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Effect of growth rate and pH on lithium incorporation in calcite
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Abstract

Carbonates are only a minor sink of oceanic lithium, yet the presence of this element and its abundance relative to other
metal cations in natural carbonate minerals is routinely used as a paleo-environmental proxy. To date, however, experimental
studies on the influence of physicochemical parameters that may control lithium incorporation in calcite, like pH and precip-
itation rate, are scarce. Therefore, we experimentally studied Li incorporation in calcite to quantify the apparent partitioning

coefficient (D�
Li ¼ cLi=cCað Þcalcite

mLiþ =mCa2þð Þsolution) between calcite and reactive fluid as a function of calcite growth rate and pH. The obtained

results suggest that D�
Li increases with calcite growth rate, according to the expression:
ðR2 ¼ 0:87; 10�8:1 � Rate � 10�7:1 mol m�2 s�1Þ
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This is

⇑ Co
E-m
LogD�
Li ¼ 1:331ð�0:116Þ � LogRateþ 6:371ð�0:880Þ
Additionally the experimental results suggest that D�
Li values exhibit a strong pH dependence. For experiments conducted

at similar growth rates (i.e. Rate = 10�7.7±0.2 mol m�2 s�1), D�
Li decreases with increasing pH as described by:
¼ 0:90; 6:3 < pH < 9:5Þ
LogD�
Li ¼ �0:57ð�0:047Þ � pHþ 0:759ð�0:366Þ ðR2
The positive correlation of D�
Li with calcite growth rate is consistent with an increasing entrapment of traces/impurities at

rapidly growing calcite surfaces, although the incorporation of monovalent cations such as Li+ and Na+ does not necessarily
imply a substitution of Ca2+ ions in the calcite crystal lattice. The dependence of D�

Li on pH can be considered as an indication
that activity of aqueous HCO3

� controls the incorporation of Li+ in calcite. The proposed coupled reaction can be explained
by charge balance of these monovalent species, which is likely valid at least during the initial step of adsorption on the crystal
surface. These new findings shed light on the mechanisms controlling Li incorporation in calcite and have direct implications
on the use of Li partitioning coefficients in natural carbonates as an environmental proxy.
� 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION

1.1. General background

The trace elemental and isotopic composition of natural
carbonate minerals is routinely used by the geoscientific
community in order to elucidate the environmental condi-
tions that occurred during mineral formation. In this
regard, the mechanisms controlling chemical and isotopic
fractionation during CaCO3 mineral formation have been
the subject of numerous experimental studies over the last
four decades (e.g. Lorens, 1981; Mucci and Morse, 1983;
Busenberg and Plummer, 1985; Mucci, 1988; Dromgoole
and Walter, 1990; Dietzel and Usdowski, 1996; Tesoriero
and Pankow, 1996; Boettcher, 1998; Dietzel et al., 2004;
Lakshtanov and Stipp; 2004; 2007; Gabitov and Watson,
2006; Tang et al., 2008a; 2008b; Mavromatis et al., 2013;
2015; 2017a; 2018; Gabitov et al., 2014a; 2014b;
Purgstaller et al., 2016; 2017; Voigt et al., 2017). The incor-
poration of trace elements in carbonate minerals, however,
is not controlled only by physicochemical parameters such
as temperature, pH and solution composition. It is also
affected by the chemical properties of each element and
by the crystal structure of the forming mineral phase. For
example, spectroscopic techniques have revealed that the
incorporation of divalent cations in calcite and aragonite
has been shown to follow an ideal substitution of the
Ca2+ ion in the crystal lattice (e.g. Reeder et al., 1999). This
mechanism is not valid for monovalent or trivalent cations,
however, due to ionic radii differences and the charge
imbalance that is provoked by such substitution.

In the present study, we investigate the mechanisms con-
trolling the incorporation of lithium ion (Li+) in calcite. We
experimentally study the incorporation behavior of Li+ as a
function of calcite growth rate and pH of the forming fluid.
While lithium is readily incorporated into biotite, cordierite,
alkali-feldspar, spodumene and petalite, it exhibits low con-
centrations in carbonate minerals of both biogenic and abi-
otic origin (Burton and Vigier, 2011). As such, the major
source of Li in oceanic waters mainly originates from the
weathering of continental silicate rocks and its transport
via rivers and groundwaters (e.g. Chan et al., 1992; Huh
et al., 2001; Négrel et al., 2010). Once introduced into the
oceans, major sinks of Li can be ascribed to sea-floor alter-
ation and partly to incorporation into marine carbonates
(Misra and Froelich, 2012). Note here that Li is a strongly
hydrophilic element that does not readily form aquo-
complexes. Moreover, lithium is not utilized in biological
systems, thus Li/Ca ratios of marine carbonates have the
potential to provide information about changes of global
environmental conditions like continental weathering, mar-
ine hydrothermal activity, sea level and temperature (Misra
and Froelich, 2012). Actually the Li content of marine cal-
cites, and more routinely its ratio to major or trace elements
in biomineral exoskeletons (i.e. Li/Ca, Li/Mg, Li/Sr), is used
to infer physicochemical parameters of forming natural solu-
tions such as dissolved inorganic carbon and/or degree of
seawater saturation with respect to calcite (Hall and Chan,
2004; Lear and Rosenthal, 2006; Lear et al., 2010; Vigier
et al., 2015), temperature (Hall and Chan, 2004; Marriott
et al., 2004a; Bryan and Marchitto, 2008; Lear et al., 2010),
and growth rate (Hall and Chan, 2004). To date however,
information about the impact of physicochemical conditions
on the incorporation of Li in carbonateminerals is still highly
ambiguous. Earlier works in geological carbonate samples
have shown that the Li/Ca ratio of foraminiferal calcite is
not related to the temperature, whereas in brachiopods the
Li/Ca ratio decreases with increasing temperature (Delaney
et al., 1985; 1989). Moreover, the presence of organics, as
well as vital effects of corals and shells, is presumed to influ-
ence the mechanisms controlling the incorporation of Li in
calcite. To explain the controlling parameters and mecha-
nisms, such as temperature (T), pH, calcification rate, salin-
ity, and incorporation reactions in the carbonate lattice, well
constrained laboratory experiments are required. To date,
however, only a few studies have investigated the mecha-
nisms controlling the Li/Ca ratio and the Li isotope compo-
sition of calcite under laboratory conditions. For instance,
Marriott et al. (2004a) demonstrated that the ratio of Li/
Ca of calcite decreases with increasing formation tempera-
ture and decreasing salinity (Marriott et al., 2004b). How-
ever, parameters such as mineral growth rate and pH have
not so far been explored. Thus the aim of the present study
is to explore the mechanisms that control the Li incorpora-
tion during the growth of calcite focusing on the influence
of growth rate and pH.

1.2. Mechanisms of monovalent cation incorporation in

carbonate minerals

The presence of monovalent metal cations (Me+) such as
Na+ in naturally-occurring carbonate minerals has been well
documented in the literature and a few models have been
developed for their position in the crystal lattice (White,
1977; 1978; Busenberg and Plummer; 1985; Yoshimura
et al., 2017).We note here that in contrast to divalent cations,
the incorporation of monovalent cations (Me+) is not
affected only by size difference between the trace element
and the host ion (Wang and Xu, 2001; Mavromatis et al.,
2018) but also by the charge imbalance that is imposed by
their presence in the solid phase. Earlier studies suggested
that Me+, specially Na+, may be present in calcite and arag-
onite at interstitial sites (White, 1977; 1978; Ishikawa and
Ichikuni, 1984; Oomori et al., 1985; Okumura and Kitano,
1986), which would result in a positive charge excess that
can be compensated by the presence of monovalent anions
or anion complexes (like OH�, HCO3

� or Cl�). In a similar
double substitution model Busenberg and Plummer (1985)
proposed the replacement of oneCa2+ ionwith twoNa+ ions
which is accompaniedwith structural incorporation of SO4

2�.
Finally, the presence of an anion vacancy for the incorpora-
tion of Na+ and K+ in aragonite has been suggested (White,
1977) in a model where two Ca2+ ions are replaced by two
Na+ ions with a CO3

2� vacancy.

1.3. Partitioning coefficients

The partitioning of divalent metal cations (Me2+)
between CaCO3 minerals and the forming aqueous phase
is generally defined as
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DMe2þ ¼ cMe=cCað Þcalcite
mMe2þ=mCa2þ
� �

solution

ð1Þ

where CMe and CCa denote the concentration of trace ele-
ment and calcium in the solid phase, respectively and
mMe2þ and mCa2þ denote the aqueous concentrations of free
Me2+ and Ca2+ ions, respectively. In experimental studies
performed at 1 bar CO2 and pH of �6.2, the ratio of the
molarities in Eq. (1) is commonly replaced by the ratio of
total aqueous concentrations owing to the fact that free
cations comprise typically more than 95% of the total con-
centration of the dissolved metal ion (Tesoriero and
Pankow, 1996; Lakshtanov and Stipp, 2007; Mavromatis
et al., 2013). The partitioning coefficient of Me2+ in CaCO3

minerals, as defined in Eq. (1), is based on the assumption
of an ideal substitution between a calcium ion with a diva-
lent cation in the crystal lattice of the CaCO3 phase. In
other words the formation of a dilute ideal solid-solution
is assumed. This model is further supported by spectro-
scopic studies (e.g. Reeder et al., 1999), which suggest that
impurities in calcite have a 6-fold coordination with respect
to oxygen ions, similar to that of Ca in this mineral phase.
This model is also valid for large divalent cations such as
Sr2+ and Ba2+ in the solid phase, although they regularly
occur in 9-fold coordination in aqueous media.

The definition of a partitioning coefficient for the incor-
poration of monovalent cations from an aqueous phase to
CaCO3 minerals, however, is not straightforward, as an
one-to-one substitution for Ca2+ cannot be considered.
As such, the apparent partitioning coefficients of Me+ in
calcium carbonate minerals are commonly expressed as
the ratio of total aqueous monovalent metal and Ca con-
centrations without any correction for the molarities of
the free ions (e.g. Ishikawa and Ichikuni, 1984; Marriott
et al., 2004a; 2004b). In this study, we report apparent par-
titioning coefficients of Me+ into calcite as:

D�
Meþ ¼ cMe=cCað Þcalcite

mMeþ=mCa2þ
� �

solution

ð2Þ

where c stands for the concentration of the metal ion in cal-
cite, mMeþ denotes the molar concentration of free Me+ in
the aqueous phase and mCa2þ is the molar concentration
of free Ca ions. This approach follows a similar nomencla-
ture for that used in Eq. (1) for the formation of a diluted
solid-solution from aqueous fluids (Tesoriero and Pankow,
1996; Prieto, 2009); we note here, that this does not imply a
formation of solid-solution in the case of monovalent ions
incorporation in calcite. The use of the molarity of the free
ions in Eq. (2) considers the formation of aqueous com-
plexes, a process that is significant for Ca within the pH
range explored in this study.

2. METHODS

2.1. Experimental set-up

The incorporation of Li in calcite was studied at 25 �C as
a function of mineral growth rate and pH of the reactive
fluid. The experimental set-up is illustrated in Fig. 1 and
is similar to that used earlier for pH controlled experiments
in our earlier studies (Mavromatis et al., 2015; Mavromatis
et al., 2019). Initially, the reactor contained 0.5 L of a 0.3 M
NaCl solution that was equilibrated with calcite at the pre-
defined pH conditions in advance of the co-precipitation
runs. Prior to the onset of the experiment, �1 g of calcite
seed material (Sigma-Aldrich, >99%) was introduced into
the reactor, together with a Li (i.e. LiCl) bearing solution.
The background electrolyte was fixed at 0.3 M NaCl. Cal-
cite overgrowth on the seed material was induced by the
simultaneous pumping of two separate solutions into the
reaction vessel using a peristaltic pump, the first containing
CaCl2 and LiCl and the second Na2CO3. The concentra-
tions of CaCl2 and Na2CO3 in the inlet solutions were for
each run equal and varied between 0.025 and 0.1 M. The
increase in the concentration of the inlet solutions resulted
in increasing surface normalized calcite growth rate under
chemical steady-state conditions.

During the course of an experimental run, the pH of the
reactive fluid remained constant, as achieved by the contin-
uous bubbling of CO2 and N2 gas mixtures. For experi-
ments at pH of �6.3 the bubbling gas was pure CO2,
whereas at pH of �8.1–8.4 atmospheric air was introduced
in the reactor. For experiments conducted at pH > 9.0, con-
stant pH conditions were achieved by titration of 0.5 M
NaOH into the reactor vessel. Note here that in order to
minimize evaporation, the gas phase was bubbled through
a 0.3 M NaCl solution prior to its introduction into the
reaction vessel. The inflow of the two inlet solutions in each
reactor occurred at a rate of �10 mL/day for each solution
and induced an increase of the volume of the reactive fluid.
Thus, every 24 h, a volume of reactive fluid, equal to the
sum of the volumes of the inlet solutions added in 24 h
by the peristaltic pump, was removed from the reactor so
that the fluid volume in the reactor remained constant
within ±4%. In this study, experiments 5_40 to 5_100 per-
formed at increased inflow rates of �20 mL/day for each
inlet solution in order to increase the actual surface normal-
ized calcite growth rate. In these experiments sampling of
the reactive fluid was performed more than once per day.
Stirring was stopped shortly prior to sampling to allow
the solid material to settle. In this way solid removal was
minimized and the solid:solution ratio was kept quasi-
constant during the course of a run. Immediately after sam-
pling, the fluid was filtered through a 0.2 lm Millipore cel-
lulose acetate syringe filter and a sub-sample was acidified
for further analyses of Ca, Li, and Na concentrations.
Reactive fluid carbonate alkalinity was determined in a sec-
ond sub-sample, whereas the fluid pH was measured in situ.
At the end of the experimental runs, the fluid was separated
from the solid phase via vacuum filtration using a 0.1 mm
filter (Millipore, cellulose acetate). The solids were rinsed
with Milli-Q water to remove adsorbed ions on the crystal
surfaces and subsequently dried at 40 �C.

2.2. Analytical procedures

2.2.1. Solution characterization

Elemental concentrations of reactive fluids and digested
solids were measured using a Perkin Elmer Optima 8300
DV Inductively coupled plasma optical emission spectrom-



Fig. 1. Experimental set-up for the calcite growth experiments.
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eter (ICP-OES) with an analytical precision of <±3 %. The
alkalinity of fluid samples was measured by standard HCl
titration using an automatic Schott TitroLine alpha plus
titrator with an uncertainty of ±2%. The pH was measured
using a SenTix� 945 pH gel electrode from WTW, cali-
brated against NIST standard buffers at pH = 4.01, 7.00
and 10.01 at 20 �C. Precision of pH measurements was
±0.04 units and the slope of the calibration was �57 (±1)
mV per pH unit. Aqueous speciation, ion activities and sat-
uration states (X) of the reactive fluids with respect to cal-
cite were calculated using PHREEQC software together
with its MINTEQ.V4 database (Parkhurst and Appelo,
1999).

2.2.2. Solid characterization

The collected solids were analyzed using an Attenuated
Total Reflectance - Fourier Transform Infrared Spectrom-
eter (ATR-FTIR; Perkin Elmer Spectrum 100) in the range
of 650–4000 cm�1. X-ray powder diffraction (XRD) pat-
terns were recorded using a PANalytical X´Pert PRO
diffractometer and Co-Ka-radiation (40 mA, 40 kV) from
4� to 85� at a scan speed of 0.03� min�1. The mineral phases
were quantified by Rietveld refinement using the PANalyt-
ical X’Pert HighScore Plus software with the PDF-2 data-
base. Selected solids were imaged using a ZEISS DSM
982 Gemini scanning electron microscope (SEM) operating
at 2 kV accelerating voltage. The specific surface area of
solid samples was determined by multi-point krypton
adsorption BET method (Brunauer et al., 1938) using a
Quantachrome Gas Sorption system.
3. RESULTS

3.1. Mineralogy of the precipitated solids

X-ray diffraction patterns of the precipitates suggest cal-
cite was the only mineral phase present, as did FT-IR spec-
tra which matched the calcite reference material. SEM
images showed that the precipitated solids (Fig. 2B) kept
the characteristic rhombohedron-like of the seed material,
consistent with the presence of calcite alone (Fig. 2A). They
consisted of aggregates of rhombohedral crystals with over-
growth features on the seed surface (Fig. 2B).

3.2. Chemical composition of reactive fluids and growth rate

calculation

Steady-state conditions with respect to aqueous calcium
concentrations were achieved between 1000 and 3000 min
depending on the applied pumping rate (Fig. 3). In con-
trast, Li concentrations appeared to be at steady-state con-
ditions from the onset of the experimental runs (Fig. 3).
Calcite growth rates expressed in mol m�2 s�1, were esti-
mated based on mass balance considerations using the
number of moles of Ca introduced in the reactor per unit
time and corrected for the number of moles of Ca removed
over the same period of time via sampling, after reaching
chemical steady-state conditions, according to the
expression

Rate ¼ nCa addð Þ�nCaðremÞ
86400

=S ð3Þ



Fig. 2. Scanning Electron Microphotographs of (A) calcite seeds used for the calcite growth experiments and (B) final overgrow precipitates
(Experiment CaLi3-25).
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where n stands for the number of moles of calcium added
into the reactor and removed from the reactor within
24 h, S denotes the total calcite surface (m2) and 86,400
stands for the number of seconds in 24 h (Mavromatis
et al. 2013; 2015). Note here that growth rate estimation
based on Eq. (3) is not taking into account the incorpora-
tion of traces such as Li and Na in the precipitated calcite
as the respective amounts are negligible compared to Ca.
The obtained overall variation in growth rates in experi-
ments conducted herein lays within the range
�8.2 � LogRate � �7.1 (see Table 1) and it exhibits a lin-
ear correlation with saturation degree of the reactive fluid
with respect to calcite for experiments conducted under
similar inlet solution inflow rates as it can be seen in elec-
tronic supplement (ESM) Fig. 1.

3.3. Lithium and sodium partitioning between calcite and

solution

The apparent partitioning coefficients of Li and Na in
the precipitated calcite have been calculated based on the
Fig. 3. Temporal evolution of Ca, Li and Na as a function of time
for experimental run CaLi3_40. Analytical uncertainty is included
in the symbol size.
molarities of the respective free aqueous ions after the
attainment of chemical steady-state conditions using
Eq. (2). Note here that no corrections applied to the Na
concentrations in experiments performed at pH �9.5 (i.e.
7_25, 7_50 and 7_100) for the amount of Na that was addi-
tionally added in the reactive fluid via NaOH titration. This
is because the overall amount of Na added in a course of a
run was �3 mmoles and it did not measurably increase the
Na concentration of the reactive fluid (see ESM Table 1).
The molarities of aqueous complexes considered in this
study are shown in the ESM Table 1. Note that the concen-
tration of Me+ in the solid phase used in Eq. (2) has been
corrected for the amount of seed material in the bulk pre-
cipitate. The amount of the precipitate varied between
�0.2 and �3.0 g among the experimental runs

Obtained results for D�
Li and D�

Naare provided in Table 1.
Overall D�

Li and D�
Na values range within

�4.8 � LogD�
Li � �2.8 and �5.4 � LogD�

Na � �2.9, respec-
tively. There is a notable correlation of DLi

* with growth
rate for experiments conducted in the pH range between
8.0 and 8.3 (Fig. 4). This correlation is also reflected in
the variation of D�

Li with the saturation degree of the reac-
tive fluid with respect to calcite as it is depicted in ESM
Fig. 2. The positive correlation between D�

Li and Rate can
be described by the linear relationship

LogD�
Li ¼ 1:331ð�0:116Þ � LogRateþ 5:966ð�0:880Þ;

R2 ¼ 0:87 ð4Þ

In similar terms Na incorporation in calcite, over the
same pH range, can be described as a function of growth
rate using the linear equation:

LogD�
Na ¼ 1:413ð�0:202Þ � LogRateþ 6:039ð�1:527Þ;

R2 ¼ 0:72 ð5Þ

Furthermore, the experimental results indicate that the
pH of the reactive fluid has a strong effect on the D�

Livalue.
Indeed, as is illustrated in Fig. 5, at the lowest pH value
employed in the experiments of this study of about 6.3,



Table 1
Chemical composition of Li and Ca in the reactive fluid at chemical steady-state conditions, pH, estimated growth rate and distribution
coefficients of Li and Na in the forming calcite during the experimental runs calculated from both molarities of free ions and total aqueous
concentrations.

Experiment Liss (mM) Cass (mM) Alkalinity (mM) pH LogRate LogD�
Li LogD�

Na LogDLi LogDNa

2_30* 0.35 0.99 2.7 8.27 �8.1 �4.7 �5.5 �4.3 �5.1
2_40* 0.34 1.12 2.6 8.29 �8.0 �4.5 �5.5 �4.1 �5.1
2_50 0.34 0.39 3.4 8.56 �8.1 �5.1 �5.7 �4.7 �5.3
2_60* 0.35 1.35 2.3 8.23 �7.8 �4.5 �5.6 �4.1 �5.2
2_70* 0.34 1.37 2.5 8.27 �7.7 �4.5 �5.5 �4.1 �5.1
2_80* 0.36 1.69 2.3 8.29 �7.6 �4.1 �5.4 �3.7 �5.0
2_90 0.35 0.78 2.6 8.40 �7.6 �4.5 �5.5 �4.1 �5.1
2_100* 0.35 1.61 2.3 8.25 �7.5 �3.9 �4.6 �3.5 �4.2
3_25* 0.35 1.32 2.2 8.23 �7.9 �4.5 �5.2 �4.1 �4.8
3_30* 0.35 0.89 2.6 8.35 �7.9 �4.7 �5.7 �4.3 �5.3
3_40* 0.35 1.04 2.4 8.33 �7.8 �4.4 �5.5 �4.0 �5.1
3_50* 0.35 1.73 2.1 8.17 �7.6 �4.3 �4.9 �3.9 �4.5
3_60* 0.34 1.30 2.3 8.30 �7.5 �4.3 �5.3 �3.8 �4.9
3_70* 0.36 1.33 2.2 8.28 �7.4 �4.1 �5.4 �3.7 �5.0
3_80* 0.35 1.85 2.2 8.28 �7.4 �3.9 �4.9 �3.5 �4.5
3_100* 0.35 2.11 2.2 8.34 �7.3 �3.6 �5.0 �3.2 �4.6
5_40* 0.41 1.41 2.6 8.10 �7.5 �3.9 �4.6 �3.5 �4.2
5_50* 0.45 1.49 2.7 8.07 �7.4 �3.6 �4.3 �3.2 �3.9
5_60* 0.44 1.49 2.6 8.13 �7.3 �3.7 �4.5 �3.3 �4.1
5_70* 0.45 1.72 2.5 8.04 �7.3 �3.7 �4.4 �3.3 �4.0
5_80* 0.40 1.27 2.7 8.09 �7.2 �3.7 �4.5 �3.3 �4.1
5_90 0.50 4.55 2.2 7.87 �7.2 �3.3 �4.1 �2.9 �3.7
5_100* 0.40 2.22 2.3 7.99 �7.1 �3.5 �4.4 �3.1 �4.0
7_25 0.31 0.10 2.8 9.59 �8.1 �5.2 �5.7 �4.8 �5.3
7_50 0.31 0.11 2.8 9.43 �7.8 �5.0 �5.7 �4.6 �5.3
7_100 0.31 0.14 2.6 9.54 �7.5 �5.1 �5.5 �4.6 �5.2
12_60 0.24 9.27 20.9 6.29 �7.8 �3.3 �3.3 �2.9 �2.8
12_70 0.26 7.47 20.6 6.34 �7.7 �3.4 �3.5 �3.0 �3.0
12_80 0.28 12.17 21.6 6.31 �7.7 �3.4 �3.5 �2.9 �3.0
12_100 0.24 9.51 22.3 6.31 �7.6 �3.3 �3.6 �2.8 �3.1
13_60 0.24 3.17 5.7 7.41 �7.7 �3.7 �4.1 �3.2 �3.7
13_70 0.25 3.56 5.3 7.49 �7.7 �3.7 �4.1 �3.3 �3.6
13_80 0.23 3.09 6.5 7.50 �7.7 �3.6 �4.2 �3.1 �3.8
13_100 0.24 3.10 5.4 7.44 �7.7 �3.7 �4.2 �3.3 �3.7

* Indicates samples used in Fig. 4.
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D�
Li reached its highest value of 10�2.9. In contrast, at the

highest pH value of about 9.5, D�
Li yielded its lowest value

of 10�4.8. The negative relation of D�
Li with pH for experi-

ments conducted at almost constant growth rates (i.e.
10�7.7±0.2 mol m�2 s�1) can be expressed using the linear
equation

LogD�
Li ¼ �0:57ð�0:047Þ � pHþ 0:759ð�0:366Þ;

R2 ¼ 0:90; 6:3 < pH < 9:5 ð6Þ
The observed dependence of the obtained D�

Meþ values
on growth rate calculated in this study is in good agreement
with the general behavior of divalent hydrophilic cations
with DMe2þ � 1 values. Those exhibit an increase in parti-
tioning between solid and fluid with increasing growth rates
(e.g., Lorens, 1981; Tesoriero and Pankow, 1996; Tang
et al., 2008a; Mavromatis et al., 2013). Similarly, for the
monovalent cation, Na+, it has previously been shown that
its incorporation in calcite is strongly affected by growth
rate (Busenberg and Plummer, 1985; Mucci, 1988). Finally,
the apparent partitioning coefficients, D�
Li, calculated in this

study based on Eq. (4) are in good agreement with those
reported previously by Marriott et al. (2004a; 2004b).
4. DISCUSSION

4.1. The role of growth rate on Li incorporation in calcite

The results of the present study suggest a strong varia-
tion of the D�

Li value of about two orders of magnitude over
a narrow pH range. Indeed, as depicted in Fig. 4, the D�

Li

values increase from 10�4.8 to 10�2.9 as calcite growth rate
increases from 10�8.1 to 10�7.1 (mol m�2 s�1). Considering
that this increase in D�

Li occurs within a narrow pH range of
8.0 � pH � 8.3, and from the constant background elec-
trolyte composition in all experimental runs (i.e. �0.3 M
NaCl) it can be reasonably deduced that under these condi-
tions the parameter controlling the incorporation of Li in
calcite is the growth rate.



Fig. 4. Apparent partition coefficient of Li and Na between calcite
and reactive fluid plotted as a function of calcite growth rate for
experiments conducted in the range 8.0 � pH � 8.3. Analytical
uncertainty is included in the symbol size.

Fig. 5. Apparent partition coefficient of Li and Na between calcite
and reactive fluid plotted as a function of pH for experiments
conducted at similar growth rates (i.e. 10�7.7±0.2). Analytical
uncertainty is included in the symbol size.
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Growth rate effects on elemental partitioning during cal-
cium carbonate mineral growth have been documented for
a large number of traces/impurities. As described by
Rimstidt et al. (1998), with increasing growth rate the ele-
mental partitioning of divalent cations during their incor-
poration in a metal carbonate mineral phase tends
towards unity. This behavior implies that at elevated
growth rates elemental discrimination, as is postulated by
thermodynamic considerations, is no longer valid, and the
elemental ratio of trace to major ion in the precipitate
approaches that of the forming fluid. Such behavior has
been experimentally shown to be valid for a large number
of divalent cations during calcite growth (i.e. Ba2+, Cd2+,
Co2+, Fe2+, Mn2+, Ni2+, Sr2+, Zn2+; Lorens, 1981;
Pingitore and Eastman, 1984, 1986; Dromgoole and
Walter, 1990; Tesoriero and Pankow, 1996; Temmam
et al., 2000; Lakshtanov and Stipp 2007; Tang et al.,
2008a; Mavromatis et al., 2013; 2017a; 2018). A similar
behavior has been shown to be valid for anions like borate,
sulphate and phosphate, where incorporation in calcite is
characterized by small partitioning coefficients (Busenberg
and Plummer, 1985; House, 1990; Mavromatis et al.,
2015; Uchikawa et al., 2015; 2017; Wynn et al., 2018).

The impact of growth rate on Li partitioning in calcite
can be explained by the growth entrapment model (GEM)
developed by Watson and co-workers (Watson and
Liang, 1995; Watson, 1996, 2004). This model has previ-
ously been used to describe the incorporation of divalent
metal (Me2+) cations in calcite. The GEM states that dur-
ing rapid growth of calcite crystals, trace elements that
are incompatible with the calcite structure are enriched in
a surface layer of the freshly forming crystal. This implies
that the partitioning coefficient of hydrophilic divalent
cations, DMe2þ < 1, which can form a solid-solution with cal-
cite via the direct substitution of Me2+ with Ca2+ in the
crystal lattice, would increase at elevated growth rates. Over
the last decades GEM has been successfully applied to
describe elemental partitioning of divalent cations between
carbonate minerals and fluids (Gabitov and Watson, 2006;
Gaetani and Cohen, 2006; Gabitov et al., 2008, 2012; Tang
et al., 2008a; 2008b; Mavromatis et al., 2013).

In comparison to other impurities in calcite, both
cations and anions, Li partitioning exhibits likely the
strongest correlation to growth rate as demonstrated in
Fig. 4. Indeed, with an increase of �2 orders of magni-
tude in D�

Li values over an increase of about one order
of magnitude in growth rate, Li concentrations in calcite
are likely a very sensitive indicator of mineral growth in
comparison to other ions. For example, Mg exhibits an
increase of only about 0.5 orders of magnitude over a
two order of magnitude increase in growth rate
(Mavromatis et al., 2013). As discussed above, the incor-
poration of monovalent cations in carbonate minerals is
not occurring via direct substitution of Ca2+ ion in the
calcite structure. In the case of Na+ incorporation in cal-
cite, D�

Na is suggested to depend on the density of crystal
surface defects (Busenberg and Plummer; 1985; Mucci,
1988), a feature that increases with precipitation rate
(Teng et al., 2000). Accordingly, it is likely that the reac-
tion mechanism controlling Li+ incorporation in calcite is
the same as that for Na+. Okumura and Kitano (1986),
reached the same conclusion, and inferred this mechanism
also for K+ and Rb+. The similar mechanism of Li+ and
Na+ incorporation in calcite is further supported by the
very similar rate dependence of D�

Meþ (see data in
Fig. 4). Indeed the slopes of D�

Li and D�
Na as defined in

Eqs. (4) and (5), respectively, are identical within the error
of estimation of apparent partitioning coefficients. The
difference in the absolute D�

Meþ values of about one order
of magnitude is likely explained by the difference in ionic
radii between Li+ and Na+ (Okumura and Kitano, 1986).
In an aqueous phase, Li+ occurs as a 6-coordinated ion
with a radius of 0.76 Å (Shannon, 1976), whereas 6-fold
coordinated Na+ is �25% larger with an ionic radius of
1.02 Å (Shannon, 1976). As such, it can be assumed that
the introduction of Me+ ions in the calcite lattice is some-
what affected by their ionic radii.



Fig. 6. Apparent partition coefficient of Li in calcite and reactive
fluid plotted as a function of activity of aqueous bicarbonate ion.
Experiments at pH 8.1–8.4 where growth rate has been increased
are represented by circles. Analytical uncertainty is included in the
symbol size.
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4.2. The role of pH on Li incorporation in calcite

The findings of this study suggest that the growth rate at
which calcite forms strongly controls the D�

Li value. As it is
depicted in Fig. 5, however, pH has also a strong control
over the measured D�

Li values. Indeed, for experiments con-
ducted under similar surface normalized growth rates (i.e.
10�7.7±0.2 mol m�2 s�1) D�

Li exhibits a strong reduction from
10�3.3 to 10�5.1 as pH increases from �6.3 to �9.5. A sim-
ilar pH dependence has previously been shown for B incor-
poration in calcite and aragonite (Mavromatis et al., 2015;
Uchikawa et al., 2015). A comparison between these two
elements is not straightforward, however, as aqueous speci-
ation of B (i.e. [III]B and [IV]B) is strongly pH dependent,
whereas aqueous Li occurs primarily as Li+ independent
of fluid pH. As such, the decreasing D�

Li values at elevated
pH conditions are likely associated with the mechanism
of Li incorporation in the crystal structure and do not
reflect changes in aqueous speciation. The similar incorpo-
ration behavior of Na+ suggests a common mechanism
responsible for the incorporation of monovalent cations
in the calcite structure. The pH dependence of D�

Na, how-
ever, as depicted in Fig. 5, follows a somewhat different
trend as a function of pH. This difference likely stems from
the formation of Na+ aquo-complexes with HCO3

� and
CO3

2� (i.e. NaHCO3
o and NaCO3

�; ESM Table 1). We note
here that an adsorption mechanism controlling Li+ and
Na+ incorporation in the growing calcite cannot be com-
pletely excluded, as at elevated pH cation adsorption tends
to increase due to rising electrostatic attraction (e.g. Appelo
and Postma, 2007).

One of the major questions raised by the observed pH-
dependent Me+ partitioning in calcite is related to the
mechanism of Me+ incorporation in the crystal lattice. As
discussed above, the presence of monovalent cations in
the calcite crystal lattice is accompanied by a positive
charge excess that can potentially be balanced by the pres-
ence of anions. As is illustrated in Fig. 6, D�

Li in the exper-
iments conducted in this study exhibits a positive
correlation with the activity of aqueous bicarbonate ion
(i.e. aHCO�

3
). Moreover, as it is depicted in ESM Fig. 3, D�

Li

exhibits a positive relationship with the activity of aqueous
HCO3

� bearing species (i.e. CaHCO3
+, and NaHCO3�) and a

negative relationship with the activity of CO3
2� bearing spe-

cies (i.e. CO3
2�, and NaCO3

�) likely due to their pH depen-
dent distribution. The observed correlation between aHCO�

3

and D�
Li is also controlled by the prevailing pH with an over-

all decrease of aHCO�
3
values at increasing pH, similar to the

D�
Li trend presented in Fig. 5. Note here that a direct com-

parison of the aHCO�
3
among experiments conducted at dif-

ferent pH values is not straightforward as the prevailing
dissolved inorganic carbon concentration, here presented
as alkalinity (Table 1), varies among runs due to the pH
dependent solubility of calcite. The co-variation of aHCO�

3

with D�
Li, however, likely suggests that HCO3

� might com-
pensate the Li+ excess through an ion coupled incorpora-
tion mechanism. Note here that recently Andersson et al.
(2016) suggested on the basis of density functional theory
calculations that HCO3

� is stable on the calcite surface as
an adsorbed species, even at circum-neutral pH conditions
where CO3

2� is only a minor dissolved carbon species in the
aqueous phase. The correlation observed in Fig. 6, how-
ever, does not necessarily preclude the association of Li+

with HCO3
� in the crystal lattice of the final forming calcite.

Indeed, Yoshimura et al. (2017) suggested using syn-
chrotron X-ray spectroscopy that Na+ in calcite and arag-
onite is accompanied by a CO3

2� vacancy. This vacancy,
however, does not exclude the presence of HCO3

� surface
species during Me+ uptake on the growing surface and
points towards a re-arrangement of this ion during Me+

incorporation.

4.3. Implications for the Li content of natural calcite

The results of the present study clearly indicate that
growth rate plays a major role in the Li content of calcite.
We note here that a direct comparison with marine-grown
carbonates of either biogenic or abiotic origin may not be
straightforward and the proposed growth rate effect as
numerically described by Eq. (4) may not be directly appli-
cable. This is because in the experiments conducted herein
reactive fluids do not contain major ions present in seawa-
ter such as Mg2+ and SO4

2� that readily incorporate in cal-
cite (Mucci and Morse, 1983; Busenberg and Plummer,
1985; Mavromatis et al., 2017a; 2017b). The different size
of such impurities compared to the structural units of cal-
cite (i.e. Ca2+ and CO3

2�) may alter the crystallographic
structure of the mineral and thus promote increasing or
decreasing incorporation of small ions such as Li+. Overall,
the partitioning of Li in natural calcites can potentially be
used as a tool for estimating the formation rate, likely
together with ratios of other elements such as Mg/Ca.

Another significant finding of this work that has direct
implications for the interpretation of Li/Ca ratios in natural
calcites is the strong negative correlation with pH. A depen-
dence of Li content with dissolved inorganic carbon in
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calcite has previously been shown to exist in marine-derived
carbonates such as foraminifera (Dawber and Tripati, 2012;
Vigier et al., 2015). Although such dependence, or likely the
availability of aqueous HCO3

�, may be valid for marine car-
bonates, the highly buffered pH of oceanic waters which has
stayed quasi-constant over the last 100 ka (Foster, 2008)
together with the biological controls that may affect the
composition of the hard parts of calcifiers such as foramini-
fera, suggest that the observed pH-dependence (Fig. 5) can-
not directly be applied to marine carbonates. In the case of
continental carbonate deposits, e.g. travertine formation,
where significant pH variations occur, Li/Ca ratios may
provide insights on formation conditions.

Finally, our results suggest a positive correlation
between the apparent partitioning coefficients of Li and
Na according to the equation:

LogD�
Li ¼ 0:707 ð�0:054Þ � LogD�

Na � 0:563 ð�0:242Þ;
R2 ¼ 0:84 ð7Þ
Fig. 7. Apparent partition coefficient of Li vs Na. in calcite (A)
calculated based on the abundance of free ions in the reactive fluid
and (B) calculated based on the total concentrations of Li and Na
in the reactive fluid. Analytical uncertainty is included in the
symbol size.
This relation is valid for all the experimental runs inde-
pendently of calcite growth rate. Measured Li/Na ratios in
natural calcites can thus be used to estimate the Na+ con-
centration in the precipitating fluid from Eq. (7) if its Li+

concentration is known or can be reasonably estimated
(and vice versa for Na+). Considering that for natural sam-
ples, as for example seawater, the Me+/Ca concentration
ratios are commonly used instead of those for activities,
we have plotted in Fig. 7B the partitioning coefficient rela-
tionship using total Li and Na aqueous concentrations
using the notation DMe. This relationship can be expressed
as:

LogDLi ¼ 0:699 ð�0:052Þ � LogDNa � 0:602 ð�0:229Þ;
R2 ¼ 0:85 ð8Þ
and it exhibits a slope similar to that of Eq. (7). Note
here that the application of Eq. (8) in natural waters like
seawater is not straightforward. This is because it has
been calculated for calcites precipitated from a solution
with a background electrolyte of �0.3 M NaCl that does
not contain other major ions like Mg2+ and SO4

2�. The
latter ions are abundant at high concentrations in seawa-
ter and well known to affect carbonate mineral formation
(e.g. Mucci and Morse, 1983; Busenberg and Plummer,
1985)

5. CONCLUSIONS

The experimental work performed in this study docu-
ments that the incorporation of Li in calcite during its
growth is affected by at least two parameters, the growth
rate and the pH. The observed increase of Li incorporation
in the growing calcite can be well explained by the surface
entrapment approach that was previously developed by
Watson and co-workers (Watson, 1996; 2004; Watson
and Liang, 1995). In the case of monovalent cations such
as Li+ and Na+, entrapment is associated with the presence
of defects on crystal surface. The occurrence of such defects
is expected to increase at elevated calcite growth rates, sim-
ilar to the apparent Li partitioning coefficients measured
herein. As such, the experimental results imply that Li/Ca
ratios in natural calcites can be used as a tool for the esti-
mation of mineral growth rates. Moreover, the similar
behavior of sodium and lithium during their incorporation
into calcite indicates that the introduction of monovalent
cations in calcite is controlled by the same mechanism
though absolute partitioning values are affected by ionic
radii. The linear correlation of the apparent partitioning
coefficients of Li and Na in the forming calcite is indepen-
dent of growth rate effects, thus Li/Na ratios in natural cal-
cites may be used as a novel tool for reconstructing Na or
Li concentration of the aqueous fluids from which calcite
formed.

The experimental results suggest that incorporation of
monovalent cations in the calcite crystal lattice may be
associated with the presence of HCO3

�. Whether the bicar-
bonate ion is introduced in the crystal lattice or not cannot
be concluded from the present study and has to be assessed
in forthcoming high resolution spectroscopic studies.
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Corrigendum

Corrigendum to ‘‘Effect of growth rate and pH on lithium incorporation in
calcite” [Geochim. Cosmochim. Acta 248 (2019) 14–24]
In the original article, Table 1, data reported in columns LogD�
Li and LogD�

Na are incorrect.
This correction does not affect Eq. (7) and does not change the conclusions of the original article.
The authors would like to apologize for any inconvenience that this oversight may have caused.
/doi.org/10.1016/j.gca.2020.03.019This is an open access article under theCCBY-NC-ND license (http://creativecommons.org/licenses/by-

I of original article: 10.1016/j.gca.2018.12.040.

1
cal composition of Li and Ca in the reactive fluid at chemical steady-state conditions, pH, estimated growth rate and distribution
ients of Li and Na in the forming calcite during the experimental runs calculated from both molarities of free ions and total aqueous
trations.

ment Liss (mM) Cass (mM) Alkalinity (mM) pH LogRate LogD�
Li LogD�

Na LogDLi LogDNa

0.35 0.99 2.7 8.27 �8.1 �4.3 �5.4 �4.3 �5.1
0.34 1.12 2.6 8.29 �8.0 �4.1 �5.1 �4.1 �5.1
0.34 0.39 3.4 8.56 �8.1 �4.7 �5.3 �4.7 �5.3
0.35 1.35 2.3 8.23 �7.8 �4.1 �5.2 �4.1 �5.2
0.34 1.37 2.5 8.27 �7.7 �4.1 �5.1 �4.1 �5.1
0.36 1.69 2.3 8.29 �7.6 �3.7 �5.0 �3.7 �5.0
0.35 0.78 2.6 8.40 �7.6 �4.1 �5.1 �4.1 �5.1
0.35 1.61 2.3 8.25 �7.5 �3.5 �4.2 �3.5 �4.2
0.35 1.32 2.2 8.23 �7.9 �4.1 �4.8 �4.1 �4.8
0.35 0.89 2.6 8.35 �7.9 �4.3 �5.3 �4.3 �5.3
0.35 1.04 2.4 8.33 �7.8 �4.0 �5.1 �4.0 �5.1
0.35 1.73 2.1 8.17 �7.6 �3.9 �4.5 �3.9 �4.5
0.34 1.30 2.3 8.30 �7.5 �3.9 �4.9 �3.8 �4.9
0.36 1.33 2.2 8.28 �7.4 �3.7 �4.9 �3.7 �5.0
0.35 1.85 2.2 8.28 �7.4 �3.5 �4.5 �3.5 �4.5
0.35 2.11 2.2 8.34 �7.3 �3.2 �4.6 �3.2 �4.6
0.41 1.41 2.6 8.10 �7.5 �3.5 �4.2 �3.5 �4.2
0.45 1.49 2.7 8.07 �7.4 �3.2 �4.2 �3.2 �3.9
0.44 1.49 2.6 8.13 �7.3 �3.3 �4.1 �3.3 �4.1
0.45 1.72 2.5 8.04 �7.3 �3.3 �4.0 �3.3 �4.0
0.40 1.27 2.7 8.09 �7.2 �3.3 �4.1 �3.3 �4.1
0.50 4.55 2.2 7.87 �7.2 �2.9 �3.7 �2.9 �3.7
0.40 2.22 2.3 7.99 �7.1 �3.1 �4.0 �3.1 �4.0
0.31 0.10 2.8 9.59 �8.1 �4.8 �5.3 �4.8 �5.3
0.31 0.11 2.8 9.43 �7.8 �4.6 �5.3 �4.6 �5.3
0.31 0.14 2.6 9.54 �7.5 �4.7 �5.1 �4.6 �5.2
0.24 9.27 20.9 6.29 �7.8 �2.9 �2.9 �2.9 �2.8
0.26 7.47 20.6 6.34 �7.7 �3.0 �3.1 �3.0 �3.0
0.28 12.17 21.6 6.31 �7.7 �3.0 �3.1 �2.9 �3.0
0.24 9.51 22.3 6.31 �7.6 �2.9 �3.2 �2.8 �3.1
0.24 3.17 5.7 7.41 �7.7 �3.3 �3.7 �3.2 �3.7
0.25 3.56 5.3 7.49 �7.7 �3.3 �3.7 �3.3 �3.6
0.23 3.09 6.5 7.50 �7.7 �3.2 �3.8 �3.1 �3.8
0.24 3.10 5.4 7.44 �7.7 �3.3 �3.8 �3.3 �3.7

icates samples used in Fig. 4.
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