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ARTICLE HIGHLIGHT Ghost polytypes inferred from superstructure and symmetry-forbidden
reflections in biogenic, geological, speleothem and synthetic aragonite
are disputed. Reflection artifacts in aragonite are shown to arise from
nanoscale twinning providing a unified framework for identifying simi-
lar diffraction anomalies in other multiply twinned materials.

Abstract. Mysterious superstructure and symmetry-forbidden reflections seen across biogenic,
geological, speleothem, and synthetic aragonite, regardless of composition or growth conditions,
that have long fueled speculations about new CaCOs3 polytypes are explained by nanoscale twin-
ning. Using classical electron diffraction and structure modeling, we show that these reflections
result from double diffraction signatures of polysynthetic twinning. Due to inherently nonperiodic
character and associated structural complexity, nanoscale twinning is rarely considered in inter-
pretation of diffraction artifacts arising in non edge-on projections. We demonstrate that false
diffraction signatures, which closely mimic hypothetical superstructures, arise from coincident
lattice sites through which the twin domains are linked. They are seen only in projections where
the twin boundaries are inclined with respect to electron beam. The origin of false reflections by
twinning is validated via crystallographic matrix analysis, simulations of dynamic electron-wave
scattering through inclined interfaces via twin-based supercell approximations, and is proved by
high-angle tilting experiments that directly link half-integer reflections with intrinsic twinning.
Our study reconciles decades of conflicting observations and establishes intrinsic twinning as the
root cause of false superstructure reflections in aragonite, and moreover, it provides a generalized
framework for identification of twin-related diffraction artifacts hinting at unknown phases in
other twinned materials, such as martensitic steels and semiconductors.



1. Introduction

Aragonite is a widespread crystalline form of CaCO3 and one of the most frequently occurring
biominerals on the Earth surface.! While the crystal structure of aragonite was solved a century
ago by Lawrence Bragg (1924),2 there are still several features in diffraction patterns that remain
a challenge to crystallographers. Ideally, the aragonite structure belongs to the Pmcn space group.
However, many studies report the presence of reflections that should be systematically absent,
lowering the aragonite symmetry to a triclinic P1.3 While the changes in structure factors of the
forbidden reflections can be explained by impurities or point defects,34 additional, superstructure
reflections, with no simple explanation are often observed.

A particularly puzzling reciprocal lattice problem was pointed out in electron microscopy and
X-ray diffraction study of synthetic aragonite by Hiragi et al. in 1966.5 The authors observed un-
usual reflection maxima with half-integer indices 2%/, suggesting the existence of a yet unknown
superstructure of aragonite. They reconstructed this condition by periodic twinning of aragonite
on every (110) layer and described the new structure within the Pbca space group (a=8.420,
b=9.385, c=5.741 A) that adequately explains the observed condition. Unaware of Hiragi's work,
Makovicky (2012)6 predicted a two-layered twin-based Pcab polytype, using order-disorder
(OD) approach, and arrived to similar conclusions as Hiragi et al.5 Despite the fact that {110} twin-
ning is a common structural feature of all known low-pressure aragonite samples, including geo-
logical,247-13 biogenic,4-*3 and synthetic,544-52 some authors argued that two-layered twin-based
Pcab polytype is unlikely to exist due to high desymmetrization of aragonite structure,é and was
never considered plausible in further theoretical studies of aragonite.>3-57

synthetic

Fig. 1: Apparent superstructure reflections in aragonite specimens of various origin. (a) Geo-
logical; pseudohexagonal {110} twinned aragonite crystals from Tazouta, Morocco. (b) Speleothem;
aragonite from Berger Karoly cave, Hungary. (c) Synthetic; nanocrystalline aragonite precipitated
from Na2COs+CaClz solutions, (d) Biogenic; fish otolith (Sander lucioperca). The arrows indicate rows
of half-integer (h+%, k+%, I) reflections that can not be indexed within the Pmcn space group of
aragonite. Photographs of objects are illustrative and do not represent the actual samples.



Diffraction experiments on various aragonite samples typically show reflections that can not
be simply attributed to dynamic scattering. Among these, half-integer (h+% k+% I) HM-type re-
flections* in (110) projections appear to be a recurring feature of electron diffraction patterns of
virtually any low-pressure aragonite sample, as demonstrated in Fig. 1. Besides synthetic arago-
nite studied by Hiragi et al. (1966; Fig. 1),5 the HM type reflections have been recorded in lacus-
trine stromatolites (Fig. 3c; Benzerara et al. 2010)18, bivalve shells (Fig. 5b; Hayashi et al. 2011),23
synthetic aragonite mesocrystals (Fig. 2d; Yu et al. 2017)4° carbonate precipitates from the spele-
othems (Fig. 2; Németh et al. 2018)8 and pseudohexagonal aragonite crystals from different min-
eralogical deposits (Fig. 1; Gavryushkin et al.9). More specifically, Németh et al. (2018) reported
that half-integer reflections are result of diffuse scattering that can be explained by the presence
of the newly discovered 6-layered monoclinic aragonite (mAra), that forms as a precursor of the
conventional Pmcn aragonite in speleothems. Using electron diffraction tomography on best-or-
dered crystals, they identified mAra as monoclinic with space group P2;/c. Ab-initio structure so-
lution showed that mAra has a layered aragonite structure consisting of 6 {110} slabs (layers).
mAra could contain a significant amount of Mg atoms and -OH groups. Further, they suggested
that with its twin elements mAra is the possible cause of (110) twinning in aragonite. Gavryushkin
et al. (2024)13 addressed the problem of local symmetry deviations in aragonite and suggested
that (110) twins and stacking faults may be formed as a result of local strain compensation.

Our study investigates the origin of superstructure reflections in aragonite, a phenomenon that
has puzzled researchers for more than half a century. Samples of aragonite from geological, spe-
leothem, synthetic, and biogenic origins are studied, and show, that the apparent superstructure
reflections are a common feature across all examined materials. An original methodology is de-
veloped that explains the emergence of these reflections through the application of electron dif-
fraction techniques, structure modeling, and computational methods.

2. Results and Discussion

To address the issue of mysterious superstructure reflections in aragonite, samples from all
known sources, where aragonite is identified to form under low-pressure conditions, were col-
lected, and investigated using electron diffraction techniques complemented by structure model-
ing, quantum chemical calculations, and dynamical simulations of electron scattering.

2.1. The occurrence of half-integer reflections in aragonite.

HM reflections are observed in all samples investigated in this study (cf. Fig. 1), suggesting that
this diffraction phenomenon is quite widespread and can be observed in aragonite samples of
geological, speleothem, synthetic, as well as of biogenic origin. [110] diffraction patterns with HM
reflections can be readily indexed assuming the Pcab (n=1) polytype.¢ The characteristic appear-
ance of the HM reflections as observed in (110)-type projections of aragonite is shown in Fig. 2,
where the ideal diffraction pattern of aragonite (Fig. 2a) is compared to the one with the unex-
plained HM reflections (Fig. 2b) and calculated electron diffraction pattern (Fig. 2c) for equivalent
projection of the Pcab polytypes¢ that perfectly reproduces the half-integer reflections. Are we
dealing with a new polytype of aragonite, or some yet unexplained diffraction artifact? On the
other hand, except for apparent half-integer reflections in this projection, the presence of this
polytype could not be confirmed in HRTEM images or diffraction patterns in [001] projection of
aragonite, which should show half-integer {110}-type superstructure reflections,

* In courtesy of the pioneering researchers studying superstructure reflections in aragonite, Hiragi et al. (1966)5

and Makovicky (2012)¢ the {110} twin-based Pcab polytype will be referred to as a Hiragi-Makovicky (HM) polytype,
whereas the corresponding half-integer {2,%,[} reflections are called the Hiragi-Makovicky (HM) reflections.
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Fig. 2: A new polytype of aragonite? Electron diffraction patterns in [110] projection of (a) ideal
aragonite and (b) aragonite with an unexplained half-index superstructure reflections, indicated by
arrows. The two patterns stem from the same crystal. (c¢) Calculated electron diffraction pattern of
{110} twin-based Pcab polytype of aragonite in equivalent projection.>¢ Regular reflections are in-
dicated in black and the forbidden reflections in red. The match with the Pcab polytype is excellent;
100 reflection of the Pcab polytype corresponds to the %%0 reflection condition. Experimental dif-
fraction patterns were recorded from an aragonite crystal from Sefrou near Tazouta, Morocco.

and symmetrized {130} lattice planes.t So the question arises why diffraction patterns of arago-
nite in [001] projection never show superstructure reflections, that should be observed, if this
polytype of aragonite actually existed, and would be as common as the HM reflections (Appendix
A, Fig. A1). Given the fact that disordered polysynthetic twins with short repeating distances are
often observed,59.1319-2530 jt might be possible that the Pcab polytype exists in form of thin lamel-
lae within twinned aragonite. While we observe such situations in HRTEM images, the boundary
between regular aragonite and domains displaying half-integer reflections is not sharp, but dif-
fuse, and the transition from one to another pattern is gradual (Fig. 3), suggesting that the actual
interface between the two domains is not edge-on in this projection.

Fig. 3: The origin of half-integer HM reflections in aragonite. (a) HRTEM image of an aragonite
crystal (Tuva) in [110] projection displaying a transition between regular aragonite (domain 1; FFT
in b, grey arrows - flat at %2%0 condition), and aragonite with double periodicity (domain 2; FFT in
¢, white arrows - sharp maxima emerging at %2%0 condition).



A thorough analysis of published high-resolution TEM data on aragonite also does not show
evidence of polytypic ordering, casting a doubt on the true existence of the Pcab polytype, leaving
these mysterious structural complexities, which are so commonly observed in aragonite, unex-
plained. In addition, the intensity of 00/|.qaq reflections is unexpectedly high given the fact that
this condition is forbidden by the Pmcn space group of aragonite, as well as by the Pcab space
group of the n=1 polytype. While the half-integer reflections remain unexplained, possible rea-
sons for the increased intensity of the 00/|;=0aq reflections include dynamic scattering, presence of
impurities, or a breakdown of aragonite symmetry.

2.2. The co-occurrence of (110) and (100) orientations.

When studying the HM reflections, we often observe a co-occurrence of contiguous domains,
where one is oriented in [110] projection, and the other is close to [100]. The transition between
the two projections is smooth and accompanied with transient appearance of half-integer reflec-
tions. This observation suggests, that rather than the Pbca polytype of aragonite, as suggested by
Hiragi et al. (1966),5 these reflections could be produced by overlapping aragonite domains, that
are linked through a specific orientation relationship. One of such situations is recorded on arag-
onite from a fish otolith sample, oriented in [110] projection (Fig. 4). At first glance, the lattice

Fig. 4: Co-occurrence of [110] and [100] projections in fish otolith sample, a phenomenon indi-
cating a specific crystallographic relationship between the two domains. The arrows in the FFT pat-
tern (2) indicate the presence of HM reflections in the transition zone between domains 1 and 2.

image appears continuous, with no apparent orientation change. FFTs from different parts of the
HRTEM image differ significantly, in one area (loc. 1) the diffraction pattern is trivial, and can be
indexed with [110] of aragonite, slightly away from that position half-integer reflections start to
appear (loc. 2), and further on, without a distinct interface in this orientation, a new projection
emerges (loc. 3), that can be indexed as [100]. In this transition the orientation of the c-axis



remains roughly the same, only the projection gradually changes from [110] to [100]. The co-
occurrence of the two projections, identical orientation of the c-axis and the transition accompa-
nied by the appearance of the half-integer reflections, are indicative of crystallographically re-
lated domains with an interface inclined with respect to the viewing direction.

Further, in diffraction patterns with HM reflections that are slightly off the [110]-axis, we often
observe splitting of high-index hhl reflections. No such splitting would be produced if the origi-
nating structure were the Pbca polytype, however, splitting would be present if the pattern
stemmed from overlapping domains with similar lattice spacings, such as (110) with d=4.21 A and
(020) with d=3.98 A, of [110] and [100] projections, respectively. With only 6% difference in lat-
tice spacings it can be expected that [110] projections with HM reflections are misindexed as [100]
projection and the unusual superstructure reflections are frequently overlooked.4® For more clar-
ification see Appendix, Fig. A2.

2.3. HM reflections produced by (110) twinning of aragonite.

While the Pbca (n=1) polytype that could explain the appearance of half-integer reflections has
never been confirmed to exist in aragonite,® {110} twins, on the other hand, are abundantly pre-
sent in aragonite crystallizing near ambient conditions.19-43 The question then arises whether
twinning could cause the HM reflections? Besides their random occurrence, {110} twins involve
the exact same lattice translation as used to construct the Pbca polytype,5¢ and are thus likely to
produce similar diffraction conditions as the hypothetical polytype. There are two ways to verify
this proposition. The first approach involves simulation of electron diffractions through aragonite
domains related by twin operation in projections, such as [110], where the twin boundary is not
parallel to the electron beam. The second approach would rely on physical tilting of (110)-
twinned aragonite crystal from [001] projection, where the twins are easily identified, into [110]
projection and experimentally confirm whether the problematic HM reflections indeed stem from
the inclined twin boundaries. Neither of these approaches is easily accomplished; while the first
one implies a calculation of the electron wave propagation through a nonperiodic crystal, the sec-
ond one necessitates a physical crystal tilting of as much as 90°.

Let us first consider the crystallographic approach. According to the (110) twin model of arag-
onite, first proposed by Bragg (1924),2 the relation between twin domains, D1 and D2, can be pro-
duced by 180° rotation around the (110)-plane normal after any chosen COs layer. Crystallo-
graphically, the translation can be approximated by transformation matrix, T:

4/9 13/9 0 .I.
D1-T=D2 ;T=| %% 0 (1)
0 0 1

Using this transformation matrix the orientation of the second twin domain D2 can be calculated
for any given crystallographic projection of D1. For example, if domain D1 is oriented in [110]
projection, the resulting orientation of D2 is [17/9 1/5 0]. Correspondingly, the relationship between
the lattice planes and corresponding reflections is obtained by transposing T into T'.

To reconstruct the problematic [110] diffraction pattern of aragonite we start from the [001]
projection, where the twin boundary is oriented edge-on. Fig. 5 shows (110) twin of aragonite
with its [110] direction aligned vertically, along the beam direction (red line). From this orienta-
tion we can see that the twin boundary is inclined with respect to electron beam. The upper do-
main (D1) generates the regular [110] diffraction pattern. However, as the beam crosses the twin
boundary, it enters the second (lower) domain (D2) in oblique [17/s 1/5 0] projection, which

T Fractions are rounded to smallest integer numbers, so that the application of T transforms the unit cell of aragonite
to a quasi—-identical, pseudo-orthorhombic unit cell of twin domain with a=4.943 A, b=7,993 4, c=5.743 A, v=89.78°.
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Fig. 5: Aragonite (110) twin according to the Bragg model,2 viewed in [001] projection. [110]
direction of the upper domain is oriented parallel to the electron beam (red vertical arrow). In this
projection, the twin boundary (blue line) that separates the upper domain 1 (D1 - green) from the
lower domain 2 (D2 - red) is inclined with respect to the incident electron beam. When crossing the
twin boundary, following the relation in Eq. 1, the electron beam traverses the lower domain D2 along
an oblique [Y7/9 1/9 0] projection, just 5.4° away from the [100] projection of aragonite. The projec-
tions of twin-related domains (indicated by block arrows), as seen along the beam direction, are
shown with corresponding diffraction patterns. A simple addition of the two patterns produces the
apparent HM reflections. Squares denote the positions of forbidden reflections.

gives rise to a set of new reflections ignited at the halfway of {hhl} of the D1 pattern. Half-integer
reflections in D1 can be calculated by D2 - T'-1. For example, 010 reflection in D2 translates into
the %40 reflection in D1, etc. As illustrated in Fig. 5, these reflections stem from the 0kl reflection
condition of the twin domain D2, explaining the common co-occurrence of [110] and [100] pro-
jections, as shown in Fig. 4. An overlay of kinematic diffraction patterns calculated separately for
the first (D1) and the second (D2) domain, shown in the lower-right side of Fig. 5, demonstrates
that (110) twin boundary that is present in the crystal foil could produce the HM reflections in
aragonite. The orientations for selected low-index projections of aragonite domains related by
twin operation (transformation matrix in Eq. 1) are listed in Table 1.

Table 1. Twin domain orientations (D2) for selected projections of aragonite (D1) cal-
culated using the transformation matrix, T (Eq. 1) and the nearest integer projections of
aragonite (D2) that could co-occur if the two domains are related by twin operation.

D1

110 100 010

101

011

111

112

D2 7/91/50 4o5/50 13/o-%/00 4fo5/o1 13fg A1 1jglfg1 17/91/2

D2

100 110 310

112

312

201

101

001
001
001




The above described geometry corresponds to the conditions for double diffraction, a phenom-
enon, where a diffracted beam in upper domain is further scattered in the next, twin-related do-
main, producing extra diffraction spots.58 Generated diffraction conditions depend on the orien-
tation of the crystal and the specific crystallographic relationship between the domains. As a re-
sult, extra diffraction spots similar to those observed in <110> projections, cf. Fig. 1, and unusual
contrast feature reminiscent of superstructures in HRTEM images, as shown in Fig. 3 are ob-
served. These features may easily lead to erroneous interpretation of phase composition.5°

2.4. Twin domains approximated by twin-based polytypes.

A simple addition of kinematic diffraction patterns, as shown in Fig. 5, however, does not
properly address the complexity of electron scattering through inclined twin domains. To exam-
ine whether the apparent half-integer reflections in [110]-type projections are truly caused by
out-of-plane twin domains, diffraction patterns should be calculated for a realistic twin boundary.
The most proper way to do this would be to simulate realistic electron scattering across inclined
twin domains, as shown in Fig. 5. On the other hand, all current methods for simulation of dynamic
scattering through crystals (Bloch-wave or multislice) require periodic phase objects,>8 and non-
periodic twin model, such as shown in Fig. 5, would not be suitable for calculations.

To overcome a problem of nonperiodic twin boundary, we constructed twin-based polytypes
to emulate polysynthetic twinning, and make it possible to simulate multiple scattering through
inclined twin domains in selected aragonite projections. The polytypes were constructed follow-
ing the same rules as for the HM-polytype by incrementing the number (n = 2, 3, etc.) of aragonite
layers (n) between the adjacent (110) twin planes. Prior to simulations of diffraction patterns, the
constructed supercells were optimized by means of DFT calculations. Details on quantum chemi-
cal calculations are described in the Materials and methods section. During optimization the reg-
ular structure of aragonite within the slabs remained roughly unchanged with some out-of-plane
perturbations within the Ca layers and aplanarity of the COs groups in the range of 0.07-0.12 A
along the crystallographic c-axis. The CO3; groups adjacent to twin boundaries were symmetrized
(Appendix, Fig. A3), as predicted by Makovicky (2012).6 To simulate electron diffraction patterns,
a plane wave of electrons was dynamically scattered through the twin-based polytype in selected
projections using the multislice method.>8 To study the effect of inclined twin boundaries on the
intensity of the diffracted beams, we selected projections where (110) twin boundary is inclined
with respect to the incident electron beam. While all the polytypes with n = 3 produced half-inte-
ger reflections, the best results were obtained with DFT relaxed n = 7 polytype, which most faith-
fully reproduced experimental beam intensities.

The hypothetical n = 7 polytype of aragonite, that is used for simulation of dynamic scattering
of electrons through inclined twin domains is shown in Fig. 6. Similar to the (110) twin model in
Fig. 5, where the central domain (D1) of the polytype is oriented in [110] projection, the second
domain (D2), related by twin operation, is oriented along [17/s 1/ 0] projection of aragonite; i.e.
[130] projection of the twin-based n = 7 supercell. This gives rise to the formation of HM reflec-
tions in calculated diffraction patterns, as shown on the right panel of Fig. 6. The simulated dif-
fraction patterns perfectly match experimental diffraction patterns along with the apparent HM
reflections. In addition to matching of the relative intensities of reflections, the splitting of diffrac-
tion spots, characteristic for low crystal thicknesses, is reproduced. With increasing thickness, the
diffraction spots merge due to dynamic recombination and produce an impeccable single-phase
pattern leaving no trace about the nonconservative origin of the reflections. The splitting is indic-
ative of the overlapping hhl and Okl reflections of aragonite that are dynamically averaged to cen-
tral positions in thick crystals. Depending on the width of respective twin domain that dominates
the pattern, this gives rise to apparent ‘walking’ of diffraction spots (see Appendix, Fig. A2)



between the two reflection conditions, which makes it difficult to distinguish between the [110]
projection with HM reflections vs. the [100] projection of aragonite.182449

twin-based polytype

HM reflections

Fig. 6: Twin-based n=7 polytype, an approximate of polysynthetic twinning (blue lines) in arag-
onite for simulations of dynamic scattering through twin domains (D1 - green and D2 - red). The
central domain (green) is oriented so that [110] projection of aragonite, i.e. [130] of the n=7 supercell
is aligned vertical and parallel to the incident electron beam (red line). Experimental SAED patterns
from two crystal thicknesses (5 and 10 nm) showing half-integer HM reflections (red arrows) in
[110] projection, are overlaid by simulated diffraction patterns based on the n=7 polytype (upper
half, red dots). Note the splitting of reflections (experimental and simulated) at 5 nm thickness.

The relationship between aragonite (A ) and the n = 7 polytype (P ) can be written as:

1/14 /14 0
A-P=p;P=|?%7 570 (2)
0O 0 1

where P is the transformation matrix linking the two structures. Using this matrix any crystallo-
graphic projection of A can be transformed into an equivalent projection of the n = 7 polytype, P.
For example, if we want to know the orientation of P so that one of its domains is oriented in [110]
projection of A, the resulting orientation for the n = 7 polytype would be [!/7-3/7 0], etc. The list of
orientations for selected low-index orientations of aragonite (A ) related to the n = 7 polytype (P
) via the transformation matrix P are listed in Table 2.

Table 2. The relationship between aragonite (A ) and the n=7 polytype (P ) of aragonite by Eq. 2 for
studying the effect of twin boundaries on diffracted intensities in selected projections. Fractional indices
are written as integer indices in P '.

A 110 100 010 101 011 111 112 001
P 1/7-3/70 1142/70 1/1u-5/70 Y142/71 1ju-5/71 1f7-3/1 1/7-3/2 001
P’ 130 140 1100 1414 11014 131 132 001




2.5.Journey from [110] to [001] projection - a tilting experiment

Simulation of electron diffraction through inclined twin domains in previous section suggests
that the HM reflections could be caused by intrinsic twinning of aragonite. The ultimate proof,
however, would be to show experimentally, that HM reflections actually result from twinning. The
best way to verify if inclined twin boundaries cause half-integer reflections in aragonite is tilting
the area of interest from [110] projection that shows HM reflections into [001] projection, and
confirm, whether or not this particular section contains a twin boundary. Such experiment neces-
sitates a high-angle tilting TEM holder and a suitable crystal, oriented with the [110] projection
near one end of the tilt axis to allow 90° leap from [110] to [001] projection.

(110) twin of aragonite

HM reflections

Fig. 7: Selected area electron diffraction patterns from twinned aragonite crystal along {hh0}
Kikuchi band from [110] projection, showing HM reflections, to [001] projection. HM reflections in
starting [110] pattern are indicated by red arrows. Along with diffraction patterns from the primary
domain (D1), patterns from the accompanying secondary domain (D2) are recorded with small tilt
deviations according to (110) twin operation. Indicated tilt angles refer to the tilting of the primary
domain. Drawings on the left show the relative orientation of the twin boundary (TW) with respect
to the electron beam. After a full 90° tilt, a [001] pattern with characteristic twin reflections is ob-
tained. They stem from the (110) twin of aragonite - lattice image at the top-left side of the figure -
confirming that the true origin of HM reflections is the intrinsic twinning of aragonite.

Once the experiment is set, first diffraction pattern of [110] projection with HM reflections is
recorded. In the vicinity of the HM condition of selected domain, a neighboring domain in [100]
projection is observed, as shown in Fig. 4, indicating a mutual relation between the two domains



following the twin relationship written in Eq.1. From this projection the crystal is tilted along the
{hh0} Kikuchi band of the primary domain (D1) toward [001] zone axis. If we follow this band, the
primary domain (D1) goes from [110], [111], [112] into [001] zone axes, whereas the secondary
domain (D2) is met in oblique projections, which are only few degrees away from the {0k0} Kiku-
chi band, along which this twin-related domain passes from [100], [201], [101] and finally merges
with the primary domain in [001] zone axis. The tilting experiment is illustrated in Fig. 7. The tilt
angles listed in Fig. 7 are related to the primary domain, whereas the secondary domain needed a
few degrees of extra tilt to shown projections. After 90° tilt both domains constitute a character-
istic twin pattern with ~6° splitting between 110 and 020 reflections. The projections that were
identified in tilting experiment exactly correspond to the projection pairs as predicted by Eq. 1
and listed in Table 1. The results of tilting experiment, along with the dynamically simulated dif-
fraction patterns using an n = 7 twin-based polytype as a twin model, demonstrate that the HM
reflections factually originate from intrinsic twinning of aragonite.

2.6. The effect of intrinsic twinning on diffraction patterns in other projections

Given the fact that intrinsic twinning presents an irregularity in the crystal lattice, it can be
expected that in addition to generating new diffraction conditions, such as half-integer reflections
in (110)-type projections, twinning would be expected to affect the resultant structure factors in
other orientations as well. These effects may include changes in the relative intensities of existing
diffraction conditions, as well as the ignition of space group-forbidden reflections. To study these
effects we recorded diffraction patterns in selected low-index projections with intensity distribu-
tions atypical for pure aragonite. Although deviations from the regular reflection intensities have
been observed before, they could not be assigned to any known cause so far.

Studying aragonite in TEM we often observe diffraction patterns with intensity peaks at posi-
tions that should be systematically extinct in Pmcn. They are ubiquitous in all types of samples
considered in our study, regardless of their chemical purity, and are equally common in geological,
synthetic or biogenic samples. For example, synthetic samples that contain no other cation except
Ca, display the same frequency of patterns with notable intensity on forbidden reflections, i.e.
(001) as the most striking example (shown in Fig. 1c), along with HM reflections, as the chemically
impure aragonites of geological origin. Fig. 8 shows this effect in four sets of experimental and
simulated diffraction patterns for selected low-index projections: [100] (a-d), [010] (e-h), [101]
(i-1) and [011] (m-p). The differences in other low-index projections are not as striking as those
in [110] zone axis with HM reflections. Nevertheless, they are unusual, and can not be interpreted
by regular aragonite. Similarly, as we have composed a diffraction pattern of two twin related
domains (D1 + D2) according to Eq. 1, this is done here for other low index projections in Figs.
8(b-n). with respect to the primary domain (D1), no new diffraction condition is produced by the
second domain (D2), even at forbidden reflections. The reflections of twin-related projections
fairly well coincide and produce distinct diffraction patterns under dynamic scattering, repre-
sented by calculated electron diffraction patterns of n = 7 twin-based polytype in Figs. 8(c-o0). In
these projections no superstructure reflections are produced, only some of the forbidden reflec-
tions gain intensity. For example, 101 reflection that is forbidden in aragonite (Fig. 8f) becomes a
weak, but regular reflection in the n = 7 polytype (Fig. 8g). Dynamic interactions give rise to a
characteristic square-like pattern of weak dots hosted within a hexagon of strong {102} & {002}
reflections that are common in both aragonite and twin-based polytype. Resulting diffraction pat-
tern, recorded from the intrinsically twinned aragonite along [010] projection is shown Fig. 8h.
Similar conditions are observed in other projections, where reflections that are forbidden in arag-
onite become regular reflections of intrinsically twinned aragonite. The double diffraction effect
caused by the intrinsic twinning is thus reflected in electron diffraction patterns in all those pro-
jections where the twin plane is inclined, with respect to the incident electron beam. The



diffraction conditions that are produced by intrinsic twinning may be further amplified by the
impurity elements, such as Sr, that break down the local symmetry.
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Fig. 8: The effect of intrinsic twinning on diffraction patterns in chosen low-index zone axes.
Selected area electron diffraction patterns of untwinned (a-e-i-m) and twinned (d-h-1-p) aragonite
with simulated SAED patterns for twinned aragonite domains (b-f-j-n) (D1-green; D2-red) and
twin-based (n = 7) polytype model (c-g-k-o0) calculated for aragonite projections: [100] (a-d), [010]
(e-h),[101] (i-1) and [011] (m-p). The squares in simulated diffraction patterns present space group
forbidden reflections. Note that some reflections that are present in twinned aragonite are forbidden
in regular, untwinned aragonite. Calculated patterns in c-g-k-o0 match well the experimental diffrac-
tion patterns of intrinsically twinned aragonite in d-h-1-p.

Double diffraction is not as uncommon as it is often misinterpreted. Our results are in line with
conclusions made by Beavan et al. (2002),3 who suggested that unusual appearance of forbidden
reflections could be related to the intrinsic twinning. A further evidence of this effect is an exciting
debate about a similar phenomenon known in martensitic steels, where one group of authors pas-
sionately defends the existence of a controversial omega-phase,® whereas another group desper-
ately demonstrates that the observed superstructure reflections are nothing but diffraction



artifacts caused by nanoscale twinning of the material.¢¢ Similar diffraction artifacts were re-
ported by Larsson & Christy (2008)¢! in the study of calcite twins (ibid. Figs. 4c-d). Faint spurious
reflections in their study were explained by superposition of [110] and [001] domains, suggesting
their relation by (104) twin operation. By establishing a clear link between twin geometry, elec-
tron scattering, and emergent diffraction features, we provide a general framework (Appendix,
Figure A3) for distinguishing genuine structural complexity from artifacts arising from polysyn-
thetic twinning. Beyond the aragonite structural specifics, our study has direct implications for
phase identification in all nanoscale twinned materials and highlights the need for inclusion of
twin-related phenomena in the interpretation of diffraction data.

3. Conclusions

Unusual diffraction conditions observed in low-temperature aragonites were studied in geo-
logical, biogenic, speleothem, and synthetic samples. Regardless of the type and chemical purity
of the sample, half-integer and space-group forbidden reflections are regularly observed in all
samples. The following conclusions have been made:

(1) While Pcab polytype of aragonite seems a plausible explanation for the observed half-in-
teger reflections, this polytype has never been confirmed in [001] projection of aragonite
neither by electron diffraction patterns nor lattice images.

(2) Intimate relation between [110] and [100] projections of aragonite in the regions where
spurious reflections are observed indicate that these are two (110) twin related domains
with inclined twin boundary. Electron diffraction patterns through so oriented twin do-
mains produce apparent superstructure reflections alluding to the Pcab phase.

(3) False diffraction conditions stem from double diffraction effect produced by electron scat-
tering through twin related domains in non-edge-on projections.

Beyond resolving the aragonite superstructure paradox, this study demonstrates that nanoscale
twinning can produce systematic and reproducible diffraction artifacts that are easily misinter-
preted as evidence for new phases. Such phenomena are not limited to aragonite, but are expected
in a wide range of materials prone to polysynthetic twinning, including ceramics, semiconductors,
and diverse metal and alloy systems.

4. Experimental Section

To best represent different origins of aragonite samples we investigated: (i) geological arago-
nite from Tazouta (Sefrou, Morocco), Enguidanos (Cuenca, Spain), Koge-Dava (Tuva, Russia) and
Bazsi, Veszprém, Hungary), (ii) biogenic aragonite from sagittal otolith of a pike perch (Sander
lucioperca) (iii) a lake sediment aragonite from Berger Karoly cave (Tapolca, Hungary), and (iv)
laboratory-synthesized aragonite nanocrystals.

Sample description and sample preparation: Geological aragonites typically occur in form of
needles elongated along the crystallographic c-axis or thick pseudo-hexagonal crystals forming
concentric clusters. In both types, the crystals are interpenetration twinned in {110} planes. Arag-
onite from Sefrou occurs in clusters of penetration twinned pseudo-hexagonal prismatic crystals
with flat basal faces and twin domains grown from the common center. The samples from this
locality have already been used in prior studies.10 19 43 Aragonite from Cuenca occurs in simple
prismatic pseudo-hexagonal crystals and as those from Sefrou, all are interpenetration twinned.!!
In contrast, the aragonite crystals from Tuva and Bazsi form aggregates of acicular crystals
perched in basalt vugs. Bazsi aragonite displays the late-stage development of interpenetration



twinned prismatic pseudo-hexagonal crystals similar to those from Cuenca and Sefrou. For trans-
mission electron microscopy (TEM) study the central parts of crystals that contain the highest
density of twins were used. The speleothem sample of aragonite was collected from Titkok Tava
Lake drill core in the Berger Karoly cave, where it forms at 20-25 °C, in a subaqueous environ-
ment.62 Geological and speleothem samples were prepared in two ways, in a case of macroscopic
crystals as cross-sections along selected crystallographic planes following the conventional TEM
sample preparation procedures, or powders deposited on lacey carbon-coated TEM grids in case
of fine crystalline material. The biogenic aragonite analyzed in this study was obtained from the
archived sagittal otolith samples of pike perch (Sander lucioperca) provided by the Lake Balaton
Limnological Research Institute (Tihany, Hungary), which collected the samples approximately
10 years ago as part of a separate environmental monitoring program (OTKA No. T46222). For
our study the fish otolith sample was embedded into a two-component Gatan epoxy resin, cut
perpendicular to the longest axis of the otolith and fixed onto a TEM grid. The central part of the
sample was thinned by Ar+* ion-milling (UniMill, Technoorg-Linda Ltd, Budapest, Hungary) with
an energy of 4 keV. Synthetic aragonite nanocrystals were precipitated at room temperature from
Mg-rich aqueous solutions. In this procedure,63 20 ml of 0.01 M Na;COs buffer solution was first
prepared from double distilled MilliQ water and mixed with 20 ml of 0.01 M CaCl; and 0.04 M
MgCl; solutions without any pH adjustment. The vessels were closed and the precipitated materi-
als were matured for 4 weeks. The end-product of the aging was filtered through a 0.45 pm MCE
membrane filter using a vacuum pump and washed by 20 ml MilliQ water. After filtering the prod-
uct was deposited on lacey C-coated TEM grids.

Transmission electron microscopy: TEM studies were carried out on microscopes operated at
the accelerating voltage of 200 kV; an FEI Talos FX200-G2 scanning TEM (Nanolab, University of
Pannonia), and conventional and high-resolution TEMs Jeol 2100 and 2010F (Center for Electron
Microscopy, JoZef Stefan Institute). Selected area electron diffraction (SAED) patterns and bright-
field (BF) TEM images were recorded using a built-in CCD camera. SAED patterns obtained in
tilting experiment were recorded using a sample holder with a 160° tilt range.

Construction of twin and twin-based polytypes: Structure models of (110) twins and twin-based
polytype structures in aragonite were constructed to study superstructure reflections. To build
the models we used the structure data from Ye et al. (2012),54 where aragonite structure is refined
in the orthorhombic space group Pmcn (62) with unit cell parameters a = 4.962 A, b =7.963 &, and
¢ = 5.743 A. Using structure modeling software (CrystalMaker® Software Ltd., Oxfordshire, UK)é5
(110) twin boundary was constructed in a geometry as proposed by Suzuki et al. (2012),25 except
that in our notation the supercell's C-axis is set parallel to the c-axis of aragonite, whereas its A-
axis is normal to the (110) twin pane. In this twin model, COs groups are located at the twin plane,
as proposed by Bragg (1924) 2 Accordlngly, the super- cells possess the following orientation re-
lationship with aragonite: A= (a -b2+Db- aZ)/(a2 + bZ) B= (b a) C=c. Owing to twin operation
supercells with single twin boundary would be nonperiodic along the A-axis. To overcome dis-
continuity problems the supercells with complementary interfaces are constructed.s¢ According
to this procedure, the primary twin boundary is placed at the center of the A-axis. Periodicity
along the A-axis is then obtained by cutting the A-dimension by n (110) slabs on each side of the
twin plane. As aresult, a complementary twin boundary with identical local structure is generated
at the A-terminations. Such double twin boundary models that are now periodic along the A-axis
and can be used for reciprocal space computations that rely on periodic lattices. Their A-dimen-
sion depends on the number (n) of (110) slabs separating the twin planes, while B and C are con-
stant for all supercells: A = 2n-d110)(4.221 &) |n=123., B = V[d@oo? + d0102](9.382 A), and C =
doo1)(5.743 A). Depending on the number (n) of (110) slabs series of twin-based polytypes are
obtained where the shortest polytype of this series with just one (110) slab (n=1) on each side of
the twin boundary corresponds to the iconic Pcab polytype, with A = 8.42 A, as proposed by Hiragi



et al. (1966)5 and Makovicky (2012)6. Depending on n, the supercells thus contain 40, 80, 120, ..
atoms. A twin-based supercell is illustrated in Appendix, Fig A4. In addition to twin-based poly-
types, mAra supercells in a P2;/c space group witha=28.6 A,b=5.7A,c=9.2 A and f=120.2(5)°,
according Neméth et al. (2019),8 were constructed for comparison. Crystal Cracker software (K.
Leinenweber, Arizona State Univ., USA) was used for matrix-based cell transformations among
aragonite and twin-based polytypes. The supercells were symmetrized within the Pcab space
group using the FindSym® code (ISOTROPY Software Suite, Brigham Young University, Provo,
Utah 84602, USA).67 To ignite forbidden reflections in aragonite and twin-based superstructures,
Ca atoms were replaced by Sr at random positions to satisfy the formal composition of aragonite
measured by EDS. Rigid super-cells were then used in first principles calculations and calculations
of dynamic electron scattering.

First principle calculations and calculations of diffraction patterns: Density functional theory
(DFT) was used for full structure relaxation of twin-based polytypes. The calculations have been
performed with the VASP code, using a plane wave basis set and the projector augmented wave
(PAW) method.t® Exchange-correlation effects were taken into account in generalized gradient
approximation (GGA) by the Perdew-Burke-Ernzerhof (PBE) functional.s® The Brillouin zone was
sampled with k-point grid of 2m*0.035A-1 within the Monkhorst-Pack scheme.”0 After relaxation,
the kinematic diffraction patterns were calculated using the SingleCrystal suite of CrystalMaker®
software,65 and simulations of dynamic scattering of electrons was based on the Multislice method
were performed using the JEMS package (P.A. Stadelmann, EPFL).58

Statistical analysis: Distribution of (110) twins, unrelated to the sample origin, varies from high
density with SFs and twin planes atn =2, 3, .. 7, 8, etc. to low density with twin plane separations
of 50 nm or more. They occur in two sets of {110} planes, where one typically dominates, whereas
the other type appears within individual domains alongside SFs.13 HM reflections and space-
group forbidden reflections are more common in densely twinned regions. When measuring d-
values from SAED patterns planar projection distortions due to the placement of the CCD camera
with respect to the incident electron beam must be taken into account. Such distortions are meas-
ured from elliptical deformation of SAED ring patterns of Au nanoparticles on C-coated TEM grid.
In our case we measured a y-axis distortion of 1.4 %, which has been taken into account in geo-
metrical correction of SAED patterns prior to analysis. In DFT calculations the cutoff energy for
the plane wave basis set was chosen at 400 eV. An iterative relaxation of atomic positions was
stopped when the sum of all forces acting on each atom were smaller than 0.02 eV/A.
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Appendix

Appendix Al: Comparison between aragonite and a hypothetical Pcab polytype.5¢

As shown in the Introduction of this paper, the two-layered Hiragi-Makovicky polytype, based on
intrinsic (110) twinning of aragonite, produces the puzzling superstructure reflections in [110]
projection. This polytype, however, has never been observed in [001] projection of aragonite. The
diffraction patterns for [001] projection of both aragonite and the hypothetical Pcab polytype are
shown in Fig. S1.

b - * [oo1]|lCc - * - *[oo1]
. ]30 . LN ] . 0.4.0 . 1
b e 110+ . ® - 200°
aragonite - - - aragonite - -+ - |/Pcab. - « ¢ nN=1

Fig. Al. Electron diffraction patterns in [001] projection of aragonite. (a) usual experimental diffrac-
tion pattern with no forbidden reflections, (b) calculated diffraction pattern with forbidden reflec-
tions (red), and (c) calculated diffraction pattern of 2-layered Pcab polytype of aragonite, proposed
by Hiragi et al. (1966)> and Makovicky (2012),® with forbidden reflections (red).

While [001] diffraction patterns with or without space group forbidden reflections (Figs. Ala-
b) are commonly observed in aragonite samples, the [001] pattern of the hypothetical Pcab poly-
type (Fig. Alc) has not been identified in any samples in this study. This pattern could be mistaken
by the more common [010] pattern of twinned aragonite, shown in Fig. 8h, but the corresponding
reciprocal d-values in the [001] pattern of the Pcab are ~25% smaller.



Appendix A2: ‘Walking’ reflections.

In electron microscopy studies of aragonite the discrepancies in
the interpretations of the zone axes are common. This is due to so-
called ‘walking’ reflections caused by an intrinsic twinning of arag-
onite. The most characteristic example of this diffraction artifact is
[100]-[110] pair of projections that are related by {110} twin op-
eration (Table 1, main text). The phenomenon is demonstrated in
Fig. A2.

c/l=0.69 - [100]

Owing to inexplicable extra reflections, [110] projection with
(h+Y% k+% I) superstructure reflections is often mistaken by [100]
projection with forbidden (0 k 21)|x-0aa reflections due to similar
¢/a ratio. Besides weak superstructure or forbidden reflections
two projections display quite characteristic differences in intensity
distribution that make them unique (Figs. A2a and A2c). In [100]
projection we observe intermittent rows of forbidden (0 k 2I) re-
flections due to dynamic scattering, while in [110] projection we
observe rows of half-integer (Y2h Y2k I) reflections. Slightly out of
zone axes, the intensity maxima walk between ¢/l = 0.69 and 0.73,
which are characteristic values for [100] and [110] projections, re-
spectively, confusing researchers to interpret DPs as either of the
two zone axes.23 This effect is demonstrated in Fig. A2b, where in-
dividual DPs between two diffraction conditions are recorded and
summed up to show the lateral ¢/I transition.

Fig. A2. Transitional diffraction conditions as observed between [100] I T
and [110] zone axes of intrinsically twinned aragonite samples. (a) pure & t . i G
[100] projection, (b) intermediate ‘walking’ reflections, and (c) [110] [EEEEEEEE Y W<y Saile; 1 0k
projection with HM reflections characteristic of intrinsic twinning.

Appendix A3: Criteria to distinguish Twin-induced artifacts from true Superstructures.

Our work establishes a generalizable framework for identifying and interpreting diffraction
artifacts in intrinsically twinned materials. The proposed scheme is based on the principle that
inclined twin interfaces can generate additional reflections through double diffraction, which
closely mimic genuinely new phases or superstructures. Our protocol combines crystallographic
analysis of twin relationships, superstructure violations along twin edge-on orientations, identi-
fication of coexisting zone axes, and verification by tilting experiments and simulations. Particular
attention should be paid to reflections that appear only in specific orientations, and shift or ‘walk’
with crystal thickness or tilt, which is characteristic of overlapping twin-related domains. Simula-
tions based on twin-derived supercell approximations provide the key criterion for distinguishing
the artifacts from the true superstructures. The scheme is generally applicable to twinned ceram-
ics, minerals, semiconductors, and metallic systems where nanoscale twinning complicates true
phase identification (Figure A3: Practical criteria).



¢ KEY TAKEAWAY

Twin-induced diffraction artifacts are projection-dependent, of variable intensity and
linked to the fraction of co-occuring domain in inclined projections. True superstructures
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TRANSFERABILITY A

This protocol is transferable to any material system where nanoscale
twinning or domain overlap may produce false diffraction signatures
including unexplained superstructure or forbidden reflections

Fig. A3. Practical criteria to distinguish twin-induced diffraction artifacts from true superstructures.



Appendix A4: Supercell setting of twin-based Pcab polytypes.

According to Bragg (1926),2 (110) twin of aragonite is generated by 180° rotation around the
(110)-plane normal on selected CO3 plane. While Bragg has not specified how exactly the model
was constructed, the twin operation can be deduced from the translations in Ca-sublattice and
positions of the triangular CO3z groups. Implementing the above twin operation, series of twin-
based polytypes can be constructed based on obverse and reverse twinning following a selected
number of (110) layers (n = 1,2,3 ..) of aragonite structure, as illustrated in Fig. A4 below.
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Fig. A4. Geometrical setting of twin-based polytype supercells for DFT calculations.

In this study, polytypes ofthe n=1, 2, 3 .. series were used to simulate the diffraction conditions
caused by intrinsic twinning of aragonite. The structures were optimized by first principles calcu-
lations by means of DFT. Due to twin operation all polytypes converge into the Pcab space group.
All polytypes show a local symmterization of the CO3 groups across the twin plane (i.e. horizontal
across the TW plane, tilted in bulk aragonite). This effect is most pronounced in the shortest pe-
riod polytype n = 1, corresponding to Hiragi-Makovicky polytype (see Introduction),>6 and fades
away with the distance from the twin plane.



