrete channel (120 L/s at the Beltes Spring) with near-constant tempera-
ture it is therefore likely that the DIC, although attaining chemical equilibrium, did not have sufficient time to
isotopically reequilibrate to the new pH conditions and still reflects the initial vent conditions (see supporting
information Text S1). We therefore evaluate this sample using the vent parameters.

3. Methods

3.1. Sample Treatment for Carbonate Clumped Isotope Analysis

Five to six milligrams of carbonate (at Imperial College, London) and ~2 mg (at Heidelberg University),
respectively, were inserted into the inlet tubing located on the side of a glass reaction vessel containing
1.5-2 mL of 105% phosphoric acid in the main chamber. The reaction vessel was evacuated for 30 min and
typically reached pressures of 107" to 10”2 mbar before the acid digestion was started by dropping the
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sample from the inlet part into the main chamber that contains the acid. At 90°C, calcite was digested by
phosphoric acid for 10 min in the stirred reaction vessel, and the evolving CO, was immediately and contin-
uously collected in a Ny-cooled glass trap. Each sample was placed in an individual reaction vessel that was
replaced and cleaned after the phosphoric acid reaction was completed.

The reactant CO, was purified using a procedure analogous to that of Dennis and Schrag (2010). In brief,
after trapping the evolved gases, a first cryogenic distillation step was followed by separation of CO, and
water using a dry-ice ethanol cooled glass trap. The remaining gas was then passively passed through a
trap densely packed with Porapak Q (porous polymer adsorbent) held at —35°C. The purified CO, gas was
afterward captured in a freezing finger and immediately transferred to the mass spectrometer for analysis.

3.2. Mass Spectrometric Analysis and Data Evaluation

The mass spectrometric sample analysis was done using two different isotope ratio mass spectrometers: a
MAT 253 (Thermo Scientific) in the Qatar Stable Isotope Laboratory at Imperial College and a MAT 253 Plus
at Heidelberg University. The analysis followed the procedures described by Huntington et al. (2009) and
Dennis et al. (2011). A measurement consisted of eight acquisitions with 10 cycles per acquisition (26 s inte-
gration time per individual cycle). Each acquisition included a peak center, background measurements, and
an automatic bellows pressure adjustment aimed at a 15 V signal at mass 44 at Imperial College and 6 V at
Heidelberg University. The sample gas was measured against an Oztech reference standard at Imperial Col-
lege and an internal working gas standard at Heidelberg University. Heated gases (~1,000°C), water-
equilibrated gases (25°C, 50°C, 80°C) and a Carrara marble carbonate standard were analyzed regularly to
transfer the measured values into the absolute reference frame (Dennis et al.,, 2011). ETH carbonate stand-
ards (Kele et al,, 2015; Meckler et al., 2014; Mdller et al., 2017) were measured frequently to additionally
monitor the accuracy of the reference frame transfer. Sample contamination was monitored using the mass
48 and mass 49 signal based on methods described in Affek and Eiler (2006) and Huntington et al. (2009).
A4g deviations above 29 from the A4g-6"8 regression of clean standards and samples and values of the 49
parameter (R} . — Rie) * 10%) above 0.5 were generally deemed contaminated and not used for inter-
pretation (see also Davies & John, 2017). In few cases elevated A4g values were observed together with a
normal 49 parameter. Additional cleaning (e.g., passing the gas twice through the preparation line and the
Porapak trap) reduced the Aug value, but did not impact on the A4, value. Together with a normal 49
parameter, it suggests that sulfate fragments were released that did not influence the clumped isotope
value and those A4, values were therefore considered during the data evaluation. A4, values are linearity-
corrected using heated gas data (Huntington et al., 2009) before transferring them into the absolute refer-
ence frame of Dennis et al. (2011). The free software “Easotope” (John & Bowen, 2016) was used for
clumped isotope calculations and corrections at Imperial College and an Excel-based system at Heidelberg
University, applying the isotope parameters after Gonfiantini et al. (1995). Assessing the updated isotope
parameters of Brand et al. (2010) for evaluation did not show large differences for the selected data set
(supporting information). In addition, the A4,-T relationship of Kluge et al. (2015) has been established
based on the Gonfiantini et al. (1995) parameter. For better comparability, we therefore use the Gonfiantini
parameters here. Due to a zero-slope A47-d4; relationship at Heidelberg no linearity-correction was per-
formed there. For acid digestion at 90°C we used a correction of 0.0699,, for calcite (based on Guo et al.,
2009) after the data transfer to the absolute reference frame. A similar value of about 0.07%, was also found
in the experimental study of Wacker et al. (2013). The acid digestion correction varies in different experi-
mental studies from 0.07 to 0.099,, (e.g., Defliese et al., 2015; Passey & Henkes, 2012; Tang et al.,, 2014;
Wacker et al., 2013). To maintain comparability with the A,,-T calibration of Kluge et al. (2015), we kept the
same acid digestion correction of 0.069%,. All A4, values are reported in the absolute reference frame of
Dennis et al. (2011) and are compared to the carbonate clumped isotope calibration of Kluge et al. (2015):

A47=0.98% (—3.047X109/T*+2.365X107/T>—~2.60x 10% /T>~5.88/T) +0.293 Q)

We use the experimental A,,-T relationship of Kluge et al. (2015) as calibration reference as it was prepared
and measured with the same analytical techniques as the hydrothermal samples of this study at Imperial
College and as it follows closely the theoretical predictions of Guo et al. (2009). Recent studies show that at
least all inorganic precipitates, including the carbonates from Kluge et al. (2015) up to 100°C, adhere to one
universal calibration line if the same acid reaction temperature and procedure is used (Bonifacie et al., 2017;
Kelson et al., 2017). For example, using the Kele et al. (2015) A47-T relationship results in only minor changes
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Table 2
Clumped, Carbon and Oxygen Isotope Results of the Hydrothermal Calcite Samples

A47 offset 5180VPDB (3180V5M0W 5180 offset (%0) (3180 offset (%o) 613CVPDB 5180W3te,
Location, Sample (%) (%o) (%) Kim and O’Neil Tremaine (%) (%) n
pH<7
Egerszaldk, E1 0.607 * 0.006 0.013+0.006 —19.14=*0.03 11.19 1.50 —0.64 263 +0.03 —10.9 3
Egerszalok, E2 0.629 £ 0.013 0.030 £0.013 —19.27 =0.15 11.05 0.86 —1.24 240 = 0.05 —10.8 4
Bagni San Filippo, BSF 1 0.626 = 0.007 —0.006 = 0.007 —13.26 = 0.06 17.25 1.81 —0.03 4.63 = 0.03 —8.0 5
Pamukkale, Bel 2-b 0.677 = 0.009 0.003 £0.009 —11.73+0.13 18.82 0.89 —0.63 5.23 = 0.06 -85 3
Karahayit, KH-1 0.625 £0.003 —0.003*0.003 —13.14=*0.15 17.37 2.02 0.15 5.76 = 0.05 —7.8 3
SCA-CL1 0.647 = 0.008 0.023 =0.008 —16.89 £0.09 13.50 1.70 —0.20 2.03 = 0.05 =11.1 3
SCA-CL2 0.637 £0.008 —0.006+0.008 —16.56=* 045 13.85 0.66 —1.09 267 =0.17 —10.4 3
Mean samples pH <7 0.008 = 0.015 1.5*+0.5 —04*05
pH>7
SCA-CL3 0.546 +0.007 —0.003 =0.007 —24.48*0.36 5.68 0.6 —1.95 —1.59 +0.05 —12.0 3
SCA-CL4 0.538 £ 0.022 0.005 *£0.022 —22.39*0.56 7.83 23 —0.39 —0.86 = 0.30 —10.3 3
Mean samples pH>7 0.001 = 0.005 1412 -12%=1.0

Note. The A4 offset is calculated with regard to equation (1), the 5'20 offset relative to the water 4'0 value (Kele et al., 2008, 2011), measured water temper-
ature and the fractionation factors of Kim and O’Neil (1997) and Tremaine et al. (2011), respectively. n gives the number of replicates measured per sample. The
uncertainty is given as standard error for A7, 3'20, and 6'3C values based on the replication of sample aliquots.

in the inferred temperatures and offsets (< 0.008%, for T = 30-70°C). For best comparability and to avoid
small process-dependent and calibration-dependent biases we choose to use the A4;,-T relationship of
Kluge et al. (2015) that extends over the longest temperature range of all laboratory calibration studies
based on inorganic calcite precipitates.

Samples that were analyzed in both laboratories (SCA-CL1-SCA-CL4) are generally consistent in A7 and 8'>C
(visible in the small standard deviation of the mean). 4'20 values are comparable but show a higher scatter.
The external reproducibility of standards is similar for both laboratories at 20 ppm for A47 (10 standard devia-
tion), 0.2%, for 680 and 0.1, for §'3C, respectively (10; see also Kluge et al,, 2015; Kluge & John, 2015).

4, Results

The stable oxygen and carbon isotope ratios of our hydrothermal calcites from vent locations exhibit a wide
range of values between —24.5%, and —11.7%, (VPDB) for 6’0 and —1.6%, to 5.8%, for 6'C (VPDB;
Table 2). Carbonate 6'%0 values scatter around expected values (deviations between —1.95 and +0.15%,)
following the empirical CaCOs-H,0 fractionation factor of Tremaine et al. (2011), the respective hydrother-
mal water §'80 values, and the measured in situ water temperatures (Table 2; Kele et al., 2008, 2011). Using
instead the experimental CaCO5-H,O fractionation factor of Kim and O'Neil (1997) carbonate §'80 values
would show a small positive offset from expected values of +0.6%, to 2.39%,. Recent studies show that the
fractionation factor of Kim and O’Neil (1997) may not perfectly represent natural conditions and we there-
fore compare measured and calculated §'80 based on newer studies focusing on travertines and speleo-
thems (Demény et al., 2010; Kele et al., 2015; Tremaine et al.,, 2011). The reader is reminded of the ongoing
discussion on the oxygen isotope CaCOs-H,0O fractionation (e.g., Coplen, 2007; Dietzel et al., 2009; Kluge
et al,, 2014; Watkins et al., 2014). A,; values vary between 0.538 = 0.0229, and 0.677 = 0.0079,, and mostly
show negligible offsets from equilibrium based on equation (1), independent of pH (Figure 1). Only three
out of nine samples yield slightly elevated offsets (+0.014 %+ 0.0069,,, +0.030 = 0.013%,, +0.023 = 0.008%,,
+1SE). The highest A4, offset is related to the highest growth rate of the investigated samples. Similarly,
580 offsets from the reference line of Tremaine et al. (2011) follow a growth-rate dependence with highest
offsets being correlated to the fastest growth (Tables 1 and 2). 5'3C values exhibit no significant correlation
with pH and with §'80 offsets (supporting information Figure S1).

5. Discussion

Mineral growth rates are essential for discussing potential pH-related effects in A4, and 6'%0 values. We
define growth rates in three main categories: as high if growth exceeds rates of 107> mol/(m? s) (in the
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following also termed rapid or fast growth), as intermediate between 10™7 and 10~ mol/(m? s), and as slow
below 107 mol/(m? s). For example, laboratory-based mineral formation mostly corresponds to the inter-
mediate growth regime (Watkins et al., 2014). In contrast, the natural Devils Hole vein calcite corresponds to
slow growth with ~6 X 107"° mol/(m? s) (Kluge et al., 2014), approaching equilibrium conditions (Watkins
& Hunt, 2015).

High carbonate precipitation rates relative to DIC equilibration times are a prerequisite for preserving dis-
equilibrium A4, values as rapid precipitation prevents isotopic equilibration between the DIC and water and
among the DIC species (e.g., Hill et al., 2014; Saenger et al., 2012). This effect is of particular importance for
biologically mediated carbonate formation. Low temperatures and higher pH values correspond to long iso-
tope equilibration times (see section 5.4). Significant pH changes in the calcifying fluid lead to changes in
the DIC speciation and are combined with intermediate to high carbonate precipitation rates (e.g., Al-
Horani et al., 2003; Cohen & McConnaughey, 2003; de Nooijer et al, 2009; McConnaughey, 2003; Saenger
et al, 2012; Venn et al,, 2011). Carbonate precipitation rates can also be high for inorganic carbonates such
as at hydrothermal springs or in their downstream sections and reaches vertical extension rates of up to
1 mm per day (e.g., Fouke et al.,, 2000; Kele et al., 2008). In case of the studied hydrothermal vents precipita-
tion rates determined for the hydrothermal calcites at Bagni San Filippo (~1.5 mg cm™2 d™', about 2 X
107® mol (m? s)~") and at Kakasszék (SCA-CL4; ~4 X 10~> mol (m? s)™") are in the upper range compared
to typical laboratory experiments (compare Watkins and Hunt, 2015) or far beyond. Vertical mineral growth
of 1-10 mm/yr (107" to 10 umol (m? s)™") is typically observed for carbonate scales in pipes of deep geo-
thermal wells (e.g., Boch et al.,, 2016) which should provide the potential to record isotopic disequilibrium of
the DIC in the precipitating mineral.

5.1. Assessment of the pH Influence on *C-"30 Clumping
Vent carbonates in the investigated pH range (pH 6-8) are scattering around the expected clumped isotope
values at the respective water discharge temperature (mean offset 0.006 * 0.0049,.; 1SE, n = 9). A few sam-
ples yield slightly higher positive offsets partially related to high growth rates (Table 2). The offset direction
and magnitude is unrelated to the calibration choice. Most vent calcite A4, values have been determined in
the same laboratory with the same analytical procedures as was used for the Kluge et al. (2015) calibration
line enabling an optimal comparability. Furthermore, the calibration line of Kluge et al. (2015) is consistent
with the range of other synthetic calcites that were precipitated at <100°C (Kelson et al., 2017) and yielded
good correspondence with fluid inclusion thermometry (MacDonald et al., 2015), Uk'37 temperatures (Drury
& John, 2016) and other independent geological thermometers (Garcia del Real et al., 2016). Evaluating the
data of this study with the Kele et al. (2015) relationship only causes

T(°C) insignificant variations (0.007 = 0.0049%,). Similarly, evaluating the Kele
1 4 . . .
?O 8,0 6,0 ,0 3? et al. (2015) data using the A4;-T calibration of Kluge et al. (2015) only
070 [ = pH<7 ] causes minor changes (supporting information Figure S2).
a  pH>7
lab. precipitates Evaluating the vent calcite data set as a whole irrespective of individ-
065 | (Kluge etal., 2015) ] ual growth rates a small disequilibrium effect on the order of 0.01%,

0.55

" 1 " 1 " 1 "
7.0x10° 8.0x10° 9.0x10° 1.0x10° 1.1x10°

1T (1/K?)

Figure 1. Vent calcite A4 values of samples precipitated at pH < 7 (filled
squares) and pH >7 (open squares) relative to the A4,-T calibration (continuous
line) determined by inorganic precipitates in the same laboratory (Kluge et al.,
2015). The gray shaded area represents the uncertainty of the A4,-T calibration.
The A4 error bars represent the standard error of each sample.

appears possible. The average A, offset of +0.006 = 0.004%, (1 SE,
n=9) of all vent calcites is consistent with theoretical calculations of
Hill et al. (2014) that predict a maximum difference of +0.01%,
between the equilibrium calcite value and the equilibrium DIC A4,
value obtained during rapid precipitation at low and intermediate pH
values of ca. 4-10. The absence of larger offsets may be due to the
missing or only small additional influence of carbonic acid (H,COs3),
which can be transformed to CO2~ ions that are incorporated during
mineral formation and that were predicted to yield deviations of up to
+0.04%,.

At pH 6.0-6.6, the DIC is changing from a HCO; -dominated system to
a system dominated by dissolved CO, and H,COs (Figure 2). Although
high Na* and Cl~ concentrations were found not to directly impact
on Ay4; (Kluge & John, 2015), salinity can slightly influence the DIC spe-
ciation and for increasing salinity the DIC pattern is shifted to lower
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Figure 2. Distribution of the DIC species (CO,,5q, H,CO3, HCO;, CO%’) at differ-
ent pH values and temperatures relevant to the studied hydrothermal carbon-
ate samples. Calculations are based on Millero et al. (2006). The calculation at
70°C is an extrapolation of the data set of Millero et al. (2006) and is given for
illustration of the temperature effect on the speciation in the range of the stud-
ied hydrothermal vents. The vertical dotted lines indicate the typical pH range
of laboratory carbonate precipitates. Between pH 5 and pH 9 a maximum offset
of +0.019, is expected for fast precipitating minerals.

pH values (up to 90-110 g/L in a NaCl-dominated solution, for higher
salt concentration the pattern shifts back to the initial conditions, see
e.g., Millero et al.,, 2007). For example, at zero salinity the maximum
HCO; fraction is at pH 8.3 whereas it shifts to 8.0 at seawater salinity
and to 7.7 at a NaCl concentration of ~100 g/L (all at 30°C). The total
dissolved solid content for all investigated hydrothermal systems is
below 8 g/L causing no significant shift in the DIC speciation relative
to zero salinity (supporting information Figure S3). We therefore use
the zero salinity DIC speciation as reference. The '*C-'20 bond abun-
dance of the different DIC species varies given their different structure
and vibrational frequencies (e.g., Hill et al.,, 2014). Rapid carbonate pre-
cipitation from a system with very low initial pH < 4 that is dominated
by H,CO; is expected to lead to a positive offset on the order of
0.049,, (Hill et al., 2014). At the hydrothermal vents with pH values of
6.1-6.8, between 32% and 62% of the DIC comprises of dissolved CO,
and H,COs. Neglecting contributions from H,CO3 as suggested by Hill
et al. (2014) the total estimated A, deviation is constant at +0.0109,,
within the whole investigated pH range as the potential offset is
0.019,, for the calcite fraction that precipitates rapidly from a HCO;
dominated solution compared to slow isotopically equilibrated min-
eral formation (Hill et al., 2014). Temperature has a minor influence on
the difference between the DIC species in the range from 30 to 100°C
(changes are ~2 ppm for clumped isotopes, Hill et al, 2014). We

therefore neglect it in the following discussion. In general, the clumped isotope difference between the DIC
species decreases with increasing temperatures and is already reduced to the low ppm range at 500°C (Hill
et al, 2014). Similarly, the difference of the §'20 value between the DIC species also changes with tempera-
ture and generally decreases with increasing temperature (supporting information Figure S4). The empirical
average Ay offset of the studied hydrothermal vent precipitates is +0.006 = 0.004%, and, thus, broadly
consistent with the theoretical prediction in the investigated temperature range.

As also pointed out by Hill et al. (2014) and Watkins et al. (2014), the individual growth rate is decisive if the
DIC clumped isotope value is directly inherited. The growth rate of the investigated samples span the range

0.05 — T " T " T T T " T T T T 1 T

m A, (this study) -
004F1 o Keleetal, 2015 T
r A averaged values 1
0.03 - (-4 to -5; -5 to -6; <-6) o
2 o002} I 4
§ i T [
£ 001} 1 /;1:;
[ L pH 8\ 1l L/II pH 74
< 0.00 1k A

Al
i n

-0.01 |- 4
-0.02 | ! B

" 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1

12 1 10 9 -8 7 6 -5 -4

log, R [mol/(m?s)]

Figure 3. A4, offsets (measured minus expected value) versus growth rate. The
continuous lines illustrate the theoretically expected Ay; offsets at pH 7 and pH
8 for rapidly growing carbonates (using theoretical offset estimates of Watkins
& Hunt, 2015) relative to slowly precipitated calcite that would follow the labo-
ratory reference. The A,; offset was calculated relative to the water tempera-
ture and equation (1). Open squares refer to data points from the study of Kele
et al. (2015).

from 1077 to 10~ mol/(m? s), including all samples with known
growth rate from the study of Kele and Hunt (2015) from 1077 to
10~* mol/(m? s). The data of Kele et al. (2015) was evaluated for con-
sistency relative to equation (1). A comparison with the theoretical
prediction of Watkins and Hunt (2015) shows scattering of individual
data points around expected values (Figure 3). Starting at 10~ mol/
(m? s) at pH 8 or 10~ 7 mol/(m? s) at pH 7 increasing offsets of up to
0.01%, at the highest growth rates above 10~% mol/(m? s) are
expected. Calculating average values for defined growth intervals
(<107%,107%1t0 107>, 107> to 10~ * mol/(m? s), respectively) provides
a more coherent picture. In all three intervals, the average is well cor-
responding to the theoretical prediction at pH 7 or pH 8 with values
of 0.003 + 0.003%, (1SE, n = 4) for <10~ ° mol/(m? s), 0.005 + 0.006%,
(1SE, n=4) for 107° to 10> mol/(m? s), and 0.014 = 0.007%, (1SE,
n=5) for 107> to 10~ * mol/(m? s), respectively. The uncertainty is still
elevated and limits the interpretation, however, it suggests that the
highest growth rates above 107> mol/(m? s) likely involve a A, offset
in the predicted 0.019, range. This is corroborated by a similar effect
in the 5'80 values of the same samples (see section 5.2).

5.2. Effect of pH on 5'20 in Fast Precipitating Carbonates
Vent carbonate §'20 values are consistent with expected equilibrium
values or slightly more negative following the fractionation curve of
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Figure 4. §'®0 offsets of hydrothermal calcite samples (relative to the fraction-
ation factor of Tremaine et al. (2011) versus growth rate. The continuous lines
are theoretical predictions based on the growth rate-dependent evolution of
5'%0 following Watkins and Hunt (2015).

Tremaine et al. (2011) (see also Kele et al., 2015) and with a small posi-
tive offset relative to the Kim and O'Neil (1997) experimental data. Fol-
lowing recent literature, we chose the reference data of Tremaine
et al. (2011) for further discussion. Note that the DIC-speciation effect
and its growth-rate dependence should be independent of the cho-
sen fractionation factor ocaco, —H,0-

A change in the DIC speciation at lower pH should lead to more posi-
tive 020 values if carbonate is rapidly formed. Zeebe (1999) deter-
mined 6'20 values to be higher by ~2.5%, at pH 6 compared to pH
8 (for a constant aqueous solution temperature of 19°C). As for Ay,
the mineral growth rate is critical for its expression in the measured
calcite 6'20 value. Starting at 10™2 mol/(m? s) at pH 8 or 10~ mol/
(m? s) at pH 7 negative offsets relative to slowly growing carbonates
of up to —1.7%, at the highest growth rates above 10™* mol/(m? s)
are expected (Watkins & Hunt, 2015). Our §'30 offsets tend in the
expected negative direction and are of the same magnitude (—0.03%,,
to —1.95%,, Figure 4). A comparison with the theoretically predicted
0'80 offsets shows a correlation with growth rate. The offsets are
more negative at faster growth, but do not generally fit to the pre-
dicted curves at pH 7 or pH 8 and likely correspond to the evolution

at pH 6 or lower (Figure 4). At high growth rates, as given for most of the hydrothermal calcite precipitates
in this study (Table 1), "0 is preferentially incorporated into the mineral causing lower §'30 values
(DePaolo, 2011; Dietzel et al., 2009; Gabitov, 2013; Gabitov et al., 2012; Watkins et al., 2014; Watson, 2004).

In contrast to §'20, 6'C values cannot be easily correlated to pH or growth rate as the individual hydrother-
mal vent samples originate from different regions with distinct bedrock geologies and aquifers, different
CO, sources and hydrothermal activities (supporting information Figure S1).

5.3. Other Potential Influences on Hydrothermal Vent Carbonate 5'%0 and A, Values

The isotopic values of hydrothermal vent calcites could generally be influenced by additional mechanisms
beyond pH-related DIC speciation, such as fast CO, degassing (Daéron et al., 2011; Kele et al,, 2011), fast
temperature changes of the discharging water close to the vent or by mixing of thermal water with cooler

meteoric fluids.

Fast degassing of CO, from hydrothermal water could cause positive offsets (Kele et al.,, 2011). In contrast,
all vent carbonate 5'20 values are more negative compared to expected values based on fractionation fac-
tors of Tremaine et al. (2011; —0.039,, to —1.95%; Table 2), rejecting a significant influence of CO, degass-
ing. A potential disequilibrium due to fast CO, degassing would also affect A4; values and lead to negative
deviations from clumped isotopic equilibrium (Affek et al., 2008, 2014; Daéron et al,, 2011; Kluge & Affek,
2012; Kluge et al., 2013; Meckler et al,, 2009; Wainer et al., 2011). For speleothems, A4, and §'20 values
appear to be correlated with a decrease of ~0.05%, in A4y per 1%, increase in the carbonate §'80 value
(Kluge et al., 2013). In contrast, the investigated hydrothermal vent calcite A4, and 'O offsets show no sta-
tistically relevant correlation with each other (supporting information Figure S5). Thus, the underlying
mechanism for the isotope offsets observed in the hydrothermal vent precipitates presented here is clearly
different from speleothems and suggests that rapid CO, degassing is not the primary cause. It does not
exclude limited chemical and isotopic changes due to CO, degassing at the studied hydrothermal vents,
however, the magnitude of effects of degassing are likely small owing to the much thicker water layers
(travertine deposits) or pressurized water flow in transport pipes (geothermal scale samples; e.g., Boch et al.,
2016) and the typically large amounts of thermal water discharged (Pamukkale springs: ~4,500 L/min;
Egerszaldk: 875 L/min; Bagni San Filippo: 6-1,200 L/min, Frondini et al., 2008; Minissale, 2004); SCA-CL1:
~720 L/min; SCA-CL3: 750-1,250 L/min; SCA-CL4: ~500 L/min).

It is important to note that downstream travertine samples at the locations of this study show an isotopic
pattern similar to speleothems (Figure 5). pH values of the related water in the downstream section are in
the typical range above pH 7; i.e., progressively increased compared to initial values at the vent. In particu-
lar, 5'3C values increase strongly downstream and reach shifts of up to +6%, relative to initial values (Figure
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Figure 5. Isotope evolution of natural travertines deposited at the surface in the downstream section of hydrothermal
springs of this study (data in the supporting information). Distance from the vent is characterized by chemical changes of
the water that can be traced by increasing pH. The highest observed pH at each spring indicates the maximum distance
from the thermal water vent. The §'%0 offset is given relative to Tremaine et al. (2011). Using the fractionation factor of
Kim and O’Neil (1997) would lead to a general shift of +1.5 to 2%,

5). Trends in the evolution of the carbonate d'20 values downstream are less easy to interpret. In contrast
to the increasing 6'C values due to ongoing Rayleigh fractionation of the DIC and CO, degassing, traver-
tine 0'80 offsets from expected local isotope equilibrium are getting slightly more negative downstream.
This could be due to the rapid mineral precipitation at the downstream slopes and related preferential
uptake of '°0 in the calcium carbonate mineral, causing increased negative offsets. The observed range of
up to —39, at pH 8 is consistent with predictions by Watkins and Hunt (2015). A, values are decreasing
strongly downstream and show enhanced negative offsets of up to —0.119,, relative to expected equilib-
rium values. Comparing §'3C with A4, changes shows that a 1%, increase of travertine §'>C in the down-
stream samples is correlated to a ~0.02%, decrease in A4, (supporting information Figure S6). As the §'20
value is beyond fast CO, degassing and Rayleigh evolution of the solution likely influenced by the mineral-
DIC fractionation through rapid growth we do not compare it directly to A,4. Instead we transfer the §'>C-
A4 relation to the oxygen isotope system by using the kinetic §'C-6'20 correlation of unbuffered solutions
(slope: 0.52, Mickler et al., 2006). This leads to a —0.038 =+ 0.008%, change in A4, per 1%, increase in §'20; a
value that is consistent with findings from cave samples (e.g. Kluge et al, 2013: A47-0'80 slope of
—0.047 = 0.005) and indicates that the same underlying processes are relevant for carbonate from down-
stream travertines and stalagmites (see e.g., also Yan et al,, 2017), together with a growth-rate dependent
kinetic fractionation between DIC and mineral for 5'80.

Another possibility for isotopic changes at the vent location is related to clumped isotope reequilibration
following temperature changes of the water. When warm/hot hydrothermal water migrates toward the sur-
face it starts cooling down. Depending on how rapid the cooling proceeds A, values will be more or less
influenced (for calcite see Henkes et al., 2014). Fast cooling combined with rapid carbonate precipitation
does not leave enough time for reordering of '*C and '20 in the C-O bonds in the DIC in correspondence to
the new temperature environment and should therefore archive the original high-temperature (i.e., lower A,;)
signal in the forming carbonate minerals. For example, at 60°C the rate constant for CO,—H,0 exchange is
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about 1 h™! (extrapolated from Clog et al., 2015 and Affek, 2013) indicating that equilibrium for dissolved
CO, still needs hours to be reached. In contrast, all measured A, values are similar or higher than expected
at the water temperatures of the vent sampling sites and therefore exclude this mechanism as an explana-
tion for the observed clumped isotope offsets.

Mixing of different clumped isotope end-member fractions in heterogeneous carbonates can lead to over-
estimation or underestimation of the true A4, value (Defliese & Lohmann, 2015; Eiler & Schauble, 2004).
Transferring their findings to clumped isotopes in DIC, mixing of deep hydrothermal water with cooler
meteoric fluids could result in more positive A4, values in DIC due to nonlinear mixing effects of clumped
isotopes. Some mixing of deeper thermal water with shallower meteoric water cannot be excluded for the
hydrothermal springs in the Pamukkale region as spring temperatures vary by more than 20°C within 1 km
(Ozkul et al,, 2013). In contrast, mixing with cooler fluid in the subsurface is unlikely at Egerszalék as the
water is discharged through a well drilled for oil exploration from a depth of ~400 m (Kele et al., 2008).
Hydrothermal springs in the vicinity of Bagni San Filippo (Bagni San Filippo-Fosso Bianco, Il Doccio, Bagni di
Petriolo) exhibit similar discharge temperatures of 44-50°C and water §'80 values of —69%, to —8%, (Kele
et al,, 2015). These similarities over regional distances of 30-50 km argue against significant local water mix-
ing close to the hydrothermal water discharge point. A significant cool meteoric contribution can also be
neglected for the thermal waters from geothermal wells tapping deep Pannonian basin (Hungary) aquifers
supporting long water residence times and leading to the rapid deposition of the analyzed calcite scales
from well-head pipes (SCA-CL1 to CL4; Boch et al., 2016; Szanyi & Kovacs, 2010).

5.4. Implications
Carbonates precipitate in the (sub)surface environment and during diagenetic processes at vastly different
pH values (5-13; Clark et al., 1992; Gilfillan et al., 2009; Hesse, 1987; Kharaka & Hanor, 2007; Metcalfe et al.,
1994). Fast CO, degassing of (carbonic) acidic solutions at the surface or CO, uptake in alkaline aqueous sol-
utions can cause rapid carbonate formation that has the potential to record isotopic disequilibrium condi-
tions (Falk et al, 2016), for example, related to DIC speciation. A pH-related effect was experimentally
observed at higher pH (8-12) (Tripati et al.,, 2015). Biogenic carbonate precipitation in this range is typically
related to an increase in pH toward alkaline values such as in corals and foraminifera (Al-Horani et al., 2003;
Cohen & McConnaughey, 2003; de Nooijer et al.,, 2009; Venn et al., 2011). Increases are mostly limited to
0.5-1 pH units leading to pH values between 8 and 9 (McConnaughey, 2003). Even higher pH values above
10 could lead to a certain pH effect as the dominant DIC species changes from HCO; to CO2~ (Figure 2).
Thus, fast carbonate precipitation from alkaline solutions most likely
| records a kinetic effect of DIC speciation in the carbonate (Falk et al.,

2016). Similarly, our empirical study on low pH hydrothermal vent cal-
cites indicates a small pH-related effect on the carbonate A, value at
pH 6-8 on the order of 0.019,,. Highly important are the growth rates
as only above a certain threshold offsets become apparent in both
5'80 and A4, (see Watkins & Hunt [2015] for details). Therefore, appli-
cations to natural inorganic samples at pH 6-8 may not be influenced
by DIC speciation if the growth is in the slow or intermediate range
(<107° to 1077 mol/(m? s)). For natural samples with growth rates
above 107> mol/(m? s) a small positive offset in A4, of up to 0.01%,
and for 6'0 of up to —2%, may occur and needs to be considered
during interpretation.

An interesting aspect is the threshold growth rate beyond that iso-
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Figure 6. Time intervals for oxygen isotope equilibration between DIC and
water (contour lines in minutes to reach 99% equilibrium) in relation to pH and
solution temperature. The calculations are based on Uchikawa and Zeebe
(2012) for negligible salinity. The carbonate growth conditions of this study are
marked by gray squares. Note that the equilibration times given above 60°C
are extrapolations beyond the range of the experimentally assessed rate

constants.

temperature (°C)

00 tope effects get recorded in the forming mineral. The threshold is
generally increasing with decreasing pH (see Figures 3 and 4 or
Watkins & Hunt, 2015). An explanation could be related to the time
scales necessary for isotopic equilibration in the DIC and between DIC
and the solution. The time required for equilibration is dependent on
temperature and pH, with generally faster equilibration times at lower
pH and higher temperatures (Figure 6; e.g., Watkins et al., 2013). The
time required to reach 99% equilibrium is reduced by more than one
order of magnitude at pH<6 compared to pH 8 (Figure 6).
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Furthermore, isotopic equilibration proceeds within less than 1 min at 100°C (extrapolating the data of Beck
et al,, 2005). In addition, the differences in A4, and 580 between the DIC species decrease rapidly for tem-
peratures above 100°C (Hill et al., 2014). Thus, the potential to record disequilibrium in diagenetic carbo-
nates due to pH speciation effects decreases with decreasing pH and increasing temperature, for example,
with increasing burial depth in a sedimentary basin. On the other hand, the time required for equilibration
of the oxygen isotopes (DIC species and water) increases rapidly with pH (see e.g., Uchikawa & Zeebe, 2012)
and therefore suggests carbonate formation at higher pH and lower temperatures to be most susceptible
to pH-related effects.

A high mineral growth rate and slow isotope equilibration are prerequisite for the pH effect to be preserved
in the precipitated mineral and are the most likely explanation why the pH effect was detected in biogenic
carbonates and carbonates from alkaline solutions, but was not observed in the low pH-region of experi-
mental studies (e.g., Kelson et al.,, 2017) and only found for the fastest forming hydrothermal calcites of this
study and Kele et al. (2015).

6. Conclusions

The investigation of natural travertine and geothermal scale calcite from wells collected in Italy, Hungary,
and Turkey suggests that DIC speciation only affects the A4, value of calcium carbonates at pH 6-8 in case
of high precipitation rates (>107° to 10~ mol/(m? s)). Rapid mineral formation that does not allow for full
isotopic equilibration amongst the DIC species and of DIC with water is the basis for recording disequilib-
rium in growing minerals. The time necessary for isotopic equilibration is strongly influenced by pH and
temperature, with higher pH and lower temperature leading to much longer equilibration times. Further-
more, the isotopic difference between the DIC species is enhanced at lower temperatures and vanishes for
very high temperatures. Correspondingly, at low temperatures and high pH isotopic disequilibrium effects
are recorded in the forming minerals already at significantly lower growth rates. Thus, a DIC-speciation
effect is more likely encountered at low temperatures and high pH values such as in certain biogenic sys-
tems and alkaline solutions, whereas low pH, high-temperature subsurface fluids should only be impacted
by DIC speciation at the highest growth rates (>107% to 10™7 mol/(m? s)).

This study confirms that the direct application of clumped isotope Ay, values for thermometry and fluid
provenance determination is also possible in the case of lower pH values, with minor (0.019,,) corrections in
case of rapid mineral growth. In contrast, 5'®0 values need to be evaluated with some caution due to
potentially larger effects.
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