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Abstract: This study aims to evaluate relationships between elemental signatures in calcite and the
crystallographic orientation of its planes. The ability of calcite (a widespread calcium carbonate
mineral) to entrap various trace and minor elements in its structure is the foundation of multiple
methods (also called proxies) to reconstruct paleoenvironment conditions (e.g., temperature, pH,
and marine chemistry). Although several element-to-calcium ratios (E/Ca) are routinely measured
in marine carbonates and are widely used in paleoclimate studies, some of the controls on the
incorporation of these elements are still unclear. Here, we examine the effect of crystallography on
(E/Ca)calcite by growing thin layers of calcite on differently oriented Iceland Spar substrates immersed
in modified seawater solution. Newly grown calcite layers were examined with Laser Ablation
Inductivity-Coupled Plasma Mass Spectrometry (LA-ICP-MS), Backscattered Electron Imaging (BSE),
and Energy Dispersive X-ray Spectroscopy (EDS). We propose that the crystallographic orientation
might slightly influence the incorporation of lithium (Li), sodium (Na), magnesium (Mg), sulfur (S),
and barium (Ba) into the studied calcite faces and have no impact on the incorporation of boron (B),
potassium (K), and strontium (Sr) at least under the conditions of our experiment.

Keywords: calcite; seawater; crystallographic orientation; magnesium; strontium; lithium; sulfur;
boron; barium; sodium; potassium

1. Introduction

Calcite is a calcium carbonate mineral that occurs in marine environments via ge-
ological history. Calcite precipitates directly or indirectly from seawater and sediment
porewaters inorganically or under biological activity. Biogenic calcite is present in the
skeletons of several marine organisms: e.g., planktonic foraminifera [1-6], mollusks [7-9],
echinoids [10,11], deep-sea corals [12-14], and ostracods [15-18]. The ratios of trace (mi-
nor) elements to Ca in calcite [(E/Ca)caicite] are being widely used as paleoproxies in
the reconstruction of marine paleoenvironments. The evolution of E/Ca in ancient sea-
water [(E/Ca)gyuiq] depends on various geological events and affects (E/Ca)c,icite, Which
can serve as paleoproxies for various processes including midocean spreading (through
Mg/Ca) [19,20], weathering of continental rocks (through Li isotopes) [21,22] and ma-
rine circulation (through Ba/Ca) [15], etc. In addition, (Mg/Ca)caicite and (Sr/Ca)calcite
help with reconstructing of seawater temperature [23,24] and B/Ca is being used for pH
assessment [25-28]. However, interpreting (E/Ca)c,lcite is often challenging as multiple
factors can affect elemental incorporation. To evaluate these factors, empirical relationships
between trace elements in calcite and fluid have been developed in different crystallization
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environments. It was shown that elemental incorporation into calcite very often occurs at
non-equilibrium conditions. For example, experimental studies, with variable fluid Mg/Ca,
showed that Mg partition coefficients (KMg = (Mg/Ca)calcite/ Mg/ Ca)gyiq) decrease with
increasing (Mg/Ca)guig [29]. Another important factor is the crystal growth rate. Multi-
ple experimental and cultured studies demonstrated that elemental uptake by calcite or
coccolithophores depends on the precipitation rate of crystal bulk [30-34]. In addition, the
growth rate effect on KF was found in in situ experimental studies, where the extension rate
of individual crystals was considered instead of the bulk crystal precipitation rate [35-37].

Sectoral zoning is another phenomenon that was reported within individual crystal
faces for sectors with non-equivalent surface geometry [38]. There obtuse and acute angles
at calcite growth steps were identified with atomic force microscopy at the surface of
the crystals. Line scans via these non-equivalent sectors conducted with electron or ion
microprobes identified the substantial difference in Mg and Sr [38], Sr and Ba [39], and
B [40]. Specifically, Sr, which has an ionic radius larger than that of Ca (rs; > rcy) [41],
showed selective incorporation into calcite sectors with obtuse growth steps [38,42]. On
the contrary, small Mg (rvg < rca) was observed to be more compatible with sectors with
sharper (acute) growth angles [38,43]. The pattern of boron incorporation was different due
to its preference for calcite sectors with acute steps, despite the sizes of its oxyanions being
bigger than CO3%~ [44]. Another phenomenon of selective incorporation was observed
along c-axes of calcite crystals [45]. They found that the addition of malonic acid into
growth media promoted the growth of obtuse kink sites and increased Sr incorporation in
the crystals elongated along the c-axis.

To compare the incorporation of Li, B, Na, Mg, S, K, Sr, and Ba into different crys-
tallographic faces of calcite, experiments of calcite growth on the Iceland spar substrate
were conducted in this study. Cleavage fragments of Iceland spar consist of three pairs
of parallel and equally sized faces (1 and 2, 4 and 5, 3 and 6) (Figure 1). The values of
(E/Ca)calcite Were determined in the newly grown thin layers of calcite that formed on each
of the aforementioned faces with the LA-ICP-MS depth profiling technique.

Face 3, or 6

Face 1, or 2

Face 1, or 2

f g

;« Face 4,0r 5

Face 3, or 6

Figure 1. A calcite crystal with various faces labeled as “Face 1 or 2”, “Face 4 or 5”, and “Face 3 or 6”.

2. Materials and Methods
2.1. Crystallization Experiments

The crystallization experiment was conducted in a 50 mL plastic tube on an orbital
shaker at room temperature. A few calcite cleavage fragments (about 50 mm in size) were
used as substrates for the growth of new layers of calcite (overgrowths). These cleavage
fragments were prepared by breaking the large Iceland Spar crystal (Ward’s Science); one
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crystal was randomly cut with a diamond saw. Each calcite fragment was rinsed with
distilled water, treated with a 30% hydrogen peroxide (H,O,) solution for one minute,
followed by another distilled water rinse, and a brief (a few seconds) immersion in a
5% hydrochloric acid (HCI) solution. The final stage included two additional rinses in
distilled water. Once cleaned, the fragments were securely mounted on glass, which was
cleaned following the same protocol, using a small drop of epoxy to prevent displacement
during experiments.

To suppress aragonite crystallization and promote calcite growth, Ca-dopped seawater
was used as a growth medium. The solution was prepared by dissolving 29.75 g of seawater
salt mix (Instant Ocean) in 850 g of distilled water, which resulted in 3.72 wt% of mixed salt
concentration. The expected Ca concentration in this seawater mix is 399.5 ppm, which was
confirmed by ICP-MS analyses of the solution prepared from Instant Ocean salt in the study
of Gabitov et al. [46]. The solution was stirred for 15 min to ensure complete dissolution of
the salt and was then pumped through a 0.2 um Nalgene filter to remove organic molecules
from the growth medium. The concentration of Ca was elevated by the addition of 0.29 g of
CaCl,-2H,0 salt, so the calcite growth medium contained five times more Ca (Ca x 5) than
prepared seawater, i.e., 1981 ppm. To promote the growth of calcite on the substrates and
suppress its nucleation elsewhere, small aliquots of 0.1 M Na,CO3 were introduced into the
growth medium to elevate calcite supersaturation and achieve a pH of ~8.4. Measurements
were conducted daily with a Hana Instrument pH probe (Figure 2). Every few days,
the growth medium was replaced with a freshly prepared batch of fluid to maintain a
consistent chemical composition of the solution and minimize variations in the (E/Ca)gyiq
during the crystallization of calcite. Each fluid replacement was immediately followed by
the addition of a rare earth elemental (REE) spike and another aliquot of 0.1 M NayCOs.
This procedure promoted the growth of calcite in layers, each layer being bracketed by a
particular REE spike (i.e., lanthanum (La), neodymium (Nd), terbium (Tb), praseodymium
(Pr), and samarium (Sm). Each of the REE spikes was individually introduced into the
growth medium at 12, 15, 21, 28, and 31 days, respectively, from the start of the experiment,
which was concluded on the 37th day.

Na2CO3 Na2c03 Na2CO3 Na2C03 Na2C0s3

200 400 600 800 1000
Hours

Figure 2. Evolution of pH in the experimental solution. This solution was replaced after the end of
each growth cycle, i.e., a few minutes before REE spike and Na,COj3 aliquot were introduced.

2.2. Analytical Techniques
2.2.1. LA-ICP-MS (Depth Profiling)

At the end of each experiment, the cleavage fragments were analyzed with LA-ICP-MS
in the direction of calcite growth in (i.e., perpendicular to the substrate). Measurements
were conducted in the Department of Engineering and Mathematical Science, University
of Western Australia. The newly formed calcite was examined across different depth
levels perpendicular to the calcite fragment’s faces, at a submicron spatial resolution. This
approach allowed for the collection of E/Ca from the surface of the overgrowth down to
the substrate (Figure 3A). The vertically directed laser ablated calcite overgrowth reached
the substrate after 50 s of ablation. Isotopes of 7Li, B, 2Na, 25Mg, 32g 43(Cq, 9K, 885y,
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137Bq, 1394, 141py, 147Gm 146N g, 159TD, and 163Dy were measured to evaluate (E/Ca)alcite
by using E/Ca, which were measured in NIST 614 glass standard (Li/Ca, B/Ca, K/Ca,
Ba/Ca, and REE/Ca) and eYel carbonate standard (Na/Ca, Mg/Ca, S/Ca, and Sr/Ca).
Each measurement proceeded for 60-70 s at an ablation speed of 0.15 pm/s, yielding
70 data points per profile.

10
| Elapsed Time |
. Overgrowth 30 (Seconds)

i 40
| 50 !
| Substrate 60 !

70
10pm

Figure 3. SEM BSE (A) and EDS (B-D) imaging of the substrate and newly formed calcite. (A) An
example of an SEM BSE map of the substrate and newly formed calcite. The arrow shows the
direction of laser ablation. The elapsed ablation time scale is positioned on the map, showing that the
overgrowth/substrate boundary was reached after 50 s of ablation. (B-D) Brighter colors on EDS
maps indicate higher concentrations of Mg and S in calcite overgrowth. These BSE and EDS maps
were collected during the development of the calcite growth method (Gabitov et al. [47]).

2.2.2. SEM

To identify newly formed layer of calcite, the rim calcite cleavage fragments were
mapped with SEM equipped with Backscattered Electron (BSE) and Energy Dispersive
X-ray Spectroscopy (EDS). Samples were prepared by mounting cleavage fragments in
epoxy with an orientation perpendicular to the calcite growth and the depth profiles. The
calcite fragments were successively polished using 600, 800, and then 1200 grit SiC paper
(Buehler, Chipping Norton, Australia), and 1 pm Al,O3 powder (Mark V Lab company,
East Granby, CT, USA). Imaging was performed at the Alabama Analytical Research Center
(AACR) of The University of Alabama using a JEOL 7000 field-emission SEM. Prior to
the Measurements were conducted in the Department of Engineering and Mathematical
Science, University of Western Australiacharacterization, the samples were coated with a
thin (10 nm) layer of gold. The working distance was set up at 11 mm, the voltage at 20 kV,
and a probe current of 14 nA. EDS analyses revealed elemental maps with the distribution
of Ca, Mg, and S.

3. Results and Discussions
3.1. Calcite Growth and Compositions

The pH varied between 8.4 and 7.9 in each cycle, i.e., during calcite growth between
replacements of the growth medium. No nucleation occurred on the walls or bottoms
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of the containers, suggesting that all calcite precipitated on the substrate. (E/Ca)qyq is
not expected to change much during each crystallization cycle, nor during the whole
experiment. In a previous study, where little nucleation was observed on the container
walls and fluid/air interface, the (E/Ca)gyq generally increased by less than 11% [46].
We anticipate this (E/Ca)gyiq change to be smaller in our experiments because no calcite
growth (other than on the substrate) was observed. Furthermore, constant replacement of
the fluid is expected to reduce changes in (E/Ca)gyq.

The newly formed calcite was identified as thin overgrowth layers on the substrate.
The box marked on the BSE map area (Figure 3A) was mapped with EDS and showed a
slightly lower content of Ca and higher contents of Mg and S in the overgrowth compared
to the substrate (Figure 3B-D). This was explained by a high concentration of Mg and S in
the growth medium and its incorporation into calcite overgrowth. Replacing Ca by Mg in
calcite structure caused relative depletion of Ca in the overgrowth relative to the substrate.
In addition, the textural difference between overgrowth and substrate (Figure 3A) could
explain Ca depletion in the overgrowth (Figure 3B).

3.2. Evaluation of Growth Rate

The existence of the overgrowth, which was evaluated using SEM, was confirmed with
LA-ICP-MS depth profiling, which showed a gradual (rather than sharp) transition of E/Ca
while crossing the boundary between overgrowth and substrate (Figure 4). Typically, these
profiles show three distinct groups of data, corresponding to the calcite overgrowth, the
calcite substrate, and a mixing area. This mixing zone is likely a result of micro-asperities
at the junction of the substrate and overgrowth.

40
Overgrowth

35

w
o
T

N
(%2}
T

Mg/Ca (mmol/mol)
=N
o o

=y
o

0 5 10 15 20 25 30 35 40 45 50
S/Ca (mmol/mol)

Figure 4. Example of identification of calcite overgrowth, substrate, and mixing zone using S/Ca and
Mg/Ca ratios measured using LA-ICP-MS. The data are sourced from depth profile 1 of the calcite
fragments oriented on either face 1 or 2.

The growth rate of calcite was determined by measuring REE/Ca change with distance
between the surface and substrate. The REE spiking sequence was preserved in calcite
overgrowth (Figure 5). REE contents in the Iceland Spar substrate were higher than the
background but lower than the REE/Ca spike-peak values as measured in the calcite
overgrowth. After the introduction of the spike, the REE/Ca rapidly decreased as dissolved
REE was consumed by the growing crystal due to the high affinity of REE to calcite [48-51].
The selected spike distances were used in the calculation of the growth rate of each marked
zone. Figure 5 shows REE/Ca data of profile 1 (face 3 or 6), where Tb/Ca and Pr/Ca peaks
represent the addition of Tb and Pr spikes into the growth medium. There, the interval
between the Pr peak and the sample surface (1.53 — 0 = 1.53 pm) and the interval between
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the Pr addition and the end of the experiment (37 — 21 = 16 days) correspond to the growth
rate (V) of 0.09 um/day (Figure 5). This V value is higher than the V determined in the
previous study (0.0283 um/day) [46], likely because we periodically replaced the fluid and
doped solution with Na,COj3 aliquot, which elevated the calcite supersaturation state in
the growth media. Averaged V values are presented in Table 1, where most of the growth
rates of individual pairs of crystal faces were determined in detected Pr-end zones. In one
profile (no. 1, face 3 or 6), where Tb and Pr were detected, V was calculated in the Tb-Pr
zone (0.09 um/day). V values from these two zones (Tb-Pr and Pr-end) overlap with each
other, considering calculated standard errors. Data for all of the individual profiles are
presented in supplementary materials as individual spreadsheets.
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0.00025

0.0002

Tb Spike

L

Overgrowth

0.00015

0.0001

E/Ca (mmol/mol)

0.00005

0o ALY : : . :
0 1 2 3 4 5
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6 7 8 9

0.0014
0.0012
0.001
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Figure 5. Example of REE patterns determined via LA-ICP-MS in calcite overgrowth: Each graph
displays a peak indicating the spike of REE to the growth medium. These plots are associated with
profile 1, face 3, or 6.

Table 1. Growth rates (V) of individual pairs of calcite faces.

V Face V Face V Face V, Cut V Total

n 1,0r2 s.e. n 4or5 s.e. n 3or6 s.e. (um/day) m/da
(um/day) (um/day) (um/day) H ¥ H ¥

4 0.097 0.019 5 0.121 0.015 5 0.111 0.004 3 0.119 0.010 17 0.112 0.027

Standard error s.e. =s.d/+/n, where s.d. = standard deviation; n is the number of LA-ICP-MS depth profiles.

3.3. Elemental Uptake by Calcite

The ratios of E/Ca were examined against distance from the surface of the newly
formed calcite layer (0 um). Figure 6 shows an example of Mg/Ca and Sr/Ca depth profiles,
where overgrowth is enriched in Mg/Ca and Sr/Ca compared to the substrate, which is
consistent with our previous findings [46,52]. In this figure, the overgrowth layer is defined
from 0 to 2.7 pm (19 s of ablation time), and therefore, average values of Mg/Ca and S/Ca
collected in this layer (0 to 2.7 um) represent the average values of the overgrowth. A
monotonic decrease in Mg/Ca and S/Ca after 19 s of ablation likely corresponds to the
mixing zone, followed by substrate, where both ratios dropped to near-constant values.
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Figure 6. An example of S/Ca and Mg/Ca plots against ablation time (i.e., distance from the
overgrowth surface toward the substrate). This plot is based on the data collected on cleavage
fragment via profile 1, on face 4 or 5.

The values of E/Ca averaged for each depth profile, are presented in Figure 7. Al-
though almost all of the E/Ca values overlap with each other, there are some variabilities
between the average E/Ca values of different crystallographic faces (Table 2). Faces 3, 6
are enriched in Li/Ca and Mg/Ca but depleted in Na/Ca and Ba/Ca compared to other
faces. The ratio of S/Ca is highest in faces 1 and 4 and lowest in the randomly cut calcite,
which is also depleted in Ba/Ca. The largest E/Ca differences (20-21%) were observed
for monovalent cations (Na and Li) between two pairs of faces (4, 5 and 3, 6). The other
significant deviations in Mg/Ca, Ba/Ca, and S/Ca (marked with a star in Table 2) are
between 3 and 9%. These E/Ca variabilities could not be explained by the growth rate,
as V values on different pairs of faces overlap with each other (Table 1), suggesting the
presence of a crystallographic effect on selected E/Ca. However, the observed variations
in E/Ca (up to 21%) are comparable to the variabilities for individual pairs of crystal
faces (up to 16%) (Figure 7), and therefore, interpretation of the obtained data toward
face-selective incorporation of Na, Li, S, and especially Mg and Ba (where variability is
relatively small) should be used with caution. No crystallography effect was found for K,
Sr, and B (Table 2, Figure 7), which demonstrates a lack of systematic relationships in the
incorporation of monovalent cations (Li, Na, K), divalent cations (Mg, Sr, Ba), and anions
(SO4%~ and B(OH), ") into different crystallographic faces of calcite.

Table 2. Average values of Mg/Ca, Sr/Ca, S/Ca, Ba/Ca, Li/Ca, Na/Ca, and K/Ca for different pairs
of faces and randomly cut sections.

E/Ca

(mmol/mol) Face1,2 s.e. Face 4,5 s.e. Face 3, 6 s.e. Cut s.e.
Mg/Ca 26.6470 0.1494 27.0829 0.5174 29.0462 * 0.2989 26.9673 0.1955
Sr/Ca 0.9128 0.0122 0.8963 0.0056 0.8924 0.0068 0.8901 0.0162
S/Ca 44.7119 % 0.3714 42.2531 0.4903 42.7114 0.6431 40.0656 * 0.5528
Ba/Ca 0.0323 0.0004 0.0320 0.0004 0.0301 * 0.0005 0.0297 * 0.0011
B/Ca 0.0863 0.0031 0.0857 0.0027 0.0906 0.0015 0.0845 0.0017
Li/Ca 0.0103 0.0016 0.0103 0.0003 0.0132 * 0.0004 0.0127 0.0006
Na/Ca 7.6817 0.6613 9.4596 1.4902 6.1757 * 0.2046 6.9840 0.8160
K/Ca 0.9384 0.0548 0.9777 0.0626 0.9826 0.0261 0.8907 0.0403

(*)—E/Ca are different than the rest of the dataset. The standard error (s.e.) is based on the analyses of 3 to
5 profiles per pair of faces or random cut.
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Figure 7. Sr/Ca, Mg/Ca, B/Ca, Ba/Ca, S/Ca, Na/Ca, K/Ca, and Li/Ca on different calcite faces.
Each rectangular box displays a group of profiles for a specific pair of faces. The error bars represent
the standard error of the E/Ca in individual profiles.

As no systematic face-selective incorporation was observed, we suggest that there is
a minor or no crystallographic effect on the incorporation of the study elements. To the
best of our knowledge, this is the first study where E/Ca data were obtained directly at
microscales. Our findings somewhat contradict the study of Payne et al. [45], who found
that Sr incorporation is preferential to calcite crystals that were elongated along the c-axis.
This elongation was achieved by adding malonic acid to the solution to promote the growth
of calcite obtuse kink sites, which caused Sr uptake to increase by up to a factor of six.
However, a direct comparison of our data with those of Payne et al. [45] is vague because
of a drastic difference in the solution compositions, as no organic compounds were used in
our experiment. Moreover, Payne et al. [45] relayed the bulk analyses of Sr/Ca in calcite
crystals, which is different from our in situ technique we applied.

Studies of element incorporation into different calcite faces are limited to Payne et al. [45].
The phenomenon (sectoral zoning) of the selective elemental incorporation into the sectors
of individual calcite faces was described in several studies [38-40,53]. To explore the
possibility of sectoral zoning appearance in our samples, the obtained E/Ca variabilities
within individual faces were compared with inter-sectoral E/Ca differences from other
studies. Table 3 shows that E/Ca variabilities in calcite from our experiment are far less than
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those observed in sectoral zoning in the aforementioned studies. Therefore, the presence of
sectoral zoning in our experiments is unlikely.

Table 3. Comparison of variation in E/Ca in individual calcite faces.

Experiment Li/Ca B/Ca Mg/Ca Sr/Ca S/Ca Ba/Ca Na/Ca K/Ca

F1,or2 x1.83 x1.17 x1.02 x1.06 x1.04 x1.05 x1.49 x1.32

F4,0r5 x1.16 x1.18 x1.11 x1.03 x1.07 x1.06 x2.18 x1.37

F3,0r6 x1.20 x1.09 x1.06 x1.04 x1.08 x1.08 x1.21 x1.15

Cut x1.17 x1.07 x1.03 x1.06 x1.05 x1.13 x1.41 x1.17
Gabitov et al., 2021 [53] x10 x10 x3 X2 - - - -
Reeder, 1996 [39] - - - x2 - x2 - -
Hemming et al., 1998 [44] - X9 - - - - - -
Paquette and Reeder, 1995 [38] - - x7 X2 - - - -

References

Variabilities in E/Ca (mmol/mol) within individual calcite faces are compared with literature data [38,39,44,53].
F = face; the number after “ x” indicates how many times the higher value is bigger than the smallest value.

4. Summary

This study revealed in situ data on the uptake of Li, B, Na, Mg, S, K, Sr, and Ba
by crystallographic faces of calcite grown at known rates. Somewhat different values of
Mg/Ca, Ba/Ca, Li/Ca, and Na/Ca were observed in the pair of parallel crystal faces 3, 6
compared to other faces. S/Ca also varies across the faces and random cuts. However,
the observed differences are comparable to the variability of these ratios within individual
pairs of faces. In addition, most of the E/Ca values overlap with each other regardless of
crystallographic orientation. Therefore, we suggest that crystallographic orientation may
have a minor effect on Li, Na, Mg, Ba, and S and no effect on Sr, B, and K incorporation
into examined calcite faces, at least at the conditions of our experiment.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/cryst14050442 /s1, All individual profiles are available as LA-
ICP-MS supplementary data.
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