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Abstract 13 

 14 

Background electrolytes affect calcite precipitation and dissolution rates and hence 15 

have the potential to impact kinetic isotope fractionation between calcite and the dissolved 16 

inorganic carbon (DIC) species. We grew inorganic calcite from NaCl-CaCl2 solutions (T 17 

= 25°C, pH = 8.3, and crystal growth rate = 10-6.3 ± 0.3 mol m-2 s-1) to test for potential ionic 18 

strength effects on the oxygen isotope fractionation between calcite and an isotopically 19 

equilibrated inorganic carbon pool (c/EIC). Calcite was grown in the presence of the 20 

enzyme carbonic anhydrase from bovine erythrocytes (bCA) to promote isotopic 21 

equilibration of the DIC pool.  22 

No evidence of an ionic strength effect on c/EIC was found for NaCl concentrations up 23 

to 0.35 M (1000lnc/w = 28.0±0.1; n = 7). For experiments conducted with [NaCl] > 0.35 24 

M, the DIC pool could not be maintained in isotopic equilibrium with water due to the 25 

inhibitory effect of NaCl on bCA. The use of other types of CA may be required to maintain 26 

isotopic equilibration of DIC in solution with ionic strength close to or above that of 27 

seawater. 28 

The oxygen isotope results were modeled successfully with an isotopic box model for 29 

a CO2-fed solution that tracks the isotopic composition of each DIC species and CaCO3. 30 

The experimental and modeling results suggest that the efficacy of bCA decreases 31 

exponentially with increasing [NaCl]. We quantify the salt effect on the quantity kcat/KM, 32 

which relates the catalyzed rate constant for CO2 hydration to the concentration of bCA. 33 

The salt effect can be implemented in models of biomineralization with potential to extend 34 

our knowledge of oxygen isotope vital effects in marine organisms.     35 

 36 

1. Introduction 37 

 38 

Laboratory-controlled calcite and aragonite precipitation experiments have been used 39 

to determine isotopic fractionation factors between carbonate minerals and dissolved 40 

carbonate species or water. When crystals grow slowly, near chemical equilibrium 41 

conditions, oxygen isotope partitioning is expected to depend solely on temperature, 42 

providing a theoretical foundation for oxygen isotope thermometry (Bigeleisen and Mayer, 43 

1947; Urey, 1947). It is often the case, however, that crystals grow fast enough that isotopic 44 

exchanges between phases do not reach equilibrium, leading to kinetic isotopic effects 45 

(KIEs) that depend on variables other than temperature and arise from either or both of the 46 
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following: (1) a dissolved inorganic carbon (DIC = CO2 + HCO3
- + CO3

2-) pool that is not 47 

fully equilibrated with water (Usdowski et al., 1991; Zeebe and Wolf-Gladrow, 2001; 48 

Devriendt et al., 2017b) and/or (2) transport of ions to and from the mineral surface and 49 

reaction of ions at the mineral surface (DePaolo, 2011; Watkins et al., 2014, 2017).  50 

Until recently, it was difficult to separate these two different sources of KIEs. The 51 

enzyme carbonic anhydrase from bovine erythrocytes (bCA) is commercially available and 52 

can be used in carbonate precipitation experiments to reduce or eliminate KIEs arising from 53 

homogeneous chemical reactions between DIC species and water (Uchikawa and Zeebe, 54 

2012; Watkins et al., 2013, 2014). Addition of bCA in calcite growth experiments is useful 55 

for investigating isotopic fractionations under conditions that mimic the secretion of 56 

biogenic carbonates and for isolating surface reaction-controlled KIEs. 57 

In the few calcite growth experiments where bCA has been employed for the purpose 58 

of equilibrating the DIC pool, there is a resolvable pH- and growth rate-dependence to the 59 

KIEs (Watkins et al., 2013, 2014). This suggests that surface reaction-controlled kinetic 60 

effects may be sensitive to the proportion of HCO3
- versus CO3

2- participating in growth 61 

(pH effect) and there is a mass dependence to the reaction rate constants (growth rate effect) 62 

for the reactions: 63 

 64 

Ca2+ + HCO3
-  

𝑘f
→

𝑘b

←
 CaCO3+ H+      (1)  65 

 66 

and  67 

 68 

      Ca2+ + CO3
2- 

𝑘f
→

𝑘b

←
 CaCO3,     (2)  69 

 70 

where the kf’s and kb’s are forward (precipitation) and backward (dissolution) rate 71 

constants, respectively.  72 

Previous experiments with bCA were done in low ionic strength solutions, but 73 

background electrolytes are known to affect the solubility product of calcite (Mucci, 1983), 74 

calcite growth and dissolution kinetics (Ruiz-Agudo et al., 2010, 2011; Hong and Teng, 75 

2014), calcite growth morphology (Wang et al., 2011), and solution speciation (e.g. Millero 76 

et al., 2006, 2007). Hence, solution composition may influence KIEs and be partly 77 

responsible for oxygen isotope variability in natural carbonates. 78 

Here, we performed calcite-growth experiments under constant temperature (25ºC) and 79 

pH (8.3) but with distinct salinities (0.0 < [NaCl] < 1.4 M; I = 0.1-1.6) to assess the effect 80 

of ionic strength on calcite-DIC oxygen isotope fractionation and on the activity of bCA. 81 

We found no evidence for a salinity effect on the oxygen isotope fractionation between 82 

calcite and the DIC species up to a NaCl concentration of ~ 0.35 M. However, NaCl 83 

significantly lowers the activity of the enzyme bCA, giving rise to highly variable isotopic 84 

results at higher NaCl concentrations. We use these well-controlled experiments to adapt 85 

and refine a previously published isotopic box model for kinetic isotope effects in the 86 

CaCO3-DIC-H2O system (Chen et al., 2018; Christensen et al., 2021). The model is used 87 

to constrain the functional form for the salt effect on the enzyme-catalyzed rate constant 88 

for CO2 hydration.  89 
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 90 

2. Methods 91 

 92 

2.1 Calcite growth experiments 93 

 94 

We use the same experimental setup as Watkins et al. (2013, 2014). Although the 95 

methods were described previously, we review them here because the details are used to 96 

develop a quantitative model reflecting our experimental conditions (Section 4). We 97 

measured the 18O of input CO2, which matters if the DIC pool is not fully isotopically 98 

equilibrated, and monitored [DIC] and total alkalinity 2-4 times per day.   99 

Solutions were prepared by dissolving CaCl2·2H2O (30 mM), NH4Cl (5 mM) and 100 

variable amounts of NaCl (0-1.4 M) in 1.7 L of deionized water. The beaker with the 101 

prepared solutions was submerged in a water bath containing both heating and cooling 102 

elements for precise temperature control (25 ± 0.2°C). The beaker was sealed by a lid that 103 

has ports for a pH probe, NaOH dripper, sampling syringe, and gas bubbler (Watkins et al., 104 

2013). DIC was added to the solution by continuous bubbling of a CO2-in-N2 gas mixture 105 

through a diffusion stone at 0.5 standard cubic feet per hour using a SmartTrak100 gas flow 106 

controller (Sierra Instruments). The pCO2 of the headspace was recorded by a K-30 USB 107 

CO2 Probe Data Logger (CM0039 from CO2meter.com).  108 

Prior to the start of an experiment, the gas was fluxed through the solution for 1-6 hours, 109 

during which time the headspace pCO2 decreased from ~500 ppm to 240-280 ppm as the 110 

lab air was replaced by the gas tank mixture.  111 

To begin an experiment, the autotitrator was activated and between 0.3-1.2 mL of 1 M 112 

NaOH was dispensed to bring the pH up to a setpoint of 8.3 ± 0.02. The increase in pH 113 

caused CO2 from the bubbles to partition into solution, which led to an abrupt decrease in 114 

the pCO2 of the headspace. Variable amounts of bCA (0-3µM) were added after the 115 

solution had reached a pH of 8.3. The total alkalinity (TA) as measured by Gran titration 116 

increased from 0 to ~0.2-0.7 mEq/L following the addition of NaOH. The TA was 117 

measured each time samples were collected for [DIC] during the course of an experiment. 118 

From 22 titrations of the same solution carried out over the course of one week, we 119 

determined a 95% confidence interval of ± 0.03 and a standard error of 0.003 for our 120 

reported TA values, which accounts for any error due to pH probe calibration drift, issues 121 

with the autotitrator dispensing HCl accurately, and subjectivity in the Gran method 122 

calculation.  123 

All of our experiments behaved similarly to the example shown in Figure 1a. Each 124 

experiment had a pre-precipitation period (Stage I) during which DIC, TA, and pCO2 of 125 

the headspace increased as CO2 dissolved in solution. Eventually, enough DIC was added 126 

for calcite crystals to nucleate and grow on the beaker walls, marking the onset of the 127 

calcite precipitation period (Stage II). The duration of Stages I and II, as well as the rate of 128 

NaOH addition, varies somewhat between experiments (Fig. 1b), which we attribute to 129 

fluctuations in the average size of bubbles emanating from the diffusion stone and random 130 

nucleation processes leading to differences in the initial surface area of the first crystals. 131 

The growth rate of calcite (mmol/h) was calculated from the rate of NaOH addition during 132 

Stage II (cf. Watkins et al., 2013).  133 

The TA and [DIC] were measured at regular intervals and results from all experiments 134 

are plotted together in Figs. 2a and 2b. Solution ionic strength and free activities of Ca2+ 135 
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and CO3
2- were calculated through the R-package of PHREEQC using the Pitzer database 136 

(Charlton and Parkhurst, 2011; De Lucia and Kühn, 2013). The degree of supersaturation 137 

(Fig. 2c,  = (𝑎Ca2+ ∙ 𝑎CO32−)/𝐾sp) was determined by using these ionic activities and the 138 

solubility product of calcite at 25°C (Ksp = 10-8.42, Jacobson and Langmuir, 1974). 139 

Additional considerations regarding DIC speciation as a function of salinity and solution 140 

composition are provided in Supplement S1. In all experiments, a short period of rapid 141 

crystal growth at high  (5-11) was followed by a long period of crystal growth under 142 

relatively steady conditions at  = 3.7 ± 1.5.  143 

Following the final measurements, experimental solutions were discarded and crystals 144 

adhered to the beaker walls were rinsed 3 times with de-ionized water and allowed to air-145 

dry. Precipitates from each experiment were imaged on the FEI Quanta 200 Environmental 146 

Scanning Electron Microscope (ESEM) at the Center for Advanced Materials 147 

Characterization (CAMCOR) at the University of Oregon. ESEM imaging found only 148 

rhombohedral to rhombo-scalenohedral CaCO3 crystals present. Additionally, X-Ray 149 

Diffraction (XRD) analysis of select experiments spanning the range in [NaCl] conducted 150 

at the Oregon State University X-Ray Diffraction Facility confirmed that calcite is the only 151 

phase present. 152 

 153 

2.2 δ18O, δ13C, and [DIC] measurements 154 

 155 

Exetainers for all experimental water samples were prepared on a GasBench II in the  156 

Stable Isotope Laboratory at the University of Oregon, by flushing them with helium gas 157 

for five minutes. The isotopic composition of CO2 in the CO2-in-N2 mixtures (Table 1) was 158 

measured in the Stable Isotope Lab at the University of Oregon after cryogenic separation 159 

from the N2 gas on a vacuum line that is otherwise and usually used for mineral 160 

fluorination. The gas tank with a regulator was connected to the inlet port of the vacuum 161 

line and set to 1 bar gauge pressure. Gas was allowed to flow into the line and atmospheric 162 

air was flushed out by cyclical opening and closing of valves at least three times to 163 

completely fill the line with the CO2-in-N2 gas mixture and exclude air. Dewar flasks 164 

containing liquid nitrogen (LN2) were placed at three traps along the line for at least 20 165 

minutes to allow the small proportion of CO2 in the gas mixture to freeze. The N2 in the 166 

line was pumped away, and then LN2 dewars at the two upstream traps were removed and 167 

heated to allow the CO2 to collect at the yield measurement trap that was still submerged 168 

in LN2. Yield was obtained by heating the last and third trap that was isolated between 169 

valves, and observing the pressure on a digital manometer. An initial low digital gauge 170 

pressure reading was common due to the small fraction of CO2 present in the gas (typically 171 

200 ppm), often necessitating multiple cycles of gas mixture inlet and freezing of CO2 at 172 

the traps. After all the upstream valves were closed, the last LN2 dewar was removed, the 173 

trap heated, and downstream valve opened, allowing the purified CO2 to flow from the 174 

vacuum line to a Thermo-Finnigan MAT 253 mass spectrometer.  175 

The isotopic composition of the sample CO2 gas was measured using the mass 176 

spectrometer dual inlet system, and a CO2 reference gas of known composition. Though 177 

the standard analytical error (1) is ±0.010‰ for δ18O and ±0.005‰ for δ13C, we suggest 178 

that our analyses may have greater uncertainty for several other reasons. Isotopic 179 

fractionation could be occurring at the gas tank regulator as the gas flows from the tank 180 

into the fluorination line, as well as during the preferential freezing of isotopically heavy 181 
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CO2. Additionally, cryogenic separation procedures and mass spectrometer analyses 182 

suggest that some of our CO2-in-N2 gas tanks contained a small amount of H2O, which 183 

decreases our confidence in the measurements. Taking these uncertainties into account, we 184 

conclude the isotopic analysis of our CO2 gas to be within ± 1‰, which is sufficiently 185 

accurate for our purposes.  186 

The isotopic composition of calcite, aqueous solution, and DIC were analyzed at the 187 

Stable Isotope Laboratory in the College of Earth, Ocean, and Atmospheric Sciences 188 

(CEOAS) at Oregon State University. Data are presented in standard delta notation. Water 189 

samples for DIC and δ13C were taken 2-4 times per day during an experiment, while water 190 

for δ18O was taken only at the end of most experiments since previous work showed 191 

constant δ18O values over the course of an experiment (Baker, 2015).  192 

For DIC analysis, 3.5 mL of water was injected through rubber septa into He-flushed 193 

exetainers. At CEOAS, 0.1 mL of 85% orthophosphoric acid was added to the exetainers. 194 

After equilibrating for 4 hours, the gas headspace was analyzed by continuous-flow mass 195 

spectrometry on a GasBench-DeltaV system. A known concentration in-house NaHCO3 196 

standard was analyzed with the samples, from which a calibration curve was determined 197 

and DIC concentration in our samples was approximated. Data are reported in standard 198 

delta notation relative to VPDB (Supplement Table S3.2). The standard analytical error 199 

(1) is ±0.15‰ for δ13C of DIC. 200 

Water samples for δ18O were collected in He-flushed exetainers and filled almost 201 

completely (~11 mL) to minimize headspace and allow for replicate analyses. The δ18O 202 

was analyzed using the CO2-equilibration method whereby the CO2 headspace is 203 

equilibrated with 5 mL of water while agitated in an 18°C water bath. The CO2 was then 204 

analyzed by dual inlet mass spectrometry on a DeltaPlus XL and data are reported in 205 

standard delta notation relative to VSMOW (Table 1). The standard analytical error (1) 206 

is ±0.05‰ for δ18O of H2O. 207 

Calcite samples were reacted with 105% orthophosphoric acid in a Kiel III preparation 208 

device for 8 minutes at 70°C. Evolved CO2 and H2O gases were condensed and CO2 was 209 

separated and transferred into a MAT 252 mass spectrometer for analysis via dual inlet 210 

mass spectrometry. Data are reported in standard delta notation relative to VPDB (Table 211 

1). The 18O data were converted to the VSMOW scale by the following relationship: 212 

18OVSMOW = 1.03091·18OVPDB + 30.91 (Coplen et al., 1983). The standard analytical error 213 

(1) is ±0.05‰ for δ18O and ±0.03‰ for δ13C. 214 

 215 

3. Results  216 

 217 

3.1 Oxygen isotope fractionation 218 

 219 

The fractionation factor between two phases or compounds, for example calcite (c) and 220 

water (w), are related to delta values as follows:  221 

 222 

𝛼c/w =
( O

18
/ O
16 )

c

( O
18

/ O
16 )

w

=
δ Oc

18  + 1000

δ Ow
18  + 1000

     (3) 223 

 224 
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With [NaCl] = 0 and [bCA] ≥ 0.2 µM, the data form a tight cluster (1000lnc/w = 225 

28.00.1‰, n = 4, Table 1, Fig. 3) that agrees with previous results from calcite growth 226 

experiments carried out at 25°C, pH 8.3 and with bCA (Watkins et al., 2013, 2014; Baker, 227 

2015). These experiments indicate 0.2 µM bCA is sufficient to maintain an isotopically 228 

equilibrated DIC pool in low salinity experiments.  229 

Results from experiments with added NaCl (0.2-1.4 M) and [bCA] ~ 0.2 µM vary from 230 

25.2 to 27.6‰ in 1000lnc/w (Table 1, Fig. 3) and are comparatively lower than results 231 

from the low salinity experiments.  232 

Repeat NaCl experiments but with higher bCA concentrations (up to 2.9 µM) display 233 

1000lnc/w values consistently higher than those from experiments with [bCA] ~ 0.2 µM, 234 

indicating higher [bCA] are required for isotopic equilibration of the DIC pool in solutions 235 

of high ionic strength. Specifically, experiments with [NaCl] from 0.18 to 0.35 M and 236 

[bCA] ~ 1 µM resulted in 1000lnc/w values (28.1 0.05‰) indistinguishable from the low 237 

salinity experiments (28.00.1‰). These results suggest that, for these experiments, (1) 238 

the DIC pool remained isotopically equilibrated with ~ 1 µM of bCA and (2) [NaCl] of up 239 

to 0.35 M has no significant effect on 1000lnc/w. However, experiments with [NaCl] > 240 

0.35 M resulted in 1000lnc/w values significantly lower than 28.0‰ despite very high 241 

[bCA] (up to 2.9 µM). The cause of the lower 1000lnc/w values at high ionic strength is 242 

investigated in Section 6.2.  243 

 244 

4. Model for calcite growth from a DIC pool with variable level of isotopic 245 

equilibration 246 

 247 

The variability in 1000lnc/w as a function of [bCA] is a manifestation of kinetic effects 248 

arising from a variably equilibrated DIC pool. Recent progress has been made on the 249 

development of numerical models that quantify kinetic isotope effects in the CaCO3-DIC-250 

H2O system (Chen et al., 2018; Christensen et al., 2021; Uchikawa et al., 2021). In this 251 

section, we present a model adapted from that of Chen et al. (2018), and use it to evaluate 252 

the oxygen isotopic variations observed. This is aided by the constraints we have on the 253 

CO2 flux, 18O of CO2 gas, and carbonate growth rates. 254 

We begin with a 1.7 L solution at 25°C, pH = 8.3, [Ca2+] = 30 mM and [DIC] ~ 0.01 255 

mM. The DIC is initially isotopically equilibrated. Equilibrium fractionation factors used 256 

in the model are provided in Table 2. As CO2 bubbles through, some of it partitions into 257 

solution, constituting a net flux of CO2(aq) (i.e., DIC). The incoming CO2(g) has the isotopic 258 

composition of the gas tank, which is out of equilibrium with the dissolved CO2(aq) and 259 

water. We assume there is no isotopic fractionation of CO2 as it gets converted from the 260 

gaseous to dissolved state (equilibrium fractionation between CO2(g) and CO2(aq) <0.2‰, 261 

Brenninkmeijer et al., 1983; Beck et al., 2005; diffusive isotope effects < 0.7‰; O’Leary, 262 

1984). The CO2 that enters solution undergoes hydration and hydroxylation reactions to 263 

produce HCO3
-, a fraction of which deprotonates to form CO3

2-. As the concentration of 264 

CO3
2- increases, the degree of supersaturation () also increases, and calcite grows at a 265 

rate that depends on the degree of supersaturation. Fast calcite growth draws down [DIC], 266 

thus slowing calcite growth in a negative feedback.  267 

For the model to be informative, it should: (1) capture the behavior that a quasi-steady 268 

state is reached in the system whereby the influx of DIC from CO2 (FCO2) is balanced by 269 

the outflux of DIC to calcite (FCaCO3), (2) reach steady state fluxes that agree with the 270 
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inferred growth rate (mmol/h), and (3) provide insights into the isotopic results. For this 271 

latter point, we specifically seek to explain the 3‰ variability among the experiments 272 

despite the use of high [bCA]. 273 

 274 

4.1 Chemical reactions 275 

 276 

The model tracks the following chemical and isotope exchange reactions (Chen et al., 277 

2018; Christensen et al., 2021):  278 

 279 

CO2 + H2O 

𝑘+1
→ 

𝑘−1
← 

 HCO3
-  + H+,    (4) 280 

 281 

CO2 + OH− 

𝑘+4
→ 

𝑘−4
← 

 HCO3
- ,    (5) 282 

 283 

CO2 + H2
18O 

𝑎+1
→ 

1/3𝑎−1
←    

 HC18OO2

-
 + H+,   (6) 284 

 285 

CO2 + OH− 
18

𝑎+4
→ 

1/3𝑎−4
←    

 HC18OO2

-
,   (7) 286 

 287 

C OO
18

 + H2O 

𝑏+1
→ 

2/3𝑏−1
←    

 HC18OO2

-
 + H+,  (8) 288 

 289 

and 290 

C OO
18

 + OH− 

𝑏+4
→ 

2/3𝑏−4
←    

 HC18OO2

-
.   (9) 291 

 292 

 293 

The k’s are rate constants for the (de)hydration and (de)hydroxylation reactions. Rate 294 

constants for the 18O-substituted species are denoted a or b, with a representing substitution 295 

on H2O or OH-, and b representing substitution on CO2. The ratio of these rate constants is 296 

equal to the equilibrium constant for each reaction, as given in Table 3.  297 

We solve numerically these five coupled ordinary differential equations:  298 

 299 

 𝑑[CO2]

𝑑𝑡
= −𝑘+1[CO2] + 𝑘−1[EIC]𝜒[H+] − 𝑘+4[CO2][OH-] + 𝑘−4[EIC]𝜒

+
𝐹CO2

𝑉
 

(10) 

 300 

 301 
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 𝑑[EIC]

𝑑𝑡
= 𝑘+1[CO2] − 𝑘−1[EIC]𝜒[H+] + 𝑘+4[CO2][OH-] − 𝑘−4[EIC]𝜒

−
𝐹CaCO3

𝑉
 

(11) 

 302 

 303 

 𝑑[C OO
18 ]

𝑑𝑡
= −𝑏+1[C OO

18 ] +
2

3
𝑏−1[ EIC

18 ] 𝜒18 [H+] − 𝑏+4[C OO
18 ][OH-]

+
2

3
𝑏−4[ EIC

18 ] 𝜒18 +
𝐹CO2

𝑅𝐶𝑂2
18

𝑉
 

(12) 

 304 

 𝑑[ EIC
18 ]

𝑑𝑡
= 𝑎+1[CO2]𝑟w −

1

3
𝑎−1[ EIC

18 ] 𝜒18 [H+] + 𝑎+4[CO2][ OH-18 ]

−
1

3
𝑎−4[ EIC

18 ] 𝜒18 + 𝑏+1[C OO
18 ] −

2

3
𝑏−1[ EIC

18 ] 𝜒18 [H+]

+ 𝑏+4[C OO
18 ][OH-] −

2

3
𝑏−4[ EIC

18 ] 𝜒18

−
𝐹CaCO3

𝑉

[ EIC
18 ]

[EIC]
𝛼c/EIC 

(13) 

and 305 

 306 

 𝑑[Ca2+]

𝑑𝑡
= −

𝐹CaCO3

𝑉
 

(14) 

 307 

where FCO2 and FCaCO3 are fluxes (moles s-1), V is volume (L), and HCO3
- and CO3

2- are 308 

written together as EIC (short for “equilibrated inorganic carbon”), assuming instantaneous 309 

equilibrium between these two species (Chen et al., 2018). The factors of 1/3 and 2/3 are 310 

needed for oxygen isotope mass balance; for every mole of HC18OO2
- that undergoes 311 

dehydrations, ~2/3 goes to C18OO and ~1/3 goes to H2
18O.  312 

Kinetic isotope fractionation between calcite and EIC (i.e., 𝛼c/EIC) is dependent on pH 313 

and growth rate, as described by the ion-by-ion model (Watkins et al., 2014) and a 314 

parameterized analytical expression (Devriendt et al., 2017b).  Here, we adopt the ion-by-315 

ion model of Watkins et al. (2014) but note that the Devriendt et al. (2017b) formulation 316 

produces nearly identical outputs at pH 8.3 and calcite growth rate = 10-6.3 ± 0.3 mol m-2 s-1. 317 

The free parameters of the model are FCO2 and FCaCO3, and constraints on the functional 318 

form of each are discussed below.  319 

 320 

4.2 CaCO3 flux 321 

 322 

The surface area normalized growth rate of CaCO3 (moles m-2 s-1) is dependent on the 323 

degree of supersaturation through a commonly used rate law (Nancollas and Reddy, 1971; 324 

Berner and Morse, 1974; Morse, 1978): 325 

 326 

𝑅 = 𝑘(Ω − 1)𝑛,            (15) 327 

 328 
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or in logarithmic form 329 

 330 

log
10
𝑅 = log

10
𝑘 +  𝑛 log

10
(Ω − 1).   (16) 331 

 332 

Zuddas and Mucci (1998) performed seeded calcite growth experiments using CaCl2-NaCl 333 

solutions that closely match our solution compositions. Their data, which span a wide range 334 

of ionic strengths, are shown in Figure 4. A linear regression using all of the Zuddas and 335 

Mucci (1998) data yields n = 1.6 and k = 10-7.38. These values are used as a starting point, 336 

but the values can be adjusted to some degree, as permitted by the scatter of the data in 337 

Figure 4. 338 

The CaCO3 flux is related to the growth rate through the relationship: 339 

 340 

𝐹CaCO3
= SA ∙ 𝑅,            (17) 341 

 342 

where SA is the reactive surface area (m2). At the onset of an unseeded experiment, SA = 343 

0 and then it increases as calcite nucleates and grows. To calculate SA, we use a specific 344 

surface area, Sp, which is the surface area of calcite crystals at the end of an experiment 345 

(28  5 m2/mol for an average particle size of ~10 m as determined from SEM images; 346 

Tang et al., 2008).  347 

Using the model, we estimate that ~35% of the mass of crystals forms during the 348 

period of fast growth and ~65% forms during the period of steady-state growth. The 349 

growth rate values in Table 1 are based on the steady state growth rate and thus represent 350 

minimum estimates.  351 

 352 

4.3 CO2 flux 353 

 354 

The flux of CO2 (moles s-1) into solution is expressed as  355 

 356 

𝐹CO2
= 𝑘p([CO2]eq − [CO2]),    (18) 357 

 358 

where [CO2]eq is calculated from Henry’s constant and the pCO2 of the gas tank (200 atm 359 

in most experiments).  The parameter kp (kg-soln s-1) describes the efficiency of gas transfer 360 

to solution, which varies between experiments depending on fluid dynamics (stirring) and 361 

the variable average bubble size produced by the diffusion stone. We therefore adjust kp as 362 

needed to satisfy the constraint that the CO2 influx matches the DIC outflux (i.e., the calcite 363 

growth rate) at steady state. For experiment S8, a value for kp = 0.0026 kg-soln s-1 satisfies 364 

this constraint.  365 

   366 

5. Model results 367 

 368 

Model outputs are compared to data from two low salinity experiments (exp. S8 and 369 

CA4 with no NaCl) in Figure 5. For the curves labeled “Model 1,” the reactive surface area 370 

increases monotonically (Fig. 5a), which leads to a steadily decreasing [DIC] and  during 371 

Stage II. For the curves labeled “Model 2,” the surface area of crystals is constant after the 372 

period of rapid nucleation and growth. This is akin to a seeded crystallization experiment 373 

where the reactive surface area is determined by the size distribution of seed crystals and 374 
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assumed to be unchanging as overgrowth is added (e.g. Zuddas and Mucci, 1998). The 375 

different treatments of reactive surface area between Models 1 and 2 have little effect on 376 

the resulting isotopic composition of calcite. 377 

The FCO2 and FCaCO3 curves (Fig. 5b and 5c) illustrate the negative feedback that leads 378 

to steady state behavior. The flux of CO2 is at a maximum value initially because [CO2(aq)] 379 

~ 0 and it decreases steadily during Stage I as [CO2(aq)] accumulates in solution (Eq. 18). 380 

The accumulation of [CO2(aq)] leads to an increase in FCaCO3 into Stage II. This acts to 381 

draw down the [CO2(aq)], which is then compensated by an increase in FCO2 at the 382 

beginning of Stage II. A few hours into Stage II, FCaCO3 and FCO2 are nearly in balance. 383 

The model kp parameter that yields a match to the steady state growth rate (Fig. 5c) also 384 

matches the evolution of [DIC] (Fig. 5d), suggesting that the rate law derived from the 385 

seeded experiments of Zuddas and Mucci (1998) is valid for our unseeded experiments.  386 

In the absence of bCA enzyme (i.e. uncatalyzed experiment), the 1000ln of CO2(aq) 387 

begins at the equilibrium value and then steeply drops (Fig. 5e) because of the input of 388 

bubbled CO2(g) with 18O ~ 24.3‰ vs VSMOW (~5‰ lower than the equilibrium value). 389 

The light CO2 undergoes hydration and hydroxylation to form isotopically light EIC 390 

initially (Fig. 5f), but as the DIC residence time in solution increases due to increasing 391 

[DIC], the CO2 hydration reaction becomes increasingly bi-directional (Rb/Rf → 1, where 392 

Rb is the backward rate and Rf is the forward rate; Fig. 5g), leading to a progressively 393 

isotopically heavier EIC pool during Stage I that approaches the EIC equilibrium value. 394 

Around the 21-hour mark, the CaCO3 flux is sufficiently high, leading to higher Rf/Rb for 395 

the hydration reaction and isotopically lighter EIC pool until steady state is reached during 396 

Stage II. Without any enzyme added, the time-integrated 1000lnc/w values are 25.3 for 397 

Model 1 and 25.6 for Model 2, which agree well with the measured 25.3 value. 398 

With a [bCA] of 0.2 M, the rate constant of CO2 hydration (k+1) is increased by a 399 

factor of 200 (Uchikawa and Zeebe, 2012) and the 1000lnEIC/w is equilibrated for all but 400 

the first couple hours of the simulated experiments (Fig. 5f). The 1000lnc/w values are 401 

28.0 for Model 1 and 27.9 for Model 2 (Fig. 5h), which match the measured value of 28.0 402 

and is ~1.5-2‰ lower than the equilibrium value due to the growth rate-dependent calcite-403 

CO3
2- and calcite-HCO3

- fractionation. 404 

 405 

6. Discussion 406 

 407 

6.1 The effect of ionic strength on the oxygen isotope fractionation between calcite and the 408 

EIC 409 

 410 

Mineral-anion KFFs may be dependent on solution composition. The kinetics of 411 

calcite growth and dissolution have been postulated to depend NaCl concentration (Zuddas 412 

and Mucci, 1998). Hence it could be expected that ionic strength affects the calcite 413 

dissolution/precipitation ratio and by extension the isotopic fractionation between calcite 414 

and CO3
2- (and HCO3

-) (Devriendt et al., 2017b). The observation that the maximum 415 

measured 1000lnc/w for a given [NaCl] does not vary up to [NaCl] of 0.35 M suggests that 416 

the calcite-CO3
2- (and possibly calcite-HCO3

-) KFF(s) is/are independent of change in ionic 417 

strength caused by Na+ and Cl- ions, contrary to the hypothesis proposed by Devriendt et 418 

al. (2017b). The decrease in the maximum 1000lnc/w above [NaCl] = 0.35 M could be 419 
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attributed to a changing calcite-EIC KFF but that would require an abrupt change in crystal 420 

growth mechanism or surface speciation for which there is no independent evidence. 421 

 422 

6.2 The origin of 18Ocalcite variability at high ionic strength 423 

 424 

Experiments with [NaCl] > 0.35 M display lower and more variable 1000lnc/w values 425 

despite the very high [bCA] (up to 3 M) used in these experiments. In the following 426 

subsections, we consider the possible explanations for this variability, including the 18O 427 

of free water, the effect of ion pairs, the effect of NaCl on DIC speciation, and the effect 428 

of dissolved salts on the enzyme kinetics. 429 

 430 

6.2.1 Effect of dissolved ions on 18Ow 431 

Isotopically heavy oxygen is concentrated in the hydration spheres of some cations or 432 

anions in solution, resulting in an oxygen isotope composition of free water that is 433 

potentially lighter than the 18O of the overall solution (Taube, 1954). However, the 434 

hydration spheres of Na+ and Cl- do not fractionate oxygen isotopes, regardless of solution 435 

molality (Taube, 1954). The other cations in our solutions exhibit opposing behavior, with 436 

Ca2+ ions having isotopically heavy hydration spheres (Sofer and Gat, 1972) and NH4
+ ions 437 

having isotopically light hydration spheres (Taube, 1954). Although we use Ca2+ and NH4
+, 438 

our solutions are far too dilute with respect to these ions to expect a resolvable effect. A 439 

salt effect on hydration spheres is therefore not responsible for the 1000lnc/w variations. 440 

 441 

6.2.2 Effect of ion pairing on oxygen isotope fractionation between DIC species 442 

and H2O  443 

The equilibrium fractionation factors in the CO2-H2O system (𝛼CO2-H2O, 𝛼HCO3
-
-H2O and 444 

𝛼CO3
2-

-H2O) are based on freshwater solutions (Beck et al., 2005). The addition of dissolved 445 

salts can lead to significant fractions of bicarbonate and carbonate ions existing as cation-446 

CO3
2- complexes such as NaHCO3

0 and NaCO3
-, which may shift the isotopic composition 447 

of the HCO3
- and CO3

2- compounds reacting with Ca2+ to form CaCO3. Kim et al. (2014) 448 

showed that variable amounts of dissolved NaCl (I = 0 to 0.7) have a negligible effect on 449 

the equilibrium fractionation factors in the Na-Cl-CO2-H2O system. Similarly, Uchikawa 450 

and Zeebe (2013) found no discernible effects of MgCO3
0 on oxygen isotope equilibrium 451 

in the Mg-Cl-CO2-H2O system over a large range of MgCO3
0 abundances (0 to 40% of 452 

total CO3
2-). Hence, isotope partitioning among ion pairs is not responsible for the 453 

1000lnc/w variations. 454 

 455 

6.2.3 Effect of DIC speciation on 18Ocalcite 456 

The relative proportions of CO3
2- and HCO3

- within the EIC may affect 18Ocalcite where 457 

HCO3
- attachment to the calcite surface is significant (Wolthers et al., 2012; Watkins et al., 458 

2014). This is because CO3
2- and HCO3

- have distinct oxygen isotope compositions (Fig. 459 

3; Beck et al., 2005). Increasing salinity shifts the solution to higher CO3
2-/DIC (e.g. 460 

Millero et al., 2007), which decreases the 18O of the EIC. Moreover, the DIC equilibration 461 

time increases at higher CO3
2-/DIC due to lower [CO2] (Usdowski et al., 1991; Uchikawa 462 

and Zeebe, 2012).  463 
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In simple NaCl solutions, the CO3
2-/DIC ratio increases from 1.8% to 5.3% between 464 

[NaCl] = 0 and 0.5 M, with very little change above [NaCl] = 0.5 M (Millero et al., 2007, 465 

Fig. S1.1e). However, this increase in CO3
2-/DIC only lowers the 18O of isotopically 466 

equilibrated DIC by about 0.3‰ (Fig. 3). In addition, the change in speciation translates to 467 

a minor increase in the DIC equilibration time that is accounted for in our model. Hence, a 468 

salt effect on solution speciation and equilibration time is not responsible for the 1000lnc/w 469 

variations. 470 

 471 

6.2.4 Effect of NaCl on the kinetics of catalyzed CO2 (de)hydration 472 

The enzyme bCA increases the CO2 (de)hydration rate constants k+1 and k-1. According 473 

to the Michaelis-Menten kinetic model, the expression for the enzyme-catalyzed rate 474 

constant for CO2 hydration is: 475 

 476 

𝑘+1
∗  =  𝑘+1 +

𝑘cat

𝐾M
∙ [CA],          (19) 477 

 478 

where kcat is the turnover number and KM is the Michaelis-Menten constant. Uchikawa and 479 

Zeebe (2012) determined kcat/KM = 2.7 x 107 M-1 s-1 for bCA in NaCl-free solutions. In the 480 

absence of an inhibitor, addition 0.2 M of bCA is expected to increase k+1 by a factor of 481 

200 in freshwater solutions. 482 

Many inorganic and organic compounds are known to inhibit the activity of various 483 

forms of carbonic anhydrase (Bertucci et al., 2009, 2011a; De Simone and Supuran, 2012; 484 

Del Prete et al., 2014). Previous studies have found that several anions (including Cl-, Br-, 485 

and NO3
-) affect the activity of CA. Nielsen and Frieden (1972) found these anions to have 486 

an inhibitory effect on the activity of both oyster CA and bovine CA, while Dionisio-Sese 487 

and Miyachi (1992) studied a variety of marine algae and found that the inhibitory or 488 

catalytic effects of these anions on CA activity was species-dependent, with a proposed 489 

mechanism for inhibition being that these anions may displace the hydroxyl group bound 490 

to the zinc at the enzyme active site. Enzyme inhibition is typically expressed in terms of 491 

an inhibition constant, KI (mM), which is the concentration of inhibitor at which the rate 492 

of the uninhibited reaction is reduced by a factor of 2. The larger the value of KI, the weaker 493 

the inhibitor.   494 

Nielsen and Frieden (1972) carried out pH-stat assays and reported KI = 170 mM 495 

for bCA at T = 6°C and pH = 7.5. They showed the CO2 (de)hydration reaction velocity 496 

(V) decreases exponentially with increasing [NaCl] (Figure 6).  They define V as the 497 

difference between the catalyzed versus uncatalyzed reaction velocity, which in turn, we 498 

infer to be directly proportional to kcat/KM. Their results can be used to write an equation 499 

for kcat/KM that depends explicitly on [NaCl]:  500 

 501 
𝑘cat

𝐾M
= (

𝑘cat

𝐾M
)

[NaCl=0]
exp(A ∙ [NaCl]),  (20) 502 

 503 

where the exponent A describes the strength of inhibition. Our fit to the data from Nielsen 504 

and Frieden (1972) gives A = -3.82 (Fig. 6).   505 

To assess whether NaCl as a mild inhibitor can account for our observations, Figure 506 

7 shows model outputs using the functional form for kcat/KM from Eq. 20. Model outputs 507 

are obtained using the same parameters from experiment S8 and CA4 (Fig. 5) but with k+1
* 508 
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(Eq. 19 and 20) instead of k+1 in reactions (4), (6) and (8), and by varying [bCA] and 509 

[NaCl]. Model results using A = -3.82 (KI = 170 mM, based on data from Nielsen and 510 

Frieden, 1972) are shown on the left panels of Fig. 7 (panels a to d). Measured data and 511 

model outputs are compared in two separate panels (Fig. 7b and 7c) because the 18O of 512 

DIC species under non-equilibrium conditions depends on the 18O of bubbled CO2 513 

(Supplement S2): (1) experiments with high 18OCO2(g) (22.2-24.3‰, Fig. 7b) and (2) 514 

experiments with low 18OCO2(g) (12.27-13.45‰, Fig.7c). Model outputs shown in Fig. 7b 515 

and 7c involve no free parameters and yet can explain several first-order features of the 516 

dataset: (1) The range of measured 1000lnc/w values in the high 18OCO2(g) experiments is 517 

about 3‰. (2) About 1 M bCA is required to maintain an isotopically equilibrated the 518 

DIC pool up to [NaCl] ~ 0.35 M. (3) Maintaining DIC at isotopic equilibrium with bCA 519 

becomes increasingly difficult above [NaCl] = 0.35 M even with 2-3 M of bCA added. 520 

(4) There is a general decrease, for a given [bCA], in the 1000lnc/w values with increasing 521 

[NaCl]. However, the model 1000lnc/w values are systematically higher than the measured 522 

values for all experiments with bCA, implying that the modeled NaCl inhibition is too 523 

weak and that the modeled DIC pool is more equilibrated than suggested by the data (Fig. 524 

7d).  525 

The data-model agreement is improved using A = -5.5 (KI = 120 mM, Fig. 7e to 526 

7h). There are a couple of possible reasons why the inhibitory effect of NaCl on bCA may 527 

be stronger in our experiments than suggested by the data of Nielsen and Frieden (1972). 528 

First, the Nielsen and Frieden (1972) parameters were derived from a solution with a lower 529 

temperature and pH than our experiments and it is conceivable that NaCl inhibition varies 530 

with either or both of these parameters. Second, it is possible that they used a different 531 

isozyme of bCA, and different isozymes can have a substantially different KI values (De 532 

Simone and Supuran, 2012). 533 

Overall, these results suggest that the most up-to-date values for the kinetic 534 

fractionation factors (Table 3) and functional form of the salt effect on bCA from Nielsen 535 

and Frieden (1972) are an accurate quantitative description of our calcite growth 536 

experiments and should be useful for modeling the 18O of CaCO3 in other experiments 537 

and natural environments. 538 

 539 

7. Implications  540 

 541 

7.1 Towards a general model for kinetic oxygen isotope effects 542 

 543 

The current work builds on a large number of studies, each contributing to the 544 

development of a general model of kinetic oxygen isotope fractionation in the CaCO3-DIC-545 

H2O system (e.g. Clark et al., 1992; Usdowski and Hoefs, 1993; Zeebe and Wolf-Gladrow, 546 

2001; Beck et al., 2005; Kim et al., 2006; DePaolo, 2011; Nielsen et al., 2012; Watkins et 547 

al., 2013, 2014, 2017; Zeebe, 2014; Devriendt et al., 2017b; Sade and Halevy, 2017; Chen 548 

et al., 2018; Yumol et al., 2020; Zeebe, 2020; Guo and Zhou, 2019; Guo, 2020; Christensen 549 

et al., 2021). This study presents the first attempt to model kinetic oxygen isotope effects 550 

recorded in laboratory grown calcite with a fully reversible isotopic box model (Chen et 551 

al., 2018; Christensen et al., 2021) and provides a functional form for the inhibitory effect 552 

of NaCl on the catalytic effect of bovine carbonic anhydrase. The success of the model 553 

applied to our experiments with variably equilibrated DIC pools (Fig. 7f to 7h) suggests 554 
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that the community is converging towards an accurate set of equilibrium and kinetic 555 

fractionation factors in the CaCO3-DIC-H2O system that will be useful for improving 556 

models of isotopic disequilibrium and biological ‘vital effects’ in other settings.  557 

 558 

7.2 Application to marine calcifiers 559 

 560 

Carbonic anhydrase (CA) is present at or near the site of calcification of many (if 561 

not all) biological organisms, including urchins (e.g. Mitsunaga et al., 1986), crustaceans 562 

(e.g. Henry, 2001), corals (e.g. Furla et al., 2000; Moya et al., 2008; Tambutté et al., 2011; 563 

Bertucci et al., 2011b; Mass et al., 2014), coccolithophores (e.g. Zhang et al., 2021), and 564 

foraminifera (e.g. de Goeyse et al., 2021). Despite the presence of CA, all of these 565 

organisms produce CaCO3 skeletons or tests that exhibit deviations from isotopic 566 

equilibrium (e.g., McConnaughey, 1989; Spero et al., 1997; Adkins et al., 2003; Kimball 567 

et al., 2014; Hermoso et al., 2014; Devriendt et al., 2017a; Chen et al., 2018). 568 

The pervasiveness of KIEs in the marine carbonate record has motivated efforts to 569 

develop isotopic biomineralization models. Recent approaches for coral and coccolith 570 

calcification invoke a CO2-fed fluid and explicitly account for carbonic anhydrase activity 571 

on KIEs in the DIC-water system (Devriendt et al., 2017b; Chen et al., 2018; Zhang et al., 572 

2021). For both organisms, the parameter kcat/KM has been treated as a constant.  Given that 573 

the composition of the calcifying fluid is likely to have higher pH and lower salinity than 574 

ambient seawater due to proton pumping and cation selectivity, respectively, the treatment 575 

of constant kcat/KM may warrant relaxation in future refinements. An obvious caveat is that 576 

the bCA used herein may not be representative of CA found in marine organisms. For 577 

example, it is possible that marine varieties of CA are less sensitive to salt inhibition, either 578 

through modifications to the enzyme structure or by screening inhibitors from the 579 

calcifying fluid (e.g. Dionisio-Sese and Miyachi, 1992; Bertucci et al., 2009).  580 

 581 

8. Summary 582 

 583 

Calcite crystals were precipitated at 25°C in solutions of variable NaCl and bovine 584 

carbonic anhydrase (bCA) concentrations to investigate the effect of a solution ionic 585 

strength on the oxygen isotope fractionation between calcite and an isotopically 586 

equilibrated DIC pool (EIC). The experimental results indicate no significant ionic strength 587 

effects on calcite-EIC oxygen isotope fractionation but revealed the inhibitory effect of 588 

NaCl on the catalyzed CO2 (de)hydration reaction. This led to DIC pools that were not 589 

isotopically equilibrated and variable 1000lnc/w values in high ionic strength solutions 590 

([NaCl] > 0.35 M). Using an updated isotopic box model and accurate measurements of 591 

solution parameters ([TA], [DIC] and 18O of input CO2(g)), we successfully modeled the 592 

measured variability in 1000lnc/w values at high [NaCl] and quantified the inhibitory 593 

effect of NaCl on bCA. The new parameterization of the dependence of bCA activity on 594 

[NaCl] can be used in biochemical models of calcification with the caveat that other 595 

isozymes of CA may be less sensitive to inhibition by dissolved salts and solution pH. This 596 

is a subject that warrants further investigation for understanding vital effects in biogenic 597 

calcite and for finding an alternative to bCA for equilibrating the DIC pool in experiments 598 

that involve seawater-like compositions. 599 

 600 
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Figure 1. Behavior of the calcite growth experiments. (A) Example of an experimental run 

(S11). During Stage I, the increase in TA matches the amount of NaOH added to offset the 

addition of CO2 to solution. At the onset of Stage II, the change in TA is due to addition of 

NaOH as well as removal of Ca2+ to CaCO3. During Stage II, the difference between NaOH 

added and TA can be used to calculate the CaCO3 flux (mmol/h). (B) Rate of NaOH addition 

for all experiments. The range of slopes during Stage II translates to a range in the CaCO3 

precipitation rate from 0.04 to 0.15 mmol/h.  
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Figure 2. Variations in total alkalinity (TA, A), dissolved inorganic carbon (DIC, B) and 

calcite saturation state (, C) during the course of each calcite growth experiment. Black dots 

are measured points (or calculated from measured points) and curves are splines. This figure 

shows the variabilities in TA, DIC and  are not related to the different NaCl concentrations. 

Typically,  increased to between 5 and 9 around the 15-20 hour mark before decreasing to a 

quasi-steady state value of  = 2 to 4 after 30 hours.  
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Figure 3. Calcite-water oxygen isotope fractionation expressed as 1000lnc/w. Results from 

this study’s experiments (circles) at low salinity ([NaCl]=0, n=4) agree with previous calcite 

growth experiments conducted at pH 8.3 and 25°C with bovine carbonic anhydrase (Watkins et 

al., 2014 – triangles; Baker, 2015 – diamonds), as well as with the expected value obtained 

using the Kim and O’Neil (1997) calibration. Experiments with [NaCl] > 0.35 M show lower 

and variable 1000lnc/w despite the use of high bovine carbonic anhydrase concentrations. 

Equilibrium fractionation factors are listed in Table 2 (Beck et al., 2005; Coplen, 2007). We 

use the Zeebe (2007) expression to calculate oxygen isotope fractionation between the sum of 

DIC and water, substituting Millero et al. (2007) pK values for simple NaCl solutions and 

equilibrium fractionation factors from Beck et al. (2005). 
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Figure 4. Effect of the solution saturation () on calcite growth rate (R) in simple CaCl2-NaCl 

solutions (data from Zuddas & Mucci, 1998). Seeded calcite precipitation experiments at 

varying ionic strength provide an empirical relationship between  and the surface area 

normalized growth rate R used in the model.  
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Figure 5. Model for the time-dependent behavior in experiments S8 and CA4 at T = 25°C, 

pH = 8.3 and [NaCl] = 0 M. Model 1 assumes that the reactive surface area of carbonate 

crystals is proportional to the mass of carbonate precipitated whereas Model 2 treats the 

steady state portion of Stage II as a seeded experiment with fixed reactive surface area. The 

two different approaches yield similar isotopic outputs and are in good agreement with 

measured 1000lnc/w values.   
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Figure 6. The pH-stat assays of Nielsen and Frieden (1972) conducted at pH 7.5 and a 

temperature of 6°C suggest an exponential dependence of CO2 (de)hydration reaction velocity 

(V) on [NaCl]. The data gives an exponent of -3.82 and an inhibition constant KI = 170 mM.       
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Figure 7. Data-model comparison for the calcite-water oxygen isotope fractionation (1000lnc/w) 

in solutions with different NaCl concentrations (0-1.4 M). Model outputs were obtained using Eq. 

(19) and (20) for the NaCl dependence of the catalyzed CO2 (de)hydroxylation reaction kinetic (as 

in Figure 6). Left panels (A-D) show results using an exponent of -3.82 (Nielsen and Frieden, 

1972). Right panels (E-H) show results using an exponent of -5.5. For panels (B) and (F), the 

input gas has high 18O (22.2-24.3‰). For panels (C) and (G), the input gas has low 18O (12.27-

13.45‰). The NaCl dependence of Nielsen and Frieden (1972) is weaker than indicated by our 

experiments, leading to model 1000lnc/w values that are systematically higher (i.e., more 

equilibrated DIC) than the measured values (panel D). A stronger inhibition by NaCl yields better 

overall agreement between model and data (panel H).   
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Table 1. Experimental parameters and isotopic data for all experiments of this study 

 

 

aSalinities given are approximate 

bCalcite growth rate could not be calculated for early experiments due to use of an unreliable NaOH autotitrator 

cCA18 used an 800ppm CO2-in-N2 gas tank, while all other experiments used 200ppm CO2-in-N2 tanks. Flow rate was 

scaled back so that all experiments have a constant flux of 0.12-0.13 mmol CO2/h 

 Experiment  

[NaCl] 

(M) 

Salinity 

(g/kg)a 

 bCA 

(mg) 

[bCA] 

(M) 

R 

(mmol/h) 

log10R 

(mol/m2/s) 

δ18Ogas CO2 

(VSMOW) 

δ18Ow 

(VSMOW) 

δ18Oc 

(VPDB) 

δ18Oc 

(VSMOW) 1000lnc-w  

S2b 0.52 35 11.35 0.22 - - 12.89 -11.65 -16.39 14.02 25.64 

S3b 0.52 35 10.48 0.21 - - 12.89 -11.52 -16.43 13.98 25.47 

S4b 0.18 15 10.06 0.20 - - 12.89 -11.42 -14.24 16.23 27.59 

S5 0.35 25 10.89 0.21 0.053 -6.10 12.89 -11.32 -14.34 16.13 27.38 

S6 0 3.5 10.6 0.21 0.044 -6.45 12.74 -11.31 -13.66 16.83 28.06 

S7 0.18 15 10.04 0.20 0.057 -6.20 12.74 -11.34 -14.34 16.13 27.40 

S8 0 3.5 10.48 0.21 0.053 -6.27 12.74 -11.39 -13.84 16.65 27.96 

S9 0.35 25 10.21 0.20 0.070 -6.24 12.74 -11.40 -15.95 14.47 25.83 

S10 0.69 45 10 0.20 0.071 -6.34 12.74 -11.39 -16.52 13.88 25.24 

S11 0.35 25 10.01 0.20 0.093 -6.27 12.74 -11.62 -16.51 13.89 25.48 

S12 1.37 85 10.03 0.20 0.094 -6.17 22.20 -11.57 -16.06 14.36 25.89 

S13 1.03 65 10.27 0.20 0.040 -6.54 22.20 -11.72 -15.61 14.82 26.50 

S14 0.86 55 10.24 0.20 0.103 -6.30 22.20 -11.82 -16.62 13.78 25.57 

S15 1.20 75 10.41 0.20 0.101 -6.31 22.20 -11.82 -16.21 14.20 25.99 

CA1 0.52 35 0 0.00 0.101 -6.31 24.30 -11.83 -16.01 14.41 26.20 

CA2 0.52 35 20.35 0.40 0.102 -6.26 24.30 -11.86 -15.84 14.58 26.40 

CA3 0.52 35 0.97 0.02 0.102 -6.27 24.30 -11.91 -16.43 13.98 25.86 

CA4 0 3.5 0 0.00 0.101 -6.07 24.30 -11.68 -16.72 13.68 25.33 

CA5 0.52 35 50.13 0.98 0.090 -6.31 24.30 -11.17 -14.18 16.29 27.39 

CA6 0.52 35 100 1.96 0.105 -6.34 24.30 -11.18 -14.16 16.31 27.42 

CA7 0.26 20 50 0.98 0.095 -6.30 24.30 -11.33 -13.67 16.82 28.07 

CA9 0.95 60 100 1.96 0.089 -6.37 13.45 -11.57 -15.93 14.49 26.02 

CA12 0.69 45 75.82 1.49 0.085 -6.44 13.45 -11.76 -14.91 15.54 27.24 

CA13 1.03 65 150 2.94 0.082 -6.35 13.45 -11.65 -15.21 15.24 26.84 

CA14 0.18 15 49.01 0.96 0.101 -6.29 13.45 -11.85 -14.16 16.31 28.09 

CA15 0.35 25 50 0.98 0.100 -6.31 13.45 -11.86 -14.16 16.31 28.11 

CA18c 0 3.5 20 0.39 0.152 -6.28 23.50 -11.88 -14.26 16.21 28.03 

CA20 0 3.5 10.12 0.20 0.089 -6.34 13.63 -11.95 -14.34 16.12 28.02 
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Table 2. Compilation of equilibrium fractionation factors (EFFs; T in Kelvin) 

Compounds Equation  

(25˚C) 

References 

CO2(g)-H2O 17.611T-1+0.9821 1.0412 Zeebe (2007) 

CO2(aq)-H2O exp(2520T-2+0.01212) 1.0413 Beck et al. (2005) 

HCO3
--H2O exp(2590T-2+0.00189) 1.0315 Beck et al. (2005) 

CO3
2--H2O exp(2390T-2-0.00270) 1.0245 Beck et al. (2005) 

Calcite-H2O 

exp (

17747
𝑇 − 29.777

1000
) 

1.0302 Coplen (2007),  

Watkins et al. (2013) 

OH--H2O 

 
(1+[−4.4573 +

10.3255∙103

𝑇
−

0.5976∙106

𝑇2
]/1000)-1 

 

0.9771 
 

Zeebe (2020) 
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Table 3. Constants and parameters used in the model 

Symbol Meaning Value Reference/Note 

Part 1: Model parameters    

V Volume of solution (L) 1.7  - 

𝐹CO2 CO2 flux into solution 𝐹CO2
= 𝑚𝐹CaCO3

+ 𝑏 

 

m and b to fit [DIC] data 

𝑅CaCO3 Carbonate precipitation rate 

(mol/m2/s) 
𝑅CaCO3 = 𝑘(Ω − 1)𝑛  

n=1.6 

k = 10-7.38 

Ω =
[Ca2+][CO3

2-]

𝐾sp
 

Zuddas and Mucci (1998) 

    

Sp Specific surface area (m2/mol) 30  Tang et al. (2008) 

SA Total reactive surface area (m2) Sp · nCaCO3 - 

𝐹CaCO3 Carbonate precipitation flux 

(mol/s) 

 

SA ∙ 𝑅CaCO3 - 

Part II: Reaction rate constants    

 Fraction of HCO3
- in EIC 

𝜒 = (1 +
𝐾2
[H+]

)
−1

 
K2 from Millero et al. (2006) 

 

k+1 Rate const. CO2 hydration (s-1) log10𝑘+1
= 329.85 − 110.541log10(𝑇𝐾)

−
17265.4

𝑇𝐾
 

Pinsent et al. (1956) 

Uchikawa and Zeebe (2012) 

k-1 Rate const. CO2 dehydration (M-1s-1) k-1=k+1/K1 K1 from Millero et al. (2007) 

k+4 Rate const. CO2 hydrox (M-1 s-1) 
log10𝑘+4 = 13.635 −

2895

𝑇𝐾
 

Pinsent et al. (1956) 

Uchikawa and Zeebe (2012) 

k-4 Rate const. CO2 dehydrox (s-1) 
𝑘−4 = 𝑘+4 (

𝐾𝑤
𝐾1
) 

Kw from  DOE (1994) 

Part III: Isotopic parameters    

𝑟CO2 
18O/16O ratio of CO2 - Isotope ratio 

𝑟𝐸𝐼𝐶  18O/16O ratio of EIC - Isotope ratio 

𝑅CO2 [C18OO]/[CO2] 2𝑟CO2 Isotopologue ratio 

𝑅𝐸𝐼𝐶  [18EIC]/[16EIC] 3𝑟𝐸𝐼𝐶  Isotopologue ratio 

 Fraction of HC18OO2
-  in EIC 

𝜒 =18 (1 +
𝐾2 ∙ 𝛼CO32-/HCO3-

[H+]
)

−1

 
K2 from Millero et al. (2007) 

 

a+1, b+1 Rate consts for hydration (s-1) a+1/ k+1 = 1.0000† 

b+1/ k+1 = 0.9812† 

 

Yumol et al. (2020) 

 

a-1, b-1 Rate consts for dehydration (M-1 s-1) 𝑎+1/𝑘+1 = 𝐾1 ∙ 𝛼HCO3- /H2O 

𝑏+1/𝑘+1 = 𝐾1 ∙ 𝛼HCO3- /CO2 

 

Equilibrium constraint 

Equilibrium constraint 

a+4, b+4 Rate consts for hydrox. (M-1 s-1) a+4/ k+4 = 0.9988‡ 

b+4/ k+4 = 1.0000‡ 

 

Christensen et al. (2021) 

a-4, b-4 Rate consts for dehydrox. (s-1) 
𝑎+4/𝑘+4 =

𝐾1
𝐾𝑤 

∙
𝛼HCO3- /H2O

𝛼OH-/H2O
 

𝑏+4/𝑘+4 =
𝐾1
𝐾𝑤 

∙ 𝛼HCO3- /CO2 

Equilibrium constraint 

 

Equilibrium constraint 

𝛼c/EIC Growth rate-dependent isotopic 

fractionation 
𝑓(𝑇, pH, [Ca2+], [HCO3

- ], [CO3
2-]) Ion-by-ion model of Watkins 

et al. (2014) 

†These values yield a bulk KFF that is consistent with Yumol et al. (2020) 
‡These values yield a bulk KFF that is consistent with Christensen et al. (2021). 
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Supplement 

 

S1. DIC speciation 

Although DIC speciation is primarily a function of pH, factors such as temperature, 

pressure, and solution composition are also important. DIC speciation is well known for seawater 

solutions (Millero et al., 2006), but our solutions (CaCl2 + NH4Cl + NaCl) are substantially simpler 

in composition. The stoichiometric equilibrium constants (pK) have been determined for similar 

NaCl solutions (Millero et al., 2007), and while this may provide an accurate description of DIC 

speciation in our system, the stoichiometric solubility product (Ksp) for simple NaCl solutions is 

unknown. Hence, even with an accurate description of solution speciation, it is not straightforward 

to relate speciation to the degree of supersaturation with respect to calcite in non-seawater 

solutions.  Consequently, we chose to use PHREEQC to model our solution speciation and degree 

of supersaturation in a self-consistent way using the Pitzer ionic activity database and our exact 

solution compositions as inputs (Charlton and Parkhurst, 2011; De Lucia and Kühn, 2013).  

Differences in speciation between seawater solutions and NaCl solutions are shown in Fig. 

S1.1 for three different [NaCl] (0, 0.52, 1.37 M). For both seawater and NaCl solutions, increasing 

salinity shifts pK1 and pK2 to lower pH so that at a fixed pH of 8.3 the [CO3
2-] increases while 

[HCO3
-] and [CO2] decrease. Increasing salinity has a greater effect on pK2 than on pK1 for both 

solution types. Overall DIC speciation differs between seawater and NaCl solutions, as increasing 

salinity in seawater dramatically shifts speciation so that CO3
2- becomes the dominant DIC species 

at approximately 1 M NaCl (salinity ~75 g/kg) at a pH of 8.3 (Fig. S1.1b). Speciation shifts in 

NaCl solutions are more moderate, with CO3
2- increasing from 1.8% of total DIC in freshwater 

solutions to 6.7% of total DIC in highly saline solutions. It is important to note that the PHREEQC 

speciation for our solution closely matches the DIC speciation based on pure NaCl solutions (Fig 

S1.1e, Millero et al., 2007).  

 
 



 
Figure S1.1. Solution speciation in seawater solutions (a-c; Millero et al., 2006) versus NaCl 

solutions (d-f; solid lines: Millero et al., 2007; dashed lines: PHREEQC, R-package Pitzer 

database) at 25°C. [NaCl] 0, 0.52, and 1.37 M span the range of this study (a, d). Proportion of 

each DIC species and HCO3
-/CO3

2- for solutions at pH 8.3 (b-c, e-f). 

 

 

S2. Sensitivity of the kinetic isotope effects to the 18O of CO2 gas.  

To assess the sensitivity of 1000lnc/w to the isotopic composition of gas used, we simulated 

the uncatalyzed case ([bCA] = 0) for different 18O values of input CO2. The results shown in Fig. 

S2.1 reveal a simple linear relationship between the 18O of CO2 and 18O of EIC at steady state 

(all other parameters fixed) and show that a large 10‰ shift in the 18O of CO2 translates to a much 

smaller 2‰ shift in the 18O of EIC (and calcite). This is attributed to the hydration reaction being 

bi-directional (Rb/Rf ~ 0.8; Fig. 5g of the main text). The sensitivity of 1000lnc/w to 18O of CO2 

decreases as more bCA is added, because bCA pushes Rb/Rf closer to unity. 

 



 
Figure S2.1. Modeled sensitivity of the steady state EIC composition to the 18O of CO2 gas.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



S3. Research data 

 

Table S3.1. Additional parameters and isotopic data for experiments of this study 

 

Experiment Salinity Molality I 

Time 

(total) 

Time 

(precip) δ13Cc 1000lnc/DIC peak ss 

  (g/kg)     (h) (h) (VPDB) (VPDB)     

S2 35 0.5542 0.633 51.9 28.4 -44.00 -0.16 5.59 4.20 

S3 35 0.5542 0.633 44.3 27.9 -45.56 -0.42 8.46 4.02 

S4 15 0.2134 0.274 62.4 42.9 -46.26 -0.97 5.86 2.38 

S5 25 0.3843 0.452 41.6 23.3 -45.08 -0.47 7.78 2.52 

S6a 3.5 - - 72.8 52.6 -46.06 - - - 

S7 15 0.2132 0.274 47.7 29.4 -45.29 -0.40 6.85 3.61 

S8 3.5 0.0365 0.094 52.2 34.2 -45.37 -0.59 8.46 3.34 

S9 25 0.3854 0.453 47.6 32.0 -45.22 -0.40 8.01 3.71 

S10 45 0.7275 0.820 66.0 40.7 -45.28 -0.13 8.09 3.70 

S11 25 0.3852 0.452 66.9 34.8 -44.32 0.31 10.89 3.68 

S12 85 1.4121 1.603 45.9 27.7 -24.00 0.61 7.52 4.09 

S13 65 1.0692 1.203 93.2 64.2 -25.13 -0.02 5.14 2.22 

S14 55 0.8992 1.010 52.4 36.6 -24.25 -0.33 7.24 2.99 

S15 75 1.2414 1.401 61.3 37.5 -23.35 0.41 8.66 5.34 

CA1 35 0.5566 0.634 65.2 37.6 -23.78 0.06 8.34 3.48 

CA2 35 0.5565 0.634 48.5 33.9 -23.79 -0.05 7.76 3.93 

CA3 35 0.5566 0.634 47.5 34.5 -24.29 -0.19 5.66 2.73 

CA4 3.5 0.0368 0.094 30.6 21.5 -25.44 -0.54 7.19 3.77 

CA5 35 0.5565 0.634 62.2 37.5 -22.86 0.62 8.74 2.79 

CA6 35 0.5570 0.634 61.2 40.5 -22.38 0.55 8.12 3.55 

CA7 20 0.2999 0.363 61.5 37.1 -21.59 0.61 10.65 3.89 

CA9 60 0.9847 1.106 60.3 43.3 -43.55 0.41 8.55 3.62 

CA12 45 0.7280 0.820 66.9 51.0 -43.52 -0.38 7.49 2.46 

CA13 65 1.0697 1.203 66.0 41.0 -43.35 0.09 7.06 2.25 

CA14 15 0.2143 0.274 50.2 36.1 -43.24 -0.44 5.23 2.54 

CA15 25 0.3856 0.453 52.0 37.5 -42.59 0.05 6.33 2.64 

CA18 3.5 0.0387 0.095 42.7 35.5 -17.67 -0.30 9.03 5.11 

CA20 3.5 0.0376 0.094 46.8 40.3 -34.77 -1.27 7.80 3.82 

 

Ionic strength (I), peak, and ss were calculated using the PHREEQC R-package Pitzer 

database. peak represents the highest degree of supersaturation during an experiment, which 

occurs at the onset of calcite precipitation. ss represents the average degree of supersaturation 

for an experiment during the “steady state” calcite growth period. 

 
aS6 lacks DIC measurements 

 

 



Table S3.2. Experiment measurements 

 

Experiment Time TA [DIC] δ13CDIC δ18Ow pCO2 

  (h) (mEq/L) (mM) (VPDB) (VSMOW) (ppm) 

S2 0.00 - 0.07 -35.52 - 206 

- 7.40 0.65 0.36 -43.65 - 141 

- 22.65 0.92 0.45 -43.49 - 192 

- 26.40 0.73 0.32 -43.16 -11.65 170 

- 31.97 0.68 0.38 -43.61 - 148 

- 44.98 0.65 0.32 -44.52 - 140 

- 51.45 0.65 0.33 -44.64 - 142 

S3 3.05 0.54 0.24 -44.45 - 70 

- 16.65 0.94 0.68 -44.93 - 129 

- 21.78 0.73 0.48 -44.78 - 102 

- 26.78 0.70 0.40 -45.13 - 97 

- 40.47 0.62 0.27 -45.86 - 92 

- 43.97 0.69 0.31 -45.81 -11.52 93 

S4 4.18 - 0.10 -44.77 - 60 

- 12.33 - 0.22 -45.37 - 76 

- 18.35 0.62 0.36 -45.73 - 91 

- 20.50 - 0.34 -45.37 - 90 

- 24.28 0.63 0.16 -45.02 - 70 

- 28.60 0.61 0.13 -44.90 - 66 

- 39.02 0.63 0.15 -44.54 - 67 

- 44.02 0.63 0.15 -46.07 - 68 

- 50.77 0.64 0.13 -45.85 - 65 

- 62.33 0.80 0.15 -45.80 -11.42 60 

S5 4.38 0.53 0.24 -43.30 - 79 

- 15.55 0.80 0.51 -44.66 - 131 

- 18.98 0.87 0.57 -44.81 - 141 

- 25.05 0.69 0.31 -44.04 - 165 

- 30.97 0.48 0.23 -45.28 - 194 

- 39.35 0.52 0.15 -45.50 - 210 

- 41.42 0.54 0.17 -44.81 -11.32 209 

S6 3.85 0.46 - - - - 

- 18.82 0.69 - - - - 

- 26.83 0.61 - - - - 

- 41.45 0.51 - - - - 

- 45.78 0.53 - - - - 

- 52.75 0.52 - - - - 

- 63.75 0.50 - - - - 

- 66.63 0.50 - - - - 



- 72.78 0.50 - - -11.31 - 

S7 3.83 0.48 0.22 -44.33 - 67 

- 13.92 0.71 0.37 -45.16 - 105 

- 20.65 0.71 0.42 -44.65 - 117 

- 27.57 0.55 0.28 -44.80 - 83 

- 38.83 0.55 0.21 -44.47 - 82 

- 45.00 0.55 0.24 -45.50 - 89 

- 48.00 0.52 0.15 -45.47 -11.34 184 

S8 3.65 0.47 0.14 -43.66 - 97 

- 11.80 0.65 0.37 -44.47 - 142 

- 19.07 0.66 0.26 -44.18 - 143 

- 26.07 0.49 0.15 -44.60 - 103 

- 34.97 0.50 0.17 -45.47 - 104 

- 47.22 0.49 0.13 -45.70 - 102 

- 52.15 0.60 0.13 -45.55 -11.39 91 

S9 3.22 0.55 0.17 -44.63 - 72 

- 14.05 0.85 0.48 -44.68 - 172 

- 16.22 0.85 0.59 -44.25 - 179 

- 20.40 0.63 0.30 -44.18 - 123 

- 25.95 0.62 0.25 -45.22 - 118 

- 37.83 0.64 0.25 -45.47 - 124 

- 47.38 0.60 0.29 -45.48 -11.40 118 

S10 3.08 0.35 - - - 78 

- 11.67 0.63 - - - 142 

- 16.90 0.84 - - - 171 

- 24.42 0.97 - - - 198 

- 26.50 0.99 0.69 -44.22 - 192 

- 34.65 0.63 0.29 -44.45 - 136 

- 39.30 0.60 0.27 -45.24 - 129 

- 46.10 0.60 0.36 -45.53 - 128 

- 59.03 0.59 0.34 -45.76 - 136 

- 66.13 0.61 0.31 -45.74 -11.39 132 

S11 4.83 0.61 - - - 107 

- 14.50 0.90 0.59 -44.36 - 189 

- 22.10 1.08 0.61 -43.72 - 218 

- 28.07 1.15 0.80 -43.03 - 235 

- 38.32 0.68 0.34 -43.34 - 139 

- 44.27 0.65 0.22 -45.10 - 130 

- 50.52 0.63 0.27 -45.51 - 130 

- 60.68 0.66 0.25 -45.85 - 131 

- 66.98 0.63 0.28 -46.02 -11.62 127 

S12 4.55 0.57 - - - 131 



- 14.03 0.85 0.56 -24.53 - 171 

- 20.20 0.92 0.62 -23.87 - 176 

- 28.00 0.64 0.34 -24.38 - 127 

- 37.50 0.61 0.35 -24.94 - 127 

- 45.50 0.62 0.31 -25.23 -11.57 124 

S13 4.05 0.46 0.14 -24.15 - 194 

- 12.20 0.63 0.27 -24.89 - 221 

- 20.13 0.80 0.37 -24.76 - 226 

- 28.58 0.88 0.44 -24.53 - 237 

- 37.10 0.61 0.22 -24.18 - 219 

- 44.32 0.58 0.20 -24.71 - 216 

- 51.98 0.58 0.19 -25.08 - 217 

- 60.97 0.57 0.20 -25.35 - 210 

- 68.32 0.59 0.21 -25.74 - 208 

- 76.02 0.58 0.16 -25.83 - 209 

- 86.78 0.58 0.18 -26.05 - 204 

- 92.95 0.57 0.20 -26.00 -11.72 206 

S14 3.52 0.61 0.21 -23.69 - 89 

- 10.62 0.90 0.63 -23.82 - 138 

- 21.80 0.67 0.25 -23.74 - 98 

- 26.72 0.61 0.25 -24.53 - 94 

- 34.52 0.64 0.25 -24.39 - 96 

- 45.13 0.62 0.22 -24.83 - 95 

- 52.00 0.63 0.32 -22.45 -11.82 98 

S15 3.37 0.59 0.19 -24.27 - 85 

- 13.27 0.95 0.60 -24.32 - 142 

- 19.47 1.24 0.71 -23.73 - 172 

- 26.03 1.26 0.73 -23.00 - 178 

- 36.60 0.96 0.50 -22.96 - 136 

- 44.47 0.82 0.55 -23.34 - 122 

- 50.45 0.74 0.43 -23.84 - 111 

- 61.12 0.67 0.34 -24.53 -11.82 97 

CA1 5.15 0.43 0.10 -23.32 - 54 

- 14.25 0.56 0.31 -23.96 - 83 

- 21.65 0.90 0.67 -23.73 - 148 

- 31.08 0.89 0.50 -22.91 - 149 

- 39.38 0.68 0.26 -23.68 - 110 

- 47.20 0.65 0.33 -24.26 - 108 

- 55.07 0.65 0.30 -24.36 - 109 

- 64.80 0.66 0.24 -24.49 -11.83 106 

CA2 7.63 0.72 0.42 -23.58 - 127 

- 14.78 0.95 0.63 -22.89 - 162 



- 22.12 0.67 0.34 -23.30 - 105 

- 29.22 0.65 0.33 -23.96 - 101 

- 38.82 0.64 0.35 -24.20 - 93 

- 48.33 0.63 0.24 -24.49 -11.86 97 

CA3 2.40 0.48 0.17 -24.53 - 76 

- 11.70 0.95 0.46 -23.61 - 146 

- 23.03 0.72 0.24 -23.30 - 103 

- 26.47 0.65 0.25 -24.24 - 102 

- 35.83 0.64 0.21 -24.38 - 99 

- 47.05 0.65 0.18 -24.54 -11.91 96 

CA4 3.22 0.74 0.14 -24.50 - 134 

- 8.38 0.95 0.31 -24.88 - 165 

- 21.25 0.70 0.14 -25.12 - 121 

- 25.38 0.72 0.19 -25.04 - 138 

- 30.22 0.71 0.16 -25.05 -11.68 124 

CA5 4.07 0.69 0.24 -23.50 - 94 

- 13.15 - 0.48 -23.32 - 159 

- 21.82 1.23 0.64 -22.53 - 195 

- 24.68 1.29 0.71 -22.26 - 200 

- 37.20 0.73 0.25 -23.27 - 131 

- 44.22 0.70 0.23 -24.03 - 132 

- 51.25 0.69 0.22 -24.25 - 130 

- 61.87 0.67 0.20 -24.58 -11.17 128 

CA6 4.00 0.60 0.27 -23.19 - 85 

- 13.68 - 0.54 -22.54 - 169 

- 18.03 1.09 0.66 -21.94 - 191 

- 23.15 0.99 0.56 -21.49 - 167 

- 29.03 0.79 0.33 -22.30 - 118 

- 39.12 0.78 0.29 -23.36 - 107 

- 45.95 0.77 0.28 -23.63 - 103 

- 51.73 0.73 0.27 -23.75 - 105 

- 60.92 0.74 0.27 -24.00 -11.18 102 

CA7 3.17 0.58 0.23 -23.19 - 81 

- 13.12 0.92 0.55 -22.00 - 173 

- 19.50 1.04 0.73 -21.09 - 203 

- 26.85 1.02 0.56 -20.41 - 191 

- 37.43 0.68 0.27 -22.09 - 113 

- 43.67 0.64 0.27 -22.66 - 112 

- 50.35 0.65 0.29 -22.87 - 109 

- 61.13 0.65 0.23 -23.20 -11.33 104 

CA9 3.52 0.55 0.22 -44.09 - 34 

- 12.45 0.91 0.57 -43.99 - 126 



- 16.98 1.04 0.74 -43.55 - 154 

- 25.58 0.68 0.29 -43.29 - 97 

- 35.37 0.67 0.29 -44.15 - 95 

- 42.58 0.68 0.31 -44.13 - 94 

- 49.20 0.68 0.40 -44.03 - 92 

- 59.87 0.65 0.28 -44.27 -11.57 90 

CA12 3.83 0.63 0.32 -42.02 - 102 

- 16.93 0.96 0.64 -42.92 - 184 

- 22.37 0.97 0.63 -42.54 - 168 

- 29.78 0.79 0.18 -42.25 - 128 

- 40.15 0.63 0.24 -43.45 - 96 

- 47.15 0.60 0.21 -43.67 - 87 

- 53.40 0.60 0.21 -43.93 - 84 

- 66.82 0.63 0.21 -44.46 -11.76 83 

CA13 2.57 0.63 0.34 -43.70 - 67 

- 14.40 0.93 0.54 -43.22 - 171 

- 20.68 1.05 0.61 -42.61 - 194 

- 26.35 1.00 0.51 -42.13 - 184 

- 37.92 0.61 0.22 -43.38 - 103 

- 44.25 0.63 0.20 -43.82 - 103 

- 50.88 0.62 0.16 -43.87 - 102 

- 60.17 0.60 0.18 -43.89 - 105 

- 65.75 0.60 0.22 -44.36 -11.65 106 

CA14 3.67 0.59 0.17 -42.28 - 87 

- 16.05 0.84 0.32 -41.79 - 155 

- 23.38 0.63 0.17 -42.22 - 96 

- 30.77 0.59 0.15 -43.02 - 94 

- 38.28 0.60 0.16 -43.29 - 98 

- 44.03 0.62 0.16 -43.66 - 100 

- 49.97 0.64 0.15 -43.43 -11.85 97 

CA15 4.40 0.63 0.19 -42.63 - 98 

- 14.92 0.95 0.46 -42.75 - 179 

- 21.23 1.00 0.46 -41.89 - 169 

- 29.10 0.79 0.24 -41.90 - 112 

- 38.80 0.75 0.18 -42.91 - 98 

- 45.10 0.72 0.18 -43.19 - 95 

- 51.80 0.68 0.18 -43.19 -11.86 88 

CA18 3.20 0.77 0.39 -17.44 - 220 

- 13.93 0.71 0.31 -16.77 - 214 

- 19.78 0.64 0.24 -17.40 - 192 

- 26.93 0.64 0.22 -17.53 - 186 

- 36.45 0.65 0.20 -17.66 - 188 



- 42.28 0.64 0.22 -17.45 -11.88 191 

CA20 6.22 0.74 0.34 -35.65 - 161 

- 15.95 0.63 0.23 -35.59 - 127 

- 22.50 0.63 0.22 -34.74 - 124 

- 29.92 0.61 0.19 -32.34 - 115 

- 39.62 0.60 0.16 -31.50 - 102 

- 46.50 0.59 0.15 -31.45 -11.95 99 
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