
minerals

Article

Revisiting the Bøggild Intergrowth in Iridescent Labradorite
Feldspars: Ordering, Kinetics, and Phase Equilibria

Shiyun Jin 1,2, Huifang Xu 1,* and Seungyeol Lee 1,3,4

����������
�������

Citation: Jin, S.; Xu, H.; Lee, S.

Revisiting the Bøggild Intergrowth in

Iridescent Labradorite Feldspars:

Ordering, Kinetics, and Phase

Equilibria. Minerals 2021, 11, 727.

https://doi.org/10.3390/min

11070727

Academic Editor:

Emanuela Schingaro

Received: 22 June 2021

Accepted: 2 July 2021

Published: 5 July 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Department of Geoscience, University of Wisconsin-Madison, 1215 W. Dayton Street, Madison, WI 53706,
USA; sjin48@wisc.edu (S.J.); lee572@wisc.edu (S.L.)

2 Gemological Institute of America, 5355 Armada Drive, Carlsbad, CA 92008, USA
3 USRA Lunar and Planetary Institute, 3600 Bay Area Boulevard, Houston, TX 77058, USA
4 Astromaterials Research and Exploration Directorate, NASA Johnson Space Center, 2101 NASA Parkway,

Houston, TX 77058, USA
* Correspondence: hfxu@geology.wisc.edu; Tel.: +1-608-265-5887

Abstract: The enigmatic Bøggild intergrowth in iridescent labradorite crystals was revisited in light
of recent work on the incommensurately modulated structures in the intermediated plagioclase. Five
igneous samples and one metamorphic labradorite sample with various compositions and lamellar
thicknesses were studied in this paper. The lamellar textures were characterized with conventional
transmission electron microscopy (TEM) and scanning transmission electron microscopy (STEM).
The compositions of individual lamellae were analyzed with high-resolution energy-dispersive X-ray
spectroscopy (EDS) mapping and atom probe tomography (APT). The average structure states of
the studied samples were also compared with single-crystal X-ray diffraction data (SC-XRD). The
Na-rich lamellae have a composition of An44–48, and the Ca-rich lamellae range from An56 to An63.
Significant differences between the lamellar compositions of different samples were observed. The
compositions of the Bøggild intergrowth do not only depend on the bulk compositions, but also
on the thermal history of the host rock. The implications on the subsolidus phase relationships of
the plagioclase feldspar solid solution are discussed. The results cannot be explained by a regular
symmetrical solvus such as the Bøggild gap, but they support an inclined two-phase region that
closes at low temperature.

Keywords: labradorite; Bøggild intergrowth; e-plagioclase; incommensurately modulated structures;
exsolution lamellae; phase diagram

1. Introduction

Labradorite feldspar is the intermediate to calcic member of the plagioclase feldspar
series, the solid solution between albite (Ab: NaAlSi3O8) and anorthite (An: CaAl2Si2O8). It
is defined to be plagioclase feldspar with a composition between An50 (half albite and half
anorthite) and An70 (70% anorthite and 30% albite). The name labradorite was originally
from its type locality, Paul’s Island in Labrador, Canada, where the labradorite crystals are
characterized by the iridescent optical effect when reflecting light [1]. This interference
color, variously known as the “labradorescence” or “schiller” effect [2], has attracted
the interest of mineralogists and physicists for centuries. The earliest systematic study
of labradorescence started around 100 years ago [3,4]. Ove Balthasar Bøggild [4] first
measured the orientations of the reflection planes relative to the crystallographic planes in
the labradorite crystals, and also coined the word labradorescence. The exsolution texture
in labradorite that produces the labradorescence has therefore been named after him as the
Bøggild intergrowth.

Previous works on the iridescent colors and lamellar textures have been nicely summa-
rized by Ribbe [2], and Smith and Brown [5]. All labradorite feldspars showing labradores-
cence are found in igneous rocks with extremely slow cooling rates, with bulk compositions
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ranging from An46±2 to and An60±2 [2]. The lamellar period, or the wavelength of the
iridescent color, increases systematically with the An# of the bulk composition of the
labradorite, along with the volume ratio between Ca-rich and Na-rich lamellae. All the
Bøggild intergrowths ever observed have been at the submicron scale with a period ranging
from ~150 to ~300 nm. This narrow range of scale of exsolution texture is unique, and it
poses challenges in analyzing the composition of individual lamellae. Several attempts
have been made on isolated labradorite samples, using the electron probe [6–8] and ion
probe [9] as direct methods, or differences in Kikuchi patterns [10] or in the e-fringes
(orientation and period of the modulation) [11] as indirect methods. The results, however,
seemed to vary quite a bit from one sample to another, or between different methods,
although most have suggested a compositional difference of ~10–15 mol% An between the
Ca-rich (major) and Na-rich (minor) lamellae.

As a result of the slow cooling rate, all iridescent labradorite crystals are well ordered
e-plagioclase, which is an incommensurately modulated phase of the plagioclase solid
solution, appearing at low temperature with intermediate composition (between ~An25 and
~An75). The e-plagioclase structures are characterized by satellite reflections (e-reflections)
in the diffraction pattern that appears around the absent b-reflections. The e-plagioclase
can be further divided into two different phases, e1 and e2, which were previously sep-
arated by composition [5,12,13] and were later discerned by the presence or absence of
the f -reflections (second-order satellites) in the diffraction pattern [14,15], respectively.
The e1 structure displays a density modulation, which is the variation in composition
along the modulated structures, whereas in the e2 structure, no compositional variation
is present, and the modulation only results in a distorted framework and local ordering
of cations [14,15]. Previous X-ray diffraction work in iridescent labradorite crystals has
indicated the presence of a strong density modulation [15–23]; thus, at least one member
(most likely both) of the Bøggild intergrowth is of the e1 structure.

The Bøggild intergrowth occurs in the middle of the plagioclase solid solution, where
the subsolidus phase relation is most complicated. Four different phases may occur in
this composition range, C1, I1, e1, and e2. Several phase diagrams have been proposed
over the decades, some with completely different topologies around the Bøggild inter-
growth [5,12,13,24–28]. One of the complications comes from complicated structures of
the e-plagioclase phase, the thermodynamic stability of which was not officially recog-
nized before the phase diagram proposed by Carpenter [13]. Recent studies on the crystal
structures of intermediate plagioclase feldspars [14,15,23,29–32] have revealed a more
systematic relation among the ordering state, composition, and cooling history in natural
crystals. With these new understandings of the intermediate plagioclase, we revisited
the Bøggild intergrowth by studying several iridescent labradorite samples from different
locations, using a combination of conventional transmission electron microscopy (TEM),
scanning transmission electron microscopy (STEM), atom probe tomography (APT), and
single crystal X-ray diffraction (SCXRD) methods. Some details in exsolution texture,
composition profile, and structure variations were revealed that were not known before.
Their implications and some possible topologies of the phase relations around the Bøggild
gap are discussed.

2. Materials and Methods

Five igneous labradorite samples plus one metamorphic plagioclase sample were
studied in this work. Some optical images of the samples used in this paper can be found
in Figures S1 and S2. All the igneous samples were from Proterozoic anorthosite rocks,
showing iridescent color with zonation. Large crystals with color and compositional zon-
ing were purposely selected for this study, for ease of comparison of the effect of bulk
composition on the exsolution process with the same thermal history. All the igneous
crystals are quite similar in appearance, with dark colors resulting from the iron oxide
inclusions/precipitates in the crystals (Figure S2). Sample Gem118 shows the darkest color
of all, with high-density needle-shaped opaque inclusions, and sample MAD shows the
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lightest body color (yellow), with much fewer inclusions in the crystal. The inclusions in
sample Gem113 are mostly flaky hematite with the same orientation, which produces a
strong aventurescence effect (optical effect commonly observed in sunstones) with light
shined at a certain angle. The exact mechanism responsible for the iron oxide inclusions in
labradorite or other feldspar minerals is not well understood [5]. Sample VB shows the
smallest crystals of all the igneous samples, and the color zoning is much more heteroge-
neous and fine-scaled, most likely as a result of a faster cooling rate compared to the other
crystals. The metamorphic sample 987L was found in a metamorphosed carbonate rock
near Augusta, Maine [33], and was first studied by Grove et al. [27] using TEM, which
showed no exsolution lamellae. Jin and Xu [14] confirmed this TEM observation and
refined its incommensurately modulated structure using single-crystal X-ray diffraction.
Surprisingly, further investigation revealed that crystals with slightly more sodic com-
positions from the same rock chip show interesting exsolution textures, and they were,
therefore, selected for this work for comparison with the igneous samples. A summary of
the locality, composition ranges, and compositions of individual iridescent color zones is
listed in Table 1. The chemical compositions of the samples were analyzed with a CAMECA
SXFive field-emission electron probe micro-analyzer (EPMA). The results of the EPMA
analyses can be found in Table S1.

Table 1. Names, provenances, composition ranges, and compositions of individual color zones of the samples studied in
this paper.

Sample 1 Locality 2 Or# An# Range Red 3 Yellow Blue

Gem118 Finland 2.4–4.0 55–58 58 N/A 55
VB (Volga Blue) Ukraine 2.0–2.8 52–61 N/A 55–56 54

Gem113 NL, Canada 2.2–3.0 52–54 54 N/A 52
R2923 Sweden 2.3–2.7 50–53 52.5 N/A 51
MAD Madagascar 2.3–3.1 49–52 52 51 49
987L ME, USA 0.5–0.9 48–52 49 4

1 The crystal structures of sample VB, R2923, and 987L have been reported in recent papers [14,15,23]. 2 Sample VB and Gem113 were from
the UW-Madison mineral collection; sample R2923 was from the Smithsonian National Museum of Natural History; sample 987L was from
Timothy L. Grove [27]; sample Gem118 and MAD were purchased from mineral shops. 3 The iridescent colors were roughly classified into
red, yellow, and blue, even though the exact color can be different between different samples (Figure S1). 4 The crystals of sample 987L
(metamorphic rock) were too small for any iridescent color to be observed. Evidence of the exsolution texture can only be found with TEM.

The TEM and STEM samples of the igneous labradorites were prepared by crushing
small plagioclase grains selected from an area close to the points analyzed by EPMA in
ethanol with an agate mortar. Drops of the suspension were placed on lacey-carbon-coated
Cu grids, and the small flaky crystals were left on the Cu grid after the ethanol evaporated.
Ion-milling was not used for these larger crystals, to best avoid surface contamination
and damage. Ion-milled samples were used for sample 987L. A 3 mm copper ring was
mounted onto a 30 µm-thick optical thin section by epoxy glue with the area of interest in
the center, and it was then cut out from the thin section and soaked in acetone to eliminate
the mounting adhesive on the sample. The sample was ion milled with a Fischione 1050 at
5.2 kV for about 8 h at a 10◦ angle, and it was then milled at 1.3 kV for another half hour
to minimize the amorphous matter on the sample. The sample was coated with a thin
layer of carbon before being examined with TEM. TEM images and selected-area electron
diffraction patterns (SAED) were taken using a Philips CM200UT TEM. The STEM images
and X-ray EDS maps were collected with an FEI Talos F200X TEM/STEM.

The complete X-ray diffraction data were collected on a Bruker Quazar APEXII single-
crystal diffractometer with a MoKα IµS source and APEX2 detector. Different scan widths
and exposure times were planned for each dataset depending on the different intensities
and separations of the satellite peaks in each sample. The instrument was run at 50 kV
and 0.6 mA. Unit-cell parameters were calculated and refined using APEX3 software. The
intensities of the reflections in the diffraction data were also integrated and corrected with
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APEX3. Crystal structures were refined using the JANA2006 program [34]. The CIF file of
the refined crystal structures can be found in Supplementary Materials.

The sample for atom probe tomography (Gem118) was carefully cut to a small slab
perpendicular to the a-axis, which was thick enough for the iridescent color zoning to be
observed on the side of the slab. The microtip specimens for atom probe analysis were
prepared with an FEI Nova 200 Dual-Beam FIB-SEM, using standard lift-out, mounting,
and sharpening techniques to produce the desired specimen shape. The prepared microtips
were analyzed using a pulsed laser with the Cameca Local Electrode Atom Probe (LEAP)
4000× HR instrument at the Center for Nanophase Materials Sciences (CNMS) of Oak
Ridge National Laboratory. The atom probe data were reconstructed and analyzed using
the Integrated Visualization and Analysis System (IVAS).

3. Results
3.1. TEM and STEM

The TEM images (Figures S3–S9) of the iridescent labradorite samples mostly confirm
the previous studies on the Bøggild intergrowth [2,5]. The red-iridescent area in all of the
igneous samples shows lamellar periods of about 300–350 nm, with the Ca-rich lamellae
(~200 nm) about twice as thick as the Na-rich lamellae (~100 nm). The blue-iridescent area,
on the other hand, shows a lamellar period of around 160 nm, with Ca-rich and Na-rich
lamellae about equal in thickness (~80 nm).

Higher-magnification images of the [311] zone axis, along with the corresponding
electron diffraction patterns, are shown in Figure 1 for both the red-iridescent area (An54)
and the blue-iridescent area (An52) of sample Gem113. The images show both the modula-
tion e-fringes pattern and the exsolution lamellar feature. It is known that the modulation
directions of e-plagioclase structures fall almost exactly onto the [923] zone axis, which is
very close to the [311] axis (~9◦ off) [5]. Bøggild’s measurements of the Canadian samples
also showed lamellar orientations close to (9 33 4) [4]. The geometrical relations among
the [311] axis, [923] axis, and (9 33 4) plane are shown in Figure 2, with the orientations of
modulation directions for some compositions marked on the [923] zone axis. There is an
obvious change in the modulation period and orientation across the exsolution lamellar
boundary (Figure 1). The change is more dramatic in the blue-iridescent area (~18◦ blue
vs. ~11◦ red), suggesting that the compositional difference between adjacent lamellae
in the blue-iridescent area is larger than the difference in the red-iridescent area. The
boundary is not a perfectly straight line, but a transition zone about 20 nm in width with
a sawtooth shape. The e-fringes are straight within each individual lamella, suggesting a
homogeneous composition within each lamella. It is worth noting that such a comparison
between different iridescent-colored areas is only meaningful with the same zone-axis
images, because e-fringes are projections of a three-dimensional modulated structure that
would change with the orientation of the electron beam. The high-resolution image of the
red-iridescent area, which shows the e-fringes across the lamellar boundary, seem to be
much harder to acquire compared to the blue-iridescent area, perhaps resulting from a
slight variation in the boundary orientation. This might explain why most of the previously
published images of Bøggild intergrowths with clear e-fringes are from blue-iridescent
samples with equal lamellar thicknesses [2,11,35,36]. The electron diffraction pattern of
the blue-iridescent area shows obviously split e-reflections corresponding to the Ca-rich
and Na-rich lamellae, respectively. The e-reflections from the Ca-rich lamellae are much
stronger than those from the Na-rich lamellae, even though they are about equal in volume.
The diffraction pattern of the red area shows asymmetrical pear-shaped e- and f -reflections
with no obvious splitting. The elongation of the f -reflections suggests that both Ca-rich
and Na-rich lamellae are e1 structures. A similar TEM image of the blue-iridescent area
of sample MAD, along with the selected area fast Fourier transform (FFT) of the Ca-rich
and Na-rich lamellae, is provided in Figure S6. The change in orientation of the e-fringes
in sample MAD is slightly smaller (~12◦). The FFT from both the Ca-rich and Na-rich
lamellae show sharp and strong f -reflections.
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Figure 1. High-resolution dark-field TEM images of both red-iridescent (a) and blue-iridescent (b) areas in sample Gem113,
showing both the exsolution lamellar boundaries and the modulation e-fringes. The corresponding selected-area diffraction
patterns (SAED) of the [311] zone axis are shown to the right of the images. The blue-iridescent sample shows a much larger
change in the modulation direction and period compared to the red-iridescent sample, which is also reflected in the SAED
pattern.
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by the electron beam. Even though the dots appear to be isolated from each other in the 
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spots shown in Figure S9). The Na in the sample is more sensitive to damage from the 
electron beam, meaning the Na counts from the spectra have a larger uncertainty. There-
fore, we plotted only the Ca count along the traverse, with each data point matched with 
the corresponding dark dot left in the Z-contrast image by the electron beam. Note that 
the absolute intensity in the EDS spectrum is dependent on the thickness of the material, 
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about 1◦ for every 1 mol% more An in composition.

A high-angle annular dark-field (HAADF) STEM image of the ion milled sample
987L is shown in Figure 3. The signals collected by the HAADF detector directly correlate
with the local mass-thickness; therefore, the contract is directly correlated with chemical
variations in the sample, with Ca-rich lamellae appearing bright and Na-rich lamellae dark
in the image. The lamellae in sample 987L are not as periodic as the igneous samples and
show a wide range of thicknesses within a small area. The combined width of adjacent
Ca-rich and Na-rich lamellae ranges from more than 300 nm to less than 130 nm. The Na-
rich lamellae in sample 987L appears much thinner than any igneous labradorite studied,
resulting in the highest volume ratio between the Ca-rich and Na-rich lamellae. Energy-
dispersive X-ray spectroscopy (EDS) data were collected on a traverse perpendicular to
the lamellar orientation that consists of 100 points, which left a straight line of dark dots
by the electron beam. Even though the dots appear to be isolated from each other in the
image, they may still interfere with one another and affect the result of the analysis, which
makes quantifying the composition accurately very challenging (zoomed-in image of EDS
spots shown in Figure S9). The Na in the sample is more sensitive to damage from the
electron beam, meaning the Na counts from the spectra have a larger uncertainty. Therefore,
we plotted only the Ca count along the traverse, with each data point matched with the
corresponding dark dot left in the Z-contrast image by the electron beam. Note that the
absolute intensity in the EDS spectrum is dependent on the thickness of the material, which
is probably the reason for the gradual increase in counts from left to right on the traverse.
Nonetheless, the relative counts between adjacent points are useful for comparing the
compositional difference between Ca-rich and Na-rich lamellae. The Ca counts from the
EDS spectra agree very well with the contrast of the HAADF image, with more Ca in the
brighter band, and less Ca in the darker ones.
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branched Na-rich lamellae. 

As shown in Figure 3 and Figure S9, feldspar samples are quite vulnerable under a 
high-energy electron beam, making point EDS analysis highly inaccurate. Previous at-
tempts on analyzing individual lamellae in iridescent labradorite using point EDS analy-
sis resulted in large uncertainties [6–8]. Therefore, STEM EDS mapping was applied in 
this study to analyze the composition of individual lamellae, minimizing the beam dam-
age on each individual spot. Two Ca/Na maps of the red-iridescent and blue-iridescent 
areas of sample Gem113 are shown in Figure 4, and representative spectra extracted from 
two adjacent lamellae are provided in Figure 5. A higher contrast between adjacent lamel-
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sample, agreeing with the larger change in the orientation of the e-fringes across lamellar 
boundaries, as observed in Figure 1. EDS maps of the other igneous samples are provided 
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Figure 3. HAADF STEM image of sample 987L. The bright and wider lamellae are Ca-rich and the dark and thinner ones
are Na-rich. EDS data are collected on a traverse across the lamellae, which left a straight line of dark dots in the image.
High-resolution TEM images of the sample after electron beam damage can be found in Figure S9, which shows that the
beam-damaged zones from separate spots sometimes interfere with each other. The Ca counts from the EDS spectrum are
also plotted on the image, matching the marks corresponding to each data point. The green arrow marks the center of a
wider Na-rich lamellae, which appears slightly more calcic. The two red arrows mark the Ca-rich lamellae wedged into
branched Na-rich lamellae.

As shown in Figure 3 and Figure S9, feldspar samples are quite vulnerable under a
high-energy electron beam, making point EDS analysis highly inaccurate. Previous at-
tempts on analyzing individual lamellae in iridescent labradorite using point EDS analysis
resulted in large uncertainties [6–8]. Therefore, STEM EDS mapping was applied in this
study to analyze the composition of individual lamellae, minimizing the beam damage
on each individual spot. Two Ca/Na maps of the red-iridescent and blue-iridescent areas
of sample Gem113 are shown in Figure 4, and representative spectra extracted from two
adjacent lamellae are provided in Figure 5. A higher contrast between adjacent lamellae
can be seen in the map of the blue-iridescent sample compared to the red-iridescent sample,
agreeing with the larger change in the orientation of the e-fringes across lamellar bound-
aries, as observed in Figure 1. EDS maps of the other igneous samples are provided in
Figures S10–S13.
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areas in sample Gem113. The contrast is higher in the blue-iridescent sample, indicating a larger
chemical difference between the Ca-rich and the Na-rich lamellae compared to the red-iridescent
sample. The magnification for both images is same.
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Figure 5. Representative EDS spectra of the Ca-rich and Na-rich lamellae extracted from the EDS
maps in Figure 4. The spectrum from the Ca-rich lamella obviously has larger Ca/Na and Al/Si
ratios than the Na-rich lamella does.

The composition of each individual lamella can be calculated following the simple
equation by Lorimer and Cliff [37]:

I1

I2
= k1,2

c1

c2
(1)

in which the k-factors are calculated for each adjacent lamella pair by fitting the volume
ratio to an estimated value (~2:1 for the red-iridescent areas, and ~1:1 for the blue-iridescent
area) following the lever rule. The ICa/INa for Ca-rich/Na-rich lamella pairs, k-factors
for each pair, An# for each lamella, and effective volume ratio that matches the bulk An#
are listed in Table S2. The k-factors for lamella pairs within the same map are similar
but still show some variability, and the difference between k-factors from different maps
can be quite large. It is understood that the volume ratio is a rough estimation from the
TEM imaging of the samples, which may introduce some uncertainties to the k-factors and
lamellar compositions. The calculation of these differences between Ca-rich and Na-rich
lamellae, on the other hand, are more accurate, because it is not sensitive to the volume
ratio or k-factors. The resulting bulk and lamellar compositions for all the mapped samples
are listed in Table 2.

Table 2. The bulk and lamellar compositions (in An#) of the iridescent labradorite samples were calculated from the EDS
maps. The raw EDS intensity ratios of each lamella pair can be found in Table S2.

Sample R2923-Blue R2923-Red Gem113-Blue Gem113-Red VB-Yellow Gem118-Blue Gem118-Red

Bulk An# 50.5 52.5 52 54 55 55 58
Ca-rich 58 56 59 57 58 63 63
Na-rich 44 46 45 47 48 48 48

Difference 14 10 14 10 10 15 15

3.2. Atom Probe Tomography

TEM and STEM images or EDS maps only provide two-dimensional information of the
Bøggild intergrowth in iridescent labradorites, which means that the detailed information
along the thickness of the lamellae is lost. Atom probe tomography is a technique that
can provide 3D imaging and chemical analysis at the sub-nanometer scale. By applying
voltage or laser pulses to a sharp needle-shaped material (diameter of tens of nanometers)
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under high-field, atoms and/or simple molecules on the surface of the material are ionized
and field-evaporated. The ions are accelerated away from the sample and hit a position-
sensitive detector placed several tens of centimeters away. The mass-to-charge ratio is
calculated based on the time-of-flight of the ion. A computer algorithm can be used to
identify and reconstruct the ion positions in 3D with sub-nanometer resolution using the
X and Y detector coordinates, and the sequence of the evaporated ions. This technique
was first developed for studying metallic materials, with good conductivity and relatively
simple chemistry. Nonconductive natural materials with complicated chemistry have
become the subject of APT analysis more recently [38–44]. One of the complications
introduced by silicates or other oxide minerals is that simple molecules ionize, in addition
to single ions, which makes the identification and separation of peaks in the mass spectrum
complex.

The red-iridescent and the blue-iridescent areas of sample Gem118 were selected for
APT analysis. The microtip was oriented parallel to the [100] zone axis of the labradorite
crystals (which includes both cleavage planes, (010) and (001)) to minimize the chance
of sample breakage along cleavages. The microtips are thinner than individual lamellae
of the Bøggild intergrowth, and they are oriented at a small angle with the lamellar
boundaries, which means there is a high probability of the microtip not containing any
lamellar boundary. Three microtips of the red-iridescent sample were analyzed before
finding one that contains the lamellar boundary. All three microtips of the blue-iridescent
sample show homogeneous compositions corresponding to the Ca-rich lamellae. The
reconstructed Ca and Na elemental maps from APT data of the red-iridescent sample are
shown in Figure 6, with the isosurfaces representing the lamellar boundary marked. The
Ca/Na ratio plotted against distance perpendicular to the boundary is shown in Figure 7.
A transition width of ~27 nm was calculated from the 4Tau value of the sigmoid function
fit of the profile [45], which agrees with the width observed in the high-resolution TEM
image (Figure 1).

Species loss is a known issue for APT analysis of covalently or ionically bonded
materials, especially O loss in oxides or silicates [46–49]. A recent study on feldspars also
showed a strong bias toward Ca in the resulting composition [43]. Therefore, the atomic
counts from the APT data cannot be directly used for calculating the feldspar compositions.
The comparison among the results from different runs shows that the atomic counts are
consistent between analyses on samples with the same composition, indicating that the
atom counts are controlled by the properties of the sample, and they are not sensitive to the
running conditions. The same method used in the EDS analysis can be used for calculating
the composition from the APT data, by assuming the same principle is followed:

Ct1

Ct2
= k1,2

c1

c2
(2)

in which Ct1 and Ct2 are the atomic counts for any two elements in the material. As O has
a constant atomic percentage in all feldspars, constrained by stoichiometry, the k1,O values
can be calculated for all the cations using the composition of the Ca-rich lamellae from the
EDS maps. The resulting compositions from the APT data can be found in Table 3. The Or#
was estimated from the EPMA result. The compositional difference between Ca-rich and
Na-rich lamellae agrees well with the EDS analysis.
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Table 3. Normalized atomic counts and corrected atom per formula of sample Gem118 from the atom probe tomography
data. The k factors are calculated based on the Ca-rich lamellae from the EDS mapping. The composition of the Na-rich
lamella is highlighted in green.

Atomic Counts Normalized by Oxygen Corrected Atom per 8 Oxygen

Ca/O Na/O K/O Al/O Si/O
Ca Na K Al Si

kO Lamellae 0.95 0.72 0.59 1.43 1.38

Red-
Gem118

Ca-rich 0.075 0.031 0.0012 0.289 0.404 0.63 0.35 0.016 1.62 2.34
Ca-rich 0.076 0.032 0.0014 0.287 0.401 0.64 0.35 0.020 1.61 2.33
Ca-rich 0.076 0.032 0.0021 0.292 0.410 0.64 0.36 0.028 1.63 2.38
Na-rich 0.056 0.043 0.0029 0.264 0.434 0.47 0.48 0.040 1.48 2.52

Blue-
Gem118

Ca-rich 0.075 0.031 0.0014 0.293 0.408 0.63 0.35 0.019 1.64 2.36
Ca-rich 0.076 0.031 0.0014 0.297 0.407 0.64 0.34 0.019 1.66 2.36
Ca-rich 0.074 0.029 0.0014 0.297 0.411 0.62 0.32 0.019 1.66 2.38

Minerals 2021, 11, x  10 of 23 
 

 

that can provide 3D imaging and chemical analysis at the sub-nanometer scale. By apply-
ing voltage or laser pulses to a sharp needle-shaped material (diameter of tens of nanome-
ters) under high-field, atoms and/or simple molecules on the surface of the material are 
ionized and field-evaporated. The ions are accelerated away from the sample and hit a 
position-sensitive detector placed several tens of centimeters away. The mass-to-charge 
ratio is calculated based on the time-of-flight of the ion. A computer algorithm can be used 
to identify and reconstruct the ion positions in 3D with sub-nanometer resolution using 
the X and Y detector coordinates, and the sequence of the evaporated ions. This technique 
was first developed for studying metallic materials, with good conductivity and relatively 
simple chemistry. Nonconductive natural materials with complicated chemistry have be-
come the subject of APT analysis more recently [38–44]. One of the complications intro-
duced by silicates or other oxide minerals is that simple molecules ionize, in addition to 
single ions, which makes the identification and separation of peaks in the mass spectrum 
complex. 

The red-iridescent and the blue-iridescent areas of sample Gem118 were selected for 
APT analysis. The microtip was oriented parallel to the [100] zone axis of the labradorite 
crystals (which includes both cleavage planes, (010) and (001)) to minimize the chance of 
sample breakage along cleavages. The microtips are thinner than individual lamellae of 
the Bøggild intergrowth, and they are oriented at a small angle with the lamellar bound-
aries, which means there is a high probability of the microtip not containing any lamellar 
boundary. Three microtips of the red-iridescent sample were analyzed before finding one 
that contains the lamellar boundary. All three microtips of the blue-iridescent sample 
show homogeneous compositions corresponding to the Ca-rich lamellae. The recon-
structed Ca and Na elemental maps from APT data of the red-iridescent sample are shown 
in Figure 6, with the isosurfaces representing the lamellar boundary marked. The Ca/Na 
ratio plotted against distance perpendicular to the boundary is shown in Figure 7. A tran-
sition width of ~27 nm was calculated from the 4Tau value of the sigmoid function fit of 
the profile [45], which agrees with the width observed in the high-resolution TEM image 
(Figure 1). 

 Figure 6. Ca and Na atom maps (30% displayed) from the reconstruction of the atom probe tomography data (scales in
nm). No obvious change in concentration can be directly observed in the reconstruction. The isosurfaces of Ca and Na
concentrations are shown in the figure as a representation of the lamellar boundary. The concentrations of Ca and Na had
to be seriously smoothed with large delocalization factors; otherwise, the local fluctuation in concentrations (most likely
due to the density modulation in the crystal structure) would overwhelm the difference across the lamellar boundary. The
boundaries in the Ca and Na maps are very similar in detail and show similar roughness as the high-resolution TEM images
in Figure 1. A movie file (gif file) showing the 3D rotations of the maps can be found in Supplementary Materials (Video S1).
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3.3. Single-Crystal X-ray Diffraction

The incommensurately modulated structures of the well-ordered e-labradorite crystals
have been extensively described in recent papers [14,15,23,29,30], including some of the
samples used in this paper. A modulated structure is a lattice periodic basic structure that is
modified by a periodic modulation function. The modulated structure is incommensurate
when the ratio between the modulation period and the basic unit-cell length is irrational.
The incommensurately modulated structures (or aperiodic structures) are characterized
by satellite reflections that cannot be indexed with three integer or rational numbers. The
satellite reflections in the plagioclase structure are e- and f -reflections (first- and second-
order satellites, respectively). The relative positions of the satellite reflections to the main
Bragg reflections are defined by the q-vector in reciprocal space, which is determined by
the orientation and period of the modulation function in real space. The intensities of the
satellite reflections are determined by the amplitude of the modulation function.

Single-crystal X-ray diffraction is the most accurate way to measure the average q-
vectors (modulation vectors), as well as the intensities of the satellite reflections in the
diffraction pattern. Therefore, we collected diffraction data for sample Gem118 (both red-
iridescent and blue-iridescent area), sample Gem113 (red-iridescent area), and sample MAD
(orange-iridescent area) to compare the modulation vectors and satellite peak intensities
with the structures reported in recent studies. The refined average structures show no
obvious difference from previously reported iridescent e-labradorite (R2923, 7147A, or
VB) [15,23], which means the ordering state, or the modulation amplitude, can be somewhat
represented by the intensity of the

(
0711

)
peak.

The normalized
(
0711

)
intensities of all the iridescent labradorite crystals are plotted

against the An# in Figure 8, along with all the data points from [23]. Most of the iridescent
labradorite samples show well-ordered e1 structures with strong e-reflections comparable
to those in metamorphic labradorite samples (987L and 97796b), which is expected for
the extremely slow cooling rate indicated by the Bøggild intergrowth. It is also worth
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noting that sample VB-colorless (An59) has an obviously stronger modulation than sample
VB-yellow (and most of the other iridescent labradorite crystals) with only a slightly higher
An#, which suggest that the exsolution process is impeding the e-ordering to some extent.
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from [23], plotted against An# of the samples. One obvious outlier is the red Gem118 sample, which
has much weaker satellite peaks compared to the other samples, especially the blue Gem118, with
which it shares the same thermal history.

Unexpectedly, the normalized
(
0711

)
intensity of the red-iridescent Gem118 is much

weaker compared to the other iridescent labradorite structures, which is only about half
that of the blue-iridescent Gem118. This is very abnormal, considering the red- and
blue-iridescent areas of sample Gem118 should share exactly the same thermal history,
and satellite intensity almost always increases with An# under the same conditions. The
structural anomaly of the red-iridescent Gem118 is even more obviously shown in the
positions of the satellite reflections, as defined by the q-vector in the reciprocal space. The
satellite reflections and q-vectors of incommensurately modulated structures are usually
identified by collapsing the entire reciprocal space into one single reciprocal lattice. Satellite
reflections appear as small clusters next to the large cluster of main reflections at the origin
of the collapsed lattice. As shown in Figure 9a,b, the satellite peaks of most iridescent
labradorite crystals appear as spherical clusters, as if it is an homogeneous single crystal.
This is because the X-ray beam and detector in the single-crystal X-ray diffractometer do
not have the resolution to separate the small splitting of e-reflections observed in electron
diffraction patterns (Figure 1). The e-reflections of red-iridescent Gem118, on the other hand,
appears as two separate clusters with different sizes (Figure 9c), indicating a much larger
splitting of e-reflections than the other iridescent labradorite samples. Only one cluster
of f -reflections can be observed, with the same q-vector as the larger e-reflection cluster.
The orientation of the q-vectors is also dramatically different from the other iridescent
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labradorite, disproportionate to the difference in bulk composition. This anomaly can
also be directly observed in the raw diffraction data. The unwarped hk3h + k precession
images (equivalent to the [311] zone-axis diffraction patterns) of the red-iridescent Gem118
(Figure 10a) clearly show two different orientations of the e-reflection pairs, whereas the
satellite peaks of the blue-iridescent Gem118 are of the same orientation (Figure 10b). The
frames of X-ray diffraction data showing split e-reflections can be found in Figure S14. The
q-vector of the larger e-reflection cluster, presumably diffracted by the Ca-rich lamellae,
is much shorter than what is expected for the composition of ~An63 from the EDS and
APT analysis. It is actually very close to the q-vector of sample 11044.p3, which has a
composition of An68 [23]. During the development of Bøggild intergrowth of the red-
iridescent Gem118, the e-ordering in the structure must have been strongly affected by
some process that was not experienced by the other iridescent labradorite samples.
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the red-iridescent Gem118 (c), by collapsing all the reflections in the diffraction data to the reciprocal lattice range. The
blue-iridescent Gem118 shows a slightly tilted and shorter modulation vector compared to the red R2923, which agrees well
with the ~2.5 mol% difference in their An#. The modulation vector of the red-iridescent Gem118, however, is much more
tilted and shorter compared to the other sample, disproportionate to the composition difference. The e-reflections (green
color) of the red-iridescent Gem118 also show two separate clusters of irregular shapes, corresponding to the two different
modulation vectors, which can be observed in the precession image (Figure 10).



Minerals 2021, 11, 727 15 of 23

Minerals 2021, 11, x  15 of 23 
 

 

blue-iridescent Gem118 shows a slightly tilted and shorter modulation vector compared to the red R2923, which agrees 
well with the ~2.5 mol% difference in their An#. The modulation vector of the red-iridescent Gem118, however, is much 
more tilted and shorter compared to the other sample, disproportionate to the composition difference. The e-reflections 
(green color) of the red-iridescent Gem118 also show two separate clusters of irregular shapes, corresponding to the two 
different modulation vectors, which can be observed in the precession image (Figure 10). 

 
Figure 10. Unwarped ℎ𝑘3ℎ + 𝑘തതതതതതതതത precession images (equivalent to the [311] zone-axis pattern in Figure 1) of the red-irides-
cent (a) and blue-iridescent (b) crystals of sample Gem118. The modulation vectors in the red Gem118 (left) show two 
different orientations. One has a smaller tilt angle similar to that of the blue sample, represented by the e-reflections 
marked by the green ellipsoid. The other has a much larger tilt angle and smaller separation, represented by the e- and f-
reflections marked by the blue circles. Unprocessed diffraction frames showing the split e-reflections can be found in Fig-
ure S14. 

4. Discussion 
Four different phases with different crystal structures can be found within the com-

positional range of the Bøggild intergrowth, which is the main reason why the phase re-
lations around the Bøggild intergrowth are so complicated. Equilibrium for low tempera-
tures is impossible to achieve within a reasonable timescale in the lab experiments, thanks 
to the extremely slow CaAl-NaSi interdiffusion rate [50,51], and detailed thermal histories 
of natural samples are hard to constrain. The subsolidus phase relations of plagioclase 
feldspar solution has been most comprehensively summarized by Carpenter [13] (Figure 
S16), taking into consideration all the reported experimental data and natural samples 
available at the time. There are, however, some inconsistencies between the labradorite 
region in Carpenter’s phase diagram and some recent discoveries regarding the incom-
mensurately modulated structures of e-plagioclase [14,15,23,29,30,32]. The new data re-
ported in this paper regarding the Bøggild intergrowth also provide some new insights to 
the subsolidus phase relations of the low-temperature intermediate plagioclase, as is dis-
cussed below. 

The first phase relation to be discussed is that between the e1 and e2 phases. Recent 
studies [15,23,30,32] have shown that the e2 structure can be ordered into the e1 structure 

Figure 10. Unwarped hk3h + k precession images (equivalent to the [311] zone-axis pattern in Figure 1) of the red-iridescent
(a) and blue-iridescent (b) crystals of sample Gem118. The modulation vectors in the red Gem118 (left) show two different
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green ellipsoid. The other has a much larger tilt angle and smaller separation, represented by the e- and f -reflections marked
by the blue circles. Unprocessed diffraction frames showing the split e-reflections can be found in Figure S14.

4. Discussion

Four different phases with different crystal structures can be found within the compo-
sitional range of the Bøggild intergrowth, which is the main reason why the phase relations
around the Bøggild intergrowth are so complicated. Equilibrium for low temperatures is
impossible to achieve within a reasonable timescale in the lab experiments, thanks to the
extremely slow CaAl-NaSi interdiffusion rate [50,51], and detailed thermal histories of nat-
ural samples are hard to constrain. The subsolidus phase relations of plagioclase feldspar
solution has been most comprehensively summarized by Carpenter [13] (Figure S16), tak-
ing into consideration all the reported experimental data and natural samples available
at the time. There are, however, some inconsistencies between the labradorite region in
Carpenter’s phase diagram and some recent discoveries regarding the incommensurately
modulated structures of e-plagioclase [14,15,23,29,30,32]. The new data reported in this
paper regarding the Bøggild intergrowth also provide some new insights to the subsolidus
phase relations of the low-temperature intermediate plagioclase, as is discussed below.

The first phase relation to be discussed is that between the e1 and e2 phases. Recent
studies [15,23,30,32] have shown that the e2 structure can be ordered into the e1 structure
continuously, and a second-order phase boundary has been proposed between An40 and
An44 at below 550 ◦C. A small discontinuity is also possible, as suggested by the abrupt
change in the q-vectors in sample H4-04 between An44 and An45 [29,30]. The homogeneous
metamorphic e1 structure with a composition of An52 [14] and the igneous e1 structures with
compositions as sodic as An42 [30] all suggest a continuous region of the e1 phase bounded
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by a inclined gap with the C1 phase, which was first proposed by McConnell [12,26] and
was adopted by the phase relations in Jin et al. [23].

Carpenter [13] proposed the Bøggild intergrowth to be coexisting e1 and e2 structures
at low temperature, but acknowledged that the C1/e1 Bøggild gap that closes at low temper-
ature remains a possibility. Most TEM images showing the e- or f -fringes across the lamellar
boundaries are inconclusive about the structure state of the Na-rich lamellae [2,11,35,36].
However, the synchrotron X-ray diffraction data of an iridescent labradorite [22] provide
some more definitive evidence supporting that the Na-rich lamellae are of the e1 phase,
with obvious f -reflections (which are misnamed e2 reflections in [22]) appearing in both
lamellae, as indicated by the pear-shaped distribution of the satellite peaks.

The compositional analyses of individual lamellae in this work further argue against
the Bøggild gap almost symmetrical around An50 by Carpenter [13] (Figure S16C), which is
based on the equal volume proportion observed in iridescent labradorite samples of ~An50.
However, sample 987L with almost the same composition (~An49) shows an intergrowth
texture dominated by Ca-rich lamellae (>80%) (Figure 3); the blue-iridescent Gem118 with
a more calcic composition (An55), on the other hand, shows equal volume between Ca-rich
and Na-rich lamellae (Figures S3 and S10). These indicate that the volume ratio of lamellae
is not only dependent on the bulk composition of the sample, but also strongly depends on
the thermal history. The compositions of the Ca-rich lamellae from different samples show
a much larger variation than the compositions of the Na-rich lamellae (Table 2), which
also support an asymmetrical gap shifting toward the albite side at low temperature. The
anti-correlation between the lamellar thickness and the composition difference in sample
R2923 and Gem113 (blue-iridescent zone with thinner lamellae shows a larger composition
difference between Ca-rich and Na-rich lamellae, relative to the red-iridescent zone with
thicker lamellae) also cannot be explained by the symmetrical shape of the Bøggild gap
proposed by Carpenter [13]. Therefore, the symmetrical Bøggild gap as coexisting e1 and
e2 structures is not further considered in this paper. The boundary between e1 and e2 phase
is drawn as a straight line following [23].

There is another issue with the phase diagram proposed by Carpenter [13], which
depicted the I1/e1 boundary to be continuous at high temperature (~800 ◦C) before ex-
panding to the Huttenlocher gap with more calcic compositions. The schematic free-energy
curves are also drawn with the e1 phase continuously merged to the I1 phase on the anor-
thite side. These are based on an incorrect structure model of the e-plagioclase structure,
and an incorrect understanding of the superspace group symmetry of the e-plagioclase.
The X1(α, β, γ)0 superspace group is a subgroup of C1, but not a subgroup of I1. It is
symmetrically not possible to continuously transform a I1 structure to an e-plagioclase
(X1(α, β, γ)0) without going through the disordered C1 as an intermediate stage [23], de-
spite the experimental data seemingly suggesting a continuous transition [52–54]. The
various e- and b-reflections observed in synthetic anorthite by Carpenter [55] should be
interpreted as the metastable C1/e2 transition occurring with a short anneal time, before
the C1/I1 transition takes over with a longer anneal time, suggesting that the e2 ordering is
kinetically favorable with the C1 structure, albeit thermodynamically less stable [15,31,32].
The misconception of the relationship between I1 and e-plagioclase seems to have mainly
stemmed from the similarity in diffraction pattern, where the e-reflections are intuitively
viewed as a “splitting” of the elongated b-reflections. It should be noted though that a
seemingly continuous transition in reciprocal space does not necessarily correspond to a
continuous transition in real space. A “splitting” of the b-reflection into e-reflections would
mean a transition from an infinite modulation period to a finite period, which cannot be
continuous. Therefore, the phase transformation between I1 and e1 cannot possibly be
continuous at any composition, and the G-X free-energy curve of the two phases can only
intercept but may never merge.

The discontinuity between I1 and e1 structures also means that the stable regions of
the three phases (C1, I1, and e1) meeting at one single point, as proposed by Carpenter [13],
is not possible. The topology of the boundaries among the three phases has to be more
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complicated with three separate free-energy curves for each phase. As suggested by [23],
the boundary between I1 and e1 should be simple, with a negative slope between tem-
perature and An#, which widens up to the Huttenlocher gap at lower temperature. The
question is how it might intersect with the C1/I1 boundary or the C1/e1 gap. There are a
few possibilities depending on the shape of the free-energy curves of I1 and e1 as a function
of An# (G-X curves) at different temperatures. The simplest cases of the schematic G-X
curves and corresponding phase relations are illustrated in Figures 11 and 12, respectively.
It should be noted that the phase relations presented in Figure 12 are mainly to show the
topology of the phase areas and boundaries of the different phases. Without new exper-
imental data, it is impossible to constrain the exact phase transition temperatures better
than Carpenter [13]. The simplest convex G-X curve for the I1 phase (Figure 11a) would
result in a phase topology shown in Figure 12a, in which there are two miscibility gaps
between the I1 and e1 phase, both terminating at the same point where the G-X curve of e1
is tangent to that of I1. This phase topology is highly unlikely, because it rules out spinodal
decomposition as a forming mechanism of the Bøggild intergrowth for compositions more
calcic than An50. A slight change in the G-X curve (Figure 11b) would result in a miscibility
gap within the I1 phase (Figure 12b), which was first suggested by Smith [5]. The calculated
G-X curve by Carpenter [53] also suggests a solvus within the I1 phase. This topology was
adopted in the phase diagram by [23] and may explain the intergrowth between An61 and
An69.5 found in plagioclase from a gneiss [56].
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Figure 11. Schematic G-X curves of the C1 (black), e1 (red), and I1 (cyan) phases around the I1 /e1 transition temperature.
(a) The I1 curve is of a simple convex shape within the composition and temperature range; (b) the I1 curve results in a
solvus within the I1 phase; (c) the I1 curve results in a coexisting area between the C1 and the I1 structures.
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The scenarios discussed above are restricted by the C1/I1 boundary being a continu-
ous straight line that extends all the way down to An50 at ~800 ◦C. However, no I1 structure
less calcic than An55 has been reported, either in natural samples or in experiments. A
recent structure study showed that the C1/I1 transition is much harder kinetically com-
pared to the C1/e2 transition, even though the energy barrier for Al-Si ordering should
be very similar, which suggests that the C1/I1 boundary may not be as continuous as
previously believed [31,32]. This opens up another possibility where the C1/I1 opens up
to a miscibility gap between two phases below ~900 ◦C. As a matter of fact, a slightly
different shape of the I1 curve from Carpenter [53] could result in a coexisting area between
C1 and I1 (Figure 12c). This possibility was first proposed by Smith [24], and further
discussed by Grove et al. [27]. The computational study by [57] also supported a first-order
boundary between C1 and I1 structures. The b-reflection dark-field images in [58,59] were
interpreted to be the evidence for conditional spinodal decomposition between C1 and
I1 [27]. Intergrowth between the C1 and I1 structures with larger domains may never be
found in nature, because any rock that cooled slow enough to develop coarse textures
would certainly order into e1 structures at lower temperature. Other possible topologies
than those illustrated in Figure 12 would require more complicated shapes in energy curves,
or unlikely coincidences relating the energy curves of different phases would, therefore,
not be considered in this paper without any evidence.

The formation mechanism of the exsolution lamellae in the Bøggild intergrowth
should be briefly addressed here. All the iridescent labradorite samples found in nature
behave quite similarly, with lamellar thicknesses at the same scale, which do not provide
enough variations, possibly resulting from different cooling histories. The exsolution
textures in alkali feldspars, on the other hand, occur within a much shorter time scale,
and have been intensively studied experimentally, which may provide some clues for
the forming mechanism of the Bøggild intergrowth. The formation mechanisms of the
exsolution textures in perthites are best summarized by [60]. The Bøggild intergrowth has
always been believed to be formed through spinodal decomposition, given the regularity
in lamellar orientation and thickness [2,5,13,26]. Nucleation and growth, however, are
also known to produce similar textures in micro-/crypto-perthites [60], and should not be
totally ruled out. A definitive distinction between the two possible forming mechanisms
would require a scrutiny in the terminations of both the Ca-rich and Na-rich lamellae over
a large area, which would be quite challenging considering the 2-D nature of the lamellae.
The large-area image in Smith and Brown [5] (their Figure 19.30a) seemed to only show
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wedge-shaped terminations in the major lamellae, and branches in the minor lamellae,
suggesting a possible nucleation and growth mechanism. The exsolution lamellae in sample
987L shown in Figure 3 also only show wedge-shaped terminations of the Ca-rich lamellae
(marked by red arrows) in an area a few micrometers across. Some Na-rich lamellae
appear to be slightly more calcic toward the center (Figure 3 and Figure S12), which could
match the residue diffusion profile resulting from nucleation and growth of the Ca-rich
lamellae [60]. On the other hand, the composition profile across the lamellar boundary
from the APT analysis of sample Gem118 shows the composition within each lamella
to be quite homogeneous, with a smooth transition across the boundary. Assuming the
lamellae in Gem118 were produced by spinodal decomposition, this profile is characteristic
of the final stage when a sharp interface is developed with the lamellar compositions lying
on the coherent miscibility gap. The blue- and red-iridescent areas of sample Gem118
having the same lamellae compositions also suggest equilibrium at a certain temperature.
The other iridescent labradorite samples, however, show different lamellar compositions
between the blue- and red-iridescent zones, suggesting disequilibrium during the lamellae
development. Detailed composition profiles from more iridescent labradorite samples,
perhaps with APT analysis or ion-beam depth profiling, might provide more information
about the formation process and mechanism of the Bøggild intergrowth. It is quite possible
that both spinodal decomposition and nucleation and growth could form the Bøggild
intergrowth, depending on compositions and thermal histories.

The structural anomaly observed in the red-iridescent Gem118 is quite surprising.
Some type of phase boundary must exist between An55 and An58, in order to allow the
two different zones within the same crystal to go through different ordering processes
under the same thermal conditions. The blue-iridescent Gem118 developed the e1 structure
similar to the other iridescent labradorite samples, suggesting that they experienced similar
phase behaviors, whereas the red-iridescent Gem118 went through a different process that
inhibited and modified the e-ordering process significantly. The most plausible boundary
that could cause this difference is the transition from C1 to I1, given the possible topologies
of the phase relations illustrated in Figure 12. The absence of density modulation in the
structure of 11044.p3 (An68) [23] has suggested that the transformation to the I1 structure
could inhibit the e1 ordering. Carpenter [13] also suggested that crystals on either side of
the intersection between the C1/I1 boundary and Bøggild gap would go through different
phase paths during cooling. However, the variations in e- or f -fringes across the lamellar
boundaries in TEM images were incorrectly interpreted as evidence to support this claim,
because the variation in 3D modulated structures may not be reflected in the 2D projection
in a TEM image, depending on the sample orientation relative to the electron beam. Based
on the composition of sample Gem118, the intersection between the C1/I1 gap and the
Bøggild gap in Figure 12a should be between An55 and An58, which would require moving
up the intersection with the C1/e1 gap to at least 900 ◦C. This would be hard to reconcile
with the transition temperature between I1 and e1 at around 800 ◦C, as suggested by the
experimental results [61]. The topology in Figure 12a would also mean that the exsolution
lamellae in red-iridescent labradorite would be formed through e1 nucleation and growth
within the I1 host, which contradicts the wedge-shaped termination of a Na-rich lamella
observed in the STEM image (Figure S11). The topology shown in Figure 12c increases
the temperature at the top of the Bøggild gap by having a coexisting area between C1
and I1, without increasing the transition temperature between I1 and e1, and it would
allow spinodal decomposition for the entire Bøggild gap. Nonetheless, there is no obvious
explanation to the strange q-vector of the e1 structure in the Ca-rich lamellae of the red-
iridescent Gem118.

The effect of K remains elusive in the subsolidus phase relations of labradorite feldspar.
It was believed in the early days that the K content in the labradorite crystals is critical
to the formation of the Bøggild intergrowth [5], as all iridescent labradorites are found
to have at least 2% of orthoclase component in their compositions. This was disproved
when exsolution lamellae were found in a metamorphic plagioclase of An49 with almost
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no K in the composition [62], which is further supported by the exsolution lamellae in
sample 987L (Figure 3). Many igneous labradorite crystals are found with ~2% of Or
in their compositions, with or without iridescent color [15,23,31,32,61–63]. There is no
evidence suggesting any correlation between Or# and Bøggild intergrowth. It is known
that a small amount of anorthite can change the solvus temperature in alkali feldspars
dramatically [64], which is mainly caused by the extra charge of the Ca2+ that needs to
be balanced by the extra Al in the tetrahedral framework. K in plagioclase is unlikely
to play a role as dramatic as Ca in alkali feldspar, given that it has the same charge as
Na and would not change the chemistry of the tetrahedral framework. The complicated
phase relation of plagioclase mostly arises from the different Al-Si ordering pattern in the
framework of different compositions [13]. K-feldspar precipitates have been reported in the
Finland labradorite [65], which appears to have happened after the Bøggild intergrowth
was already developed, based on the cross-cutting relationship in the crystal. It is worth
noticing, however, the difference in the Or content between the Ca-rich and Na-rich
lamellae. From the APT analyses (Table 3) and EDS maps (Figure S10), the K in the Na-rich
lamellae is about twice as much as that in the Ca-rich lamellae, consistent with the ion
probe result by [9]. The difference in Or# is disproportionate to the difference in An#
between the Ca-rich and Na-rich lamellae, which seems to suggest that the partition of K
between lamellae is affected by the structure state at the time of exsolution. The K atoms
prefer the disordered C1 structure over the ordered I1 or e1 structure. The proposed phase
relationship (Figure 12c) explains the observed composition distribution of plagioclase
feldspars in amphibolite facies rocks reported by Wenk et al. (1979) [66]. A complete
binary phase diagram of the plagioclase feldspar is proposed in Supplementary Materials
(Figure S15) for comparison.

5. Conclusions

Structure and chemical analyses of labradorites with Bøggild intergrowth in this
paper showed that the subsolidus phase relations of intermediate plagioclase may be more
complicated than previously expected. This is the first time that the chemical composition
of individual lamellae has been analyzed for different color zones within the same crystal.
The compositions of Ca-rich and Na-rich lamellae not only depend on the bulk composition
of the sample, but also vary significantly with different thermal histories, which cannot
be explained by the symmetrical miscibility gap proposed by Carpenter [13]. Most of the
previous studies on Bøggild intergrowth have treated iridescent labradorite samples from
different localities as if they are the same or very similar, and lamellar compositions from
different samples have been averaged to obtain the composition range of the miscibility
gap [9]. The results in this work showed that the averaged composition from different
samples is meaningless, and each sample represents a unique thermal history and should
be examined separately.

Conventional TEM is best used for the preliminary screening of samples, due to
the relatively simple sample preparation. Analytical STEM with EDS is shown to be
valuable in analyzing individual lamellar compositions. Single-crystal XRD is critical
in revealing details about the incommensurately modulated structures of e-plagioclase,
even though it mostly shows the average of two structures with different compositions.
Without single-crystal XRD, the anomaly that implies a phase boundary in sample Gem118
would have been missed. The high-resolution 3D composition profile across the lamellar
boundaries would require more consuming techniques such as APT or secondary ion
mass spectroscopy (SIMS), but might be necessary in discerning the different forming
mechanisms or equilibrium conditions.

Perhaps the result in this paper raises more questions about the Bøggild intergrowth
than it answers, but that is simply a reflection of how complicated the phase relations of
plagioclase actually are. A few possible topologies of the phase relations around the Bøggild
gap were proposed based on the simple shapes of the free-energy curve, which requires
careful examinations of more labradorite samples, including some previously studied ones,
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to further constrain. Metamorphic labradorite crystals seem to behave differently from the
iridescent igneous labradorite crystals, likely due to the difference in thermal history, which
could provide important information. Metamorphic labradorite with a peak temperature
above 700 ◦C, in particular, may be critical in refining the subsolidus phase diagram of the
plagioclase solid solution.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/min11070727/s1, Figures S1 and S2: Optical images of the samples studied, Figures S3–S9:
TEM images of the samples studied, Figures S10–S13: STEM EDS maps of the samples studied,
Figure S14: Single-crystal XRD frames from red-iridescent Gem118, Figure S15: Proposed phase
diagram for plagioclase feldspars, Figure S16: Previously proposed phase diagrams for plagioclase
feldspars, Table S1: EPMA analysis results of the samples studied, Table S2: Lamellar compositions
from EDS spectra, Video S1: Rotation of the reconstructed 3D Ca and Na maps from the APT data.
CIF: Average crystal structures refined from single-crystal XRD data.
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