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ARTICLE INFO ABSTRACT

Editor: Michael E. Boettcher The distribution coefficient of Zn?* (i.e., DZ!) between calcite/aragonite and reactive fluids were estimated as a

function of mineral growth rate (10786 < rp < 1077-3 mol/m?/s) at 25 °C and 1 bar pCO2. The obtained results

Keywords: suggest that rate strongly influences DZ! in both minerals and the dependence of DZ on growth rate can be
Zinc distribution coefficient described as:

Calcite Log Duacite = —0.331 (£0.048) Log r, - 0.991 (£0.375); R? = 0.82

Aragonite

Log D’zz,;mgm,»te = 0.751 (£0.089) Log r, + 5.160 (+0.702); R?=0.88

These correlations for calcite and aragonite are in agreement with the incorporation of foreign ions in
compatible and incompatible host mineral structures, respectively. The use of the surface reaction kinetic model
(SRKM) to fit the experimental data provided good results for calcite. In contrast, SRKM was not able to provide a
good fit for Zn incorporation in aragonite, underlying the difficulties to model incorporation of foreign elements
incompatible with the host mineral structure.

Moreover, a linear correlation was found between Dz and the saturation degree of the reactive fluid with
respect to the growing mineral phase that can be described as:

Log DZicite = —1.280 (40.221) Slearcite + 1.864 (+£0.053); R? = 0.77

Log Dimgonite = 2.852 (£0.418) Slyragonite - 1.640 (£0.138); R* = 0.82

Considering that SIpineral = O reflects chemical equilibrium in the above equations, a Log D7, at equilibrium
was calculated for both calcite (1.9) and aragonite (—1.6). This value is in good agreement with the theoretical
models for calcite, whereas in the case of aragonite it is 1.5 to 2.1 orders of magnitude lower than the previously
published values. While the incorporation of Zn ions into calcite implies the formation of a dilute solid-solution
between calcite and smithsonite (i.e. ZnCOs), the incorporation of Zn ions into aragonite is likely associated to
the density of defect sites at the growing mineral surface.

Mineral growth rate

1. Introduction abundance and ubiquity of the thermodynamically stable CaCO3 poly-

morph calcite under ambient conditions explains the particular atten-

The presence of foreign ions in carbonate minerals offers an excellent
opportunity to reconstruct the (paleo)physicochemical conditions of
their formation medium by elucidating the reactions and mechanisms
controlling their incorporation into the solid phase (e.g., Kitano et al.,
1975; Lorens, 1981; Mucci and Morse, 1983; Dromgoole and Walter,
1990; Paquette and Reeder, 1995; Reeder, 1996; Dietzel et al., 2004;
Gaetani and Cohen, 2006; Lee and Reeder, 2006; Lakshtanov and Stipp,
2007; Gabitov et al., 2008, 2011, 2021; Mavromatis et al., 2013, 2018,
2022; Alvarez et al., 2021; Brazier and Mavromatis, 2022). The
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tion it has received and the motivation in using it as (paleo)
environmental proxy. It has been demonstrated experimentally that
temperature, pH, saturation state of the reactive fluid with respect to the
forming mineral, or mineral growth rate exert control on the foreign ion
incorporation into carbonate minerals (e.g., Morse and Bender, 1990;
Temmam et al., 2000; Tang et al., 2008; Mavromatis et al., 2015; Voigt
et al., 2017; Fiiger et al., 2019; Goetschl et al., 2019). In contrast, the
parameters controlling foreign ions incorporation in aragonite have not
been adequately explored and only few studies have shown that the
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foreign to Ca ions molar ratio in aragonite are highly valuable for
environmental reconstruction purposes (Raiswell and Brimblecombe,
1977; White, 1977; Terakado and Masuda, 1988; Dietzel et al., 2004;
Gaetani and Cohen, 2006; Gabitov et al., 2008; Mavromatis et al., 2018,
2022; Brazier and Mavromatis, 2022; Brazier et al., 2023).

In contrast to calcite, which crystallizes in the trigonal system,
aragonite crystallizes in the orthorhombic system and in this phase Ca*
is coordinated to 9 oxygen ions. In this coordination system an ion-by-
ion substitution with foreign cations with smaller radii than Ca®* is
not favourable. This incompatibility of smaller cations substituting Cal®’
in the aragonite structure was reflected by the <1 distribution coeffi-
cient between the solid and the reactive fluid defined as:

D, , =
e (aper / Acg>+ )ﬂuid

(€Y

where C and a stand for molar concentration and activity of free ions,
respectively. Notably, the incorporation of foreign elements into an
incompatible crystal structure (i.e., lack of dilute solid-solution forma-
tion) has not been thoroughly studied and gaps of fundamental under-
standing related to reaction kinetics and mechanisms controlling ion
incorporation still remain.

Zinc is an element of interest due to its main role in oceanic bio-
logical cycles where it is an essential micronutrient for biotas (e.g., DNA
replication and transcription, cofactor in carbonic anhydrase and alka-
line phosphatase enzymes). Although Zn plays an essential role in many
biochemical systems when present at low concentrations, it can become
toxic at very high concentrations (e.g., Fisher et al., 1981; Morel and
Price, 2003; Bruland and Lohan, 2006; Rout and Das, 2009; Bong et al.,
2010; Conway and John, 2014; Weber et al., 2018; Kaur and Garg,
2021). Similar to other divalent transition metals, Zn ions show a high
affinity for adsorption on solid surfaces and for incorporation into
calcite (Crocket and Winchester, 1966; Kitano et al., 1976; Zachara
et al., 1989; Reeder, 1996; Cheng et al., 1998; Dong and Wasylenki,
2016; van Dijk et al., 2017; Mavromatis et al., 2019). Interestingly, Zn
ions have a strong ability to change their coordination with respect to
oxygen ions both in aqueous fluid and when adsorbed at or incorporated
into a solid. Previous studies have shown, that although zinc adsorbs
onto the surface of calcite as a tetrahedrally coordinated complex, its
coordination number is smaller (between 2 and 4-fold coordination)
compared to the crystal lattice (6-fold coordination) (e.g., Elzinga and
Reeder, 2002; Burgess and Prince, 2006; Elzinga et al., 2006; Fujii et al.,
2014). This ability to reach a 6-fold coordination in the calcite crystal
lattice as well as the very high distribution coefficient (Dzﬁdte) are
consistent with an ion-by-ion substitution of Zn?>" with Ca?* ions,
indicating the formation of a dilute solid-solution between calcite and
smithsonite (ZnCOs3) (Reeder et al., 1999). However, in order 7Zn?** to
substitute Cal® in aragonite lattice requires a coordination change from
6 in the fluid to 9 in the solid. This coordination change together with
the significant small ionic radius of Zn?* compared to Ca'®! makes this
substitution unfavourable. While some studies focused on the Zn
adsorption/incorporation in calcite from an isotopic point of view (e.g.,
Dong and Wasylenki, 2016; Mavromatis et al., 2019), to our knowledge
only few studies have focused on the parameters controlling the
elemental incorporation of zinc into calcite or aragonite.

In this study, we explore the effect of mineral growth rate on Zn
incorporation into calcite and aragonite through co-precipitation ex-
periments (25 °C and 1 bar pCO5) using the constant addition technique.
The obtained results bring insights into the effect of mineral growth rate
on Zn distribution between both calcite and aragonite and forming fluid
and represent a case scenario for an element incorporation into a
compatible and incompatible crystal structure.
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2. Materials and methods
2.1. Incorporation experiments

The incorporation of Zn into calcite and aragonite was studied during
mineral overgrowth on synthetic seeds of calcite (from Sigma-Aldrich)
and aragonite (precipitated following the procedure of Mavromatis
et al. (2022)) using a mixed flow reactor (see Fig. 1; previously described
by Mavromatis et al., 2019). The experiments were performed at 25 °C
and 1 bar pCO, to ensure that the majority of aqueous Zn is present as
free ions (i.e. Zn2+) in the reactive fluids and to avoid the formation of
hydrozincite (i.e., Zns(CO3)2(OH)g). The use of a NO3 matrix instead of
Cl™ has been chosen due to the smaller affinity for aquo-complex for-
mation of Zn®" with NO3 compared to Cl~ (i.e., Mavromatis et al.,
2019). Shortly before the onset of the experiments, 0.5 L of fluid con-
taining Zn(NOs)2 (~0.5 mM and ~0.25 mM for calcite and aragonite
experiments, respectively), ~300 mM of NaNO3 and ~10 mM of Ca
(NO3), were prepared for each reactor. Note that ~25 mM of Mg(NO3)s
was added during the experiments with aragonite seeds to inhibit for-
mation and growth of calcite (e.g., Bischoff, 1968; Berner, 1975). Be-
tween 1 and 5 g of seeds were added to each reactor at the beginning of
the experiments and the homogeneity of the mixture was ensured by
continuous stirring at 240 rpm with Teflon coated floating stirring bars.
Calcite and aragonite overgrowth in the reactors was induced by the
introduction via a peristaltic pump at similar flowrates (i.e., between
10.4 and 22.7 mL/day) of two distinct inlet fluids (fluid 1: Ca(NOs3)s, Zn
(NO3), (and Mg(NO3) for experiments with aragonite); fluid 2: NaCO3
and NaNO3). To avoid concentrations modification in the reactive fluid
due to dilution effect, the concentrations of Zn(NO3),, NaNO3 and Mg
(NO3), in the inlet fluid were double to the initial reactive fluid. The
concentrations of Ca(NO3), and NayCOs3 of the inlet fluids varied be-
tween 60 and 150 mM among separate experiments to investigate a
broad range of mineral growth rate. All reactive fluids were prepared
from analytical grade chemicals and deionized water (Millipore Integral
3; 18.2 mQ/cm). The pH of the reactive fluid (i.e., 6.2 < pH < 6.5) was
controlled by continuous bubbling of pure wet COy (prior bubble
through deionized water to reduce evaporation) into the reactive fluids.
Due to the pumping of inlet fluids in the reactors, the volume of the
reactive fluid increased by ~20 mL per time unit (i.e., 12 or 24 h) and a
similar volume was then sampled in order to keep the volume constant
within a + 4% range. Prior to supernatant sampling, the stirring was
paused to let the solid settle down to minimize solid removal and to keep
the solid/fluid ratio within the same + 4% variation range. The samples
were then filtered through 0.2 pm cellulose acetate syringe filters (VWR)
and the pH was measured therein. One sub-sample was used to deter-
mine the total alkalinity and the rest was acidified with bi-distilled 14 N
HNOj3 and stored at 4 °C for wet chemical analyses. Experiments were
concluded by the complete vacuum filtration of the reactive fluids
through 0.2 pm cellulose acetate filters (Sartorius). The recovered solids
were rinsed with deionized water and dried at 40 °C.

2.2. Mineralogic and wet chemical analyses

The seed material and solids recovered at the end of each experiment
were characterized by X-ray diffraction (XRD) using a PANalytical
X’Pert PRO diffractometer and a Co-Ka radiation (40 mA, 40 kV) scan-
ning a 20 range of 4-85° at 0.03° s™!. Rietveld refinement was per-
formed on the PANalytical Highscore Plus software together with the
ISCD database to quantify the mineral phases in presence within 1 wt%
error. Solid samples were gold-coated before acquisition of scanning
electron microscope (SEM) images on a Zeiss DSM 92 Gemini SEM
operating at 5 kV acceleration voltage. The specific surface areas of the
seeds and solids recovered at the end of each experiment were deter-
mined by BET method (Brunauer et al., 1938) on a Micromeritics Tristar
II plus analyser and on a Quantachrome Gas Sorption system both using
11-points krypton adsorption. The chemical composition of the solids (i.
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Fig. 1. Experimental setup for the calcite and aragonite mineral growth experiments with zinc ion incorporation.

e., Ca and Zn concentrations) was measured on an Agilent 7500CX
inductively coupled plasma mass spectrometer (ICP-MS), with a matrix-
matched calibration and a precision better than 3% (RSD), after diges-
tion of ~80 mg of each sample in 2% HNO3 (prepared from bi-distilled
acid). The instrumental drift was corrected by internal standard
normalization using a mixture of Sc, Se and Ge, while the accuracy was
ensured by repeated measurements of SPS-SW1 and XXI solution
standards.

The pH of the filtered fluids was measured with a SenTix 945 Gel pH
electrode (WTW) calibrated with three NIST buffers (pH 4.01, 7.00 and
10.01), and the total alkalinity was measured on a TitroLine alpha plus
(Schott) by titration of 10 mM HCIl with an analytical precision of +2%.
The concentrations of Na were measured on a Perkim Elmer Optima
8300 DV inductively coupled plasma optical emission spectrometer
(ICP-OES) with a precision better than 3% (RSD), while Zn, Ca and Mg
concentrations were measured on an Agilent 7500CX ICP-MS following
the same procedure described above. The aqueous speciation, ions ac-
tivities and saturation indices (SI = Log (IAP/Kjp)) of the reactive fluids
with respect to calcite and aragonite were calculated using the
PHREEQC v.3 software together with the MINTEQ.V4 database (Par-
khurst and Appelo, 2013), after the addition of the solubility products of
nesquehonite [MgCO3.3H;0] and dypingite [Mgs(CO3)4(0OH)2.5H20]
from Harrison et al. (2019), hydromagnesite [Mgs(CO3)4(OH)2.4H,0]
from Gautier et al. (2014), magnesite [MgCO3] from Bénézeth et al.
(2011), and hydrozincite [Zns(CO3)2(OH)s] that was adapted from the
lInl database. Speciation of Ca and Zn during the experiments are given
in Table A.1.

3. Results
3.1. Mineralogy and chemical composition of the solids

X-ray diffraction patterns indicate that calcite seeds consist of 100 wt
% of calcite, while aragonite seeds contain 98.5 wt% of aragonite and

1.5 wt% of calcite. In the case of the calcite experiments, the over-
growths are composed exclusively of calcite, while for the aragonite

experiments, the post-experiment solids are composed mainly of
aragonite with traces of calcite (< 1.5 wt%), which systematically occurs
in lower proportion than in the seeds indicating an exclusive aragonite
growth. SEM observations show rhombohedral calcite seeds consisting
of 5 to 15 pm grains and aragonite seeds consisting of needle-shape
grains of 20-80 pm length and 2-10 pm diameter (Fig. 2A-B). In both
cases, the SEM analyses of the solids after the experiments show step and
islands surface structures consistent with mineral overgrowth

catsit{ seed Aragonite seed  L2ums

Fig. 2. Scanning electron microscope (SEM) images of (A) the calcite and (B)
the aragonite seeds used in this study, (C) overgrown calcite from experiment
ZnCal-22, and (D) overgrown aragonite from experiment ZnAr-4.
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(Fig. 2C-D). The amount of overgrowth in each experimental run under
steady state conditions can be estimated through the equation:

Ove”ngﬂ’l = H(ncaadd) - (ncan'm) ] - M('mbnnate ] X Ndnys (2)

where nCa,gq and nCa,ey, are the number of moles of Ca added into
and removed from the reactor over 24 h, respectively, Mcarbonate iS the
molar mass of calcium carbonate in g/mol (i.e., 100.0869 g/mol), and
Nays is the duration of the experiments in days. The BET specific surface
areas were measured at 0.17 and 0.50 g/m? for the calcite and the
aragonite seeds, respectively, while slightly different values were
measured in the solid after experiments and taking into consideration in
calculations. Concentration measurements performed on five separate
digestions of each seed revealed that neither the calcite nor the arago-
nite seeds contained zinc. The Zn/Ca ratios in calcite and aragonite
overgrowths were calculated following mass balance considerations and
are expressed in mmol/mol in the Table 1. For the calcite overgrowth,
the Zn/Ca varied between 9.6 and 25.6 mmol/mol, while the values for
the aragonite overgrowth exhibited far lower values between 0.7 and
3.5 mmol/mol.

3.2. Composition of the reactive fluid

An example of the temporal evolution of pH, Ca and Zn (and Mg in
the case of aragonite) concentrations in the reactive fluids can be seen in
Fig. 3A-B for the experiments ZnCal-32 and ZnAr-7, respectively.
Chemical steady-state conditions are attained after one day for pH and
Ca concentration in the fluid reacting with calcite, while the concen-
tration of Zn needs in average 8 days to reach steady-state (10 days in
the ZnCal-32 example). On the other hand, the pH, Ca, Mg and Zn
concentration of the fluids reacting with aragonite reach steady-state
conditions after one day.

Table 1

pH of the reactive fluids, Zn/Ca ratio in the precipitated solids, saturation
indices of the reactive fluids with respect to calcite and aragonite at steady state
(i.e., Slcalcite and Slaragonite), growth rate (Log 1), distribution coefficient of Zn
(Log DZ!) between the calcite/aragonite and the reactive fluid at steady state.

Experiments Mineral pH Zn/Ca Slealcite  LOg 1p Log
phase (mmol/ (mol/ DZaicite
mol) m?/s)
ZnCal-20 Calcite 6.23 17.8 0.21 -7.9 1.6
ZnCal-22 Calcite 6.26 14.0 0.27 -7.7 1.6
ZnCal-23 Calcite 6.24 13.5 0.24 -7.8 1.6
ZnCal-24 Calcite 6.30 9.9 0.31 -7.5 1.5
ZnCal-32 Calcite 6.26 18.0 0.19 -8.0 1.6
ZnCal-34 Calcite 6.23 13.4 0.16 -7.9 1.6
ZnCal-35 Calcite 6.24 13.1 0.15 -8.0 1.7
ZnCal-36 Calcite 6.26 9.6 0.21 -7.8 1.6
ZnCal-44 Calcite 6.29 18.1 0.25 -7.6 1.6
ZnCal-45 Calcite 6.29  25.6 0.22 -7.7 1.6
ZnCal-46 Calcite 6.32 13.2 0.26 —7.4 1.5
ZnCal-47 Calcite 6.33 135 0.31 -75 1.4
Experiments Mineral pH Zn/Ca Slaragonite Logr, Log
phase (mmol/ (mol/ Dé;;gonite
mol) m?%/s)

ZnAr-1 Aragonite 6.34 1.1 0.19 -8.1 -0.9
ZnAr-2 Aragonite 6.39 2.5 0.42 -7.5 -0.5
ZnAr-3 Aragonite 6.37 2.0 0.34 -7.5 -0.6
ZnAr-4 Aragonite 6.38 1.8 0.34 -7.7 —0.6
ZnAr-5 Aragonite 6.37 1.2 0.27 -7.8 -0.8
ZnAr-6 Aragonite 6.43 3.5 0.44 -7.3 -0.2
ZnAr-7 Aragonite 6.35 0.7 0.18 -8.6 -1.2
ZnAr-8 Aragonite 6.45 1.1 0.35 -8.0 -0.9
ZnAr-9 Aragonite 6.39 0.9 0.22 —-8.2 -1.0
ZnAr-10 Aragonite 6.45 25 0.43 -7.7 —0.4
ZnAr-11 Aragonite 6.45 1.4 0.34 -7.9 -0.8
ZnAr-12 Aragonite 6.44 1.6 0.32 -7.8 -0.7
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Fig. 3. Example of evolution of pH, Ca and Zn concentrations (and Mg for
aragonite) of the reactive fluids as a function of reaction time for (A) calcite
growth (exp. ZnCal-32) and (B) aragonite growth (exp. ZnAr-7) experiments.

Under steady-state conditions, the growth rate (in mol/m?/s) can be
estimated by mass balance considerations as:

((nCagga+nZnaga) —(nCarem+nZnyem) )
86400

S

3

r, =

where nCagq, NZnadqq, NCayem and nZnyen, are the number of moles of
Ca and Zn added and removed by time unit (i.e., 24 h), respectively,
86,400 is the number of second in 24 h and S is the specific surface area
of the recovered solid in m? (see Table A.2). It has to be noted that (i) the
specific surface area of the minerals recovered after overgrowth exper-
iments were slightly different than the one of the seeds and that
correction were thus accordingly applied in Eq. (3) and (ii) the Zn was
integrated in this calculation but has a very limited influence of the r,
value due to the large difference in concentrations between Ca and Zn in
both inlet and reactive fluids. The overall ranges of growth rate inves-
tigated in this study were — 8.0 < Logr, < —7.4 and — 8.6 < Logr, <
—7.3 for calcite and aragonite, respectively.

3.3. Zinc distribution between mineral and the reactive fluid

The distribution coefficient of divalent cations (Djz, see Eq. (1)) in
CaCOj3 minerals is usually based on the assumption that the presence of
Me?* in the minerals is the result of an incorporation of free ions in the
growing mineral surface (Burton et al., 1951), leading to (i) an ion-by-
ion substitution of Ca®" by Me2t and (ii) the formation of a diluted
solid-solution between CaCO3; and MeCOj3; endmembers (e.g., Drom-
goole and Walter, 1990; Tesoriero and Pankow, 1996; Mavromatis et al.,
2013, 2018; Brazier and Mavromatis, 2022). Although formation of such
an ideal solid-solution is rather unlikely to occur between ZnCO3 and
aragonite, the use of Eq. (1) allows a direct comparison of the D%,J{ be-
tween calcite and aragonite. For the experiments performed in the
presence of aragonite, the Eq. (1) was applied directly. Since the Zn
concentration in the reactive fluid from which calcite forms requires
several days to achieve steady-state conditions, the equation used to
calculate the Zn distribution coefficient has been adapted from
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Mavromatis et al. (2019) and is based on mass balance consideration of
Zn concentration in the reactive fluids and is defined as:

n
Zn added ( Frxmd,\[md\fsmlo)
n
X Ca udded*(FrX[Cf’]uemhfwru )
* solid
D
(azp+/acar) fiuid

/A

G

where ngz;, added and ncy added are the mole of Zn and Ca added to the
reactive fluid per unit of time, F, is the flowrate in mL per unit of time,
and [Zn]steady-state and [Ca]steady-state are the Zn and Ca concentrations of
the reactive fluid at steady-state, respectively. Since a large proportion
of Zn in the reactive fluid is complexed with NO3 and HCOj3 (see
Table A.1), the activities of Zn%*were used in Egs. (1) and (4) to ensure
that the calculated distribution coefficients are not affected by chemical
speciation.

The Log D%, values can be found in Table 1 and range from 1.4 to 1.7
for calcite, and from —1.2 to —0.2 for aragonite. Interestingly, a linear
dependency between Log D7} and mineral growth rate exist (see
Fig. 4A-B) for both calcite and aragonite, and can described by the
equations:

— — —_—
(@)} ~J oo
1 1 )

% 2+
LOg D Zn |, calcite
—
[
1
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Log D' 2" e = — 0.331 (£0.048) Log r,-0.991 (0.375); R? = 0.82
5)

Log D*Z"“mg(m,.,e =0.751 (£0.089) Log r,, +5.160 (£ 0.702); R* = 0.88
(6)

and are valid for the experimental conditions explored in this study
(i.e., temperature, ionic strength, pCO», growth rate). Detailed results
about the experiments can be found in Table A.2.

4. Discussion
4.1. Zinc incorporation in calcite

A limited negative correlation exists between DZ, and calcite growth
rate (see Fig. 4A) with a decrease of Log D% catcite Of ~0.3 orders of
magnitude (from 1.7 to 1.4) for a Log r, increase of ~0.6 orders of
magnitude (from —8.0 to —7.4 mol/m?/s). This behaviour is consistent
with the incorporation of elements into a compatible mineral structure.
Similar behaviour has been demonstrated experimentally for several

(SN
14 4 O
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Fig. 4. Dependence of the distribution coefficient (A) Log Dz.acire and (B) Log Dﬁ,}agonite on growth rate (Log r,) (see Eqs. 5 and 6, respectively).
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elements during their incorporation into calcite (e.g., Fe, Mn, Ni, Co, Cd,
REE) or aragonite (e.g., Sr) (Kitano et al., 1980; Lorens, 1981; Drom-
goole and Walter,1990; Tesoriero and Pankow, 1996; Lee and Reeder,
2006; Lakshtanov and Stipp, 2007; Voigt et al., 2017). Only few
experimental data exist regarding the distribution coefficient of Zn in
calcite but it is worth mentioning here Kitano et al. (1973, 1980) who
determined values of Log D% catcite between 1.2 and 1.7 or Mavromatis
et al. (2019) with values between 1.0 and 1.5. Interestingly, the latter
distribution coefficients are rather similar than those obtained in the
present study for the same pH and growth rate ranges. Paquette and
Reeder (1995) and Reeder (1996) have shown that the incorporation of
trace elements depends on the ionic radius of each element but also on
the size and geometry of the incorporation sites in the growth steps and
kinks, which themselves are associated with the morphology of the
crystal faces on which they grow. Reeder (1996) showed that Zn has a
different behaviour than other transition metals (e.g., Co) and that
mechanisms such as site-specific adsorption, dehydration, desorption
effects after partial incorporation or ionic complexes interacting with
mineral surfaces have to be considered. These results were later
completed by Elzinga and Reeder (2002) who showed by EXAFS ana-
lyses that the geometry of the adsorbed complexes is fundamental in the
incorporation of foreign elements in calcite. For example, Zn ions are
adsorbed as a tetrahedral complexes which appears to be favourable for
adsorption and incorporation into the <—441>+ steps. In any case, it
appears that the growth step velocity, and thus the growth rate, is a
determining factor in the incorporation of Zn into calcite (Reeder,
1996).

Due to the correlation of growth rate on saturation index (see
Fig. A.1), the obtained results also show a strong correlation between the
Log D%I calcite and the SI of the reactive fluids with respect to calcite (See
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D%,Lagonite on the saturation index (SI) of the reactive fluid with respect to the
calcite and aragonite, respectively (see Eqs. 7 and 10).
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Fig. 5A) which can be numerically described as:

Log D'z, wtene = — 1.280 (££0.225) SLcire + 1.864 (£0.053);R? = 0.77

)

This linear trend allows to estimate a value of Log D2 cacite at
equilibrium if it is assumed that at SI¢cite = O the D%f{ value reflects
equilibrium conditions. Accordingly, a value of Log Dzzﬁcite) eq = 1.9 was
calculated. Using a different approach, several studies estimated the Log
Dzz,ﬁcim, eq values for calcite following different modelling approaches.
Bottcher and Dietzel (2010), in an approach correlating the solubility
products of the end-members, show an estimated value of Log sza;icim, eq
of 1.4, which is lower than the estimated value in this study. A part of
this difference could result from uncertainty in the estimation of the
solubility products of smithsonite and/or calcite. Using the K, values
proposed in the PHREEQC MINTEQ.v4 database (i.e., Log Ks, = —8.48
and — 10.00 for calcite and smithsonite, respectively), it is possible to
calculate a Dzz;icite, ¢q following the equation:

* _ Ksp,z‘alcite (8)

2
2 e eq

Krp.smilhmni te

where Kgp calcite and Ksp, smithsonite are the solubility products of
calcite and smithsonite, respectively. A Log Dzzﬁcite, ¢q value of 1.5 can be
calculated, which is a bit closer to the results of this study compared to
those presented by Bottcher and Dietzel (2010). In their review article,
Rimstidt et al. (1998) have shown that theoretical distribution co-
efficients differ from experimental distribution coefficients because ex-
periments can only approximate equilibrium conditions and thus kinetic
processes still produce non-uniform distributions of foreign elements in
freshly precipitated minerals. To solve this discrepancy, they proposed
an approach based on the McIntire equations (McIntire, 1963). Through
a linear correlation including experimental results for different ele-
ments, they proposed a calculation of the Dzzﬁcite, eq @S

* Ks).ca cite )
Dy =16 (#> ©

sp.smithsonite

where x is a kinetic factor that obtains a value of 1 under equilibrium
conditions. Following this calculation, they proposed Log Dza,‘ﬁcite, eq value
of 2.1, which is slightly higher than the value calculated in this work.
Two sources of uncertainty contribute to the differences between the
result obtained with Eq. (9) and those obtained herein. The first related
to the Ky, values for calcite and smithsonite that were used by Rimstidt
et al. (1998) which are different from the values proposed in the MIN-
TEQ.v4 database. Actually, by using the latter in the Eq. (9), a value of
Log Dzzﬁcite) eq 0f 1.7 can be estimated, which is in good agreement to the
results of this work. The second source of uncertainty is related to the
experimental data that Rimstidt et al. (1998) used to establish the
linearity between the distribution coefficient and the solubility product
ratio. Indeed, the experimental conditions of the earlier studies are
completely different from those applied herein (difference in pH, ionic
strength, background electrolyte) which could possibly lead to a corre-
lation factor of 1.6 that is not valid for our experiments.

Finally, Wang and Xu (2001) estimated a Log Dﬁcim’ eq value using
an approach that correlates the difference in the standard Gibbs free
energy of formation, the difference in the standard non-solvation en-
ergy and the difference in ionic radius between the foreign and the host
element (Zn?* and Ca2+, respectively). The value estimated in their
model (Log D%}Ea-te, eq = 0.6) is significantly lower than every other
work. The difficulties to predict the elemental distribution coefficient
between minerals and reactive fluids, even in the case of foreign ele-
ments compatible with the structure of the considered mineral, un-
derline our limited knowledge of the mechanisms controlling the
incorporation and the difficulty to approach the activity of the Zn ions
in the solid.
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4.2. Zinc incorporation in aragonite

The incorporation of Zn in aragonite is characterized by a positive
correlation between Log D%,T aragonite and Log 1. This positive correlation
as well as the Log DZF aragonite Values reported in this work suggest that
during its incorporation in aragonite, Zn behaves as an incompatible
element to this crystal structure. Similar trends have already been re-
ported for several mono- and di-valent ions when incorporated into
aragonite (e.g., Na©, KT, Ba?*, Mg?", Ni%*, Co?*; White, 1977; Mavro-
matis et al., 2018, 2022; Brazier and Mavromatis, 2022). Several
mechanisms have been proposed to explain the incompatibility of these
ions into the aragonite structure including differences in ionic radii
between the foreign and host elements (i.e., Ca2+), the inability to fulfil
the 9-fold coordination of the aragonite structure, the hydration energy
and the rate of water molecule exchange in the hydration shell.
Furthermore, similar to the incorporation of Zn into calcite, a strong
linear correlation between the Log Dt aragonite @nd Slaragonite €Xists
(Fig. 5B) and can be mathematically described as:

Log D*Zfﬂ,,dg,,,,,.,e = 2.852 (£ 0.418) Slygonitc — 1.640 (£0.138); R? = 0.82
(10)

Following Eq. (10), it is thus possible to estimate a Log Dﬁ,tlgonm, eq=
—1.6 when Slaragonite = 0, a value that reflects equilibrium conditions.

To our knowledge, 9-fold coordinated Zn?" has never been docu-
mented, making it impossible to compare its ionic radius size with the
one of the 9-fold coordinated Ca?* in the aragonite crystal structure.
Nevertheless, it appears that its ionic radius is ~26% smaller than the
one of Ca®" for similar coordination number (i.e., 0.74 vs 1.00 A in 6-
fold coordination, respectively; Shannon, 1976). This small ionic
radius compared to that of Ca?" does not allow Zn?* to fulfil the 9-fold
coordination of the aragonite crystal structure, which explains why
smithsonite (ZnCOs3), which is the pure Zn-bearing carbonate phase, has
a crystal structure similar to that of calcite (Frost et al., 2008).
Comparing the obtained results with the distribution of two other
transition metal ions (Ni?t and Co®*") in aragonite under similar con-
ditions, it is interesting to note that the ionic radius of Zn?* in 6-fold
coordination (i.e., 0.74 i\) is intermediate to that of Ni*" and Co®" in
the same coordination (i.e., 0.69 and 0.745 A) and similarly shows a Log
Dﬁ,*;,gonm, ¢q Value intermediate (—1.6) to that found for Ni** (=3.9) and
Co?*" (~1.0) (Brazier and Mavromatis, 2022). This observation agrees
with the observations of Okumura and Kitano (1986) who showed, in
the case of monovalent ions, that incorporation increases in aragonite as
the ionic radius of the foreign ion approaches that of Ca2*.

Beyond the ionic radius and the ability to change coordination be-
tween the aqueous and solid phase, it appears that the hydration energy
and the exchange rate of water molecules in the hydration shell of the
considered cations are also parameters that influence the incorporation
of foreign elements into minerals. Zinc is a highly hydrated ion (9.6
molecule of water in its shell) and has a strong affinity for the liquid
phase which is underlined by its low Gibbs free energy of hydration
(—=1955 kJ/mol) (Marcus, 1991). Interestingly, these values are inter-
mediate to those found for example for Ni%* (10.4 molecule of water in
its shell, —1980 kJ/mol) and Co%* (9.6 molecule of water in its shell,
—1915 kJ/mol) which are also incompatible with the aragonite struc-
ture and which show lower Log Dﬁagonite, ¢q values than Zn®* (ie., —1.6)
in the case of Ni%* (i.e., —3.9) and higher in the case of Co?* (i.e., —1.0).
Nevertheless, the very high exchange rate of water molecules in the
hydration shell of Zn ions (i.e., ~3 x 108 s7%; Lincoln and Merbach,
1995) does not seem to correlate with the Log Dﬁagonim’ ¢q found for Ni%*
and Co®" which both show lower rate exchange of water molecule in the
hydration shell (i.e., 3.15 x 10% and 3.18 x 10° s}, respectively).

Similar to the case of calcite, several studies attempted to model the
Log D%,J{,gonite, ¢q values following different approaches. Not surprisingly,
the approach adopted by Bottcher and Dietzel, (2010) shows a value
(—0.1) relatively far from that estimated in this work. Indeed, if this
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approach showed interesting estimations for the incorporation of ele-
ments compatible with the structure of the mineral, the absence of solid-
solution formation between aragonite and smithsonite, which crystal-
lizes in different systems (i.e., orthorhombic and trigonal, respectively),
represents the main limitation in the use of this method. Interestingly,
the approach of Wang and Xu (2001), proposing a value of Log Dﬁ,*ugonim,
eq = 0.5, also cannot explain the values estimated in this study. This
difference between modelled and experimental values is not the first
reported and has already been observed for Mg, Ni>* and Co?*
incorporation in aragonite or for Sr* incorporation in calcite (Rimstidt
et al., 1998; Mavromatis et al., 2022; Brazier and Mavromatis, 2022).
These results, as those for Zn?* incorporation into calcite and aragonite,
expose the difficulties of accurately modelling the elemental distribution
coefficients in both calcite and aragonite and thus this study merge this
gap of knowledge with experimental data.

4.3. Modelling the incorporation of Zn in calcite and aragonite

Several models explaining the elemental incorporation of foreign
elements into calcite and aragonite have been proposed in the literature.
In all cases, it appears that the rate of mineral growth is a parameter that
is influencing the incorporation of ions either they are compatible or
incompatible with the host mineral phase. For example, DePaolo (2011)
proposed an approach based on the surface reaction kinetic model
(SRKM) to describe the relationship between distribution coefficient of
foreign ions into calcium carbonate minerals and mineral growth rate. In
this model, which considers only the aqueous phase from which the
mineral is precipitating, the distribution coefficients at thermodynamic
equilibrium and as far as equilibrium as possible conditions are
considered to describe mathematically the relationship between the
distribution coefficient and the mineral growth rate as:

Dy

Ry Dy
L+ X (Dm 1

where Dy, is the distribution coefficient of the foreign element be-
tween the considered mineral and the reactive fluid, D, the distribution
coefficient of the considered element at thermodynamic equilibrium, Dy
is the forward kinetic distribution coefficient, Ry the dissolution rate of
the considered mineral (considered as constant when far from equilib-
rium), and r, the growth rate of the considered mineral. Using this model
DePaolo (2011) described, for example, the experimental trends of Dg,
or Dy, as a function of growth rate during their incorporation into
calcite (Lorens, 1981; Tesoriero and Pankow, 1996; Tang et al., 2008).
These results demonstrate the ability of SRKM to quantitatively model
the incorporation of elements that are compatible (in this case Mn3t)
and even incompatible (in this case Sr2+) with the structure of the
considered mineral. However, in a recent study Brazier and Mavromatis
(2022) were unable to explain their experimental trends between Dy;
and D¢, and the mineral growth rate of aragonite without implying
dissolution rate (Rp) values for aragonite far from the measured values
found in literature.

Following this approach, the SRKM was fitted to the experimental
data obtained for Zn when incorporated in calcite (compatible structure)
and in aragonite (incompatible structure). The parameters used to fit the
model to the data are presented in the Table 2, where both calcite and
the Scenario 1 for aragonite use parameter values provided by literature
data while a second scenario (Scenario 2) is proposed for aragonite
because of the poor fit of the Scenario 1. In every case, it appears that the
value of Ry is a critical parameter for the modelling. For calcite disso-
lution rate, Chou et al. (1989) proposed a value of Ry, cicite Of 107° mol/
m?/s at pH = 6.3 whereas in a more recent study Cubillas et al. (2005)
proposed a value of Ry, cicite Of 1075 for pH = 6.3. This difference likely
arises from the estimation method of the specific surface area of the
mineral between the two studies; Chou et al. (1989) used geometry and
average grain size whereas Cubillas et al. (2005) used BET

Dy = an
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Table 2
Values of Rp, D.q and Dy chosen to fit our experimental D7, between calcite and
aragonite and the reactive fluid with the SRKM model.

Parameters Zn in calcite Zn in aragonite

Scenario 1 Scenario 2
Ry 10765+ 10763+ 102
Doy 1019+ 10165 10°165
D¢ 3.5 0.8 0.8

* From Cubillas et al., 2005.
" Calculated from Egs. (7) and (10) using a Slcaicite and Slaragonite = 0,
respectively.

measurements. Furthermore, in their study Cubillas et al. (2005)
compared their dissolution rates to the method used to estimate the
specific surface area (BET vs. geometric estimation) and showed dif-
ferences of almost 1 order of magnitude on the dissolution rates between
the two methods, indicating that the geometric estimation of the specific
surface area is a source of significant error on the dissolution rate esti-
mation. In this work a Ry, crcite Value of 107%5 mol/m?/s is used to model
the incorporation of Zn into calcite. A value of Dy = 10'° was chosen
reflecting Slcaicite = O according to Eq. (7). The value of Dy was chosen to
fit the experimental data and was set to 3.5. The results (Fig. 6A) indi-
cate that the SRKM fits very well the experimental DZieire values,
reflecting data that are in transition state between equilibrium and pure
kinetic conditions.

Using the same approach for aragonite, the value of Ry, aragonite =
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10753 proposed by Cubillas et al. (2005) for a pH = 6.3 was selected for
the Scenario 1 (see Table 2). The D, was set at 10716 and the Dy was set
to 0.8. The results of Scenario 1 (Fig. 6B) show that the SRKM does not fit
the data. Interestingly a suitable fit is obtained only when Ry, aragonite iS
set to a value of 10~ (see Scenario 2, Table 2 and Fig. 6C). This 2.7
orders of magnitude difference between the measured Rp, aragonite Value
(Cubillas et al., 2005) and the one used in Scenario 2 to fit our experi-
mental data (Table 2) is surprising. This discrepancy however comes in
agreement with the observations by Brazier and Mavromatis (2022) who
showed that Ry, values significantly lower than 1073 (Cubillas et al.,
2005) are required to model Dy; and D¢, in aragonite using the SRKM. In
contrast to these two ions, Zn is known to have a significant inhibiting
effect on aragonite dissolution (Gutjahr et al., 1996), but it seems un-
likely that this process could explain the very low values needed for the
SRKM to fit our data as a similar effect should be noticed for Ry, cqcite-
It is likely that the inability of SRKM to fit the incorporation of Zn in
aragonite is related to the absence of formation of a solid-solution sys-
tem. Indeed, in the case of calcite although Zn is initially sorbed on this
mineral surface as tetrahedral species (Flzinga and Reeder, 2002), it
increases its coordination to 6 ideally substituting Ca and forming a
diluted solid-solution (Reeder et al., 1999). Likely both the rate of
dehydration of the 6-coordinated Zn2+(aq) ion and the rate of coordi-
nation change from 4 in the adsorbed species to 6 in the incorporated ion
are limiting factors of the incorporation of Zn in calcite which is reduced
at higher mineral growth rates. In contrast, not much is known about the
adsorption of Zn in aragonite but it is very likely that incorporation is
favoured by the density of defect sites (e.g., vacancies, dislocations,
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stacking faults) on the mineral surface. Indeed, a similar behaviour has
been shown for many elements that are incompatible with the structure
of the minerals in which they have been experimentally incorporated (e.
g., Lit, Na™, Mg2+, Ni2+, co®h (Busenberg and Plummer, 1985; Fiiger
et al., 2019; Brazier and Mavromatis, 2022; Mavromatis et al., 2022). It
was for example shown that ion attachment, in the case of calcite, occurs
mainly at defect sites generating spiral growths up to surface nucleation
when the saturation index of the fluid with respect to the precipitating
mineral increase (Teng et al., 2000). Consequently, it is suggested that
the concentration of defect sites on the mineral surface and therefore the
amount of moles of incompatible elements with the mineral structure
adsorbed and incorporated are also driven by the saturation state of the
reactive fluid. Nevertheless, the form under which Zn is incorporated
into aragonite remains questionable.

4.4. Implications for natural environments

The results of this study show that the incorporation of Zn in both
calcite and aragonite is strongly dependent on the mineral growth rate
and also on the saturation state of the reactive fluid with respect to the
mineral forming. Interestingly, this effect seems to be more pronounced
for aragonite than for calcite as highlighted by the larger slopes in Egs.
(6) and (10) compared to Egs. (5) and (7). These trends suggest that the
Zn/Ca ratio of carbonate minerals may be a proxy for the mineral
growth rate and the saturation index of the reactive fluid with respect to
calcite or aragonite. It should be noted, however, that the application of
our results to natural environments, in particular oceanic waters, re-
mains challenging as (i) the saturation state with respect to calcite and
aragonite of the reactive fluid explored in this study are lower than the
one of natural seawater, (ii) major ions such as SO?( and Mg2+ (for the
calcite experiments) that are known to affect the elemental incorpora-
tion into carbonates are not present in the experiments, (iii) the exper-
iments in this study were performed in nitrate background electrolyte
and at pH ~6.3, which is highly different than the seawater conditions
(i.e., pH ~8-8.3 and high chloride content) and have thus an important
impact on the Zn speciation, and (iv) in the case of biomineralization,
the presence of organic compounds can highly affect the incorporation
(e.g., Mucci and Morse, 1983; Busenberg and Plummer, 1985; Cohen
and McConnaughey, 2003; Feely et al., 2009; Goetschl et al., 2019).
Nevertheless, previous studies already highlighted a correlation be-
tween the Zn/Ca ratio of the carbonate minerals and the physico-
chemical parameters of the reactive fluids from which they precipi-
tate. For example, Marchitto Jr et al. (2000), Marchitto et al. (2005)
showed a positive correlation between the Dz, in benthic foraminifera
(Cibicidoides wuellerstorfi) and the degree of saturation of the seawater
from which they precipitated. Interestingly, these results exhibit an
opposite trend to that of the present study. This unusual behaviour was
explained by an incorporation of trace metals during calcification
through a Rayleigh distillation from an internal biomineralization
reservoir of the foraminifer. When the saturation state of the water de-
creases, the foraminifer tends to use more this reservoir. It seems
therefore that biological effects, and potentially complexation of Zn with
organic compounds, are the cause of the differences between inorganic
experiments and biomineralization processes. In a more recent study,
van Dijk et al. (2017) cultured Ammonia tepida foraminifera in a me-
dium highly supersaturated with respect to calcite (up to Slcajcite = 1.41)
and showed similar trends to the present study with Dz, values
decreasing with increasing saturation of the fluid with respect to calcite.
Nevertheless, it has to be noted that at such high Slcycite, nucleation
effects cannot be entirely excluded. Interestingly, they also show that
the measured Dy, values in the literature for different foraminiferal
species (i.e. Cibicidoides wuellerstorfi, Cibicidoides pachyderma, Pseudo-
triloculina rotunda, Ammonia tepida) are in the range of 0.2-22, which is
lower than the value measured in this work, and are even problematic
for Dz, values lower than 1 which go against the limitation dictated by
thermodynamic considerations for elements compatible with the

Chemical Geology 643 (2024) 121821

structure of the mineral in which they are incorporated (Marchitto Jr
et al., 2000; Bryan and Marchitto, 2010; Nardelli et al., 2016). The
differences to this study likely arise from two sources: (1) biological
effects that will have a strong effect on Zn speciation and its incorpo-
ration into bio-controlled or bio-induced carbonates, and/or (2) mineral
growth rates that are much higher for biological calcite than those
investigated in this work and will therefore generate much lower Dz,. In
all cases, it appears that the Dz, even in a natural environment, is
controlled at least partially by the supersaturation of the fluid with
respect to the considered carbonate mineral and thus by the mineral
growth rate. These results seem promising for the establishment of a
proxy based on the Zn/Ca ratio in carbonate minerals but require further
investigation in order to provide robust calibrations for its use.

On the continental domain, trace element incorporation into spe-
leothem have shown great potential as tracer of local (paleo)environ-
mental conditions (e.g., Wassenburg et al., 2020; Baldini et al., 2015;
Oster et al., 2017, 2020; Giesche et al., 2023; Griffiths et al., 2010). In
contrast to environments where the fluid represents an almost infinite
component (e.g., the ocean), the precipitation of calcite/aragonite spe-
leothem (calcite being the dominant phase because of its thermody-
namic stability) is highly dependent on the drip water availability,
evolution and composition. The drip water availability and evolution
are mostly related to the seasonality (i.e., alternation between dry and
wet seasons) and the local conditions of rainfall origin and (ground)
water-rock interaction. Thus, the element concentrations in speleothem
respond to a succession of individual and coupled parameters that affect
the composition of the drip water from which the speleothem is
precipitating, including for example the host rock composition, the
incongruent dissolution of calcite (i.e., ICD), the temperature, the po-
tential prior calcite or aragonite precipitation (i.e., PCP or PAP,
respectively), the water residence time in the aquifer, the CO; content in
the covering soil horizons and in the cave, the affinity of ions to be
adsorbed onto solid surfaces, and the presence of aqueous organic li-
gands (e.g., Fairchild et al., 2000; Wassenburg et al., 2013, 2016, 2020;
Griffiths et al., 2010; Sinclair, 2011; Sherwin and Baldini, 2011; Fair-
child and Treble, 2009). Zinc ions are often considered as soil-derived
because of their strong affinity to adsorption on negatively charged
soil components. Accordingly, Zn concentration in ground and drip
water is controlled by the flushing of soils and transport of either
aqueous species or organics colloids/particulate on which the Zn2* is
adsorbed (e.g., Borsato et al., 2007). The variable composition of
naturally occurring drip water makes it difficult to be directly compared
to the results of this study performed under inorganic conditions, with a
constant pH and a higher ionic strength compared to common drip
water, and with a constant supply of Zn ions. Nevertheless, Wassenburg
et al. (2016) reported for example a decrease of Dg, for aragonitic spe-
leothem with increasing extension rate that is in adequation with results
published during abiotic aragonite growth experiments (e.g., Dietzel
et al., 2004; Brazier et al., 2023). If a similar relationship is assumed for
Dz, and growth rate, it therefore appears that following the Egs. (5 and
6), the Dz, could be used as a proxy of aragonite (or calcite) growth rate.
Such an application assumes to have a reasonable knowledge of the
composition of the drip water, and at least short-time scale homogeneity
of the drip water composition and a non-significant effect of organics on
the calcite/aragonite formation under the defined natural conditions.
Indeed, it must be noted that the composition and physico-chemical
parameters of the drip water are usually responding to rapid environ-
mental changes, it is therefore difficult to suggest that the growth rate is
the only or the main driver of incorporation of Zn ions into speleothems
over a long period of time.

As a potential perspective, calculating a ADZ; (ADZ = Diciwe -DE
aragonite) ON natural samples that are composed of an assemblage of
calcite and aragonite (for which the proportion are known or reasonably
assumed) could provide a rough estimation of the growth rate (close or
far from equilibrium). In fact, the more the solids will grow far from
equilibrium the more the ADZ;; will be small and close to zero. This AD%,T
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could then represent an indicator of growth rate independent of the
solution chemistry if a similar growth rate for calcite and aragonite can
be assumed.

5. Conclusion

The results of this study show Zn ions to be incorporated into calcite
and aragonite at a high and low amount, respectively. The compatibility
of Zn for calcite structure indicates an incorporation of Zn?* by ion-by-
ion substitution with the Ca®* with formation of a diluted solid-solution
between the endmember minerals calcite and smithsonite. In contrast,
the incompatibility of Zn for aragonite indicates a lack of substitution of
Zn* with Ca2". It appears that other physico-chemical properties of Zn
ions, such as hydration energy, the number of water molecules in the
first hydration shell and/or the exchange rate of water molecules in the
hydration sphere, may play a decisive role in the incorporation behav-
iour of Zn in aragonite and, in particular, in its dependence on the
growth rate. Interestingly, important correlations between the DZ} and
the saturation indices of the reactive fluid with respect to calcite and
aragonite were also recognized in this work. These dependencies
allowed to define two linear mathematical relations between D%I and
saturation indices with respect to calcite and aragonite and thus to es-
timate D%;[ by considering SI = 0 (Dzzﬁcite, eq = 10'° and D%,t,gonite, eq =
1076). This values for calcite is relatively close to those calculated using
an approach correlating the Dzz;icite) eq to the K, of the end-members (i.e.,
calcite and smithsonite) but is much higher than those calculated by
considering the ionic radii, the Gibbs free energy of formation and the
standard non-solvation energy. In the case of aragonite, our estimated
value of Dzﬂgonim, eq is much lower than those previously proposed in the
literature, raising thus the problems related to the estimation of Dy, ¢q
for ions incompatible with the structure of the host mineral. For both
calcite and aragonite, the dependencies between D7 and growth rate
and DZ; and SI of the reactive fluid with respect to the considered
mineral suggests the interest of DZ; as a proxy for these two metrics.

It appears that our experimental data can be explained very well by
the Surface Reaction Kinetic Model (SRKM) concerning the evolution of
DZjicite with the growth rate using parameters commonly accepted in the
literature. Nevertheless, the SRKM is unable to explain our experimental
data for aragonite without invoking much lower dissolution rate values
than the one experimentally determined by previous studies. These re-
sults highlight our difficulty to model the incorporation of Zn®" in
aragonite, which is probably dependent on the density of defect sites on
the mineral surface, itself closely related to the saturation index of the
reactive fluid with respect to aragonite. The form in which Zn is incor-
porated into aragonite remains still enigmatic and requires ongoing
research.
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