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Abstract

The causes of colour in beryl have been a research topic for decades. For some varieties, such as emerald (green, coloured
by Cr** and/or V%), the main cause of colour is substitutions by metal atoms within the framework. However, the causes
for the yellow and blue colours in heliodor, golden beryl and aquamarine are still debated. It is generally agreed that Fe
ions are responsible for the colour, but there are differing conclusions about the valence states of these ions, the occupied
positions and the colour-inducing processes involved. The colour of aquamarine is commonly attributed to intervalence
charge transfer (IVCT) between Fe** and Fe?*. Various combinations of sites have been proposed to host the Fe ions
engaging in this IVCT. Here we present a new approach to address the topic of colour generation: atomic resolution
scanning transmission electron microscopy (STEM). For the first time, atomic resolution images of a beryl (natural aqua-
marine) are presented in the three crystallographic directions [0001], [1-210] and [1-100]. Ions are clearly resolved in the
channels. From the ratio of channel occupation and the correlation of the atoms per formula unit (apfu) calculations we
conclude that Fe resides in the framework, not in the channels. The projections in the [1-210] direction directly show that
the cavity channel site 2a is occupied, most likely by Cs, in agreement with recent results in the literature.

Keywords Beryl - HAADF STEM - Iron ions - Channel occupation/occupancy - Caesium ions

Introduction

The crystal structure of beryl (Be;Al, [SigOg]) was first
identified in a publication by Bragg and West in 1926
(Bragg and West 1926; Hawthorne and Cerny 1977). Its
space group was determined to be P6/mcc and the hexago-
Fabian Dietmar Schmitz and Bodil Holst contributed equally to this nal structure was later refined and amended in the course
work. of the following decades (see e.g. Gibbs et al. 1968; Moro-
sin 1972; Artioli et al. 1993). The framework of beryl was
first visualised by transmission electron microscopy (TEM)
in a study by Buseck and Sumio (1974). Al is present in
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an octahedral coordination with O atoms within beryl, Be
and Si are tetrahedrally coordinated (Fig. 1a). The Si tet-
rahedra combine to form six-membered rings, which char-
acterise beryl as a cyclosilicate. Successive layers of these
rings perpendicular to the c-axis create open channels in the
crystal structure (Fig. 1b). These channels can be occupied
by a variety of ions and molecules, such as alkalis, H,O or
CO,. The incorporation of transition metal ions, such as Cr
and/or V in emerald (a green beryl variety) or Mn in red
beryl or morganite (red and pink beryl varieties), by ionic
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Fig. 1 a The structure of beryl viewed down the c-axis (along the
[0001] direction). Basic crystallographic directions are shown with
black arrows and associated indices. The a- and b-axes are marked
with red arrows. The rhombus shape (spanning between the axes @ and
b and the dashed line) indicates the unit cell. b The structure of beryl as
seen perpendicular to the c-axis of the crystal (along the a- or b-axes).
The c-axis is indicated by the red arrow. For better overview purposes
only the Si and some of the Be tetrahedra are shown. Two sites are

substitution of Al in the framework is widely accepted to be
the cause for the colour of these beryl varieties (e.g. Nas-
sau and Wood 1968; Nassau 1978; Andersson 2013; Frid-
richova et al. 2018). It is also known that yellow (heliodor
and golden beryl) and blue colours (aquamarine) are caused
by Fe ions. Yellow and blue colours in beryl have previously
been linked to high, relative amounts of Fe’* and Fe?™,
respectively (Viana et al. 2002) and the electronic inter-
actions (mainly charge transfers) these ions can undergo
(Nassau 1978; Fritsch et al. 1988; Burns 1993; Mathew
et al. 2000). Furthermore, mixed greenish colours, which
are caused by Fe rather than Cr and/or V (as in emerald),
also exist (Mathew et al. 2000). In contrast to other transi-
tion metal ions, however, there is still considerable debate
about which possible positions Fe ions can occupy within
beryl. Fe ions have been proposed to be able to substitute
for Al, Be, and Si (Viana et al. 2002; Fridrichova et al. 2015,
Andersson 2019). Furthermore, several studies suggest Fe
ions could be present inside the channels (e.g. Wood and
Nassau 1968; Goldman et al. 1978; Blak et al. 1982; Ptikryl
et al. 2014; Arivazhagan et al. 2017; Bacik and Fridrichova
2019; Bunnag et al. 2020; Shang et al. 2022). However, oth-
ers do not, or not entirely, uphold this interpretation as, for
instance, no Fe was identified in the channels (Spinolo et al.
2007; Andersson 2013) or only part of their data allow the
interpretation of Fe possibly residing in the channel, while
the rest of their results are not in agreement with it (Groat
etal. 2010).

In a previous study by Arivazhagan et al. (2017), a
heliodor (yellow beryl) was analysed using aberration cor-
rected atomic resolution scanning transmission electron
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distinguished in the channels. The site 2a is located at the level of the
Be tetrahedra and the Al octahedra and is the larger of the two sites
with an approximate diameter of 5.1 A, thus also called the cavity site.
The smaller site 2b, with an approximate diameter of 2.8 A, is located
between the Si tetrahedra rings and is therefore also referred to as the
ring site (modified after Lodzinski et al. 2005; Gaudry et al. 2007;
Taran and Vyshnevskyi 2019; Wang et al. 2021)

microscopy (STEM). Images were obtained in the [0001]
direction only. Analyses of the high-angle annular dark-field
(HAADF) STEM showed that the channels of that sample
were partially occupied. It was suggested that the channel
species which showed in the images were Fe ions and it
was argued on the basis of accompanying mass spectros-
copy that all the Fe was in the channels and thus that the
colour was induced by channel Fe ions (Arivazhagan et al.
2017). This, however, was later questioned in a recent publi-
cation by Knez et al. (2024). Here atomic resolution STEM
images of a natural aquamarine crystal are presented, also
in the [0001] direction, together with a series of image con-
trast simulations, leading to the conclusion that the chan-
nel occupancy imaged by HAADF STEM is Cs ions, both
for the aquamarine sample presented in the paper of Knez
et al. (2024) as well as the heliodor sample presented in
Arivazhagan et al. (2017). This conclusion is in agreement
with assumptions of previous studies which assigned Cs to
the 2a cavity site in the channels of beryl (e.g., Hawthorne
and Cerny 1977; Artioli et al. 1993; Gatta et al. 2006).

Inter valence charge transfer (IVCT) between Fe’* and
Fe* ions is thought to contribute to the colour seen in aqua-
marine (Nassau 1978; Mathew et al. 2000). According to
earlier works, these Fe ions would be located in the near
vicinity of each other, but multiple sites would be possible
(Mathew et al. 2000). In addition to the octahedral site, Fe
ions were proposed to substitute in the tetrahedral sites.
Although some authors consider the substitution of Be or
Si by ferrous Fe unlikely (Viana et al. 2002; Fridrichova et
al. 2015), others suggest that the tetrahedral Si site could be
occupied by ferric Fe (Andersson 2019). Another, larger and
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distorted tetrahedral site with its centre at the coordinates
0.432; 0.344; 0.167 (Andersson 2019), situated next to the
Be tetrahedron, is also argued to be the site to accommodate
Fe ions as a result of non-isomorphic substitutions (Ander-
sson 2019). These Fe ions would then engage in IVCT,
whereas the actual Be site adjacent to such an occupied tet-
rahedron would be vacant (Andersson 2019). As mentioned
earlier, the channel sites are regarded to be another site pos-
sibly occupied by Fe ions according to some authors (e.g.
Wood and Nassau 1968; Goldman et al. 1978; Blak et al.
1982; Prikryl et al. 2014; Arivazhagan et al. 2017; Bacik
and Fridrichova 2019; Bunnag et al. 2020; Shang et al.
2022). IVCT was proposed to occur between the octahe-
dral and channels sites or along the channel sites themselves
(Parkin et al. 1977; Goldman et al. 1978). Further studies
suggest the 6g interstitial site host Fe ions (Goldman et al.
1978; Groat et al. 2010; Lin et al. 2013.). This site is situated
adjacent to the Al octahedron and can thus also enable the
close proximity needed for IVCT to occur.

In this study we present atomic resolution HAADF STEM
images from a natural aquamarine sample. Images were
obtained in the three crystallographic directions [0001],
[1-210] and [1-100], two of which have never been shown
before for beryl. As with the previous HAADF STEM study
on a heliodor sample by Arivazhagan et al. (2017) and the

[1000]

Fig. 2 Sample image of the aquamarine, cast in an acrylic tablet for
chemical analyses. A schematic representation of the crystallographic
axes is shown in the lower left corner of the image. The aquamarine
sample was polished to a plane-parallel slice (with the polished faces
parallel to the c-axis of the crystal) and subsequently coated with
carbon to ensure electric conductivity for the EPMA analyses. The
approximate size of the sample in the photo is 8 X3 mm

aquamarine study by Knez et al. (2024), partial channel
occupancy could be visualised. The aquamarine used in this
study was deliberately chosen to have a much higher Fe
content than the heliodor used by Arivazhagan et al. in 2017
on the assumption that a higher Fe content should yield a
higher channel occupation ratio if Fe ions were present in
the channels to engage in IVCT.

Materials and methods

The aquamarine examined in this study (Fig. 2) originated
from Oregon, USA. It was prepared as described in Arivazha-
gan et al. (2017). In order to guarantee sufficient electrical
conductivity and prevent charging effects in the Focused Ion
Beam (FIB, Helios G4 UX Dual-Beam by Thermo Fisher
Scientific), a 40 nm layer of Pt/Pd was sputter-coated onto
the sample prior to FIB preparation. The chosen regions for
the TEM lamellae were coated by carbon-based protection
layers inside the FIB. The first part of the carbon protection
layer was made with e-beam assisted deposition, before a
thicker layer (ca. 2 um thick) was deposited by ion-beam
assisted deposition. A tungsten “Easylift” system was used
to transfer the cross-section lamellae to a Cu lift-out grid. All
coarse thinning was done at 30 kV acceleration voltage for
the Ga* ions. To minimize surface damage on either side of
the lamellae, lower acceleration voltages of 5 kV and 2 kV
were used during the final thinning process. No further coat-
ings were applied to the TEM lamellae. The area depicted
in the TEM analyses had a thickness of 40—80 nm as deter-
mined by electron energy loss spectroscopy (EELS). EELS
data were acquired while scanning over the region of inter-
est using 1 kV/channel dispersion and covering a 2048 eV
energy range (including the zero loss peak). EELS spectra
were acquired during fast scanning over the region of inter-
est. To avoid beam damage a non-static beam was used. The
Log-Ratio method was further employed to determine the
relative and absolute thickness. This method has inaccura-
cies, and a thickness of 40-80 nm is therefore stated in the
experimental part even if digital micrograph gives exact
values for the sample thickness. The device used for the
TEM analyses was a double Cs aberration corrected JEOL
ARM 200CF, with a cold field emission gun. The operation
voltage was 200 kV. Collection angles for HAADF STEM
images were 43—170 mrad, whereas 27.4 mrad was the con-
vergence semi-collection angle. The sample was tilted by
30° inside the TEM to change the analysis direction from
[1-100] to [1-210]. The beam current was 21 pA. The dose
further depended on the pixel size and the dwell time in each
pixel. The dwell time in each pixel was kept constant at 19
us, while the pixel size varied depending on the magnifi-
cation used for each image. All images were 2048 x 2048
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pixels. At very high magnification, these 2048 X 2048 pixels
cover a smaller field of view, whereas at low magnification
(i.e. large field of view) the pixel size becomes larger. The
beam diameter was typically 0.8 A, but the pixel size in high
magnification images was much smaller than this. Hence,
the smaller the pixel size, the larger the dose per area. In
addition, the flyback time was also minimized to avoid a
large effective dwell time in the first pixel of every scanned
line. The flyback time was reduced from the 500 ps default
time down to 50 ps to avoid amorphization of the sample at
the beginning of each scanned line.

Chemical analyses were performed with electron probe
microanalysis (EPMA) and laser ablation inductively
coupled mass spectrometry (LA-ICP-MS) at the Johannes
Gutenberg-University of Mainz, Germany. For both analy-
ses, 10 randomly distributed spots were analysed. In order
to avoid analysing inclusions, the spots were placed in areas
which seemed homogenous during inspection within the
analysis devices. Prior to analyses, the sample was mounted
in ClaroCit acrylic. The resulting round acrylic tablet was
subsequently coated with carbon to ensure electric con-
ductivity for EPMA (see Fig. 2) before being mounted in
a sample holder. The device used for EPMA was a JEOL
JXA-8200 SuperProbe (in WDS mode) with lithium fluo-
ride H-type (LIFH) crystal for Fe, Mn and V, thallium acid
pthalate (TAP) crystals for Na, Mg, Al, Si, and Rb and pen-
taerythritol (PET) crystals for K, Ca, Cs, Cr and Ti. The
acceleration voltage was 15 kV, the beam current equalled
12 nA and the beam diameter was 10 um. Calibration for
EPMA was performed on standards of albite (for Na), diop-
side (for Mg and Ca) sillimanite (for Al and Si), orthoclase
(for K), pyrophanite (for Ti and Mn) eskolaite (for Cr),
hematite (for Fe), artificial glass (for Rb) and pollucite (for
Cs). LA-ICP-MS analyses were performed with an Agilent
7500ce quadrupole ICP-MS equipped with an ESI New
Wave Research ArF laser. The laser wavelength was 193 nm
with an energy of 5.56 mJoule/cm?. The resulting ablation
craters were approximately 75 pm in diameter. Calibration
and quality control for LA-ICP-MS were carried out on

external reference standard glasses of NIST SRM 610 and
NIST SRM 612, as well as BCR. The SiO, value determined
with EMPA was used as an internal standard. The SiO, con-
tent is high and comparably stable in silicate minerals such
as beryl and therefore even slight variations in SiO, content
of the respective crystal only have insignificant effects on
the final LA-ICP-MS results.

Results

To verify the correct orientation of the sample, electron
diffraction images were acquired. Figure 3a-c shows the
electron diffraction images in the three directions for which
HAADF STEM images were later obtained on the aquama-
rine. The zone axes for these images are [0001], [1-210] and
[1-100]. Please note that [1-210] is symmetrically equiva-
lent to [2-1-10] and [11-20]. Similarly, [1-100] is symmetri-
cally equivalent to [10-10] and [01-10]. The orientations
of these directions within the crystal structure of beryl are
illustrated in Fig. la.

The HAADF images of the beryl sample in the [0001]
projection are shown in Fig. 4. Roundish, light-coloured
spots can be identified in some of the channels, indicat-
ing that these channels are occupied. In addition, some of
these spots appear brighter than others. These images are
very similar in appearance to those obtained on a heliodor
published in Arivazhagan et al. (2017) and another aqua-
marine samples published in Knez et al. (2024). One of the
heliodor images is shown in Fig. 5. Differing ratios of occu-
pied channels relative to the total number of channels can be
determined in the images. For the channels in Fig. 4 to be
counted, more than 50% of the channel must be visible. Fol-
lowing this criterion, Fig. 4a shows 451 channels, of which
only 10 channels are occupied, whereas only 3 channels of
the 213 channels are occupied in Fig. 4b. This yields ratios
of 2.2% and 1.4%, respectively.

For comparison, Fig. 5a-c shows the HAADF images
of the heliodor studied by Arivazhagan et al. (2017). The
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Fig. 3 a-c Electron diffraction images in a the [0001] direction, b the [1-210] direction and ¢ the [1-100] direction
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Fig. 4 a-b HAADF images of the aquamarine sample in the [0001] projection. The yellow rhombus shows the unit cell (as indicated in Fig. 1a).
The blue circles highlight occupied channels. c-f Enlarged images of a and b

Fig. 5 a HAADF image of the heliodor sample examined in the [0001] projection (modified after Arivazhagan et al. 2017). The yellow circles
highlight occupied channels. b-¢ Enlarged images of a

images resemble those of our aquamarine sample. Figure 5a  of the protective sample coating (single atoms or clusters of
shows a total of 1399 channels, 39 of which are occupied, Pt and C) which had been sputtered off during analyses or
yielding a ratio of 2.8%. The uneven contrast of the image by small variations in sample thickness.

(bright, cloudy areas) is likely either caused by redepositions
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In order to determine which positions in the channel are
occupied, the aquamarine sample was subsequently ana-
lysed in the [1-210] direction. The resulting images are
displayed in Fig. 6. This is the first time atomic resolution
STEM images have been obtained from a beryl in this orien-
tation. The position of the individual atoms in the channels
is revealed as small bright spots which are clearly visible
in some of the channels. In the [1-210] direction, the chan-
nels are depicted along their length as indicated by the red
arrow in Fig. 6a. Thus, they lie flat in the image plane. The
channels can be identified as ‘black lines’ running across
the images. Figure 6a shows 18 such lines. Since the chan-
nels are stacked above each other viewed in this orientation,
each channel seen is in fact an accumulation of the signal
from several channels. As can be seen, the channel ions
reside at the 2a channel site. The smaller 25 site is covered
by the signal of the Si tetrahedra rings (see also Fig. 1b).
Thus, occupation of this site is not visible in these images.

Figure 7 shows the HAADF images of the aquamarine
in the [1-100] projection. This is the first time images from
this projection have been obtained. No bright spots can be
seen in the channels since the central area of the channels is
covered by the signal of the Al octahedra columns. Hence,
in this orientation no channel occupancy could be visualised
but these images clearly illustrate the layered structure of
beryl perpendicular to the channels.

The results of the chemical analyses using EPMA on the
aquamarine of this study and the heliodor of the previous
study by Arivazhagan et al. (2017) are displayed in Table 1.
The values listed for the heliodor are based on the original
analysis files retrieved from the lab where the EPMA analy-
ses were carried out. Comparison diagrams for both samples
are shown in Fig. 8. The average and standard deviations

were calculated on the basis of ten spots measured on each
sample. The BeO (13 wt%) and H,O (2 wt%) contents
represent fixed values used to improve the PhiRhoZ-cor-
rection and were not directly determined with EPMA. The
BeO contents were, however, later recalculated from these
EPMA and LA-ICP-MS data (Table 2) on the basis of 18
O atoms and 9 tetrahedral cations and using Fe content as
FeO and Fe,05;, respectively. The EPMA data show that the
aquamarine and heliodor have almost identical SiO, con-
tents (66.4 wt % as opposed to 66.3 wt% respectively). The
amount of Al,O; in our aquamarine is lower (by approxi-
mately 0.5 wt%) compared to that in the heliodor, but the
Na,O and FeO contents are higher by about 0.05 wt% and
1 wt%, respectively. All other oxides analysed were close
to or below detection limit. Therefore, trace elements were
determined with LA-ICP-MS analyses.

Table 2 shows the LA-ICP-MS analyses on our aqua-
marine and the heliodor sample from Arivazhagan et al.
(2017). As with the EPMA analyses, the values listed for
the heliodor are based on the original data files provided by
the lab at which the LA-ICP-MS analyses were performed.
Only the trace elements present at contents greater than 5
ppm in at least one of the two samples are listed. Trace ele-
ments below or close to detection limit included Cr and Ni.
Be, Mn and Fe were not analysed using LA-ICP-MS, since
the error for Be in LA-ICP-MS is high without a calibrated
standard, only minor Mn contents were expected and high
Fe contents can be determined with EMPA more reliably.
Again, the average and standard deviations were calculated
on the basis of the ten measurements spots analysed on each
sample. The sigma errors (measurement errors) were below
10 ppm for elements at concentrations of 100 ppm or less.
For eclements present at greater amounts the sigma errors

Fig. 6 a HAADF image of the aquamarine sample in the [1-210] pro-
jection. The yellow square indicates the unit cell with the correspond-
ing crystallographic directions and indices. The channel direction is
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marked with a red arrow. The blue circles highlight channel occupants.
b-c¢ Enlarged images of a
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Fig. 7 a HAADF image of the aquamarine sample in the [1-100] pro-
jection. The yellow rectangle indicates the unit cell with the corre-
sponding crystallographic directions and indices. The channel direc-
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tion is marked with a red arrow. No channel occupancy can be seen in
this projection. b-c¢ Enlarged images of a

Table 1 Chemical analyses (EPMA) on the aquamarine sample of this study in comparison with those on the heliodor previously investigated by
Arivazhagan et al. (2017). The averages and standard deviations were calculated on the basis of 10 measurement spots on each sample

Aquamarine, Oregon, USA

Heliodor, Bin Thuan Province, Vietnam
(data from Arivazhagan et al. 2017)

EPMA EPMA

Oxide Average [wt%] Standard deviation [wt%] Oxide Average [wt%)] Standard deviation [wt%]
Sio, 66.4 0.18 Sio, 66.3 0.20

AL O, 17.6 0.19 Al O, 18.2 0.12

FeO 1.2 0.15 FeO 0.2 0.03

BeO* (fix) 13 N/A BeO* (fix) 13 N/A

MnO 0.02 0.01 MnO 0.01 0.01

Na,O 0.14 0.03 Na,O 0.09 0.02

H,0* (fix) 2 N/A H,O0* (fix) 2 N/A

* not determined, N/A =not applicable, recalculated Fe,O; values: 1.4 wt% (aquamarine) and 0.2 wt% (heliodor), recalculated BeO values
(based on 18 O atoms, 9 tetrahedral cations and including element contents determined with LA-ICP-MS, see Table 2): 13.5 wt% (aquamarine
with Fe content as FeO) and 13.4 wt% (heliodor with Fe content as FeO), 13.7 wt% (aquamarine with Fe content as Fe,05) and 13.5 wt% (helio-

dor with Fe content as Fe,05)

ranged between a few ppm to about 50 ppm. Bar diagrams
comparing the different trace elements are shown in Fig. 9a-
1. The average contents of Mg, K and V are higher in the
aquamarine. The values for most other elements are similar
or overlap within the standard deviation. Li, Zn and Cs are
the only elements for which the average amounts are higher
in the heliodor from Arivazhagan et al. (2017) than in our
sample.

To determine the occupation of the octahedral Al position
in this aquamarine and the heliodor from Arivazhagan et al.
(2017), the atoms per formula unit (apfu) values (Table 3)
were calculated using the chemical data given in Tables 1
and 2 (with the exception of the H,O content). For Be the
recalculated BeO values were used. The calculations are

based on 18 oxygens per formula unit. Since the precise
ratio of ferrous (Fe*™) to ferric (Fe’™) Fe is unknown, two
separate apfu calculations were performed for each sample
using FeO and Fe,0;, respectively. Thus, the calculations
represent extreme cases since the Fe content was treated as
either being all ferrous or all ferric, respectively. Because of
the high Na content, the apfu for Na are based on the values
determined via EPMA. In case of the aquamarine, the cal-
culations show that Mn, Li, K, Ca, Sc, Ti, V, Zn, Ga, Rb and
Cs are low compared with the other non-formula elements
Fe, Mg and Na. In addition, there is slightly more Si than
the six apfu needed for the beryl formula. However, the apfu
values are lower than the ideal number in case of Al and
Be. Apfu were also calculated for the heliodor investigated

@ Springer
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Fig. 8 a-d Average chemical composition (determined by EPMA) of the aquamarine of this study in comparison to the data on a heliodor studied
previously (data from Arivazhagan et al. 2017). The error bars show the standard deviation

Table2 Chemical analyses (LA-ICP-MS) on the aquamarine sample of this study in comparison with those on the heliodor previously investigated
by Arivazhagan et al. (2017). The averages and standard deviations were calculated on the basis of 10 measurement spots on each sample

Aquamarine, Oregon, USA

Heliodor, Bin Thuan Province, Vietnam
(data from Arivazhagan et al. 2017)

LA-ICP-MS LA-ICP-MS

Element Average [ppm] Standard deviation [ppm] Element Average [ppm] Standard deviation [ppm]
Li 65 10 Li 149 66
Na 1061 229 Na 600 205
Mg 562 140 Mg 29 8
K 124 41 K 22 8
Ca 284 34 Ca 227 37
Sc 166 57 Sc 74 36
Ti 49 40 Ti 25 9
A% 57 8 \% 3

Zn 57 9 Zn 83 31
Ga 28 2 Ga 27

Rb 38 22 Rb 12 3
Cs 379 138 Cs 458 99

in Arivazhagan et al. (2017). Again most non-formula ele-
ments (Mn, K, Ca, Sc, Ti, V, Ga, Rb) are low, but the apfu
for Li, Zn and Cs are higher compared to the values deter-
mined for the aquamarine. The heliodor sample also shows
excess Si and a lack of Be and Al atoms per formula unit.
The ratios of the apfu of elements which can occupy the
octahedral position in beryl (transition metals and Mg) are
shown in Fig. 10. For these diagrams only those elements
with a sufficient apfu value (equal to or higher than 0.001
apfu) are shown as individual sections in the bar diagrams,
whereas the apfu of the remaining elements are summed
up. In the aquamarine the octahedral position can mainly
be filled with Al, Fe, Mg, Mn and Sc. When all Fe is treated
as ferrous, there is a slight deficiency of 0.002 apfu at the
octahedral position. If all Fe is treated as being ferric, the
deficiency is greater (0.012 apfu). In contrast to this, the
octahedral site in the heliodor can mainly be filled by Al
and Fe only. The contribution of the remaining elements to

@ Springer

the occupation of the octahedral site in the heliodor is small.
Hence, the Al site remains under-occupied to a greater
extent in the heliodor than the aquamarine.

Discussion

From the [0001] and [1-210] projections in this new speci-
men it is clear that only a small fraction of channels is occu-
pied, similar to what has been observed before (Arivazhagan
etal. 2017; Knez et al. 2024). The varying degrees of bright-
ness of the spots seen in the channel along the [0001] pro-
jection may be due to several reasons. It could be the result
of different scattering potentials between different channel
species. Another reason could be the depth of the channel
itself (see Knez et al. 2024). The images shown represent
projections of a thin slab of beryl of about 40—80 nm thick-
ness. Less bright spots may be caused by ions situated
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Fig. 9 a-i Average chemical composition (determined by LA-ICP-MS) of the aquamarine of this study in comparison to a heliodor studied previ-
ously (data from Arivazhagan et al. 2017). The error bars show the standard deviation

deeper within the channel, yielding an apparently weaker
signal. Alternatively, brighter spots could be caused by ions
stacked above each other along the length of the same chan-
nel, causing their scattering signals to accumulate. Although
the same channels appear to be occupied multiple times in
the [1-210] images, it has to be taken into account that this
projection represents the accumulated signal of several
channels stacked above each other. Therefore, channel spe-
cies in the same channel orientation may occupy different
channels. Since the structure is seen along the a- or b-axes
(see Fig. 1) in case of the [1-210] projection, the signal of
the Si tetrahedra rings masks the signals of any particles
possibly present at the 25 site within these rings. Therefore,
only the occupation of the 2a site can be seen. Large mol-
ecules like H,O and CO,, but also larger alkalis, such as Cs,
Rb or K, occupy the larger 2a site (Hawthorne and Cerny
1977; Charoy et al. 1996; Gatta et al. 2006; McMillan et al.
2006). Smaller ions like Na can be present at the 20 ring site

(Hawthorne and Cern}'/ 1977; Gatta et al. 2006; McMillan et
al. 2006). Yet, Na may occupy the 2a site in some beryls as
well, depending on the general alkali content and the pres-
ence of H,O within beryl (Mashkovtsev and Solntsev 2002;
Gatta et al. 2006). Taking the various degrees of spot bright-
ness in the images of the [0001] direction into account and
under the assumption that both channel sites are partially
occupied in this aquamarine, it is possible that more than
one channel species is seen in the [0001] projection. How-
ever, a smaller amount of channels is depicted within the
same field of view in the [1-210] compared to the [0001]
orientation. In the [1-210] plane, the channels are seen along
their length, creating a set of ‘lines’ in these images. This set
only consists of 18 lines in Fig. 6a. Although the channels
are stacked above each other in this direction, primarily the
signal of the upper channel layers is seen in HAADF STEM.
Even when taking the signal depth into account, it is likely
that the signal in the [1-210] projections in Fig. 6a results
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Table 3 Calculated atoms per formula unit (apfu) on the basis of the EPMA and LA-ICP-MS analyses shown in Tables 1 and 2. The calculations
were performed with the total Fe content being Fe** or Fe?*, respectively, and are based on 18 oxygens per formula unit. All values are rounded

to four decimal places

Aquamarine, Oregon, USA

Heliodor, Bin Thuan Province, Vietnam

Atom Apfu Atom Apfu Atom Apfu Atom Apfu
Al 1.8871 Al 1.8774 Al 1.9519 Al 1.9504
Si 6.0412 Si 6.0102 Si 6.0476 Si 6.0428
Na 0.0241 Na 0.0240 Na 0.0151 Na 0.0151
Be 2.9537 Be 2.9848 Be 2.9406 Be 2.9454
Fe2+ 0.0931 Fe3+ 0.0926 Fe2+ 0.0142 Fe3+ 0.0142
Mn 0.0014 Mn 0.0014 Mn 0.0007 Mn 0.0007
Li 0.0051 Li 0.0051 Li 0.0118 Li 0.0118
Mg 0.0126 Mg 0.0126 Mg 0.0007 Mg 0.0007
K 0.0017 K 0.0017 K 0.0003 K 0.0003
Ca 0.0039 Ca 0.0039 Ca 0.0031 Ca 0.0031
Sc 0.0020 Sc 0.0020 Sc 0.0009 Sc 0.0009
Ti 0.0006 Ti 0.0006 Ti 0.0003 Ti 0.0003
\ 0.0006 v 0.0006 v 0.0000 \Y% 0.0000
Zn 0.0005 Zn 0.0005 Zn 0.0007 Zn 0.0007
Ga 0.0002 Ga 0.0002 Ga 0.0002 Ga 0.0002
Rb 0.0002 Rb 0.0002 Rb 0.0001 Rb 0.0001
Cs 0.0016 Cs 0.0016 Cs 0.0019 Cs 0.0019
202 either ion to reside at. However, the amount of FeO in the
200 aquamarine of this study is about 6 times higher than that
ve ] "V T, V, Zn, Ga of the previous heliodor. Yet, the ratio of occupied chan-
= g Mn, Mg, g don nels to total amount of channels in the [0001] projections
196 Z:{,E'av' = e ranged between 1.4% and 2.2% in the aquamarine. This is
lower than the approximately 2.8% of occupied channels
¥ e seen in the heliodor studied previously by Arivazhagan et
192 Fe® al. (2017). However, it has to be noted that these statistics
are based on only a couple of images for each sample and
1% small occupancy numbers. Furthermore, a couple of addi-
188 tional factors have to be considered as well. The aqua-
A A marine sample was thicker (40-80 nm as opposed to the
——— p—— heliodor heliodor 40+4/-20 nm for the heliodor in Arivazhagan et al. (2017).
(2l Fe™) (all Fe*) {all Fe®) (all Fe™)

Fig. 10 Comparison of the apfu calculations for elements which would
be able to occupy the octahedral position in the aquamarine and helio-
dor. The left column for each sample shows the apfu ratios with Fe
being all ferrous, whereas the right column for each sample depicts
the apfu ratios for Fe being all ferric. The dashed, grey line highlights
where the ideal value of 2 for the octahedral position is reached in
accordance with the chemical formula of beryl (Be;Al,[SigO,5]). The
data for the calculations of the apfu for heliodor were taken from
Arivazhagan et al. (2017)

from fewer channels stacked above each other than the total
number of channel ‘openings’ visible in the [0001] projec-
tions in Fig. 4a-b within the same field of view. Thus, the
number of channel ions seen in both projections could be
similar. Therefore, it is also possible that only one channel
species is seen in both projections.

Na* is a larger ion than Fe?* or Fe** (Shannon 1976).
The 2a and 25 channel sites would both be large enough for
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Channel species deeper within the channel may not yield
a sufficiently high enough signal to be clearly identified as
the signal seen in HAADF STEM results from the upper
layers only. The bright areas in the heliodor image indicate
redeposition of the protective coating during analyses or a
variation in sample thickness. In addition, the images on the
heliodor of the previous study were noisier, making the dis-
tinction between occupied channels and background noise
more difficult. Although the images taken on the aquama-
rine were less noisy than those taken on the heliodor, they
depicted a smaller field of view, making the statistical error
larger. Moreover, multiple occupations of the same channel
can occur. Both ratios of occupation may therefore be more
similar or even overlap.

The apfu calculations show that the Fe content correlates
with the lack of Al at the octahedral site. In the extreme
case calculation of all Fe being ferrous, the entire amount
of Mg and Fe would be needed to counteract the lack of
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Al in the aquamarine. Sc and Mn do not contribute much
to the substitution. Hence, the octahedral site is very close
to the ideal apfu value (1.998 apfu as opposed to the ideal
2.000 apfu). Treating the entire Fe content as ferric in this
aquamarine would also yield a slight deficiency of apfu for
the octahedral site (deficiency of 0.012 apfu). In reality, this
deficiency would be lower since the colour-causing process
in aquamarine is thought to be rooted in IVCT between Fe?*
and Fe** and both Fe ions should therefore be present in the
sample. Thus, the actual scenario should lie between these
two extreme cases of all Fe being ferrous and all Fe being
ferric. According to some studies, Fe ions might enter the
channel and IVCT could then take place between octahe-
dral Fe and channel Fe ions (Parkin et al. 1977; Goldman et
al. 1978). In addition, Fe ions may also be found at the 6g
interstitial site (Goldman et al. 1978; Groat et al. 2010; Lin
et al. 2013) and may simultaneously occupy this site and
the octahedral site within beryl (Goldman et al. 1978; Lin
et al. 2013), enabling IVCT between them. Since there is a
lack of Al and a slight deficiency of atoms to substitute for
it based on the apfu calculations, it seems more likely for Fe
to fill the lattice positions than to leave them vacant to enter
the channels. Substitution of lattice components (Be?*, Si**
and AI**) by lower-valent ions causes charge deficiencies,
which are balanced by alkalis in the channels. The helio-
dor previously studied by Arivazhagan et al. (2017) shows a
stronger under-occupation for both extreme scenarios of all
Fe being ferrous and all Fe being ferric, respectively. In this
case, it also seems more likely for Fe to be incorporated in
the lattice to build the framework. The remaining deficiency
of charges at the octahedral site would need to be balanced
by alkalis. Therefore, the signal from channel species in the
HAADF images of the heliodor and our aquamarine is likely
caused by alkalis. The average Na, K and Rb contents are
lower in the heliodor than in the aquamarine. However, the
average amounts of Li and Cs are higher. Li and Na are too
light to produce a signal in the HAADF images. K and Rb
are not abundant enough in the two beryl samples to explain
the amount of occupied channels. In addition, the concen-
trations of both alkalis are higher in the aquamarine than in
the heliodor and therefore cannot explain the higher amount
of occupied channels in the heliodor compared to that in the
aquamarine. The average content of Cs in the aquamarine,
however, is smaller than that in the heliodor. The average Cs
content in the aquamarine (379 ppm) is only 79% of the Cs
content of the heliodor (458 ppm). Similarly, the maximum
ratio of occupied to total channels in the aquamarine (2.2%)
is only 82% of the ratio seen in the heliodor (2.8%). In com-
bination with the possibility of only one channel species
observed (as discussed earlier) and the apfu calculations
and correlations, it is highly plausible that the signal from
channel species in the HAADF images arises from Cs ions.

This is in contrast to previous conclusions by Arivazhagan
etal. (2017), but it is consistent with the deductions made by
Knez et al. (2024) who also attributed the signal observed
by Arivazhagan et al. (2017) to Cs ions in the channels
based on relative HAADF intensity calculations.

It should be noted that although the chemical analyses
and the HAADF STEM images were performed on the
same beryl, it is impossible to analyse identical areas of the
sample in all these measurements. Channel species may be
unevenly distributed across the sample causing discrepan-
cies between the chemical analyses and the observations in
HAADF STEM. The area observed with HAADF STEM
may thus not be representative of the entire crystal, espe-
cially because of the small size of the field of view. This
uneven distribution of chemical components, called zoning,
is a phenomenon commonly observed in natural minerals,
including beryl (Scandale and Lucchesi 2000; Hill and Sir-
bescu 2022).

Conclusion and outlook

In this paper, we present the first atomic resolution images
(HAADF STEM) of a beryl crystal for all the fundamental
crystal orientations. The images in the [1000] and [1-210]
directions reveal channel occupying atoms visible as bright
spots. The images in the [1-210] direction directly show that
ions reside at the 2a cavity site (the 25 site is covered by the
signal of the Si tetrahedra rings). By combining the occupancy
ratios from the images with the apfu analyses we are able to
show that the imaged atoms are most likely Cs, in agreement
with the results from Knez et al. (2024). Our paper demon-
strates the power of the STEM technique as a novel tool for
mineralogy. Natural materials offer a particular challenge to
microscopical investigation, because only a very small area
can be investigated in microscopy. The expense, time and high
spatial resolution required for atomic resolution transmission
electron microscopy make it at present practically impossible
to investigate a large number of samples collected in different
areas to ensure statistics. Therefore, future work should include
a systematic investigation of synthetically grown beryls. For
these, the growth conditions can be controlled, including the
availability of elements, such as Fe and Na. To fully clarify
the nature of the channel species, elemental analyses on the
individual spots in the channels should also be applied once the
STEM technique is evolved enough.
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