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THESIS ABSTRACT

Evan Bruce Baker

Master of Science

Department of Geological Sciences

June 2015

Title: Carbon and Oxygen Isotope Fractionation in Laboratory-Precipitated,
Inorganic Calcite

Carbon and oxygen isotopes in calcite crystals provide a record of the environ-

mental conditions under which the crystals formed. To investigate the influence of

temperature, pH, and growth rate on isotope discrimination by calcite, we measured

carbon and oxygen isotope fractionation through a series of calcite precipitation ex-

periments at T = 25◦C and pH = 7.5 - 9.3. We observe that neither the carbon nor

oxygen isotope compositions correspond to the theoretical equilibrium isotope frac-

tionation between calcite and solution. We also demonstrate that the fractionation of

oxygen isotopes between calcite and water decreases with increasing pH, consistent

with available data from experiments in which the enzyme carbonic anhydrase was

used. Finally, we compare the carbon and oxygen isotopes of our calcite crystals to

those of biogenic carbonates.

This thesis includes previously unpublished co-authored material.
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CHAPTER I

OVERVIEW

The body of this thesis is original research prepared for submission to Earth and

Planetary Science Letters with Dr. James Watkins as coauthor. The appenidices

contain additional information.

Dr. Watkins contributed editorial support throughout and original material to

the clumped isotope discussion (section 5.4). The rest of the work presented here,

including the experiments, data analysis, and interpretation is my own.
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CHAPTER II

CARBON AND OXYGEN ISOTOPE FRACTIONATION IN

LABORATORY-PRECIPITATED, INORGANIC CALCITE

1. Introduction

The fractionation of stable isotopes between seawater and marine carbonates is depen-

dent on numerous environmental variables at the time of carbonate crystal growth.

For oxygen isotopes, the fractionation is strongly temperature-dependent (Urey, 1947;

McCrea, 1950), making oxygen isotopes in carbonate the predominant proxy for ocean

paleo-temperature reconstructions. Carbon isotopes, in contrast, are fractionated be-

tween calcite and dissolved carbon mainly by biological processes such as photosyn-

thesis, which preferentially enriches the organism in heavy carbon (13C). Thus, carbon

isotopes have served as a proxy for biologic productivity by linking the carbon isotope

composition of marine carbonates to the abundance of photosynthesizing organisms

in the oceans (Zeebe, 2001).

Geochemical studies of inorganic calcite tend to focus exclusively on either car-

bon or oxygen isotope systematics, perhaps overlooking how isotopic fractionation of

these two elements might be inter-related. The reasons for this have to do with the

assumption that isotopic fractionation between calcite and aqueous solution occurs

under near-equilibrium conditions. For oxygen isotopes, the equilibrium fractiona-

tion factor is independent of solution pH because most oxygen is housed in H2O

molecules (Deines, 2005), whereas for carbon isotopes, the equilibrium fractionation

factor varies with pH because all of the carbon is stored in dissolved inorganic carbon

(DIC = CO2 + HCO−
3 + CO2−

3 ) (Romanek et al., 1992; Zeebe and Wolf-Gladrow,

2001). The assumption of equilibrium implies that the final isotopic compositions of

the exchanging phases (calcite and aqueous solution) depends primarily on the vibra-

tional energies of molecules in the exchanging phases and is therefore independent of

reaction mechanisms or pathways.

Several recent studies, however, have made a compelling case that equilibrium is

not attained in many natural and experimental settings (Coplen, 2007; Dietzel et al.,

2009; Watkins et al., 2013, 2014). When minerals grow in a non-equilibrium regime,

the reaction mechanisms (i.e., the physical transport of isotopes by diffusion and

reaction to the mineral lattice) become important considerations when interpreting
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the mineral’s stable isotope composition. For the mineral calcite, the current thinking

is that crystal growth proceeds via the attachment of Ca2+, HCO−
3 and CO2−

3 ions

to the mineral surface. Since HCO−
3 and CO2−

3 have different carbon and oxygen

isotope compositions (Zeebe and Wolf-Gladrow, 2001; Beck et al., 2005), the carbon

and oxygen isotope composition of calcite should depend on the relative proportions

of HCO−
3 and CO2−

3 participating in crystal growth.

The isotopes of carbon (12C and 13C) and the isotopes of oxygen (16O, 17O, and
18O) can be combined in a myriad of ways to form a catalog of isotopically-distinct

molecules, or isotopologues, of HCO−
3 and CO2−

3 . If calcite were indeed to grow by the

attachment of ‘long-lived’ molecules of (bi-)carbonate anions, then the isotope effects

for oxygen should be twice that for carbon since the change in mass of 12C16O16O16O

upon 18O-substitution (2 amu’s) is is twice the change in mass upon 13C substitution

(1 amu). Testing such a hypothesis requires experiments where (1) the carbon and

oxygen isotope composition of HCO−
3 and CO2−

3 are unchanging during the crystal

growth process and (2) carbon and oxygen isotopic fractionation factors are measured

on the same sets of aqueous solution and crystals. Prior to this work, there were no

experiments for which both criteria were satisfied.

There is only one experimental study on inorganic calcite for which carbon isotope

fractionation factors were reported (Romanek et al., 1992), but those experiments

span a range in pH (6.62 to 7.75) that is below the range of interest to many inves-

tigators. By contrast, there have been many experimental studies that have focused

on oxygen isotope systematics, but the results have been variable, and in some ways

conflicting, due in part to experimental details that give rise to non-constant isotopic

compositions of HCO−
3 and CO2−

3 during calcite growth.

In this study we present carbon and oxygen isotope fractionation data for inorganic

calcite crystals grown from an isotopically equilibrated solution at constant temper-

ature, pH, and growth rate. The experiments are designed to keep the carbon and

oxygen isotope composition of DIC constant and enable us to isolate the effect of pH

on both carbon and oxygen isotopes. We use this information to deduce important

parameters for existing crystal growth models and for comparison to biogenic car-

bonates to improve the assessment of biological influences on isotope uptake. The

specific questions that our study is designed to address are:
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• What is the pH dependence of carbon and oxygen isotope discrimination by

calcite?

• Do HCO−
3 and CO2−

3 behave as ‘long-lived’ building blocks of calcite?

• How and why does isotope fractionation in biogenic calcite differ from that in

inorganic calcite?

• Are non-equilibrium ‘clumped’ isotope effects caused by isotopic disequilibrium

among DIC species?

2. General Principles and Notation

2.1 Speciation and isotope fractionation in carbonate

Carbon dioxide exists as four separate species in solution: carbonic acid (H2CO3),

aqueous carbon dioxide (CO2(aq)), bicarbonate ion (HCO−
3 ), and carbonate ion (CO2−

3 ).

H2CO3 and CO2(aq) are not chemically separable and are reported together here as

CO2 (after Zeebe and Wolf-Gladrow (2001)). The sum of the dissolved species is

called total dissolved inorganic carbon (DIC). The pH of the solution and the pro-

portions of the various dissolved species are interrelated, in that as pH increases the

predominant dissolved species changes from CO2 to HCO−
3 , and then from HCO−

3

to CO2−
3 (Fig. 1a). The equilibrium isotope fractionation between each of the DIC

species is shown in Figs. 1b and 1c. The isotope composition of DIC at a given pH

is an average of the isotopic compositions of the individual DIC species, weighted by

the relative abundance of those species at that pH.
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Figure 1: Carbon and oxygen isotopes
in the carbonate system. Top: Bjerrum
plot. The abundance of each of the DIC
species is dependent on solution pH. In
the pH range of our experiments (7.50 to
9.30), HCO−

3 is always the most abun-
dant species, with CO2−

3 becoming a sig-
nificant fraction of DIC only in the higher
pH experiments. Middle: Carbon iso-
tope composition of individual dissolved
carbon species and total DIC relative to
HCO−

3 . The equilibrium fractionation of
DIC approaches different DIC species as
those become the predominant species in
solution. Bottom: Oxygen isotope com-
position of individual dissolved carbon
species and total DIC relative to water.
Again, the equilibrium fractionation of
DIC reflects the relative proportions of
DIC species in solution.

2.2 Principles of CaCO3 precipitation

The growth or dissolution of calcium carbonate depends on the concentration of

dissolved Ca2+ and CO2−
3 ions in aqueous solution. Calcite will tend to precipitate

from a solution that is supersaturated, where the degree of supersaturation (Ω) is

defined as:

Ω =
[Ca2+][CO2−

3 ]

Ksp

. (1)

The solubility product, K sp, is dependent on the temperature and salinity of the so-

lution and has a value of 2.05×10−8 in our experiments (based on equations in Zeebe

and Wolf-Gladrow, 2001). A solution is supersaturated when Ω >1 and undersatu-

rated when Ω <1. However, to overcome energy barriers required to nucleate new

crystals, the solution needs to be critically supersaturated (i.e., Ω ≥ Ωcrit). Assuming

K sp is constant, there are several ways to reach critical supersaturation: (1) Add
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Ca2+ to the solution, (2) add dissolved inorganic carbon (DIC) at constant pH, (3)

increase pH at constant [DIC] to increase the proportion of DIC in the form of CO2−
3 ,

and (4) increase pH by degassing CO2 (changing [DIC]). The latter process involves

the competing effects of decreasing [DIC] but increasing the proportion of DIC that

is in the form of CO2−
3 . In our experiments, DIC is added to the solution (at constant

pH) by bubbling CO2(g):

Step 1 – CO2 dissolves in solution:

CO2(g) + H2O(l) = H2CO3(aq) (2a)

H2CO3(aq) = H+
(aq) + HCO−

3(aq) (2b)

HCO−
3(aq) = H+

(aq) + CO2−
3(aq) (2c)

Step 2 – CaCO3 precipitates from solution:

Ca2+
(aq) + HCO−

3(aq) = CaCO3(calcite) + H+
(aq) (3a)

Ca2+
(aq) + CO2−

3(aq) = CaCO3(calcite) (3b)

We distinguish between equations 3a and 3b to emphasize that both HCO−
3 and CO2−

3

participate in calcite growth.

2.3 Isotope Notation

We report carbon and oxygen isotope fractionation with ∆ notation:

∆18Oxtl−w = 1000 × ln(αxtl−w), (4a)

and

∆13Cxtl−DIC = 1000 × ln(αxtl−DIC), (4b)

where the fractionation factors (α) are defined as:

αxtl−w =
δ18Ocalcite + 1000

δ18Owater + 1000
, (5a)

and

αxtl−DIC =
δ13Ccalcite + 1000

δ13CDIC + 1000
. (5b)
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The δ values represent carbon and oxygen isotope compositions expressed relative to

a standard:

δ13Cxtl =

(
13C/12Ccalcite

13C/12Cstandard

− 1

)
× 1000, (6a)

δ13CDIC =

(
13C/12CDIC

13C/12Cstandard

− 1

)
× 1000, (6b)

δ18Oxtl =

(
18O/16Ocalcite

18O/16Ostandard

− 1

)
× 1000, (6c)

and

δ18Ow =

(
18O/16Ow

18O/16Ostandard

− 1

)
× 1000. (6d)

We report δ13Cxtl and δ13CDIC relative to Vienna Pee Dee Belemnite (VPDB) and

δ18Oxtl and δ18Ow relative to Vienna Standard Mean Ocean Water (VSMOW).

2.4 Experimental challenges

There are many considerations that go into designing a crystal growth experiment

that can answer the questions specific to a given study. Since we are interested in

isolating the effects of pH, temperature, and growth rate on the carbon and oxygen

isotopic composition of calcite, it is important that these variables are well-controlled.

Although numerous studies have grown calcite in the laboratory for paleoproxy cali-

brations, most studies have not controlled pH or growth rate because the equilibrium

oxygen isotope fractionation between calcite and water should be independent of both

pH and growth rate (Watson, 2004; Deines, 2005). The fact that such dependencies

have been observed, however, shows that many previous measurements of oxygen iso-

tope fractionation factors are not representative of true equilibrium. This may also

be true for carbon isotopes.

Since the growth of calcite involves the attachment of dissolved HCO−
3 and CO2−

3

anions to Ca2+ sites on a crystal surface, there are a couple ways that non-equilibrium

effects may arise in a calcite growth experiment: (1) isotopic disequilibrium among
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DIC species and/or (2) isotopic fractionation due to transport of DIC anions to, or

from, the mineral surface. For the former, the isotope exchange experiments of Beck

et al. (2005) showed that the kinetics of oxygen isotope equilibration between DIC

and water are typically too slow to keep pace with the rapid growth rates of labo-

ratory experiments, meaning that in most experiments calcite likely inherits oxygen

isotopes from an unequilibrated DIC pool. Notably, addition of the enzyme carbonic

anhydrase has been shown to dramatically decrease oxygen isotope equilibration times

from several hours to just a few minutes (Uchikawa and Zeebe, 2012; Watkins et al.,

2013). Carbonic anhydrase is present in the cells of all known organisms and plays

a role in maintaining cell pH by catalyzing the hydration of CO2 (CO2(aq) + H2O

= HCO−
3 + H+)(Kupriyanova and Pronina, 2011). For our purposes, the cataly-

sis of this reaction is an essential tool for maintaining oxygen isotope equilibration

in our growth solution. Unfortunately, carbonic anhydrase loses effectiveness as pH

increases because hydroxylation replaces hydration as the predominant exchange re-

action(Uchikawa and Zeebe, 2012; Watkins et al., 2013). Therefore, calcite growth

experiments at approximately pH 10 or higher will need to employ a different method

to equilibrate oxygen isotopes.

A catalyst is not necessary for carbon because equilibration of carbon isotopes

between DIC species occurs in under 30 seconds (Zeebe et al., 1999). The carbon

isotope pool, however, presents a different challenge. Because there is a limited

amount of carbon in solution (compared to the virtually unlimited supply of oxygen in

H2O), experiments that start with a fixed DIC concentration will deplete a significant

fraction of that pool as calcite precipitates. This means that δ13CDIC will drift during

the experiment, making it difficult to determine carbon isotope fractionation factors

between calcite and DIC. A continuous supply of DIC is necessary to constantly

replenish the DIC pool and hold δ13CDIC steady during the crystal growth period.

This is where the experiments presented herein are unique.

3. Experimental Methods

3.1 Experiment overview

In our experiments, dissolved inorganic carbon (DIC) is added to a Ca-bearing aque-

ous solution by CO2 bubbling. When the concentrations of dissolved Ca2+ and

DIC (as mainly HCO−
3 and CO2−

3 ) reach a critical super-saturation, calcite crys-

tals (CaCO3) nucleate spontaneously and grow on the container walls. A key aspect
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of this experimental approach is that the δ13C of DIC is relatively constant through-

out the crystal growth period, because there is a continuous supply of DIC from the

CO2-bearing bubbles. Carbonic anhydrase, an enzyme promoting rapid equilibration

of isotopes between DIC and water, is added to ensure that the solution remains in

isotopic equilibrium during calcite growth (Uchikawa and Zeebe, 2012; Watkins et al.,

2013). Environmental variables such as temperature, pH, and alkalinity are also con-

trolled and monitored throughout the experiment. With this setup we are able to

precipitate inorganic calcite crystals under controlled conditions from a solution in

which HCO−
3 and CO2−

3 have known isotopic compositions.

3.2 Experiment apparatus

A diagram of our apparatus is provided in Figure 2. Approximately 1450 mL of

starting solution (15 mM CaCl2 and 5 mM NH4Cl dissolved in 18 MΩ distilled and

deionized water) is poured into the experimental beaker. An additional 10 mL con-

taining 10-25 mg of dissolved bovine carbonic anhydrase is also added to the solution

shortly before the start of each experiment.

The experimental beaker is immersed in a larger water bath to control tempera-

ture. A heating element is inserted into this surrounding water bath along with a

thermocouple for monitoring the temperature. Temperature in each experiment was

controlled to 25.0 ± .2◦C. The water bath and the experimental beaker within are

then set on a magnetic stir plate. We set this to spin a magnetic stir bar inside the

experimental beaker at 400 rpm, ensuring that the solution stays well mixed.

The experimental beaker is sealed with a cap that includes several ports for inputs

and outputs. A diffusion stone (pore size: 2 µm) delivers microbubbles of a N2-

CO2 gas mixture to the solution at a constant rate. To keep growth rates relatively

constant between experiments at different pH, we adjust the flux of CO2 into the

solution by changing the flow rate of the gas and by using gas tanks with different

concentrations of CO2. In most experiments, the rate of addition of CO2 to solution

is 0.12 mmols/h. In the apparatus headspace, a long, thin outlet tube lets gas slowly

exit into a separate chamber containing a CO2 probe, allowing us to monitor the

proportion of CO2 reaching the headspace after traveling through solution. The

positive pressure of the constant CO2 input prevents outside air from back-flowing

through the outlet into the experiment. An auto-titration tube adds NaOH during

the experiment to maintain constant pH as calcite precipitates, and a pH probe

monitors the pH of the solution and communicates with the auto-titrator. A port for

9



connecting a syringe is used to collect solution samples, allowing us sample δ13C of

DIC and δ18O of water throughout an experiment.

A glass disc set in the experimental beaker becomes coated with crystals over the

course of an experiment and can be easily removed afterwards for obtaining SEM

images of the precipitates (see Appendix). The rest of the crystals are dried in the

fume hood and then collected from the walls of the beaker using a plastic spatula.

This experimental setup allows us to control, monitor, and sample the precipita-

tion environment throughout the entire crystal growth period and compare solution

composition with the composition of the bulk calcite crystals collected afterwards.

Rotating
disk

NaOH
inlet

Heater

Gas
inlet

Gas
outlet

Stir bar

Sampling
syringe

pH
probe

Magnetic Stirrer Control

Te�on ring

Chiller

1.3 liters

Figure 2: Schematic of the apparatus used
for the inorganic calcite precipitation ex-
periments. The outer vessel is a con-
stant temperature bath. The inner ves-
sel houses the aqueous solution (15 mM
CaCl2 + 5 mM NH4Cl) from which calcite
is precipitated. The lid of inner vessel has
multiple ports for monitoring the experi-
ment (see text for explanation). Modified
from Watkins et al. (2013).

3.3 Experiment progression

Before an experiment begins, the N2-CO2 gas mixture is bubbled into the sealed

beaker containing the starting solution, so that the gas mixture can replace the orig-

inal headspace of the container. The progress of the headspace replacement is mon-

itored by the CO2 probe, which initially reads ∼400 ppm CO2 (the concentration in

the laboratory air) and then gradually drops to 200 ppm (the concentration in the
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gas tank). The initial pH of the starting solution is ∼5.0 and typically increases to

∼5.5 as the N2-CO2 gas mixture is bubbled in (pH increases with addition of our

CO2 gas because the CO2 is less concentrated in our N2-CO2 gas mixture than in the

laboratory air). When the headspace is fully replaced, the experiment can begin.

The experiment begins when the auto-titrator is switched on and the pH is in-

creased to the specified setpoint by NaOH addition. As auto-titration raises the

pH to the setpoint, the concentration of CO2 in the headspace drops dramatically

(due to uptake of additional CO2(g) by the soltuion as CO2(aq) converts to HCO−
3(aq)

and CO2−
3(aq) at higher pH) and then stabilizes for the duration of the experiment.

In the first phase of the experiment (before precipitation), the concentration of DIC

builds up in solution, increasing the degree of super-saturation with respect to calcite.

δ13CDIC also increases as the heavier carbon is fractionated into solution while the

lighter carbon reaches the headspace. Calcite begins to nucleate spontaneously when

the solution becomes critically supersaturated. Note that the critical supersaturation

varies with pH, from Ωcrit ≈ 10 at pH 8.3 to Ωcrit ≈ 30 at pH 9.3.

In the second phase of the experiment, calcite precipitates at a constant rate,

quickly pulling out the heaviest carbon and thereby lowering δ13CDIC. δ13CDIC sta-

bilizes rapidly after the onset of calcite precipitation, providing an approximately

constant isotopic reservoir for the majority of the precipitation period. The [DIC]

drops gradually during calcite precipitation, indicating that calcite growth slightly

outpaces the rate of DIC addition. The output from a typical experiment is shown

in Figure 3.
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Figure 3: Monitoring data
showing the behavior of a typ-
ical experiment (Experiment 8,
T = 25◦C, pH = 8.65). (A)
[Na+] increases as NaOH is
added to keep pH constant
during the experiment. The
amount of Na added is propor-
tional to the amount of cal-
cite precipitated. The bend in
the NaOH curve at ∼12 hours
marks the onset of calcite pre-
cipitation. Total alkalinity and
pH are constant during crys-
tal growth. (B) Concentra-
tion of CO2(g) in the apparatus
headspace after the N2-CO2 gas
mixture bubbles through solu-
tion. The rate of CO2 input and
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headspace are constant during
crystal growth. (C) δ13CDIC is
relatively constant during crys-
tal growth. δ13Cxtl is fraction-
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3.4 Isotope measurements

The isotope compositions of dissolved inorganic carbon (DIC), water, and calcite

precipitate were measured in the CEOAS stable isotope laboratory at Oregon State

University. Data are presented in standard delta notation relative to VPDB for

DIC and δ13Cxtl and relative to VSMOW for water and δ18Oxtl. The calcite crystals

were reacted with ∼105% orthophosphoric acid in a Kiel III preparation device. The

resulting CO2 gas was then transferred to a Finnigan/MAT 252 mass spectrometer

for analysis. Instrumental precision is ± .03h for δ13C and ± .05h for δ18O. For

δ13C of DIC, 3.5 mL of solution was added by syringe through a rubber septa cap into

a He-flushed, glass vial containing .1 mL of ∼85% orthophosphoric acid. The samples
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were allowed to equilibrate for over 24 hours and then analyzed by continuous-flow

mass spectrometry using a GasBench-DeltaV system. Precision for this analysis is ±
.15h. The approximate [DIC] in solution is obtained by comparing the CO2 signal

produced by the solution samples to that produced by an in-house DIC standard run

multiple times in every batch of samples. The δ18O of water was analyzed using the

CO2-equilibration method (5 ml H2O equilibrated with CO2 for 10 hours at 18◦C

while shaken) and measured by dual inlet mass spectrometry on the DeltaPlus XL.

Precision is ± .05h.

4. Results

Results from 12 precipitation experiments at 25◦C in the pH range 7.5 to 9.3 are re-

ported in Table 1. Growth rate is controlled and varies from 10−6.0 to 10−6.6 mol/m2/s

between experiments. We did not attempt to vary the growth rate to test the rate

dependence, because the effect of growth rate on ∆13Cxtl−DIC and ∆18Oxtl−w has been

shown to be small over the range of rates accessible with laboratory experiments (Ro-

manek et al., 1992; Watkins et al., 2014)). Mid-experiment sampling of δ13CDIC and

δ18Ow confirms that the compositions of the carbon and oxygen isotope reservoirs

were relatively steady during the crystal growth period (see Fig. 3 and Appendix A).

The mineralogy of the precipitates in each experiment was checked by X-ray diffrac-

tion (XRD)(see Discussion for comments on vaterite co-precipitation in experiments

9, 10, and 11). Scanning electron microscope (SEM) images of crystals precipitated

in each experiment are included in the Appendix.

The ∆13Cxtl−HCO−
3

and ∆18Oxtl−w fractionation factors are plotted against the pH

of the growth solution in Figures 4 and 5, respectively. We compare our results

to the equilibrium fractionations of dissolved carbon species in solution (Usdowski

and Hoefs, 1993; Zeebe and Wolf-Gladrow, 2001; Zeebe, 2007), the published calcite

equilibrium fractionations (Bottinga, 1968; Coplen, 2007), and the precipitates of

similar studies (Romanek et al., 1992; Watkins et al., 2014).
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Table 1: Data Summary

Exp. # pH CO2 flow(1) Time log10R
(2) ∆13Cxtl-DIC

(3) ∆18Oxtl-w
(4) Min.(5)

(mmols/h) (h) (mol/m2/s) (VPDB) (VSMOW)

14 7.50 1.20 44.5 -6.11 0.33 28.38 cal.
15 7.50 0.60 44.8 -6.06 0.19 28.23 cal.
3 8.30 0.12 66.6 -6.38 0.27 27.99 cal.
4 8.30 0.12 93.7 -6.58 0.14 27.98 cal.
7 8.65 0.12 51.4 -6.31 -0.20 27.91 cal.
8 8.65 0.12 51.0 -6.29 -0.01 27.98 cal.
5 9.00 0.12 25.1 -5.98 -0.08 27.83 cal.
6 9.00 0.12 67.2 -6.32 -0.16 24.84(6) cal.
9 9.30 0.12 26.8 -6.05 0.92 28.51 cal., vat.
10 9.30 0.12 27.4 -6.02 0.83 29.22 cal., vat.
11 9.30 0.05 46.7 -6.25 0.63 28.26 cal., vat.
12 9.30 0.05 50.9 -6.30 0.20 27.69 cal.

1. Rate at which CO2(g) is bubbled into solution. About half of the incoming CO2(g) is taken up by
the solution (based on our headspace CO2(g) monitoring data). Recall that pH is controlled by NaOH
addition, not flow rate.
2. Estimated uncertainty in R is ± 0.12 log units due to uncertainty in the reactive surface area.
3. Estimated uncertainty in ∆13Cxtl−DIC is ± 0.30 h.
4. Estimated uncertainty in ∆18Oxtl−w is ± 0.10 h.
5. Mineralogy. cal. = calcite, vat. = vaterite.
6. We interpret this anomalously low ∆18ODIC−w value to be the result of an experimental error.

Repeat experiments at pH 7.5, 8.3, 8.65, and 9.0 show good agreement, but there

is significantly more scatter in ∆13Cxtl−DIC and ∆18Oxtl−w at pH 9.3. This scatter

is caused by undesired precipitation of vaterite, a metastable CaCO3 polymorph,

in addition to calcite in some of our pH 9.3 experiments (confirmed by XRD in

experiments 9, 10, and 11). This explains the anomalously high values of ∆18Oxtl−w

because vaterite oxygen isotope fractionation has been shown to be approximately

0.5h larger than that of co-precipitated calcite (Tarutani et al., 1969; Kim and O’Neil,

1997). The similar offset in our ∆13Cxtl−DIC for those experiments suggests that carbon

isotope fractionation in vaterite is also positively offset from that of calcite. Kim

and O’Neil (1997) reported that calcite-vaterite mixtures were associated with high

growth rates, so we decreased the growth rate in a repeat experiment (experiment

12) to prevent vaterite formation.
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5. Discussion

5.1 What is the pH dependence of carbon and oxygen isotope discrimi-

nation by calcite?

The carbon and oxygen isotope fractionation factors between calcite and aqueous so-

lution, ∆13Cxtl−HCO−
3

and ∆18Oxtl−w, plot significantly below the theoretical equilib-

rium fractionation (Figs. 4 and 5), confirming that kinetic processes (such as diffusion

and reaction) are affecting isotope partitioning in our precipitates. ∆13Cxtl−HCO−
3

and

∆18Oxtl−w both vary with pH, but show different relationships to the dissolved carbon

species in solution.

5.1.1 Carbon

The carbon isotope composition of our precipitates is equal (within error) to the

carbon isotope composition of DIC. In other words, ∆13Cxtl−HCO−
3

is approximately

equal to ∆13CDIC−HCO−
3

, and ∆13Cxtl−DIC is approximately zero (Fig. 4). There is

therefore a significant discrepancy between our results and those of Romanek et al.

(1992), which are positively offset from the equilibrium fractionation of HCO−
3 by

about 0.5 h. Not only do the precipitates of Romanek et al. (1992) show a different

fractionation than our precipitates, but they also appear to reflect the composition of

an individual dissolved carbon species (such as HCO−
3 ), rather than the composition

of total DIC. We acknowledge that the similarity in isotope composition between total

DIC and HCO−
3 in the pH range of our experiments makes it non-trivial to distinguish

the relative contributions of DIC and HCO−
3 . However, the experimental results were

highly reproducible and clearly follow the trend of DIC more closely than that of

HCO−
3 .

The fact that the bulk δ13Cxtl is indistinguishable from the average δ13CDIC in

our experiments could lead some observers to conclude that the our calcite crystals

are consuming the entire DIC pool during precipitation. Complete precipitation of

the DIC pool would force δ13Cxtl to equal δ13CDIC and fractionation between crys-

tal and DIC would be impossible to determine. However, our experimental setup

precludes this scenario. We continually replenish the DIC pool by CO2(g) bubbling,

and mid-experiment sampling proves that DIC is available in solution throughout

the precipitation phase. Also, in the experiments in which vaterite co-precipitated

with calcite, the bulk fractionation is distinctly larger than DIC, which shows that

precipitating phases can inherit a different isotopic composition than that of the DIC
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reservoir. Thus, we emphasize that the our calcite crystals show the effects of kinetic

fractionation rather than artifacts of the experiment.

The discrepancy between our results and those of Romanek et al. (1992) lead us to

examine the differences between our experimental methods. Notably, Romanek et al.

(1992) used seed crystals as nucleation sites for their precipitates, whereas we opt to

critically super-saturate our growth solution to promote spontaneous nucleation. We

would expect the process of accounting for the seed crystal in the Romanek et al.

(1992) experiments to introduce considerable uncertainty, yet their dataset shows

little scatter and we see no reason to disbelieve their results. Another difference is

that our experiments utilize the enzyme carbonic anhydrase. Although the purpose

of including carbonic anhydrase is to quicken the equilibration of oxygen isotopes

(carbon isotope equilibration is thought to be rapid enough already), it is possible

that carbonic anhydrase also has an effect on carbon isotope fractionation. Whether

this is the case or not, carbonic anhydrase is undoubtedly present in the cells of

calcifying marine organisms and its inclusion in calcite precipitation experiments is

necessary to simulate precipitation in natural settings.

5.1.2 Oxygen

Oxygen isotope fractionation, ∆18Oxtl−w, decreases monotonically with increasing pH

(Fig. 5). The trend in ∆18Oxtl−w with increasing pH mirrors the trend of the DIC

curve, but ∆18Oxtl−w is smaller than ∆18ODIC−w by about 3 h. We see a slightly

smaller pH dependence in our study than in Watkins et al. (2014), but overall, results

from the two studies agree.

Of course, there are many more studies that have investigated kinetic fractionation

of oxygen isotopes in calcite. For example Dietzel et al. (2009) reported ∆18Oxtl−w

values 2 to 5 h smaller than ours and a stronger pH dependence. We can not

compare our data directly to much of the existing literature, however, because those

experiments were performed without carbonic anhydrase. The absence of carbonic

anhydrase means that it is unlikely that the oxygen isotopes of dissolved carbon

species were fully equilibrated in previous studies. Therefore, it is unclear how much

of the final isotope fractionation between calcite and solution was affected by isotopic

disequilbrium among dissolved species. How to test oxygen isotope fractionation at

even higher pH remains an unsolved problem. Carbonic anhydrase loses effectiveness

at high pH because hydroxylation, which is not catalyzed by carbonic anhydrase,

replaces hydration as the dominant reaction mechanism between CO2(g) and water.
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5.2 Do HCO−
3 and CO2−

3 behave as ‘long-lived’ building blocks of calcite?

Calcite growth is thought to occur by the attachment of HCO−
3 and CO2−

3 to the

mineral surface. If this is true, then carbon and oxygen atoms are delivered to the

mineral surface together as part of a single DIC species, and therefore, we would

expect to see similarities between carbon and oxygen isotope fractionation in calcite.

However, our observation that the carbon isotope composition of calcite reflects that

of DIC while the oxygen isotope composition is negatively offset from DIC suggests

that calcite is not constructed by straightforward incorporation of DIC species. HCO−
3

and CO2−
3 molecules are composed of an inner carbon atom surrounded by oxygen

atoms . At the mineral surface, oxygen atoms are more exposed to the solution, which

may explain the fractionation from DIC in our oxygen isotope results (Wolthers et al.,

2012).

Our results provide support for the idea that both HCO−
3 and CO2−

3 molecules are

incorporated during calcite growth. The isotopic composition of DIC is determined by

the relative proportions of CO2(aq), HCO−
3 , and CO2−

3 in solution. Because the carbon

and oxygen isotope composition of calcite reflects that of DIC, it follows that calcite

must be built by each of the available DIC species. CO2(aq) is not thought to contribute

to calcite precipitation, and therefore we would not expect calcite to continue to mirror

DIC at lower pH. In fact, this may be why our precipitates in experiments at pH 7.5

do not conform as closely to the DIC curve. At that pH, CO2−
3 is only 1% of the DIC

pool and CO2(aq) should not be influencing the isotopic composition. Thus we expect

that calcite precipitated at even lower pH would incorporate only HCO−
3 and plot on

the HCO−
3 line.

5.3 How and why does the isotopic discrimination of biogenic calcite

differ from that of inorganic calcite?

Significant disagreement between published carbon and oxygen isotope fractionation

factors motivated a search for other factors that could affect carbonate isotope uptake.

McConnaughey (1989a,b) identified kinetic effects and vital effects as two processes

that could offset ∆13Cxtl-DIC and ∆18Oxtl-w from their equilibrium values. As dis-

cussed above, kinetic effects are the result of non-equilibrium crystal growth, in which

time-dependent processes like diffusion and reaction affect ∆13Cxtl-DIC and ∆18Oxtl-w.

Vital effects, on the other hand, arise from metabolic processes, such as photosynthe-

sis and respiration, that occur within or around an individual organism. The term
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also includes fractionation that may occur as dissolved carbon is moved across cell

membranes in the organism.

Disentangling kinetics effects from vital effects has proven difficult in studies of

biogenic carbonate because it is rarely clear whether offsets from equilibrium are due

to kinetics or biology. The problem is further complicated by the observation that the

magnitude of vital effects varies from species to species (Spero et al., 1997). In one

of the few previous studies that tested the effect of pH on carbon and oxygen isotope

fractionation in calcite, Spero et al. (1997) cultured foraminifera and found distinct

fractionations between photosynthesizing and non-photosynthesizing organisms that

could only be attributed to vital effects. When comparing our results with those of

Spero et al. (1997), we see a striking distinction between the behavior of carbon and

oxygen isotopes (Fig. 6). Whereas the pH dependence of oxygen isotope fractionation

is in agreement for inorganic and biogenic calcite, carbon isotope fractionation is

substantially lower in biogenic calcite than in inorganic calcite, at least for crystals

precipitated above pH 8.3.
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Figure 6: Carbon (left) and oxygen (right) isotope fractionation measured in the
inorganic calcite of this study and in Watkins et al. (2014) (∆18O only, ∆13C not
reported) compared to the fractionation in the biogenic calcite of Spero et al. (1997).
Results for oxygen are similar between inorganic and biogenic calcite, while carbon
isotope fractionation behaves remarkably differently between the two.

We hope that our results, which show that the carbon isotopic composition of

inorganic calcite is indistinguishable from DIC and that the oxygen isotopic compo-
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sition is offset from water across the pH range 7.50 to 9.30, will provide a baseline

for the kinetic effect in inorganic calcite. With this baseline in place, deviations in

the isotopic composition of calcifying organisms can be more definitively attributed

to vital effects. Carpenter and Lohmann (1995), in a survey of carbon and oxygen

isotopes in the calcite of brachiopod shells, illustrated the myriad issues posed by vital

effects in biogenic carbonates when they reported not only inter-species differences,

but also variation between different regions of individual shells. The use of any cal-

cifying organism as a paleo-environment proxy, therefore, must first be supported by

a thorough understanding of that organism’s calcifying mechanism. The products of

this study provide an inorganic baseline, or expected value, to which species-specific

vital effects can be compared.

It is possible that vital effects and kinetic effects work in concert to create the

observed offsets. For example, McConnaughey (1989a) and Adkins et al. (2003)

suggest that the inner DIC pool of corals is enriched in δ13C by photosynthesis, and

that this enrichment persists because the coral is calcifying faster than the hydration

of CO2(aq) can create isotopic equilibrium. Similarly, the pH of isolated DIC pools

at the calcifying site may be significantly different than that of ambient seawater.

In this way, biological processes could create kinetic offsets that are unusual for the

known environmental conditions.

5.4 Are non-equilibrium ‘clumped’ isotope effects caused by isotopic dis-

equilibrium among DIC species?

Clumped isotope geochemistry, or the study of bond-ordering within minerals or

other phases, involves both carbon and oxygen isotope systematics. For carbonate

molecules, the following isotope exchange reaction can be written (Ghosh et al., 2006):

13C16O2−
3︸ ︷︷ ︸

mass 61

+ 12C18O16O2−
2︸ ︷︷ ︸

mass 62

= 13C18O16O2−
2︸ ︷︷ ︸

mass 63

+ 12C16O2−
3︸ ︷︷ ︸

mass 60

, (7)

which describes the extent to which the rare isotopes 13C and 18O are associated

with each other as ‘clumps’ among the carbonate molecules. It is now possible for

researchers to measure the relative abundance of the four isotopologues in the above

reaction and it has been shown that the relative abundance varies systematically with

temperature (Ghosh et al., 2006; Eiler, 2007, 2011). According to the above reaction,

in which only the calcite phase is involved, one can infer the temperatures of car-
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bonate formation from aqueous solution without requiring knowledge of the isotopic

composition of the solution (Ghosh et al., 2006; Eiler, 2007, 2011). The assumption

underlying this claim is that an equilibrium distribution of isotopologues is estab-

lished. In cases where equilibrium is not established, clumped isotope compositions

may in fact depend on reaction mechanisms that involve DIC species in the aqueous

phase as well.

When different laboratories grow calcite at different temperatures to calibrate the

oxygen isotope and clumped thermometers, they get slightly (but significantly) dif-

ferent results (Ghosh et al., 2006; Dennis and Schrag, 2010; Zaarur et al., 2013; Tang

et al., 2014). In the absence of carbonic anhydrase, the timescale required for equi-

librating the clumped isotope composition of the DIC pool is on the order of 10

hours at 25◦C (Affek, 2013). It is therefore possible that the discrepancies between

studies could be due a combination of factors, including (1) crystal growth from a

non-equilibrated DIC pool, (2) drifting of the δ13C of DIC, (3) drifting pH, (4) growth

rate effects, and (5) other factors. The calcite crystals grown in this study are prime

candidates for resolving some of these issues because, unlike most previous studies,

we have knowledge of the carbon and oxygen isotope composition of DIC, we used

carbonic anhydrase, we kept pH constant, and we have information on the growth

rate of our crystals.

The clumped isotope compositions of our crystals will be measured at the Uni-

versity of Washington. We will investigate the temperature, pH, and growth rate

dependence of isotopic clumping and compare the results to previous studies.

6. Conclusions

Calcite crystals were successfully precipitated in a controlled environment from an

isotopically equilibrated solution at pH values from 7.50 to 9.30. These precipitates

comprise the first experimental dataset for which the pH and isotopic equilibration

of the growth solution was controlled and carbon and oxygen isotopes were measured

on the same set of crystals. We find that pH variations have a measurable effect on

the carbon and oxygen isotope composition of calcite, indicating that paleo-climate

reconstructions may need to be adjusted to account for changes in ocean pH over

geologic time. We also observe that whereas the pH dependence of oxygen isotope

fractionation is similar for inorganic and biogenic calcite, carbon isotope fractionation

behaves significantly differently between the two.
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APPENDICES

Appendix A: Experiment summaries

Table 2: Sampling Data

Exp.# time TA [DIC] δ13CDIC δ18Ow

(h) (meq/L) (mM) (VPDB) (VSMOW)

3 0.5 0.57 0.05 -10.08 -11.07
- 18.0 1.08 0.45 -7.70 –
- 22.5 0.85 0.25 -8.16 –
- 41.5 0.72 0.21 -9.89 -10.95
- 45.0 0.75 0.20 -10.00 –
- 66.5 0.74 0.18 -10.31 -10.93
4 0.5 0.53 0.10 -9.40 -11.01
- 21.0 0.91 0.36 -8.71 -10.99
- 27.5 0.78 0.25 -9.06 –
- 45.0 0.69 0.20 -10.22 –
- 50.5 0.68 0.22 -10.37 -10.91
- 74.0 0.73 0.21 -10.31 –
- 93.0 0.63 0.16 -10.55 -10.87
5 0.5 1.94 0.05 -12.46 –
- 19.0 1.94 0.15 -12.24 -10.97
- 25.0 1.92 0.13 -12.20 -10.94
6 1.0 1.65 0.04 -12.40 -11.03
- 24.5 2.04 0.25 -12.31 –
- 45.5 1.67 0.10 -12.55 -10.93
- 49.5 1.73 0.10 -12.73 –
- 67.0 1.67 0.06 -12.84 -10.91
7 3.0 1.17 0.11 -11.97 -11.92
- 20.5 1.17 0.19 -11.12 –
- 26.5 1.13 0.16 -11.26 -11.89
- 44.0 1.08 0.12 -11.53 –
- 51.0 1.10 0.11 -11.65 -11.82
8 2.5 1.07 0.16 -12.02 -11.84
- 20.5 1.24 0.20 -10.96 -11.83
- 25.5 1.20 0.15 -11.10 –
- 44.5 1.09 0.12 -11.72 -11.82
- 50.5 1.08 0.12 -11.61 –
9 2.5 2.87 0.16 -12.15 -11.93
- 20.5 2.61 0.08 -12.93 -11.86
- 24.0 2.59 0.07 -12.78 –
- 26.0 2.61 0.07 -12.70 -11.81

Table continued on next page.
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Exp.# time TA [DIC] δ13CDIC δ18Ow

(h) (meq/L) (mM) (VPDB) (VSMOW)

10 1.0 2.6 0.09 -12.10 –
- 3.5 2.9 0.18 -12.04 -12.00
- 23.5 2.6 0.07 -12.78 -11.89
- 27.0 2.6 0.06 -12.82 -11.86

11 1.0 2.70 0.33 -12.40 -11.92
– 20.0 2.62 0.08 -12.32 –
– 26.0 2.63 0.06 -12.07 –
– 45.0 2.55 0.04 -11.83 -11.86
– 46.5 – 0.05 -11.72 –
12 1.0 2.65 0.11 -12.54 -11.93
- 4.5 – 0.09 -13.25 –
- 21.0 2.51 0.05 -12.04 –
- 27.0 2.45 0.04 -11.96 –
- 46.0 2.48 0.04 -12.00 –
- 50.5 2.46 0.04 -12.08 -11.88

14 1.0 0.71 0.35 -9.97 -11.42
- 20.5 1.93 1.18 -3.84 –
- 23.0 – 1.22 -4.12 –
- 26.0 1.65 1.06 -4.61 –
- 44.0 1.46 1.06 -6.33 -11.28

15 2.0 0.93 0.51 -9.62 -11.44
- 21.5 1.87 1.29 -3.54 –
- 25.0 1.84 1.19 -3.52 –
- 44.5 1.53 0.96 -5.54 -11.32

Table continued from previous page.
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Figure 7: Experiment 3, pH 8.30
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Figure 10: Experiment 6, pH 9.00
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Figure 11: Experiment 7, pH 8.65
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Figure 12: Experiment 8, pH 8.65
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Figure 13: Experiment 9, pH 9.30. Vaterite precipitated along with calcite.
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Figure 14: Experiment 10, pH 9.30. Vaterite precipitated along with calcite.
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Figure 15: Experiment 11, pH 9.30
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Figure 17: Experiment 14, pH 7.50
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Figure 18: Experiment 15, pH 7.50
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Appendix B: SEM images

(a) Exp. 3, pH 8.30, calcite (b) Exp. 4, pH 8.30, calcite

(c) Exp. 5, pH 9.00, calcite (d) Exp. 6, pH 9.00, calcite

(e) Exp. 7, pH 8.65, calcite (f) Exp. 8, pH 8.65, calcite

Figure 19: Scanning electron microscope images (back-scattered electrons). Exps.
3-8.
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(a) Exp. 9, pH 9.30, calcite and vaterite (b) Exp. 10, pH 9.30, calcite and vaterite

(c) Exp. 11, pH 9.30, calcite and vaterite (d) Exp. 12, pH 9.30, calcite

(e) Exp. 14, pH 7.50, calcite (f) Exp. 15, pH 7.50, calcite

Figure 20: Scanning electron microscope images (back-scattered electrons). Exps.
9-15.
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Appendix C: XRD spectra
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(b) Exp. 4, pH 8.30, calcite
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(c) Exp. 5, pH 9.00, calcite
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(d) Exp. 6, pH 9.00, calcite
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(f) Exp. 8, pH 8.65, calcite

Figure 21: XRD spectra. Exps. 3-8.
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(a) Exp. 9, pH 9.30, calcite and vaterite
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(b) Exp. 10, pH 9.30, calcite and vaterite
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(c) Exp. 11, pH 9.30, calcite and vaterite
	
  

20 30 40 50 60 70
  0.0e+000

  2.0e+003

  4.0e+003

  6.0e+003

  8.0e+003

  1.0e+004

  1.2e+004

[1
]

[2
]

[3
]

[4
]

[5
]

[6
]

[7
]

[8
]

[9
]

[1
0]

[1
1] [1

2]
[1

3]
[1

4]

[1
5]

[1
6]

[1
7] [1

8]
[1

9]
[2

0]

[2
1] [2

2]
[2

3]

[2
4]

20 30 40 50 60 70
     -2000

     -1000

         0

      1000

      2000

In
te

ns
ity

 (c
ps

)

2-theta (deg)

Meas. data:ebb-12/Data 1
In

te
ns

ity
 (c

ps
)

(d) Exp. 12, pH 9.30, calcite
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(e) Exp. 14, pH 7.50, calcite
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(f) Exp. 15, pH 7.50, calcite

Figure 22: XRD spectra. Exps. 9-15.
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Appendix D: Uncertainty in carbon isotope fractionation (∆13Cxtl-DIC)

A novel feature of our experimental setup is the ability to sample the evolution of
δ13CDIC throughout the experiment. This mid-experiment sampling provides an un-
precedented level of knowledge about the carbon isotope reservoir from which our
crystals are precipitating. However, because we do not continuously monitor the
δ13CDIC and because δ13CDIC is not completely constant throughout the experiment,
there is still some uncertainty in how to calculate the most accurate ∆13Cxtl-DIC. This
point is illustrated below.
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Figure 23: Uncertainty analysis for Experiment 3
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The bright green line is δ13Cxtl and the dark green squares are our δ13CDIC sam-
ples. If we had perfect knowledge of the δ13CDIC-over-time curve, we could calculate
∆13Cxtl-DIC by summing the areas between the δ13Cxtl line and the δ13CDIC-over-time
curve. In our experiments, δ13CDIC is known at the time of each sample but needs
to be estimated in between those times. We expect δ13CDIC to decrease fairly rapidly
after the onset of precipitation and then stabilize. To determine the range in our
∆13Cxtl-DIC calculation, we examine two extreme scenarios for the δ13CDIC evolution.
Panel A shows the lower limt for ∆13Cxtl-DIC, which would occur in the case that
δ13CDIC drops off immediately after our sample at t = 22.5 hours. Panel B shows
the upper limit scenario, in which δ13CDIC decreases linearly between samples at t =
22.5 and t = 41.5 hours. This indicates that the true ∆13Cxtl-DIC is between 0.10 and
0.44h. We report the average value of 0.27h and consider the maximum error to be
± 0.17h.

We used Experiment 3 for the above example because it displays the largest range
between the upper and lower limits of ∆13Cxtl-DIC. When this error analysis was
repeated for each experiment, we found that no other experiment had an uncertainty
greater than 0.10h. Considering this in addition to the analytical uncertainty of
0.15h , we take 0.30h to be a general, conservative estimate on the uncertainty
in ∆13Cxtl-DIC. The reproducibility of the results certainly suggests that the true
uncertainty may be quite a bit smaller.
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