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Abstract: The site preference for each cation and site in beryl based on bond-length calculations was
determined and compared with analytical data. Tetrahedral SiO4 six-membered rings normally have
no substitutions which results from very compact Si4+–O bonds in tetrahedra. Any substitution
except Be would require significant tetrahedral ring distortion. The Be tetrahedron should also
be negligibly substituted based on the bond-valence calculation; the tetrahedral Li–O bond length
is almost 20% larger than Be2+–O. Similar or smaller bond lengths were calculated for Cr3+, V3+,
Fe3+, Fe2+, Mn3+, Mg2+, and Al3+, which can substitute for Be but also can occupy a neighboring
tetrahedrally coordinated site which is completely vacant in the full Be occupancy. The octahedral
site is also very compressed due to dominant Al with short bond lengths; any substitution results in
octahedron expansion. There are two channel sites in beryl: the smaller 2b site can be occupied by
Na+, Ca2+, Li+, and REE3+ (Rare Earth Elements); Fe2+ and Fe3+ are too small; K+, Cs+, Rb+, and
Ba2+ are too large. The channel 2a-site average bond length is 3.38 Å which allows the presence of
simple molecules such as H2O, CO2, or NH4 and the large-sized cations-preferring Cs+.
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1. Introduction

The hexagonal structure of beryl, Be3Al2Si6O18, has a 3D framework of AlO6 octahedra, SiO4

and BeO4 tetrahedra, and channels delimited by SiO4 tetrahedral rings [1]. Compared to similar
minerals or mineral groups, i.e., the tourmaline supergroup and axinite group, the beryl group is less
complex in composition, and substitutions are usually limited. The site occupancy can be relatively
exactly determined by electron microanalysis (EMPA), laser ablation inductively coupled plasma
mass spectrometry (LA-ICP-MS), and structural refinement (SREF) using single-crystal X-ray and
neutron diffraction [1–8]. However, the accuracy of SREF is limited for minor or trace elements in the
beryl structure. Their position in the beryl structure can be determined by additional spectroscopic
methods. The transition elements, including Fe, Mn, Cr, and V, can be analyzed with optical absorption
spectroscopy [9–14]. Its accuracy is limited in quantitative determination, but it is very useful for
revealing properties such as cationic charge, coordination, and subtle phenomena such as Jahn–Teller
distortion of octahedral Mn3+ [12]. A more accurate determination of Fe charge and coordination is
possible with Mössbauer spectroscopy [8,15–18], but it requires substantial Fe content which is not
usual in beryl. Channel constituents can be studied by Raman and infrared spectroscopy [14,19–28],
but exact quantification is usually hard or even impossible to provide. Less often used are electron
paramagnetic resonance (EPR) and nuclear magnetic resonance (NMR) spectroscopy [21,29–35].

This work provides the site-occupancy assessment in beryl based on bond-length constraints. It
builds mostly on the comprehensive crystal-chemical study by [1], which is reviewed and extended
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here. The main extension involves the theoretical bond-length calculations from ideal bond valences
for each ion and coordination, which allows to predict ion site preference in the structure.

2. Beryl Structure

The beryl hexagonal structure consists of AlO6 octahedra and SiO4 and BeO4 tetrahedra (Figure 1).
Rings of SiO4 tetrahedra are connected to AlO6 octahedra and BeO4 tetrahedra forming spatial
framework. The most frequent substituting cations include Fe2+, Mn2+, Mg2+, Fe3+, Cr3+, V3+, and
Ti4+ for Al3+ in the octahedron and Li+ for Be2+ in the tetrahedron. As most of these substitutions are
heterovalent, it is necessary to balance the charge by entering alkali cations, such as Na+, K+, Rb+, and
Cs+, to the channel [1].

Aluminum in distorted octahedron can be substituted by ions of comparable size. The substitution
of Al by Mg and/or Fe has two main effects on the structure: the volume of the polyhedron must
increase to receive ions with greater radii, therefore, an elongation of Me–O distances (Me—octahedral
substituent) would be expected accompanied by an increase in the polyhedron distortion, since the
length of the edges shared with BeO4 adjacent groups is constrained by the Be tetrahedron dimensions.
There are positive correlations among the divalent ions content, the cation–oxygen distance, the volume
of the site, and the octahedral bond-angle variance. To attain the electric neutrality, the substitution of
trivalent cations by divalent ones is compensated by alkali ions in the channels. These ions usually
occupy the 2a site and are weakly linked to ring O. They induce a distortion in the Si tetrahedra, as seen
by the increase of bond-angle variance with total alkali content in the channels (correlation coefficient
= 0.86). Since the 2a site has twofold multiplicity in the hexagonal cell of the beryl, there is an upper
limit of one alkali ion per six Si atoms, i.e., an upper limit of one divalent ion in the two octahedral
sites of the formula [1].

Figure 1. The beryl structure (based on [12]) with the framework structural sites pictured as coordination
polyhedral and channel sites located at the center of each six-membered tetrahedral ring indicated by a
red ball.

In the BeO4 tetrahedron, Li+ is the main substituent [1,6]. The entry of Li+ into the BeO4 tetrahedron
causes a bond-strength deficiency to O. Heterovalent substitution of Li+ for Be2+ is charge-balanced by
an entry of alkali cations into the channel and therefore, there is an upper limit in the Be-Li substitution;
only one-third of the tetrahedral positions can be occupied by Li+. The substitution of Li for Be
increasing the cation–oxygen distances and the volume of the Be tetrahedron partially releases the
strain on the adjacent octahedron [1]. For the Si tetrahedron, all refined beryls have an invariable mean



Minerals 2019, 9, 641 3 of 14

Si–O bond length (1.609 + 0.002 Å), which indicates uniform Si occupation at these ring sites [1]. There
is a direct correlation between the a unit-cell parameter and the divalent-ion content and between
c and the Li content. The divalent-cations presence increases the cation-oxygen bond length in the
octahedron; the octahedron, constrained by the short edges shared with Be tetrahedra, is flattened
in the c direction, and therefore, the increase in length influences directly the a value. In contrast,
an increase in the tetrahedral cation–oxygen distance due to the Li–Be substitution is manifested as
an increase in c. The dominant substitutions directly influence the length of unit-cell parameters;
consequently, beryls were divided into three series. “Octahedral” beryls are characterized by c/a values
in the range of 0.991–0.996. “Tetrahedral” beryls have c/a values in the range of 0.999–1.003. “Normal”
beryls are typical with a c/a ratio in the range of 0.997–0.998 [1]. The different behavior of the lattice
parameters for C+Al3+�−1Me2+

−1 and C+Li+�−1Be2+
−1 (Me—octahedral cation; C—channel cation)

substitutions reflects the opposite distortion arising in the beryl structure with special regard to the
octahedron and Be tetrahedron [1].

Lithium is the only alkali ion which can substitute for Be2+ in the tetrahedron because of a small
ionic radius. Ionic radii of other alkali cations are significantly higher and, therefore, they enter
the channel [14]. Channel interstices parallel to c are surrounded by the stacked hexagonal rings of
SiO4 tetrahedra. Channel interstice can be divided in two distinct sites partially filled with alkali
cations, molecules (mainly H2O, CO2), and other impurities. Lithium, except the tetrahedron, can
be also located in the channel [7]. Alkali cations in the interstice cause a charge-balancing deficiency
which results from heterovalent substitutions at octahedral or tetrahedral sites [1,14]. Sodium can be
incorporated at the center of each six-membered Si ring (2b interstitial site), and larger Cs, Rb, and K
enter the 2a interstitial site between the stacked ring [20,22,25,31]. Water is present only at the 2a site
in two orientations: (1) twofold axis of water type I is oriented perpendicular to the sixfold beryl c
axis; (2) water type II occurs with alkali, and its twofold axis is oriented parallel to the sixfold beryl c
axis [14,19,22,23,25,26].

3. Methods

Bond-valence and bond-length calculations are based on the following equation:

dij = R0 − b ln νij (1)

where dij is the bond length (in Å) between the two given atoms, the bond valence (νij) measures bond
strength (in vu—valence units), R0 is the length of a single bond (for which νij = 1 vu), and b is the
universal parameter for each bond [36]. Many smaller-scale studies have produced bond-valence
parameters for a wide range of ion pairs that have been compiled by Brown [37–39]. His latest list of
published bond-valence parameters [40] contains 1749 sets of bond-valence parameters for the equation
of [40], for 1350 unique ion pairs, and counts 340 sets of bond-valence parameters for 194 cations
bonded to oxygen. Several sets of bond-valence parameters are often available for unique ion pairs,
and there has been little comparison between different sets of parameters available to determine which
is the most suitable for a given ion pair. With regard to the bond-valence parameters, older datasets
had the following issues: (1) There was no consistency between parameters from different sources. (2)
Different fitting methods have been used by different authors to derive the bond-valence parameters.
(3) Very few alternative forms of the bond-valence–bond-length relations have been tested.

The list of [41] allowed to (1) evaluate published bond-valence parameters for 128 cations bonded
to oxygen, using a very large set of bond lengths that have undergone rigorous filtering; (2) investigate
many alternative algebraic forms of the bond-valence–bond-length relation; (3) evaluate different fitting
methods used in the derivation of bond-valence parameters; and (4) determine new bond-valence
parameters for 135 cations bonded to oxygen. Consequently, in order to use the most consistent data,
the R0 and b values from [41] for each cation were used.

Empirical structural and chemical data for 64 beryl samples are collected from [1–8].
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4. Results

4.1. Bond-Length Calculations

Ideal bond lengths were calculated for each cation usually occurring in the beryl structure
including selected trace elements (Table 1). These were calculated from ideal bond valences νij for each
cation in the specific coordination body assuming that the bond-valence sum is equal to the nominal
charge of the cation. Consequently, no bond-length and angular distortion effects were considered.

For the interpretation of data and comparison to actual beryl structural data, the average
bond-length values for each site were calculated from the set of 64 published beryl structures
(Table 2) [1–8]. Only in the case of channel sites, the bond length for 2b was determined as the average
from the half the channel diameter—distance of two ring oxygens—and the 2a bond length was
derived from Cs-rich beryl and pezzottaite which has a similar structure to beryl. Moreover, for better
orientation and distinction of stable and instable bonds, the limits for each site were derived from their
average bond lengths as ±15% deviation. However, for the 2a site, the upper limit is the maximal bond
length constrained by the size of the cavity between two tetrahedral rings.

Table 1. Calculated bond lengths (dij) for selected cation–oxygen bonds in specific coordination
environments occurring in the beryl structure.

Coordination Number

4 6 8 12

Bond dij [Å] Bond dij [Å] Bond dij [Å] Bond dij [Å]

Si4+–O 1.624 Al3+–O 1.904 Na+–O 2.568 Na+–O 2.739
Be2+–O 1.635 Li+–O 2.211 Li+–O 2.397 Li+–O 2.657
B3+–O 1.475 Cr3+–O 2.002 Ca2+–O 2.474 Ca2+–O 2.640
Al3+–O 1.746 V3+–O 2.004 Fe2+–O 2.278 Fe2+–O 2.459
Li+–O 1.952 Mg2+–O 2.099 Fe3+–O 2.119 Fe3+–O 2.265

Cr3+–O 1.856 Fe2+–O 2.154 K+–O 2.875 K+–O 3.036
V3+–O 1.837 Fe3+–O 2.016 Cs+–O 3.151 Cs+–O 3.317
Fe2+–O 1.968 Mn2+–O 2.202 Rb+–O 2.987 Rb+–O 3.181
Fe3+–O 1.870 Mn3+–O 1.994 Ba2+–O 2.786 Ba2+–O 2.950
Mn2+–O 2.029 Cu2+–O 2.081 La3+–O 2.531 La3+–O 2.677
Mn3+–O 1.894 Ti4+–O 1.958 Yb3+–O 2.335 Yb3+–O 2.486
Mg2+–O 1.915 Sc3+–O 2.093

Table 2. Empirical average bond lengths (dij) for selected cation-oxygen bonds in the beryl structural
sites (empirical data from [1–8]).

Site SiO4 BeO4 AlO6 2b Channel Site 2a Channel Site

dij [Å] 1.6093 1.6593 1.9156 2.483 3.380

Two tetrahedral sites differ only slightly in the average bond length. The Si tetrahedron is slightly
smaller than the Be tetrahedron, but both calculated Si4+–O and Be2+–O bond lengths have values
perfectly consistent with their empirical averages (Figure 2). The tetrahedral B3+–O bond is significantly
shorter, while bonds of Al3+, Cr3+, V3+, Fe3+, and Mn3+ are longer, but their free substitution is still
possible. In contrast, Li+, Mg2+, Fe2+, and Mn2+ form bonds which are less likely to be stable.

The octahedral site in beryl is dominantly occupied by Al3+. Consequently, the average Al-site
bond length is only slightly larger than the calculated ideal d (Al3+–O) (Figure 3). The deviation results
from the substitution of other tetravalent (Ti4+), trivalent (Fe3+, Mn3+, Cr3+, V3+, Sc3+), and divalent
(Mg2+ and Fe2+) cations, which are well within the area of free octahedral substitution. Divalent Mn is
very near the limit of the free substitution resulting in limited substitution, while Li+ is slightly above
the boundary.
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There are two channel sites in beryl: a smaller one at the center of each tetrahedral ring and
a larger one between the pair of rings. Since occupancies of the eight-coordinated 2b-site cations are
usually too low for the structural refinement, and as the dataset for the calculation of the average
bond length was not sufficient, the average 2b-O distance was calculated as a diameter of effective
channel width in the plane of the tetrahedral ring with the value of 2.48 Å. Bond-length calculations
revealed that from the cations usually occurring in beryl, only Na+, Ca2+, and Li+ have proper ionic
radii to occupy the 2b site. Fe2+ and Fe3+ are too small; K+, Cs+, Rb+, and Ba2+ are too large (Figure 4).
Interestingly, if any REE3+ are in the beryl structure, these would be located here.

Figure 2. Calculated bond lengths for each bond in the tetrahedral coordination of cation (Si and Be
site). Horizontal dashed lines are for average empirical bond lengths at each site. The horizontal full
line is the 15% limit for free substitution. The area of free substitution is white. The substitution is
significantly limited for cations in the grey area.

Figure 3. Calculated bond lengths for each bond in the octahedral coordination of cation (Al site).
The horizontal dashed line is for average empirical bond length. The horizontal full line is the 15%
limit for free substitution. The area of free substitution is white. The substitution is significantly limited
for cations in the grey area.

The 2a site coordination is 12. The maximal bond length is considered to be 3.38 Å, although in
special cases, it can be even larger [42]. This is a very large distance, larger than calculated d(Cs+–O)
(3.31 Å). This allows the presence of simple molecules, including H2O, CO2, or NH4. These, however,
were not included in the calculation because they form no covalent/ionic bonds, only weak hydrogen
bonds. Among cations, the large size of the site results in preferring Cs+ at this site, which is in fact the
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most abundant cation at this site in natural samples. Among others, Rb+, K+, and Ba2+ have calculated
ionic radii within the 15% range for free substitution; all others, including Na+, Ca2+, Li+, REE3+, Fe2+

and Fe3+, are too small for the 2a site (Figure 5).

Figure 4. Calculated bond lengths for each bond in the eightfold coordination of cation (2b site).
The horizontal dashed line is for average empirical bond length. The horizontal full line is the 15%
limit for free substitution. The free-substitution area is white. The substitution is significantly limited
for cations in the grey area.

Figure 5. Calculated bond lengths for each bond in the 12-fold coordination of cation (2a site).
The horizontal dashed line is for maximal empirical bond length. The horizontal full line is the 15%
limit for free substitution. The free-substitution area is white. The substitution is significantly limited
for cations in the grey area.

4.2. Empirical Crystal-Chemical Analysis

The crystal-chemical dataset involving cation proportions, unit-cell dimensions, and bond length
at various structural sites was examined to reveal the dependence of structural parameters and
chemical composition.

The octahedral Al site has a very good positive correlation of d(Al3+–O) to a (Figure 6a) and
negative correlation to c/a (Figure 6c), while there is no obvious dependence on c (Figure 6b), which is
consistent with [1]. Compared to major octahedral-site occupants, d(Al3+–O) is negatively correlated to
Al (Figure 6d), while positively correlated to divalent cations (Figure 6e) documenting their substitution.
The charge balance is achieved by incorporation of Na+ into the channel. It is evidenced by positive
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correlation of Na and d(Al3+–O) in one group of samples (Figure 6f). However, the second group
located upon the correlation trend indicates another substitution mechanism requiring Na+ presence
at the 2b site.

Figure 6. Comparison of Al3+–O bond length to: (a) a; (b) c; (c) c/a; (d) Al3+; (e) Me2+ (Me = Fe2+ +

Mg2+ + Mn2+); (f) Na+.

The tetrahedral Be site has a very good positive correlation of d(Be2+–O) to c (Figure 7b), slightly
worse positive correlation to c/a (Figure 7c), and no dependence on a (Figure 7a), which is also
in accordance with [1]. This results from Li+ for Be2+ substitution as documented by the positive
correlation of Li+ and d(Be2+–O) (Figure 7d), which also requires charge balancing by monovalent
cation incorporation into the channel. There is partial correlation of Na+ and d(Be2+–O) (Figure 7e)
which suggests that Na+ can partly balance Li–Be substitution. This can also explain deviation of
some samples from the d(Al3+–O) vs. Na+ general trend (Figure 6f). However, monovalent cations
at the 2b site have a good positive correlation to d(Be2+–O) (Figure 7f), suggesting that these cations
charge-balance Li–Be substitution exclusively.
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Figure 7. Comparison of Be2+–O bond length to: (a) a; (b) c; (c) c/a; (d) Li+; (e) Na+; (f) K+ + Rb+ + Cs+.

5. Discussion and Conclusions

The calculation of bond lengths for each site complemented by the empirical crystal-chemical
analysis enables determination of main-, minor-, and trace-element distribution at structural sites.
The beryl hexagonal structure has a 3D framework of AlO6 octahedra and SiO4 and BeO4 tetrahedra
with channels surrounded by six-membered rings of SiO4 and BeO4 tetrahedra [1]. Therefore, beryl
structural sites can be divided into: (a) framework sites with strong ionic-covalent bonds; (b) channel
sites with weak ionic bonds and hydrogen bonds.

5.1. Framework Sites

Six-membered rings of SiO4 tetrahedra normally have no substitutions which results from very
compact Si–O bonds in tetrahedra. The value of d(Si4+–O) was reported as uniformly 1.609 ± 0.002
Å [1]. This is consistent with the d(Si4+–O) calculated from new data, but these show wider variations
up to ±0.015 Å, although most of the values are in the interval of ±0.003 Å. However, this is probably
not an effect of substitutions because any substitution (except Be) would require significant tetrahedral
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expansion and distortion. This would result in lowering symmetry similar to cordierite [43,44].
However, the large uniformity in data shows that any substitution of larger cations is below the
detection limit. The substitution of Be for Si would not induce any significant distortion, it would be
detectable only by lower electron density. However, it is unlikely, due to the large difference in charge,
although Be(OH)2Si−1

O2O−2 substitution could allow Be to occupy the Si site [45].
However, contraction of d(Si–O) is possible if induced by high pressure. Beryl compressibility is

nearly isotropic, with the c axis approximately 20% more compressible than a, and a corresponding
small decrease in c/a with increasing pressure. The small difference results from slightly higher Be
tetrahedra and Al octahedra compressibility than Si tetrahedra, but the interconnected framework of
polyhedra gives beryl high rigidity in compression [3].

In comparison to the SiO4 tetrahedron, the Be sites display a larger variability in the bond
lengths of 1.64 to 1.69 Å. This indicates wider substitution than at the Si site, i.e., C+Li+�−1Be2+

−1

substitution [1,6,46,47]. The tetrahedral Li–O bond length is 1.952 Å, which is almost 20% larger and is
more typical for octahedral sites. This is consistent with the increase in the Be–O bond length and in
the c size, which was well described and explained by [1].

However, smaller bond lengths than for Li+ were calculated for Al3+, Cr3+, V3+, Fe3+, Mn3+, and
Mg2+, suggesting that these cations could also substitute for Be.

Iron in beryl could be present in both ferrous and ferric states. Ferric iron is usually located in
octahedra [1], but some authors suggests its presence in the tetrahedron [32] and channel sites [30,48].
In contrast, Fe2+ is usually located not only in octahedra [1] but also channel sites [14,15,18]. These
interpretations locating Fe in other sites than octahedra are based only on the spectroscopic data
without thorough structural proof. The Fe3+–O bond length in the tetrahedral coordination is 1.865 Å,
which is significantly shorter than the Li+–O bond length. However, Me2+Fe3+Me3+Be2+

−1 substitution
should be accompanied by substitution of a divalent cation for Al in the octahedron. The pairing of
tetrahedral and octahedral Fe3+ and Fe2+ can have a direct impact on the beryl color because it increases
the number of possible absorption mechanisms: electron transitions in Fe2+, Fe2+–O, and Fe3+–O
ligands to metal charge transfer and Fe2+–Fe3+ intervalence charge transfer. If we omit the structurally
unlikely presence of Fe2+ at the channel suggested by several authors [18,26,49], the resultant color
could be determined by the proportion of Fe2+ and Fe3+ at octahedral and tetrahedral sites.

Similar assumptions can be made for each of other cations including Al3+, Cr3+, V3+, Mn3+, and
Mg2+. In cordierite, Al3+ is major cation at the tetrahedral site similar to the Be site in beryl [44].
Moreover, Mg in high-temperature treated cordierite engendered disorder with Al at octahedral
and tetrahedral sites [50], but the specific disorder-inducing environment and the slight difference
in cordierite and beryl structure suggests unlikely Mg presence at the untreated beryl tetrahedral
site. Moreover, Cu2+ was observed at the Be site of synthetic beryl [51,52]. However, any significant
substitution of these cations for Be would result in large structural deformation. Therefore, either none
of these cations occupies this site or all of them do. There is no bond-length constraint excluding any
of them.

However, based on electron paramagnetic resonance (EPR) data, Li+ and Fe3+ could occupy
the site slightly shifted from the Be site (at 0.43, 0.34, 0.17), which is a tetrahedral site neighboring
the Be site [31–33]. Since there are two neighboring Li sites next to each other and near the Al site,
and assuming their possible occupancy by all cations with similar bond lengths to Li+, this could also
explain the observed Fe2+–Fe3+ intervalence charge transfers observed in optical absorption spectra
(OAS) of beryl [33].

Bond-length calculations at the octahedral site indicate expansion of the octahedron after the
substitution of any cation for Al3+, which has the shortest bond lengths of all typical octahedral cations.
This is in good agreement with the structural manifestation of the octahedral C+Me2+�−1Al3+

−1

substitution which expands the structure in the c direction [1]. Moreover, it is obvious that the
homovalent substitution of Fe3+ and Mn3+ also results in the c increase [1,12].
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However, the expansion of the Al octahedron may not be homogeneous in all directions. Trivalent
Mn at the octahedral site with symmetry 32 induce a local violation of the trigonal symmetry, resulting
in a (pseudo-)tetragonal distortion to an elongated octahedron, typical for Jahn–Teller distorted
Mn3+, with the elongated O–Mn–O axis corresponding to one of the three O–Al–O axes [12]. It is
questionable if this asymmetrical expansion occurs after the substitution of other d elements. In similar
structures, Cu2+ and Fe2+ can induce the Jahn–Teller distortion, e.g., in tourmaline-, epidote-, and
gadolinite-supergroup minerals [53–57]. However, the identification of such distortion in beryl is
limited due to higher symmetry of the octahedral site with three possible equivalent orientations
of the elongated O–Me–O axis. Consequently, in the structural refinement, no significant distortion
may occur as all orientations have the same probability and, therefore, they may cancel each other
out to some average value. However, Jahn–Teller distortion of Cu2+ and Fe2+ occupying octahedron
can manifest, similarly to Mn3+, in the optical absorption spectrum of beryl. In the case of the Mn3+

spectrum, the 5E(D) ground state splits into 5B1 and 5A1, and the excited spin-allowed octahedral
5T2(D) state splits into 5B2 and 5E [12].

5.2. Channel Sites

Although the channel sites are not a part of the basic structural framework, their role in the major
beryl substitutions requires proper examination.

The smaller 2b site is surrounded by six ring oxygens, but presence of cations at this site requires
a H2O molecule at the neighboring to satisfy bond-valence requirements [19]. The bonding of a cation
at the 2b site can be described as six electrostatic interactions with ring oxygens and one or two H2O
molecules distributed at the opposite cation poles. The bond valences for double-coordinated Na 0.12
vu for Na–Oring and 0.14 vu for Na–Owater are 2.54 and 2.483 Å bond lengths, respectively [19]. This is,
in fact, in good agreement with the Na–O bond length of 2.568 Å calculated here. Consequently, the
coordination of this site can be assumed as eight.

The actual distance between opposite-ring oxygen centers is approximately 5.2 Å; therefore, the
bond length between the ring oxygen and a given cation should be around 2.6 Å. Therefore, we can
assume that 2.6 Å is the maximum dij for the occupying cation. This site can therefore be occupied by
Na+, Li+, Ca2+, and REE3+.

Ferrous iron is usually located not only in octahedra [1] but also at channel sites based on the
spectroscopic data [14,15,18]. Its presence at the channel sites is determined by its ability to form
effective bonds with ring oxygens, H2O molecules, or OH groups. The smaller site in the middle of the
rings provides the only possibility to accommodate Fe2+ because the larger site is too large even for
Na+ [1]. There are a few possible methods of Fe2+ bonding. The most obvious way of Fe2+ bonding
is similar to Na bonding; the same scheme enables Fe2+–Oring bonds with the valence of 0.24 vu at
a 2.262 Å length and Fe2+–Owater with a 0.28 vu valence of 2.205 Å bond. These lengths are quite
realistic for Fe2+ in the eightfold coordination and very similar to the 2.22 Å indicated by spectroscopic
data [18] or 2.278 Å calculated here.

However, this scheme has a significant flaw. The actual distance between the ring oxygen and the
2b cation should be around 2.6 Å. Most importantly, the silicate ring is very rigid with almost invariable
bond lengths [1], actual variation is between 1.595 and 1.615 Å. Therefore, it is highly unlikely that Fe2+

could induce ring distortion of 0.4 Å because Si4+–O bonds are also significantly stronger. Despite this,
we can still calculate bond valences for this arrangement. The 2.6 Å Fe2+–O bond would have 0.096 vu
valence; significantly less than the expected 0.24 vu. The remainder of 0.71 vu for double-coordinating
H2O is attributable to the 1.860 Å Fe2+–Owater bond. Consequently, the Fe2+ cations would have
a flattened ellipsoid shape.

Ferrous iron could also form stable electro-neutral (HO)–Fe2+–(OH) which, however, should be
detected in Raman and FTIR spectra as additional O–H bands. In this case, Fe2+ should not participate
in any substitution due to the (HO)–Fe2+–(OH) complex charge neutrality.
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The possibility of Fe3+ or Fe2+ as (almost) free ions at both channel sites based on EPR
spectroscopy [30,48] cannot be tested by the bond-valence approach. However, later interpretation
suggests that the observed spectral geometry attributed to Fe3+ at hexagonal symmetrical sites can also
be due to the presence of electrons and holes trapped at crystallographically equivalent sites around
a threefold axis [32,48]. Moreover, isolated ions with negligible electrostatic interactions with ring
oxygens also do not contribute to substitutions in the beryl structural framework.

The 2a site can accommodate bigger cations and even H2O and CO2 molecules [19,20,22,25]. Water
is present in two orientations: water type I with the twofold axis oriented perpendicular to the sixfold
axis of beryl and water type II associated with alkali and with a twofold axis oriented parallel to the
sixfold axis of beryl [14,19,21–23,25–28].

Bond-length considerations for the 2b site excluded cations forming bonds significantly longer
than 2.6 Å. These include the largest alkali cations, including K, Rb, Cs, and also Ba. Cesium is
typically the most abundant large alkali metal in beryl. This is explained by bond-length considerations;
the distance between the cation at the center of the 2a site and ring O is approximately 3.5 Å [42].
Theoretical d(Cs–O) is 3.31 Å. Bonds of all other cations are significantly shorter. Consequently, this
site prefers Cs as the largest possible cation.

5.3. Compositional Gap

Division of beryl compositions into “normal”, “tetrahedral”, and “octahedral” series revealed the
compositional gap between the “octahedral” and “tetrahedral” beryls. Two beryl series are indicated
by the impossibility of finding beryls in which divalent ions substitute for trivalent ions in octahedral
sites and monovalent ions simultaneously substitute for divalent ions in tetrahedral sites to an extent
near the upper limit [1].

There are a few possible reasons for the compositional gap:

(1) Structural limitations—the rigidity of the 3D structural framework can limit mutual substitutions
of larger cations at both Be and Al sites.

(2) Crystal-chemical limitation at the Be and Al sites—substitutions at both sites produce charge
deficiency and under-bonding of all O2: −0.25 vu at the Be site with Li+; −0.17 vu at the Al site
with Me2+; −0.42 vu in sum. This would increase Si4+–O2 bond valence to 1.42 vu and would
induce significant bond shortening to 1.48 Å which would produce a large structural instability.

(3) Channel sites limitations—alkali can charge-balance either octahedral or tetrahedral substitution
but not both at the same time. This results from the upper limit for channel sites, which is one apfu
(if H2O is not counted) [1], although there are two distinct channel sites. However, the distance
between the centers of the 2a and 2b sites is around 2.30 Å [2,4], which disallows the common
presence of alkali at both sites. The sum of the most common Na+ and Cs+ ionic radii is 3.06
Å [58]—by far larger than the required 2.30 Å. Only Ca2+ or REE3+ in the channel could be able
to charge-balance the combined substitution of Me2+ at the Al site and Li+ at the Be site, but
these cations are very rare in beryl. It results from the geochemical properties of the beryl genetic
environment. Beryl is the most characteristic and widespread mineral of Be in granitic pegmatites
of the LCT (Li–Cs–Ta) suite and is less frequent in the REE-rich NYF (Nb–Y–F) suite [59].

(4) Geochemical limitations—the compositional gap may also result from the chemical composition
of the hosting pegmatite environment. The beryl fractionation trend towards a Li-, Cs-rich, and
Fe–Mg-poor composition is well documented in rare-element pegmatites worldwide [1,21,60–62].
Similarly, the negative correlation between Fe and (Al + Li) and between Fe and Mn in tourmaline
is due to fractionation of the pegmatite melt [63]. Other genetic types of beryl are usually Li- and
Cs-depleted and, therefore, tend to octahedral or homovalent Me3+Al−1 substitutions.
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