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Abstract

The stable isotope compositions of biogenic carbonates have been used for paleoceanographic and paleoclimatic recon-
structions for decades, and produced some of the most iconic records in the field. However, we still lack a fully mechanistic
understanding of the stable isotope proxies, especially the biological overprint on the environmental signals termed “‘vital
effects”. A ubiquitous feature of stable isotope vital effects in marine calcifying organisms is a strong correlation between
5'%0 and 8'3C in a range of values that are depleted from inorganic calcite/aragonite. Two mechanisms have been proposed
to explain this correlation, one based on kinetic isotope effects during CO,(aq)-HCO3 inter-conversion, the other based on
equilibrium isotope exchange during pH dependent speciation of the dissolved inorganic carbon (DIC) pool. Neither mech-
anism explains all the stable isotope features observed in biogenic carbonates. Here we present a fully kinetic model of biomin-
eralization and its isotope effects using deep-sea corals as a test organism. A key component of our model is the consideration
of the enzyme carbonic anhydrase in catalyzing the CO,(aq)-HCO3 inter-conversion reactions in the extracellular calcifying
fluid (ECF). We find that the amount of carbonic anhydrase not only modulates the carbonate chemistry of the calcifying
fluid, but also helps explain the slope of the 8'30-8'C correlation. Differences in CA activity in the biomineralization process
can possibly explain the observed range of 3'*0-5'2C slopes in different calcifying organisms. A mechanistic understanding of
stable isotope vital effects with numerical models can help us develop better paleoceanographic tracers.
© 2018 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

The oxygen isotope composition of biogenic carbonates
has been established as a proxy for past climate change for
decades, since Urey (1947) first worked out the theoretical
bases of the %0 thermometer. The proxy is based on the
temperature-dependent equilibrium isotope fractionation
between carbonates and the fluid from which they precipi-
tated. The successful application of the '*O thermometer
in biogenic carbonates relies on the assumption of equilib-
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rium isotope fractionation, or at least a constant offset from
equilibrium for the same category of organisms. However,
disequilibrium isotope effects between carbonate and water
have been widely observed in both laboratory experiments
and natural samples. In the first experimental demonstra-
tion of the applicability of the '*0 thermometer in carbon-
ates, McCrea (1950) noticed the dependence of the isotopic
composition of the precipitated calcite on the percentage of
carbonate ion in the solution at a constant temperature and
3'%0 of water. This carbonate ion effect on the oxygen iso-
tope composition of carbonates was later explained by oxy-
gen isotope partitioning between the dissolved inorganic
carbon (DIC) species (Usdowski and Hoefs, 1993; Beck
et al., 2005), and was suggested by Zeebe (1999) to cause
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the non-equilibrium oxygen isotope fractionation observed
in inorganic experiments (Kim and O’Neil, 1997) as well as
cultured foraminifera (Spero et al., 1997). An insight from
the interpretation of Zeebe (1999) is the necessity to incor-
porate all the DIC species into the solid phase to explain its
isotopic composition, making the carbonate-water fraction-
ation (o,.y) a function of pH of the solution in addition to
temperature. Follow-up work on this subject also observed
a decrease of o, with increasing growth rate of calcite
(Gabitov et al., 2012; Watkins et al., 2013) and aragonite
(Gabitov, 2013), suggesting kinetic isotope effects (KIE)
from ion adsorption and desorption at the solution-solid
interface during carbonate precipitation. This growth rate
effect can cause an offset of the isotopic composition of
the solid from the DIC pool (Watkins et al., 2014).

In addition to the temperature and pH dependent ther-
modynamic fractionation and growth rate dependent
kinetic fractionation, the isotope exchange between the
DIC species and water brings another source of disequilib-
rium, due to the relatively slow rate of CO,(aq)-HCO3
inter-conversion. Although the timescale for one CO5(aq)-
HCOj3 inter-conversion cycle is on the order of a minute
at seawater pH, many cycles are required to achieve a com-
plete exchange of oxygen atoms between the DIC species
and water to reach isotope equilibrium (McConnaughey,
1989b). As a result, the equilibration timescale for oxygen
isotopes in the DIC pool (hours to days) is significantly
longer than for carbon isotopes (seconds to minutes), espe-
cially at high pH when the CO,(aq)-HCOj5 inter-conversion
approaches an irreversible reaction (McConnaughey,
1989b; Zeebe and Wolf-Gladrow, 2001). The oxygen iso-
tope equilibration timescale is longer than most natural cal-
cification processes, as well as many laboratory
experiments, which could lead to a significant expression
of KIEs during hydration and hydroxylation of CO, and
subsequently in the resulting carbonates. Carbon isotopes
also experience KIEs during DIC speciation, but to a smal-
ler extent than oxygen. The KIEs of hydration/hydroxyla-
tion were proposed by McConnaughey (1989a.b) to
explain the strong correlation between §'°0 and §'°C
observed in a variety of marine calcifying organisms grow-
ing under the same environmental conditions (Fig. 1).
McConnaughey (1989a) also pointed out the role of photo-
symbionts on the carbon isotope composition of coral
skeletons, making the 8'*C more enriched compared to
non-symbiotic corals.

The KIE mechanism by McConnaughey (1989a,b) pre-
dicts a simple linear relation between §'%0 and 3'>C in bio-
genic carbonates with a particular slope. A challenge to this
mechanism was raised from a study of deep-sea corals (Des-
mophyllum dianthus), which observed a break in the 3'0O-
3'3C linear relation at the most isotopically depleted end
(Adkins et al., 2003). The optically dense central bands in
these deep-sea corals, called centers of calcification (COCs),
have similar 8'°C to the most depleted values in the sur-
rounding aragonite fibers, but are more depleted in 5'*0
than the secondary aragonite. The unique composition of
the COCs causes a kink in the &'%0-3'*C relation
(Fig. 1a), which led Adkins et al. (2003) to propose a differ-
ent mechanism for the stable isotope vital effects (Fig. 2).

This mechanism was based on the observed pH up-
regulation in corals within their ECF by the enzyme Ca-
ATPase (Al-Horani et al., 2003; Venn et al., 2011). As
Ca-ATPase pumps Ca>" into the ECF in exchange for
two protons, the pH of the ECF is raised, which shifts
the DIC speciation toward the '®0-depleted carbonate
ion. Simultaneously, decreasing CO,(aq) concentration in
the ECF causes a larger *C-depleted CO, flux from the cal-
icoblastic cells into the ECF, as opposed to '*C-enriched
DIC from the seawater leak. The simultaneous depletion
of 3'%0 and 8'>C during pH up-regulation stops when the
pH of ECF reaches a threshold (pK,,). After pK,,, CO(-
aq) in the ECF is so low that the cell CO, flux is maximized,
while the DIC speciation keeps moving from bicarbonate to
carbonate ion, promoting further depletion of 8'%0 in the
CaCOs. This is hypothesized to explain the §'%0-8'3C kink
produced by the COCs. In this model, however, Adkins
et al. (2003) assumed equilibrium isotope fractionation
between the DIC species. The neglect of KIEs during oxy-
gen isotope exchange caused their numerical model to have
a steeper 8'%0-3'>C slope than the observed range in deep-
sea corals (1.9-2.6). In addition, the isotopic composition of
the skeleton predicted by the composition of the DIC pool
is offset from the expected inorganic aragonite values. This
begs a new model of biomineralization to explain the
observed 8'%0-3'*C data that takes into account the KIEs
during DIC speciation, and applies the correct fractiona-
tion between the carbonate, DIC species and water.

Here we present a numerical model of coral calcification
modified from Adkins et al. (2003). The fundamental com-
ponents of the model are based on biological and geochem-
ical observations of the coral calcification process, most of
which were also considered in McConnaughey’s seminal
work (McConnaughey, 1989a,b). As observed in calcein
and trace metal labeling experiments, seawater is directly
involved in the coral calcification process (Gagnon et al.,
2012; Tambutté et al., 2012). In our model, we treat ambi-
ent seawater as the starting material of the ECF, the com-
position of which the corals constantly modify. Corals
actively up-regulate the pH of their ECF relative to ambient
seawater, to locally increase saturation state and calcifica-
tion rate, as suggested by direct pH measurements (e.g.
Al-Horani et al., 2003; Venn et al., 2011) and boron iso-
topes (e.g. McCulloch et al., 2012; Wall et al., 2015). Ca-
ATPase, an enzyme that exchanges protons for calcium
ions, plays an important role in the pH up-regulation,
and has been localized in the calicoblastic cells (Zoccola
et al., 2004). In addition, our model considers the role of
the enzyme carbonic anhydrase (CA) in the coral calcifica-
tion process. CA is a ubiquitous enzyme found in almost all
living organisms that catalyze the CO,-HCOj3 inter-
conversion (Bertucci et al., 2013). The role of CA in the cal-
cification process of corals has been suggested from CA-
inhibition experiments for decades (Goreau, 1959), but it
was only in the last decade that CA has been immunolocal-
ized in the coral ECF and skeleton (Tambutté et al., 2007;
Moya et al., 2008; Mass et al., 2014). Although these studies
have only been performed on a few coral species, the pres-
ence of CA in the calcifying space of both symbiotic
(Stylophora pistillata) and azooxanthellate (Tubastrea aurea)
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Fig. 1. A compilation of stable isotope data in marine biogenic carbonates updated from McConnaughey (1989a). The labeled numbers are
5180-8"3C slopes of the corresponding dataset. (a) Two deep-sea coral D. dianthus specimens (Adkins et al., 2003). The squares are from COCs
and are not included in the slope calculation. (b) Other non-symbiotic corals (Weber and Woodhead, 1970; Emiliani et al., 1978;
McConnaughey, 1989a; Adkins et al., 2003). (c) Surface corals (Keith and Weber, 1965; Land et al., 1977). (d) Other calcifying organisms
including planktic and benthic foraminifera (Vinot-Bertouille and Duplessy, 1973; Vergnaud Grazzini, 1976), red algae (Keith and Weber,
1965), coccolithophores (Hermoso et al., 2014) and sea urchins (Weber and Raup, 1966). The difference in the intercepts of these datasets may
result from temperature and metabolic CO, effects, and are not the focus of this study. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

corals, as well as evidence for its influence on the calcifica-
tion of other species, suggest that it is directly involved in
the biomineralization of many scleractinian corals
(Tambutté et al., 2007; Moya et al., 2008; Bertucci et al.,
2013; Mass et al., 2014). Consideration of carbonic anhy-
drase in the model represents an important difference from
both the McConnaughey (1989a.b) model and the Adkins
et al. (2003) model. The two previous models can be
regarded as two limits of CA activity in the ECF, with
the McConnaughey model corresponding to zero CA activ-
ity, and the Adkins model corresponding to infinite CA
activity. The effect of CA activity on the carbonate chem-
istry of the ECF is detailed in the model results section.
Finally, debates remain about the relative importance of
paracellular seawater transport versus transcellular ion
pumping during coral biomineralization (Gagnon et al.,
2012; Tambutté et al., 2011, 2012), and the degree to which
the calcification process is physicochemically or biologically
controlled (Cuif and Dauphin, 2005; Venn et al., 2011;
Allison et al., 2014; Mass et al., 2014; Von Euw et al.,

2017). Instead of considering the complicated biological
processes at a molecular level, our quantitative model treats
the major biological processes as fluxes associated with car-
bonate chemistry, to test the applicability of simple physic-
ochemical rules to tracers in biogenic carbonates.
Deep-sea corals are good test organisms of a stable iso-
tope model given their relative lack of environmental vari-
ability and the full range of 8'%0 and 8'3C disequilibria
observed in their skeletons. Our biomineralization model
takes into account different processes during coral calcifica-
tion that fractionate carbon and oxygen isotopes. In partic-
ular, the model tracks the kinetics of CO, hydration and
hydroxylation in the ECF and its isotope effects under dif-
ferent alkalinity pump rates and ECF pH values. By com-
paring model results to stable isotope data, the model
provides a test of the McConnaughey and Adkins ideas.
In addition, the presence of CA in the ECF can facilitate
oxygen isotope equilibrium among the DIC species, as
has been demonstrated in inorganic precipitation experi-
ments (Uchikawa and Zeebe, 2012; Watkins et al., 2014).
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Fig. 2. Schematic diagram of coral calcification. Black text shows the chemical species in the model, while blue text represents fluxes or
reaction rate constants. The effect of carbonic anhydrase is represented by a rate enhancement factor k.,.. With carbonic anhydrase the rate
constant for CO(aq) hydration is keky; and HCO; dehydration is keu-k_1. Conversion between HCO; and CO3~ is considered
instantaneous and the two are written together in the differential equations as equilibrated inorganic carbon (EIC) pool. The effect of Ca-
APTase is represented by an exchange of Ca" into the ECF for two protons, which adds two units of alkalinity. The only DIC species that
can passively move across the ECF membrane is CO,(aq), driven by the difference between [CO,(aq)] in the calicoblastic cells and [CO,(aq)]in
the ECF. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

As discussed in the model results, accounting for CA activ-
ity in the ECF is important in explaining the stable isotope
vital effects in deep-sea corals and potentially other calcify-
ing organisms. Finally, the model also applies an offset in
the isotopic composition of the carbonate skeleton from
the DIC pool for both carbon and oxygen isotopes based
on inorganic precipitation experiments and the ion-by-ion
growth model (Romanek et al., 1992; Watkins et al.,
2014; Watkins and Hunt, 2015). By applying the isotope
fractionation factors determined in inorganic experiments
to biogenic carbonates, we intend to explore the extent to
which vital effects can be explained with fundamental phys-
ical chemistry rules. With the major fractionation processes
considered above, the model is not only expected to better
simulate the deep-sea coral data, but also to explain the
range of 5'%0-5'°C slopes observed in different marine cal-
cifying organisms (Fig. 1).

2. METHOD

A schematic diagram of the deep-sea coral based ECF
model is shown in Fig. 2. The model is modified from the
McConnaughey and Adkins models, based on the ubiqui-
tous observation that corals up-regulate their ECF pH rel-
ative to ambient seawater (e.g. Al-Horani et al., 2003; Venn
et al., 2011; McCulloch et al., 2012; Wall et al., 2015). There
are two sources of carbon that end up in the coral skeleton,
one from seawater DIC and the other from CO,(aq) diffus-
ing across the ECF membrane. With an increase the satura-
tion state and calcification rate, corals can be limited by the
conversion of CO,(aq) to bicarbonate and carbonate ions,
which is a kinetically slow step due to the reorganization
of covalent bonds. There are two ways the rate of this con-
version can be biologically enhanced. The first is to increase
the pH of the ECF by Ca?'-proton exchange through

Ca-ATPase, which lowers CO5(aq) in the ECF and drives
cross-membrane COj(aq) fluxes and promotes the faster
hydroxylation of CO,(aq). The second is to synthesize car-
bonic anhydrase, which directly catalyzes the CO,(aq)
hydration reaction. In our model, we write out the equa-
tions of COy(aq)-HCO3 inter-conversion through both
hydration and hydroxylation pathways, and track the time
evolution of the chemical species in the ECF as calcification
takes place. In particular, we specify an alkalinity pumping
rate, and track how alkalinity, different DIC species and
[Ca®*] change due to fluxes from hydration/hydroxylation,
seawater transport, cell membrane crossing, and calcifica-
tion. For the DIC species, we assume that the HCO3-
CO3~ conversion is instantaneous (1077 s) compared to
the slow CO,(aq)-HCO3 conversion (10% s) (Zeebe and
Wolf-Gladrow, 2001), and combine [HCO5] and [CO3]
in the equations as equilibrated inorganic carbon (EIC)
pool. In addition, we treat CA activity as a rate enhance-
ment factor (K,) in the CO»(aq) hydration reaction. Given
the low CO,(aq) concentration in seawater, the CA-
catalyzed hydration can be approximated with first-order
kinetics (Uchikawa and Zeebe, 2012). The seawater and cell
fluxes are treated as a concentration gradient driven diffu-
sion process as in Adkins et al. (2003). The calcification rate
law is obtained from inorganic aragonite precipitation
experiments (Romanek et al., 2011). The differential equa-
tions in the model are listed in the appendix. For a given
alkalinity pump rate, the forward model is run toward
steady state with Matlab’s odel5s solver, with seawater
composition as the initial condition. The carbonate chem-
istry of the ECF is updated at each time step with CO2SYS.
In our fully kinetic model, the carbonate system of the ECF
may not reach equilibrium, due to the kinetic barrier of
CO»(aq)-EIC conversion. However, in the range of pH
simulated, COy(aq) constitutes less than 1% of DIC at
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equilibrium, and the maximum CO»(aq) excess we get from
the kinetic barrier is 1.6%. This non-equilibrium effect
corresponds to a maximum pH offset of 0.03 units in our
CO2SYS calculations, or 7% in H™ activity, which does
not significantly influence our model results.

In order to track the isotope processes with the model,
we also write out equations for the '*C and 'O substituted
species, with the fractionation factors incorporated in the
rate constants. The processes that fractionate isotopes in
the model are: CO,(aq)-HCO3 inter-conversion through
hydration/dehydration and hydroxylation/dehydroxyla
tion, precipitation of the skeleton from the EIC pool, and
CO»(aq) diffusion across the cell membranes. Both carbon
and oxygen isotopes can be fractionated through these pro-
cesses. There have been relatively reliable constraints on the
carbon isotope fractionation factors associated with the
related processes (Marlier and O’Leary, 1984; O’Leary,
1984; O’Leary et al., 1992; Zeebe and Wolf-Gladrow,
2001), although inconsistencies remain between experimen-
tal data and theoretical calculations (Zeebe, 2014). How-
ever, the kinetic fractionation factors for oxygen isotopes
are not as well constrained, especially for the CO5(aq)
hydration and hydroxylation reactions. As a result, we
started with the range of values calculated based on transi-
tion state theory (Zeebe, 2014) and tested the model’s sen-
sitivity to the fractionation factors. We find that a range
of fractionation factors can fit the data, and the exact val-
ues needed to fit the data depend strongly on the CA rate
enhancement factor. In addition, we incorporate the pH
and growth rate dependence of the carbonate-water oxygen
isotope fractionation (Watkins et al., 2014) and carbonate-
DIC carbon isotope fractionation (Watkins and Hunt,

Steady state pH
4000 T T

2000

1000

1500 2000
DIC {xmolkg)

2015) to account for the isotope effects of fluid-solid inter-
action. A fluid-solid '*C and '®0 fractionation factor based
on pH and CaCOj; precipitation rate is assigned following
the ion-by-ion model (Watkins et al., 2014; Watkins and
Hunt, 2015) at each time step as the forward model is run
toward steady state. In the isotope-enabled fully kinetic
model, every given alkalinity pump rate also corresponds
to a steady state carbon and oxygen isotope composition
of the coral skeleton. A summary of the model parameters
and fractionation factors is given in Appendix Table 1.

3. RESULTS
3.1. Carbonate chemistry in the ECF

Fig. 3 shows the steady state solutions of the carbonate
chemistry species in the ECF at different alkalinity pump
rates as a function of Alk-DIC space. The three cases
examined are associated with different CA activities in the
ECF. The slow kinetics case corresponds to no CA, and
the CO,(aq)-HCO3 inter-conversion follows inorganic sea-
water rate constants (Johnson, 1982; Zeebe and Wolf-
Gladrow, 2001), as proposed by McConnaughey (1989a,
b). In the other extreme, the CO,(aq)-HCO;3 inter-
conversion through hydration/dehydration is instanta-
neous, as has been examined in the model by Adkins
et al. (2003). Between the two extremes, a finite amount
of CA activity in the ECF is shown as a 2000 times
enhancement of the hydration/dehydration rates. As the
alkalinity pump rate is increased, the pH of the ECF is ele-
vated, and the steady state solutions of DIC and alkalinity
in the ECF moves from the lower right to the upper left
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Fig. 3. Steady state model solutions of DIC and alkalinity on pH and [CO3~] contour plots for the slow kinetics (grey circles), instantaneous
kinetics (blue triangles) and 2000x CA rate enhancement (red squares) cases. Each point represents a steady state solution to a given alkalinity
pump rate. The pump rate increases along each path from the lower right corner to the upper left corner. The evolution paths are different for
the slow kinetics case and the CA-enhanced case. The vectors represent the three major processes controlling the carbonate chemistry of the
ECF in the model. The presence of CA increases the cell CO,(aq) flux that generates higher DIC and buffers pH compared to the slow kinetics
case. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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corner in the Alk-DIC space (Fig. 3a). However, the path- case, the 8'30-8'3C linear trend is close to being vertical.
ways of pH elevation are different in the presence or Data from deep-sea coral 47407 (Adkins et al., 2003) is best
absence of CA. In the absence of CA, the DIC of ECF first fit by a CA rate enhancement of 2000x (Fig. 4a). To test the
decreases significantly relative to the seawater source while robustness of the model, we also tried to fit different deep-
the pH is rapidly elevated, after which there is a small sea coral datasets by only changing the ambient seawater
change in DIC as alkalinity is further pumped in. In the conditions while holding the other parameters constant
presence of CA, however, DIC first starts to increase with (Fig. 4b). With the same set of parameters, our model also
a relatively small increase in pH, and then decreases rapidly fits the stable isotope data of two other deep-sea corals. It
with rapid pH elevation like the slow kinetics case. In all should be noted that a §'°C offset of 1%o was applied to
cases, there is a maximum carbonate ion concentration as cross-membrane CO,(aq) for coral 78459 to make the
the alkalinity pump is turned up (Fig. 3b). However, the model line go through the data. We suspect this reflects dif-
reasons for the [CO3™] increase toward a maximum are dif- ferent fractions of '*C-depleted metabolic CO, used for cal-
ferent for the different cases. While the CA-absent case gets cification. The fraction of metabolic carbon corresponding
to a [CO3~] maximum solely by increasing pH (and thus the to a 1%0 8'3C offset is estimated to be 6-7% of all CO,(aq),
fraction of CO3™ in DIC), the CA-present cases approaches consistent with radiocarbon constraints of a maximum of
a [CO3~] maximum by the combined effects of DIC and pH 6-8% metabolic carbon contribution to the skeleton in D.
increase. The contrast between these cases demonstrates the dianthus (Adkins et al., 2002). The effect of CA on the
fundamental role CA plays in the carbon budget and calci- model fit to the stable isotope data again suggests its impor-
fication dynamics of the ECF. tant role in the calcification process, and points toward a

new mechanism for stable isotope vital effects.
3.2. Stable isotopes
4. DISCUSSION

Fig. 4 shows the steady state isotope compositions of the

skeleton as the alkalinity pump is turned up for the three 4.1. CA and ECF carbonate chemistry
cases presented in Fig. 3. As the pH is elevated with the
alkalinity pump, both 8'%0 and §'3C get more depleted. As shown above, the steady state DIC and alkalinity
In all cases, there is a kink in the 8'830-8'3C relation, but responses to increasing alkalinity pump diverge by adding
the kink shows up more clearly with the presence of CA. CA to the model. Fig. 5 shows the steady state carbonate
In addition, there is a systematic change in slope of the chemistry variables of the ECF corresponding to different
3'80-8'>C relationship, with a higher CA activity corre- alkalinity pump rates (a different view of Fig. 3), and fur-
sponding to a steeper slope. In the instantaneous kinetics ther demonstrates this difference. In the slow kinetics case,
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Fig. 4. (a) Stable isotope composition of the coral skeleton from model output for the slow kinetics (black solid), instantaneous (blue dash-
dot) and 2000x CA rate enhancement (red dashed) cases, compared to a deep-sea coral dataset (orange circles, Adkins et al., 2003). There is a
systematic change in the slope of the 8'30-5'C trend with different CA activity. A 2000x CA rate enhancement generates a line that goes
through the data. The model lines represent a series of steady state solutions with different alkalinity pump rates. An increase in pump rate
drives the stable isotopes from the upper right corner (enriched values) to the lower left corner (depleted values). The black squares represent
the steady state composition of the EIC and corresponding solid at zero pump rate. Isotope fractionation factors between the EIC and the
solid carbonate based on inorganic experiments (Wang et al., 2013; Watkins et al., 2014; Watkins and Hunt, 2015) needs to be applied to make
the model line go through the data. The red numbers mark the pH corresponding to the stable isotope compositions for the 2000x case. (b)
Model fit to two other deep-sea corals (Adkins et al., 2003). The model lines are generated with all biological parameters the same as panel (a),
including a 2000x CA rate enhancement, and varying only the ambient seawater conditions at each coral’s collection site. A metabolic offset
of 1%o in 8'3C is applied to cross-membrane CO,(aq) (black arrow) to make the model line go through the data for coral 78459. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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the pH of the ECF rises rapidly from the seawater value to
a pH of 10 at a very small increase in the pump rate, after
which the pH rises more gradually (Fig. 5a). These high pH
values are dangerous to the corals as they would promote
saponification of the lipid membranes. During the rapid
pH rise, there is also a sharp decrease in DIC, but the pH
effect dominates to drive a [CO3 ] increase (Fig. 5c). When
CA is present, however, the pH of the ECF is much more
strongly buffered with the alkalinity pump increase. There
is a slow pH rise as the pump is turned up from zero until
a pH around 9.3, the value of pK,, at deep-sea coral growth
conditions (5 °C, 500 m), after which there is a sharp pH
rise (Fig. 5a). Between seawater pH and pK,, [CO37]
increases until a maximum value at the sharp pH jump
(Fig. 5c). Corresponding to this maximum [CO3~], there
is also a dramatic decrease in the slope of the precipitation
rate with pump rate (Fig. 5f). In the model, [CO3 ] is the
dominant factor controlling the saturation state, and pre-
cipitation rate, in the ECF with a factor of 5-6 change, as
opposed to [Ca®"] which changes by less than a factor of
2 (Fig. 5d). Similar observations have been made in labora-
tory simulations of the biomineralization process (Zeebe
and Sanyal, 2002). It has been previously suggested that

pK.» represents an energetic limit of biological pH eleva-
tion (Adkins et al., 2003). After pK,», the additional precip-
itation rate obtained from the ATP-driven alkalinity pump
is minimal, as observed in our model. ECF pH measure-
ments in surface corals have found few cases of pH above
pK.> (Al-Horani et al., 2003; Venn et al., 2011; Cai et al.,
2016), consistent with this idea. The [CO3~] maximum of
~1000 pmol/kg in our model (Fig. 5c) also agrees with
microelectrode measurements of ECF composition in sur-
face corals (Cai et al., 2016). In addition, there is a range
of pump rates in which the DIC of the ECF is elevated rel-
ative to seawater (Fig. 5Se). This biologically controlled DIC
elevation in the ECF has been experimentally observed in
some surface corals (Allison et al., 2014), but not in others
(Cai et al., 2016). The difference in DIC concentrations in
the ECF may reflect different alkalinity pump rates or CA
activity among the coral species (Fig. Se).

The change in the ECF carbon budget with the presence
of CA indicates a larger carbon flux from somewhere. Fig. 6
shows the steady state fluxes controlling alkalinity, DIC,
and EIC at different pump rates. As expected, the presence
of CA drives large hydration and dehydration fluxes
(Fig. 6f), and an increasing imbalance of the two as the
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Fig. 5. Steady state ECF carbonate chemistry as a function of the alkalinity pump strength (mol/m?/s) for the slow kinetics (black solid),
instantaneous kinetics (blue dash-dot) and 2000x CA rate enhancement (red dashed) cases. (a) The pH of the ECF is strongly buffered against
the alkalinity pump with the presence of CA, up to a pH value of seawater pK,, at 5 °C (9.3). The pH of the slow kinetics case rises sharply at
low pump rates. The model cases all converge when the pH is high enough for hydroxylation to be the dominant process in CO,(aq)-EIC
conversion. (b) With a kinetic barrier of CO,(aq) hydration, the CO,(aq) of the slow kinetics case pool in the ECF at low pump rates, and its
rapid decrease lags the CA enhanced cases, until hydroxylation can convert it to EIC. (¢) There is a maximum in [CO3 ] for all three cases, but
the reasons for [CO3 ] increase are different. For the slow kinetics case, the [CO3~] increase is caused by a sharp pH rise, while for the CA
enhanced cases, the [CO3 ] increase is a combined result of DIC increase and pH rise. (d) The Ca>" pumped into the ECF by Ca-ATPase is
balanced by precipitation at low pump rates. At high pump rates, precipitation can no longer catch up with the pump, and [Ca®'] increases
rapidly. (e) CA concentrates DIC in the ECF relative to seawater over a range of alkalinity pump rates. (f) The precipitation rate increases
with the pump rate, but there is a sharp change in the slope at the maximum [CO3 ] in (c) in all cases. Pumping alkalinity beyond the
[CO3 ™ Jmax is energetically inefficient. Also the precipitation rate is more dependent on [CO3~] than [Ca®"], as has been previously suggested in
laboratory simulation of biological calcification (Zeebe and Sanyal, 2002). (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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alkalinity pump is turned up. This imbalance keeps [CO5(-
aq)] low in the ECF (Fig. 5b), and creates a large [CO(aq)]
gradient between the cell and ECF. As a result, the CO,(aq)
flux across the cell membrane is higher at low pump rates in
the presence of CA (Fig. 6e vs. b). As COy(aq) is rapidly
converted to EIC, the cell flux helps concentrate DIC in
the ECF, and maintains a relatively high DIC:Alk ratio
so that the pH change is much more gradual. This cross-
membrane COy(aq) flux also explains the DIC elevation
in the ECF relative to seawater (Fig. 5e), when precipitation
is not fast enough to remove all the additional carbon. As
the pump rate is further increased, precipitation starts to
outcompete the cross-membrane flux to drive DIC down,
but [CO%7] can keep increasing due to pH elevation
(Fig. 5c and d). In contrast, CO,(aq) cannot be effectively
converted to EIC without CA at low pump rates, causing
the ECF to be less buffered and the pH to be very sensitive
to small increases in the alkalinity pump. The rapid pH rise
in the slow kinetics case then shifts the CO,(aq)-EIC con-
version to the more efficient hydroxylation pathway, caus-
ing the cell flux to catch up and the pH to increase more
gradually (Fig. 6b and c). In both the slow kinetics and
CA-enhanced cases, there is a maximum cell CO,(aq) flux,
when CO5(aq) in the ECF cannot be any lower (Fig. 5b).
After the threshold, the change in the ECF carbon budget

can only be modulated by the seawater and precipitation
fluxes, which has implications for the stable isotopes in
the following discussions. This pH threshold is at pK,,
for the CA-enhanced case, as CO,(aq) can be rapidly con-
verted to EIC. The pH threshold is higher for the slow
kinetics case, when there is a kinetic barrier to the CO»(-
aq)-EIC conversion.

To summarize, our model has found two important
roles CA plays in the biological calcification process as
compared to slow Kkinetics: to concentrate DIC in the
ECF for calcification, and to buffer the carbonate system
of the ECF against unfavorably high pH as the alkalinity
pump increases. CA releases the kinetic barrier to EIC pro-
duction from CO,(aq) that would otherwise pool in the
ECF. By synthesizing CA for use in the calcification pro-
cess, the calcifying organism can get a steady increase in
ECF [CO3 7] and precipitation rate, in a chemical environ-
ment that does not saponify membrane lipids.

4.2. Isotope composition of coral skeleton

Fig. 4 shows that a finite amount of CA activity gener-
ates a stable isotope model line that goes through the
deep-sea coral data. A fit to the data requires three features
to be correctly simulated: (1) the isotope composition at the
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Fig. 6. Flux balance at steady state for alkalinity, DIC and EIC at different pump rates. Panels (a)—(c) represents the slow kinetics case. Panels
(d)—(f) represents the 2000x CA rate enhancement case. Seawater (blue dashed) and precipitation (red dot dashed) represent the tendency for
ECF alkalinity, DIC and EIC to change with seawater transport and CaCOj; precipitation. There is a source of alkalinity to the ECF by the
Ca-ATPase pump (black solid in a and d), and a source of DIC from cross-membrane CO5(aq) (black solid in b and e). EIC also feels the
relative rates of the forward (hydration/hydroxylation, black solid in ¢ and f) and reverse (dehydration/dehydroxylation, purple dotted in ¢
and f) reactions of CO,(aq)-EIC inter-conversion. The most apparent difference is the higher forward and reverse reaction rates for the 2000x
case in the EIC fluxes. There is a larger imbalance between the forward and reverse reactions in the 2000x case that causes a low CO5(aq) in
the ECF. As a result, the gradient-driven cell CO(aq) flux increases more rapidly at low pump rates. This explains the DIC increase in Fig. 5.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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3180 and 8'3C enriched end (equilibrium limit) of the data-
set; (2) the slope of the 8'%0-5'2C linear correlation part;
and (3) a kink in the 8'®0-8'3C relation that represents
the COCs. The three parts are discussed separately below.

4.2.1. Biogenic vs. inorganic carbonates at the equilibrium
limit

While the §'%0 and 8'>C proxies are based on equilib-
rium isotope effects, several processes can cause disequilib-
rium isotope effects in both inorganic precipitation
experiments and biological calcification. Since the solid car-
bonate inherits its isotope composition from the DIC pool,
the disequilibrium isotope effects can take place either in the
DIC speciation process or in the solid formation process.
Isotope exchange during DIC speciation is kinetically lim-
ited due to the slow CO,(aq)-HCOj53 inter-conversion, espe-
cially for oxygen isotopes because water is involved in the
exchange (McConnaughey, 1989b; Zeebe and Wolf-
Gladrow, 2001; Uchikawa and Zeebe, 2012). In the solid
formation process, there is additional isotope fractionation
due to ions attaching to and detaching from the solid sur-
face, the net effect of which is reflected by the growth rate
of the solid (Watkins et al., 2013). As a result, true
carbonate-water isotope equilibrium can only be achieved
when all the DIC species are in isotope equilibrium, and
the growth of the solid is slow enough to prevent KIEs dur-
ing precipitation. In a comprehensive survey of this prob-
lem, Watkins et al. (2014) used CA to facilitate the DIC
species equilibrium, and did inorganic calcite precipitation
experiments across a range of temperatures, pH and growth
rates, to establish the full dependence of the calcite-water
oxygen isotope fractionation on these factors. From the
Watkins model, isotope fractionation factors can be
obtained between the solid and the two EIC species, bicar-
bonate and carbonate ions. Similar inorganic precipitation
experiments have also been performed for aragonite in sea-
water, and a new temperature dependent aragonite-water
5'%0 fractionation equation was proposed at the equilib-
rium limit (Wang et al., 2013). Given our assumption that
the isotope composition of the coral skeleton is determined
by the EIC pool, we applied these fractionation factors to
calculate the composition of the skeleton for all pump rates,
and their associated CaCO; precipitation rates. Similar to
oxygen isotopes, there is also a carbon isotope fractionation
between the EIC species and the resulting solid (Romanek
et al., 1992; Watkins and Hunt, 2015). For a pump rate
of zero, we expect the model to predict the inorganic
CaCOs; isotope composition at the corresponding growth
rate, which is within the equilibrium limit in the Watkins
model. The solid squares in Fig. 4a show the solid-EIC frac-
tionations at the equilibrium limit, with the oxygen isotope
fractionation factors from Wang et al. (2013) for aragonite.
Applying these offsets between the solid and fluid is neces-
sary to generate a line that goes through the data. Without
these fractionation factors, the modeled EIC composition is
too depleted in 8'3C and too enriched in 8'%0. As a result,
the biogenic carbonates provide a confirmation to the frac-
tionation factors derived in inorganic experiments and the
ion-by-ion growth model (Wang et al., 2013; Watkins
et al., 2014).

4.2.2. CA and the 5"40-8"3C slope

As observed by McConnaughey (1989a), a wide variety
of marine calcifying organisms show a linear correlation
between 8'%0 and §'3C with a relatively narrow range of
slopes (Fig. 1). In our model, we tested a range of CA activ-
ities, and observed a systematic change in the §8'30-8'3C
slope, with higher CA activity corresponding to steeper
slopes (Fig. 4). In our flux balance model, it is possible to
disentangle what roles different isotope fractionation pro-
cesses play in setting the slope. The inset vector plot in
Fig. 7 shows the five important processes that fractionate
carbon and oxygen isotopes from the seawater EIC compo-
sition. Two of these processes represent equilibrium isotope
effects. The horizontal arrow to the left represents the equi-
librium oxygen isotope effect from pH driven DIC specia-
tion. Although the equilibrium carbon isotope
compositions of DIC species are different, it is a closed sys-
tem in terms of isotope exchange, and significant changes in
EIC §'3C can only be caused by a change in total 8'3C of
the DIC pool. The 8'3C of the DIC in the ECF is set by
the mixing of two carbon pools with distinct 5'*C values:
membrane-crossing CO,(aq) and seawater DIC. With a
pH increase in the ECF, a larger contribution from
membrane-crossing '*C-depleted CO(aq) lowers the 8'*C
of DIC, as represented by the vertical downward arrow.
The Adkins model for stable isotope vital effects is a cou-
pling of these two equilibrium processes through pH eleva-
tion, with a kink in the correlation as the carbon isotope
mixing effect is maximized at pK,,.

The other three processes shown in Fig. 7 that fraction-
ate isotopes are kinetic processes. Both hydration and
hydroxylation of CO,(aq) create 8'%0 and §'*C depleted
EIC, which represent the McConnaughey mechanism of
stable isotope vital effects. McConnaughey (1989b) attribu-
ted the range of 3'%0 and 8'>C observed in biogenic car-
bonates to different degrees of equilibrium exchange of
CO»(aq) across the ECF membrane. However, since the
timescale for carbon isotope exchange (10100 s) is much
shorter than for oxygen isotopes (10°-10* s) (Zeebe and
Wolf-Gladrow, 2001; Uchikawa and Zeebe, 2012), the mag-
nitude of carbon isotope hydration/hydroxylation KIE
expressed in the resulting solid is expected to be smaller
than the oxygen isotopes, given a DIC residence time of
10%-10% s with respect to precipitation. This changes both
the magnitude and angle of the hydration/hydroxylation
fractionation vectors. An additional kinetic fractionation
process happens during precipitation of the skeleton.
According to the ion-by-ion growth model (Watkins
et al., 2014; Watkins and Hunt, 2015), the precipitating
CaCO; is enriched in '*C and depleted in '®0 relative to
the EIC pool in the range of growth rates in our model.
This could create a residual EIC that is more depleted in
13C and enriched in '80 through a Rayleigh distillation pro-
cess by precipitation when carbon supply is limited to sea-
water at low pump rates and no CA. This process could
cause a negative slope in the 5'%0-8'3C correlation, which
has not received much consideration in previous models
of biomineralization. The Rayleigh process can also give
rise to more enriched §'%0 values in biogenic carbonates
than inorganic precipitation experiments in the equilibrium
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Fig. 7. Decomposition of different isotope fractionation processes in the model results. The inset vector plot shows the isotope effects of five
important processes in the model: pH-driven DIC speciation, input of cross-membrane CO,(aq), hydration, hydroxylation and the Rayleigh
effect by precipitation. The slow kinetics case shows two dominant processes at different ranges of pump rates. At low pump rates, a limited
carbon supply from membrane crossing CO, creates the Rayleigh effect by precipitation. At high pump rates, high pH converts CO,(aq) to
HCOj5 via the hydroxylation pathway and expresses the associated KIE. The presence of CA takes away the Rayleigh process by efficiently
converting CO,(aq) to HCOj3 and providing a second source of carbon besides seawater. For instantaneous kinetics, the oxygen isotopes
follow equilibrium DIC speciation, while the carbon fractionation is determined by the relative contribution of cell CO,(aq) and seawater
DIC. A maximum cell CO,(aq) flux at pK,, causes a kink in the correlation, and makes the slope too steep compared to the data. For a finite
amount of CA such as the 2000x case, the hydration KIE is partly expressed. The amount of CA changes the timescale of DIC oxygen isotope

equilibration, and determines how much hydration KIE is preserved in the skeleton, thus influencing the §'%0-5'3C slope.

limit, although other mechanisms such as rapid incorpora-
tion of 'O enriched COs(aq) have been suggested to
explain observed 3'80 enrichments in organisms like coc-
colithophore (Hermoso et al., 2014, 2016).

The §'%0-8'*C patterns simulated in our model can be
decomposed into the different fractionation processes dis-
cussed above (Fig. 7). For the slow kinetics case, the coral
derives most of its carbon for precipitation from seawater
DIC at low pump rates, due to the kinetic barrier of CO5(-
aq) hydration and low membrane-crossing CO,(aq) flux. As
a result, the precipitation from seawater DIC causes the
Rayleigh effect to be expressed in the CaCOj3. The Rayleigh
effect dominates the 8'30-8'C slope until the pH is high
enough for hydroxylation to efficiently convert CO,(aq)
to HCOg3, after which the hydroxylation KIE is expressed.
For the instantaneous kinetics case, CA can catalyze rapid
COs,(aq)-HCO3 inter-conversion and isotope exchange
through hydration/dehydration, so that no hydration KIE
is expressed. As a result, what ends up being expressed in
the skeleton is the equilibrium isotope effects through pH-
driven DIC speciation and carbon source mixing. In the
presence of abundant CA, the coral can also take full
advantage of the cross-membrane carbon source, so that
the Rayleigh effect from precipitation is largely reduced.
However, the kink in the 8'%0-8'3C correlation at pK.z
makes the slope too steep compared to the deep-sea coral
data. The 2000x rate enhancement model case that fits

the data in Fig. 4 is an intermediate case with a finite
amount of CA. In this case, the CO,(aq) hydration KIE
is partly expressed for oxygen isotopes (4%o), and to a lesser
extent for carbon isotopes (2%o0) due to faster isotope equi-
libration. The observed 10%o range in deep-sea coral §'C is
mostly a result of the mixing of cross-membrane CO»(aq)
and seawater DIC, which accounts for 8%c of the signal.
In our model this data-fitting case suggests that the McCon-
naughey KIE mechanism dominates the observed §'%0 sig-
nal, while the Adkins mechanism explains most of the range
in 8'3C and the COC kink in deep-sea corals.

The analysis of the fractionation processes for the data-
fitting case also provides clues to the role of CA activity in
setting the 5'%0-3'C slope. CA can enhance the CO,-EIC
inter-conversion and shorten the timescale of DIC oxygen
isotope equilibration (Uchikawa and Zeebe, 2012). In labo-
ratory experiments 0.25 tM of CA can shorten the oxygen
isotope equilibration timescale by 2-3 orders of magnitude
(Uchikawa and Zeebe, 2012; Watkins et al., 2013). As a
result, it is expected that the presence of CA in the coral
ECF can reduce the magnitude of the oxygen isotope
KIE. However, since synthesis of CA costs the coral energy,
it is reasonable to assume a finite amount of CA in the
ECF, so that the KIE signal of CO,-EIC conversion is
not totally erased. The forward reactions of hydration/
hydroxylation make isotopically depleted EIC, and the
backward reactions drive the isotope exchange to equilib-
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rium. A metric for the completeness of oxygen isotope
exchange is the ratio of the rate of the reverse reactions
to the forward reactions. A ratio of one represents equilib-
rium exchange, while a small ratio represents significant
KIE that makes isotopically depleted EIC. This ratio
decreases with pH, because higher pH favors the forward
reactions as opposed to the backward reactions. Fig. 8b
shows how this metric changes with alkalinity pump rate
for both the slow kinetics and CA-enhanced cases, and
the associated change in oxygen isotopes. We can see that
the presence of CA makes the reverse to forward reaction
ratio decrease much more gradually with an increasing
alkalinity pump, thus reducing the KIEs expressed in the
resulting skeleton. In the slow kinetics case, the ratio drops
rapidly with increasing pump rate, and the KIEs are much
more significant. As a consequence, the magnitude of the
KIE driven 3'30 depletion in the slow kinetics case is much
larger, and the 5'%0-3'3C slope is shallower for the same
range in 5'°C. The rate enhancement factor of 2000 that fits
the deep-sea coral dataset may represent an optimal
amount of CA the organism decided to synthesize for its
growth needs and energy budget. At 5°C, the COy(aq)
hydration rate constant in seawater is 4 x 107>s”!
(Johnson, 1982), and a 2000 rate enhancement factor would
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correspond to a rate constant of 8 s™!. Measurements of
CA activity in symbiotic corals constrain a Michealis-
Menten constant (ke /Ky) of 4.6-8.3 x 107 M s
(Moya et al., 2008; Bertucci et al., 2011). The 2000 times
rate enhancement requires sub-micromolar CA concentra-
tion in the ECF. However, in vivo experiments have shown
that certain amino acids and amines act as CA activators
and increase CA activity (Bertucci et al., 2010). In surface
coral tissue homogenate, the measured CA-catalyzed
hydration rate constant is ~50 s~ !, although it was unclear
how CA activity is distributed between photosynthesis and
calcification (Hopkinson et al., 2015). An in-situ measure-
ment of CA activity in deep-sea corals may help test our
model.

Given that CA activity changes the slope of the §'%0-
3'3C linear correlation, we can explain the range of 5'%0-
8'3C slopes observed in marine calcifying organisms with
the natural variability of CA activities. Fig. 9 shows a range
of CA-induced CO, hydration rate enhancements with their
associated 8'80-8'C slopes in our model. The range of
slopes observed in deep-sea corals (1.9-2.6) correspond to
a wide range of CA catalyzed rate enhancement (200—
2000x). When the environment is changed to surface ocean
conditions (T = 25°), the CA rate enhancement required for
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Fig. 8. Processes that determine the isotope composition of the skeleton as a function of the alkalinity pump. The left column describes the
isotope evolution of the skeleton for 8'%0 and 5'>C respectively. The right column describes the main control on isotope compositions. (a and
b) The range in 5'%0 observed is mainly caused by KIEs during the CO5(aq)-EIC inter-conversion. A measurement of the degree of oxygen
isotope exchange is the ratio of reverse to forward reaction rates. A ratio of 1 represents equilibrium exchange, while smaller ratios cause
stronger expression of KIEs. The presence of CA increases the exchange ratio for a given pump rate, and attenuates the 8'%0 depletion by
KIEs. (c and d) The observed 8'C range is caused by the mixing of isotopically enriched seawater DIC and isotopically depleted cell CO5(aq).
As the alkalinity pump is turned up, more COy(aq) is converted to EIC, driving a larger cell CO5(aq) flux. The cell CO,(aq) is maximized
beyond a threshold, causing a minimum in 8'C, and a kink in the §'%0-3'3C relation.
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a similar observed 5'*0-5'3C slope range still spans an
order of magnitude, between 20 and 200x. With higher
temperatures and saturation states in the surface ocean,
the precipitation rate is an order of magnitude higher in
our model. As a result, it is expected that surface ocean cal-
cifying organisms do not need as much CA, and its associ-
ated higher DIC concentration in the ECF. In addition, a
temperature rise also facilitates the DIC speciation and oxy-
gen isotope exchange kinetics (Beck et al., 2005; Watkins
et al., 2013), which compensates for a lower amount of
CA in setting the 5'%0-8'3C slope. Although CA has been
shown to influence calcification of many marine calcifying
organisms (Hentunen et al., 2000), not every species in
Fig. 1 has been analyzed for CA in its calcifying region.
So caution should be applied in applying our model before
the enzyme activity is confirmed or denied. In addition, our
model does not account for the effect of photosynthesis on
the carbon budget. Photosynthetic organisms, or those with
photo-symbionts, can have an additional enrichment in
313C due to preferential uptake of 2C in photosynthesis,
leading to a shallower 3'®*0-3'>C slope (McConnaughey,
1989a), or generally more scattered data.

4.2.3. The 6"°0-6"C kink

The observation that the isotope compositions of COCs
in D. dianthus falls off the linear 5'%0-3">C trend led Adkins
et al. (2003) to propose an alternative mechanism for vital
effects to McConnaughey’s (1989a) KIE interpretation.
The distinct isotope compositions of COCs have also been
observed in other deep-sea coral species (Rollion-Bard
et al., 2003; Blamart et al., 2007; Rollion-Bard et al.,
2010), as well as surface corals (Juillet-Leclerc and
Reynaud, 2010). Mineralogical analyses of the deep-sea
coral skeletons show that both the COCs and the secondary
structures are aragonite, but microscopic observations
show that the COCs have more random orientation com-
pared to c-axis aligned secondary aragonite (Gladfelter,

1982; Gagnon et al., 2007; Rollion-Bard et al., 2010; Von
Euw et al., 2017). In addition to stable isotopes, the COCs
also have distinct trace element concentrations compared to
the secondary aragonite, including higher Mg/Ca and Li/
Ca (Gagnon et al., 2007; Case et al., 2010), and lower B/
Ca (Blamart et al.,, 2007) and U/Ca (Robinson et al.,
2006). These observations have led to debate about whether
the COCs formed with the same mechanism as the sec-
ondary aragonite.

Our stable isotope model can generate a continuous
3'80-8"3C curve that includes both the linear relation and
the kink. As proposed by Adkins et al. (2003), the mecha-
nism of the kink is a maximum in the 8'3C depleted cell
CO»(aq) flux when the pH of the ECF reaches pK,,. After
this threshold, the 8'%0 can keep getting more depleted due
to an increasing imbalance of the forward and reverse
CO,(aq)-EIC inter-conversion reactions, but the 5'*C can-
not get more depleted (Fig. 8c and d). Instead, the 8'*C
in our model gets slightly enriched after pK,, due to an
increasing seawater DIC influx.

Although we have a model that explains most of the fea-
tures in the deep-sea coral stable isotope dataset, some
caveats remain that require further investigation. A prob-
lem with our interpretation of COCs as forming from the
same calcification mechanism as secondary aragonite is
the corresponding pH. In our current model, the depleted
3'8%0 of the COCs correspond to a pH of 11, which is
beyond the [CO3 Jmax in Fig. 5, and is also biologically
unreasonable in a membrane supported ECF system. There
are some other possibilities that could explain the composi-
tion of the COC. One is that the COCs formed from calci-
fication rates that are distinctly higher than inorganic
experiments during the early life stage of the corals. In
order to initiate the calcification process, additional energy
may be used by the organisms to synthesize organic tem-
plates that facilitate the skeleton growth rate (Cuif and
Dauphin, 2005; De Yoreo et al., 2007). If the growth rate
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Fig. 9. (a) The 3180-8"3C slope vs. CA rate enhancement factor (kea) for deep-sea coral (blue circles, 5 °C) and surface ocean (red squares, 25
°C) conditions. The dashed lines show the range of slopes (1.5-3.7) observed in different non-photosynthetic calcifying organisms. Panel (b)
shows this range in more detail. In general, the slope increases with CA activity. The CA activity required for 25 °C is lower than 5 °C to have
the same range of slopes. There is significant curvature in the §'%0-8'3C plot at low CA activity that causes sharp turning points in these
curves. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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of the COCs were an order of magnitude higher than inor-
ganic experiments due to organic templating, we could
explain an additional 1%o depletion in 8'30 in the COC at
pK.» (Watkins et al., 2013). An alternative explanation
involves the role of amorphous calcium carbonate (ACC)
in biomineralization. It has been suggested that calcifying
organisms can take advantage of the disordered structure
of ACC to increase growth rates at early stages of calcifica-
tion (Addadi et al., 2003), and later transform ACC into
more stable calcite or aragonite. ACC has been observed
in a variety of calcifying organisms (Jacob et al., 2008;
Gago-Duport et al., 2008; Gong et al., 2012). Although
no direct evidence of ACC has been reported for deep-sea
corals, the distinct microscopic structure, as well as isotopic
and trace element composition of COCs have led some
authors to suggest the role of ACC as the precursor phase
of the skeleton (Rollion-Bard et al., 2010; Von Euw et al.,
2017). The trace element compositions of the coral COCs
are in many ways similar to ACC observed in other organ-
isms (Jacob et al., 2008). In addition, a recent study of ACC
in speleothems suggests that ACC is depleted in 3'%0 rela-
tive to companion calcite by 2.4 4+ 0.8%¢ (Demeny et al.,
2016). As a result, the composition of COC aragonite could
also be explained as an inherited signal from its ACC pre-
cursor. More detailed studies of the coral skeleton struc-
tures and characterization of ACC in biogenic carbonates
are required to resolve this problem.

4.3. Parameter sensitivity and other calcifying organisms

We have shown that our model can fit the stable isotope
data from several different deep-sea corals with a single set
of parameters (Fig. 4), and discussed in detail the effect of
CA on the §'"%0-8"3C slope. Yet, there are other tunable
parameters in our model that may change the results.
Two important biological parameters are the diffusivity of
CO»(aq) in the calicoblastic cell membranes, and the rate
of seawater DIC turnover in the ECF. These two parame-
ters determine the relative contribution of the two carbon
sources for coral calcification, and may have significant
impacts on the resulting isotope composition of the skele-
ton. A seawater DIC turnover timescale that fits the
observed range in deep-sea coral 5'3C is 230 s for the cell
diffusivity we used (Siiltemeyer and Rinast, 1996). Fig. 10
shows example model outputs corresponding to different
cell diffusivities and seawater turnover timescales. Increas-
ing the cell diffusivity or decreasing the seawater turnover
timescale can make the pH of the ECF more strongly buf-
fered against the alkalinity pump. Changing the relative
rate of these two fluxes also changes the range of 5'>C cal-
culated by the model, due to the distinct isotope composi-
tion of the two carbon sources. However, in the
parameter range we explored, the difference between the
slow kinetics case and the CA-enhanced case always exists
(as in Figs. 4 and 5). Including CA rate enhancement in
our model is necessary to generate reasonable ECF chem-
istry and stable isotope results that fit the data. In addition,
some features in the model are robust with a range of
parameter sets, including the maximum in [CO%7], the
3'%0-3"3C slope with a particular CA rate enhancement,

and a 8'®0-3'°C kink. It should be noted that the kink is
a persistent feature in the model as long as the pH of the
ECF reaches pK,, of seawater. The fact that the kink is
lacking in other surface calcifying organisms may suggest
that they do not raise their pH as much as the deep-sea
corals.

Examining the sensitivity of our model to biological
parameters may help us understand the isotope composi-
tion of other marine calcifiers. Different calcifiers may
change their membrane permeability to adjust their carbon
budget. The seawater turnover timescales may also be dif-
ferent for different organisms, due to wide variance in the
geometry of the calcification space and its access to the sur-
rounding seawater. The seawater turnover timescale has
important implications for paleoclimate reconstructions as
it determines how much of the ambient environmental sig-
nal can be recorded in the biogenic carbonates. For exam-
ple, in a culture experiment by Spero et al. (1997), it was
observed that both §'®0 and 8'°C in foraminifera shells
decreased with increasing carbonate ion concentration in
the ambient seawater. The slope of §'%0 vs. [CO3™] was
explained by Zeebe (1999) as the equilibrium isotope effect
of pH-driven DIC speciation, and modified by Watkins
et al. (2014) as a combined effect of pH and carbonate
growth rate. The slope of 8'3C vs. [CO37] in the culture
experiment, however, varies from —0.006%0 to —0.014%o
per pmol/kg [CO3~] between different species, and is steeper
than the 5'%0-[CO%7] slope of —0.002%c per pmol/kg
[CO37]. In our model, the 8'*C-[CO3 7] slope can be simu-
lated at a constant alkalinity pump rate, when the seawater
turnover timescale is shortened to <100s, the CA rate
enhancement factor is <100, and with a significant amount
(>50%) of 3'3*C-depleted metabolic CO, involved in the cal-
cification process. In this case, the cell CO5(aq) flux can
respond readily to changes in seawater CO,(aq) in the cul-
ture conditions. The necessity to include metabolic CO, to
produce the 5'3C vs. [CO37] slope is consistent with a
diffusion-reaction model proposed by Zeebe et al. (1999),
although their model requires a response of respiration to
changes in ambient Alk:DIC ratio. The more rapid seawa-
ter turnover in foraminifera suggested by our model may
also explain why their shells are good paleoceanographic
archives. Details of a foraminifera based calcification model
will be presented in a separate paper.

5. CONCLUSIONS

We have developed a fully kinetic model of biomineral-
ization based on deep-sea corals that can explain the trends
in skeletal 8'80 and §'*C. We found that carbonic anhy-
drase plays an important role in the calcification process,
because it buffers the pH and concentrates carbon in the
ECF. The existence of carbonic anhydrase also influences
the oxygen isotope exchange kinetics, and changes the
5'%0-5'3C slope in the skeleton. A particular COx(aq)
hydration rate enhancement by CA in the model produces
a tight fit to the deep-sea coral stable isotope data, when
the correct fractionation factors between the solid carbon-
ate and DIC species are applied. This fit works across mul-
tiple different deep-sea corals with minimal changes in the
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Fig. 10. Model sensitivity to biological parameters. The top row shows the sensitivity of important variables to the seawater turnover
timescale. The bottom row shows the sensitivity of the same variables to CO, diffusivity in cell membranes. The black curves show the slow
kinetics case, while the red curves show the 2000x CA enhanced case. Faster seawater turnover or higher cell diffusivity makes the pH of the
ECF more strongly buffered. In the parameter range explored, the differences in the shape of the pH, DIC and [CO3 ] curves remain for the
slow kinetics and CA enhanced cases, showing the robustness of the model results. Changing the two parameters causes a change in the range
of 8'*C in the model, but does not change the 3'*0-8'3C slope significantly. The §'%0-5'>C kink is also a robust feature in the model, although
the 8'3C value of the kink is a strong function of the balance of the seawater and cell carbon flux. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

model parameters. Variability in natural CA activity may
explain the range of 5'%0-8'3C slopes observed in different
marine calcifying organisms. In addition, the kink in 5'%0-
3'13C found in COCs of deep-sea corals is a robust feature of
pH up-regulation beyond pK,, in our model, the mecha-
nism of which requires further investigation. The extension
of our model to organisms other than deep-sea corals shows
some prospects for a ubiquitous mechanism for stable iso-
tope vital effects. Better biomineralization models with car-
bonate chemistry dynamics can not only help us develop
better paleoceanographic tracers, but also advance our
understanding of biological calcification response to future
climate change.
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APPENDIX A

Our model tracks the following chemical and isotope
exchange reactions:

kg Jk-
o, + H,0"45 1 + Heo;

kia/k_g

CO, + OH <= HCO;

k;l/k,—l
BCO, + H,0 < H" + H"CO;

/ ’
alk

Ky /K.
BCO, + OH™ =" H"CO;

ai/a—
CO, + HY¥0 &= H + HC" 00;

aj4/a_q

CO, + BOH™ =" HC"00;

by1/by

C"00 + H,0 <= H' + HC"®00,

big/by

C"00 + OH™ < HC"00;

Following Zeebe and Wolf-Gladrow (2001), rate con-
stants with subscripts +1 and —1 correspond to hydration
and dehydration reactions, while subscripts +4 and —4 cor-
respond hydroxylation and dehydroxylation reactions.
Constants for 3C substituted species are denoted as k'.
Constants for 80 substituted species are denoted ‘a’ or
‘b’, with ‘a’ representing substitution on H,O or OH™,
and ‘b’ representing substitution on CO,. The ratios for
these rate constants are equal to the equilibrium constants
of the reactions, and are listed in Appendix Table 1.
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Table 1

Constants and parameters in the model.

Symbol Meaning Value Reference/Note

Part I Model parameters

z ECF thickness 10 pm Adkins et al. (2003), Gagnon et al. (2012)

D cell

Tsw

[CO;]
Fa/k
Jea
[Alk ],
[EIC],/
[C02]sw
[Ca]y,

cell

Cell permeability of CO,
Seawater turnover timescale
in ECF

Cell CO, concentration
Alkalinity pump rate

Ca*" fraction in Alk pump
Seawater alkalinity
Seawater EIC/CO,(aq)

2 .
Seawater Ca>" concentration

0.0015 cm/s (variable)
230 s (variable)

13 umol/kg

0-1.2 pmol/m?*/s

0-1

2200 umol/kg

DIC = 2000 pmol/kg

10.3 mmol/kg

Part II Physical chemical constants and parameters

Fcaco,

ki
k_y
kis

k_4

11

Aragonite precipitation flux
(mol/m?%/s)

Rate constant of CO,
hydration (s’l)

Rate constant of HCO3
dehydration (M~'s™1)
Rate constant of CO,
hydroxylation (M~'s™1)
Rate constant of HCO3
dehydroxylation (s’l)
Fraction of HCO53 in EIC

Fcaco, = krae(Q —1)"
o - o et

(Calculated by CO2SYS)
n=17
In ke = 11.54 — J78

Inky; = 1246.98 — 820 _ 183.01n 7(X)

(K)
ko =k /Ka
Inkyy = 17.67 — 29047
ka=ky ,]él
n= 1—+1Q

(1]

Part III Isotope related parameters and fractionation factors

Odiff
By,

18
X1

/

+1

’
K-y

!
+4

K,

as1,b4

a_1,b_y

aia,bi4

a-4,b_4

13
%pIC—-COy(g)

18
%pIC-H,0(g)

Fractionation factor of CO,
diffusion across membrane
Fraction of H'>CO3 in "*EIC

Fraction of HC'®*0O05 in
'¥EIC

Rate constant for 13COZ
hydration (s~

Rate constant for H'>*CO5
dehydration (M~'s™!)
Rate constant for '*CO,
hydroxylation (s

Rate constant for H'>*CO5
dehydroxylation (M~'s™1)
Rate constants for hydration
with 80 species (s

Rate constants for
dehydration with 80 species
M™'sh

Rate constants for
hydroxylation with 80
species (M~ 's7h

Rate constants for
dehydroxylation with 20
species (s

13C fractionation between
DIC species and CO,(g)
80 fractionation between
DIC species and H,O

1.0007

13 1
X1 FRER
27 %C0y ~HCOy
1+7{H’]
18, _ 1
% 1+Ka2 B1c0,-1100;
[H*]

kit /K, =1.0013

/ r 13
Ko /K = Kat - 0500,-c05 (ag)

k+4/k/+4 =1.0011
Ko gk 4 =5 Boyco,_coy(ag)

kit Jasy = 1.007

kit /by = 1.010

When k., = 2000

aii/ay = Ka - ®oyco,-mo

_ 18
by1/b_1 = Kar - Posco,—co,

Assumed the same as a,,by

18,
Ka %HCO3—H, O
Boor-t1,0

ll+4/£1—4 =

Il

bia/b-g =% Boyco,co,
Temperature dependent

Temperature dependent

Siiltemeyer and Rinast (1996)
Tuned to fit data

Adkins et al. (2003)

Specified independent variable in model
Does not change basic model result
Variable with corals

Calculated from Alk and DIC with CO2SYS,
variable with corals

Romanek et al. (2011)

Johnson (1982)

K, from CO2SYS

Johnson (1982), Zeebe and Wolf-Gladrow (2001)
K, and K, from CO2SYS

K, from CO2SYS

O’Leary (1984)
Assumed the same for '*C and '*0

O’Leary et al. (1992)

Calculated from #',; and "ayc0,—c0s(ag)

Zeebe et al. (1999), Zeebe and Wolf-Gladrow (2001)
Calculated from ¥, and ayc0,—c0,(ag)

Zeebe (2014)
A range of values can fit data, and fit depends on
k('at

18 18
Calculated from a1, by1, “*oyco;—m,0, - OHCOs—CO,

No constraint available, does not influence §'*0-
3'3C slope, and only changes isotope values after the
kink

Calculated from a4, b4 and the corresponding
equilibrium fractionation factors

Zhang et al. (1995)
Wang et al. (2013)

(continued on next page)
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Table 1 (continued)

Symbol Meaning Value Reference/Note
mocOH,Hzo(g) 80 fractionation between Temperature dependent Wang et al. (2013)
OH™ and H,O
130¢Caco3,51c, 13C and '80 fractionation Temperature, pH and growth rate Wang et al. (2013), Watkins et al. (2014), Watkins

between solid carbonate and  dependent
EIC

8
OlCaCOy—EIC

and Hunt (2015)

As shown in Fig. 2, the model tracks the evolution of
carbonate chemistry and the isotopically substituted species
with time toward steady state. There are eight differential
equations in the model as listed below:

d[CO
[dt 2] —(ky1 + ka[OH])[COL] + (k- [H"]
DCE
+ k_4)[EIC]y, + 7” ([COs .y — [CO)
1
+—([C0,, — [€O)) (1)
d[EIC
BIC] _ (ke + ko OH (O] — (eor[H] 4 K_0)EICT
1 F
+— ([EIC),,, — [EIC]) === )
dlAig] 1 1
O - L (U], W)+ (Fax = 2Feo) )
dlCa™] 1 1/1 .
[ 7 ] = ([CaH]SW - [Ca2+]) + 2 (E,fC‘,FA/k — FCaCOj,)
4)
d[*COy] A _
TZ = — (K, + K [oH7])[FCo)]
+ (K [H ]+ K ) [PEIC) Py, + Deet
—1 -4 X1 Z
1
X sy (URCOz(ce//) [COZ]ceZI - [13C02})
1
+— (13Rcoz(,m-) [CO,],, — [BCOZ]) (5)
dEIC] .
- = (K., + K ,[OH])[PCO,)
- (k/q [H+] + ki4) [BE]C}BXI
1
+— (PRec,,, [EIC),, - [PEIC))
1 BEIC
= 1 cacoy ﬁ 13O‘CaCO3—EIC (6)
d[c®*0oo
% = —(by1 +bs[OH])[C* 00
D.
+ (b [HY] + by)[CEIC) 7, + %”
X sy <18RC02(“>11) [COZL-eII - [C1800]>
4+ (ISR [CO,)., — [C™*00] (7)
T COZ(W) 25w

d[BEIC 2
ATEIC] 2, 1 by oH )CP00)
dt 3
2
=3 (0lH ]+ b4)[PEIC) ™y,
1
+ g ((1+1 ISRHZU + a+418ROH [OHiD [COz]
1
—g(aa[H ]+ a_4)[EIC]"
1

+— (‘8RE,C(W_) EIC],, — [lgEIC])

sw

Ly [BEIC]
z “OIEIC)

Ocaco,—EIC (8)

As discussed in the main text, we write HCO3 and CO3~
together as EIC, by assuming instantaneous equilibrium
between these two species. The 2/3 and 1/3 factors in Eq.
(8) represent the stoichiometric contribution of oxygen
atoms to EIC from CO, and H,O/OH™, and are necessary
to produce reasonable isotope compositions in the calcula-
tion. A similar formulation can be found in the appendix of
Uchikawa and Zeebe (2012). Activity of carbonic anhy-
drase is implemented by multiplying k., k_y, K, k" a1,
a_y, by1, b_; each with the rate enhancement factor k.,
assuming no additional isotope effect from CA itself. The
R’s in the equations represent isotope ratios of EIC and
CO»(aq) from seawater and cell fluxes, and are calculated
from equilibrium fractionation factors between the DIC
species (Zhang et al., 1995; Beck et al., 2005; Wang et al.,
2013). Definitions and values of the parameters and con-
stants in the equations are listed in Appendix Table 1.
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