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Abstract. Incorporation of ions into the crystal structure of beryl (BesAl>[SigO13]) can take place by direct
jon-to-ion substitution of the framework components AI**, Be?t and Si** or by occupation of interstitial or
structural channel sites. The most common impurities in beryl include transition metals, alkalis and H>O. It is
accepted that the transition metals Mn, Cr and V directly substitute for Al at the octahedral site and induce
colour. Similarly, the octahedral site can host Fe instead of Al. Nevertheless, it is shown that it remains disputed
whether Fe can also be present at the tetrahedral, interstitial, or channel sites, and opposing hypotheses exist
regarding these possibilities. However, in the case of Fe, not only the possible occupation of these sites remains
under debate, but also their influence on the subsequent colour of beryl. Similarly, the residence of Li in the
channels and at the Be tetrahedral or interstitial tetrahedral sites is still under debate. The presence of more than
two types of H>O (type I and type II) in the structural channels of beryl is also unclear. This article aims to give
an overview on the consensus and on the current debates found in the literature regarding these aspects. It mainly

concentrates on the substitution by and the role of Fe ions and on channel occupancy by H>O.

1 Introduction

Beryl crystals (Be3Al;[SigO1g]) are often found in peg-
matites, hydrothermal veins and schists. In particular,
pegmatite-related beryl minerals are known for their large
size and well-developed hexagonal, prismatic habit. This not
only makes them attractive for mineral collectors, but also
for petrologists as features such as growth zoning, inclu-
sions and other impurities in these crystals can provide key
information about growth conditions (e.g. Hawthorne and
Cernfx, 1977; Charoy et al., 1996; Uher et al., 2012; Karam-
pelas et al., 2019). In addition, the family of beryl com-
prises many coloured varieties (Table 1), making them pop-
ular gemstones, such as heliodor (yellow to greenish yel-
low), golden beryl (golden), morganite (pink to orange-pink),
emeralds (green), red beryl (red to magenta) and aquamarine
(blue to green-blue). In fact, emerald is one of the most im-
portant gemstones in the gemstone industry (Bersani et al.,
2014; Groat and Turner, 2022; Khaleal et al., 2022; Mokhtar
et al., 2023) and comes third after diamond and ruby in terms

of value (Groat et al., 2008). The colours of beryl are rooted
in the incorporation of transition metal ions, such as Cr or
V, into the structure of beryl. The constituting components
of the beryl structure (Al, Si, Be) can directly be replaced
by metal ions via isomorphic ion-to-ion substitution. Yet, the
crystal framework of beryl also comprises open structural
channels that are large enough to provide sufficient space
to be occupied by larger ions, such as Ca, K and Cs, or
molecules like HyO. There has been a wide range of studies
on the different beryl varieties in the past decades, especially
with regard to colour-inducing metal ions and processes, as
well as the presence of alkalis and H,O in beryl. Some re-
sults have been reproduced by several studies and are thus
widely accepted. However, there is still much debate regard-
ing some colour-causing metal ions and the crystallographic
positions they could be found at inside the beryl structure.
This especially applies to Fe ions and the colours ranging
between yellow and blue, which are thought to be induced
by Fe impurities. In the case of the alkalis, the positions that
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Li may occupy are similarly disputed. Likewise, the pres-
ence of various types of HoO and the interactions of these
molecules with other ions and the beryl structure itself have
been a major concern of research in the past. Determining
and understanding spectral features in beryl may also be es-
sential for other areas of research since the importance of this
mineral extends beyond the geosciences as well. The struc-
ture of beryl, with its open channels, makes it interesting
for the field of electronics (Belyanchikov et al., 2017) and
quantum mechanics computing (Mashkovtsev and Thomas,
2005). In addition, the characteristics and behaviour of HyO
molecules within its channels may allow for further deduc-
tions to be made that may also be applicable to more com-
plex, biological systems involving interactions with nano-
confined HyO (Belyanchikov et al., 2017). This work aims
to give an overview of the consensus and the current debates
found in the beryl literature, especially regarding Fe ions and
channel occupancy by H>O.

1.1 Crystal structure and chemistry

Beryl (BezAlx[SigO13]) is hexagonal, and its structure is de-
scribed in the space group P6/mcc (e.g. Bragg and West,
1926; Blak et al., 1982; Pecherskaya et al., 2003; Gatta et
al., 2006; Andersson, 2013; Lin et al., 2013; Fridrichova et
al., 2015). However, cases of biaxiality in beryl have been
reported (Goldman et al., 1978). The lengths of the unit cell
edges along the axes a and c are also variable. They have
been reported to be 9.21 and 9.17 A, respectively (Bragg
and West, 1926; Blak et al., 1982), while other authors give
ranges of 9.210 to 9.245 A along a and 9.190 to 9.220 A
along ¢ (de Almeida Sampaio Filho et al., 1973) for natu-
ral beryls. Synthetic beryls have been shown to exhibit sim-
ilar lengths of 9.2088 A along a and 9.1896 A along ¢ (Mo-
rosin, 1972). The resulting unit cell of beryl contains two
BesAl;[SigO1g] formula units (Dvir and Low, 1960; Ander-
sson, 2019). The crystal structure (Fig. 1) is characterised by
interlinked Be-centred tetrahedra, Al-centred octahedra and
Si-centred tetrahedra. As the latter combine to form hexago-
nal rings perpendicular to the ¢ axis, they determine beryls as
ring silicates or cyclosilicates (Mittani et al., 2002a; Viana et
al., 2002a; Fridrichova et al., 2015; Skvortsova et al., 2015;
Yu et al., 2017). Yet, beryl is sometimes also considered a
tectosilicate in accordance with the classification by Zoltai,
who interpreted the beryl structure as a three-dimensionally
interlinked network of polyhedra (Zoltai, 1960; de Almeida
Sampaio Filho et al., 1973; Aurisicchio et al., 1988). The Si
tetrahedra rings are linked to each other via the Al octahe-
dra and Be tetrahedra. While the Be tetrahedra and the Al
octahedra share edges, the Si tetrahedra only share corners,
both with the other polyhedra and among each other. Succes-
sive layers of this combination of polyhedra create channels
parallel to the ¢ axis of the hexagonal crystal structure. The
channels have a maximum width of 5.1 A (0.51 nm) (Kolesov
and Geiger, 2000; Krambrock et al., 2002; Mashkovtsev et
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al., 2016; Fukuda and Shinoda, 2008; Blak et al., 1982) al-
ternating with bottlenecks of 28A (0.28 nm) (Kolesov and
Geiger, 2000; Mashkovtsev et al., 2016; Blak et al., 1982;
Fukuda et al., 2009), thus creating two possible crystal-
lographic positions, referred to as 2a and 2b (Hawthorne
and éerny, 1977; Aurisicchio et al., 1988; Mashkovtsev and
Lebedev, 1993; Artioli et al., 1995; Fukuda and Shinoda,
2008; Mashkovtsev et al., 2016; Andersson, 2019) at the co-
ordinates (0, 0, 0.25) for the 2a site and (0, 0, 0) for the 2b
site, respectively (Hawthorne and Cerny, 1977; Kolesov and
Geiger, 2000; Aurisicchio et al., 1988; Fukuda and Shinoda,
2008; Artioli et al., 1995; Gatta et al., 2006; Fridrichova et
al., 2018). In addition to the replacement of constituting ions
by ions of similar valence state and radii as is possible in
many minerals, the large dimension of the Si tetrahedra chan-
nels in beryl provides space for various large molecules and
ions, such as H>O or Na, K, Ca, and Cs, to be incorporated
(Krambrock et al., 2002; Kolesov and Geiger, 2000). The al-
kali cations in the channels compensate for deficiencies in
positive charges rooted in the ion-to-ion substitution of Al,
Be or Si by ions of lower valence states (Aurisicchio et al.,
1988; Fridrichova et al., 2018; Andersson, 2019). The pres-
ence of charged ions, in turn, causes electrostatic interactions
with the dipole moment of the H,O molecules in the chan-
nels. Therefore, HyO molecules in beryl can be uncoordi-
nated or coordinated with cations and are thus distinguished
as type I and type II H>O, respectively (e.g. Wood and Nas-
sau, 1967; Kolesov and Geiger, 2000; Fukuda and Shinoda,
2008; Bidny et al., 2011; Mashkovtsev et al., 2016). This is
discussed in more detail in the sections further below. Al-
though alkalis and H»O can be present, they are not generally
mentioned in the chemical formula of beryl (Mihalynuk and
Lett, 2003; McMillan et al., 2006; McManus et al., 2008).
The beryl group comprises many different chemically
and structurally similar minerals with a primarily hexag-
onal crystal symmetry, alongside the name-giving beryls
(Be3Aly[SigO1g]) themselves. The majority of these min-
erals is consistent with the general formula O, T’3T X3,
with the positions being occupied by metal ions (O), Be (T”),
Si (T”) and O (X), respectively (Pecherskaya et al., 2003).
The other minerals in the beryl group include the Be-bearing
pezzottaite (Cs(BeyLi)Al»SigO13), bazzite (ScyBesSigO1g)
and stoppaniite (Fe;BesSigO13) (Pecherskaya et al., 2003;
Jehlieka et al., 2017; Laurs et al., 2003; Pieczka et al.,
2016). Furthermore, sekaninaite (Fe,AlsSisO1g) and indi-
alite (MgrAlsSi5s013) are regarded as members of this min-
eral group (Pecherskaya et al., 2003; Pieczka et al., 2016).
While beryls themselves can be synthesised, synthetic com-
pounds within the Mgy Al4Si5013 — MgrBeAl»SigO1g and
Mg, Al4Si5013 — Mgz Al»SigO1g series with beryl-like struc-
tures have also been produced (Pecherskaya et al., 2003).
The orthorhombic, low-temperature polymorph of indialite is
the mineral cordierite, which is also isostructural with beryl
(Goldman et al., 1978; Aines and Rossman, 1984; Kolesov
and Geiger, 2000). Hence, cordierite is often used as a refer-
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Table 1. General information on and examples of the beryl varieties.

451

Variety Morganite Red beryl Aquamarine Heliodor Golden beryl Emerald Goshenite
& & | £
s % - p-Y -
Example
Colour pink to orangey  red to magenta  blue to bluish yellow to golden yellowish green  colourless
pink green greenish yellow to bluish green
Main Mn Mn Fe Fe Fe Cr and/or V none
colouring
element
Occurrence  granites, rhyolite granites, peg- pegmatites, pegmatites, pegmatites, granite, peg-
pegmatites, matites, hydro-  hydrothermal hydrothermal hydrothermal matites, hydro-
hydrothermal thermal veins veins veins veins, shales, thermal veins

veins

rarely in granite

Photos by Qi Wang and Tom Stephan, German Gemmological Association, Idar-Oberstein, Germany.

ence material when assigning unknown absorption bands for
the most common vibrational spectroscopies in beryl (Gold-
man et al., 1978). However, not all members of the beryl
group are isostructural with beryl since pezzottaite, for in-
stance, is not (Lambruschi et al., 2014).

1.2 Genesis of beryls

While Al and Si are major components of the continental
crust of the Earth, Be is less abundant (Rudnick and Gao,
2003; Groat et al., 2008; Khaleal et al., 2022). Rudnick and
Gao (2003) report 66.6 wt% for SiO; and 15.6 wt % for
Al>O3 in the upper crust but only 2.1 ppm for Be. Though
Be is a lithophile (Khaleal et al., 2022), it is incompati-
ble in most silicate minerals (Hawthorne and Huminicki,
2002). This makes it possible for Be to become concentrated
via fractionation processes leading to the crystallisation of
its own mineral, beryl (Hawthorne and Huminicki, 2002).
Beryl can be found in a variety of geological settings associ-
ated with rocks of the continental crust (Groat et al., 2008).
These include pegmatitic, magmatic and metamorphic oc-
currences (Groat and Turner, 2022). Beryls associated with
pegmatites are often found concentrated in pockets and cav-
ities (Fig. 2). Those of magmatic origin can either form as
non-concentrated, accessory minerals or in cavities within
the cooling magma or by hydrothermal fluids interacting
with the magmatic intrusion (Groat and Turner, 2022). Beryl
can also form when Be-rich rocks are exposed to temper-
ature and pressure changes. This results in metamorphism,
a solid state process in which those mineral phases origi-
nally stable in the rock transform into mineral phases (in-
cluding beryl), which are more stable under the altered condi-
tions (Groat and Turner, 2022). The majority of beryls can be
found in pegmatites and hydrothermal veins alongside with
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other minerals such as feldspars, quartz or topaz (Jehlicka
et al., 2017; Viana et al., 2002b; Nassau and Wood, 1968).
Aquamarine, for instance, is thought to form at temperatures
higher than 300 °C (Andersson, 2019). Yet, some beryl vari-
eties also occur in more restricted constellations (Groat and
Turner, 2022). While emeralds may form in pegmatitic or hy-
drothermal environments, the most well-known deposits oc-
cur in shales in Colombia (Karampelas et al., 2019). Further-
more, red beryl forms in rhyolite, and findings have been re-
ported from Utah and New Mexico (Nassau and Wood, 1968;
Kimbler and Haynes, 1980; Groat and Turner, 2022). These
beryls are believed to have crystallised in two different pro-
cesses. One set of crystals is found in cavities within rhy-
olite and is believed to have grown from magmatic vapour.
The other beryls, which are present in fractures, are thought
to have formed from an approximately 600 °C hydrothermal
fluid (Groat and Turner, 2022). As opposed to beryls in peg-
matites, which can reach sizes of several centimetres or even
metres (Groat and Turner, 2022), red beryls are smaller and
often only a few millimetres in size.

2 Materials and methods

The spectra presented here for illustration of the phenom-
ena discussed were obtained on different beryl varieties. The
sample set included yellow, green, blue, pink and colourless
beryl varieties with different colour saturation. They origi-
nated from different localities and geological settings. Apart
from one of the emeralds, of which Raman spectra and spec-
tra in the near-infrared (NIR) and mid-infrared (MIR) range
are shown, the samples for this study belong to the collec-
tion of the German Gemmological Association. The original
data (UV-Vis—NIR spectra) of these samples are presented

Eur. J. Mineral., 36, 449-472, 2024
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Figure 1. (a) Beryl structure as seen down the ¢ axis of the crystal. Si tetrahedra, Al octahedra and Be tetrahedra are displayed as green, blue
and yellow polyhedra. The black rhombus indicates the unit cell edges along the axes a and b. The space between the Si tetrahedra can be
filled with various different ions, such as Na (pink circle) or Cs, Rb or K (purple circle), or molecules such as CO, (below left) or H,O in
different orientations (below middle and right). (b) The beryl structure as seen perpendicular to the ¢ axis. Successive layers of Si tetrahedra
rings seen in panel (a) form channels parallel to the ¢ axis. For a better overview only the channel wall O atoms are depicted in light red. The
channels contain cavities of 5.1 A and bottlenecks of 2.8 A at which the respective sites 2a and 2b are located. The levels of the Al, Be and
Si polyhedral are marked with arrows (diagrams modified after Lodzifiski et al., 2005; Gatta et al., 2006; McMillan et al., 2006; Groat et al.,
2010; Fukuda, 2012; Arivazhagan et al., 2017; Fridrichovd et al., 2018; Taran and Vyshnevskyi, 2019; Wang et al., 2021).

to illustrate the typical absorption spectra of the different
beryl varieties and facilitate the comparison between them.
The other emerald originated from Chitral, Pakistan, and was
analysed in more detail in Hanser et al. (2022) (therein re-

3 Colours and varieties of beryl

The chemical formula of beryl does not contain colouring el-
ements. However, there is a range of possible impurities in

ferred to as sample PK1). Details on the samples can be
found in Table 2. All samples are plane-parallel with the ¢
axes lying in the same plane as the polished faces. Polarised
FTIR, Raman and UV-Vis-NIR spectra were acquired as de-
scribed in Hanser et al. (2022, 2023).

Instrument and measurement details for the different spec-
tra can be found therein. However, only 10 accumulations
were acquired for the UV-Vis—NIR spectra of the beryl sam-
ples shown in Fig. 3.

Eur. J. Mineral., 36, 449-472, 2024

beryl that can cause colour (Groat and Turner, 2022). The
main focus of research lies on the transition metal ions like
Fe, Cr, V and Mn which can affect the colour of beryl (Ta-
ble 1). Nonetheless, the concentration of these metal ions
alone is only one of several parameters to play a role in
the genesis of colour in a beryl sample. The valence state
and the site which is occupied by the elements in question
may also influence the colour seen. Since the colour-causing
metal ions differ between the beryl varieties, different mech-
anisms are thought to be responsible for the colour (Nassau,
1978; Mathew et al., 2000). According to a classification pro-
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Table 2. Details on the samples of which spectra are presented.
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Beryl variety Colour Country of Region/mine/ Analysis shown Figure
origin locality
green beryl dark green Nigeria unknown UV-Vis—NIR spectrum  Fig. 3
yellow beryl light yellow Zambia unknown UV-Vis-NIR spectrum  Fig. 3
aquamarine medium blue Vietnam unknown UV-Vis-NIR spectrum  Fig. 3
emerald dark green Tirkiye Eskisehir UV-Vis-NIR spectrum  Fig. 3
goshenite colourless Pakistan unclear UV-Vis-NIR spectrum  Fig. 3
morganite pink Madagascar unknown UV-Vis-NIR spectrum  Fig. 3
emerald medium green Pakistan Chitral region FTIR spectra (MIR and  Fig. 5
NIR range) Fig. 7
NIR range of UV-Vis— Fig. 9
NIR spectrum

beryl in rhyolite
[
. e ° e oog)

beryl in hydrothermal veins

)
[} beryl in pegmatites
(]
. o ) e o
., *% ¢t o

accessory beryl

Figure 2. Schematic representation of magmatic and pegmatitic oc-
currences of beryl. The black hexagons represent beryl, while the
white ellipses around them indicate cavities, in which beryl may
form (modified after Groat and Turner, 2022).

posed by Bakakin et al. (1970), “normal”, “tetrahedral” and
“octahedral” beryls are recognised with regard to the sub-
stituting ion and substitution site (Aurisicchio et al., 1988;
Andersson, 2006). These different types of beryl can be dis-
tinguished spectroscopically in the 1200-400 cm™! infrared
range (Lodzifiski et al., 2005). In the cases of tetrahedral and
octahedral beryls, substitutions primarily occur at the Be and
Si tetrahedral sites or at the octahedral site, normally occu-
pied by Al respectively. In normal beryl, substitutions can
occur at these two types of sites simultaneously, yet the ex-
tent of each substitution is lower than that in tetrahedral or
octahedral beryls with regard to the particular site. Apart
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from changes in the IR spectra as a result of these differ-
ent substitutions, the ratio between the lengths of the crys-
tallographic axes ¢ and a (c/a) has been shown to change
alongside and can therefore be used for determining the type
of beryl (Aurisicchio et al., 1988; Groat et al., 2010). Thus,
the changes regarding the axes explain the differing unit cell
parameters found by different authors. The most important
chromophores (colouring elements) in beryl are Fe, Cr, Mn
and V. Yet contrary to other minerals and gemstones, exper-
iments to implant these chromophores into colourless beryl
have only led to them entering the channel or interstitial sites
and have not resulted in any considerable changes in the
colour observed (Mittani et al., 2002a). Though doping and
diffusion of these chromophores into beryl were also suc-
cessful in the later study of Mittani et al. (2004), the position
of these transition metal ions could not be determined. It is
important to note that beryl samples may contain more than
one substituting ion or colour centre and mixed colours may
occur. In addition, some types of ions may be able to occupy
different sites simultaneously, as is thought to be the case
for Fe ions, for instance. Owing to this possibility, many hy-
potheses have been made with regard to the colour-inducing
crystallographic sites and processes involving Fe ions.

3.1 Pink, red and purple colours

These colours are related to Mn impurities (Nassau and
Wood, 1968; Wood and Nassau, 1968). Although the charac-
teristic peaks between 480 and 545 nm in the optical spectra
of red beryl were attributed to Mn* and related to the al-
most identical peaks previously found for pink beryl (Nassau
and Wood, 1968), Andersson (2013) suggests the colour of
morganite (pink to orange-pink) is caused by both Mn>* and
Mn3*, while Mn37 is proposed to be the sole cause of the
colour in red beryl. This argumentation is supported by other
authors (Fridrichova et al., 2018). However, in a synthetic
purple beryl no changes in optical absorption were induced
by annealing. Therefore, the authors concluded that the pur-
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ple colour was caused by Mn independent of its valence state
(Gaite et al., 2001).

3.2 Blue to yellow colours

The colours of blue beryl and yellow beryl are both attributed
to Fe. There are also mixed colours, leading to greenish
beryls. However, Fe can be detected in all of the different
beryl varieties, with pink beryls (morganites) typically ex-
hibiting low contents (Hu and Lu, 2020). While beryls with
other colours usually contain approximately 1 wt % of Fe, the
yellow and blue varieties commonly have Fe contents of up
to 3 wt % (Fridrichova et al., 2015), with some samples from
different localities exceeding this value by about the same
amount (Groat et al., 2010). The role of Fe ions in the cause
of colours of blue and yellow beryl has largely been stud-
ied by heating and irradiation treatments. A yellow beryl can
be heated and turned into a blue aquamarine. This practice
is commonly applied in the jewellery and gemstone trade
and influences the market value the stone has (Blak et al.,
1982; Alkmim et al., 2017). It is rooted in the reduction of
Fe?t to Fe2t ions (Blak et al., 1982; Alkmim et al., 2017).
Though this procedure yields a more desirable blue colour
(Chankhantha et al., 2016), it can be reversed by irradiation
with high energy, such as y-rays (Alkmim et al., 2017). This
does not only hold true for the colour, but also for the spec-
tral changes induced by heat treatment, which have been ob-
served to be restored by irradiation (Goldman et al., 1978).
Still, there is debate on the precise reason for the blue
and yellow colours in beryl as some studies assume the
colours are caused by single Fe ions, whereas others con-
sider more complex substitutions and interactions to be re-
sponsible. Some authors relate the intensity and the hue of
the blue of aquamarine to the concentration of Fe3* and its
relative proportion to Fe?T present in the structure (Viana
et al., 2002b, a; Skvortsova et al., 2015; Hu and Lu, 2020).
Especially with regard to their possible valence states, Fe
ions have been suggested to be able to replace AI’t and
Be2t. Nonetheless, the substitution of Al by Fe ions of ei-
ther valence state and the substitution of Be by ferrous Fe
are regarded not to cause colour in some studies (Anders-
son, 2019). Some authors have also proposed for Fe to sub-
stitute for Si in addition to Al and Be (Viana et al., 2002a;
Andersson, 2019), yet again without inducing colour (Ander-
sson, 2019). However, with an ionic radius of about 0.74 10%,
Fe>* is more than twice the size of Be?", having an ionic
radius of only 0.35A (Viana et al., 2002a). The coordina-
tion to four O atoms does not change the size difference of
Be?t (0.27 A) compared to Fe?* (0.63 A) and Fe?* (0.49 A),
respectively (Shannon, 1976; Andersson, 2019). Similarly,
the Fe?t ion has more than 1.5x the dimensions of Si*t,
with its ionic radius being only 0.42 A (Viana et al., 2002a)
and 0.26 A in fourfold coordination with O atoms (Shannon,
1976; Andersson, 2019). Generally, aquamarine of bluish
hues have been found to exhibit comparably high amounts
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of Fe?" but only little to negligible Fe3* contents. The pre-
dominately ferrous valence state of Fe in beryl is also sup-
ported by X-ray absorption spectroscopy studies (Figueiredo
et al., 2008). With increasing Fe** or decreasing Fe’>* con-
tents, these aquamarines become more greenish as a result
of the increasing influence of the yellow colour component
from Fe3t ions (Viana et al., 2002b; Pgikryl et al., 2014;
Alkmim et al., 2017). If these Fe ions were to occur at the
same position within the crystal structure, the lower charge
of ferrous Fe in blue aquamarine could explain the higher
concentration of type II HyO (H2O coordinated with alkalis;
for more details see section on alkalis and section on H,O) in
these specimens compared to those of green beryls with their
higher relative ferric Fe contents. Since type II H,O corre-
lates with the amount of alkali ions present in the structural
channels counteracting charge imbalance from the substitu-
tion of structural components by lower-valence ions (Wood
and Nassau, 1967; Viana et al., 2002b; Huong et al., 2010;
Alkmim et al., 2017), a higher concentration of Fe3t should
require smaller amounts of alkalis for charge compensation
and in turn lead to a lower concentration of type II H>O.
This assumption is supported by a study by Fridrichova et
al. (2015), in which blue beryls exhibited higher alkali con-
tents than yellow beryls, and findings of Viana et al. (2002b)
and Alkmim et al. (2017), who found higher contents of type
IT H>O in blue compared to greenish beryl. However, this is
the opposite of and thus seems to contradict with what Blak
et al. (1982) observed in their study. However, since consti-
tuting cations such as Be>t can be missing in some of their
structural positions without having been substituted (Wood
and Nassau, 1968), a larger need for charge compensation by
alkalis can arise and thus increase the type II H,O content
even in green beryl as observed by Blak et al. (1982). Still,
it is not possible to say if the beryls in these three studies
had different ratios of vacancies within the structure since no
crystallographic experiments were performed. Furthermore,
substitutions with non-colour-causing ions, such as Mg2+,
can also increase the lack of positive charges compensated
for by alkalis and, consequently, the amount of type II H,O.

Similar to the effect of the two valence states of Fe ions,
the site occupancy and the subsequent possible interactions
and subsequent influence on colour between them are un-
clear or disputed. The Mossbauer studies on blue and green-
ish aquamarines by Viana et al. (2002a) revealed symmet-
rical split doublets, the hyperfine parameters of which were
similar at 500 K, leading the authors to conclude that their
samples contained two or more different Fe>* ion species
in sites with similar symmetries. These findings are consis-
tent with previous analyses by Blak et al. (1982), who found
the spectra of their green beryls exhibit two distinguished
Fe3T species that were subsequently reduced to two differ-
ent Fe?T species upon heating to obtain the blue aquama-
rine. Viana et al. (2002a) further observed a small change in
quadrupole splitting of their Mossbauer spectra on blue to
greenish blue aquamarines with different temperatures, indi-
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cating that the sites occupied by Fe ions were distorted. Sim-
ilar to Nassau (1994), Viana et al. (2002a) assigned Fet to
the channels, causing a blue colour, and Fe3™ to the AI*T oc-
tahedral site, resulting in a yellow colour. In contrast to this,
trivalent Fe has been suggested to not induce colour in beryl
(Andersson, 2019). Moreover, further authors assume inter-
valence charge transfer (IVCT) to play a role in the colour
of aquamarine (Nassau, 1978; Mathew et al., 2000), presum-
ably taking place between Fe?t and Fe’T ions (Fridrichova
et al.,, 2015; Andersson, 2019). Mathew et al. (2000) ex-
plained the colour change of an irradiated yellow beryl sam-
ple to blue during heating by an increase in Fe>* and IVCT
between adjacent Fe?t and Fe3* ions, which can be located
at multiple sites. However, K-edge X-ray spectra using syn-
chrotron radiation revealed the 6g interstitial site next to the
Al site, which is located at (1/3, 2/3, 1/2) and had already
previously been suggested to be a site for substitutions by Fe
(Goldman et al., 1978; Groat et al., 2010), as well as the oc-
tahedral Al site itself to be occupied with Fe ions (Lin et al.,
2013). Both sites have thus been proposed as the two possi-
ble adjacent locations for the Fe>* and Fe?* ions engaging in
IVCT (Lin et al., 2013). Nevertheless, IVCT remains ques-
tionable in some cases according to other authors (Pgikryl
et al., 2014). Furthermore, Andersson (2019) proposed two
different IVCT mechanisms for light blue aquamarine and
darker blue beryls. Another study also indicated that the pres-
ence of Fe in both valence states at octahedral and interstitial
sites may be the reason for a darker blue colour in some sam-
ples (Bunnag et al., 2020). Similar to aquamarine, the colour
of yellow beryl has not only been attributed to Fe3* alone,
but also to a charge transfer involving Fe** and O>~, with an
associated absorption extending from the blue to the UV part
of the spectrum. This is, therefore, also referred to as ultra-
violet charge transfer, UVCT (Fritsch and Rossman, 1988).
However, in more recent studies, yellow beryls are further
subdivided into heliodor and golden beryl on the basis of
differing spectral features (Platonov et al., 2016; Andersson,
2019; Shang et al., 2022). Both shades of yellow colour are
attributed to Fe*, yet with the ions supposedly occupying
different sites. According to this classification, they substi-
tute for Al in its octahedral position in heliodor, whereas in
golden beryl the substitution takes place in the Be tetrahe-
dron (Andersson, 2019; Shang et al., 2022). Moreover, An-
dersson (2019) suggests that heliodor does not contain suffi-
cient amounts of ferric ion pairs that could result in IVCT and
turn these yellow beryls into blue aquamarines upon heating.
The author argues that heliodors simply lose their colour dur-
ing heating, while the only yellow beryls to turn blue would
be termed golden beryls (Andersson, 2019). However, many
studies do not distinguish between both yellow hues, and
the terms may sometimes be used interchangeably for yel-
low beryls, thus making comparisons of data difficult. The
same is true for blue colours of various intensities, which are
usually referred to as either aquamarine or blue beryl, with
no further distinction being made.
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In addition to these differing conclusions on the colour
mechanisms involving Fe ions, the possibility for Fe?t and
Fe3* to be incorporated into the channels of beryl is equally
unclear. While Fe ions could theoretically be present in all
three types of sites (tetrahedral, octahedral, channel) within
beryl (Fridrichova et al., 2015), some authors argue that es-
pecially ferrous Fe ions are too large to replace Al directly
and thus may enter the channel instead, which could provide
more space for Fe2t (Bunnag et al., 2020). Fe3* has more
recently also been proposed to occupy the channels and form
Fe hydrate [Feg“L(OH)Z]Z*' with the HpO molecules there
(Yu et al., 2017; Wang et al., 2022a). The resulting hydrate
was suggested to induce a yellow colour (Wang et al., 2022a).
Although several authors including, for instance, Wood and
Nassau (1967), Goldman et al. (1978) and Blak et al. (1982)
also attributed some optical features observed in beryl to Fe
ions located in the channels, other studies have found only
little Fe in the channel site, in spite of a high general Fe con-
tent (Groat et al., 2010). Similarly, Andersson (2013) found
no evidence to support the interpretation of previous studies
on the presence of Fe ions in the channels of beryl. Like-
wise, investigations on synthetic beryls showed no Fe in the
channels (Adamo et al., 2008b). Yet, a recent atomic resolu-
tion image taken with a transmission electron microscope on
a heliodor from Vietnam revealed the channels to be occu-
pied with ions (Arivazhagan et al., 2017). The lower atomic
numbers, scattering powers and amounts of other trace ele-
ments led the authors to conclude that Fe was the only trace
element of suitable concentration with a high enough atomic
number and subsequently sufficient scattering power to show
in the image. However, as a result of beam damage, a low
critical dose was applied, which made further supplemen-
tary spectroscopic analyses impossible (Arivazhagan et al.,
2017). Thus, the presence of ferrous and ferric Fe in the chan-
nels of beryl remains disputed.

Problems do not only arise from the possibility of Fe>*
and Fe?* being able to theoretically occupy multiple sites in
the structure of beryls (Pgikryl et al., 2014; Fridrichova et al.,
2015), but also from the detection of the different valence
states of Fe by various analytical methods. For instance,
while Fe* can easily be analysed with electron paramag-
netic resonance (EPR) at room temperature, the detection of
Fe?* requires low temperatures (Andersson, 2013) down to
the temperature of liquid helium or 4 K as a result of the small
spin relaxation time of divalent Fe (Mathew et al., 2000). In
addition, owing to the possible substitutions of the constitut-
ing elements of beryl, the chemical composition of beryl is
variable (McManus et al., 2008; McMillan et al., 2006), thus
resulting in difficulties when looking for elements suitable as
internal standard for analyses such as LIBS (McMillan et al.,
2006).

While the blue colour of aquamarine is stable, there are
beryl varieties which lose their blue hues when subjected to
light (Nassau and Wood, 1973; Nassau et al., 1976; Adamo et
al., 2008a). This may also happen under the influence of heat

Eur. J. Mineral., 36, 449-472, 2024



456 C. S. Hanser et al.: Incorporation and substitution of ions and H,O

(Adamo et al., 2008a). In contrast to aquamarine, these beryl
varieties do not owe their colours to Fe, which was shown
to be below detection limit in these samples, but to differ-
ent colour centres (Adamo et al., 2008a). The intense blue
Maxixe beryls are natural beryls, the colour of which is at-
tributed to free NOj3 radicals having formed as a result of
natural radiation and which are located within the hexagonal
channels. The colour of Maxixe-type beryls is caused by free
radicals of COj also located in the channels (Nassau et al.,
1976; Edgar and Vance, 1977; Andersson, 1979; Mathew et
al., 2000; Krambrock et al., 2002; Mittani et al., 2002b; An-
dersson, 2008, 2010, 2019; Skvortsova et al., 2015). These
colour centres can, however, also be induced by artificial irra-
diation, for instance, using neutrons (Edgar and Vance, 1977,
Mathew et al., 2000; Skvortsova et al., 2015). Exposure to
light causes NO3 and COj3 to turn into NO3 and CO§_, lead-
ing to the subsequent loss of colour (Andersson, 2008).

3.3 Green colours

The green colour of emerald is caused by three-valent Cr
ions, and the colouring mechanism is explained by the crys-
tal field model (Nassau, 1978; Burns, 1993). The Al octahe-
dron is the site occupied by Cr3+ (Wood and Nassau, 1968;
Groat and Turner, 2022). However, the green colour can also
be caused or influenced by V (Schwarz et al., 1996; Stephan
et al., 2019; Krzemnicki et al., 2020). This possibility has
caused debate about whether the variety term emerald should
be reserved for Cr-coloured beryl of sufficient colour satura-
tion only (Hénni, 1992; Schwarz et al., 1996).

In addition to the green colour of emerald, green colour in
beryl can also be the result of a mixture of yellow- and blue-
colouring mechanisms and can thus also be related to Fe im-
purities (Blak et al., 1982; Mathew et al., 2000; Skvortsova
et al., 2015). Nonetheless, since the exact positions of the Fe
ions causing yellow and blue colours remain under debate in
yellow and blue beryls, so do their locations in Fe-coloured
green beryl. Fe may also influence the green colour of emer-
ald (Hanni, 1992; Krzemnicki et al., 2020, 2021).

3.4 Colourless

With regard to the impurities and effects of the coloured va-
rieties, colourless beryl (goshenite) is sometimes described
as “pure” as the chemical formula of beryl does not contain
colour-inducing elements. Still, goshenite can contain impu-
rities. In contrast to the varieties listed above, a number of
reasons may apply as to why these impurities do not cause
colouration. The absorption bands may lie too far in the NIR
or UV region and not be strong enough to affect the colour
seen (Lind and Stephan, 2022). The impurities may not be
able to induce colouration (as in the case of Mg), they may be
located in a non-colour-causing site or they may be present in
a valence state not suitable to affect the colour, as for exam-
ple tetravalent Ti (Nassau and Wood, 1968). This assump-
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tion is supported by experiments in which colourless beryl
displayed a change in colour to yellow and blue upon irra-
diation and heating. The related Mdssbauer spectra showed
colourless beryl contained Fe?* ions (Mathew et al., 2000).
While Mathew et al. (2000) assigned this Fe3* to a posi-
tion within the channel of beryl, Andersson (2013, 2019) ar-
gues for this Fe3* to be able to occupy the octahedral AT
position on the assumption that this would be a non-colour-
causing site for Fe3*, consistent with the work of previous
authors (Mihalynuk and Lett, 2003). Likewise, the occupa-
tion of the tetrahedral site by Fe>* was regarded to not cause
colour in beryl (Andersson, 2019). However, these sugges-
tions contradict previous works which explained the yellow
colour of heliodor by ferric Fe in the octahedral site, whereas
ferrous Fe in the same site was reported to not induce colour
in beryl (Nassau, 1994; Viana et al., 2002a; Fridrichova et
al., 2015).

Table 3 lists a selection of spectral absorptions of beryl
found in the literature and the cause they have been related
to during the last decades. As can be seen, absorption bands
at similar or identical positions are attributed to ions at dif-
ferent possible sites or to different causes entirely. In some
cases, however, the possible causes remain unclear. Exam-
ples of typical UV-Vis—NIR spectra of beryls of different
colours are shown in Fig. 3. The spectra are polarised so that
the electric field vector E of the incident light is perpendic-
ular to the c¢ axis of the sample (E_Lc) in one direction and
parallel (E||c) in the other. It can be seen that absorption com-
monly attributed to Fe can be distinguished in the direction
E_lc in all but pink morganite samples. This also includes
the apparently pure colourless beryl variety goshenite. Fur-
thermore, emerald spectra exhibit two broad bands in both
directions (E_Lc and E||c), which are not commonly found in
other beryl varieties and have thus been related to Cr and/or
V. The presence of a pronounced Fe-related absorption at
around 830 nm in NIR, compared to the Cr and V absorptions
in the visible region, can help in determining the geographic
origin for gem quality emeralds. It is usually prominent in
schist-hosted emeralds, whereas emeralds from localities like
Colombia and the Panjshir Valley, Afghanistan, only show
minor or no Fe-related absorption in this region of the spec-
trum (Karampelas et al., 2019; Saeseaw et al., 2019; Krzem-
nicki et al., 2021; Hanser et al., 2022, 2023). Yet, the figure
also illustrates that while other green beryls (those which are
neither coloured by Cr nor V) lack these Cr and V absorption
bands entirely, their spectra represent a mixture of the spec-
tral features seen in aquamarine and yellow beryl. Accord-
ing to earlier works, all of the yellow beryls presented here
would be termed heliodor instead of golden beryl, as there is
a strong Fe?t absorption visible in the E_Lc direction (An-
dersson, 2019; Shang et al., 2022). Furthermore, contrary to
what was reported by Andersson (2019), no significant dif-
ferences could be observed in the light blue and dark blue
beryl spectra analysed.
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Table 3. Selection of absorptions in UV=Vis—NIR found in beryl of different colours and the possible cause and/or site they have been

attributed to.
Absorption/ Approximate Polarisation Analysis Colour  Cause/site Reference
signal absorption/ of beryl
[nm] signal [em™ 1]
372 nm 26 882 not mentioned optical absorption Fe3+ Goldman et al. (1978)
372.5nm 26 846 Elc optical absorption green Fe3+ Giibelin (1989)
375nm 26 667 not mentioned optical absorption blue Fe3t Fridrichovd et al.
(2015)
400 nm 25000 not mentioned optical absorption yellow Fe3t at AR Mathew et al. (2000);
(tail extending Mittani et al. (2002a)
to UV light)
400nm absorp- 25000 not mentioned optical absorption yellow  not mentioned Fridrichovd et al.
tion edge (2015)
420 nm (band) 23810 Elc optical absorption green Fe3+ Giibelin (1989)
425nm 23529 not mentioned optical absorption not mentioned Goldman et al. (1978)
425nm 23529 not mentioned optical absorption blue Fe3t Fridrichovd et al.
(2015)
430 nm (band) 23256 Elc optical absorption green Fe3+ Giibelin (1989)
430 nm (band) 23256 not mentioned optical absorption green cr3t at AT Wood and Nassau
(1968)
430 nm (band) 23256 not mentioned optical absorption green Crion Skvortsova et al. (2015)
electronic
transitions
445 nm 22472 Elc optical absorption green Fe3+ Giibelin (1989)
476 nm 21008 not mentioned optical absorption green Ccr3t at AT Wood and Nassau
(1968)
477.4nm 20947 Elc optical absorption green Fe3t Giibelin (1989)
540 nm (band) 18519 o optical absorption red Mn3+ Andersson (2013)
560 nm (band) 17857 b4 optical absorption red Mn3+ Andersson (2013)
600 nm (band) 16667 not mentioned optical absorption green 3t at APT Wood and Nassau
(1968)
604 nm 16556 Elc optical absorption green crit Giibelin (1989)
620 nm 16129 Elc optical absorption Fet in Wood and Nassau
channel (1968)
620 nm 16129 Elc optical absorption Intervalence Parkin et al. (1977)
charge transfer
FeZt/Fe3t
630 nm 15873 E|c optical absorption green cr3t Giibelin (1989)
637 nm 15699 Elc optical absorption green cr3t Giibelin (1989)
646 nm 15480 E|c optical absorption green cr3t Giibelin (1989)
662 nm 15106 E|c optical absorption green cr3t Giibelin (1989)
680 nm 14706 E|c optical absorption green Ccr3t at AT Wood and Nassau
(1968)
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Absorption/ Approximate Polarisation Analysis Colour  Cause/site Reference
signal absorption/ of beryl
[nm] signal [em™ 1]
680 nm 14706 Elc optical absorption green cr3t Giibelin (1989)
683 nm 14641 E|c optical absorption green cr3t at AT Wood and Nassau
(1968)
685 nm 14599 Elc optical absorption green cr3t Giibelin (1989)
740 nm 13514 not mentioned photoluminescence various ~ Fe?t Skvortsova et al. (2015)
810 nm 12346 Elc optical absorption Fe at APt Wood and Nassau
(1968)
810nm 12346 Elc optical absorption Fe?t at ARt Parkin et al. (1977)
810nm 12346 Elc optical absorption Fe2t at Price et al. (1976)
tetrahedral site
810 nm 12346 Elc optical absorption Fe2* in Goldman et al. (1978)
channel site
810nm 12346 Elc optical absorption Fe in channel Wood and Nassau
(1968)
810 nm 12 346 Elc optical absorption Fe2t at APt Price et al. (1976)
810nm 12346 not mentioned optical absorption blue FeZt Fridrichova et al
(2015)
813 nm 12300 not mentioned optical absorption green electron transi-  Skvortsova et al. (2015)
tions of Fe2t at
Al site
1000 nm 10000 E|c optical absorption Fe in channel Wood and Nassau
(1968)
1000 nm 10000 Elc optical absorption Fet at ARt Price et al. (1976)

* E_Lc: electric field vector of incoming light perpendicular to ¢ axis; E||c: electric field vector of incoming light parallel to ¢ axis; o': perpendicular to ¢ axis; 7: parallel to ¢ axis.

4 Channel occupancy by alkalis, HO and CO,

Since beryl exhibits structural channels formed by the
stacked Si tetrahedra rings (Fig. 1), the uptake of non-
framework ions and molecules is possible. A variety of
different species can be located in the structural channels
depending on the type of beryl and/or its genesis. Thus,
synthetic beryls have been reported to contain ammonium
(Mashkovtsev and Solntsev, 2002), while the colours of Max-
ixe and Maxixe-type beryl have been attributed to channel
NO3 and COy5, having formed from NOj3 and CO§_ by
natural or artificial radiation, respectively (Mathew et al.,
2000; Krambrock et al., 2002; Andersson, 2013). However,
the most common species found in the channels of beryl are
H>O molecules, alkali ions and CO, molecules. Therefore,
this paper will focus on these only.

Eur. J. Mineral., 36, 449-472, 2024

4.1 Alkalis

Since the substitutions in beryl can take place with lower-
valence ions than its original components, a lack of posi-
tive charges arises (Aurisicchio et al., 1988; Fridrichova et
al., 2018; Andersson, 2019). It has been proposed that alkali
metal ions compensate for charge deficiencies resulting from
substitution of Al, Si and Be by transition metal ions of lower
valence state by entering the channels of beryl (Wood and
Nassau, 1968; Aurisicchio et al., 1988; Fukuda, 2012; Fridri-
chova et al., 2018). Although alkali ions and H,O have pre-
viously been proposed to occupy the aforementioned 2a and
2b positions, respectively (Fig. 1) (Aurisicchio et al., 1988),
the majority of studies suggest smaller ions are located at the
2b site, whereas H,O molecules and larger ions, including
Cs, are located at the 2a site within the channels of beryl
(Hawthorne and Cem}’/, 1977; Andersson, 2006; Gatta et al.,
2006; Hu and Lu, 2020).

https://doi.org/10.5194/ejm-36-449-2024



C. S. Hanser et al.: Incorporation and substitution of ions and H,O 459

(@) UV-Vis-NIR: ELc

wavelength [nm]
357 435 556 769 1250

/5%282(372)
/

Fe30
23529(425)

N
o
absorption coefficient [cm™]

o
v |
" 23256(430) /16529 1
em | 10
g0
Mn* L 5
18519
(540) mo
0
28000 23000 18000 13000 8000

wavenumber [cm?]

UV-Vis-NIR: Elc

wavelength [nm]
357 435 556 769 1250

40
F 35
F 30 'ﬁE
2
L 25 E
=
Fe3* =
/26882 Fe* a:
(372) /23529(425) :
v (632) reE
24096(415) s
emt 10 8
80
5
anr
_~"17857(560) mo
T T T T 0
28000 23000 18000 13000 8000

wavenumber [cm™]

Figure 3. (a-b) UV-Vis—NIR spectra of differently coloured beryl
varieties (mo: morganite; go: goshenite; em: emerald; aq: aquama-
rine; yb: yellow beryl; gb: green beryl) in E_Lc (a) and E|c (b) di-
rections illustrating the absorptions discussed in the “Colours and
varieties of beryl” section. The supposed causes of the absorptions
are labelled with their approximate positions given in wavenumbers
(black) and corresponding wavelengths (in grey parentheses). Some
of the positions slightly differ from those reported in the literature
(see Table 3). The coloured bar at the top shows the approximate
colours of the visible part of the spectrum. Fe-related absorption is
visible in almost all spectra. Contrary to this, Cr- and V-related ab-
sorption can be observed in the emerald spectra only. The graphs
have been offset for clarity.

Several authors have shown that Li may enter the 2b chan-
nel site (Sherriff et al., 1991; Andersson, 2006; Adamo et
al., 2008b). However, a dependence of the Li content and the
length of the unit cell edge ¢, which has been found to in-
crease with an increasing amount of Li and Be vacancies in
the samples, has been demonstrated, whereas the length of
the unit cell edge a was shown not to be as affected (Bakakin
et al., 1970). It was thus assumed that Li replaces Be directly
in the Be tetrahedra (Aurisicchio et al., 1988; de Almeida
Sampaio Filho et al., 1973; Hawthorne and Cern)’/, 1977),
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thus also affecting the bond lengths within the crystal struc-
ture as a result of the bond strength deficiency induced by the
substitution (Hawthorne and éern}’/, 1977). An alternative ex-
planation in which Li is, in fact, still located at a tetrahedral
site but an interstitial one adjacent to the actual Be>* tetra-
hedron instead has also been suggested (Andersson, 2006,
2013, 2019). In spite of previous studies on isomorphic sub-
stitutions of Be?* by Co>* and Cu®* (Solntsev et al., 2004)
and the similar radii of these ions compared with Li*, An-
dersson (2006, 2013, 2019) argues for Li to occupy the afore-
mentioned interstitial site. This distorted tetrahedron is sup-
posed to span between one face of the Be tetrahedron and one
of the nearest O atoms in the Si tetrahedra rings. Moreover,
owing to the structural arrangement in beryl, each of the four
Be tetrahedra faces creates an equivalently distorted tetrahe-
dron with its nearest O atoms (Andersson, 2006, 2019). An-
other interstitial site has also been discussed in these studies
as a possible location of Li in beryl. Notwithstanding, the
close proximity of positively charged Si and the inaccessibil-
ity of the site via the channel is thought to make it a less prob-
able site than the distorted tetrahedron (Andersson, 2006).
While Li might substitute for Be, it is unlikely to substitute
for Al as this would be an unfavourable substitution because
of bond strength deficiency (Aurisicchio et al., 1988). This
assumption is supported by previous studies which found no
Li at the octahedral Al site (Hawthorne and Cern}’/, 1977).

In contrast to Li, the exact location of which remains dis-
puted in the literature, it is generally agreed that Na™ en-
ters the beryl channels where it is coordinated with H,O
molecules (see next section). Most studies find Na to oc-
cupy the 2b site (Hawthorne and Cerny, 1977). However, this
might only apply to hydrous beryl, whereas in beryls with
low or no H>O content, it could also be located at the 2a
site, which is normally thought to be occupied by H,O (Ar-
tioli et al., 1995). Besides Na possibly being able to occupy
both sites, 2a and 2b, when alone (Andersson, 2006), the di-
mensions of the channel at the 2a site could also allow Na
and H,O to occupy it simultaneously (Alkmim et al., 2017).
Similar to Na, cations such as K and Cs* are also present
in the channels. However, because of their large sizes, they
have been assigned to the 2a site (e.g. Hawthorne and Cerny,
1977, Viana et al., 2002a; Gatta et al., 2006). Similar to Li,
Na is thought to narrow the dimensions of the channel site
it is located in (Andersson, 2006). Contrary to earlier stud-
ies, which reported channel impurities to not affect beryl’s
unit cell parameters (Blak et al., 1982), leaching experiments
have found the release of alkali ions to induce a decrease
thereof (Manier-Glavinaz et al., 1989).

4.2 H0
The large channels within the beryl crystal structure allow
the diffusion of H>O through them (Fukuda et al., 2009).

Thus, H>O is often found in beryl, though beryl is, by defini-
tion, an anhydrous mineral. So far, only red beryl from Utah
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Figure 4. (a) H>O molecule showing the twofold symmetry axis (dashed line) and the H-H vector between both hydrogen atoms. The H,O
molecule is partially charged. These charges are denoted as +¢ for the positive charges (at H atoms) and —§ for the negative charge (at O
atom). (b) Structural channels of beryl showing the type I HoO (left) and the type II HyO (right) configurations. The channel O atoms are
displayed in light red. Small channel alkali cations, such as Na, causing the orientation change of type I to type II H>O, are shown in pink
(modified after Lodzifiski et al., 2005; Fukuda and Shinoda, 2008; Fukuda, 2012; Belyanchikov et al., 2017; Wang et al., 2021).

has been shown not to contain any H,O (Nassau and Wood,
1968; Aurisicchio et al., 1988; Andersson, 2013). This can
also be used to differentiate between natural red beryls and
their synthetic counterparts (Gatta et al., 2022). Aurisicchio
et al. (1988) proposed that H>O molecules could act to fill the
gaps caused by the structural channels and establish a closest
packing of the O layers with the H-bond lengths of the H,O
molecules being equivalent to the distance of the channel O
atoms from the centre of the channel.

The presence of H,O in beryl has largely been studied with
the help of (FT)IR spectroscopy. According to Krambrock et
al. (2002), the infrared spectra of beryl can be divided into
three different ranges. The lower wavenumbers, ranging from
400 to 1250 cm™!, are attributed to the general constituting
chemical components of beryl, BeOs, AlOg, and SiO4 and
their vibrational modes (Krambrock et al., 2002; f.odzifiski
et al., 2005), whereas the higher wavenumber ranges reveal
whether additional molecules and H>O are present (Kram-
brock et al., 2002; Wood and Nassau, 1968). Apart from
some bands becoming sharper during cooling, as a result of
the hindered thermal motions, the IR spectrum of beryls in
the region between 400-1300cm™! remains unchanged in
different beryl samples during heating and cooling experi-
ments according to Lodzifiski et al. (2005).

In the case of H,O molecules, three vibrational modes are
distinguished: vy, vy and v3. Aurisicchio et al. (1988) sug-
gested HoO molecules to be able to occupy both the 2a and
2b positions in some beryl samples, thus giving rise to two
different peaks in the IR spectra of beryl. Another expla-
nation for these two differing peaks, based on the orienta-
tion of the H,O molecules within the channel, is generally
accepted. An H>O molecule can be orientated in two ways
within the beryl channel (Fig. 4). In the first case, when the
twofold symmetry axis of the HyO molecule is perpendicular
to the ¢ axis of the beryl crystal, the orientation is referred to
as type I H,O (e.g. Aines and Rossman 1984; Bidny et al.,
2011; Mashkovtsev et al., 2016). As can be seen from Fig. 4,
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the H-H vector is thus parallel to the channel length (e.g.
Wood and Nassau, 1967; Aines and Rossman, 1984; Kolesov
and Geiger, 2000; Viana et al., 2002b; Fukuda and Shinoda,
2008). More detailed structural studies suggest that the ori-
entation is, in fact, only quasi-parallel with a slight inclina-
tion of approximately 4° of the H-H vector from the ¢ axis
(Gatta et al., 2006). The other type of H,O in beryl is type
I H,O, for which the twofold axis of the molecule is paral-
lel to the beryl channel and with the H-H vector thus being
perpendicular to it (e.g. Wood and Nassau, 1967; Kolesov
and Geiger, 2000; Viana et al., 2002b; Fukuda and Shinoda,
2008; Bidny et al., 2011). Furthermore, the difference in ori-
entation causes differences in the vibration modes of H,O
and the peaks observed at specific frequencies (Table 4).
The dipole moment of the HyO molecule would enable
interactions via H bonding between the H>O molecule in
the channel and the O atoms of the channel walls. While
such electrostatic interactions would be expected to influ-
ence the vibrational modes and no such frequency shifts had
previously been observed in the IR spectra of beryl (Wood
and Nassau, 1968), a change in the vibrational frequencies
of Raman spectra was shown to occur while cooling beryl
(Kolesov, 2008). However, other authors regard the chan-
nel dimension to be inappropriate to allow for H bonding
with the H,O molecules within to occur (Gatta et al., 2006).
Furthermore, site population analyses with the help of neu-
tron diffraction found only weak H bonding (Artioli et al.,
1993). An alternative explanation of a long-range interaction
of the beryl structure with the HO molecules has thus been
proposed (Kolesov and Geiger, 2000; Gatta et al., 2006).
Regardless of the nature of the interaction, type I HyO is
the main type of HyO present in pure, unsubstituted beryl,
also referred to as normal beryl (Fukuda and Shinoda, 2008;
Charoy et al., 1996), and forms the most important impurity
in beryl in general (Wood and Nassau, 1967). However, beryl
can also contain alkalis, especially Na™, in its channels. This
uptake is thought to be rooted in the compensation of charge
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Table 4. Fundamental IR-active vibrational modes of H,O in beryl.
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Molecule Type Coordination Vibrati-  Type of vibration Wavenumber [cm ™! Polarisation
onal
mode
H,O I uncoordinated V] symmetric  stretching 3555 (Aines and Rossman, Elc (Charoy et al., 1996;
(Aines and Rossman, 1984; Mashkovtsev and Lebe- Fukuda, 2012; Aines and Ross-
1984; Viana et al.,, dev, 1993; Viana et al., 2002b; man, 1984; Wood and Nassau,
2002b) Wood and Nassau, 1968; Bidny  1967)
et al., 2011; Wood and Nassau,
1967)
3605 (Fukuda, 2012)
3647/3630/3610 (Lodzifiski et
al., 2005)
%) bending (Charoy et al., 1542 (Wood and Nassau, 1968; E.Llc (Charoy et al., 1996;
1996; Aines and Ross-  Bidny et al., 2011) Fukuda, 2012; Aines and Ross-
man, 1984) 1594 (Mashkovtsev and Lebe- man, 1984; Wood and Nassau,
dev, 1993) 1967)
1595 (Aines and Rossman,
1984; Wood and Nassau,
1967)
triplet (1640, 1600, 1546)
(Fukuda, 2012)
1602/1550 (Lodzifiski et al.,
2005)
V3 asymmetric stretching 3694 (Mashkovtsev and Lebe- E|c (Charoy et al, 1996;
(Aines and Rossman, dev, 1993; Viana et al., 2002b;  Fukuda, 2012)
1984; Viana et al., Wood and Nassau, 1968; Bidny triplet (E|lc, E_Lc, E|lc) (Wood
2002b) etal., 2011) and Nassau, 1967)
3698 (Fukuda, 2012)
triplet (3521, 3694, 3860)
(Wood and Nassau, 1967)
3697/3690 (f£odzinski et al.,
2005)
I single Nat-H,0 V1 symmetric ~ stretching 3589 (Mashkovtsev etal., 2016;  E||c (Charoy et al., 1996)
(Mashkovtsev et (Viana et al., 2002b) Fukuda and Shinoda, 2008;
al.,, 2016; Fukuda and Fukuda et al., 2009)
Shinoda, 2008; Fukuda, 3587 (Bauschlicher et al., 1991;
2012) Fukuda, 2012)
%) bending (Charoy et al., 1631 (Fukuda and Shinoda, Ellc (Charoy et al., 1996)
1996) 2008; Fukuda et al., 2009)
1633 (Mashkovtsev et al.,
2016)
1638 (Bauschlicher et al., 1991;
Fukuda, 2012)
V3 asymmetric stretching 3660 (Mashkovtsev et al., E.Lc (Charoy et al., 1996)
(Viana et al., 2002b) 2016)
double HyO-Na™t v symmetric  stretching 3602 (Fukuda and Shinoda,
—-H,O (Mashkovtsev et (Viana et al., 2002b) 2008; Fukuda et al., 2009)
al.,, 2016; Fukuda and 3600 (Mashkovtsev et al.,
Shinoda, 2008; Fukuda, 2016)
2012) 3597 (Fukuda, 2012)
3592 (Wood and Nassau, 1968;
Mashkovtsev and Lebedeyv,
1993)
%) bending (Charoy et al., 1619 (Fukuda and Shinoda,

1996)

2008; Fukuda et al., 2009)
1620 (Mashkovtsev et al.,
2016)

1628 (Wood and Nassau, 1968;
Mashkovtsev and Lebedeyv,
1993; Fukuda, 2012)
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Molecule Type Coordination Vibrati-  Type of vibration Wavenumber [cm 1] Polarisation
onal
mode
V3 asymmetric stretching 3660 (Mashkovtsev et al.,
(Viana et al., 2002b) 2016)
3655 (Wood and Nassau, 1968;
Mashkovtsev and Lebedeyv,
1993)
III 191 symmetric  stretching 3550 (Mashkovtsev and Lebe-
(Viana et al., 2002b) dev, 1993) (assumed)
%) bending (Charoy et al., 1604 (Mashkovtsev and Lebe-
1996) dev, 1993)
V3 asymmetric stretching 3704 (Mashkovtsev and Lebe-
(Viana et al., 2002b) dev, 1993)
H,O free  uncoordinated v symmetric stretching 3657 (Kolesov and Geiger, n/a
2000)
3652 (Wood and Nassau, 1967)
) bending 1595 (Kolesov and Geiger, n/a
2000; Wood and Nassau, 1967)
V3 asymmetric stretching 3756 (Kolesov and Geiger, n/a

2000; Wood and Nassau, 1967)

n/a — not applicable.

deficiencies as a result of the replacement of structural Al and
Be by substitution with lower-valence ions in the octahedral
and tetrahedral sites and has been shown to correlate with the
amount of substitution (Aurisicchio et al., 1988; Charoy et
al., 1996). The amount of alkalis in beryl can reach values of
7wt %—14 wt % in igneous and hydrothermal beryl, respec-
tively (Viana et al., 2002b). Since the alkali cation is pos-
itively charged, it interacts with the partial negative charge
of the O atom in the H,O molecule (dipole moment) and
thereby causes the molecule to change its orientation and be-
come type Il H>O (e.g. Aines and Rossman, 1984; Charoy et
al., 1996; Mashkovtsev et al., 2016). Therefore, the presence
and amount of this type of H,O depend in turn on the pres-
ence and amount of alkali ions within the channels (Blak et
al., 1982). This is supported by findings on alkali-free, syn-
thetic beryl samples, which were shown to lack type Il H,O
(Wood and Nassau, 1968). However, it is possible for one
alkali cation to attract two H>O molecules. Therefore, two
further subtypes of type Il H>O are distinguished: singly co-
ordinated type II H>O, with only one H,O molecule attracted
by one cation, and doubly coordinated type II H>O, in which
two HyO molecules surround one cation (Mashkovtsev et al.,
2016). Although it is frequently reported that the ratio be-
tween alkalis and type II H,O in beryl is 1:2, Charoy et
al. (1996) found their alkali-poor samples to exceed this ratio
stated for pegmatitic beryl. In addition, an exponential corre-
lation between the Raman peak intensities ratio for the peaks
at 3598 cm~! and 3607 to 3608 cm™!, resulting from type II
and type I H>O, respectively (Hagemann et al., 1990; Karam-
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pelas et al., 2019), and the amount of Na and K was shown
to exist in emeralds from different localities (Huong et al.,
2010; Hager et al., 2020; Hanser et al., 2022) as illustrated in
Fig. 5. Yet, with the alkali content being related to the amount
of substitution within beryl and the type II H>O being re-
lated to the amount of alkali ions, the type II HyO content
is also indirectly dependent on the amount of substitution.
Generally, the two types of HyO can be seen in the region
between 3200-3800 cm ™! in which the stretching modes of
the OH™ are observed (Viana et al., 2002b). Stretching vibra-
tions refer to the vibrational changes in bond lengths, while
bending vibrations describe changes in binding angles in a
molecule. Both types of HO have different absorption peaks
in the infrared which are often seen as doublets (Fukuda et
al., 2009). However, for type I H>O, the vy is weaker than
its v3, whereas for type II H,O, it is the opposite (Mashkovt-
sev et al., 2016). The same is true for the motions in Raman
spectroscopy, in which v; is stronger than v3 (Kolesov and
Geiger, 2000). In addition to these stretching and bending
vibrations, type I and type II H>O molecules can undergo li-
bration motions (Wood and Nassau, 1967). These librational
modes have been suggested to interact with the primary vi-
brational modes of H>O and, for instance, cause symmetri-
cal bands around the bending mode at 1629 cm™~! observed
in the polarised Raman spectra of beryl (Hagemann et al.,
1990). In addition, H>O, double coordinated around Na, is
thought to exhibit lower bending and higher stretching vibra-
tions than singly coordinated H>,O (Bauschlicher et al., 1991;
Fukuda, 2012). Furthermore, the energies of the different vi-
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brational modes of H>O in beryl differ from those of free
H>0 molecules. While some authors find higher bending and
lower stretching modes in beryl (Fukuda, 2012), the opposite
correlation has also been observed. Wood and Nassau (1967)
found the bending vibration of type I H,O to be the same as
for the free HyO molecule but the symmetric stretching and
two of the three peaks of the asymmetric stretching vibration
triplet to be of lower wavenumbers. Regardless of the sce-
nario, the differences are thought to be rooted in the charges
surrounding the H>O molecules within beryl (Wood and Nas-
sau, 1967) and the electrostatic interactions between the H
atoms of the H,O molecules and the O atoms in the walls of
the structural channels in beryl in particular (Fukuda, 2012).

Thermometric studies have shown that type I H,O is re-
leased from the beryl crystal more readily and at lower tem-
peratures than type II H,O (Bidny et al., 2011; Fukuda and
Shinoda, 2008). The dehydration speed was observed to be
faster when Na was absent (Lodzifiski et al., 2005). Further-
more, type II H>O is released in a stepwise process by dou-
bly coordinated type II H,O first being converted to singly
coordinated type II H,O during heating and subsequently be-
ing released from the crystal entirely (Fukuda and Shinoda,
2008; Fridrichova et al., 2015). Dehydration has been ob-
served to take place once the H>O molecules are unbound
and uncoordinated and have reached a gas-like state (Aines
and Rossman, 1984; Lodziinski et al., 2005). Until the Ho,O
was eliminated from the mineral, this state was observed to
be reversible (Aines and Rossman, 1984). The high temper-
atures needed to eliminate the H,O from the structural chan-
nels of beryl are often attributed to a plugging effect caused
by the H,O molecules and alkali ions within the channels
themselves (Charoy et al., 1996; Aurisicchio et al., 1988;
Lodzifiski et al., 2005). In order to dehydrate beryl, the plug-
ging cations must either move to the channel walls or to the
2a site or have to be completely expelled from the chan-
nels to allow H>O to escape the crystal (Aines and Ross-
man, 1984). The reversibility of the gas-like state, as well
as the high dehydration temperature, can also be observed in
the unchanged type I and type II H,O features in the spectra
of Goldman et al. (1978) after heating. Likewise, no alter-
ation to the HO peaks occurred after irradiation. Although
cordierite is frequently used as a reference material for stud-
ies on beryl, its bands attributed to its type I and type Il H,O
are not only less sharp (Aines and Rossman, 1984), but beryl
also exhibits higher dehydration temperatures than cordierite
(Charoy et al., 1996; Aines and Rossman, 1984). Hu and
Lu (2020), however, observed dehydration of liquid inclu-
sions within beryl after heating above 400 °C, supposedly via
microscopic cracks in the samples. In a study by Fukuda and
Shinoda (2008), the v3 mode of type I H>O in beryl was not
altered after dehydration experiments compared to the vy and
v modes of type Il H,O, which led the authors to conclude
that the former mode is not dependent on the concentration
of H>O within beryl, whereas the latter are. However, Bidny
et al. (2011) observed the intensity of the absorption lines of
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type I H>O to decrease more strongly than those of type II
H,O after annealing at 950 °C. Furthermore, the lattice pa-
rameters of alkali-rich beryl have been reported to decrease
once H>O is removed during heating (Lodzifiski et al., 2005).
In addition, more recent heating experiments have shown the
release of H,O and other molecules or ions from the chan-
nel to lower the vibrational energy of Si within beryl, which
can be seen as a frequency shift from 1151 to 1136cm™! in
infrared (Bidny et al., 2011). Similarly, a peak in the nearby
region between 1175-1200 cm™! has been shown to shift de-
pending on the type II H,O content (Viana et al., 2002b).
The authors claim the peak is caused by interactions of the
silicate rings with the HoO molecules within (Viana et al.,
2002b). This contrasts previous studies in which the same
shift was attributed to substitutions in the crystal structure of
beryl (Aurisicchio et al., 1994).

In addition to these aforementioned two types of H>O, sev-
eral authors have suggested type III H,O species exist in
beryl (Fig. 6). Mashkovtsev and Lebedev (1993) have pro-
posed a third type of HO, resulting from H>O being coor-
dinated with heavy alkali cations such as Cs* or K*. How-
ever, according to the authors, the wavenumbers of type I and
type III H>O only slightly differ from each other, with result-
ing overlap of peaks and only two, instead of the expected
three, bands being visible in the IR spectra (Mashkovtsev
and Lebedev, 1993). This type III H>O is thought to have
the same orientation as type I H,O. The authors argue that
this is the result of the large heavy alkalis’ radii, which cause
greater distances between the heavy alkalis and the H,O
molecules they interact with (since they could only occupy
adjacent 2a sites), thus also affecting the frequencies of these
H>0 molecules to a lesser extent than would be expected
for lighter alkalis (Mashkovtsev and Lebedev, 1993). Still,
Hawthorne and Cerny (1977) found the bond strength sum
around Cs to be close to its ideal value in beryl, thus mak-
ing it unnecessary for Cs ions to bind to any H»O molecules
in the channel. Moreover, though type Il H>O is coordinated
with a nearby alkali cation (Wood and Nassau, 1967), it was
found to not necessarily be located in the immediate vicin-
ity of it (Mashkovtsev and Solntsev, 2002). Furthermore, a
study by Charoy et al. (1996) found another population of
H,O at around 3235 cm™! that did not correspond to either
type I or type II H>O and the orientation of which was iden-
tified as parallel to the channel axis by the authors (Charoy
et al., 1996). Type I H,O was assumed to be one possible
configuration for the H»O molecules inside a low-sodic, low-
hydrous aquamarine from Brazil. Nonetheless, the authors of
this study also gave an alternative explanation, suggesting the
H-H vector of the H,O molecule exhibits an inclination, in-
termediate to those observed in type I and type II H,O, of
38° to the ¢ axis of beryl (Artioli et al., 1993). In their inter-
pretation of the data obtained during a later neutron diffrac-
tion analysis on a highly sodic, highly hydrous beryl from
Ireland, the same authors argue for a strongly inclined orien-
tation with the H-H vector at 38° and one of the two possible
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Figure 5. (a) Raman spectrum of an emerald from Chitral, Pakistan, in E_Lc excitation showing Raman peaks caused by type I and type 11
H»>O (data from Hanser et al., 2022; the full Raman spectrum can be found therein). (b) The ratio between the type II HyO peak and the type
I H>O peak against the NapO and K, O contents for emeralds from different localities (modified after Huong et al., 2010; Héger et al., 2020;

Hanser et al., 2022).

O-H vectors of H,O being parallel to the ¢ axis of the beryl
crystal. This was thus proposed as a further possible way for
H;O molecules to be orientated within the channels of beryl
(Artioli et al., 1995). Another type of H,O, also referred to as
type III H>O, was proposed to be associated with Li present
in beryl (Lodzifiski et al., 2005). The existence of Li coor-
dinated with H,O is supported by other authors and used
to explain differing behaviour of H>O in beryl (Mashkovt-
sev et al., 2016; Fukuda, 2012). While some authors found
their type IT H,O spectra to be independent of the kind of al-
kali ion causing the orientation change of the H,O molecule
(Wood and Nassau, 1967), others observed lower bending
and higher stretching vibrations when H,O molecules were
coordinated with a Li instead of a Na ion (Lee et al., 2004;
Fukuda, 2012). Moreover, the substitution of Be2t by lower-
valence Li™ was proposed to be linked to H' ions (Anders-
son, 2006). Furthermore, it was suggested that unbound H,O
was also present in the channels, with its symmetry axis be-
ing unaligned and thus randomly oriented (Lodzifiski et al.,
2005). It has to be noted, however, that beryl can contain
fluid inclusions (cavities with free H>O in them), which may
be measured alongside and thus influence the FTIR spectra.
Contrary to the idea of alkali ions in the channels of beryl
compensating for charge imbalance by substitution of Al,
Si or Be by lower-valence ions, Aurisicchio et al. (1988)
proposed the presence of H3Om in the channels as charge
deficiency compensators. Compared to this, the idea of hy-
droxyl groups forming hydroxides with alkali and earth al-
kaline metal ions in the channels of beryl (Wood and Nas-
sau, 1967; Schmetzer and Kiefert, 1990) is more widely ac-
cepted. Protons were also suggested to act as charge com-
pensators (Manier-Glavinaz et al., 1989; Andersson, 2006,
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Figure 6. Proposed type III H>O orientations. The channel wall O
atoms are depicted in light red; the H>O molecules are dark red and
grey. (a) Type III H,O (according to Mashkovtsev and Lebedev,
1993) coordinated with a heavy alkali, such as Cs (purple circle).
The H>O molecule has been proposed to have the same orientation
as type I HpO. The type III H,O and the alkali each reside at a
2a site, creating a larger distance between each other compared to
H;O and a lighter alkali. (b) Type III HyO (according to Artioli et
al., 1993, 1995) with one O-H vector parallel to and the H-H vector
inclined by 38° with regard to the ¢ axis of the crystal.

2019). These may, in turn, be attached to O atoms of the
channel walls and thus form hydroxyl groups (Andersson,
2019).

In more recent studies the influence of H,O on colour was
investigated (Wang et al., 2022a, b). The authors found the
unit cell parameters a and b to correlate with the amount of
type I H>O. Furthermore, they argued that Fe>* in the chan-
nel and type II H,O combined to form Fe hydrate, giving
rise to a yellow colour and inducing a green hue in otherwise
blue beryls. However, the change in unit cell parameters was
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Figure 7. (a—f) Spectra of an emerald from Chitral, Pakistan, in the MIR and NIR ranges, recorded with FTIR and UV-Vis—NIR spectrometers
(data from Hanser et al., 2022; full spectra can be found therein). Owing to the thickness of the sample, the MIR spectra (a—b) could not be
resolved in the range relevant for HoO absorption (red area). However, absorption related to type I and type II HyO can be seen in the NIR
range of the FTIR spectra (c—d) and the UV-Vis—NIR spectra (e-f) as overtone peaks (peak assignments according to Wood and Nassau,
1967; Mashkovtsev and Smirnov, 2004; Mashkovtsev et al., 2016). Please note that some assighments may vary depending on the literature.

previously shown to be rooted in the amount of substitution
in beryl. As explained above, lower-valence substituting ions
than the original constituting components (AI3*, Si*+, Be>™)
would make charge compensation by cations, such as Nat,
necessary (e.g. Aurisicchio et al., 1988; Charoy et al., 1996;
Fridrichova et al., 2018; Andersson, 2019). The interaction
of the cation with H,O will then force it to become type 11
H;0 (e.g. Aines and Rossman, 1984; Charoy et al., 1996;
Mashkovtsev et al., 2016). Hence, the correlation between
the unit cell parameters and type I H>O is indirect and the
consequence of preceding processes. Furthermore, address-
ing Fe hydrates as a form of H>O is inaccurate. Therefore,
concluding that H>O has an effect on the colour of beryl is
misleading. In addition, as outlined above, the presence of Fe
ions in the channels of beryl remains disputed.
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Recording polarised FTIR spectra in the mid-infrared
range for the detection of absorption by HoO may pose a
problem if samples are not thin enough. This is especially of
concern for gemstones, for which a reduction of the sample
thickness is not an option. The resulting signal overflow at
the detector may not allow for the spectra to be resolvable.
Figure 7 illustrates this phenomenon (see also Hanser et al.,
2022). However, overtone peaks can be found in the near-
infrared at twice the wavenumber of the principal vibrations
and can thus confirm the presence of H,O species. These ab-
sorptions can be recorded with FTIR and even some UV-
Vis—NIR spectrometers. However, FTIR spectrometers gen-
erally have a higher sensitivity and spectral resolution for the
infrared range than UV-Vis-NIR spectrometers, which can
cause differences in peak positions when comparing spectra
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CO,
molecule

Figure 8. The orientation of the CO, molecule within the structural
channels of beryl. The channel O atoms are depicted in light red.
The CO, molecule resides in the 2a site and is orientated perpen-
dicular to the ¢ axis of the crystal (modified after Lodzifiski et al.,
2005; Fukuda, 2012; Wang et al., 2021).

from both instruments. The presence of type II H>O and its
relative intensity compared to type I H,O can also help in de-
termining the geographic provenance of a sample (Hanser et
al., 2023). The extreme case of no type I H,O being detected
with FTIR spectroscopy was shown to help in differentiating
between natural and synthetic aquamarines (Adamo et al.,
2008a).

43 CO,

In contrast to H,O, not all of the vibrational modes of CO,
are IR-active. Therefore, all but the v mode of CO; can be
seen in infrared as its vibrations corresponding to symmetric
stretching are not IR-active (Charoy et al., 1996). Further-
more, owing to its large linear dimension, the CO; molecule
occupies the 2a site in an orientation normal to the chan-
nel axis (Charoy et al., 1996; Gatta et al., 2006; Wood and
Nassau, 1967) as shown in Fig. 8. The CO, molecule was
assigned to the peak at 2360 cm™! in infrared. This absorp-
tion is observed as a strong peak in E_lc (Fukuda, 2012).
Still, in some studies, a small absorption was observed in the
same region in E||c as well (Gatta et al., 2006). However, this
may also be caused by atmospheric CO; and thus represent
an artefact (Gatta et al., 2006). Gatta et al. (2006) observed
the peak at 2359 cm™! in a polarisation E||a, whereas F.odz-
ifiski et al. (2005) give a range of wavenumbers indicating
the presence of CO5 in beryl as 2361-2359 cm™~!. This CO,-
attributed absorption is shown in Fig. 9.

However, in Raman spectroscopy, the CO,-specific peaks
are located at 1240cm™" (v;) and 1386cm™! (21,) and are
dependent on the polarisation direction being E_Lc for them
to be visible, thus confirming the perpendicular orientation
of the molecule with regard to the channel length and the
c axis of the crystal (Charoy et al., 1996; Lodzifiski et al.,
2005). Contrary to the H,O content within the channels, the
concentration of CO, was neither found to depend on the
amount of alkali ions present nor found to be as easily ex-
pelled from the crystal as H>O molecules since it was still
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Figure 9. FTIR spectra of an emerald from Chitral, Pakistan, in the
MIR range (data from Hanser et al., 2022; full spectra can be found
therein). The sharp absorption at approximately 2360 cm~! in the
E_Lc direction is attributed to CO5. The traces are offset for clarity.

present in IR spectra during heating above 1000 °C (Lodz-
ifiski et al., 2005). Still, the similar wavenumbers of CO, in
the IR absorption spectra of beryl compared to those of the
free CO;, molecule have been proposed to reflect the weak
interaction of the molecule with the surrounding structural
channels of beryl (Lodzifiski et al., 2005).

5 Conclusions

Beryl is not only an interesting mineral for mineralogists
and petrologists, but also forms an important group of gem-
stones for the gem market. As a result of multi-analysis stud-
ies, there is now a general consensus on the main features,
such as the assignment of absorption bands to trace elements
and foreign molecules. Therefore, optical absorption and vi-
brational spectroscopies have become useful, non-destructive
tools to characterise beryl and allow the identification of
the main colour-inducing trace elements like V, Cr, and Fe
and the detection of further molecules possibly present in
beryl, including H>O. This can, in turn, help to determine the
beryl variety, the possible geographic origin and to establish
growth conditions or treatments, like the exposure to natural
or artificial radiation. Nevertheless, there are other charac-
teristics, the causes of which remain under debate or are still
unknown (Table 5). This especially concerns the position, va-
lence state and influence of Fe ions on the colour of beryl, as
is reflected by the open debates on this topic in the litera-
ture. More advanced analysis techniques, such as transmis-
sion electron microscopy, electron paramagnetic resonance
and Mossbauer spectroscopy, are expected to offer new in-
sights for the study of beryl. However, they have not yet been
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Table 5. Overview of the consensus and ongoing debates found in the literature.
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Consensus

Transition metal ions

Site

Colour induced Variety

Mn octahedral (Al) pink and red morganite and red beryl
v octahedral (Al) green emerald
Cr octahedral (Al) green emerald
Alkalis Site Comments
Na channel to balance charge deficiency by substitution with lower-valence

ions than original framework components
Molecules Site Orientation Comments
H,O type I channel H-H vector parallel to the ¢ axis of beryl not coordinated with alkali
H,O type II channel H-H vector perpendicular to the ¢ axis of beryl  coordinated with alkali (Na)
COy channel O-C-0 perpendicular to the ¢ axis of beryl

Debates

Transition metal ions ~ Site Matter of debate

Fe2t octahedral (Al)*  might be too large for coordination polyhedron*
might not cause colour®
tetrahedral (Be)*  might be too large for coordination polyhedron*
might not cause colour®
tetrahedral (Si)* might be too large for coordination polyhedron*
interstitial (6g)*
channel* might not enter channel®
might induce blue colour®
Fe3+ octahedral (Al) might not cause colour®
might induce yellow colour®
tetrahedral (Be)*  might be too large for coordination polyhedron*
tetrahedral (Si)*  might be too large for coordination polyhedron®
interstitial (6g)™*
channel* might not enter channel*
might induce yellow colour®
Alkalis Site Matter of debate
Li tetrahedral* direct substitution of Be*
indirect substitution of Be (at interstitial tetrahedral site with
tetrahedral Be site vacant)™
channel* acting as charge balance*
Molecules Site Orientation Comments
H,O type IIT* channel* same orientation as type I H,O* coordinated with Li*
channel* same orientation as type [ HyO* coordinated with heavy alkali*
channel** H-H vector at 38° to ¢ axis of beryl*

* Still debated.
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able to clarify all the remaining uncertainties and, thereby,
fully settle the discussions. It must be considered that de-
ductions made on samples of one beryl variety or from one
location or occurrence only may not necessarily hold true for
all others, as the growth environments and the subsequent
availability of trace elements can differ. This also means that
seemingly opposing theories are not necessarily mutually ex-
clusive but might be based on samples which were subjected
to different growth conditions. In these cases, broader studies
with a wider variety of samples would be necessary to span
a larger variability in trace element and H,O contents. How-
ever, the availability of suitable specimens may pose a prob-
lem. This is especially true for questions concerning gem
quality samples, for which non-destructive testing is usually
an additional essential requirement.
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