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Abstract: In this study, we report the experimental findings of a multi-methodological and compar-
ative investigation of a natural (from the Wah Wah Mountains of Beaver County, Utah) and three
synthetic (hydrothermally grown) gem-quality red beryls by means of: gemmological standard
testing, laser ablation inductively coupled mass spectroscopy, infrared and Raman spectroscopy,
ultraviolet–visible–near infrared absorption spectroscopy, and single-crystal X-ray diffraction. Gem-
mological, crystallo-chemical, and spectroscopic features of the natural and synthetic stones enabled
us to unveil the causes of their color (from red, to purplish-red, or orange-red) and how different
and complementary techniques can be efficiently used to discriminate between natural and synthetic
materials, based on non-destructive, micro-destructive, and destructive techniques.

Keywords: red beryls; colored gemstones; LA-ICP-MS; IR spectroscopy; Raman spectroscopy;
UV–vis–NIR spectroscopy; single-crystal X-ray diffraction

1. Introduction

Beryl (ideal composition: Be2Al3Si6O18) is one of the most popular and expensive
colored gemstones. It occurs in a wide range of colors and has several important gemstone
varieties, including the vivid green emerald and the blue aquamarine [1]. Other popular
gem varieties of beryl are the pink morganite, the yellow heliodor, and the red beryl [1].
Beryl occurs worldwide: the leading producers of emeralds are Colombia, Brazil, and
Zambia, whereas aquamarine, morganite, and heliodor varieties mainly come from Brazil
and Africa (e.g., Madagascar, Zambia, Nigeria, Mozambique). The gemmological properties
of this mineral, including for instance the wide range of colors, are governed by its crystal
structure and crystal chemistry.

Beryl structure is hexagonal, described in the P6/mcc space group, and consists of six-
membered ring of Si tetrahedra, perpendicular to the [001] axis, linked by Al octahedra and
Be tetrahedra to form a three-dimensional framework, as shown in Figure 1. Alkali cations,
H2O, and CO2 molecules can be incorporated as ‘extra-framework’ population, within the
six-membered ring channel parallel to [001] (Figure 1). The presence of other elements, able
to replace Al, gives rise to various colors (i.e., Fe, Cr, V, and Mn for coloration in both natural
and synthetic, along with Co and Ni in synthetic beryls). However, replacement at the
tetrahedral sites (in particular at the Be site, in synthetic stones) can also take place, e.g., [2]
and references therein. Several studies have been carried out on natural and synthetic beryls
with different extra-framework populations and various cationic substitutions, e.g., [3–20].
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Figure 1. (a) The crystal structure of beryl based on the structure refinement of the samples of this
study. (b) Schematic configuration (with arbitrary ionic radii) of the channel sites along [001] obtained
for the BS1R, BS2G, and BS3G samples (i.e., with the H site) and for the BN1R sample (i.e., without
the H site).

Among the varieties of beryl used as gemstones, the rarest is the red variety [21]. In
addition to its attractive and rare color, red beryl is also unique among beryls in its geo-
logical occurrence, being the only variety found in a volcanic rhyolite as host rock [21–23].
Moreover, there is only one known commercial occurrence of gem-quality red beryl world-
wide, that is the Violet Mine, Wah Wah Mountains of south-western Utah, USA [21,22]. The
rarity of the red color in natural beryl, as well as its unique genesis and occurrence, have
contributed to generating much interest on this particular variety of beryl.

The market of beryl involves not only natural stones, but also synthetic ones. Almost
all colors of beryl can be efficiently produced by the hydrothermal method, and emeralds
are also flux grown. Synthetic red beryls have been produced in the past decades in order
to respond to the market demand [24]. The synthetic red crystals are only grown by the
hydrothermal technique, adding chromophore dopants—such as Co, Mn, Fe, and Ni—in
an alkaline growth solution [24,25].

Despite a series of papers devoted to natural and synthetic gem-quality red beryls,
e.g., [11,21,23–31], a multi-methodological and comparative investigation of natural and
synthetic samples based on gemmological analysis, chemical characterization from major
to trace-elements, vibrational spectroscopies, and structure refinements based on X-ray
diffraction techniques is still missing. In this study, we report the experimental findings
of a case-study based on a multi-methodological investigation of one natural and three
doped synthetic gem-quality red beryls by means of: gemmological standard testing, laser
ablation inductively coupled mass spectroscopy (LA-ICP-MS), infrared (IR) and Raman
spectroscopy, ultraviolet–visible–near infrared (UV–vis–NIR) absorption spectroscopy, and
single-crystal X-ray diffraction (XRD) in order to unveil the main differences between
natural and synthetic stones using different probes.

2. Materials and Methods
2.1. Samples Description and Gemmological Testing

Three synthetic gem-quality red beryl crystals, hydrothermally grown by TAIRUS Cre-
ated Gems, Co., Ltd. (Bangkok, Thailand), and belonging to the collection of the Istituto Gem-
mologico Italiano, were used for the present study (Figure 2). In details, one synthetic sample
(i.e., BS1R) is a tabular rough with dimensions of about 18.88 mm × 18.38 mm × 6.70 mm
and a weight of 18.38 ct, whereas the other two synthetic samples (i.e., BS2G and BS3G) are
faceted gems, of 4.10 and 1.41 ct, respectively. A natural, rough gem-quality, red beryl sam-
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ple (4.11 mm × 4.20 mm × 3.07 mm, 0.21 ct), detached from a multiple rough consisting of
two prismatic crystals (Figure 2) and kindly provided by the Istituto Gemmologico Italiano
(Milan, Italy), was also studied as a comparison. The sample comes from the Wah Wah
Mountains of Beaver County, Utah, the only mine worldwide of gem-quality red beryl [21].

Figure 2. The gem-quality red beryls analyzed in the present study. The rough sample (BS1R, 18.38 ct)
on the left is a hydrothermally grown synthetic beryl, as well as the two faceted samples on the right
(above BS2G, 4.10 and below BS3G, 1.41 ct). The sample in the middle is a rough of a natural red
beryl (1.91 ct in total), consisting of two crystals, the smallest of which was investigated in the present
study. BS1R dimensions: 18.88 mm × 18.38 mm × 6.70 mm.

The samples were first examined by standard gemmological methods, in order to
determine the optical properties (refractive indices, birefringence, and pleochroism), specific
gravity, ultraviolet fluorescence, and microscopic features. The refractive indices were
measured with a Krüss refractometer (A. Krüss Optronic, Hamburg, Germany) using
ordinary light source with a sodium filter (589 nm) and methylene iodide as a contact liquid
(n = 1.79). A Mettler hydrostatic balance was used to determine the specific gravity of the
stones, whereas pleochroism measurements were carried out by a calcite dichroscope. The
reaction of the samples to the ultraviolet radiation was investigated with a long (366 nm)
and short (254 nm) wavelength ultraviolet Wood’s lamp unit. A Motic GM168 dark-field
gemmological microscope (MoticEurope, Barcelona, Spain) was used for the microscopic
observations of the samples. The gemmological properties of both the faceted and rough
synthetic and natural red beryls are described in Table 1.

2.2. LA-ICP-MS Measurements

The LA-ICP-MS measurements were performed at the Department of the Materials
Science of the University of Milan-Bicocca (DMS-UniMIB), Milan, Italy. The probe com-
prises an Elan DRC-e mass spectrometer coupled with a Q-switched Nd:YAG laser source
(Quantel Brilliant), whose fundamental emission (1064 nm) is converted to 213 nm by two
harmonic generators. Helium was used as a carrier gas, mixed with Ar downstream of the
ablation cell. The spot size was 100 µm in diameter.

Calibration was performed using NIST SRM 610 glass as an external calibration sample.
The internal standardization was based on the stoichiometric content of Si, previously
measured by SEM-EDS analysis, which proved an almost ideal Si content for all the
samples. Chemical data based on the LA-ICP-MS measurements are listed in Table 2.
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Table 1. Gemmological properties of the hydrothermal synthetic and natural red beryls of this study.

Property Natural Synthetic
BNR1 BS1R BS2G BS3G

Color Purplish red Red Orange red Purplish red

Appearance Rough with a
prismatic habit

Rough with a
tabular habit

Oval shape,
mixed cut

Rectangular shape,
mixed cut

Refractive indices
nε 1.566 1.572 1.570 1.572
nω 1.574 1.580 1.578 1.580

Birefringence 0.008 0.008 0.008 0.008
Pleochroism

Parallel to c-axis Purplish red Purplish red Purplish red Purplish red
Perpendicular

to c-axis Orange red Orange red Orange red Orange red

Specific gravity 2.67 2.69 2.68 2.70
UV fluorescence Inert Inert Inert Inert

Microscopic
features Fractures

Inhomogeneous
growth

structures,
liquid veils, seed
plate of synthetic

emerald

Inhomogeneous
growth

structures,
liquid veils

Inhomogeneous
growth

structures,
liquid veils

Table 2. Chemical composition (in wt ppm) of the synthetic and natural red beryls based on LA-ICP-
MS analysis.

Elements
Natural Synthetic
BNR1 BS1R BS2G BS3G

Li 819 4021 3072 3624
Be 45,422 45,422 45,569 46,566
Na 274 1823 648 1749
Mg 3101 1780 1759 2252
Al 79,923 87,323 87,496 91,788
K 1378 125 89 38
Sc 76 28 30 19
Ti 2595 15 69 132
V <1 <1 <1 <1
Cr <1 9 20 15
Mn 3057 1477 1097 1670
Fe 21,921 14,654 8796 8822
Co <1 3404 2393 7
Ni <1 203 360 551
Cu 6 11 13 11
Zn 600 6 3 43
Ga 87 24 21 25
Rb 1319 15 4 7
Sr <1 <1 <1 <1
Y 1 <1 <1 <1
Zr 155 3 2 46
Nb 21 <1 78 111
Sn 130 <1 <1 <1
Cs 5103 209 48 134

2.3. Infrared Spectroscopy

The IR spectroscopic investigation of the stones in the near- and mid-infrared
(8000–400 cm−1) range was carried out using a PerkinElmer Frontier Fourier-transform
infrared (FTIR) spectrophotometer, at the Istituto Gemmologico Italiano, Milan, Italy. The
unpolarized room temperature IR spectra were collected on unoriented single crystals in
diffuse reflectance mode (DRIFT), using a Harrick Praying Mantis accessory and operating
at a resolution of 4 cm−1. The IR spectra are shown in Figure 3.
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Figure 3. (a,b) Infrared spectra, in the 8000–400 cm−1 range, of the three synthetic (BS1R, BS2G, and
BS3G) and of the natural (BN1R) red beryl samples. Positions of the modes ascribable to the “type I”
and “type II” H2O molecules are marked by dashed black (I) and red (II) lines, respectively. (c,d) Shift
of the Al-O and Be-O stretching modes (at about 485 cm−1 and 775 cm−1, respectively) as a function
of the Ni content (see text for details).

2.4. Raman Spectroscopy

Raman spectra of the samples were collected in backscattering configuration with
a LabRAM HR (Horiba–Jobin Yvon) spectrometer, at the DST-UniMIB, using either an
argon laser (488 nm) or a He-Ne laser (633 nm) as excitation source, in the spectral range
200–1200 cm−1. Measurements were done on faces perpendicular to the optical axis of the
beryl. The Raman spectra are shown in Figure 4.

2.5. UV–vis–NIR Spectroscopy

UV–visible diffuse optical absorption spectra were collected using a Perkin Elmer
Lambda 950 spectrophotometer (PerkinElmer, Waltham, MA, USA) at the UniMIB, equipped
with a 60 mm integrating sphere coated with Spectralon. BN1R spectrum has been collected
in reflection mode, and reflection data have been transformed according to the Kubelka–
Munk law and plotted as F(R) = (1 − R)2/2R (where R is the diffuse reflectance), with a
resulting graphical representation comparable to the absorbance spectra. The UV–vis–NIR
spectra are shown in Figure 5.
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Figure 4. Raman spectra, collected in the range 200–1200 cm−1, of the natural and synthetic red
beryls of this study. Inset: shift of the mode at ca. 681 cm−1 in response to the different substituents
at the octahedral site, in natural and synthetic samples (see text for details).

Figure 5. UV–vis–NIR spectra of the natural and synthetic red beryls, collected in the range between
300 and 800 nm. The BN1R spectrum has been collected in reflection mode and data are reported
according to the Kubelka–Munk function.

2.6. X-ray Diffraction Data Collection and Treatment

Single-crystal X-ray diffraction data were collected from four fragments of the beryl
samples under investigation. Experiments were performed at room temperature, with a



Minerals 2022, 12, 439 7 of 16

Rigaku XtaLABSynergy-i diffractometer, equipped with a PhotonJet-i MoKαmicrofocus
source and a HyPix-6000HE Hybrid Photon Counting (HPC) detector, at the Earth Science
Dept., University of Milan. A series of collection runs were optimized using an ad hoc
routine of the CrysAlisPro™ suite [32], with ω scan strategy, step size of 0.5◦ and an
exposure time per frame of 2 s, in order to maximize the reciprocal space coverage and
the quality of the intensity data. All the crystals were found to be metrically hexagonal
(Table 3). Corrections for Lorentz-polarization effects and (semi-empirical) X-ray absorption
were applied using the ABSPACK routine, implemented in the CrysAlisPro™ package [32].
The systematic extinctions were consistent with the space group P6/mcc. X-ray intensity
data were then processed with the E-STATISTICS program, implemented in the WinGX
package [33]: the statistics of distributions of the normalized structure factors showed that
the structure is centrosymmetric for all the sample (>90%). The total number of reflections
collected up to 2θmax of about 80◦, the hmax–hmin, kmax–kmin, lmax–lmin ranges, the number of
unique and ‘observed’ reflections, and the statistical parameter pertaining to the equivalent
reflections are given in Table 3.

Table 3. Details pertaining to the X-ray data collections and refinements of beryls.

BS1R BS2G BS3G BN1R

T (K) 293 293 293 293

Crystal shape Prism Prism Prism Prism

Crystal volume (mm) 0.28 × 0.20 × 0.12 0.45 × 0.37 × 0.28 0.45 × 0.45 × 0.18 0.40 × 0.35 × 0.30

Unit-cell parameters a = 9.2251(1) Å a = 9.2231(1) Å a = 9.2218(1) Å a = 9.2279(1) Å

c = 9.1877(1) Å c = 9.1927(2) Å c = 9.1894(2) Å c = 9.1904(1) Å

V = 677.14(2) Å3 V = 677.22(2) Å3 V = 676.78(2) Å3 V = 677.76(2) Å3

c/a = 0.9959 c/a = 0.9967 c/a = 0.9958 c/a = 0.9959

Space Group P6/mcc P6/mcc P6/mcc P6/mcc

Reference formula Al2Be3Si6O18 Al2Be3Si6O18 Al2Be3Si6O18 Al2Be3Si6O18

Z 2 2 2 2

Radiation type, λ (Å) X-ray, MoKα X-ray, MoKα X-ray, MoKα X-ray, MoKα

Diffractometer Rigaku
XtaLABSynergy-i

Rigaku
XtaLABSynergy-i

Rigaku
XtaLABSynergy-i

Rigaku
XtaLABSynergy-i

Data-collection method ω-scans ω-scans ω-scans ω-scans

θmax (◦) 39.3 39.2 39.2 39.3

−16 ≤ h ≤ +16 −16 ≤ h ≤ +16 −16 ≤ h ≤ +16 −13 ≤ h ≤ +13

−16 ≤ k ≤ +16 −16 ≤ k ≤ +16 −16 ≤ k ≤ +16 −16 ≤ k ≤ +16

−12 ≤ l ≤ +13 −12 ≤ l ≤ +13 −13 ≤ l ≤ +13 −16 ≤ l ≤ +16

Measured reflections 27,192 26,987 27,042 26,385

Unique reflections 638 596 647 707

Unique refl. Fo > 4σ(Fo) 569 575 622 672

Refined parameters 35 35 35 36

Extinction coeff. 0.032(2) 0.048(3) 0.052(2) 0.023(2)

RInt 0.0546 0.0351 0.0493 0.0271

R1 (F) with Fo > 4σ(Fo) 0.0198 0.0170 0.0166 0.0167

R1 (F) for all reflections 0.0276 0.0183 0.0178 0.0185
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Table 3. Cont.

BS1R BS2G BS3G BN1R

wR2(F2) 0.0423 0.0442 0.0374 0.0422

GooF 1.278 1.414 1.349 1.343

Residuals (e−/Å3) −0.4/+0.5 −0.3/+0.4 −0.4/+0.4 −0.3/+0.4

Note: Statistical parameters according to the Shelxl-2018 definition.

Anisotropic crystal-structure refinements were conducted in the space group P6/mcc
using the SHELXL-2018 software [34]. Neutral X-ray scattering factors of Si, Al, Fe, Be,
O, K, Cs, and H were taken from the International Tables for X-ray Crystallography (Vol. C)
and used for the refinement. Secondary isotropic extinction effect was corrected according
to the formalism of Larson [35], implemented in SHELXL. The starting model of the
crystalline edifice was that reported by Gatta et al. [19], with empty [001] channels and a
mixed scattering curve of (Al + Fe) to model the octahedral site, according to the chemical
composition of the samples that shows the presence of Fe and Co as main Al substituents.
For all the refinements, convergence was rapidly achieved after the first cycles, with a
series of (positive) residual peaks in the final difference-Fourier map of the electron density,
ascribable to the [001] channel population. After a series of tests, the best figures of merit
were obtained allocating the O of the H2O molecules and monovalent cations (Na, K, Cs)
as channel population. Evidence of disorder of the H2O molecules was observed, and only
in some of the refinements was it possible to allocate the H sites. After the implementation
of the channel populations, convergence was achieved and the variance–covariance matrix
showed no significant correlation among the refined variables; all the principal mean-square
atomic displacement parameters were positive. Additional details pertaining to structure
refinements are given in Table 3. Atomic coordinates and displacement parameters are listed
in Table 4. Selected interatomic distances and angles are given in Table 5. The structure
configuration based on the experimental findings of this study is shown in Figure 1.

Table 4. Refined positional and displacement parameters (Å2) of the beryl samples, based on single-
crystal XRD data. The anisotropic displacement factor exponent takes the form: −2π2[(ha*)2U11 + . . .
+ 2hka*b*U12]; Ueq = 1/3(U11 + U22 + U33).

Site
(Whyc.
pos.)

x y z Site
Occupancy U11 U22 U33 U23 U13 U12 Ueq/Uiso

BS1R
Si (12l) 0.38690(3) 0.11526(3) 0 Si 1.0 0.0051(1) 0.0045(1) 0.0049(1) 0 0 0.0026(1) 0.00477(8)
Be (6f ) 1/2 0 1/4 Be 1.0 0.0076(4) 0.0056(6) 0.0074(8) 0 0 0.0028(3) 0.0071(3)

Al (4c) 2/3 1/3 1/4 Al 0.935(3),
Fe 0.065(3) 0.0046(2) 0.0046(2) 0.0048(2) 0 0 0.00229(7) 0.0046(1)

O1 (12l) 0.30832(10) 0.23507(9) 0 O 1.0 0.0123(3) 0.0094(3) 0.0150(4) 0 0 0.0081(3) 0.0110(1)
O2 (24m) 0.49776(6) 0.14475(6) 0.14511(6) O 1.0 0.0096(2) 0.0079(2) 0.0073(3) −0.0007(2) −0.0024(2) 0.0047(2) 0.0081(1)

M (2b) 0 0 0 Na 0.050(7) 0.021(8)
Ow (2a) 0 0 1/4 O 0.42(2) 0.080(6)
H (12k) 0.1226(13) 0.0613(6) 1/4 H 0.18(5) 0.080(2)

BS2G
Si (12l) 0.38700(3) 0.11538(3) 0 1.0 0.0048(1) 0.0043(1) 0.0053(2) 0 0 0.00238(7) 0.00477(9)
Be (6f ) 1/2 0 1/4 1.0 0.0075(4) 0.0053(5) 0.0057(7) 0 0 0.0027(2) 0.0064(3)

Al (4c) 2/3 1/3 1/4 Al 0.965(3),
Fe 0.035(3) 0.0042(1) 0.0042(1) 0.0047(3) 0 0 0.00212(7) 0.0044(1)

O1 (12l) 0.30882(9) 0.23551(9) 0 1.0 0.0118(3) 0.0090(2) 0.0149(4) 0 0 0.0080(2) 0.0106(1)
O2 (24m) 0.49813(6) 0.14500(6) 0.14508(6) 1.0 0.0089(2) 0.0071(2) 0.0076(3) −0.0006(2) −0.0024(2) 0.0041(1) 0.0078(1)

M (2b) 0 0 0 Na 0.047(9) 0.05(2)
Ow (2a) 0 0 1/4 O 0.36(2) 0.086(8)
H (12k) 0.124(5) 0.062(3) 1/4 H 0.21(5) 0.086(2)
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Table 4. Cont.

Site
(Whyc.
pos.)

x y z Site
Occupancy U11 U22 U33 U23 U13 U12 Ueq/Uiso

BS3G
Si (12l) 0.38707(3) 0.11541(3) 0 1.0 0.00487(9) 0.00428(9) 0.0055(1) 0 0 0.0024(1) 0.00484(7)
Be (6f ) 1/2 0 1/4 1.0 0.0080(4) 0.0062(5) 0.0070(6) 0 0 0.0031(2) 0.0073(2)

Al (4c) 2/3 1/3 1/4 Al 0.961(3),
Fe 0.039(3) 0.0044(1) 0.0044(1) 0.0055(2) 0 0 0.00219(6) 0.0047(1)

O1 (12l) 0.30867(8) 0.23540(8) 0 1.0 0.0118(2) 0.0093(2) 0.0151(3) 0 0 0.0082(2) 0.0108(1)
O2 (24m) 0.49803(5) 0.14498(5) 0.14512(5) 1.0 0.0091(1) 0.0073(1) 0.0076(2) −0.0006(1) −0.0024(1) 0.0043(1) 0.0079(1)

M (2b) 0 0 0 Na 0.051(6) 0.022(7)
Ow (2a) 0 0 1/4 O 0.36(2) 0.072(6)
H (12k) 0.126(2) 0.063(5) 1/4 H 0.28(4) 0.072(2)

BN1R
Si (12l) 0.38671(3) 0.11503(3) 0 1.0 0.0051(1) 0.0046(1) 0.0046(1) 0 0 0.00252(7) 0.00473(6)
Be (6f ) 1/2 0 1/4 1.0 0.0078(4) 0.0059(5) 0.0061(4) 0 0 0.0029(2) 0.0068(2)

Al (4c) 2/3 1/3 1/4 Al 0.936(3),
Fe 0.064(3) 0.0044(1) 0.0044(1) 0.0042(2) 0 0 0.00221(6) 0.00435(11)

O1 (12l) 0.30927(9) 0.23565(8) 0 1.0 0.0117(3) 0.0092(2) 0.0142(2) 0 0 0.0078(2) 0.01056(11)
O2 (24m) 0.49795(5) 0.14469(5) 0.14517(5) 1.0 0.0092(2) 0.0072(2) 0.0065(1) −0.0006(1) −0.0024(1) 0.0042(1) 0.00757(8)

M (2b) 0 0 0 K 0.021(6) 0.07(3)
M’ (4e) 0 0 0.174(11) Cs 0.0011(8) 0.023(5)
Ow (2a) 0 0 1/4 O 0.115(12) 0.02(3)

Table 5. Relevant bond distances (Å) and angles (◦) based on single-crystal XRD structure refinements.

BS1R

Si-O1 1.5964(7) Ow-H 0.98(1)
Si-O1′ 1.5969(7) M↔ Ow 2.29692(3)

Si-O2 (x 2) 1.6184(6) M↔ O1 2.5738(6)
Be-O2 (x 4) 1.6552(5)
Al-O2 (x 6) 1.9164(5)

BS2G

Si-O1 1.5958(6) Ow-H 0.99(4)
Si-O1′ 1.5966(7) M↔ Ow 2.29817(5)

Si-O2 (x 2) 1.6198(6) M↔ O1 2.5776(5)
Be-O2 (x 4) 1.6559(5)
Al-O2 (x 6) 1.9141(5)

BS3G

Si-O1 1.5959(6) Ow-H 1.00(4)
Si-O1′ 1.5969(6) M↔ Ow 2.29735(5)

Si-O2 (x 2) 1.6189(5) M↔ O1 2.5760(6)
Be-O2 (x 4) 1.6555(4)
Al-O2 (x 6) 1.9139(4)

BN1R

Si-O1 1.5954(6) M↔ Ow 2.29761(3)
Si-O1 1.5959(6) M’↔ Ow 0.69(10)

Si-O2 (x 2) 1.6210(4) M↔M’ 2.99(10)
Be-O2 (x 4) 1.6543(4) M’↔M 1.60(10)
Al-O2 (x 6) 1.9163(4) M↔ O1 2.5821(7)

M’↔ O1 3.04(5)

3. Results and Discussion
3.1. Gemmological Properties

The natural red beryl crystal here investigated (i.e., BN1R) is a semi-transparent rough,
showing a purplish red color (Figure 2). The color of the synthetic samples (i.e., BS1R,
BS2G, and BS3G) ranges from red, to purplish-red, or orange-red (Figure 2). All of the
samples are uniaxially negative, with refractive indices ω ranging from 1.572–1.580 and
ε 1.564–1.570, with a birefringence of 0.010, and the measured specific gravity ranges
from 2.67 to 2.70 g/cm3. These values are in agreement with those reported in the litera-
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ture [1,21,24,25]. All the samples are not fluorescent in short/long wavelength ultraviolet
radiation. When viewed with a dichroscope, all the faceted samples exhibit a moderate to
strong, purplish-red (nε) and orange-red (nω) dichroism, as previously observed for red
beryls [24]. When observed with a gemmological microscope, the synthetic samples are
easily distinguishable from the natural counterpart. In particular, the most distinctive and
diagnostic visual features of the hydrothermal synthetic red beryls are the strong inhomoge-
neous growth structures, with a chevron-like pattern. This internal growth zoning is typical
of hydrothermal synthetic beryls, as is well-known in the literature [24,25]. Moreover, the
synthetic red beryls of this study contain liquid veils and, in the rough sample, there is also
a seed plate consisting of a synthetic emerald, which is another distinctive feature of the
hydrothermal growth [24]. On the contrary, the natural beryl sample did not contain any
of these inclusions, but it was characterized by numerous healed and unhealed fractures,
which are common in natural red beryl [21,24].

3.2. Chemical Composition

The natural red beryl of this study is characterized by a number of minor and trace
elements. Considering the transition metals, the most abundant are Fe (i.e., 21,921 wt ppm)
and Mn (i.e., 3057 wt ppm), the latter playing an important role in determining its red
color [11,21,24] (Table 2). The sample also contains Ti (i.e., 2595 wt ppm) and Zn (i.e.,
600 wt ppm), Zr (i.e., 155 wt ppm), and Sc (i.e., 76 wt ppm), in agreement with the results
of Shigley and Foord [21]. Considering the alkaline and alkaline-earth elements, the most
relevant ones are Cs (i.e., 5103 wt ppm), Mg (i.e., 3101 wt ppm), K (i.e., 1378 wt ppm), and
Rb (i.e., 1319 wt ppm) (Table 2), in agreement with the chemical composition of the natural
red beryl reported by Aurisicchio et al. [11] and Shigley and Foord [21]. In particular,
Aurisicchio et al. [11] considered the red beryl from Utah as a K-rich beryl, with potassium
from the volcanic alkali rhyolite (see also the chemical analysis of rhyolite in Shigley
and Foord [21]). Li and Na are also present, although in modest fractions (i.e., 819 and
274 wt ppm, respectively) (Table 2). The relatively low content of Na in natural red beryl,
if compared to other varieties of beryl, is a distinctive feature of this variety [21] (Table 2).
The occurrence of this suite of minor and trace elements—in addition to the lower but
significant fractions of Nb, Sn, and Ga—is very distinctive and peculiar among the different
variety of natural beryls (Table 2). Indeed, its particular chemical composition reflects the
unique geological occurrence of the natural red beryl, which is influenced by the rhyolite
host rock [21].

The hydrothermal synthetic red beryls contain Fe and Mn, as the natural counterpart,
although in lower amounts (i.e., Mn: 3057 wt ppm in natural vs. 1097–1670 wt ppm in
synthetics; Fe: 21,921 wt ppm in natural vs. 8796–14,654 wt ppm in synthetics) (Table 2), in
agreement with the results of Henn and Milisenda [25] and Shigley et al. [24]. In addition to
Fe and Mn, the synthetic red beryls of this study contain significant fraction of Ni (i.e., from
203 to 551 wt ppm) and, for two of them, also of Co (i.e., 3404 and 2393 wt ppm, respectively
for BS1R and BS2G) (Table 2). In particular, the sample showing the higher Ni content is that
with the lower amount of Co (i.e., BS3G) (Table 2). Ni and Co are always substantially absent
in the natural red beryl and are considered the most diagnostic elements for identifying
synthetic red beryls (Table 2), as previously reported in the literature (e.g., [21,24,25]). We
also detected little fraction of Cr in all the synthetic stones (Table 2), as already reported in
Shigley et al. [24]. Cu and V are instead virtually absent in our synthetic samples (Table 2).
Low fractions of Ti (i.e., 15–132 wt ppm), Sc (i.e., 19–30 wt ppm), and Zn (i.e., 3–43 wt ppm)
were also measured (Table 2). Concerning the alkali elements, the synthetic stones show
a relatively high fraction of Li (i.e., 3072–4021 wt ppm) and Na (i.e., 648–1823 wt ppm),
higher than what measured in the natural red beryl (Table 2).

We are inclined to believe that these relatively high fractions of Li and Na, in the syn-
thetic samples, likely reflect the alkali-bearing growth solution used for the synthesis proce-
dure. For the same samples, the infrared spectra show the occurrence of the alkali-related
“type-II” H2O, described in the next section. Mg is also present (i.e., 1750–2252 wt ppm)
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in our synthetic samples, whereas the fraction of K in the synthetic samples is drastically
lower if compared to the natural counterpart (i.e., K: 1378 wt ppm in natural vs. 38–125 wt
ppm in synthetics) (Table 2).

3.3. Infrared Spectra

The crystal structure of beryl is described in the hexagonal space group P6/mcc (D2
6H),

with two formula units per unit cell, and a total of N = 58 atoms per cell [36,37]. Without
considering possible contributions from the channel population, a total of 3·N = 174 normal
modes are predicted, out of which 38 modes are IR active (6A2u + 16E1u), 65 modes are
Raman active (7A1g + 13E1g + 16E2g), 68 modes are inactive (9A2g + 7B1g + 6B2g + 5A1u +
9B1u + 8B2u + 12E2u), and 3 modes correspond to rigid translation of the crystal (A2u + E1u);
all of the E modes are doubly degenerate [38]. As a result, the IR and Raman spectra of
beryl are quite complex.

The infrared spectra from 8000 to 400 cm−1 of the samples here investigated are
shown in Figure 3. The fundamental vibrational modes of H2O molecules, trapped in
the beryl structural channels, can be observed between 4000 and 3500 cm−1, which is
the range of the stretching modes of H2O, and between about 1500 and 1600 cm−1, the
range of the deformation mode of the molecule [4,5]. In particular, the frequencies of these
fundamental vibrations allow us to classify the H2O molecules in the beryl channels as
“type I” H2O, i.e., H2O molecules with H-H vector parallel to [001]; and “type II” H2O,
i.e., H2O molecules with the H-H vector perpendicular to [001] [4,5]. The IR spectra of the
hydrothermal synthetic red beryls of this study (i.e., BS1R, BS2G, BS3G) are characterized
by strong absorption features of H2O molecules with both “type I” (i.e., 3695, 3555, and
1542 cm−1) and “type II” (i.e., 3655, 3595, and 1628 cm−1) configurations [4,5,38–42], with
similar intensities of their fundamental vibrational bands. The presence of both types of
H2O in the synthetic samples is also in agreement with their chemical compositions, and in
particular due to alkalis occurring as channel population [4,5,11,38], interacting with the
H2O molecules.

Conversely, the natural red beryl here investigated displays very weak H2O absorption
features: low intensity peaks at 3694 and 1542 cm−1, ascribable to “type I” H2O, and at
1628 cm−1, ascribable to “type II” H2O configuration [4,5,39–43]. The very low intensity
of the fundamental vibrations of H2O reflects the very low water content in natural red
beryl, due to its peculiar genetic conditions [4,5,11,21]. In particular, Shigley and Foord [21]
measured only 0.36 wt % of H2O in the red beryl from Utah, in contrast to the other varieties
of beryl that show higher content of H2O.

The presence of molecular H2O in both the orientations—i.e., “type I” and “type II”—can
be also confirmed on the basis of the overtones and recombination bands of H2O in the
spectral range between 8000 and 4000 cm−1. In the synthetic samples of this study, we
observed absorption bands related to “type I” H2O at 7143, 6820, 5450, 5275, and 5107 cm−1

and to “type II” at 7107, 7079, and 5275 cm−1 [4,5,42–44]. In the natural red beryl, these
combination bands and overtones of H2O are not detectable, in agreement with the very
low content of water in this crystal.

According to Wood and Nassau [5], the spectral region <2200 cm−1 is populated by
the so-called crystal vibrations (‘lattice modes’), including modes involving breathing of the
six-membered rings, Si-O, Al-O, and Be-O bending and stretching. We have analyzed the
isolated Al-O and Be-O stretching modes at about 485 cm−1 and 775 cm−1, respectively, to
infer crystal distortions arising from heteroatomic substitution in octahedral and tetrahedral
coordination, respectively [41,45,46]. It is worth noting that any potential substitution at the
Al site is expected to have a significant effect not only on the vibrational modes pertaining
to the octahedral AlO6 unit, but also on the adjacent BeO4 tetrahedral units. AlO6 and
BeO4 units are mutually connected, by edge sharing, to give large 12-membered rings,
lying on (001) (Figure 1). As shown in Figure 3b,c, for both the modes at about 485 cm−1

and 775 cm−1, we observe a shift toward lower wavenumbers with increasing the nickel
concentration, with Ni concentration being almost irrelevant in the natural sample (i.e.,
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<1 wt ppm BNR1) and with a significant and increasing concentration in the synthetic
stones (i.e., 203 wt ppm BS1R, 360 wt ppm BS2G, 551 wt ppm BS3G) (Table 2). This
experimental finding indicates that the Al vs. Ni substitution affects the vibrational modes
of the AlO6 octahedral and BeO4 tetrahedral units [47,48].

3.4. Raman Spectra

The Raman spectra of the four samples of this study are shown in Figure 4. The
observed bands are in accordance with those reported in the literature [36,41]. The spectral
region below 1500 cm−1 is characterized by crystal vibrations, including active Raman
modes involving breathing of the six-membered rings, Si-O, Al-O, and Be-O bending and
stretching. The main peak at about 680 cm−1 has been attributed either to an E1g or to
an E2g mode [37,45]. According to these interpretations, this stretching mode involves
the contribution of the relative motion of the tetrahedrally coordinated Be atoms and the
octahedrally coordinated Al atoms, bonded to O atoms. However, the motion of the six-
membered ring of SiO4 tetrahedra also partly contributes to this signal, as confirmed by ab
initio calculation [41]. This peak is spectrally shifted toward lower wavenumbers in highly
substituted beryls and/or in absence of molecular H2O in the channels [49]. Actually,
natural samples from Utah, due to their unconventional magmatic origin, have both these
features [50]. As expected, the main Raman peak of the sample BN1R lies at 681 cm−1,
about 3 cm−1 less than those observed for the other synthetic samples (inset of Figure 4).

3.5. UV–vis–NIR Spectra

From a gemmologist perspective, elemental substitutions at the octahedral or tetrahe-
dral sites are important as they control the visible optical properties of red-colored beryls.
The different colors of the sample set of this study offer the opportunity to analyze the main
causes of red and pink colors of natural or synthetic beryls. The natural sample of this study
(i.e., BN1R) is characterized by an irregular shape and by the presence of a layer of residual
rhyolite host rock, as commonly found in beryls from Utah [50]. Thus, the UV–vis spectrum
of this sample has been collected in reflection mode, as there was no clear area for in-line
transmission measurements. The spectrum, after the Kubelka–Munk transform, is shown
in Figure 5 and contains the distinguishing absorption bands of Mn3+ in octahedral coordi-
nation [51]. This absorption is characterized by two broad bands centred at about 480 nm
and 550 nm ascribable to 5E(D)→ 3T1(H) and 5E(D)→ 5T2(d) transitions, respectively. Two
additional peaks are present in the spectrum at about 430 nm (i.e., 6A1(S)→ 4A1(G)) and
370 nm (i.e., 6A1(S)→ 4T2(D)), both ascribable to Fe3+ in octahedral coordination [52].

Similar features have been observed even for the synthetic sample BS3G (Figure 5).
This synthetic beryl has a very low content of Co and is rich in Ni and Mn (Table 2). The
absorption spectrum shows a main contribute attributable to Mn3+ and minor contributes
to Ni3+ and Fe3+ at 410 nm (i.e., 4T1g(F)→ 2A1g(G)) and 370 nm (i.e., 6A1(S)→ 4T2(D)),
respectively [29,52]. By contrast, the other two synthetic samples (i.e., BS1R and BS2G)
show the typical absorption signal of Co2+ in octahedral coordination, with an intense
peak at 450 nm (i.e., 4T1g(F)→ 4T1g(P)) and a structured band in the range of 500–600 nm
(i.e., 4T1g(F)→ 4A2g(F) + 2T1g(G)) [29,30], along with contributions from Ni3+ and Fe3+ as
previously described (Figure 5). Cobalt is one of the common dopants used to generate
red coloration in synthetic beryls, and its UV–vis absorption features are considered a clear
indication of the artificial origin of a gem [24]. However, the red hue of Co-doped samples
is deeper than the typical red of natural beryls, while higher levels of Mn doping better
mimic the pinkish color of the natural samples.

3.6. Crystallographic Data

The general structure model of the four beryl samples here investigated is in good
agreement with that previously reported in the literature. It is worth noting that all the
samples show potential substituents at the octahedral Al (4c) site (e.g., Fe + Co vs. Al),
the three synthetic samples (i.e., BS1R, BS2G, BS3G) show a channel population mainly
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represented by Na + H2O, whereas the natural sample (i.e., BN1R) is represented by K + Cs
+ H2O (Table 4).

All the beryl samples here investigated lie between the ranges ascribed to “octahedral
beryls” (i.e., with c/a = 0.991–0.996) and “normal beryls” (i.e., with c/a = 0.999–1.003) [11]
(Table 3). None can be ascribed to the “tetrahedral beryl” (i.e., with c/a = 0.997–0.998) [11]
(Table 3). This implies that the only significant effects, in response to cationic substitution,
are those pertaining to the octahedral Al (4c) site (Table 4). Accordingly, all the structure
refinements show that the Al (4c) site is populated by Al and by a low, but significant,
fraction of Fe (or Fe + Co), consistently with the chemical compositions of the samples
obtained by LA-ICP-MS (Table 2). Other potential substitutions at the tetrahedral site
Be (6f ), e.g., Li vs. Be, do not generate any effect that is detectable by X-ray diffraction
(Tables 2 and 4).

The c/a ratio reflects the effects of cation substitution at the unit-cell level. However,
more direct evidence is provided by the bonding configuration of the coordination poly-
hedra. The (Fe + Co) vs. Al substitutions at the octahedral Al (4c) site generates a change
of the (average) Al-O2 distances (Table 5). The ideal Al3+-O, Fe3+-O, and Co2+-O bond
distances, with octahedral coordination configuration, are ~1.904, ~2.016, and ~2.130 Å,
respectively [11,20,53,54]. The refined bond distances for the four samples here investigated
range between 1.9139(4) and 1.9164(5) Å, suggesting the presence of Fe (+Co) at the octahe-
dral Al (4c) site (Table 5). In addition, it is possible to correlate the average bond distance
value and the (Fe + Co) content: the shortest distance (1.9139(4) Å, Table 5) is observed for
the sample with the lowest Fe + Co content (i.e., with ~9000 wt ppm, sample BS3G, Table 2),
a slightly longer distance (i.e., 1.9145(5) Å, Table 5) for the mid Fe+Co content (i.e., with
~11,400 wt ppm, sample BS2G, Table 2), and the longest distance (i.e., 1.9164(5) Å, Table 5)
for the highest Fe + Co content (i.e., ~18,700 wt ppm, sample BS1R, Table 2). It is worth
noting that the natural sample (i.e., BN1R) contains substantially only Fe3+ (i.e., ~21,000 wt
ppm, Table 2), and its refined Al-O2 distance is 1.9163(4) Å (Table 5): a virtually identical
bond distance is generated either by ~21,000 wt ppm of Fe3+ or by [15,000 wt ppm Fe3+ +
3700 wt ppm Co2+].

The cationic substitution at the octahedral sites does not generate any significant effect
on the displacement regime of the Al (4c) site: the differences in magnitude and shape of
the anisotropic displacement parameters (here described in the form: −2π2[(ha*)2U11 + . . .
+ 2hka*b*U12]) are not significant (Table 4).

The channel population of the three synthetic samples is consistently modeled with
one site populated by Na (i.e., M (2b) at 0,0,0, Table 4), one site populated by the oxygen
atom of the H2O molecule (i.e., Ow (2a) at 0,0,1/4, Table 4), and one additional site pop-
ulated by H (i.e., H (12k), 2x,x, 1/4), in plane with the Ow site and with Ow-H distances
~1 Å (Tables 4 and 5). All the channel sites were modeled with isotropic displacement
parameters, even in response of their partial site occupancy. As usually found in H2O-
bearing beryl, the H2O molecule shows a disordered configuration, because of its point
symmetry (i.e., 2mm) and that of the beryl structure along [001] (e.g., [19,55]). Of the two
aforementioned disordered configurations (i.e., “type I”, with O atom lying on the 6-fold
axis, H out of plane and H-H vectors oriented almost parallel to [001]; “type II”, with O
atoms on the 6-fold axis, H atoms in plane and H–H vectors on (001)), the structure model
here obtained for the beryl samples BS1R, BS2G, and BS3G is more compatible with the
presence of the “type II” H2O, despite the geometry of the molecule cannot be entirely
described, due to the disorder. For these three samples, the M-Ow distance (i.e., Na-OH2) is
about 2.297–2.298 Å and the M-O1 about 2.574–2.578 Å (Table 5).

More complex is the configuration of the channel sites of the natural sample BN1R. In
this case, the oxygen of the H2O molecule lies at the 2a site, as for all the other samples, but
the cation population consists of one site mainly occupied by K (M(2b) at 0,0,0, Table 4) and
an additional site mainly occupied by Cs (i.e., M’(4e) at 0,0,z, Table 4). All the sites are here
modeled with partial site occupancy and isotropic displacement. In this case, it was not
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possible to locate any H site. The refined M↔ Ow distance is about 2.298 Å, the M↔ O1
distance of ~2.582 Å and M’↔ O1 of ~3.04 Å (Table 5).

4. Conclusions

In this multi-methodological and comparative study, we have reinvestigated the
gemmological, crystallo-chemical, and spectroscopic features of one natural and three
synthetic red beryls, the causes of their color (from red, to purplish-red, or orange-red) and
how different and complementary techniques allow to efficiently discriminate between
natural and synthetic gemstones. On the basis of the experimental findings of this case-
study, some concluding remarks can be given:

- The gemmological properties of the stones under investigation allow us to distinguish
the synthetic samples from the natural counterparts, as proved by the observation un-
der the gemmological microscope. The most distinctive features of the hydrothermal
synthetic stones are the strong inhomogeneous growth structures, with chevron-
like patterns.

- Chemical data of the natural and synthetic stones of this study show significant (and di-
agnostic) difference for the minor/trace elements content (i.e., from 102 to 104 wt ppm,
Table 2), in particular for the transition metals as Fe3+, Mn3+, Co2+, Ti4+, and Ni3+. Ni3+

and Co2+ are always substantially absent in the natural red beryl and are considered
the most diagnostic elements for identifying synthetic red beryls. Significant differ-
ence pertains also to the alkalis content: the synthetic stones show a relatively higher
fraction of Li+ (i.e., 3–4·103 wt ppm, Table 2) and Na+ (i.e., 0.6–1.8·103 wt ppm, Table 2)
if compared to the natural red beryl (i.e., Li+ 0.8·103 wt ppm, Na+ 0.3·103 wt ppm)
(Table 2), whereas the fraction of K+ in the synthetic samples is drastically lower (i.e.,
0.04–0.12·103 wt ppm) than the natural one (i.e., 1.4·103 wt ppm) (Table 2). As proved
by UV–vis–NIR spectroscopy, cobalt is one of the common dopants used to generate
red coloration in synthetic beryls, and its occurrence is considered a clear indication of
the artificial origin of a gem. In addition, the red hue of Co-doped samples is deeper
than the typical red of natural beryls, while higher levels of Mn3+ better mimic the
pinkish color of the natural samples.

- Vibrational spectroscopy data, collected on the natural and synthetic red beryls of
this study, provide a series of complementary information. Raman spectra proved
how local structural distortions, generated by heteroatomic substitution in octahedral
coordination, can be efficiently detected even when generated by transition metals
with modest concentration (i.e., Ni3+ 2–5·102 wt ppm, Table 2). IR spectra provide
evidence about the presence (and, therefore, the content), the orientation and the
interaction of the structurally incorporated H2O molecules, lying into the [001] channel.
Natural red beryls from Utah have a very low H2O content if compared to other
varieties of natural beryls and to the synthetic ones of this study, and its IR spectrum
clearly shows that.

- Chemical and crystallographic data consistently show that, for all the samples (natural
or synthetic) here investigated, the potential substituents at the tetrahedral sites,
occupied by Be (6f ) and Si (12l), are only modest, at least for the natural sample. A
significant fraction of Li is observed in the synthetic samples (i.e., 3–4·103 wt ppm,
Table 2), and we cannot exclude a replacement of Be, though with no crystallographic
evidence. In contrast, Al at the octahedral site (4c) is partially replaced by elements
with higher atomic number: Fe, Co, and Mn (along with Ti for the natural and Ni
for the synthetic stones), and the effect of such a replacement is manifested at the
unit-cell level (with c/a ranging between the domain of the “octahedral beryls”)
and at the atomic level (in terms of electron density at the 4c site and Al-O bond
distances, Tables 4 and 5). The similar atomic number of Mn, Fe, and Co (and Ni)
does not allow any reliable discrimination among these transition metals in X-ray
structure refinements, but the aggregate effect of these substituents is observable (e.g.,
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a virtually identical Al-O2 bond distance is generated either by ~2.1·104 wt ppm of Fe
or by ~1.5·104 Fe + 0.4·104 Co wt ppm).
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