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Abstract

A mixed equilibrium/kinetic steady-state numerical model of coral calcification has been developed to test whether a physicochemical
calcification mechanism is able to account for recent geochemical observations, in particular correlated trace-element variations present-
ed in a companion paper [Sinclair, D.J., 2005. Correlated trace-element ‘vital effects’ in tropical corals: a new tool for probing biomin-
eralization chemistry. Geochim. Cosmochim. Acta 69 (13), 3265-3284]. The model simulates trace-element partitioning from a CaCO;
supersaturated extracellular calcifying fluid (ECF) which has been modified by enzymatic input of Ca?" and removal of 2H" by CaAT-
Pase. CO, input is modelled as a diffusion process, while the ECF is continuously replenished by fresh seawater, which is the sole source
of minor and trace-elements (TEs). Trace-element species fully equilibrate in the ECF, and selected trace-element species kinetically com-
pete with Ca®" or CO,* at the surface of the growing crystal. Each simulation is run to steady-state, and results are presented for a grid
of CaATPase ion pumping rates and seawater replenishment rates. The dominant feature of the model output occurs when CaATPase
ion pumping is high while seawater replenishment rates are low. At this point, CO, diffusion reaches its maximum, C input becomes
limiting, buffering capacity is reduced and the pH of the system rises dramatically; significantly affecting the TE composition of the skel-
eton. At more modest pumping rates, the model reproduces the relative amplitudes of trace-element variations and slopes of the mutually
positive correlations between B, Sr and U observed by Sinclair [Sinclair, D.J., 2005. Correlated trace-element ‘vital effects’ in tropical
corals: a new tool for probing biomineralization chemistry. Geochim. Cosmochim. Acta 69 (13), 3265-3284], but does not reproduce
the negative correlations with Mg. The best fit between model and observation occurs when the coral simultaneously increases ion pump-
ing and seawater replenishment rates: a strategy which allows rapid calcification while avoiding dangerously high pH variations. The
model predicts that calcification occurs at only moderate pH elevations (8.3-8.4) with seasonal TE variations being explained by a shift
of only 0.3 pH units. The model does not reproduce the full amplitude of diurnal pH variations observed recently. Sensitivity tests show
that the model output is relatively insensitive to changes in the composition of the fluid from which the ECF is drawn (such as might
occur if photosynthesis or active C transport mechanisms significantly modify the penultimate fluid source). Further research, however,
is needed to establish the consequences of active transport of TEs and anions to the calcifying site.
© 2006 Elsevier Inc. All rights reserved.

1. Introduction calcifying environment to enhance the rate of CaCOj3 depo-
sition (Goreau, 1959; Goreau and Goreau, 1959; Pearse

Scleractinian corals precipitate a CaCO; skeleton and and Muscatine, 1971; Chalker and Taylor, 1975; Chalker,
there is no doubt that they biologically manipulate their 1976; Marshall, 1996). The exact mechanism(s) used by
the coral to enhance calcification is not fully understood;
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1986; McConnaughey, 1986; McConnaughey, 1989a; Co-
hen and McConnaughey, 2003). The second is ‘organic ma-
trix calcification’, in which coral calcification is initiated
and controlled by an organic matrix secreted by the coral
(see reviews in Johnston, 1980; Allemand et al., 1998; Cuif
and Sorauf, 2001; Dauphin, 2001).

Despite these distinct ideas having been well-estab-
lished for more than 40 years (Goreau, 1959; Barnes,
1970), the dichotomy remains, which seems remarkable,
given how fundamentally different these two mechanisms
are. In the last few years, driven largely by improvements
in microscale analytical methodology, a wealth of new
information has become available in the form of physio-
logical studies (Kiihl et al., 1995; Allemand et al., 1998;
Furla et al., 2000; Al-Horani et al., 2003a,b), structural
studies (Clode and Marshall, 2002a; Clode and Marshall,
2003a,b; Perrin, 2003; Cuif and Dauphin, 2004), and geo-
chemical studies (Allison and Tudhope, 1992; Allison,
1996a,b; Sinclair et al., 1998; Cohen et al., 2001; Adkins
et al., 2003; Cuif et al., 2003; Meibom et al., 2003; Rol-
lion-Bard et al., 2003a,b; Meibom et al., 2004; Sinclair,
2005).

It is towards the latter which we turn our attention. The
growing body of geochemical observations in coral skele-
tons constitutes an increasingly restrictive set of criteria
that any calcification mechanism must meet. This is partic-
ularly pertinent for the physicochemical theory of calcifica-
tion which, being grounded in the principles of inorganic
(thermodynamic and kinetic) solution/crystal chemistry,
is now at a stage where it may begin to be quantitatively
tested against the chemical observations from coral skele-
ton (McConnaughey, 1989b; Adkins et al., 2003; Sinclair,
2005). If recent chemical observations do not accord with
the basic predictions of the numerical models, then this
may be the basis for rejecting physicochemical calcification
as a possible mechanism of skeleton formation.

Here, we expand on the simpler equilibrium-based mod-
el of trace-element coprecipitation presented in Sinclair
(2005) that was derived from the mechanism proposed by
McConnaughey (1989b). Our model differs from the previ-
ous one, being a full kinetic/equilibrium steady-state simu-
lation incorporating kinetic coprecipitation of TEs, and a
diffusion boundary-condition for CO,. The model is imple-
mented in the (freeware) USGS chemical simulation code
‘PHREEQC’ (Parkhurst and Appelo, 1999), and full input
templates and code can be found in the Electronic
Annexes.

The output of this model is critically evaluated against
recent isotope and trace-element ‘vital effects’ observed in
a range of Scleractinian corals. Specifically, we study
whether the model is able to reproduce the mutual cor-
relation slopes and relative amplitudes of seasonal and
fine-scale trace-element variations reported by Sinclair
(2005).

We do not attempt any modelling of an organic matrix
calcification mechanism. At present the chemical implica-
tions of such a mechanism are not sufficiently resolved to

allow us to construct a falsifiable geochemical hypothesis.
Our model, however, represents a conceptual template
against which new observations/scenarios can be quantita-
tively tested, and can potentially be modified to include as-
pects of biological calcification when, and if, critical
numerical data becomes available.

2. Description of model + implementation
2.1. Overview of the model

For the sake of brevity, an overview description of the
model is presented here. Full details of the model, and a
critical review of the assumptions and parameters used
therein, can be found in electronic annex EA-1.

2.1.1. Conceptual model of calcification

This calcification model is based on the ‘trans’ calcifica-
tion mechanism proposed by McConnaughey (1986,
1989b) (Fig. 1). Calcification is assumed to occur from
within a pocket of solution (the ECF) which is isolated
by a calicoblastic membrane. This could be either a pocket
of fluid trapped against the skeleton, an intracellular vesicle
precipitating aragonite needles in situ, or a crystal nucleat-
ed by and growing around a porous organic matrix. The
ECEF is derived from seawater, but is modified by the coral
using the membrane-bound enzyme CaATPase, which
actively transports Ca®" into the ECF, exchanging it for
2H" ions to maintain charge neutrality. The effect of this
is to raise the Ca®" jon concentration, but also the pH.
The high pH shifts the CO,/HCO,~/CO,*" equilibrium
within the system towards CO,>", lowering the aqueous
CO, concentration and therefore initiating a diffusion of
CO, across the calicoblastic membrane (which is permeable
to small neutral molecules).

Basic Calcification Model
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Fig. 1. Schematic of calcification system. In this model, corals calcify by
pumping protons from the calcifying fluid in exchange for Ca>" ions from
the coelenteron. This raises the pH of the precipitating microenvironment,
generating high CO,>~ concentrations and significantly increasing the
saturation state of CaCOs. Protons discharged into the coelenteron react
with bicarbonate liberating CO, which is used for photosynthesis by the
zooxanthallae (Modified from McConnaughey and Whelan, 1997).
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The coral is assumed to continuously (or periodically)
replenish the ECF with fresh seawater removing depleted
seawater to maintain a constant volume (Braun and Erez,
2004). Such replenishment is likely as seawater is a rich
source of Ca”" for the coral skeleton (being a significant
proportion of the total Ca—see McConnaughey, 1989b;
Sinclair, 2005 and also below). A seawater source for
the ECF is consistent with the relatively indiscriminate
incorporation into the coral skeleton of a number of
TEs and other chemical species found in the surrounding
seawater (Cohen and McConnaughey, 2003; Braun and
Erez, 2004).

2.1.2. Trace-elements

The purpose of this modelling is specifically to study the
implications of the McConnaughey model of biological ion
transport on the composition of coral skeleton. As such,
the trace-element coprecipitation mechanism is a simplifi-
cation of the inorganic precipitation kinetics, and does
not include direct temperature and calcification rate influ-
ences on element partitioning. Justification and discussion
concerning these assumptions is presented in detail in elec-
tronic annex EA-1.

In the model, the CaATPase is specific for Ca®", and the
only source of TEs to the ECF is from inputs of seawater.
trace-elements are added in the same proportions as aver-
age ocean water. Specific aqueous TE species are assumed
to compete kinetically with major aqueous ions (Sr*" and
Mg®"  compete with Ca®", while B(OH),” and
UO,(CO;5),*" compete with CO;*7). trace-elements are as-
sumed to coprecipitate with constant (invariant) partition
coefficients. Full equilibration of all ions within the aque-
ous solution of the ECF is assumed, but no equilibrium
is assumed within the aragonite crystal (solid-state diffu-
sion of ions within the crystal being too slow relative to
the elevated precipitation rates to result in an equilibrium
solid). For more details, refer to discussion presented in
electronic annex EA-1.

The partition coefficients used in this model are arbi-
trary constants selected to reproduce the average composi-
tion of the coral. As such, the model cannot make
independent predictions about the TE/Ca ratios in the
CaCO; (as was done in Sinclair, 2005). However, we do
not attempt to interpret absolute TE/Ca ratios: the aim
of this work is to reproduce the magnitude and slopes of
relative changes in TE/Ca ratios. As with any ratio, con-
stant factors cancel, and relative TE/Ca variations are
therefore independent of the choice of partition coefficient.

2.1.3. Implementation

The model is set up as a mixed equilibrium/kinetic
system within the USGS chemical speciation code
PHREEQC (Parkhurst and Appelo, 1999 and see also
http://wwwbrr.cr.usgs.gov/projects/ GWC_coupled/phreeqc/),
using the thermochemical database WATEQ4F with one
modification to the speciation of B (see electronic annex
EA-1 for details).

Calcium carbonate precipitation is assumed to have an
exponential rate-law dependence on the saturation index
of aragonite in solution (Zhong and Mucci, 1989). Char-
ge balanced trace-element phases are assumed to copre-
cipitate at a rate calculated from the product of the
calcium carbonate precipitation rate, the partition coeffi-
cient, and the activity ratio of the precipitating aqueous
species to Ca>" (or CO,> in the case of anion substitu-
ents) in solution. CO, is assumed to diffuse across the
calicoblastic membrane at a rate determined by the
CO, concentration gradient across the membrane and
the membrane diffusion constant (McConnaughey,
1989b; Adkins et al., 2003).

PHREEQC cannot simulate a constant flow-through of
solution, so the system was instead set up as a large number
of ‘mini-simulations’ where a small but discrete input of
fresh seawater was added to the ECF, and allowed to react
for a short period of time before another input of seawater.
This in fact is what would happen if the coral transported
seawater to the calcifying surface as discrete pockets of flu-
id (e.g. via intracellular vesicles or a periodic tissue pump),
but also approximates the case for a continuous flow-
through of water provided the timestep for adding discrete
volumes of fluid is small.

Trace-element variations in the coral are assumed to
result from the shift of one steady-state to another, rep-
resenting discrete calcification ‘regimes’ such as a diurnal
change from active pumping to non-pumping, or longer
timescale fluctuations associated with changes in average
light and/or nutrient supply. A steady state assumption
is justified because the volume of the ECF is small,
and a new steady-state is therefore attained rapidly (typ-
ically in a matter of minutes). In the model, a steady
state was approximated by iterating the addition/reaction
step until an identical solution composition resulted each
time. The final steady state of solution was taken to be
the mean composition across the addition/reaction step
(see Fig. 2).
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Fig. 2. aCa®" in solution during iteration to steady state. The model was
iterated until the calcifying system reached a steady state. As PHREEQC
cannot model a flow-through reactor, the steady state was attained by
repeatedly adding small packets of seawater fluid and allowing them to
react for a short time. The final value graphed in later figures is the average
of the fluctuation during the last iteration.
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Table 1
Input values for the two independent variables

Independent variable I  Independent variable 2

Time to completely
replenish ECF (min)

CaATPase pumping
rate (mol/m?/s)

Proportion of ECF
replaced each timestep

1.5x1077

1.4x 1077 0.5 2
1.3%x1077 0.25 4
1.2x 1077 0.125 8
1.1x1077 0.0625 16
1.0x 1077 0.03125 32
0.5%x 1077 0.015625 64
0.1x1077

0.01 x 1077

0.001 x 1077

The model was evaluated for a grid of two independent
parameters: (1) CaATPase ion pumping rates (generally re-
ferred to as ‘pumping’) and (2) seawater replenishment
rates (generally referred to as ‘replenishment’). Values for
pumping and replenishment are listed in Table 1.

The values chosen for these independent parameters
were partly dictated by the ability of the code to reach a
stable numerical solution, but were also sufficient to span
a range of scenarios that the coral might naturally encoun-
ter. The CaATPase pumping rate ranged from essentially
zero up to the point where calcification rates are limited
by C transport across the calicoblastic membrane. At the
lowest seawater replenishment rate, the ECF was fully re-
placed by fresh seawater every 64 min—Ilow enough to be
insignificant compared with pumping rates. At the highest
replenishment rate, the ECF was fully replaced every
2 min, which was sufficiently rapid for seawater DIC to
compete with membrane diffusion of CO, as a significant
source of carbon for the calcifying system.

3. Results
3.1. Calcification system

Graphs of all output parameters in the model discussed
below can be found in electronic annex EA-3. The calcifica-
tion rate is an almost linear function of the rate of ion
pumping by CaATPase (Fig. 3 and electronic annex
EA-3-1). Calcification rates are generally insensitive to
the seawater replenishment rate, tending to decrease slight-
ly as inputs of fresh seawater lower the saturation state of
the ECF.

Calcification rates become limited at the highest CaAT-
Pase pumping rate and lowest seawater replenishment rate
(Fig. 3). This occurs when the concentration of CO, in the
ECF has dropped to zero (electronic annex EA-3-2), and
the CO, concentration gradient across the membrane is
therefore at a maximum. In this C-supply limited zone,
an increase in seawater replenishment results in an increase
in calcification, as the seawater represents an additional
source of C (as DIC).

0.5 %

140

[e]
120
2 04 s
7 ‘ =
£ 100 8
= S
§ 80
© 03+ ,;i
3 60 3
a =X
a g
3
o
o 0
Y02
T o \ 20
c
9
5 0
Q
13
o

0.1+

Contour Interval:
o||10 nmol/m®/s

oo o

T 1 1 T I— T
0 20 40 60 80 100 120 140
CaATPase Pumping Rate (nmol/mzls)

Fig. 3. Model output—calcification rate. This contour plot presents the
modelled calcification rate as a function of the two independent variables:
CaATPase ion pumping rate (X-axis) and seawater replenishment rate ( Y-
axis: expressed as a proportion of the ECF replaced during each timestep).
Note the point at the bottom right of this figure (see also electronic annex
EA-3-1). Here, calcification rates are limited by the diffusion of CO,
through the membrane (the ‘C-supply limiting zone’).

The pH of the system increases steadily from 8.2 to
around 9.5 as the rate of proton removal by CaATPase
pumping increases (Fig. 4 and electronic annex EA-3-3).
At the point where C-supply limits the calcification rate,
the pH rises very rapidly to values above 11.5. This occurs
when the buffering capacity of the HCO,~ /CO,*" system
becomes depleted as C concentrations drop dramatically
(electronic annex EA-3-4) and all C is converted into
CO,;*" (electronic annex EA-3-5). In general, the pH of

Proportion of ECF Replaced Each Timestep

0 20 40 60 80 100 120 140
CaATPase Pumping Rate (nmol/mz/s)

Fig. 4. Model output—pH in the ECF. The contours show the modelled
pH as a function of the pumping rate and seawater replenishment rate. See
caption for Fig. 3 for further details. Note the rapid rise in pH in the
C-supply limiting zone.
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the calcifying system is relatively insensitive to seawater
replenishment: increasing the input of seawater lowers the
pH slightly, except in the C-supply limiting zone where
the influence of seawater DIC becomes significant.

Under most conditions, the majority (80-100%) of the C
in the ECF (and therefore in the skeleton) comes from CO,
diffusing across the membrane and only at the very lowest
pumping rates does seawater DIC become a dominant
source of C (electronic annex EA-3-6). Replenishment of
the ECF by fresh seawater lowers the proportion of dif-
fused C—partly because seawater DIC is an alternative C
source, but more likely because it lowers the pH, and there-
fore the CO, concentration gradient. Changing the ion
pumping rate results in a much bigger change in diffused
C. Clearly, establishing a small pH gradient, and thereby
initiating CO, diffusion, is a highly effective way of boost-
ing the C supply to the ECF.

The proportion of Ca in the ECF supplied by active
transport (pumping by CaATPase) varies from 0% (high
replenishment, low pumping) up to 100% (low replenish-
ment, high pumping) (electronic annex EA-3-7). In con-
trast to C, seawater replenishment of the ECF has a
much bigger effect on the balance of Ca supply, as seawater
is a rich source of Ca*"

3.2. Major and trace-elements

It is a general prediction of this model that trace-element
concentrations in precipitated aragonite will change as the
coral modifies its calcification rate. These trace-element
changes are driven by:

1. Variations in the aCa®>" within the ECF caused by
CaATPase pumping.

2. Variations in the aCO,>~ within the ECF caused by
changes to the pH (due to proton pumping by CaAT-
Pase) and the changing balance of CO, diffusion vs
CaCOs; precipitation.

3. Variations in the speciation of each trace-element associ-
ated with varying pH and aCO,*".

The relative importance of each of these factors in con-
trolling the composition of the aragonite differs for each
trace-element and varies with pH.

The steady state concentration of Ca in the ECF is
generally fairly constant, but increases dramatically in
the C-supply limiting zone (high pumping, low replenish-
ment), as its removal rate (CaCOj; precipitation) decreas-
es (Fig. 5 and electronic annex EA-3-8). Away from this
zone, Ca concentrations change by only around 4%, and
are maximal at mid rates of pumping. This concave-
down shape represents a subtly shifting balance between
the rates of Ca supply (pumping) and removal
(precipitation).

The major control on the steady state CO,>~ concentra-
tion in the ECF is the CaATPase pumping rate which directly
affects the solution pH and therefore controls the position of
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Fig. 5. Model output—Ca®" concentration in the ECF. The contours
show the modelled Ca®" concentration in the ECF as a function of the
pumping rate and seawater replenishment rate. See caption for Fig. 3 for
further details. Note that Ca®" concentrations rise rapidly in the C-supply
limiting zone, as calcification rates are limited by the diffusion of CO,
through the membrane.
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the HCO,~/CO,*" equilibrium (electronic annex EA-3-5).
In the C-supply limiting zone, the CO;*>~ concentration
drops sharply. This reflects the sudden decrease in steady
state concentration of Ciy, (electronic annex EA-3-4).

The B/Ca ratio in the precipitated CaCO; drops as
pumping rates increase (Fig. 6 and electronic annex EA-
3-9), primarily because the solution activity of B(OH),~
increases more slowly than CO,>~ as the pH increases. This
situation changes at mid pHs: the activity of B(OH),~
continues to increase while CO;*~ concentrations become

700

o @ @
a o @
o [S] o

(,.0bx fowjow) €D/g

o
=]
oS

450

Contour Interval:
2 x 10 mol/mol

Proportion of ECF Replaced Each Timestep

0 20 40 60 80 100 120 140
CaATPase Pumping Rate (nmol/mels)

Fig. 6. Model output—B/Ca ratios in the coral skeleton. The contours
show the modelled B/Ca ratio in the coral skeleton as a function of the
pumping rate and seawater replenishment rate. See caption for Fig. 3 for
further details.
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limited by C transport. The result is a skeletal B/Ca pattern
with a U-shaped minimum at mid pumping rates.

At low replenishment rates, Byo,; and B(OH),~ decrease
strongly with increasing pumping rates as B-removal
(coprecipitation with CaCQO3) increases relative to supply.
However, this effect is offset in the C-supply limiting zone
by the large decrease in CO,*" which drives a steep rise
in the B/CO;>~ (= B/Ca) of the precipitated CaCOs.

The U/Ca ratio in the CaCOys is a relatively simple func-
tion, decreasing evenly towards higher pumping and lower
replenishment rates (Fig. 7 and electronic annex EA-3-10).
This hides a somewhat complicated solution behaviour
where a rapid drop in the activity of UO,(COs);*~ (caused
by a pH-driven shift towards a hydroxylated uranyl spe-
cies) is partially balanced by the decrease in CO;>~ in the
C-supply limiting zone.

Magnesium has a low partition coefficient in aragonite,
and the ECF composition is therefore insensitive to chang-
es in the calcification rate. The Mg/Ca ratio in the CaCOs,
is therefore relatively constant (Fig. 8 and electronic annex
EA-3-11). However, when pHs begin to rise rapidly in the
C-supply limiting zone, the Mg/Ca decreases significantly,
driven by a shift in aqueous speciation from Mg*" to
Mg(OH)™. On a finer scale, the Mg/Ca ratio in the CaCOs
displays a concave-up shape, which is mostly a reflection of
the changing aqueous Ca”?" concentration (see Fig. 5).

The Sr/Ca in the CaCOs is relatively sensitive to both
seawater replenishment rates and CaATPase pumping
rates (Fig. 9 and electronic annex EA-3-12). These changes
are largely driven by the Sr concentration in the ECEF,
which is a balance of supply (seawater input) and removal
(Sr coprecipitation with CaCO;) rates. Increasing the rate
of pumping results in an increase in the Sr coprecipitation
rate, hence a lower steady-state concentration and a re-
duced Sr/Ca in the skeleton. pH does not affect the Sr com-
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Fig. 7. Model output—U/Ca ratios in the coral skeleton. The contours
show the modelled U/Ca ratio in the coral skeleton as a function of the
pumping rate and seawater replenishment rate. See caption for Fig. 3 for
further details.
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Fig. 9. Model output—Sr/Ca ratios in the coral skeleton. The contours
show the modelled Sr/Ca ratio in the coral skeleton as a function of the
pumping rate and seawater replenishment rate. See caption for Fig. 3 for
further details.

position of the coral: the aqueous speciation of Sr is
relatively insensitive to pH, and Sr** remains the dominant
aqueous species from pH 8.1 up to pH 11.

4. Discussion

4.1. Interelement correlations: comparisons with
observations

In this model, the coprecipitation rates of all trace-ele-
ments are coupled to one biogeochemical mechanism
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controlling the rate of skeleton formation. The model
therefore predicts that changes in calcification rate will lead
to a systematic pattern of correlated trace-element varia-
tions. However, there is only one region of the model out-
put where amplitudes and correlation slopes match the
observations made by Sinclair (2005).

The amplitude of the seasonal trace-element variations
observed by Sinclair (2005) were approximately +9%,
2%, and 15% for B, Sr, and U, respectively. The amplitudes
of fine-scale variations were roughly double this. In the
output from this model, correlated variations of this mag-
nitude can be found along one zone (‘vector’) of the output
data, corresponding to a shift from low pumping, low sea-
water replenishment to moderate pumping, high seawater
replenishment (Fig. 10). Profiles of B/Ca, Sr/Ca, and U/
Ca variations along this vector are presented in Fig. 11,
and it is apparent that the mutual correlations are linear
(Fig. 12), as observed for the coral data (Sinclair, 2005).

A negative correlation between TEs and calcification
rate (and, therefore, positive interelement correlations) is
a general prediction of this model. More rapid calcification
is associated with greater input into the system of Ca
(pumped by CaATPase) and C (diffusing into the high
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Fig. 10. Matching amplitudes of modelled B, Sr, and U variations to
observations. This figure shows the regions of the model output where the
correlations between modelled B, Sr, and U match the magnitudes
observed in the coral (Sinclair, 2005). The background is an image of the
modelled pH (interpolated from the grid of independent variables), with
contours in 0.1 pH unit steps. Changes in calcification from the region
marked by one solid oval to the other reproduce the magnitude of fine-
scale variations in B, Sr, and U. Changes in calcification between the
dashed oval regions reproduce the magnitude of seasonal-scale variations.
Note that only relatively small changes in pH are involved, and that the
coral must increase seawater replenishment at the same time as CaATPase
pumping. Line profiles along the vector represented by the dashed line are
presented in the following figures.

pH ECF), which tend to ‘dilute’ the minor trace ions. Thus,
the model can be extended to other lattice-substituent ions
such as Ba. Barium is a good candidate for a lattice substi-
tuent because it forms an isostructural carbonate (wither-
ite) and although it is slightly larger than Ca®" (~25%)
the cation site in aragonite tolerates large ions (Speer,
1983). The partition coefficient for Ba in coral aragonite
is slightly larger than 1.0 (1.15-1.27—see Lea et al., 1989;
Alibert et al., 2003) as is seen for Sr** (1.0-1.1—see Bud-
demeier et al., 1981; McCulloch et al., 1994). In this model,
therefore, the behaviour of Sr can be taken as an analog for
the behaviour of Ba—negatively correlated with calcifica-
tion rate, and positively correlated with the other elements.

The negative correlation between Mg/Ca and the other
TEs remains a problem, however. Mg/Ca variations ob-
served in the coral are relatively large (+30% for fine-scale
or +15% for seasonal-scale variations). In the model, the
predicted Mg/Ca variation in the skeleton is relatively
small—around 7% across most of the output grid. Only
in the C-supply limiting zone are the model Mg/Ca varia-
tions as large as observed in the coral. However, in this
zone of the output grid, B/Ca, U/Ca, and Sr/Ca variations
are much larger than observed in the coral, and are posi-
tively—not negatively—correlated with Mg/Ca. Thus, this
model, like the simpler version presented in Sinclair (2005),
cannot reproduce the negative Mg/Ca correlations seen in
the corals.

The kinetic model for Mg coprecipitation is built upon
the assumption that Mg>" substitutes for Ca>" in a cation
lattice site. This is not realistic: Mg®" is a small cation
which does not fit well into the large aragonite cation site
(see electronic annex EA-1 for further discussion). It is
more likely that Mg?" is occluded into lattice defects. As
defects would increase with increasing calcification rate,
Mg and calcification rate would be positively correlated.
An alternative explanation could be that Mg>" is con-
trolled by some crystallographic factor (see discussion in
Sinclair et al., 2005), or that Mg*" is associated with a peri-
odically cycling organic phase (as suggested by Meibom
et al., 2004; although, this raises further questions about
its strong anti-correlation with U—see Sinclair, 2005).

4.2. Calcification rates

It is difficult to compare the output of this model with
calcification rates observed in corals. The model simulates
calcification per unit microscopic area (per unit of crystal/
membrane surface area), while most calcification rates are
determined per unit mass (skeleton or tissue) or
macroscopic surface area. The ratio of macroscopic to
microscopic area is not well constrained in corals, but
was estimated to be between 10 and 100 mz(microscopic)/
mz(macmscopic) (Johnston, 1980; Gladfelter, 1982, 1983).

This allows a first order comparison to be made: Lough
and Barnes (1997) report an average calcification rate
for GBR corals of 1.72 g/cm?/year or 5.4 x 10~° mol/s/
mz(macroscopic)~ Assuming 100 mz(microscopic)/mz(macroscopic)>
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Fig. 11. Line profiles taken along the vector in Fig. 10. Line profiles of modelled B, Sr, and U variation are presented to demonstrate the interelement
correlations. Along the vector indicated in Fig. 10, not only are the magnitudes of the B, Sr, and U variation observed by Sinclair (2005) reproduced, but
the shape of their variation is similar, resulting in a straight-line correlation in 3D (see Fig. 12). Variations and discontinuous slopes (especially those for

Sr) are artefacts of the interpolation method.
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Fig. 12. 3D scatter plot of B, Sr, and U showing model output and observations. This scatter plot displays the modelled interelement correlations for B,
Sr, and U plotted against the correlated trace-element data presented in Sinclair (2005). Grey triangles, fine-scale observations. Black dots, seasonal-scale
observations. White crosses, modelled variation in B, Sr, and U (along the vector plotted in Fig. 10). Two rotations of the dataset are shown: the second
view is approximately down the first principal component of the seasonal-scale correlation in B, Sr, and U.

this would translate to 54 x 10~° mol/s/mz(micmscopic). By
comparison, the average calcification rate in the model is
about 40 x 10" mol/s/m* microscopic) (se€ Section 4.1). This
is a reasonable agreement given the uncertainties in scaling
microscopic to macroscopic rates.

The average inter-annual variability in calcification rates
for GBR corals is around +28% of the mean (Lough and
Barnes, 1997). In the model, the seasonal amplitude of
the trace-element cycles can be reproduced by inter-annual

calcification rate changes ranging from about +16% up to
4+100%. Thus, the model is able to reproduce the observed
summer-to-winter changes in calcification rate, but general-
ly predicts larger variations. The amplitude of the fine-scale
(weekly to monthly) trace-element variations is reproduced
in the model by calcification rates changing from almost
zero up to >3x average rates. At present it is not known
how this corresponds with actual short timescale variations
in coral calcification rate.
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4.3. pH and stable isotopes

4.3.1. Average pH

One of the most important results of this modelling is
the fact that the trace-element variations do not imply cal-
cification at high pH. The model reproduces observed
trace-element amplitudes and correlations at only a modest
elevation in average pH (roughly 8.3-8.4), while the ampli-
tude of seasonal cycles only requires variations of +0.15
pH units. This tentatively supports the conclusions of Rey-
naud et al. (2004) who report minimal offset between calcu-
lated and observed 6''B in corals cultured at different pHs.
While those authors conclude that there is no biological
mediation of pH, the uncertainty in B isotope fractionation
constants does not preclude a modest physiological pH ele-
vation. If physiological pH deviations are small and stable,
it may be possible for corals to faithfully record external
variations in seawater pH, as suggested by Zeebe et al.
(2003) for foraminifera.

4.3.2. Diurnal pH variations and stable isotope fractionation
Diurnal pH variations inferred from high resolution B
isotope studies (Rollion-Bard et al., 2003a,b) and measured
in the calcifying fluid (Risk and Kramer, 1981; Al-Horani
et al., 2003a) are large: ranging from around 7.1 to 9.0.
In contrast, the fine-scale TE variations seen by Sinclair
(2005) can be reproduced by the model for pHs ranging
from a maximum of 8.1 (almost no calcification) up to a
maximum of 8.5 (rapid calcification) (see Fig. 11).

This discrepancy can be partly resolved by the coarse
size of the laser beam (60 um diameter) which is insuffi-
cient to resolve daily deposits within the coral. Higher
resolution measurements of Sr/Ca made by ion micro-
probe do show a larger amplitude (Allison et al., 2001;
Cohen and McConnaughey, 2003; Cohen and Sohn,
2004). However, Sr/Ca ratios in the model are relatively
sensitive to pH, and even these larger amplitude varia-
tions can be reproduced with pHs no higher than 8.7.
At the lower pH, the model cannot reproduce calcifica-
tion at pHs significantly below ambient seawater
(approximately 8.1). Thus there exists a contradiction be-
tween the model and the measurements. If large-ampli-
tude pH variation and/or low pH calcification is
confirmed, then the theoretical basis of this model may
need to be re-examined.

Adkins et al. (2003) observed anomalous C + O iso-
tope variations (where isotopes plot off the linear 6'°C
vs 6'%0 trend) in the opaque trabecular centers of septae
in the deep-sea coral Desmophyllum. Their preferred
explanation is that these deviations from linearity occur
when C membrane transport reaches a maximum (which
corresponds to the C-supply limiting case described in
Section 3.1). Here, the 6'°C reaches a minimum while
further pH increases continue to drive the O isotope
fractionation.

Our model predicts that the C-supply limiting case is
characterised by very high pHs (>9.5) and extreme

depletions in U, Sr, and B. These extreme trace-element
variations have not been observed by Sinclair (2005) or
others (Allison et al., 2001; Cohen and McConnaughey,
2003), and argues against an equilibrium explanation for
stable isotope vital effects. It is possible that current analyt-
ical methodology has not yet resolved these regions within
the skeleton or that equivalent structures do not exist in
Porites corals. However, it would seem that high pH, C-dif-
fusion limited calcification is unlikely as high pHs (>10)
can disrupt cell membranes (Mendonca et al., 1994; Sam-
pathkumar et al., 2003) and damage tissue, while attempt-
ing to calcify while C diffusion is limiting wastes energy
resources on futile CaATPase pumping which has little ef-
fect on the calcification rate (Fig. 3).

4.4. Photosynthesis and ion transport

4.4.1. Ion diffusion into the coelenteron

The ion transport mechanism used for this model is a
necessary simplification of the complex dynamics of ion
and carbon transport through the coral tissues. The model
assumes that calcifying fluid is drawn from a seawater-
composition reservoir, and that the only actively transport-
ed ions are Ca’" and H'. In reality, the penultimate source
of ions is the coelenteron.

The coelenteron is a semi-isolated pocket of fluid: freely
exchanging with seawater when the mouth of the coral is
open, but isolated when it is closed. Several authors have
suggested that the ingestion of fresh seawater is infrequent,
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Fig. 13. Effect of photosynthesis on the model pH. This figure shows the
effect on the steady-state pH of changing the seawater composition to
simulate photosynthetic modification of the coelenteric fluid. Outputs
from a ‘normal’ coelenteron (solid trace) and a photosynthetically
modified coelenteron (dashed trace) are graphed. Two lines of the output
grid are shown corresponding to low (triangles) and high (circles) seawater
replenishment rates. Photosynthesis has almost no effect on the steady-
state pH.
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and that Ca®" and C must be transported through oral tis-
sues in order to maintain calcification (Wright and Mar-
shall, 1991; Benazet-Tambutte et al., 1996; Furla et al.,
1998). Measurements of diffusion across oral tissues (Ben-
azet-Tambutte et al., 1996) suggest that small but signifi-
cant differences exist in the rates that various ions are
transported. If the coelenteron is isolated for extended peri-
ods of time, the relative TE abundances may begin to drift
away from that of seawater.

The degree to which the trace-element ratios within
the coclenteron deviate from seawater will depend on
the frequency that the coelenteron is refreshed with sea-
water and the balance between the precipitation of ions
into the skeleton and the diffusion of ions across the
oral tissues. If seawater replenishment is frequent, or if
diffusion across the oral tissues is fast relative to the
removal of ions (by coprecipitation), the trace-element
composition of the coelenteron will remain close to the
composition of seawater. Benazet-Tambutte et al
(1996) and Furla et al. (2000) suggest that passive ion
diffusion is easily fast enough to sustain calcification,
which validates the first-order approximation of a seawa-
ter-composition coelenteron. With the exception of Ca’",
which may be actively transported to the coelenteron,

D.J. Sinclair, M.J. Risk 70 (2006) 3855-3868

Clode and Marshall (2002b) did not find significant dif-
ferences in the Na, Mg, Cl, K, and Sr concentrations in
internal seawater compartments compared with standard
seawater.

4.4.2. Impact of photosynthesis and respiration

Recent work suggests that the pH, Ca®>", and DIC con-
centrations of the coelenteron vary in response to the bal-
ance of respiration, photosynthesis, and calcification
(Kiihl et al., 1995; Al-Moghrabi et al., 1996; Furla et al.,
1998; Furla et al., 2000; Marshall and Clode, 2002; Al-
Horani et al., 2003b; Marshall and Clode, 2003). Al-Hora-
ni et al. (2003b) measured daytime Ca®" concentrations
which were up to 7% lower than ambient seawater (reduced
by calcification), and a pH that was higher—around 8.5—
presumably caused by photosynthetic uptake of protons.

It is hard to predict the likely consequences of these
mechanisms for the model: raising the coelenteric pH will
reduce the CO, and HCO,~ concentration (shifting the
equilibrium towards CO;*"). This, in turn, will lower the
gradient between the coelenteron and a calcifying fluid,
resulting in a slower C diffusion. On the other hand, higher
pHs would lead to elevated CO,* concentrations in the
ECF, which could offset the slower C diffusion.
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Fig. 14. Effect of photosynthesis on the modelled TE composition. This figure shows the effect on the modelled TE/Ca ratios in the skeleton of changing
the seawater composition to simulate photosynthetic modification of the coelenteric fluid. Outputs from a ‘normal’ coelenteron (solid trace) and a
photosynthetically modified coelenteron (dashed trace) are graphed. Two lines of the output grid are shown corresponding to low (triangles) and high
(circles) seawater replenishment rates. The effect of photosynthesis is relatively small, and is most pronounced at high seawater input rates and low
pumping rates. The differences will have little effect on the conclusions of the model.
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In order to test the impact of this on our models, we
have repeated several of the simulations so that the ECF
is drawn from a solution that has been modified from sea-
water to simulate the coelenteron measured by Al-Horani
et al. (2003b) . The calcium concentration was dropped
from 10.3 to 9.6 mM. The effect of photosynthesis (given
by the reaction H" + HCO,~ — CH,0 + O,) was simulat-
ed by removing H,CO; until a pH of 8.5 was achieved. This
modified seawater had a lower total C concentration
(1.70 mM instead of 1.87 mM), but a slightly higher arago-
nite saturation index (0.72 instead of 0.59) due to the raised
pH.

The output of this modified-coelenteron case is com-
pared with the output from the normal seawater case
in Figs. 13 and 14. Photosynthesis makes almost no dif-
ference to the steady-state pH of the system (Fig. 13).
This means that, in general, the changes to the TE com-
position of the precipitated aragonite are also relatively
small, and do not significantly change the interpretation
of the model. At high seawater replenishment and low
pumping rates, the cation substituents Mg and Sr are
higher by around 7%, reflecting the decreased Ca concen-
tration. This increase becomes smaller as seawater
replenishment is reduced, and/or Ca®>" pumping rates
are increased. At higher pumping or lower seawater in-
put rates the difference between the two simulations be-
comes negligible.

The anion substituents B and U are even less affected;
again the largest differences occur at high seawater replen-
ishment and low pumping rates. In this case, however, the
steady state CO,>~ concentration is controlled more by the
pH, which is almost identical in the two scenarios. Thus,
the steady-state B(OH),”/CO,>~ and UO,(CO;),* /
CO,*" ratios are very similar in the two scenarios.

Overall, the effect of a photosynthetically modified coe-
lenteron is minor. The slopes of the B, Sr, and U interele-
ment correlations will, in general, be a little steeper,
meaning that a smaller pH change is required to generate
the amplitude of variations observed. The exact location
of the zone on the output grid where predicted and ob-
served correlations match may also change slightly, but
not sufficiently to change the interpretation. This is in
agreement with Cohen and McConnaughey (2003) who
concluded that photosynthesis does not significantly influ-
ence the geochemistry of calcification.

4.4.3. Active transport of ions

Active transport of ions other than Ca®' will affect
the applicability of the model, which assumes a fixed
transport ratio of trace ions (at seawater composition).
There has been some tentative evidence for other ATP-
ases being active in the coral (Krishnaveni et al., 1989;
Ip and Lim, 1991; Marshall, 1996), and there is an—
as yet unresolved—debate about whether Sr*" is trans-
ported by coral CaATPase (Chalker, 1976; Ip and
Krishnaveni, 1991; Ip and Lim, 1991; Ferrier-Pages
et al., 2002).

Ip and others (Ip and Krishnaveni, 1991; Ip and Lim,
1991) suggest that CaATPase is selective for Ca, although
Ferrier-Pages et al. (2002) recently came to the opposite
conclusion based on the observation that verapamil (a
CaATPase inhibitor) inhibited the skeletal uptake of ®Sr
with the same IC50 as for Ca uptake. While the authors
interpreted this as indicating a common ion transport path-
way, an alternative explanation is possible: Sr is a coprecip-
itated phase and its deposition rate is therefore directly
linked to the rate of CaCO; deposition. Inhibiting Ca
transport would therefore inhibit the Sr coprecipitation
rate proportionally, even if Sr was derived from a seawater
source, and not the CaATPase pathway. Further research
will be required to clarify this matter.

Active transport of C to the calcifying space is a more
significant issue. This model assumes diffusion of CO, from
an atmospheric-composition reservoir, whereas recent evi-
dence points towards active transport of HCO,~ across
the calcifying epithelium (Furla et al., 2000 and references
cited therein) with C concentrating mechanisms and strong
internal cycling changing the C composition of the coelen-
teric fluid.

The sensitivity of the model to active C transport was
tested by increasing the C concentration of the seawater
by 20% to simulate some degree of active concentration.
The model output (Figs. 15 and 16) shows that the model
is relatively insensitive to moderate changes in C: almost
no change in pH is observed, while a 20% increase in C
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Fig. 15. Effect of raising the C concentration on the model pH. This figure
shows the effect on the steady-state pH of increasing the SW C by 20% to
simulate some degree of active C concentration by the coral. Outputs from
a ‘normal’ coelenteron (solid trace) and a CO, enriched coelenteron
(dashed trace) are graphed. Two lines of the output grid are shown
corresponding to low (triangles) and high (circles) seawater replenishment
rates. Changing the C concentration of the seawater has almost no effect
on the steady-state pH in the ECF.
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Fig. 16. Effect of raising the C concentration on the modelled TE composition. This figure shows the effect on the modelled TE/Ca ratios in the skeleton of
increasing the C concentration of the coelenteron by 20% to simulate some degree of active C transport by the coral. Outputs from a ‘normal’ coelenteron
(solid trace) and a CO, enriched coelenteron (dashed trace) are graphed. Two lines of the output grid are shown corresponding to low (triangles) and high
(circles) seawater replenishment rates. The model output is relatively insensitive to these changes, with TE/Ca ratios decreasing by at most 12%.

resulted in a maximum decrease in the B/Ca and U/Ca ra-
tios of 10-12% (with this proportion decreasing as pump-
ing rates increased and seawater input rates decreased).
Although the model is not particularly sensitive to this
parameter, there is no way to know exactly how much
the coral might concentrate C. If it does so by orders of
magnitude, rather than 10 s of percent, then the model will
not be applicable. Further research on active C transport is
needed to quantify this parameter.

In future modelling, it might be possible to extend the
calcifying system to a three box model, where calcifying flu-
ids are drawn from an intermediate pool (the coelenteron)
which is, in turn, modified by inputs from seawater, ion dif-
fusion, active ion transport, photosynthesis, respiration,
and calcification. Parameterising this model will, however,
be a significant challenge.

5. Conclusions

The physicochemical calcification model presented here
predicts that trace-clements will be negatively correlated
with calcification rate, and therefore mutually positively
correlated. The model reproduces the amplitude and linear
correlations of the Sr, B, and U “vital effects’ previously ob-

served at seasonal and short timescales in tropical corals
(Sinclair, 2005). The model is not able to reproduce the
negative correlation between Mg and the other TEs, and
the kinetic model of Mg coprecipitation used here is not be-
lieved to be accurate. Mg incorporation may be controlled
by an occlusion mechanism, crystallographic factors, or a
variable distribution of another phase (such as amorphous
CaCOj; or an organic matrix).

The model predicts that at very high calcification rates,
CO, diffusion becomes a limiting factor, and calcification un-
der these conditions is characterised by a very rapid rise in
the pH of the ECF, and very large reductions in the skeletal
concentrations of all the trace-elements modelled (signifi-
cantly larger than any observations reported in the litera-
ture). In reality the corals are not likely to calcify at this
extreme, as the high pH would damage tissue, and any expen-
diture of metabolic energy for active transport of ions would
be wasted as C diffusion rates limit the calcification rate.

The region of the model output where the Sr, B, and U
correlations match observations represents calcification
enhancement along a ‘vector’ of mutually increasing
CaATPase pumping and replenishment of the ECF with
fresh seawater. This calcification strategy represents an
optimal balance allowing rapid calcification while avoiding
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the case where C diffusion is limiting and pHs are extreme.
Calcification rate increases are associated with relatively
mild pH increases (the large-amplitude short-timescale
variations can be reproduced with a pH range of 8.1-
8.7). The model is not able to reconcile the amplitude of
diurnal pH variations reported in the literature with obser-
vations of trace-elements, and this might indicate a gap in
our understanding of coral calcification.

Variations in the composition of the coelenteron caused
by the shifting balance of photosynthesis and calcification
(lower Ca”", lower C, higher pH) are shown to have only
a minor impact on the trace-element composition of the
coral, being secondary to changes in the rates of CO, diffu-
sion, ECF replenishment, and Ca®* pumping. The effect of
an active C transport mechanism could be more significant,
and further research needs to be undertaken to confirm and
quantify this effect.

Overall, it is concluded that a physicochemical calcifica-
tion model can explain many of the trace-element observa-
tions of coral skeleton, and cannot be falsified on the basis
of correlated trace-element variations. From a purely geo-
chemical perspective, there is no need to invoke the inter-
vention of an organic matrix in the calcifying process.
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