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Abstract. The different structural features of labradorite and its incommensurate atomic structure have long
been in the eye of science. In this transmission electron microscopy (TEM) study, all of the structural prop-
erties of labradorite could be investigated on a single crystal with an anorthite–albite–orthoclase composition
of An53.4Ab41.5Or5.1. The various properties of labradorite could thus be visualized and connected to form a
hierarchical structure. Both albite and pericline twins occur in the labradorite. The size of alternating Ca-rich
and Ca-poor lamellae could be measured and linked to the composition and the color of labradorescence. Fur-
thermore, a modulation vector of 0.0580(15)a∗+ 0.0453(33)b∗− 0.1888(28)c∗ with a period of 3.23 nm was
determined. The results indicate an eα labradorite structure, which was achieved by forming Ca-rich and Ca-
poor lamellae. The average structure and subsequently the incommensurate crystal structure were solved with a
three-dimensional electron diffraction (3DED) data set acquired with automated diffraction tomography (ADT)
from a single lamella. The results are in good agreement with the structure solved by X-ray diffraction and
demonstrate that 3DED–ADT is suitable for solving even incommensurate structures.

1 Introduction

1.1 General information

Labradorite is part of the plagioclase series, which ranges
between the endmembers albite (Ab; NaAlSi3O8) and
anorthite (An; CaAl2Si2O8), with labradorite existing in
the composition range between An50 and An70 (Okrusch
and Matthes, 2013). The cell parameters in this compo-
sitional range of labradorite vary between a= 8.1668–
8.1809 Å, b= 12.8509–12.8723 Å, c= 14.2086–
14.2148 Å, α= 93.5802–93.5325◦, β = 116.23–116.1817◦,
γ = 89.8396–90.387◦ and Z= 8 with a cell volume of
1334.53–1339.8 Å3 (Jin and Xu, 2017a; Jin et al., 2020).
It reveals cleavage planes along (001) (perfect) and (010)
(good) and is frequently twinned according to the albite or
pericline laws. Polysynthetic twins are often seen on (001) or
(010) (Okrusch and Matthes, 2013). In addition to twinning,
labradorite contains a variety of different structural features,
including a 3–6 nm modulated superstructure exhibiting e-
and f -satellites (Fig. 1), a 20–50 nm domain texture, and,
in addition, a lamellar structure that is ∼ 100 nm in size and

causes the well-known schiller, also called labradorescence
(Olsen, 1977). Labradorescence describes an interference
with light on lamellae that are all oriented in the same
direction, which causes a play of color that can range over
the entire spectrum of the visible light (Bøggild, 1924).
Labradorite may contain many inclusions, which are typi-
cally irregularly distributed within the crystal, with the most
common ones being iron oxides such as hematite, magnetite
or ilmenite (Henn et al., 2020). However, they do not affect
the occurrence of labradorescence (Raman and Jayaraman,
1950).

1.2 Labradorescence

In bright-field transmission electron microscopy (BF-TEM)
images, the lamellae of labradorite are alternating light and
dark regions (Bolton et al., 1966). Depending on composi-
tion, their size can vary between 50–250 nm (Miúra, 1978).
They are in principle periodic but tend to branch out lead-
ing to a lack of long-range order. The phase boundaries be-
tween the lamellae are coherent (Smith and Brown, 1988).
The lamellae merge without defects or structure stresses be-
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cause there is only a slight difference in cell parameters in
the plagioclase series of 0.1 %, and the γ angle differs by
only 0.4 % (Hoshi et al., 1996). This has been observed by a
minor splitting of Kikuchi lines (Nissen, 1971; Nissen et al.,
1973; Hoshi et al., 1996).

Labradorescence occurs because of optical interference of
the lamellar structure (Bolton et al., 1966; Smith, 1974).
The wavelength of the intensity maximum of the reflecting
light, i.e., the color of the iridescence, can be explained by
Bragg diffraction on a stack of varying thickness (Bolton
et al., 1966). Lamellae can form along several orientations,
but most often, the labradorescence is seen in the direc-
tion of the b axis. That is, most lamellae are approximately
parallel to the (010) plane (Bolton et al., 1966; Smith and
Brown, 1988; Hoshi et al., 1996). Several sources claim the
labradorizing plane deviates from the (010) plane by approx-
imately 14–15◦ (Lord Rayleigh, 1923; Raman and Jayara-
man, 1950). The labradorescence may be interrupted by non-
labradorizing parts; at such boundaries, the labradorite then
always shows dark blue colors (Bøggild, 1924) due to the
lamellae becoming smaller until reaching a size that only re-
flects UV light in the non-labradorizing areas. The lamellae
differ in Ca and Na content (Nissen et al., 1973), with the
broader lamellae being Ca-rich, while the narrower lamel-
lae are enriched in Na (Hoshi et al., 1996). The composition
of the Ca-poor and Ca-rich lamellae differs by up to 12 %.
In addition, all labradorites with schiller have an orthoclase
(Or) content greater than 2 mol% (Nissen et al., 1973). With
increasing An content, the size of Ca-rich lamellae increases
rapidly, and the size of Ca-poor lamellae decreases slowly in
proportion (Smith and Brown, 1988). The thicker the lamel-
lae are, the higher the wavelength λ of the scattered rays is,
ranging from dark blue to red. Based on the work of Bolton et
al. (1966) an equation was established by Miúra et al. (1975)
that displays the origin of the respective color of labradorite.
Additionally, regression equations for the wavelength λ and
thus the An content, depending on the lamellar thickness d,
were derived:

λ = 3.105d − 21.178 [Å] , (1)
An= 0.09d + 36.083 [mol%] . (2)

For a more detailed discussion of the derivation of the equa-
tions given above, please see Sect. S1 in the Supplement.

1.3 Spinodal decomposition

It is likely that the labradorite lamellae are formed by
spinodal decomposition. Distinguishing spinodal segregation
from nucleation is possible only in the very early stages of
maturation (Smith and Brown, 1988). At low temperatures
and slow diffusion rates, there is a possibility that even over
long periods of time the process will not progress beyond
the spinodal stage. The chemical fluctuations are periodic
and can be described as sinusoidal modulations in compo-
sition. Their wavelength is usually between 50 and 500 Å.

Labradorite shows typical indications of a spinodal decom-
position process in TEM such as a periodic modulation with
diffuse boundaries, in which the diffraction pattern of a sin-
gle phase shows satellite reflections (Putnis, 2001).

1.4 e-plagioclase

Most compositions in the plagioclase series crystallize in a
C1 structure, the high-albite structure. In An-rich composi-
tions, the structure changes to the body-centered space group
I1 due to an increasing Al : Si ratio. In the compositional
range in between albite and anorthite, neither of these or-
dering schemes are possible. The deviations from the 1 : 3
and 1 : 1 Al : Si ratios of the endmembers lead to an unfa-
vorable energetic situation (Putnis, 2001). By reorganizing
the structure and ordering the atomic positions, the energy of
the solid solutions can be minimized. Since the Al–Si distri-
bution is coupled to the Na–Ca distribution, and the Al–Si
ordering schemes are fundamentally different in albite and
anorthite, this results in an incommensurate structure with
satellite reflections of different periodicity imposed on the
main reciprocal lattice (Kitamura and Morimoto, 1977). The
superstructure is composed of a modulation wave that de-
scribes the displacement and density change in all atoms in
the average structure. In general, Na atoms remain in the cen-
tral part of their position in the structure, while Ca atoms lie
further away from their center. Thus, the larger the electron
density offset is, the more Ca-rich the composition is. The
modulation was assigned to arise from the Ca and Na posi-
tions (Xu et al., 2016), which also has a great influence on
the distribution of Al and Si atoms in the tetrahedra (Kita-
mura and Morimoto, 1977). This represents a compromise
for the ordering; however, it satisfies local charge balances.
Thus, the structures e1 and e2 are formed, which are Ca-rich
and Na-rich, respectively (Putnis, 2001). Therefore, various
miscibility gaps exist in the plagioclase series. At ∼An50,
a discontinuity occurs in the spacing and orientation of the
satellites, as well as the cell parameters and solution en-
thalpy. This way e1 and e2 are easily distinguished from each
other (Putnis, 2001). This marks the position of the Bøggild
miscibility gap in which lamellar intergrowths of e1 and e2
are formed. Various endmember compositions of the Bøg-
gild intergrowth are given in the literature with An40–An50
(Hoshi et al., 1996; Putnis, 2001), An35–40–An50–55 (Nissen,
1971), An44–45 (lower limit) (Jin and Xu, 2017a), An47–An53
(Smith and Brown, 1988), An51–An50 (Bøggild, 1924) and
An45–An65 (Okrusch and Matthes, 2013).

In intermediate plagioclases An25–75, only major reflec-
tions (a-reflections) with h+ k = 2n occur (Fig. 1). All pla-
gioclases with more than An55 show the f -reflections around
the a-reflections. These are second-order satellite reflections
that are very faint but intensify with high anorthite content
(Smith and Brown, 1988). Xu et al. (2016) discovered the f -
reflections in a Na-rich (An49) e-plagioclase for the first time.
In addition, a pair of extra satellite reflections (e-reflections)
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Figure 1. Schematic drawing of a reflection arrangement along the
zone axis [100]. The labradorite cell, which is displayed in red, is
simplified (90◦ angle and distances not to absolute scale). The f -
reflections occur around the a-reflections, while the e-reflections
occur around absent b-reflections. The satellites are connected with
the a-reflections in a straight line (dashed blue line).

with a center of mass at a∗, b∗, c∗/2 were observed, indi-
cating absent b-reflections and thus a doubling of the c axis
(Fig. 1). The e-reflections were first described by Chao and
Taylor (1940) and later by Hoshi et al. (1996), Kalning et
al. (1997), Nakajima et al. (1977), and Xu et al. (2016).

The existence of satellite reflections results from a mod-
ulation of the ordering scheme. Their position and hence
the direction of the modulation is described by the vector
t that consists of δh, δk and δl (∈ R), with its origin being
at the absent b-reflections (Kitamura and Morimoto, 1977).
The direction of the modulation runs perpendicular to t ,
with a thickness of t . The thickness and direction change
with increasing An content (Xu et al., 2016). Thereby, the
wavelength of the modulation also increases with increasing
An content (Smith and Brown, 1988). The satellite reflec-
tions change continuously in orientation and spacing over
the course of the lamellae (Hoshi et al., 1996; Nissen et al.,
1973). For plagioclase, the t vector has a magnitude of about
3–6 nm (Kalning et al., 1997).

The e-plagioclase structure has long been considered
metastable because Al–Si diffusion seemed too slow for
equilibrium to be reached. However, some reasons support
their actual stability. First, natural potassium feldspars can
also reach a high Al–Si degree of order at temperatures of
a few hundreds of degrees Celsius. Moreover, Al–Si diffu-
sion distances of at least 100–200 nm are possible in the pla-
gioclase structure, as shown by the occurrence of lamellae
of this order in labradorite (Carpenter, 1986). Additionally,
the modulation period does not get longer as the cooling rate
of e-plagioclase decreases: it gets longer with increasing An
content (Jin and Xu, 2017b).

2 Methodology

2.1 Sample preparation

For transmission electron microscopy (TEM) studies pow-
dered samples and ion-milled samples were prepared. In the
case of the powdered samples, a small piece of labradorite
was mortared and suspended in ethanol before being dripped
onto a carbon-coated copper grid. For the ion-milled sam-
ples, a piece of labradorite was ground using a tripod Mul-
tiPrep™ from Allied High Tech Products, Inc., Rancho
Dominguez, CA, USA, until the thickness was below 30 µm.
After gluing the samples onto molybdenum grids, they were
ion-milled with a DuoMill 600 from Gatan, Pleasanton, CA,
USA. A 15◦ angle was used for the Ar ion beam. Initially,
a voltage of 4 kV was used, which was reduced to 3.5 kV as
thinning progressed. The ion beam was always kept between
0.75–1 mA per gun. Finally, the samples were thinned again
at 1 kV for 15–20 min to gently remove the amorphized sur-
face. To avoid electrostatic charging of the samples under the
incident electron beam, they were lightly coated with carbon.

2.2 Light microscopy

A polarizing microscope (Zeiss Axio Lab.A1, Carl Zeiss AG,
Oberkochen, Germany) was used for the initial examination
of the samples and to depict initial characteristics.

2.3 Transmission electron microscopy (TEM)

All TEM investigations were performed with a JEOL 2100F,
Tokyo, Japan (200 kV), or a FEI Tecnai F30, Eindhoven,
Netherlands (300 kV). A 2k× 2k charge-coupled device
(CCD) camera (Ultrascan100 from Gatan, Pleasanton, CA,
USA) was used at the JEOL. A tomography attachment for
the JEOL single tilt holder was used as a sample holder.
Energy dispersive X-ray spectrometry (EDS) was performed
using an X-Max80 detector from Oxford Instruments, High
Wycombe, UK. A 4k× 4k CCD camera (Ultrascan4000
from Gatan) and a tomography sample holder from E. A. Fis-
chione Instruments Inc., Export, PA, USA, were used with
the FEI instrument. EDS was performed with an EDAX de-
tector (Mahwah, NJ, USA). For scanning transmission elec-
tron microscopy (STEM), a high angular annular dark-field
(HAADF) detector was used. For automated diffraction to-
mography (ADT) measurements, a Fast-ADT measurement
routine was utilized as a plug-in for DigitalMicrograph 3,
for TEM mode (JEOL) and for STEM mode (FEI) (Plana-
Ruiz et al., 2020). ADT was performed in nano-beam diffrac-
tion mode (NBD), which allows the beam to be kept quasi-
parallel up to 20 nm. In this way, crystallites in the nanometer
range can also be processed, which is not possible with X-ray
diffraction (Kolb et al., 2012). Since the beam can be reduced
in size down to the nanometer range in this mode, diffraction
images with a good signal-to-noise ratio can be acquired even
from single nanoparticles (Zuo and Spence, 2017). Electron
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beam precession (PED) was performed by the NanoMEGAS
(Brussels, Belgium) DigiStar program.

2.4 Automated diffraction tomography

Automated diffraction tomography (ADT) was used to
record the three-dimensional diffraction data of a crystal. It
is best performed on small, thin single crystals in a range
of about 100 nm in size. ADT was performed in nano-beam
diffraction mode. In the case of JEOL 2100F, the smallest
spot size of 0.5 nm was used. Which α is selected depends on
the beam size. To be able to obtain three-dimensional diffrac-
tion data, a tilting series of diffraction patterns was recorded.
To ensure that the crystal does not move off axis during tilt-
ing, the eucentric height was mechanically adjusted first. Be-
cause the crystal still moved back and forth during the tilting
process, even if the eucentric height was set correctly, a track-
ing file was recorded, which served as a reference image. In
the images of the tracking file the region of interest (ROI)
was marked. The beam was set to a size of 50–200 nm. The
value of the condenser lens 2 (CL), was saved to facilitate a
return to this beam size. Then the beam shift was calibrated
using the X and Y deflections of the beam. The beam was
then set to the ROI and changed to diffraction mode. The
diffraction image was centered, and the exposure time was
adjusted so that the camera was not overexposed. Finally, the
initial parameters were loaded, and the Fast-ADT routine was
started (Plana-Ruiz et al., 2020).

When using ADT with fixed tilt steps, the reciprocal
space is sampled more finely, and therefore more diffrac-
tion points can be captured compared to diffraction im-
ages limited to zone axes. In terms of tomography, the two-
dimensional diffraction images are then merged to form a
three-dimensional space. Orienting the crystal before taking
the sequence is not necessary and should even be avoided
to capture more independent reflections. In addition, the
diffraction images of zone axes have particularly many dy-
namic effects. Thus, non-oriented crystallites contain fewer
dynamical effects and provide pseudo-kinematic data sets.
Since the use of the NBD mode results in small disks from
the diffraction points, the diffraction image must be refo-
cused via the intermediate lens because otherwise the disks
could overlap, in particular, for large unit cells. This changes
the effective camera length, which must be calibrated. The
precession of the electron beam during the ADT measure-
ment captures more diffraction points between the tilt steps
and generates fewer dynamic effects because intensities are
integrated instead of just intersected, a precession angle of
0.5–1◦ being sufficient (Kolb et al., 2012).

The obtained three-dimensional reciprocal space was then
analyzed with the programs eADT (Kolb et al., 2012) and
PETS (Palatinus et al., 2019). Here the cell parameters and
space group can be determined. The cell parameter determi-
nation has an accuracy of 1 %–2 %. The cell has to be mul-
tiplied by a factor to calibrate the effective camera length,

allowing for the extraction of the intensities from the raw
data. This data set was then used for the structure solution in
SIR2019 (Burla et al., 2015) and Jana2006 (Petříček et al.,
2014). The crystal structures were visualized with VESTA 3
(Momma and Izumi, 2011).

In the past scientific work was published dealing with
the solution of incommensurate structures with three-
dimensional electron diffraction (3DED). Palatinus et
al. (2011) used the charge flipping algorithm to solve the
hexagonal incommensurate structure of η′-Cu3−x(Si,Ge)
from 3DED data. Other works by Boullay at al. (2013),
Lanza et al. (2019), and Plana-Ruiz (2020) show the appli-
cation of 3DED to solve orthorhombic materials modulated
along a main axis, and Steciuk et al. (2016) published a paper
on solving a monoclinic, layered ferroelectric material, with
a modulation vector showing components of two axes.

3 Experimental procedures

3.1 Sample preparation

The labradorite used for the electron microscopic examina-
tions was from Toliara Province, Madagascar (Fig. 2b). The
crystal exhibits labradorescence from dark blue to yellow
and is strongly twinned (Fig. 2a). To ensure consistency, all
samples were taken from an area of yellow labradorescence.
In addition to powdered samples, ion-milled samples were
also prepared. In order to reach all major axes and thus al-
low a comprehensive characterization, three sections at 90◦

to each other were prepared, with one being cut parallel to
the labradorescence. Perpendicular to this, two sections were
cut at 90◦ with one perpendicular to the labradorescence and
the macroscopic twins. The other cut section was also per-
pendicular to the labradorescence but running parallel to the
observed twins.

3.2 Transmission electron microscopy (TEM)

Since the labradorite sample turned out to be electron beam
sensitive, the TEM examinations were performed with a
medium spot size of around 4 nm and the second largest
condenser aperture with a diameter of 100 µm. If the elec-
tron beam remained on one spot for a longer period of time,
radiation damage could still be detected. In this case, an
even smaller spot size or condenser aperture was selected for
imaging. ADT was performed with the smallest condenser
aperture (10 µm), which reduced the electron dose even more
and thus prevented sample damage during measurement.

A total of 15 ADT data sets were taken from all three ion-
milled samples. The best data set was recorded with Fast-
ADT in STEM mode in a tilt range of −60 to +60◦ with a
beam size of 150 nm, a camera length of 1 m, an exposure
time of 1 s per frame and a precession angle of 1◦. The satel-
lite reflections were clearly visible in the electron diffraction
images obtained.
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Figure 2. (a) Sample of labradorite displaying labradorescence ranging from dark blue to yellow. The samples were taken in a yellow area
(lower left corner). Additionally, polysynthetic twinning can be seen. (b) Map of Madagascar with Toliara Province, the place of discovery of
the labradorite, marked in yellow (ESRI, 2011). The sample shown in (a) is from the southern area of Ampanihy, Atsimo-Andrefana, marked
in red.

4 Results

Some structures of labradorite can already be seen by the
naked eye or at relatively low magnifications under an op-
tical microscope; however, for the purposes of this research
and in order to image all structural aspects, mainly electron
microscopy was employed for investigating the internal hier-
archical structure of labradorite.

In the following, the different structural features shown in
Fig. 3, starting with the albite and pericline twins, will be
presented and separately discussed.

4.1 Twins

Two different types of polysynthetic twins were found in
this labradorite: albite and pericline twins (Fig. 4a). Pericline
twinning can already be seen with the naked eye (Fig. 2),
while albite twinning only becomes visible under crossed
nicols in a polarizing microscope (Fig. 4b). When viewed
approximately along the a axis, both twins can be observed
in a single cut. Albite twins are typically 0.2–1 µm wide. At
an angle of about 90◦, these are intersected by much larger
pericline twins about 200 µm in size. Albite twins are not
present in the pericline twins. In the TEM, diffraction im-
ages of the zone [100] taken at the twin boundary of an albite
twin show split diffraction spots along the c∗ axis, resulting
in c∗1 and c∗2 (Fig. 5a). When a dark-field image is produced
from a diffraction spot along the c∗1 or c∗2 axis, the diffraction
contrast originates only from either the matrix or the twin, re-
spectively (Fig. 5b and c). Accordingly, the diffraction image
of a pericline twin boundary shows a split b∗ axis, creating b∗1
and b∗2 (Fig. 5d). As with the albite twinning, the dark-field
images of diffraction spots along the b∗1 or b∗2 axis also show
only the matrix or the twin illuminated (Fig. 5e and f). Thus,
the diffraction pattern containing the b∗1 or c∗1 axis arises from
the matrix, while the pattern containing the b∗2 or c∗2 axis is
produced by the respective twins.

4.2 Lamellae and local domains

In the samples that were cut perpendicular to the labradores-
cence plane, alternating thick and thin lamellae were seen
in bright-field (BF) imaging. Apart from a few intersections,
the lamellae run mostly parallel to each other. In the peri-
cline twins, the lamellae are oriented differently and meet
the lamellae from the matrix at an acute angle.

In the TEM, the lamellae can be better visualized in dark-
field (DF) mode. Depending on which diffraction spots are
used for dark-field imaging (Fig. 6a), different features of
the labradorite become visible. In order to make the lamel-
lae visible, 020 was selected for dark-field imaging because
it shows a strong difference in diffraction contrast for the
Ca-rich (dark) and Ca-poor (bright) lamellae (Fig. 6b). The
boundaries of the lamellae are diffuse since there is not an
instant but only a gradual change in composition from one
lamella to the next.

In the TEM image shown in Fig. 6c, utilizing a pair of
e-satellites for dark-field imaging, additional ∼ 50 nm do-
mains with diffuse boundaries are visible only in the Ca-rich
lamellae; however, none were found in the Ca-poor lamellae.
These could have been formed during the phase transition
from the high-temperature C1 phase to the low-temperature
e-plagioclase, similar to experimental results of Benna et
al. (1995) and Németh et al. (2007) with Sr-feldspar and Ca-
rich plagioclase, respectively. In the domains, approximately
3 nm large e-fringes can be seen (Fig. 6d and e), which arise
from the modulation and run perpendicular to the vector t .

The lamellae are not fully perpendicular to the b axis. In
fact, they are tilted∼ 11◦ away from it. In order to determine
the thickness of the lamellae, 232 of the thick and 232 of the
thin lamellae each were measured. The thicker lamellae have
an average thickness of 129 nm, while the thinner lamellae
are about 64 nm thick. Only lamellae that were parallel to
each other were taken into consideration.
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Figure 3. Not-to-scale schematic drawing of the different structures in labradorite. (a) Macroscopically, the labradorescence, ranging from
dark blue to yellow, can be seen. Panel (b) represents a magnified view from (a). Here, the albite (0.2–1 µm) and pericline twins (∼ 200 µm)
are shown. (c) Magnifying the area around the albite twins even further reveals the presence of alternating thicker and thinner lamellae
(∼ 100 nm) that are approximately parallel to each other and lie in the plane of labradorescence. (d) An even higher magnification additionally
showing small domains (20–50 nm) being present only in the bigger lamellae.

Figure 4. (a) Schematic drawing of an albite and a pericline twin in labradorite. (b) Labradorite that was cut at 90◦ to the twinning and the
labradorescence under crossed nicols in a polarizing microscope. Besides the pericline twins, there are polysynthetic albite twins that are
intersected by the pericline twins at an angle of about 90◦. Note that no albite twins were observed inside the pericline twin. Insert in the
bottom-right corner of (b) was taken from Fig. 3.

In order to determine the differences in the composi-
tion of the various lamellae, an energy dispersive X-ray
spectroscopy (EDS) line scan was performed over seven
lamellae (Fig. 7) in STEM mode. The number of counts
of the elements was first related to the total counts for
each distance to correct for thickness. Then it was multi-
plied by the k factor of each element. The weight percent-
age (wt %) thus obtained was converted to mole percentage
(mol%). The average composition determined of the yellow
regions was Ca0.53Na0.42K0.05Si2.43Al1.53Fe0.04O8. Evalua-
tion of the EDS line scan shows that the thicker, lighter
lamellae were more enriched in Ca and depleted in Na,

while the opposite was true in the thinner, darker lamel-
lae. The trend of the content of Al, Si, K and Fe is dis-
played in Fig. 8. As expected, in the Ca-rich lamellae the
Al content also increases, while the Si content decreases
(Fig. 8a). Considering the general formula for plagioclase
Ca1−xNaxAl2−xSi2+xO8, with x ranging from 0 to 1, the de-
termined variation in the Si and Al content can be explained.
For the Fe content, although the noise in the EDS spectra is
rather high due to the low count rate for Fe, a slight trend
can be discerned in Fig. 8b, which follows that of the Al con-
tent across the lamellae. This may result from the fact that
Fe2+/3+ can be incorporated in the tetrahedral position re-
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Figure 5. TEM images of twinning in labradorite. Panels (a)–(c) show the twin boundary of an albite twin, while (d)–(f) show the twin
boundary of a pericline twin. (a) Diffraction pattern along the zone axis [100]. The splitting of the diffraction spots can be seen along c∗,
resulting in c∗1 and c∗2 . (b) Dark-field image of df1, which lies in the direction c∗1 . The diffraction information arises from the matrix, while
in (c), the dark-field image of df2 (lying on c∗2), only the albite twin is illuminated. (d) Diffraction pattern along the zone axis [100]. The
diffraction spots are split along the b∗ axis, creating b∗1 and b∗2 . (e) Dark-field image of df1, which lies on the direction b∗1 . Only the matrix
is illuminated, while in (f), the dark-field image of df2, which lies on b∗2 , only the diffraction information from the pericline twin is shown.
Insert in the top-right corner of (c) was taken from Fig. 3.

placing Al3+ (Makada et al., 2019). The Na and K content
is increased in the Ca-poor lamellae (Fig. 8c). The K con-
tent also shows high noise levels because of the low concen-
tration. Nevertheless, it seems to follow approximately the
course of the Na curve, which was to be expected since K is
located at the Na position in the crystal structure. All spectra
of the line scan were averaged to obtain an average composi-
tion of the labradorite. For the calculation of the An content,
it was assumed that there is only Ca2+, Na+ or K+ on each
cation position, resulting in an An content of 53.4 mol%.

4.3 Atomic scale investigations – HRTEM imaging

A high-resolution image (Fig. 9a) oriented in the direction
[010] was recorded. In the fast Fourier transform (FFT), a∗

(a = 8.2 Å) and c∗ (c = 7.1 Å) can be seen (Fig. 9b). The an-
gle between a∗ and c∗ is ∼ 64◦, which in real space equals
the ∼ 116◦ of β. The high-resolution transmission electron
microscopy (HRTEM) image was filtered with the diffraction
spots of the labradorite cell with a doubled c axis, including
the satellites that reflect the modulation vector. We applied a
mask by using the 002 and the 200 reflections, and, in addi-

tion, one filter mask was created also including the satellite
reflections. In Fig. 9b the filtered FFT is shown including the
satellites. Please note that when unmodulated and modulated
FFTs are compared, no significant changes were detected be-
cause the modulation vector is inclined to the [010] direction.
In Fig. 9c, the labradorite structure oriented along [010] was
superimposed on a magnified region of Fig. 9a, which agrees
well with the high-resolution structure. Si and Al are shown
in blue and are located on the bright positions. Ca and Na are
shown in yellow and are positioned on the border of the dark
areas. The FFT of the HRTEM image reveals additional max-
ima, which can be attributed to a modulation. The distance of
these satellites indicate a period of 4.3 nm. In order to calcu-
late the actual modulation of labradorite it is necessary to
measure and reconstruct the labradorite diffraction space in
three dimensions.

4.4 Average crystal structure solution –
three-dimensional electron diffraction

For the acquisition of 3DED data using automated diffraction
tomography (ADT) a lamella that extended into the thinned
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Figure 6. (a) TEM diffraction image along the [100] zone axis of the labradorite matrix. Selected diffraction points df1–df3 are marked by
arrows and displayed in TEM dark-field images (b–e). (b) Dark-field image of 020 where the Ca-rich (dark) and Ca-poor (light) lamellae are
visible. (c) Dark-field image of a pair of e-satellites between 014 and 015. Domains in the lamellae become visible. (d) Dark-field image of
064. The yellow framed area is enlarged in (e) and displays e-fringes in some areas with a distance of approximately 3 nm. Insert to the right
of (e) was taken from Fig. 3.

Figure 7. STEM dark-field image (a) of the lamellae of labradorite in zone [001] in a part of the matrix. The area framed in red is enlarged
in (b), where the red line marks the position of the line scan. (c) Measurements of the Na and Ca content (in mol%) plotted against the
distance in nanometers.
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Figure 8. EDS line scans with the element content (in mol%) plotted against distance in nanometers. (a) Si, Al, Ca and Na; (b) Al and Fe;
(c) Na and K. In order to display the trend of each element, there are two y axes in each diagram.

Figure 9. (a) High-resolution TEM images of labradorite along the [010] direction. The intensity is modulating because of an increase in
sample thickness throughout the image. The image is filtered with the cell with a doubled c axis from its FFT, which is displayed in (b). The
a∗ and c∗ axis are shown in the FFT in red and blue, respectively. The white arrows indicate satellite reflections. (c) Magnified top-right area
(boxed region) of the filtered HRTEM image from (a). The labradorite structure correlates well with the high-resolution structure. Si and Al
are displayed in blue, Na and Ca in yellow, and O in red.

hole (Fig. 10) was selected. Since Ca-rich plagioclase is more
stable up to higher temperatures than Na-rich plagioclase, the
Ca-rich lamellae are more resistant to ion thinning. When
only considering the Ca-rich lamellae in the EDS line scan
(Fig. 7), the An content of the extending lamellae is around
60 % and thus higher than the concentration averaged over
several lamellae (compare with Fig. 10).

The data sets usually ranged from −60 to +60◦ and con-
tained up to 121 frames recorded for tilt steps of 1◦. They
were captured using a beam size of 150 nm, 0.5 s expo-
sure time, a camera length of 1 m and a precession angle

of 1◦. Out of 30 data sets, two sets (orientations 1 and
2 from the same lamella) with the best visibility of satel-
lite reflections were chosen for further evaluation, struc-
ture solution and refinement. The analysis of the recon-
structed three-dimensional reciprocal space delivered the fol-
lowing cell parameters: a = 8.164(2)Å, b = 12.898(3)Å,
c = 7.163(2)Å, α = 94.28(3)◦, β = 116.52(2)◦ and γ =

89.47(2)◦. This cell is close to the unit cell of Jin et
al. (2020), who worked on a comparable composition of
An52 (Sample 7147A): a = 8.1640(3)Å, b = 12.8534(2)Å
and c = 14.2098(4)Å, respectively, 7.1049 Å for the sin-
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Figure 10. TEM bright-field image of the lamellae. The thicker Ca-
rich lamellae extend further into the thinned hole due to their higher
resistance against ion thinning. The position where the ADT data
set was taken is marked with a white circle. The horizontal tilt axis
is shown in the bottom-right corner.

gle cell, and α = 93.6187(11)◦, β = 116.2531(15)◦ and γ =
89.781(3)◦. The maximum deviation in cell axes and angles
is below 1 %.

In Fig. 11 for the three main orientations, together with the
main zones [100], [010] and [001], the derived cell parame-
ters and the full reciprocal space viewed down c∗ are shown.
The view down c∗ (Fig. 11d) exhibits only reflections with
hkl: h+k = 2n indicating aC-centered cell. Apart from these
reflection conditions, also observable in the main zones [010]
(h0l: h= 2n) and [100] (0kl: k = 2n), no additional extinc-
tions were detected. This corresponds to the known space
group C1 (Wenk et al., 1980) describing all basic reflections.

In addition, satellite reflections can be seen in the
three-dimensional-reconstructed space (see orange arrows in
Fig. 11a and b), which do not originate from the basic struc-
ture. However, these reflections are regularly arranged. As
described in Fig. 1, f -satellite reflections define themselves
around the a-reflections and e-satellite reflections around the
position of absent b-reflections. The basic cell derived from
the ADT diffraction volume cannot be used to describe the
b-reflections in the structure; thus the c axis must be doubled
(indicated by blue lines in Fig. 11a and b).

The electron diffraction data were extracted with the
program PETS2 (Palatinus et al., 2019) for both the sin-
gle cell without satellite reflections and the doubled cell
including satellite reflections. In a first step, a struc-
ture solution without satellite reflections was performed
in space group C1 with Jana2006 (Petříček et al., 2014)
using the composition derived from EDS measurements
Na0.36Ca0.60K0.04Si2.4Al1.6O8 and Z = 4, which led to a
density of 2.72 g cm−3. The data sets reached a maximum
completeness of 84.29 %, providing a sufficient coverage
of the reciprocal space to solve the average structure of
labradorite using the charge-flipping algorithm (Palatinus,
2013) of Superflip (Palatinus and Chapuis, 2007). For direct
comparison with the crystal structure solved from X-ray ra-

Figure 11. Cut of three main zones and projection of the re-
constructed ADT diffraction volume (unit cell of labradorite indi-
cated with black lines, arrows in red= a∗ axis, green= b∗ axis and
blue= c∗ axis, and blue lines indicate c-axis doubling). (a) [100],
(b) [010], (c) [001] direction. (d) Projection of the reciprocal
space along c∗ showing C-centering and satellite reflections. In (a)
and (b) satellite reflections are indicated by orange arrows.

diation (Jin and Xu, 2017a), an origin shift of 1/4, −1/4, 0
had to be applied. Crystallographic details are given in Ta-
ble 1. The structure consists of four Al and Si tetrahedra that
are connected to each other in a framework. Additionally,
there are two cation positions (M) in slightly irregular coor-
dination polyhedra. A detailed figure of the structure with the
respective names of all the atoms is given in S2. The highest
potential found with an octahedral coordination was assigned
to Ca, Na and K (M1). After refinement an additional poten-
tial was detected next to M1 and assigned to Ca (M2; occu-
pancy of M1+M2= 1). The occupancies of the four tetrahe-
dral positions containing Si and Al were calculated based on
the average T–O distances of each tetrahedron. This was done
following the equation developed by Kroll and Ribbe (1983),
where

Occ(Al)= 0.25(1+ nAn)+ (〈Ti −O〉− 〈〈T−O〉〉)/k , (3)

with nAn being the An content (0.60), 〈Ti−O〉 being the aver-
age individual distances of one tetrahedron, 〈〈T−O〉〉 defined
as the grand mean tetrahedral distances, and k being a con-
stant of ∼ 0.135 Å (Angel et al., 1990). The average individ-
ual distances of the tetrahedra can be found in Sect. S3. This
results in an Al occupancy of 0.36, 0.54, 0.31 and 0.38 for
T2o, T1o, T1m and T2m, respectively, and is in good agree-
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ment regarding the Ca and Na content. These occupancies
were kept fixed during the refinement.

The kinematical least squares refinement converged with
a weighted R value (wR(all)) of 31.04 %. The structure that
resulted was reasonable; however, some atomic displacement
factors were negative. A dynamical refinement based on the
kinematical structure model resulted in a sample thickness
of 528 and 870 Å for data from orientations 1 and 2, respec-
tively, with an overall wR(all) of 10.49 %. All atom positions
and occupancies are tabulated in Sects. S4 and S5. The re-
fined occupancy of Ca in both of the M positions resulted in
an overall Ca content of ∼ 0.64, which is close to the results
derived from EDS measurements. At 4σ there is no residual
electron potential left, so it can be assumed that all atomic
positions are occupied satisfactorily. Some anisotropic dis-
placement factors (ADPs) remained negative throughout the
dynamical refinement. The atomic displacement factors of
nearly all atoms (except O2) show an elongation along the
b axis due to the missing diffraction information in the data
sets. Nevertheless, the M2 position shows a very high ADP
pointing in the direction of the M1 position, hinting at the
modulation, which was not taken into account in the average
structure solution based on major reflections.

Compared to the kinematical structure solution, the atom
positions in the dynamical one differ slightly. The smallest
displacement has T2o with a discrepancy of 0.0061 Å and
the largest M1 with 0.1017 Å. The average difference of the
two structures calculated with COMPSTRU of the Bilbao
Crystallographic Server (de la Flor et al., 2016) is 0.0335 Å.
Compared to the average labradorite structure of Jin and
Xu (2017a), the smallest and largest displacements are also
for the T2o with 0.006 Å and M1 position with 0.1796 Å. The
average displacement is 0.032 Å. The bond lengths for T–O
(expected to be 1.618 Å for Al, 1.596 Å for Si) and M–O (ex-
pected to be 2.336 Å for Na, 2.33 Å for Ca) are in a reason-
able range (see Sect. S3 for all bond lengths). The maximum
T–O distance is 1.697 Å for T1o–O8. The distance between
M1 and M2 is 0.78 Å.

4.5 Modulated crystal structure solution –
three-dimensional electron diffraction

For a full description of the labradorite structure, incommen-
surate characteristics need to also be considered. Half of the
distance between the e-reflections, which are found symmet-
rically around the absent b-reflections, equals the vector t

(0.0580(15)a∗+0.0453(33)b∗−0.1888(28)c∗), resulting in
a length of 6.46 nm. The distance between the second-order
f -reflections and the a-reflections equals t/2 (3.23 nm). The
modulation vectors of the e and f -reflections are parallel
and describe a straight line connecting the a-reflection with
both f and e-reflections (see dashed green line in Fig. 1).
The angle of the t vector to the c∗ axis is 34◦. It lies ap-
proximately along (11–4). The vector t is 9.25 times longer
than the cell vector in this direction (3.49 Å). Thus, it is

not an integer multiple of the cell vector, confirming the in-
commensurate structure of labradorite. In order to incorpo-
rate e-reflections into the data set for structure solution, a
double c axis of 14.2098 Å was used (see as well Fig. 11).
Additionally, the modulation vector t needs to be applied
in order to index first- and second-order satellite reflections
found in the data set. This led to a special centering con-
dition of (1/2 1/2 1/2 0), (0 0 1/2 1/2), (1/2 1/2 0 1/2)
and required an expansion of the three-dimensional space to
a three-plus-one-dimensional ((3+ 1)D) superspace. In this
case, the space group X1(αβγ ) was used. It is listed in
Stokes et al. (2011) as 2.1.1.1, where X indicates a non-
standard centering and 1 triclinic point group. (αβγ ) shows
that the modulation vector has components along every main
direction (δh, δk, δl as listed in Table 1). 0 indicates that no
further translation is applied.

A kinematical refinement was performed based on this
preliminary average crystal structure refined only on main
reflections (see Sect. 4.4.), which resulted in a wR(all) of
51.10 %, split for main reflections and first- and second-
order satellites into 43.92 %, 51.81 % and 55.81 %, respec-
tively (for details see Table 1). For the structure refinement,
the atomic displacement factors were kept isotropic, and har-
monic position modulations up to the second order were used
for each atom. Additionally, second-order occupancy mod-
ulations were applied to the M and T sites. For a detailed
listing of all modulation waves, see Sects. S6 and S7.

The resulting average structure of labradorite is shown in
Fig. 12, and its average atomic positions are displayed in Ta-
ble 2. This structure agrees well with the structure solution of
the single cell with a doubled c axis. The smallest displace-
ment appears for T2o with 0.0239 Å, and the biggest differ-
ence in position has M2 with 0.1338 Å. The average displace-
ment is 0.0532 Å (calculated with COMPSTRU of the Bilbao
Crystallographic Server; de la Flor et al., 2016). Compared
to the modulated labradorite structure of Jin and Xu (2017a),
the smallest difference in the atom position is 0.016 Å for
T1m and the largest 0.0762 Å and 0.0747 Å for O4 and M2,
respectively. The average displacement is 0.0455 Å. The av-
erage T–O bond distances are in good agreement with ex-
pected values; however, the range of a single bond length
caused by the modulation is rather large. The maximum
ranges for each tetrahedron are T1o–O1 (1.27–1.99 Å), T2o–
O3 (1.35–1.83 Å), T1m–O4 (1.43–2.05 Å), T2m–O5 (1.32–
1.96 Å). All bond lengths are tabulated in Sect. S8.

In order to image the modulation from (3+1)D space, the
structure of labradorite is approximated over several cells
(4xa, 4xb, 4xc). Figure 13a shows the structure along [1–
10], which is approximately perpendicular to the modulation
vector. Only one layer of M positions was cut out parallel
to [1–10] to illustrate the change in position of the atoms,
as well as the occupancy of the M and T sites. The M posi-
tions modulate between Na-rich–Ca-poor and Na-poor–Ca-
rich compositions. This can further be illustrated by plot-
ting the occupancy of the M position versus the modulation
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Table 1. Crystallographic details concerning the labradorite structure and its refinement. The goodness of fit is abbreviated as GOF.

Composition Na0.36Ca0.60K0.04 Charge flipping
Si2.4Al1.6O8

Z 8 (4)a Repeat Superflip 10 runs

a [Å] 8.164 Max cycles 2000

b [Å] 12.8534 Delta value 0.9

c [Å] 14.2098 (7.1049)a Starting model Random phases

α [◦] 93.6187 Peak search Peaks from Jana2006

β [◦] 116.253 Dynamical refinement

γ [◦] 89.781 Max diffraction vector g(max) 1.6

Cell volume [Å3] 1334.15 Max excitation error (matrix) 0.01

Space group X1(αβγ ) (C1)a Max excitation error (refine) 0.1

δh 0.0580(15) RSg(max) 0.4

δk 0.0453(33) DSg(min) 0

δl −0.1888(28) Number of integration steps 128

Modulation period [nm] 3.23

Completeness [%] 84.29 Resolution [Å] 0.6
Single cell Double cell
Kinematic Dynamic Kinematic

Reflections 865 = 837+28/127 2926 = 2601+325/358 4312 = 3629+683/233

Reflection / parameter ratio 6.8 8.2 18.5

No. of satellite reflections – – 1727= 1359+ 368;
(first, second order) 1722= 1432+ 290

GOF (obs) [%] 25.21 5.34 30.70

GOF(all) [%] 24.85 5.02 28.19

R(obs) [%] 23.95 8.31 45.06 (33.68, 50.20, 52.50)b

R(all) [%] 25.23 9.22 50.01 (34.86, 59.42, 58.60)b

wR(obs) [%] 30.89 10.42 50.79 (43.81, 51.11, 55.48)b

wR(all) [%] 31.04 10.49 51.10 (43.92, 51.81, 55.81)b

a Values in brackets are describing the single cell; b values in brackets are describing the values for main reflections, first-order satellite reflections and
second-order satellite reflections.

(Fig. 13b). The Na occupancy of the M1 position was fixed
to modulate identically to the K occupancy and complemen-
tary to the Ca occupancy of M2. The additional coupling of
the Si/Al ratio at each position according to Ca occupancy
has been taken into account but is not shown in Fig. 13b.
Within one modulation period, the M1 site changes between
a preferred Ca and Na occupancy. The Ca of the M2 position
reaches its maximum occupancies at around the same t as
that of the M1 position.

In Fig. 14 de Wolff sections, displaying the position mod-
ulation, are shown for the two M positions, as well as the

T2o tetrahedron with its adjacent oxygen (O2, O3, O4, O7).
In (3+1)D superspace the four axes are assigned to the three
main axes of the cell (x1–3) and the modulation vector (x4).
The de Wolff sections show the observed electron potential
for a selected atom in black and the position modulation of
this atom along the modulation vector in color. In this case,
the sections were selected exemplarily for a variable x4 and
x3, with x1 and x2 being fixed. For de Wolff sections of
all three main directions for the M positions, see Sect. S9.
The harmonic modulations up to the second order improve
the position of each atom and allow them to fit their ob-
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Figure 12. Average structure of labradorite viewed along (a) [100], (b) [010] and (c) [001]. Ca is displayed in light blue, Na in yellow, K in
purple, Si in dark blue, Al in grey and O in red.

Table 2. Average positions of the atoms in the modulated labradorite structure (xyz) with occupancy (occ) and isotropic atomic displacement
factors (U (iso)).

x y z occ U (iso) [Å]

M1Ca −0.2268(15) 0.4879(12) 0.0836(10) 0.32 −0.0101(16)
M1Na 0.33
M1K 0.03

M2Ca −0.226(3) 0.526(3) 0.0548(18) 0.32 −0.022(3)

T1oSi 0.0077(9) 0.1649(8) 0.1091(6) 0.46 −0.0077(19)
T1oAl 0.54

T1mSi 0.0048(10) 0.8176(8) 0.1168(6) 0.69 −0.0012(19)
T1mAl 0.31

T2oSi 0.1877(9) 0.6079(8) 0.1589(6) 0.64 −0.007(2)
T2oAl 0.36

T2mSi 0.1801(10) 0.3799(8) 0.1769(6) 0.62 −0.001(2)
T2mAl 0.38

O1 0.0163(12) 0.2885(10) 0.1390(8) 1 −0.014(2)

O2 0.0830(15) 0.4976(12) 0.1402(10) 1 0.004(3)

O3 0.3067(14) 0.6338(11) 0.2797(9) 1 −0.005(3)

O4 0.0148(12) 0.6834(10) 0.1093(8) 1 −0.015(3)

O5 0.3156(16) 0.3584(13) 0.1222(11) 1 0.009(3)

O6 −0.0018(15) 0.8702(12) 0.0113(10) 1 0.004(3)

O7 0.3080(15) 0.6065(12) 0.0958(9) 1 0.001(3)

O8 0.2983(15) 0.3938(12) 0.3096(10) 1 0.001(3)

served electron potential nicely. The position modulation of
the M sites influence the tetrahedra and their adjacent oxy-
gen, which causes them to modulate similarly.

5 Discussion

In order to compare the properties of labradorite with the re-
sults of Miúra et al. (1975), the thickness of the both lamel-

lae must be taken into account. According to Eq. (1), a to-
tal thickness of 193(2) nm results in a wavelength of 3.105 ·
193(2) nm− 2.1178 nm= 597(6) nm, which means that the
labradorescence color should be yellow. This agrees with
the actual labradorescence color. According to Eq. (2),
this should correspond to an An content of 0.09 · 193(2)+
36.083 mol%= 53.45(18) mol%, which also matches the An
content of about 53.4 % measured here. The Or content of
5.1 mol% measured here agrees with the statement of Nissen
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Figure 13. (a) Modulated structure of labradorite displayed over four cells along the a, b and c axes. Viewing direction along [1–10] providing
the view perpendicular to the modulation vector [11–4] (black line) and the modulation direction (black arrow). Only one layer of the M
positions is displayed. (b) Modulation of the occupancy of the M site versus t . M1 is displayed in green and M2 in cyan.

Figure 14. De Wolff sections for (a) both M positions and (b) T2o and its adjacent oxygen: (c) O2, (d) O3, (e) O4 and (f) O7. In the graphs,
the position modulation of each atom is plotted over their observed electron potential in the x4 (modulation direction) versus x3 (c axis)
plane for a given x1 (a axis) and x2 (b axis) value. The M2 position is displayed in cyan, M1 in green, T2o in blue and O in red.
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et al. (1973) that all labradorites exhibiting schiller have an
Or content of at least 2 mol%.

The labradorite lamellae are tilted approximately 11◦ away
from the b axis. A majority of the lamellae studied in the lit-
erature to date lie at ∼ 14◦ to the b axis (Raman and Jayara-
man, 1950; Lord Rayleigh, 1923), but other angles occur as
well (9–21◦; Bøggild, 1924). It follows that the position of
these lamellae is similar to the usual orientation.

To describe the satellite reflections of the labradorite struc-
ture, the c axis must be doubled. The modulation vector t was
compared with experiments from Jin et al. (2020). For the re-
spective corresponding graphs, see Sect. S10. All values of t

lie within the expected range for a labradorite with approxi-
mately 53 % An content, being also consistent with the length
of the satellite vector of 3.23 nm. After the nomenclature of
Jin et al. (2020) this labradorite would be described as an eα-
labradorite. This classification was based on the modulation
period of t , in which eα has a shorter period than eβ . The δl
value is more in the eβ range; however, this could arise from
slight inaccuracies in the modulation vector measurement.
eα appears only when the C1 structure was reset by going
through an intermediate stage. There are two possible ways
of achieving this. In this case, the eα-structure was achieved
by forming lamellae. Another way would be to form the cen-
tered I1 structure, which is not possible for a labradorite with
an An content of ∼ 53 mol%.

The structure solution was performed on a single Ca-rich
lamella. The averaged An content of the Ca-rich lamellae
of 60 % agrees relatively well with the refined An content
of the structure solution of 64 %. The tetrahedral positions
were not occupied based solely on the EDS results. This
would assign all tetrahedral positions an equal Si/Al ratio,
which is not the case for a labradorite. Instead, the tetra-
hedral occupancies were calculated based on the T–O bond
lengths of the individual tetrahedra. This served as a guide
because the errors in the bond lengths are around 0.5 %
with electron diffraction, and thus the occupancies cannot
be calculated as accurately as with X-ray diffraction. How-
ever, the occupancies of the tetrahedral positions calculated
with this method (Al(T1o)= 54 % (57 %), Al(T2o)= 36 %
(29 %), Al(T1m)= 31 % (31 %), Al(T2m)= 38 % (34 %))
are close to those defined in the X-ray structure of Jin and
Xu (2017a) (results in brackets) used for crystal structure so-
lution.

The dynamical refinement of the average structure agrees
well with the already existing structures solved by X-ray
diffraction (Jin and Xu, 2017a). The atomic positions and
distances are in reasonable agreement with each other, with
larger errors calculated for electron diffraction data.

Since the cell parameters cannot be changed significantly
for each lamella, the only way of balancing the different
compositions is to introduce a modulation into the struc-
ture. The modulation is mainly caused by the M positions.
Ca moves further away from its original position than Na
(Xu et al., 2016). However, their movements also influence

the other atoms in the cell. This causes the oxygen atoms,
which are located near the M positions, to modulate strongly
as well. The modulation of the occupancy of the M positions
is also accompanied by a modulation of the tetrahedral oc-
cupancies (Kitamura and Morimoto, 1977). The replacement
of Na by Ca in the M1 site can be seen as an implemen-
tation of internal stress, since Ca is bigger than Na. In the
labradorite framework, a change in the T–O–T angles com-
pensates for the applied stress, which leads to a shortening of
the crankshaft chains (Angel et al., 1988).

6 Conclusions

This study discusses the various structural features present
in labradorite from the original piece through several or-
ders of magnitude down to the atomic scale, allowing a va-
riety of structural features to be seamlessly investigated. The
labradorite samples selected by polarized light microscopy
were prepared as ion-milled samples in three different orien-
tations and investigated by TEM and STEM imaging, provid-
ing a direct relation to the features visible in the light micro-
scope. Twins, lamellae and additional domains with e-fringes
were recognizable. The labradorite is strongly twinned by al-
bite – as well as pericline – twin laws. Because of the differ-
ence in the direction of b∗ compared to the matrix, pericline
twins show a slightly different orientation of the lamellae and
are thus displaying labradorescence at different glancing an-
gles, θ . The lamellae, which are the cause of the labradores-
cence, are alternating between Ca-rich and Na-rich as de-
rived from EDS line scans. The size of the measured lamel-
lae averaged 129 nm for the Ca-rich lamellae and 64 nm for
the Na-rich lamellae. The Na/Ca ratio influences the over-
all thickness of the lamellae pair, thus also influencing the
color of labradorescence. The average composition of this
labradorite is An53.4Ab41.5Or5.1. The reflective wavelength
obtained by applying the equations of Miúra et al. (1975)
gives a labradorescence color of yellow, which agrees well
with the actual color of the samples taken. The calculated
An content is identical to the measured An content of about
53.4 %.

The application of high-resolution TEM in principle re-
veals structural details; however, we were not able to visu-
alize the modulation of the atomic position (or occupancy)
except for the satellite reflections in the corresponding FFT.
In addition, using 3DED for the analysis of a single Ca-
rich lamella of ∼ 120 nm width delivered electron diffrac-
tion data sets suitable for “ab initio” crystal structure anal-
ysis of both the average crystal structure of labradorite and
its complex incommensurate modulation. The modulation is
caused by the inability to reach a Ca–Na-ordered state of the
system, leading to alternating Ca-rich and Ca-poor lamellae
with slight chemical and structural differences. The modula-
tion vector t could be determined as being 0.0580(15)a∗+
0.0453(33)b∗−0.1888(28)c∗ with a period of 3.23 nm. This
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causes e-fringes, which can be seen in domains inside the
Ca-rich lamellae and are parallel to (11–4) (Hashimoto et al.,
1976; Korekawa et al., 1979). The modulation occurs due to
the incommensurate structure of the labradorite but has no
effect on the labradorescence.

The investigation of the incommensurate crystal structure
of labradorite allowed for the direct comparison of the struc-
ture derived by X-ray single crystal structure analysis (Jin
and Xu, 2017a) with the structure based on electron diffrac-
tion data. While X-ray diffraction data were collected from
a micrometer-sized sample averaging over a large number
of Ca-rich and Ca-poor lamellae, electron diffraction data
originate from one single Ca-rich lamella in the nanome-
ter regime. In general, electron diffraction delivers sharper-
defined density maps due to the strong interaction of the elec-
tron beam with the atomic core. Nevertheless, the distribu-
tion along the modulation vector differs and is more clearly
defined for 3DED data, which may be caused by the restric-
tion to a single Ca-rich lamella (compare de Wolff sections
shown in Sect. S9 to the ones of Jin and Xu, 2017a). The gen-
erally small deviation of the average structures between the
X-ray single crystal and three-dimensional electron diffrac-
tion approaches demonstrates again the potential of 3DED to
solve and reliably refine complex crystal structures with low
symmetry.
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