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Abstract

Aragonite abundantly crystallizes in marine and continental environments and occurs ubiquitously in
biominerals, despite being metastable under ambient conditions. To resolve this apparent contradiction,
we studied the crystal structure of aragonite that grew on calcite of biogenic (Berger Karoly cave;
Hungary) and inorganic (Sonnenberg; Italy and Erzberg; Austria) origin, in a range of natural settings and
temperatures. Electron microscopy measurements show (001) stacking faults (SFs) in the first-grown
aragonite. Structural modelling combined with theory-based optimization suggests that the crystal
structure of this new type of SF can be explained by the presence of (000I) calcite-like layers within
aragonite. Abundant (0001) calcite twins occur in the last-grown calcite, and hexarag, the hypothetical
hexagonal polymorph of aragonite, was identified across the calcite twin interfaces. Oxygen isotope data
indicate that both the Berger-Karoly and Sonnenberg samples formed under non-equilibrium conditions,
whereas the Erzberg aragonite formed near equilibrium, possibly explaining the defect-free structure.
The presence of (001) SFs and (0001) calcite twins testifies to the formation of transitional calcite-
aragonite structures, suggests the occurrence of a hexarag precursor phase and provides new insights
into the long-debated mechanism of metastable aragonite formation in dynamically evolving
(bio)geologic environments.

Introduction

Aragonite is a calcium carbonate polymorph that is metastable at Earth’s near-surface conditions, yet it
is widespread in marine and, less commonly, in terrestrial environments' . Aragonite commonly occurs
in caves®~®, hot springs’, hydrothermal veins®~°, as well as in iron ore deposits'?. It is also an important

biomineral and serves as a major skeletal and framework-building component of mollusks, corals and

stromatolites’'~13. Aragonite precipitated on calcite occurs in many types of sediments and

sedimentary rocks, but the mechanisms behind this phenomenon remain poorly understood? '4~15.

The formation of metastable aragonite is attributed to various abiotic and biotic factors, including an
elevated molar Mg?*/Ca?®* ratio of the aqueous solution (>2)'®"'® and pH > 8.2 '°. Mavromatis et al.?°
demonstrated that the Mg partition coefficient between aragonite and the fluid is controlled by growth
rate and temperature. At constant growth rates, Mg incorporation decreases as temperature increases
from 5 to 25°C. At molar ratios of Mg?*/Ca?* > 2.0 in the fluid, the surface energy of aragonite is lower
than that of Mg-bearing calcite, promoting aragonite precipitation?’. On the other hand, organic
macromolecules can modify the local physico-chemical microenvironment, thereby providing favorable
conditions for the formation of aragonite instead of (Mg)calcite??~23. Nahi et al. ?* demonstrated that
polyamines also promote aragonite nucleation and suggested that organisms could control polymorph
selection by exploiting amine-rich organic molecules.

Various precursor phases have been invoked to explain aragonite formation. In particular, a specific type
of amorphous calcium carbonate (ACC), called protoaragonite (pAra), was observed in biogenic
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carbonates?°~2%, as well as in laboratory experiments?’~2°. Walker et al.?® demonstrated the attachment

of ACC nanoparticles and their transformation into aragonite mesocrystals by visualizing the early
stages of the crystallization process via cryo transmission electron microscopy (TEM). Applying
scanning TEM (STEM), Molnér et al.? reported the formation of spindle-shaped aragonite from Mg-

bearing ACC under a range of dissolved Mg?* concentrations, and suggested that aragonite
crystallization occurred via partial dissolution and re-precipitation. Radha et al.2! emphasized that during
aragonite formation may involve a series of ordering, dehydration, and crystallization processes, which

progressively lower the free energy of the system.

Aragonite formation from crystalline precursors was also reported, in particular in aqueous solutions.
Ogino et al.32 showed that vaterite first crystallizes to aragonite and then to calcite via dissolution/re-
precipitation processes. Aragonite crystallization from monohydrocalcite (CaC0O3xH,0)32 and calcium
carbonate hemihydrate (CaCO4x1/2H,0)34, both of which were prepared from Mg-containing solutions,
was also demonstrated. Lazér et al.3® found that ikaite (CaCO5x6H,0) can transform into aragonite if the

parent solution contains some Mg?* (26 mg/I). In all these cases, aragonite formation occurred via
dissolution of the metastable anhydrous or hydrous phase.

Other CaCO, polymorphs were also proposed as precursors of aragonite. In particular, Németh et al.3®
demonstrated the precipitation of a nanocrystalline monoclinic aragonite (mAra) form in a cave. They
showed that mAra is crystallographically related to aragonite and exhibits a layered structure in which
some carbonate ions are replaced by hydroxyl groups, with up to 10 atomic % Mg incorporated.
Gavryushkin et al.3” showed that the atomic arrangement of the {110} multiply twinned aragonite,
referred as tAra, is an intermediate between aragonite and amorphous pAra and suggested that tAra as a
precursor of aragonite. A molecular dynamics study, performed at high temperature (~323°C),
suggested that aragonite transforms to calcite via hexarag, the hexagonal polymorph of aragonite (38).
Using theoretical calculations, Bruno et al.3? demonstrated the presence of hexarag at both epitaxial and
relaxed (001)aragonite/(0001)calcite interfaces, and proposed that this polymorph plays a role in the
transformation of aragonite to calcite under ambient conditions. They hypothesized that hexarag occurs
at the nanoscale in intimate structural association with both calcite and aragonite; however, its existence
has not yet been experimentally confirmed.

Here, we investigate samples of aragonite grown on biogenic and inorganic calcite substrate in order to
gain insights into the formation of metastable aragonite. This process has traditionally been studied
using samples synthesized from artificial Na(HCO3), MgCl, and CaCl, solutions, which are uncommon in
natural environments. We selected samples from Berger Karoly cave (Tapolca, Hungary), Sonnenberg
(Italy) and Erzberg (Austria), formed in distinct geologic environments, to examine their nanostructure
and geochemistry. High-resolution (HR) high-angle annular dark-field (HAADF) STEM images and density
functional theory (DFT) calculations reveal a new type of defect that we attribute to the incorporation of
(0001) calcite layers within the aragonite structure and the occurrence of a hexarag precursor phase. We
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propose that the findings can be generalized and that the observed defects are relevant for
understanding metastable aragonite formation in biogenic and inorganic deposits.

Results

Samples and the aragonite-calcite interface

The calcite-aragonite interface was studied in (1) ~20,000-year-old samples that formed at ~25 °C in an
underground lake in the Berger Kéaroly cave in Tapolca'#, (2) ~14,000-year-old specimens that formed at
12 °C in fractures of the Sonnenberg (Italy)*°, and (3) modern (5-year-old) deposits from the Erzberg
(Austria), which formed at 5 °C"® (Fig. S1). Samples were carefully selected to allow identification of the
growth directions as well as the last-formed calcite and the first-grown aragonite, i.e., the interface
between calcite and aragonite (Figure 1).

Transmitted-light microscope images of thin sections revealed sharp boundaries between aragonite and
calcite in all samples (Figs. 1A, D, G). Both the Berger Karoly cave and the Sonnenberg samples are
characterized by layered growth of needle-shaped aragonite crystals on calcite. In contrast, the Erzberg
specimen shows aragonite needles growing radially on the calcite core (Fig. 1G). The Berger Karoly cave
sample is unique in that aragonite crystals grew on the top of botryoidal calcite'* (Fig. S2a). The
underlying calcite has a stromatolitic fabric, and its uppermost microlayer displays textural features
characteristic of algal mats, including folding and tearing. The contact between the calcite substrate and
the overlying aragonite crystals resembles bacterial forms (cf. 47#?). These features suggest that both
the stromatolite-like calcite deposit and the terminal microlayer represent microbially mediated calcite
formation. This calcite layer is porous and also contains clay minerals (Fig. S2b). Compared to the
Berger Karoly cave sample, smaller (5-20 um-sized) elongated aragonite crystals are present in both the
Sonnenberg and Erzberg samples.

Back-scattered electron (BSE) images (Fig. 1B, E, H) combined with energy dispersive X-ray (EDX)
analysis indicate that the last-formed calcite contains some Mg (~4% MgCO;), whereas the Mg content
of the first-formed aragonite is always low (< 1.5 % MgCQO;) (Fig. 1C, F, 1). The Mg content slightly
increases toward the calcite-aragonite boundary, in agreement with the observations of Eichinger et al."®.
To investigate the crystal structure of the interfaces of calcite and aragonite, ~2—-3 pm-wide TEM
lamellae were prepared using focused ion beam (FIB) thinning across the boundary between the last-

and first-formed carbonates.

Stable carbon and oxygen isotope compositions of the aragonite and calcite samples from the three
locations are listed in Table S1. There is a distinct difference between the aragonite and the calcite of the

Berger Karoly Cave’'s sample (L-top) with the aragonite enriched in 80 and 'C relative to the adjacent
calcite. The Sonnenberg sample (LAS34b) yielded different carbon and oxygen isotope data distributions

with the aragonite significantly enriched in both '3C and "0 relative to the calcite (Fig. 1J). The Erzberg

sample contained only aragonite, whose &'3C value is transitional between the L-top and LAS34b
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compositions. The §'80 values reflect the differences in formation temperatures and water
compositions*? at the studied locations (see Materials and Methods section). The aragonite-water
oxygen isotope fractionations were calculated using these data (Fig. 1K).

A new type of aragonite stacking faults (SFs) in first-grown aragonite

The first-grown aragonite of the Berger Karoly cave sample consists of 1 um long and ~200 nm wide
slabs (inset, Fig. 2A, Figs. S3, S4), which are elongated along [001]. Bright-field TEM (BFTEM) images of
the calcite-aragonite transition band, recorded in [100] projection of aragonite, display a high density of
basal-plane faults that produce a lamellar, mottled texture with 5-20 nm-sized subdomains.

Similarly, (001) SFs also occur in the Sonnenberg sample. Their presence is confirmed by BFTEM and
HRTEM images, as well as by selected area electron-diffraction (SAED) patterns and FFTs (Figs. 2C, E,
S5). The relatively thick TEM1 region in which these defects occur did not allow imaging at higher
resolution. In this region, SFs are less abundant and partition the grains into larger domains (20-40 nm)
(Fig. S5) compared to the Berger Karoly cave sample. In contrast, we found no evidence for the
occurrence of (001) SFs in the Erzberg sample (Figs. 2D, F, S6). The TEM investigation of this sample
yielded a sharp interface between aragonite and calcite (Fig. 2G). The aragonite crystals are relatively
homogeneous, and neither the mottled texture nor the streaked reflections are present (Fig. S6).

SAED patterns acquired from defect areas show a distinct streaking of reflections parallel to c* (<001>)
(Figs. 2B, E), indicating the presence of numerous planar defects oriented parallel to the basal planes of
aragonite. Because these defects arise from disruptions in the regular stacking of (001) aragonite
atomic planes, we refer to them as (001) SFs. These features are present not only along the [100]
projection, but in all projections along the <hk0> prism band that provide an edge-on view of the basal
planes. An example recorded along the [110] direction of aragonite in the Berger Karoly cave sample is
shown in Fig. S4. To our knowledge, similar defects have not been previously reported in aragonite.

In [100] projection, a pseudohexagonal close-packed (p-hcp) stacking of the Ca-layers along the
crystallographic c-axis is resolved as a zig-zag pattern, which is clearly seen in high-resolution HAADF
STEM images (Fig. 3). Any disruption of this p-hcp stacking represents a stacking fault, expressed as a
planar defect in real space or as streaking parallel to c* in reciprocal space. Figure 3A shows a small
segment of the calcite-aragonite transition zone containing multiple SFs. Owing to strain and thickness
effects, not all defects are equally well resolved; nevertheless, each reflects some form of stacking
disorder along the c axis. The simplest variant, characterized by a regular stacking sequence and distinct
contrast, is outlined in Fig. 3A and shown at higher resolution in Fig 3C. It is interesting that the 10-20
nm-long straight segments of the SFs are connected by lateral sidesteps.

The intensity maxima in HAADF-STEM images roughly corresponds to atomic columns. Such Z-contrast
images can therefore be used to directly interpret local structures. In the case of our specimens, such an
interpretation is complicated by the relatively large specimen thickness and the strain fields generated by
multiple defects. Nevertheless, owing to the high density of SFs, localized regions suitable for structural
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analysis could be identified. The HAADF-STEM image in Fig. 4A shows well-resolved white dots that
correspond to the positions of Ca atomic columns. In ordered domains, the p-hcp stacking of the Ca-
sublattice in [100] projection is clearly resolved. Across the SF, the contrast is blurred and does not
permit further identification of atomic column positions. Instead, we used bulk translation to deduce the
stacking across the interface. Close inspection suggests an ~ 1/6b+0.5¢ shift of the aragonite unit cell
across the (001) SF (Fig. 4E). Structurally, such a shift can be reproduced by one pseudocubic close-
packed (p-ccp) layer emplaced within the p-hcp sequence of aragonite. The local p-ccp stacking
corresponds to one slab of calcite-like structure within aragonite and is similar to SFs in other close-

packed structure pairs, such as wurtzite-sphalerite*.

Curiously, FFTs of some nm-sized regions (e.g., Fig. 4D) with ordered stacking of the (001) aragonite
planes show systematic absences for k= 2n+1 on (0k/), and can be indexed on the basis of a unit cell
similar to that of hexarag (a= 0.496 nm, c= 0.578, P6522). The d, spacings of aragonite (0.287 nm)
closely match that of hexarag (0.284 nm); however, the measured dy,y spacing (0.40 nm) is smaller than
the d100 spacing of hexarag (0.432 nm), and systematic absences are expected for k= 2n+1 on the [0k0]
axis only. So, most likely, these hexarag-alike regions correspond to the overlapping aragonite domains
associated with inclined SF steps.

(0001) calcite twins in the last-grown calcite

We studied the structure of the last-grown calcite in all specimens. The calcite crystal size of the Berger
Karoly cave sample (Fig. S2B) is smaller (50-500 nm) than that of the relatively large, micron-sized
crystals in the Erzberg specimen (Fig. 2D, E), which can probably be explained by the biogenic versus
inorganic origin.

Interestingly, the Sonnenberg sample is distinguished by mottled contrast features in the last-grown
calcite (Fig. S7). The TEM image of calcite projected along [010] shows fringes with a spacing of 0.852
nm, corresponding to three times the dy, spacings (3x0.284 nm), within a ~20x20 nm region (Fig. 5A).
In comparison to single-crystal calcite (Fig. 5C), additional reflections appear in the corresponding FFT
(Fig. 5D). STEM images and FFTs calculated from selected regions demonstrate that the unusual d-
spacings and the extra reflections arise from the ~10 nm-sized (0001) twinned calcite domains (Figs.
5B, E, F).

Structure models of (001) aragonite SF

(001) SFs found in the Berger Karoly and the Sonnenberg specimens, and (0001) calcite twins in the
Sonnenberg specimens suggest a similar structural transition process at the calcite-aragonite boundary.

Whereas (0001) twins of calcite have been previously described®9- 4%, (001) aragonite SFs are a new
type of defect that has not yet been documented in the literature.

Both aragonite and calcite structures can be considered as consisting of close-packed layers of Ca
atoms interweaved with CO5 groups. Ca close-packed layers in aragonite form a pseudohexagonal ABAB

Page 7/30



(p-hcp) stacking, whereas in calcite these layers are stacked in a pseudocubic ABCABC (p-ccp) sequence
(Fig. 6). The successive Ca layers are shifted by 2/6y and 1/6y fractional coordinates in aragonite and
calcite doubled along its b axis, respectively. In hexarag the Ca layers have ABAB (p-hcp) stacking,
similar to aragonite, whereas the CO5 groups are arranged identical to those in calcite (Fig. 6).

Interestingly, the structure across the (0001) calcite twin interface is consistent with hexarag (Fig. 6).

A SF in aragonite can be explained by shifting a successive Ca layer in aragonite by the y fractional
coordinates of 1/6 (instead of 2/6). As a result, a local, calcite-type (p-ccp) Ca stacking sequence is
produced within aragonite (Fig. 6). Similarly, a basal twin in calcite is produced by the departure of
stacking from the regular p-ccp to p-hcp. In other words, observing only the Ca-sublattices, a basal-plane
SF in aragonite has a calcite local structure, whereas the basal twin of calcite has a local structure of
aragonite. The placement of CO5 groups in these local structural transformations is not known. Within
these deviations from regular stacking, the CO5 groups could be either tilted from the plane

perpendicular to z or have fractional coordinates resembling aragonite- or calcite-type arrangements.
Their actual settings depend on local interatomic forces and can be studied by DFT calculation. To study
the interface structures, various models were built (Fig. S8) based on crystal chemistry principles, taking
into account local charge balance and the regular stacking and bond distances in the studied carbonate
structures.

The high-resolution HAADF-STEM image of the (001) basal-plane SF in aragonite shown in Fig. 4 shows
periodic contrast features in both parts on opposite sides of the SF, whereas the interface itself is
diffuse, and it is hard to discern the exact positions of Ca columns. Across the SF, a lattice translation of
~1/6b+1/2c can be roughly identified by matching the Ca sublattice in the two parts of aragonite (Fig.
4E). Based on structural consideration, 3-layer p-ccp sequence in aragonite can be obtained by either the
180° in-plane rotation of the adjacent domains around the (001) normal at any Ca-lattice site, or the
removal of a close-packed layer, followed by translation for the adjacent aragonite block. The first
consideration results in oppositely oriented CO5 groups in the translated domain compared to those in
the primary domain, whereas following the second approach, the orientation of the CO5 groups in the
translated domain remains the same as it was in the primary domain. Besides bulk translations, several
configurations are possible for arranging the positions of the CO, groups within the p-ccp slab: they may
retain the arrangement found in the primary domain, adopt that of the secondary domain, or that of
calcite. The SF models taken into consideration in our study have the following properties:

- V04 model (intrinsic SF): removal of one close-packed layer followed by translation for the
adjacent aragonite block to generate a basic 3-layer p-ccp sequence. The CO5 groups within the p-ccp

slab are symmetrized to resemble those in calcite.

- V05.1 model (rotational SF): 180° in-plane rotation of the adjacent domain around the ¢ normal at
any Ca-lattice site, CO3 groups symmetrized in the first ccp layer.
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- V05.2 model (rotational SF): 180° in-plane rotation of the adjacent domain around the c normal at
any Ca-lattice site, CO5; groups symmetrized in the middle ccp layer.

- V06 model (extrinsic SF): insertion of a calcite slab and a necessary in-plane translation for lattice
continuation of the adjacent aragonite domain. The CO5 groups within the p-ccp slab are not symmetric.

According to these crystallographic operations, rigid three-layer models were built (Fig. S8) and
optimized by DFT calculations. The DFT relaxed models are shown in Fig. 6. The striking difference
among the SF models is the cell shift of either 1/6b+ 1/2c (V05.1 and V05.2) or 4/6b + 1/2c (V04, V06)
with respect to aragonite (Fig. 6). Furthermore, there are Ca coordination differences among the SF
models. V04 contains exclusively 9-fold coordinated Ca, corresponding to aragonite-type coordination. In
contrast, V06 includes 6-fold coordinated Ca, analogous to that in calcite, and both V05.1 and V05.2
comprise 7- and 8-fold coordinated Ca in addition to 9-fold coordinated Ca (Fig. S9). In addition, in V05.1
and V05.2 the CO3 groups adjacent to the defect layer are markedly tilted out of the horizontal plane

(Fig. 7).

The DFT calculated enthalpies of reference aragonite, calcite, and hexarag are consistent with extensive
available data®®, confirming that calcite is the energetically most favorable polymorph, while hexarag and
aragonite show higher energies by 0.08 and 0.15 eV/f.u., respectively (Table 1). The newly identified SF
structures are energetically less favorable than pure aragonite, with energy differences ranging from 0.04
to 0.164 eV/f.u. Among them, V05.1 structure is the most favorable, with an energy higher than aragonite
by only 0.04 eV/f.u., followed closely by the V04 structure with a slightly higher energy, whereas V06 and
V05.2 structure have higher total energies by 0.08 and 0.16 eV/f.u., respectively. Given the observed
formation of aragonite following calcite crystallization, the emergence of the proposed defect structures
may also be considered as a plausible transition mechanism between the two polymorphs during the
crystallization process.

The defect structures show a slight deviation from the initial orthogonality of the unit cell after energy
optimization. To check their stability, we performed molecular dynamic simulation of the v05.1 structure
at 350 K. All units exhibit only moderate oscillations around their equilibrium positions, with no signs of
structural rearrangement. This result confirms the stability of the structure and its potential occurrence
under specific natural and/or experimental conditions.

The two models, V04 and V05.1, that showed the lowest total energies according to DFT calculations
were further considered in our analysis of basal-plane SF in aragonite (Fig. 7). Experimental HAADF-
STEM image from a short SF section shown in Fig. 4E was processed to enhance existing contrast
features and remove any scanning distortions following the IMAGE-WARP procedure (described by 49),
which is based on polynomial correction of distortions using a structure-based reference grid. In our
case, we used a Ca-sublattice with a 3-layer p-ccp SF, whereas the CO3 groups remained free to move
with Ca. Thus, the processed experimental image was compared with simulated HAADF-STEM images
(Fig. 7). As expected, both models accurately reproduce the Ca sublattice, represented by strong white
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dots, exhibiting a 3-layer p-ccp sequence across the SF. In the lower domain, both models also reproduce
the positions of the weak dots arising from the CO3 groups. In the upper domain, translated by SF
operation only V05.1 reproduces correctly all the fine features, whereas model V04.1 fails to do so. The
main difference can be noted in the position of the CO5 groups This is due to the difference in the
construction of the two models. V05.1 was produced by 180° in-plane rotation of the second block,
whereas V04.1 was constructed by the translation of the second block and removal of one CaCO3 layer
to produce the observed 3-layer p-ccp stacking across the basal-plane SF in aragonite (Fig. 7).

The visual match is further supported by calculated cross-correlation coefficients (XCC), which are 0.79
and 0.83 for model V04.1 and V05.1, respectively. Although the XCC is low in both cases, reflecting the
impaired quality of the experimental image, the difference in XCC is sufficiently large to allow
discrimination between these two model variants.

Non-equilibrium stable isotope fractionation, carbonate growth and defects

The question arises as to why (001) SFs occur in Berger Karoly cave and Sonnenberg specimens,
whereas no such defects were found in the Erzberg sample. To explore this discrepancy, we investigated
the stable isotope composition of the samples and evaluated their respective crystallization
environments.

The presence of aragonite in the Last Glacial to early Holocene flowstone at Sonnenberg, NW Italy, was
attributed to evaporation and concomitant Mg/Ca rise in the parent solution*®. The carbon and oxygen
isotope composition of the calcite-aragonite flowstone*C indicates '3C and 80 enrichment related to
kinetic fractionation due to strong CO, degassing, evaporation, and prior calcite precipitation along the
water flow route. Strong kinetic fractionation is also supported by the data obtained in the present study
(Table S1). The isotopic compositions show a high (r? = 0.81) correlation with a slope of 1.7 (Fig. 1J),
which indicates kinetic fractionation during carbonate precipitation*’. As the deposit is hydrologically
inactive today, the isotopic composition of the parent water can only be estimated. A nearby modern
spring (Stollenquelle, SQ) has a rather constant oxygen isotope composition on a multi-annual timescale
(-13.04 +0.05 %*9). The aragonite and the calcite parts of sample LAS34b from Sonnenberg were drilled
close to the FIB lamella and show 60 values of —=10.5 #0.2 % and —12.0 +0.3 %, respectively (Table

S1). These values are comparable to the results of Koltai et al.

sample.

obtained for another piece of the same

The stable isotopic composition of the aragonite layer (Table S1) in the Berger Karoly cave’s calcite
encrustation (Figure S1) suggests an aragonite formation mechanism different from that of Sonnenberg.
The aragonite has lower 6'3C values (down to —6.0 %) than the underlying (2.7 %) and overlying (3.0
%) calcite (Table S1). This depletion indicates that the dissolved inorganic carbon (DIC) of the aragonite-
precipitating solution contained organic-derived carbon, consistent with the observed microbial fabric
(Fig. S2A).
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Aragonite in the Erzberg mine precipitated on calcite in a pool fed by outflow from a borehole’®.
Aragonite formation was related to Mg/Ca increase in the solution due to calcite precipitation'®. The
6180 value of the aragonite sample studied here is —8.0 % (Table S1), the water temperature was 5 °C,
and the water oxygen isotope composition of the pool water was —10.8 % '°.

The §'80 values, together with the estimated or measured temperatures, were used to calculate oxygen
isotope fractionation values (1000:Ina), where the fractionation factor is defined as a = (1000 +

6"80agonite)/ (1000 + 8'80,,41,). The resulting 1000-Ina values were plotted against 1/T (with T in K) in

Fig. 1K and compared with the aragonite-water oxygen isotope fractionation equation of Kim et al.*
(1000°Ina = 17880/T - 31.14).

The Erzberg sample plots on the equilibrium line, whereas the Sonnenberg and the Berger Karoly cave
aragonites are offset from equilibrium. However, it should be noted that the water compositions and
formation temperatures for the latter fossil occurrences were only estimated using present-day data. If
40)

lower temperatures and evaporated water compositions (higher §'80 water values, see 4°) are used, the

fractionation values plot closer to the equilibrium line (as indicated by the arrows in Fig. 1K).

In addition to differences in stable isotope fractionation, the depositional environments of the studied
occurrences also differ. The most significant contrast relates to water level. The Erzberg aragonite
formed in a pool environment, whereas the Sonnenberg aragonite crystallized from thin water film.
Precipitation from a thin water film would have amplified the effects of evaporation and CO, degassing,
promoting fast carbonate deposition. Microbially mediated carbonate formation — for example in the
Berger Karoly Cave's aragonite — represents an additional source kinetic driver, as microbial calcite
precipitation can further increase the Mg/Ca ratio of the residual solution. In contrast, evaporation and
degassing are less effective in subaqueous settings, resulting in diminished kinetic isotope effects' -
conditions analogous to those inferred for the Erzberg occurrence. Additionally, the location of the
Erzberg aragonite site is characterized by the high relative humidity (89 to 100%'°), which suggests a
closed, non-ventilated environment. Thus, the Erzberg aragonite likely precipitated in a relatively stable
subaqueous environment, close to oxygen isotopic equilibrium between DIC species and the precipitated
aragonite. By comparison, the Sonnenberg and Berger Karoly aragonites crystallized under strong kinetic
fractionation driven by CO, degassing, evaporation, and microbially mediated carbonate precipitation.
Although an elevated Mg/Ca ratio appears to have been the primary trigger for aragonite formation in all
caves, the degree of Mg-enrichment is different in the studied cases.

The Mg/Ca ratio of the Berger Karoly cave sample (L-Top specimen) is 0.034 in the underlying calcite
and reaches 0.077 at the top of the microbial-mediated, last-formed calcite (Fig. 1C). The Mg/Ca ratio
similarly increases from 0.040 to 0.079 in the Sonnenberg calcite sample (LAS34b specimen) just before
aragonite crystallization starts (Fig. 1F). In contrast, the Mg/Ca ratio of the Erzberg sample increases
slightly from 0.032 to 0.045 in the last-formed calcite (Fig. 11). Increasing Mg/Ca ratios can be attributed
to Mg enrichment in the solution due to prior calcite precipitation at a low water/carbonate ratio. In the
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studied samples Mg is enriched vs Ca in the solution since the Mg/Ca partition coefficient (D =
MQ@/Caqcite/ M/ Cagouion) i less than 1°0, hence calcite precipitation removes more Ca from the

solution relative to Mg. Increased Mg/Ca ratios would be expected for calcite precipitation from a thin
water film at low water/carbonate ratios, otherwise a large amount of water would replenish the
carbonate-precipitating solution without Mg enrichment vs Ca. The relatively small Mg/Ca change (from
0.032 to 0.045) is in agreement with the pool environment of the Erzberg location. The Mg/Ca ratios
indicate that the carbonates of the Sonnenberg and Berger Karoly cave locations precipitated from thin
water films, where CO, degassing and evaporation was more effective and hence disequilibrium kinetic

isotope fractionation were more effective than at the Erzberg location.

The observed geochemical features (stable isotope fractionation and Mg/Ca) collectively indicate that
the differences in the crystallization environment may explain the well-ordered structure of the Erzberg
aragonite versus the presence of ubiquitous stacking faults in the Sonnenberg and Berger Karoly
samples.

Discussion

Our findings reveal abundant (001) SFs in the first-grown aragonite of the Berger Karoly cave and
Sonnenberg, and (0001) calcite twins in the last-grown calcite of Sonnenberg. We presume that the lack
of (0001) calcite twins in the Berger Karoly sample can be explained by the relatively small grain size
(50-500 nm) of the microbially precipitated calcite. The atomic structure of the (0001) calcite twin
interface corresponds to hexarag, and its occurrence across in the last-grown calcite may record the
start of aragonite formation. Structural modelling demonstrates the (001) SFs can be considered as
layers of calcite-type (p-ccp) Ca stacking sequence with CO5 groups arranged as in aragonite, inserted
parallel to (001) aragonite. Since the structure of the insert layer shows similarities to that of hexarag, we
hypothesize that the (001) SF is a relic of the incomplete transformation of this metastable precursor
phase to aragonite. Theoretical calculations proposed hexarag as a transitional phase between
aragonite and calcite®®, occurring at the nanoscale in an intimate structural relationship with both
polymorphs®°. However, hexarag has not yet been experimentally documented. Although we did not
identify hexarag as a bulk phase, our results suggest that it may nonetheless play a role during aragonite
formation under specific conditions.

The main factor is that aragonite precipitates from aqueous solutions with elevated molar Mg?*/Ca?*

ratio (> 2)'%718. As shown above, variations in Mg/Ca molar ratios are also associated with changes in
stable isotope fractionation. Stable isotope data indicate that both the Sonnenberg and Berger Karoly
cave aragonites crystallized from thin water films under conditions of strong kinetic fractionations driven
by CO, degassing, evaporation, and microbial carbonate precipitation, i.e., under isotopically non-
equilibrium conditions. In contrast, the Erzberg aragonite precipitated subaqueously in a relatively
constant physicochemical environment, close to isotopic equilibrium; consistently, no evidence for (001)
SFs was detected in this sample. Therefore, we infer that non-equilibrium crystallization conditions may
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favor the formation of hexarag and its incomplete transformation, preserved as (001) aragonite SFs and
(0001) calcite twins. This interpretation implies that such defects may be common in the early-formed
aragonite overgrowing calcite in dynamically evolving geologic environments.

Figure 8 shows a conceptual model illustrating how kinetic effects drive the rapid formation of hexarag,
which subsequently evolves into calcite twins and (001) aragonite SFs. The fast deposition of the Berger
Karoly and the Sonnenberg aragonites, as inferred from their stable isotope composition, is consistent
with the observed variations in Mg/Ca ratios. Aragonite precipitation occurs when the Mg/Ca ratio of the
parent solution exceeds 2:1, a condition reflected by the increase from 0.032 to 0.045 measured in the
calcite substrate underlying the Erzberg aragonite. In contrast, the Berger Karoly and Sonnenberg
deposits show a more pronounced increase in Mg/Ca ratios within the underlying calcite, from 0.034 and
0.044 t0 0.077 and 0.079, respectively. We interpret this elevated Mg/Ca signal as a kinetic “overshoot”,
indicating that the solution compositions rapidly exceeded the threshold required for aragonite
precipitation.

The identification of (001) aragonite SFs can be challenging, as it requires careful sample preparation
and detailed SAED and HRTEM measurements. TEM lamella preparation across the aragonite-calcite
interface and proper < 100 > and/or < 110 > orientations of the sample are required. The diffraction
contribution of SFs, i.e., streaking of 001 aragonite reflections, may be weak and difficult to notice in
SAED patterns, which could explain why these defects have not been identified previously. However,
samples with apparent (001) aragonite // (0001) calcite intergrowths represent prime candidates for
identifying (001) aragonite SFs and (0001) calcite twins, and thus for inferring the presence of a hexarag
precursor phase. Such samples have been reported in geologic samples®'~%2. These occurrences
provide promising targets for the identification of (001) aragonite SFs and for testing the proposed link
between defects and non-equilibrium crystallization conditions.

Our study demonstrates that (001) SFs in aragonite are consistent with the insertion of calcite-type slabs
within the (001) aragonite structure. Whereas aragonite is characterized by 9-fold coordinated Ca sites,
calcite-like slabs embedded in aragonite may accommodate foreign elements that preferentially occupy
6-coordinated sites, such as Mg, Cu, Zn or Co. Mg, for instance, could potentially be incorporated in early-
formed aragonite, although we did not detect significant Mg enrichment in our samples. Transition

53-54

metals are known to impart color to aragonite , and their incorporation may likewise be associated

with (001) aragonite SFs.

Certain bivalves grow calcite in the outer (prismatic) shell layer, while the inner (nacre) layer is

aragonite®®~°¢. Such polymorph selection is commonly explained by the influence of organic matrix

macromolecules that regulate nucleation, crystal growth, and local chemical conditions?? 5758,

However, Bruno et al.3? suggested that the growth of the calcite outer layer can be associated with the
formation of hexarag at the aragonite-calcite epitaxial interface. We propose that these mollusks’ layers
could also be candidates for finding (001) aragonite SFs and the study of these transitional structures

could contribute to a better understanding of the polymorph selections in mollusks.
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Methods

Samples

The studied samples have been described in detail by Koltai et al. (48, Sonnenberg), Eichinger et al.®
(Erzberg), and Demény et al.’ (Berger Kéroly cave). The Berger Karoly cave is situated beneath the town
of Tapolca (western Hungary, N 46° 53’ 14", E 17° 26’ 30", Fig. S1a). It is strictly protected, and only
expert cavers can enter with the permission of the Balaton Uplands National Park (see
Acknowledgements). A drill core was taken from the calcite deposit of lake Langos within the cave in
2021, and the studied sample was taken from the top of the core (L-top, Fig.S1b). The temperature of the
pool water was 24.3°C'4, and the cave air temperature was about 15°C (ranging from 13 to 17°C
depending on the actual location within the cave during the measurements in February and July 2022). A
1 mm-thin, white carbonate crust is present on the top of the drill core, consisting of needle-like
aragonite crystals at its base, overlain by isometric calcite crystals’.

The Sonnenberg site is located on the south-facing slope of the Vinschgau valley (Val Venosta) in
northern Italy (N 46° 37' 48", E 10° 40' 59") (Fig. S1a). The aragonite sample (LAS 34b; “b” indicates that
the sample is a piece of the LAS34 sample of 48) was obtained from a vein-lining flowstone formed in a
cavity of metamorphic rocks'®. The sample is dominated by mosaic calcite where fascicular optic
calcite polycrystals are locally present between acicular aragonite and fascicular optic calcite.

The Erzberg iron ore deposit (central Austria, N 47°31'30", E 14°54'42") is situated in the Northern
Graywacke Zone (Fig. S1a). The studied sample was collected from the historic adit called

15

“Presserstollen”'>, where a thick carbonate deposit formed in an artificial pool from inflowing

groundwater. The sample was collected in the central area of this shallow pool®.

Characterization methods, modeling, and calculations

Optical and scanning electron microscopy

Transmitted light optical microscopy of thin sections was performed using a Nikon Eclipse E600 optical
microscope on polished samples. The samples were carbon-coated and were also imaged using a JEOL
JSM-IT700HR scanning electron microscope operated at 20 kV equipped with a backscattered electron
detector. Chemical compositions were acquired using the built-in JEOL energy-dispersive X-ray
spectrometer, and data were quantified following ZAF correction.

Sample preparation and transmission electron microscopy

Approximately 4x2 pm areas from selected grains were cut and thinned by focused ion-beam (FIB) using
a Thermo Scientific Scios 2 instrument. The FIB lamellae were investigated with a FEI Talos F200X G2
scanning transmission electron microscope operated at 200 kV. The microscope was used for recording
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both low-magnification bright-field (BF) TEM images, as well as high-resolution (HR) TEM images, low-
magnification HAADF STEM images, atomic resolution STEM HAADF images, and corresponding SAED
patterns. For the atomic resolution STEM HAADF image acquisition, a fast scan (500 ns dwell time) and
low beam current (~ 12 pA) were applied, and series of 50 or 100 frames were collected and summed
with Thermo Scientific Velox software using a cross-correlation drift correction method (DCFI). Fast
Fourier transforms (FFTs) were calculated using Gatan Digital Micrograph 3.6.1 software.

Structure modeling

Basal-plane SFs in aragonite were constructed using structure modeling software® (CrystalMaker®
Software Ltd., Oxfordshire, UK). To address the breakdown of spatial periodicity along the c-axis due to
translations generated by the planar defect (SF), double SF models were constructed, where the second
SF of identical local structure and translation serves to rectify the original translation, whereby the
supercells regain c-axis periodicity®®. Such models can be used in calculations that necessitate fully
periodic objects (crystals). Rigid structure models were used for quantum chemical calculations. DFT-
optimized structures were used for simulating HAADF-STEM images that were matched with
experimental HAADF-STEM images for an identification of the model with the highest cross-correlation
(XCC) coefficient.

DFT structure optimization

Energetic optimizations of the structures were performed within the density functional theory (DFT)
implemented in the VASP package®'%2. The exchange-correlation interaction was taken into account in

the generalized gradient approximation in the form of the Perdew-Burke-Ernzerhof (PBE) functional®3.
Valence electrons were represented with a plane wave basis set with a cutoff energy of 800 eV. The

valence configurations have been chosen as Ca(2p®3s?), C (2s%2p?), and O (2s22p*). The Brillouin zone
was sampled by a l~centered Monkhorst-Pack®* k-point grid of spacing of 0.2 A™" and o = 0.05eV. As a
reference the following crystal structures have been used for calculations: calcite®®, aragonite®®, and
hexarag®®.

To examine the thermal stability of the V05.1 structure, DFT-based ab initio molecular dynamics (MD)

simulations were performed using a supercell with 216 atoms at 350 K. The time step was setto 1 fs.
The total simulation time was 20 ps. The NPT ensemble (N for the number of particles, P for pressure,
and T for temperature) was used. During the simulation, the frequency of the temperature oscillations
was controlled by the Langevin thermostat.

Stable isotope measurements

Stable carbon and oxygen isotope compositions were determined using an automated carbonate
preparation device (Gasbench Il) coupled to a Thermo Finnigan Delta plus XP continuous-flow mass
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spectrometer at the Institute for Geological and Geochemical Research, HUN-REN Research Centre for
Astronomy and Earth Sciences. Three laboratory standards, calibrated using the NBS-18, NBS-19 and
LSVEC reference materials, were used for sample standardization. The isotope compositions are
expressed as 613C and 6180 values (in %) relative to V-PDB. A standard calcite called Harding Iceland
Spar (67) was analyzed as unknown in the course of this study that yielded 6'3C = - 4.86 + 0.06% and
5180 = - 18.50 + 0.02% (n = 8) in close agreement with the expected compositions (6§'3C = - 5.80%,
5180 = - 18.56%°7), demonstrating measurement accuracy. Phosphoric acid fractionation factors of
Kim et al.%8 were used for the analyses..
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Table

Table 1. Calculated enthalpies of different CaCO3 structures
Phase Enthalpy (H),eV Nf.wu.(Z) H/Z H-H(arag)
calcite -222.617 6 -37.103  -0.153
hexarag -74.067 2 -37.033 -0.084
aragonite  -147.799 4 -36.950 0.000
V05.1 -1771.643 48 -36.909  0.040
V04 -1771.515 48 -36.907 0.043
Vo6 -1769.694 48 -36.869  0.081
V05.2 -1765.719 48 -36.786  0.164
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Figure 1

Aragonite (arg) — calcite (cal) interfaces in samples of the Berger Karoly cave (A-C), Sonnenberg (D-F),
and Erzberg (G-1) and their oxygen isotope data (J, K). A, D, G: Transmitted-light microscope images.
Red arrows point to the direction of growth, and white rectangles mark the magnified areas. B, E, H: BSE
images. Blue lines mark the sites selected for TEM analysis. C, F, I: Mg distribution maps and selected
Mg/Ca values (atomic %) across the interface, obtained from EDS point analysis. J: Stable carbon and
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oxygen isotope compositions of calcite and aragonite subsamples of sample LAS34b (LAS34b1 - 6, see
Table S1). K: Oxygen isotope fractionation (1000Ina values) as a function of temperature (where T is in
K) for aragonite from the Erzberg mine'®, the Sonnenberg site (sample LAS 34b, see also*? #8) and the
Berger Karoly cave (sample L-top, '4). The arrows indicate the effects of uncertainties in the estimated
water compositions and precipitation temperature (see main text).

Figure 2
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Nanostructures of the aragonite-calcite interface in samples from Berger Karoly cave (A, B),
Sonnenberg (C, E) and Erzberg (D, F, G). A: BFTEM image of the first-grown aragonite on calcite from
Berger Karoly cave (TEM, Fig. 1B), obtained from the area marked by a black rectangle (insert, Fig. S3).
White rectangle marks the area of Fig. 3A. B: SAED pattern, taken from the area within the black circle in
A, shows aragonite viewed along [100]. White arrows point to streaked reflections. C: BFTEM image of
the first grown aragonite from Sonnenberg (TEM1, Fig. 1E). D: TEM image of the first grown aragonite
and last grown calcite from Erzberg. Black circles and white rectangles mark areas studied by SAED (E, F,
G) and HRTEM images in Fig. S5, S6. E, F: Aragonite viewed along [100] and [1 0], respectively.
White arrows point to streaked reflections in E. G: Calcite viewed along [1 0].

0.60 nm

/

Figure 3

High density of (001) SFs in first-grown aragonite from Berger Karoly cave. A: HAADF STEM image of
(001) SFs in aragonite. White rectangle marks the area of Fig. 3C. B: FFT calculated from area A. C:
Magnified area of a single (001) SF from A.
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Figure 4

Lattice translation across a (001) SF (Berger Karoly cave). A: HAADF STEM image of the SF. B, C, D:
FFTs calculated from selected regions of A. White arrows point to systematic absences for k= 2n+1 on
(Okl). E: Enlarged and 24°-rotated view of a segment of a SF, showing a lattice shift (green arrow)
corresponding to ~1/6b+1/2c relative to a reference grid extended from bottom domain (black). Red
circles indicate approximate positions of Ca-columns in both domains. The regular p-hcpsequence of
aragonite is disrupted across the interface.
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Figure 5

(0001) twins in the last-grown calcite (Sonnenberg) projected along [010] . A: HRTEM image with triple
d006 calcite spacings from the area marked as TEM2 in Fig. 1E. Bottom left insert shows a BFTEM
image, and the black arrow points to the investigated area. B: HR HAADF STEM image with (0001)
double twinned domains. Black and white lines mark the spacings of the two twin domains.
C, D, E, F: FFTs calculated from selected regions of A and B. White arrows in D mark reflections arising
from the superposition of double twinned domains (Fig. S6).
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Figure 6

DFT relaxed structure models of aragonite, calcite, (0001) twinned calcite, hexarag, and the energy
optimized (001) aragonite SFs types, built by insertion of various aragonite (V04, V05.1, V05.2) and
calcite (V06) slabs. The starting models are shown in Fig. S8. Green and blue spheres represent Ca
atoms in hexagonal and cubic stacking, respectively, while C and O atoms are shown as black and red
spheres. Red and blue arrows mark 2/6y and 1/6y fractional coordinate shifts between two Ca layers in
aragonite and doubled-sized calcite (blue rectangle), respectively. Black lines in (0001) twinned calcite
mark spacings corresponding to 0.385 nm of the twin individuals.
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Figure 7

Simulated STEM images based on the structure models of V04 and V05.1, compared with the

processed experimental image of Fig. 4E (Wiener filtered*®). Note the pronounced shift in the positions
of CO4 groups (marked by white open ellipses) between V04 and V05.1. The shift arises from the distinct

translation operations (red and green arrows) characteristic for these models. Green rectangles and a
red dashed line mark the unit cell of aragonite and the boundary between domains 1 and 2, respectively.
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Conceptual model for the kinetically driven formation of transitional calcite-aragonite structures and
the equilibrium-precipitated ideal carbonate structures. Under near-equilibrium growth in a stable
physicochemical environment (e.g., Erzberg), the Mg/Ca = 2 threshold is reached gradually
(slow/equilibrium precipitation pathway), allowing ideal aragonite to form directly on calcite. In contrast,
in the non-equilibrium Berger Karoly and Sonnenberg deposits, rapid increases in solution Mg/Ca ratios
generate a kinetic “overshoot” (fast/kinetic precipitation pathway), promoting the formation of the
hexarag precursor and its incomplete transformation products, including (001) aragonite stacking faults
and (0001) calcite twins. Blue and green balls represents Ca atoms in calcitic and aragonitic stacking
arrangements, respectively.
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