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ABSTRACT

The oxidation states and coordination environment of Fe in 4 aquamarine samples with different color shades
were studied. The C axis along with plane A and plane C of the samples were identified and the measurements
were made with plane A oriented facing incoming beam and plane C oriented facing incoming beam. NIR and
Raman spectroscopy were employed to confirm the structure of the samples. XRD was used to confirm the
polished faces. UV-Vis and X-ray absorption near edge structure (XANES) were used to identify the presence of
both Fe?* and Fe®* in the samples. The results indicated that Fe resided predominantly in 6-fold coordinated
sites and the deep blue shade depended on the amount of Fe?™ in 6-fold coordinated sites. The effect of di-
chroism was noticeable in NIR, Raman spectroscopy, UV-Vis and XANES. Clearer Raman bands were observed
when samples were oriented with plane A facing laser source. NIR and UV-Vis analysis could benefit from the
complementarity of spectra measured from both orientations. Discrepancies between XANES spectra measured

from the two orientations could lead to uncertainties in obtained values of oxidation states.

1. Introduction

Gemstones are natural inorganic materials with physical features
such as their lusters and colors which considered high aesthetic value.
They are also durable which make them practical ornament pieces in
various jewelry. Some gemstones are rare which puts them on high
demands thus high commercial values. As price of gemstones markedly
depends on their types and colors. The origins of colors in various
gemstones were extensively studied.

Aquamarine is one of the important gemstones because of its rarity
especially the deep blue color aquamarines which are most valuable.
Aquamarines belong to a beryl mineral family (Be3Al,SicO;g) and a soft
texture gemstone group with a hexagonal crystal system. Beryl can be
found in many colors and often named after their colors, including
emerald (green), aquamarine (blue-green), morganite (pink), and he-
liodor (yellow). The structure of beryl consists of layers of cyclic sili-
cates SigO;g connected to AI®* forming octahedral sites and connected
to Be?* forming tetrahedron sites as shown in Fig. 1. The layers of
cyclic silicates are stacked along the C axis (optical axis) creating
channels which are often filled by water (type I H,O and type II H,0),
carbon dioxide, or alkali ions (Deer et al., 1997). The cations can also be
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found in 6-fold coordinated interstitial sites located between two oc-
tahedral sites along the C axis.

Color variation in beryl has been extensively theorized. The
common conclusion involved transition metals replacing AlI** in octa-
hedral sites or transition metals filling channel sites. It has been re-
ported that the blue color of aquamarine originated from the presence
of Fe2* in channel sites (Goldman et al., 1978). Wood and Nassau
(1968) and Adamo et al. (2008) reported that vt replacing AIRY in
octahedral sites caused green color, Cr*™* replacing AI** caused intense
green color, and that beryl became colorless when Fe?* replaced AI®*.
Deer et al., (1997) reported that Fe** replaced AI** also produced
yellow beryl. Wood and Nassau (1968) found that pink beryl originated
from Mn?" replacing AI** together with Mn?" filling channel sites.
And when AI** was replaced by Mn®* the color became red. In addi-
tion, Fe?"/Fe" inter-valence charge transfer (IVCT) could produce
intense blue (Taran and Rossman, 2001), O®>~ /Fe®* charge transfer
could produce intense yellow (Fritsch and Rossman, 1988) and color
center theory could be used to explain the deep blue shade (Nassau
et al., 1976).

Dichroism in a gemstone as seen from visible light results in 4 types
of refraction including single refraction, double refraction, aggregate or
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Fig. 1. Crystal structure of beryl (Be3Al,SigO;g) projected on (a) basal plane
{0001} and (b) prismatic plane {1010}. The green, light blue, blue and red
colors represent Be, Al, Si and O atoms, respectively. The unit cell is denoted by
black lines. Dashed lines describe the octahedral sites which could also be oc-
cupied by other atoms such as Fe>*, Cr** and V3. Ring channels on channel
sites are shown by yellow squares which could be occupied by ions or molecules
such as CO,, H,0, Na*, K™, Cs* and Fe? ™. (For interpretation of the references
to color in this figure legend, the reader is referred to the Web version of this
article.)

polycrystalline and anomalous double refraction. As beryl is hexagonal,
it consists of 2 unequal axes and the refraction property is uniaxial
double refraction. This means when the beam of light passes through
the structure, it splits into two rays, ordinary and extraordinary rays.
The effect of dichroism has also been reported for x-rays. Uniaxial
minerals such as buergerite and scapolite and biaxial minerals such as
epidote and fayalite showed different X-ray absorption near edge
structure (XANES) spectra with respect to their orientations
(Waychunas and Brown, 1990 and Dyar et al., 2002). As dichroism
could lead to errors in data interpretation, its effect should be con-
sidered when optical or structural properties were determined using
various techniques employing light across wavelengths.

In this work, oxidation states and coordination environments of Fe
in aquamarine samples with different color shades were investigated. X-
ray absorption spectroscopy (XAS) is a well-established analytical
technique used extensively for understanding atomic local structure as
well as electronic states. The technique is used to study oxidation states
of transition metals as well as other impurity elements, symmetry sur-
rounding probed elements, and neighboring environments such as co-
ordination numbers and bond distances. The link between color and
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local structures of Fe could lead to insights into the gemstones’ color
and useful to gemstone treatment process improvement. The effects of
dichroism to Ultraviolet-Visible spectroscopy (UV-Vis), Near infrared
spectroscopy (NIR), Raman spectroscopy and XAS of aquamarine are
discussed.

1.1. Experimental methods

Four aquamarine samples from Africa were selected: AQ01, AQ02-1,
AQO02-2, and AQO03. All samples were of different color shades as shown
in Fig. 2. AQ02-1 and AQ02-2 were cut from the same crystal to double
check the method as they should produce similar results. C axes of all
samples were identified using polarize scope before the samples were
cut and polished. For AQO3, its natural faces were used as a guideline
for polishing. Then, XRD was used to confirm obtained crystal planes of
the samples related to their faces. X-ray data were collected with Ri-
gaku SmartLab diffractometer in the range of 10-50 in 26 by a step-
scanning mode, with a step size of 0.02, and a count time of 10 s per
step. The measurements were carried out with Cu-Ka radiation oper-
ating at 40 kV and 40 mA.

Raman spectroscopy measurements were performed using Bruker
Senterra II spectrometer system. Peaks in Raman spectrum correspond
to vibration frequencies of specific molecular bonds. This technique can
be used to identify types of molecules and study chemical bonding and
intramolecular bonds. Each sample was measured at 8 locations using a
dispersive Raman microscope and averaged. Spectra were acquired
with a laser wavelength of 532 nm, power of 50 mW, 50X magnifica-
tion, and 10 repeated measurements were made for each position with
10 s exposure time.

UV-Vis-NIR spectrophotometer is an instrument which measures
the intensity of light in the UV, visible and near-IR region that pene-
trates or is absorbed by samples. It can be used as a fingerprint to
specify types and densities of compounds contained in samples. In this
work, UV-Vis-NIR Spectra were recorded using PerkinElmer LAMBDA
950 which is a high-performance UV/Vis/NIR spectrophotometer em-
ploying deuterium and tungsten halogen light sources. UV-Vis-NIR
spectra were measured in transmission set up with integrating spheres
covering 250-2000 nm range. All measurements were taken at room
temperature using unpolarized light sources.

XANES provides information about oxidation states, electronic
structures, and symmetries of probed elements. Fe K-edge XANES
spectra were recorded at BL1.1W MXT of the Synchrotron Light
Research Institute (SLRI), Thailand. As Fe concentration in aquamarine
is low, the measurements were made in fluorescence-mode using 19-
element Ge detector. The X-ray aperture size was 3 mm X 4 mm. The
face of samples were placed at an angle of 45° to both the incident beam
and the fluorescence detector for measurements. Standard materials
representing Fe®, Fe>* and Fe>* including Fe foil, FeO and Fe,O3, were
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Fig. 2. Aquamarine samples with different color shades studied in this work. AQO1 is blue. AQ02-1 and AQ02-2 are light blue. And AQO03 is bluish green. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 4. Uniaxial double reflection of aquamarine samples as seen from a polarize scope. AQ01, AQ02-1, AQ02-2, and AQO03 are arranged from left to right.

measured in transmission mode. The ionization energy (EO) used was
7112 eV with a scan range from 150 eV below EO to 200 eV above EO
and a collection time of 1 s per point.

From a preliminary test, the XANES spectra obtained from samples
which were aligned with C axis parallel and perpendicular to the po-
larization of x-rays were similar. Noticeable changes could be observed
when samples were aligned with C axis perpendicular to polarization
but with plane A facing incoming x-rays and plane C facing incoming x-
rays as shown in Fig. 3. Thus, all measurements were made according to
these orientations.

2. Results and discussion

Double reflection was observed for all samples as shown in Fig. 4.
The photographs were taken from a polarize scope and typical crosses
on the plane C characteristic of uniaxial reflection confirmed the hex-
agonal structure of aquamarine and that plane C was correctly identi-
fied.

The XRD results are shown in Fig. 5. XRD patterns of beryl JCPDS-
00-009-0430 was used as a reference pattern. The XRD patterns mea-
sured with plane A facing x-rays contained the expected peaks at 10.96°
and 11.02° for AQO1 and AQO3, respectively, corresponding to the
(100) plane. For measurements with plane C facing x-rays, AQO1 and
AQO3 patterns contained the peaks at 19.40° and 19.26°, respectively,
corresponding to the (001) plane. The XRD results confirmed that the
aquamarine faces of AQO1 and AQO03 were correctly polished to plane A
and plane C. The XRD patterns from AQ02-1 and AQ02-2 could not be
determined, although the polished planes were implied from the uni-
axial double reflection seen from the polarized scope.

The Raman results are shown in Fig. 6. Raman bands corresponding
to bond vibration in the beryl structure were observed in all samples.
The reported Raman bands for beryl are shown in Table 1 (Adams and
Gardner, 1974; Prencipe and Nestola, 2007; O'Bannon and Williams,
2016) and CO5 (Charoy et al., 1996).

The effect of dichroism observed for all samples was the same. The
intensity of the bands at 323 and 1068 cm ! was stronger when plane
A was oriented facing laser. The intensity of the band at 397 cm ™!, on
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Fig. 5. XRD patterns of aquamarine samples AQ01 and AQ03. Measurements
were made with plane A facing x-rays and plane C facing x-rays.

the other hand, was stronger when plane C was oriented facing laser
while the intensity of the band at 686 cm ™! remained invariant. The
band at 1010 cm ™' was observed shifted to lower wavevector when
plane C was oriented facing laser.

Detail of atomic motions involved in all possible vibrational modes
of beryl could be found elsewhere, for example, at the CRYSTAL web-
site.' The discussion here is limited to A;, mode corresponding to the
observed prominent bands at 323, 397, 686, 1068 cm ™! in the mea-
sured range of 200-1400 cm™'. The A;, mode involves motions of
atoms in the cyclic silicates rings which consists of connected Si-cen-
tered tetrahedra arrange in 6-fold symmetry. Each band corresponds to
different vibrations of the structure, for example, the band at 323 cm ™!

1 http://www.crystal.unito.it/vibs/beryl.
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Fig. 6. Raman spectra of aquamarine samples AQ01, AQ02-1, AQ02-2, and AQO03 oriented with plane A facing laser source and plane C facing laser source. The

1

measurements were made in the ranges 200-1400 cm ™! and 3565-3635 cm ™!,

corresponds to the bending of the Si-O-Si bond angle between Si-cen-
tered tetrahedra, whereas the band at 397 cm ™' corresponds to the
bending of the angle between Si, Be and Al-centered polyhedra (Kim
et al., 1995). The observed enhanced peak intensity due to dichroism
could be explained considering positions of the involved atoms. The
bands at 1236 and 1386 cm ™! are related to the vibration of CO, in the
channel site (Charoy et al., 1996). The bands could only be seen when
plane C was oriented facing laser because the only possible orientation
of CO, in the channel sites is aligned parallel to the c-axis.

The measurements in the 3500-3700 cm ™! range gave information
regarding the type of water molecules in channel sites (Aurisicchio
et al., 1988; Sherriff et al., 1991). As seen in Fig. 6, only AQ01, AQ02-1
and AQ02-2 showed two types of water molecules, type-I H>O and type-
II H,0, with a greater amount of type-I H,O as seen from a stronger
intensity of the band at 3608 cm ™. This agreed with a suggestion made
by Charoy et al. (1996) that channel sites contained a high content of
type-I H,O and a small content of alkali. Only the intensity of the band
at 3598 cm ! corresponding to type-II H,O showed variation due to
dichroism. As the interpretation of Raman spectroscopy for these
samples can be made qualitatively by fingerprinting the band positions,
measurements with plane A oriented facing laser gave overall clearer
band positions, especially detection of type-II H,O molecules and de-
formation of O,—Al/Be-0,.

The NIR absorption spectra of the samples in the range from

Table 1

Reported Raman bands expected in the spectra of aquamarine (Adams and
Gardner, 1974; Prencipe and Nestola, 2007; O'Bannon and Williams, 2016,
Charoy et al., 1996).

Band position (em™Y Assignment

290 Ring vibration

323 Ring and Al distortion or ring vibration
397 Ring breathing

526 Si and Be bending or Al-O vibration

686 Be-O stretch or Si-O-Si stretch

1010, 1068 Si-0, stretch and O,-Al/Be-O, deformation
1236, 1386 CO,

3598 OH-stretch of type-II H,O

3608 OH-stretch of type-I H,O

1000 nm to 2000 nm are shown in Fig. 7. The spectra contained two
main bands at 1410 nm and 1895 nm. Reported band positions found in
the beryl structure are presented in Table 2. As seen from the table,
most observable bands corresponded to vibrations involving type-I H,O
and only the band at 1895 nm involved type-II H,O. Due to Coulomb
interaction between cations in the channel sites, water molecules are
oriented two ways, 90° relative to each other, defined as type-I and
type-IL. This different orientations along with their weak Van der Waals
interaction to the channel walls results in an anisotropic effect on the
vibration of the incoming light (Zhukova et al., 2014). Unlike Raman
results, type-II H,O in AQ03 was detectable as seen from the presence of
the band at 1895 nm although the intensity of the band was con-
siderably less than those of AQO1, AQ02-1 and AQO02-2 which is in
agreement with the Raman result. The effect of dichroism for NIR
spectra was similar for all samples. The intensity of the band at
1837 cm ™! was stronger when plane C was oriented facing IR whereas
the intensity of the bands at 1410 cm ™' and 1962 cm ™! were stronger
when plane A was oriented facing IR. For NIR spectroscopy, the mea-
surements of the two orientations gave complementary focuses of
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AQO1
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Fig. 7. NIR spectra of aquamarine samples AQ01, AQ02-1, AQ02-2, and AQ03
measured with plane A and plane C facing IR.
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Table 2
Reported NIR peaks of aquamarine (Hunt and Salisbury, 1970; Wood and
Nassau, 1967).

Band position (nm) Assignment

1148 11, 2 and v3 mode of type-I H,O molecule.
1374 v1 and v3 vibration of type-I H,O molecule
1410 v; and v3 mode of type-I HO molecule.
1466 2v, and v3 mode of type-I H,O molecule
1794 -

1837 vz and vz mode of type-I H,O molecule
1895 v, and v3 mode of type-II H,O molecule
1962 vy and v3 mode of type-I H,O molecule

spectral features and it would be useful to compare them.

The UV-Vis spectra of the samples contained three main absorption
peaks at 373, 428 and 825 nm, as shown in Fig. 8. It has been reported
that the peak at 825 nm was related to either Fe>* in octahedral site or
Fe?* in channel site and the peaks at 373 and 428 nm were assigned to
Fe®* in octahedral sites as suggested by Wood and Nassau (1968);
Goldman et al., (1978); Taran and Rossman, 2001; Chankhantha et al.,
(2016) or in octahedral sites, channel site or interstitial sites as sug-
gested by Spinolo et al., (2007). The spectra measured with plane C
oriented facing light source showed clearer peaks for all three peaks in
all samples. However, for AQ03, a peak shoulder around 700 nm was
observed when plane A was oriented facing light source.

The peak shoulder at 700 nm relates to the amount of Fe?* in the
octahedral site. Parkin et al. (1977) proposed that the peak shoulder at
700 nm originated from IVCT between Fe?* in the octahedral site and
Fe®” in adjacent octahedral sites along the C axis which produced deep
blue shade. Goldman et al. (1978), on the other hand, proposed that the
peak shoulder originated from either the interaction between Fe?>* and
Fe>* in channel sites along the C axis or the interaction between Fe?*
in octahedral sites and Fe®* in the interstitial site immediately adjacent
between two octahedral sites along the C axis. It has been observed that
many pale aquamarines have little or no absorption at 700 nm which
suggested that the peak shoulder at 700 nm related to Fe*>* /Fe>* IVCT
between Fe** and Fe?". Therefore, the absence or weakness of peak
shoulders at 700 nm found for the samples in this work could relate to
their pale shades and suggested that not all Fe ions reside in octahedral
sites. The spectrum of AQO3 measured with plane A oriented facing

IVCT Fe?!/Fe®"

AQ02-2
plane C

Relative Absorbance

AQ02-1
——plane C! plane A

AQO1

Fe3+ plane C ‘

plane A N

400 500 600 700 800
Wavelength (nm)

Fig. 8. UV-Vis spectra of aquamarine samples AQ01, AQ02-1, AQ02-2, and
AQO3 measured with plane A facing light source and plane C facing light
source. The inset shows a focus range between 320 nm and 500 nm of AQ03
sample.
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light source was the only spectrum that contained this feature and it
was the sample which had the most intense blue shade of all the sam-
ples.

As the main peaks in the UV-Vis spectra could be clearly observed
when samples were oriented with plane C facing light source, the peak
at 825 nm could dominate the shoulder feature at 700 nm. For this
reason, the spectra where samples were oriented with plane A facing
light source could also be useful in observing a peak shoulder at
700 nm.

We employed synchrotron XAS techniques to investigate the oxi-
dation state and local environments of Fe atoms in the samples. XANES
spectra for samples oriented with plane A facing x-rays and plane C
facing x-rays are plotted together with those of standards and shown in
Fig. 9. From the figure, the most prominent feature around the ab-
sorption edge region is ¢ for AQO1 and d for AQ02-1, AQ02-2 and
AQO3. A similar trend was observed for spectra corresponding to
samples oriented with plane A facing x-rays (dotted lines) and those
with plane C facing x-rays (solid lines). Spectra corresponding to AQ02-
1 and AQO02-2 were the same.

The spectral features at position a, or pre-edge, corresponds to the
electronic transition from 1s to 3d orbitals. Although the transition is
spin-forbidden, site asymmetry could promote 3d and 4p mixing in Fe
which results in non-zero probability for 1s to 3d transitions and the
pre-edge feature (Waychunas et al., 1989). Site symmetry of Fe could
thus be evaluated from the characteristic of pre-edge features. Pre-edge
fit used for site symmetry determination of various coordination en-
vironments and their Fe oxidation state has been demonstrated (Wilke
et al., 2001). Following the method employed by Wilke et al., (2001), a
summary of pre-edge parameters determined for all samples in this
work is shown in Fig. 10. The parameters from the pre-edge fit in-
dicated that Fe ions in all samples were predominantly 6-fold co-
ordinated but a distribution of ratios between Fe?* and Fe®* were
observed. Although there are two 6-fold coordinated sites in beryl
structure, the octahedral sites of AI** and the trigonal prismatic sites of
the interstitial position between two AI®™ sites along the c-axis, the
differentiation between these sites could not be made using this
method.

The effect of dichroism provided uncertainties to the determined
oxidation states. For AQO1 and AQO02, a slightly larger amount of Fe®*
was implied when plane A was oriented facing x-rays. For AQO3, the
centroid energy positions suggested the oxidation state of 2+ when
plane C was oriented facing x-rays and a mixture of 2+ and 3+ when
plane A was oriented facing x-rays.

The absorption edges of the samples and standards were determined
from the peaks in the first derivative of XANES spectra as shown in
Fig. 9 B. The absorption edges of Fe°, Fe®* and Fe*" determined from
Fe foil, FeO and Fe,O3; were 7112 eV, 7118 eV and 7126 eV, respec-
tively. Those determined from the samples with plane C oriented facing
x-rays were 7119.1 eV, 7119.3 eV and 7119.5 eV for AQ01, AQ02 and
AQO3, respectively. Those with plane A oriented facing x-rays were
7120.9 eV for AQO1 and AQO2 and 7120.3 eV for AQ03. The obtained
values were between those of the Fe>* and Fe>* standards suggesting a
mixture of Fe?* and Fe®** in all samples. Similar to the result from the
pre-edge fit, larger amount of Fe®* was implied from the spectra
measured with plane A oriented facing x-rays.

Therefore, for all samples, Fe could replace AlI°™" in octahedral sites
and possibly reside in interstitial sites but since 2+ ion is larger it is
also possible that some Fe®* also resides in channel sites which are
larger sites. Together with the UV-Vis results, it could be inferred that
most Fe ions resided in 6-fold coordinated sites, but some Fe?™ resided
in channel sites which reduced the probability of finding IVCT between
Fe?" and Fe®" in adjacent octahedral sites and hence the pale blue
shades. The XAS result suggested a substantial amount of Fe>* in AQO1.
However, the intensity of the 373 and 428 nm peaks in the UV-Vis
spectra of AQO1, which were assigned to Fe**, was similar to those of
other samples. This suggested that the intensity of 373 and 428 nm

13+
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Fig. 9. Fe K-edge XANES spectra of aquamarine samples AQ01, AQ02-1, AQ02-2, AQO03, and standards; Fe foil, FeO and Fe,O3;. XANES spectra corresponding to
samples oriented with plane A facing x-rays are represented by dotted lines and those corresponding to plane C facing x-rays are represented by solid lines. (A) XANES
spectra in energy scale with reference features including (a) pre-edge, (b) absorption-edge, and (c, d, e, f, g) features from multiple scattering phenomena. (B) The
first derivative of XANES spectra of samples along with those of standards. The absorption edge energies are indicated by the arrows.
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Fig. 10. Correlation between integrated pre-edge intensity and pre-edge cen-
troid energy positions of aquamarine samples and oxide standards. Open circles
correspond to spectra of samples with plane A oriented facing x-rays and those
correspond to plane C oriented facing x-rays are represented by solid triangles.
Shaded areas indicate typical parameters for four types of Fe species reported in
Wilke et al. (2001). [4] represents a 4-fold coordinated Fe and [6] represents a
6-fold coordinated Fe. The uncertainties determined graphically from this plot
are + 0.2 eV in centroid position and *+ 0.03 in integrated intensity.

peaks in the UV-Vis spectra was too small to reliably be used to imply
the amount of Fe>* in the samples.

The effect of x-ray dichroism for these samples could potentially
lead to errors in data interpretation. The shift in absorption edge energy
typically indicates a change in the oxidation state (Arcon et al., 1998),
in this case however, the shift originated from orientation. Moreover,
XANES features c, d, e, f were also shifted from 0.5 eV up to 2 eV.
Therefore, careful sample alignment is crucial for XANES measurements
of single crystal samples such as gemstones and uncertainties due to
orientations should be considered.

3. Conclusions

Polarize scope was used to identify the c-axis of the samples and
XRD were used to confirm the orientation of the polished face. The peak
corresponding to the (100) plane of the beryl structure was identified
when polished plane A was oriented facing x-rays and the peak corre-
sponding to the (001) plane was identified when polished plane C was
oriented facing x-rays. Raman spectra confirmed the beryl structure
including predominant type-I H,O in the structure. The NIR spectra
agreed with Raman spectra although the technique was proved more
sensitive to type-II HO in the structure as a small amount of type-II
H,0 in the structure of AQ03 was detectable by NIR but not by Raman
spectroscopy. Fe ions were investigated using UV-Vis and synchrotron
XANES. The presence of Fe®" in all samples was confirmed using
UV-Vis spectra. Moreover, the UV-Vis spectra of AQO3 contained a
peak shoulder at around 700 nm. This implied that there were both
Fe** and Fe?" in octahedral and interstitial sites of AQO3 which re-
sulted in a deeper blue shade. The lack of peak shoulder at around
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700 nm for AQO1 and AQO2 indicated that, for these samples, Fe**
could instead reside in channel sites. This agreed with the postulation
that a deep blue shade originated from IVCT between Fe** and Fe?" in
octahedral sites. The absorption edge positions and pre-edge centroid
energy positions of XANES spectra confirmed the presence of both Fe**
and Fe?*. The pre-edge analysis indicated predominantly 6-fold co-
ordinated Fe in all samples.

The effect of dichroism was observed in Raman spectroscopy, NIR,
UV-Vis and XANES. For Raman spectroscopy, clearer Raman bands
were observed when samples were oriented with plane A facing laser,
especially the band at 1068 cm ™~ corresponding to type-Il H,O mole-
cules and deformation of O,—Al/Be-O,. The NIR and UV-Vis spectra
measured from both orientations gave complementary information.
Uncertainties of oxidation states in XANES measurements could be
observed. It is thus crucial for XANES interpretation that dichroism
should be considered and only data collected from samples oriented
similarly could be compared.
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