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Abstract
Seeded calcite growth experiments were conducted at ﬁxed pH (10.2) and two degrees of supersaturation (X = 5, 16), while
varying the Ca2+ to CO3 2 solution ratio over several orders of magnitude. The calcite growth rate and the incorporation of
Sr in the growing crystals strongly depended on the solution stoichiometry. At a constant degree of supersaturation, the
growth rate was highest when the solution concentration ratio, r = [Ca2+]/[CO3 2 ], equaled one, and decreased symmetrically
with increasing or decreasing values of r. This behavior is consistent with the kink growth rate theory for non-Kossel crystals,
assuming that the frequency factors for attachment to kink sites are the same for the cation and anion. Measured Sr partition
coeﬃcients, DSr, ranged from 0.02 to 0.12, and correlated positively with the calcite growth rate.
 2007 Elsevier Ltd. All rights reserved.

1. INTRODUCTION
Calcite is one of the most abundant and reactive minerals at the Earth’s surface. It is a major component of the
global carbon budget (Morse and Mackenzie, 1990), and
it aﬀects the fate of many organic and inorganic constituents in the environment through sorption processes (Langmuir, 1997). Furthermore, calcite is an important industrial
material, although its formation may represent a nuisance
in industrial processes (scale formation). Many studies have
been devoted to the eﬀects of physico-chemical parameters,
such as temperature, pressure, pH, ionic strength and
supersaturation, on the precipitation of calcite from aqueous solution, as well as on trace element partitioning and
isotope fractionation during calcite formation (Rimstidt
et al., 1998; Lemarchand et al., 2004).
A variety of studies have shown that the calcite growth
rate inﬂuences the removal of aqueous trace metals which
are incorporated as impurities into calcite during mineral

*

Corresponding author. Fax: +49 471 4831 2020.
E-mail address: Gernot.Nehrke@awi.de (G. Nehrke).

0016-7037/$ - see front matter  2007 Elsevier Ltd. All rights reserved.
doi:10.1016/j.gca.2007.02.002

precipitation (Rimstidt et al., 1998). The concentrations
of trace metals, e.g., Mg, Sr or Ba, in biogenic calcite are
used as proxies for the reconstruction of past environmental conditions (e.g., Boyle, 1981, 1988; Lea and Boyle,
1989), whereas sorption to calcite may represent an important pathway for the immobilization of hazardous metals,
e.g., Cd and radionuclides (Curti, 1997).
To capture the dynamics of calcite growth, kinetic
descriptions based on classical crystal growth theory relate
the rate of calcite precipitation to the degree of supersaturation, X = IAP/K, where K is the solubility product of calcite, and IAP = {Ca2+}{CO3 2 } the ion activity product of
the solution (Nielsen, 1964, 1984; Nancollas and Reddy,
1971; Nielsen and Toft, 1984; Teng et al., 2000; many others). Besides X, the aqueous composition may also aﬀect the
growth rate of carbonate minerals via the solution metal
cation to CO3 2 concentration ratio (Zuddas and Mucci,
1994; Sternbeck, 1997). However, in published studies, the
degree of supersaturation with respect to calcite and the
concentration ratio of dissolved Ca2+ to CO2
3 ions generally vary together (Lorens, 1981; Christoﬀersen and Christoﬀersen, 1990; Tesoriero and Pankow, 1996; van der
Weijden et al., 1997; Lemarchand et al., 2004). This hinders
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an evaluation of distinct eﬀects of the solution stoichiometry and ion activity product on calcite growth kinetics.
In this study, growth rates of single calcite crystals were
measured as a function of solution stoichiometry, at ﬁxed
pH and ﬁxed degree of supersaturation. To create Ca2+
to CO3 2 concentration ratios both larger and smaller than
one, the experiments were conducted at a fairly high pH
(10.2). Furthermore, the incorporation of trace amounts
of Sr during calcite precipitation was monitored, in order
to determine how the solution to solid partitioning of this
cation depends on the growth kinetics and Ca/CO3 solution
composition. Strontium was selected because of the low solubility of SrCO3 in aqueous solution, and because the ionic
radius of Sr2+ is close to that of Ca2+, therefore minimizing
the eﬀects of the trace metal cation on the growth rate of
calcite.
2. THEORETICAL BACKGROUND
2.1. Crystal growth kinetics and solution stoichiometry
Kossel (1927) and Stranski (1928) developed a crystal
growth model wherein a growth unit (GU) can attach to
six distinct surface sites (Fig. 1A). These sites diﬀer in their
potential energy with respect to attachment of a GU. Because the attachment to a kink site (KiS) does not alter
the number of bonds available at the mineral surface, it represents the energetically most favourable site for the incorporation of GU into the crystal lattice. Hence, a possible
mechanism for growth of a crystal from a liquid or vapour
phase involves the following succession of steps: (i) adsorption of a GU onto the crystal surface, (ii) diﬀusion to a step,
and (iii) incorporation into a kink site.
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Depending on the degree of supersaturation, X, diﬀerent
growth modes may dominate, e.g., spiral growth, twodimensional nucleation, which itself can be subdivided in
diﬀerent modes, e.g., layer-by-layer and multilayer (Markov, 2003). All these modes have in common that the
growth rate can be described in terms of the attachment
and detachment frequencies of GUs to and from all possible surface sites. (Note that the latter also applies to mineral
dissolution, Lasaga and Lüttge, 2005.) The resulting rate
equations are typically simpliﬁed and only account for the
dominant surface lattice site(s), in general the kink sites
(KiS, Fig. 1A).
In the original model of Kossel and Stranski, the socalled Kossel crystal consists of a cubic lattice composed
of a single chemical species, the GU (Zhang and Nancollas,
1990). Strictly speaking, the model of Kossel and Stranski
applies to elemental or molecular crystals, and X is equal
to the ratio of the activity of the GU in the ﬂuid phase
and the corresponding equilibrium value. For the precipitation from aqueous solution of a mineral such as calcite,
crystal growth involves the alternating incorporation of cations and anions (Ca2+ and CO3 2 ) into the lattice (Fig. 1B).
In this case, the growth rate also depends on the relative
abundances of the cations and anions in solution, in addition to X. Several researchers have extended the original
Kossel crystal growth model to describe the precipitation
of multicomponent non-Kossel crystals from aqueous solution (Zhang and Nancollas, 1998; Chernov, 2001; Chernov
et al., 2006).
One of the few studies in which the predictions of nonKossel crystal growth theory are directly compared to
experimental data is that of Chernov et al. (2006). These
authors measured the eﬀect of solution stoichiometry on
the step propagation velocities of CaC2O4ÆH2O and
MgC2O4Æ2H2O by means of atomic force microscopy
(AFM). They observed that, at constant degree of supersaturation, the step rates measured on various crystal faces
reached their maximum values when the concentration ratio of cation to anion in solution, r, equalled one. Furthermore, the rates decreased symmetrically away from r = 1,
that is, vk(r) = vk(1/r). Both observations are in agreement
with non-Kossel crystal growth theory, if the frequency factors describing attachment of the cation and anion are the
same. As noted by Chernov and co-workers, ‘‘this symmetry exists in spite of fact that the Ca2+ and Mg2+ ions on the
one hand and the C2 O4 2 on the other have diﬀerent size,
shape and spatial symmetry’’.
2.2. Trace element partitioning

Fig. 1. (A) Surface sites on a cubic crystal (‘‘Kossel crystal’’,
modiﬁed after Sawada, 1998), and successive steps in crystal
growth (i, ii, iii). Positions 1–6 are characterized by diﬀerent
attachment/detachment energies (KiS, kink site; StS, step site). (B)
When growth requires incorporation of alternating ions, A and B,
the attachment (w+) and detachment (w) frequencies of both ions
inﬂuence the growth rate.

The distribution of a trace metal, for example Sr, between calcite and the aqueous phase from which the mineral forms can be described by a partition coeﬃcient DTr,
deﬁned as,
DTr ¼

½Trs =½Trl
;
½Ms =½Ml

ð1Þ

where [Tr] and [M] are the molar concentrations of the
trace (strontium) and major (calcium) element in the solid
(s) and liquid (l) phase, respectively. The partition coeﬃcient
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represents a phenomenological coeﬃcient (Morse and Bender, 1990), and is distinct from the thermodynamic distribution constant, K DTr . The latter is deﬁned in terms of the
activities of the trace and major ions in both phases at thermodynamic equilibrium (McIntire, 1963).
Rimstidt et al. (1998) estimated the values of K DTr for
incorporation into calcite of many elements by ﬁtting a
large dataset from the literature. Their work, and many
other experimental investigations (Kitano et al., 1971; Kitano and Oomori, 1971; Lorens, 1981; Mucci and Morse,
1983; Pingitore and Eastman, 1984; Mucci, 1986; Tesoriero
and Pankow, 1996; Temmam et al., 2000) have shown that
the diﬀerence between the thermodynamic distribution constant, K DTr , and the empirical partition coeﬃcient, DTr, reﬂects kinetic eﬀects, in particular the growth rate of the
host crystal. For trace elements with K DTr > 1, measured
DTr values are generally lower than the equilibrium value,
and vice versa for K DTr < 1. When the growth rate tends
to zero (‘‘growth at equilibrium’’), DTr approaches K DTr .
3. MATERIALS AND METHODS
Growth rates were determined on calcite single crystals
of known mass, each placed at the bottom of a separate
ﬂow-through reactor. The solutions ﬂown through the reactors were characterized by two diﬀerent supersaturations
and variable [Ca2+] to [CO3 2 ] ratios, but constant pH.
At the end of an experiment, each crystal was weighted to
determine the mass of calcite grown during the experiment.
Measurement of Sr incorporation was carried out by laser
ablation inductively coupled plasma mass spectrometry
(LA-ICP-MS).
3.1. Crystal growth experiments
3.1.1. Seed material
Calcite seed crystals were produced from an Iceland
spar. The latter had a size of approximately
5 cm · 5 cm · 2 cm. It was cleaved manually using a small
ﬂat chisel to produce crystals of approximately 1–1.5 mm3

(Fig. 2A). Crystals showing little damage (as shown in
Fig. 2A) were handpicked under a binocular and cleaned
in an ultrasonic bath to remove loose particles. The soaking
solution was a calcite-saturated aqueous solution prepared
from reverse osmosis water (conductivity < 0.067 lS) and
Suprapure (Merck) calcite powder. The crystals were
then stored for 2 months in the saturated Suprapure calcite solution, to provide equilibrated surfaces for growth.
Prior to the experiments, the crystals were washed with ethanol to avoid precipitation from water droplets during drying. The crystals were then dried in an oven at 40 C for 1 h,
weighted on a Mettler Toledo UMX2 micro-balance, with
a resolution of 0.1 lg, and transferred into the ﬂow-through
reactors. Each reactor contained a single crystal.
3.1.2. Crystal growth experiments
Reactors with an inner diameter of 5 mm and a depth of
15 mm were built out of Teﬂon (Fig. 3). The reactor inlet
was connected to a 50 mm long Tygon tubing
(ID = 1.6 mm, OD = 4.8 mm), which collected solutions
coming from two separate reservoirs via a Y-connector.
One solution contained the Ca2+ ions, the other the CO2
3
ions. Tedlar bags where used as solution reservoirs, to
avoid the formation of a headspace while the solutions were
pumped out of the bags. Flow was adjusted to 10 ll min1
with a 16 channel Watson Marlow (S205) peristaltic
pump, and found to remain constant from the measurement of outﬂow volumes. Tubing wall thickness and bag
material were chosen to minimize gas exchange with the
atmosphere (Tedlar bags were originally designed for
gas sampling). For each reactor inﬂow solution composition, four replicates were run by connecting four reactors
to one set of bags. All experiments were performed in a
thermostated laboratory at 20 ± 0.2 C.
The Ca2+ and CO3 2 solutions were prepared by dissolving Merck Suprapure CaCl2Æ4H2O and K2CO3 in ﬁltered
(0.2 lm pore size) reverse osmosis water (conductivity < 0.067 lS), with 0.1 M NaCl as background electrolyte.
Strontium was added to the Ca2+ solution as SrCl2. The
Ca:Sr ratios were on the order of 100:1. The equilibrium

Fig. 2. Scanning electron micrograph A shows a typical calcite crystal used as seed material in the ﬂow-through reactor experiments.
Micrograph B shows a calcite seed with an overgrowth collected at the end of a precipitation experiment. In the lower left corner three
ablation holes are visible, produced during the LA-ICP-MS analysis (arrows).
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Fig. 3. Experimental setup. Flow was maintained by a peristaltic pump, and Ca2+ and CO3 2 solutions in Tedlar bags were mixed prior to
entering the ﬂow-through reactor. The latter contains a single calcite seed crystal, placed at the bottom of the reactor.

chemical speciation of the inﬂow solution obtained after
mixing of the Ca2+ and CO3 2 solutions was calculated
using Visual Minteq V. 2.40 (Gustafsson, 2004). The calculations showed that all inﬂow solutions, except one
(reac001), were undersaturated with respect to SrCO3.
A pH of around 10 was selected for the inﬂow solutions.
At this pH, CO3 2 is a major dissolved carbon species, which
facilitated the preparation of stoichiometric [Ca2+] to
[CO3 2 ] ratios ranging from less than one to greater than
one, while maintaining constant ionic strength. In addition,
to produce a pH around 10, only small additions of acid to
the Ca2+ solution were required, thereby avoiding corrosion
of the stainless steel Y-connector used for mixing the Ca2+
and CO3 2 solutions. Table 1 lists the compositions of the
12 diﬀerent reactor inﬂow solutions. Based on the measured
calcite growth rates, less than 1% of the Ca2+ and CO3 2
ions supplied via the inﬂow precipitated in the reactors.
Therefore, the solution composition inside the reactor was
assumed to be equal to that of the inﬂow solution.
Dissolved Ca2+ and Sr2+ concentrations were measured
in four replicates by inductively coupled plasma-optical
emission spectroscopy (ICP-OES). Dissolved inorganic car-

bon (DIC) was measured in duplicates on a Shimadzu
TOC550 analyzer. The pH of the inﬂow solution was
checked before connecting the tubing to the reactor. The
measured pH values matched the expected value of
10.15 ± 0.1 (Table 1), conﬁrming the 1:1 mixing ratio of
the Ca2+ and CO3 2 solutions. The pH of the outﬂow
was also periodically measured using a Metrohm 713
pH meter with an Metrohm Unitrode pH electrode (calibrated against NISTtraceable buﬀer solutions) and found
to remain stable and equal to the inﬂow pH.
3.1.3. Determination of calcite growth rates
At the end of an experiment, the crystal was removed
from the reactor, washed with ethanol and dried for 1 h
in the oven at 40 C, before weighing. The transfer to and
from the reactor and balance was done by means of a Teflon beaker with an inner diameter of 5 mm. No tools were
used to pick up the crystal in order to avoid any breakage.
Growth rates (R) were calculated as


mt1  mt0
100=t1 ;
ð2Þ
R¼
mt0

Table 1
Inﬂow solution compositions for the precipitation experiments using the ﬂow-through reactors
Experiment

[Ca]
mmol L1(ICP-OES)

[Sr]
lmol L1(ICP-OES)

pH
(mean)

[CO3 2 ]
mmol L1 (calc.)

[Ca2+]
mmol L1 (calc.)

1/r
(calc.)

X
(calc.)

reac004n
reac005
reac001
reac007
reac006n
reac002a
reac008
reac003
reac003n
reac009
reac002bn
reac002b

15.6 ± 0.4
1.77 ± 0.06
0.88 ± 0.02
0.38 ± 0.02
0.20 ± 0.03
0.160 ± 0.003
2.01 ± 0.02
0.58 ± 0.02
0.58 ± 0.02
0.15 ± 0.02
0.086 ± 0.001
0.086 ± 0.002

n.d.
21.8 + 0.1
57.9 ± 0.2
3.9 ± 0.2
1.9 ± 0.1
n.d.
20.2 ± 0.2
7.80 ± 0.06
7.78 ± 0.07
n.d.
n.d.
n.d.

10.2 ± 0.1
10.2 ± 0.1
10.2 ± 0.1
10.1 ± 0.1
10.2 ± 0.1
10.2 ± 0.1
10.2 ± 0.1
10.1 ± 0.1
10.1 ± 0.1
10.2 ± 0.1
10.2 ± 0.1
10.2 ± 0.1

0.037
0.211
0.444
1.501
4.563
4.432
0.073
0.222
0.235
0.936
2.185
2.366

14.180
1.559
0.737
0.266
0.088
0.078
1.895
0.524
0.424
0.115
0.054
0.052

0.003
0.14
0.6
5.6
52
57
0.04
0.42
0.45
8.1
40
45

19
14
14
16
17
14
6
5
5
5
5
5

The table lists the measured (ICP-OES) total concentrations of Ca and Sr, as well as the (free) ion concentrations, [Ca2+] and [CO3 2 ],
calculated using Visual Minteq. Also given are the reciprocals of the stoichiometric solution ratios, 1/r, and the degrees of supersaturation
with respect to calcite, X.
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Fig. 4. Typical ablation proﬁle through a calcite crystal collected after a growth experiment with Sr-containing inﬂow solution. The Mg and
Sr counts clearly distinguish the original seed crystal from the newly formed calcium carbonate layer. Both Ca and Sr counts decrease during
the ablation as the bottom of the ablation crater steadily becomes deeper. The ratio of Sr to Ca, however, remains constant, indicating a
homogeneous composition of the calcium carbonate overgrowth. Mg is present at concentrations of about 600 ppm in the original crystal, but
is absent from the reaction ﬂuids.

where mt0 and mt1 are the initial and ﬁnal crystal masses,
respectively, and t1 the duration of the growth experiment.
Rates were normalized to the geometric surface area of the
crystals’ exposed surfaces (one (104) face + 4 edges). The
geometric surface area of each crystal seed was determined
on the basis of measurements carried out under an optical
microscope.
3.2. Sr concentrations in calcite overgrowths
After the growth experiments, crystals were ablated
using a deep ultra-violet-wavelength laser (193 nm, Lambda
Physik excimer laser with GeoLas 200Q optics), which is
essential for carbonate minerals, as they do not absorb laser
radiation well at higher wavelengths (Jackson et al., 1992).
Ablation was performed in a helium atmosphere at a pulse
repetition rate of 6 Hz with an energy density at the sample
surface of 2 J cm2. The aperture was set to make craters of
80 lm in diameter (too large to resolve sector zoning). A
relatively low energy was used to increase the analysis time
in the CaCO3 overgrowth, before the bottom of the ablation crater reached the original crystal. The ablated material was analyzed with respect to time (and hence depth)
using a quadrupole ICP-MS instrument (Micromass Platform ICP). Calibration was performed against NIST (US
National Institute of Standards and Technology) SRM
610 glass using the concentration data of Pearce et al.
(1997), with Ca as an internal standard at a constant concentration of 40 wt%. Inter-elemental fractionation (Mank
and Mason, 1999) was insigniﬁcant at the low depth/diameter ratio of the ablation craters produced in this study (typical ablation craters can be seen in Fig. 2B).
A collision and reaction cell described in detail by Mason and Kraan (2002) was used to reduce spectral interfer-

ences on the minor isotopes of Ca (42Ca, 43Ca and 44Ca).
Multiple isotopes (24Mg, 26Mg, 27Al, 55Mn and 88Sr) were
used where possible to conﬁrm accurate concentration
determinations. Relative analytical error, based on repeated
analyses of an independently calibrated in-house carbonate
standard was ±4% for Sr. The Mg and Mn counts were
used to identify the transition between the overgrowth
and the original crystal, as both elements were virtually absent in the overgrowth, but present at constant levels
(700 ppm Mg, 100 ppm Mn) in the seed crystals. A typical ablation spectrum is shown in Fig. 4.
4. RESULTS AND DISCUSSION
4.1. Growth rates and solution stoichiometry
The calcite crystal growth rates determined with the single-crystal method vary by a factor of about 15 (Table 2).
Although the growth kinetics depend on both the degree
of supersaturation and the solution stoichiometry, most
of the variability of the measured rates is due to changes
of the concentration ratio r = [Ca2+]/[CO3 2 ] (Fig. 5). At
the experimental pH (10.15 ± 0.1), and for both degrees
of supersaturation (X = 5 ± 1, 16 ± 2), the rates decrease
symmetrically away from r = 1. To our knowledge, this is
the ﬁrst time a growth rate optimum for a stoichiometric
solution composition (r = 1) is reported for calcite.
A number of authors has recognized that the growth
rate of calcite and other divalent metal carbonates should
depend on the relative abundances of metal and carbonate
ions (Zuddas and Mucci, 1994; Sternbeck, 1997; Lebron
and Suarez, 1998). However, the eﬀects of supersaturation
and solution stoichiometry have rarely been assessed separately, because in most growth studies changes in r coincide
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Table 2
Initial and ﬁnal crystal weights, plus the total durations of the
growth experiments
Experiment

Crystal

mt0 (lg)

mt1 (lg)

Duration (t1) (h)

reac004n

B05
B20
B27
B28
A14
A15
A18
A21
003
004
010
015
C01
C12
C13
C21
B15
B18
B26
B32
A08
A13
A20
A24
C03
C06
C09
007
014
017
020
B10
B29
B30
B38
C11
C17
C08
B02
B11
B29
B24
011
012
016
018

5222
5102
5568
5133
2968
2060
2994
2496
3511
3803
3157
3662
3612
3542
3524
3802
4643
4841
4611
4836
2919
2955
2429
3347
2923
3001
2854
1862
4047
3550
2416
2684
2967
2913
2909
3012
3235
3423
3949
4069
3521
3583
2769
3433
3196
3594

5255
5141
5622
5192
3338
2400
3362
2925
4456
4813
4202
4445
3992
3975
3936
4142
5156
5050
4802
5036
2976
3014
2498
3412
3014
3072
2937
2838
5432
4750
3539
3301
3738
3980
3470
3527
3789
3905
4072
4209
3632
3672
2861
3549
3317
3710

266
266
266
266
821
821
821
819
723
601
771
771
612
612
612
612
1266
1266
1266
1266
841
841
841
841
1045
1045
1045
1969
1969
1969
1961
1079
1079
1079
1079
1736
1736
1736
1079
1079
1079
1079
1369
1369
1369
1369

reac005

reac001

reac007

reac006n

reac002a

reac008

reac003

reac003n

reac009

reac002bn

reac002b

with changes in X during the experiments (Christoﬀersen
and Christoﬀersen, 1990; van der Weijden et al., 1997; Nilsson and Sternbeck, 1999). In addition, experiments are generally conducted under conditions where [Ca2+]  [CO3 2 ],
thereby excluding the range of r over which the rate optimum is observed.
Winter and Burton (1992) found that the precipitation
rate of calcite increased by more than one order of magnitude when r decreased from 2 · 105 to 1, while X was kept
constant (reported in Zuddas and Mucci, 1994). This result
implies that a potential rate optimum must occur at r 6 1,
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which is consistent with our data. However, to fully
characterize the eﬀect of solution stoichiometry, growth
kinetics must also be measured in solutions where
[Ca2+] < [CO3 2 ]. The most straightforward approach is
to work at high pH, as done in the present study, because
CO3 2 accounts for a signiﬁcant fraction of the dissolved
inorganic carbon.
The symmetric rate dependence on solution stoichiometry in Fig. 5 is similar to those observed by Chernov et al.
(2006) for step propagation rates on calcium oxalate monohydrate (CaC2O4ÆH2O) and magnesium oxalate dihydrate
(MgC2O4Æ2H2O). For instance, at a constant supersaturation of X = 2.6, the propagation of [001] steps on the
(100) face of CaC2O4ÆH2O drops by a factor of about 6
when the solution ratio, r = [Ca2+]/[C2 O4 2 ], increases from
1 to 10, or decreases from 1 to 0.1. At r values greater than
10, or smaller than 0.1, little further change in the step rate
is observed. Chernov and coworkers interpreted the observed eﬀect of r on the growth kinetics of CaC2O4ÆH2O
and MgC2O4Æ2H2O within the framework of the non-Kossel crystal growth theory for binary salts (Zhang and
Nancollas, 1998). According to the theory, the attachment
frequencies of the cation and anion to kink sites at the mineral surface are proportional to their respective concentrations in solution. A symmetric rate distribution is
predicted when the proportionality constants, or frequency
factors, are the same for the cation and anion.
Identical frequency factors for the incorporation of cation and anion into kink sites are rather unexpected, as also
remarked by Chernov et al. (2006). The slower dehydration
of the cation is often assumed to be rate-limiting for surface
reaction-controlled growth of salt-type minerals (Nielsen,
1984). However, this would result in a rate optimum at
r > 1, which is not the case. Possibly, the net negative surface charge of calcite at the high pH of our study
(pHZPC  8, Van Cappellen et al., 1993) facilitates the
incorporation of Ca2+ ions into the lattice, and results in
comparable frequency factors for the attachment of Ca2+
and CO3 2 ions. A logical extension of the work presented
here would therefore be to determine the dependence of the
calcite growth rate on r over a range of pH and, therefore, a
range of surface charge and surface speciation.
Most natural waters are characterized by [CO3 2 ] to
[Ca2+] ratios much smaller than one. For example, r values
for surface ocean waters are on the order of 100 (Zeebe and
Westbroek, 2003), while in freshwater and marine sediment
pore waters r typically varies between 50 and 2000 (Cai
et al., 2000; Mueller et al., 2003; Jahnke & Jahnke, 2004).
Hence, the solution stoichiometries of these waters fall
mostly outside the range of r where a strong eﬀect on calcite
growth kinetics is expected (Fig. 5). Changes in solution
composition then mainly aﬀect the growth rate via the degree of supersaturation. This, however, may no longer be
the case for biologically mediated calcite precipitation.
Organisms such as marine calcifying algae actively regulate
Ca2+ transport from the surrounding seawater to the site of
calciﬁcation through cell physiological processes (Langer
et al., 2006). In the highly controlled cell environment, r
may diﬀer signiﬁcantly from the value in the bulk medium.
Solution stoichiometry may therefore provide calcifying
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Fig. 5. Growth rate versus the inverse of the solution [Ca2+]/[CO3 2 ] ratio, r, for two diﬀerent degrees of supersaturation with respect to
calcite. (Error bars denote standard deviations. The dotted lines are only a guide to the eye, not theoretical curves. They emphasize the
symmetrical distribution of the growth rates with respect to r = 1.)

organisms with an additional means to control the mineralization process.
4.2. Sr partition coeﬃcients
The LA-ICP-MS ablation spectra of the calcite overgrowths show the expected high 88Sr and low 26Mg signals
(Fig. 4). Average Sr partitioning coeﬃcients derived from
the 88Sr and 44Ca counts and the solution composition
are listed in Table 3. The distribution coeﬃcients increase
with the calcite growth rate (Fig. 6). As for the growth rate
itself, most of the observed variability in DSr reﬂects diﬀerences in the [Ca2+]/[CO3 2 ] solution ratio among the experiments, rather than diﬀerences in the degree of
supersaturation.
A positive correlation of DSr and the growth rate of calcite has also been reported by Lorens (1981) and Tesoriero
and Pankow (1996). These authors, however, used calcite
powder as seed material instead of single crystals. Bulk precipitation rates (e.g., in units of mass % per time) in the

experiments of Tesoriero and Pankov were up to two orders
of magnitude faster than measured here, reﬂecting the much
higher mineral surface areas of the minerals used there.
However, the two studies yield trends between DSr and
the growth rate that are in reasonable agreement, when
the growth rates are normalized to the geometric surface
areas of the two diﬀerent calcite seed materials (Fig. 7).
In both studies, the lowest values of DSr are on the order
of 0.02, which corresponds to the equilibrium value, K DSr
(Rimstidt et al., 1998). According to Tesoriero and Pankov,
their highest incorporation of Sr (DSr = 0.14) is partially due
to formation of discrete inclusions of SrCO3. Similarly, our
highest value of DSr (0.21) corresponds to the experiment in
which the solution was supersaturated with respect to
SrCO3 (X = 3). If the two highest DSr values are excluded,
the combined data set in Fig. 7 might imply a saturation plateau for Sr incorporation around DSr  0.12. A maximum
DSr value around 0.12 was proposed by Stoll et al. (2002),
based on the surface enrichment model for trace elements
of Watson (1996) and Watson and Liang (1995).

Table 3
Crystal growth rates and Sr partition coeﬃcients
Experiment

R 102 (102% h1)

R nmol cm2 min1

Sr/Ca mmol mol1

nm/nc

DSr

reac004n
reac005
reac001
reac007
reac006n
reac002a
reac008
reac003
reac003n
reac009
reac002bn
reac002b

0.33 ± 0.09
1.8 ± 0.3
3.8 ± 0.7
1.8 ± 0.2
0.5 ± 0.3
0.25 ± 0.05
0.27 ± 0.04
2.1 ± 0.5
2.4 ± 0.7
0.9 ± 0.1
0.28 ± 0.04
0.25 ± 0.02

5.8 ± 1.5
51.7 ± 14.6
88.7 ± 19.2
40.6 ± 6.3
8.9 ± 5.3
6.7 ± 2.1
7.0 ± 1.0
60.6 ± 27.5
64.8 ± 17.9
18.8 ± 8.8
6.3 ± 0.7
6.2 ± 0.7

n.d.
0.7 ± 0.2
14 ± 2
1.2 ± 0.3
0.20 ± 0.05
n.d.
0.3 ± 0.01
1.51 ± 0.05
1.44 ± 0.03
n.d.
n.d.
n.d.

—
2/1
8/2
3/2
4/2
—
1/1
2/2
2/2
—
—
—

—
0.07 ± 0.02
0.21 ± 0.03
0.12 ± 0.02
0.02 ± 0.01
—
0.03
0.11 ± 0.05
0.11 ± 0.01
—
—
—

The growth rates are calculated from the measured weight increases of the calcite crystals during the growth experiments (Table 2). The Sr/Ca
molar ratios are derived from the LA-ICP-MS measurements. The number of measurements (nm), as well as the number of crystals (nc) grown
per inﬂow solution composition, are given (n.d., not determined).
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Fig. 6. Distribution coeﬃcient for Sr versus calcite growth rate for two diﬀerent degrees of supersaturation (error bars denote standard
deviations).

Fig. 7. Comparison of DSr values obtained in this study and in Tesoriero and Pankow (1996), plotted versus the calcite growth rates
normalized to the surface areas of the seed materials. The encircled data points may be aﬀected by the precipitation of SrCO3. See text for
detailed discussion.

5. CONCLUSIONS
Calcite growth experiments carried out at constant pH
and supersaturation demonstrate that the growth kinetics
depend on solution stoichiometry. The growth rate is maximal in a stoichiometric solution, i.e., when r = [Ca2+]/
[CO3 2 ] = 1, and decreases symmetrically away from
r = 1. The eﬀect of solution stoichiometry is most pronounced for values of r between 0.1 and 10. Within this
range, an increasing departure from r = 1 may lead to a decrease in the growth rate, even if the degree of supersaturation of the solution actually increases. The symmetric rate
distribution around r = 1 suggests similar frequency factors
for the attachment of cation and anion to kink sites at the
mineral surface, under the high pH (10.2) conditions of this
study.
The incorporation of strontium in calcite increases with
increasing growth rate. The Sr distribution coeﬃcients obtained here for single crystals are consistent with values in

earlier studies using suspended calcite powders, when normalizing the growth rate to the geometric calcite surface
area. The Sr/Ca ratio in calcite thus reﬂects the combined
eﬀects of the supersaturation and stoichiometry of the
aqueous phase on the crystal growth kinetics. Both supersaturation and solution stoichiometry at the site of calcite
formation are potentially modulated by cellular processes
in calcifying organisms, and may therefore contribute to
the ‘‘vital eﬀect’’ on Sr/Ca ratios.
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