ISSN 0030400X, Optics and Spectroscopy, 2013, Vol. 115, No. 6, pp. 856–859. © Pleiades Publishing, Ltd., 2013.
Original Russian Text © I.S. Rodina, A.N. Kravtsova, A.V. Soldatov, G.E. Yalovega, Yu.V. Popov, N.I. Boiko, 2013, published in Optika i Spektroskopiya, 2013, Vol. 115, No. 6,
pp. 962–966.

CONDENSEDMATTER
SPECTROSCOPY

XRay Spectroscopic Identification of Garnet
from the Placer Deposits of the Taman Peninsula
I. S. Rodinaa, A. N. Kravtsovaa, b, *, A. V. Soldatova, b, G. E. Yalovegab,
Yu. V. Popovc, d, and N. I. Boikoc
a

Nanoscale Structure of Matter Research and Educational Center, Southern Federal University,
RostovonDon, 344090 Russia
b Southern Federal University, RostovonDon, 344002 Russia
*email: akravtsova@sfedu.ru
c Southern Federal University, RostovonDon, 344000 Russia
d
Mineral Raw Materials and Environment Status Research MixedUse Center, RostovonDon, 344090 Russia
Received March 18, 2013

Abstract—Garnet from recent placer deposits of the Taman peninsula has been investigated by energydis
persive Xray fluorescence microanalysis and Xray absorption nearedge structure (XANES) spectroscopy.
Energydispersive Xray fluorescence microanalysis showed that the chemical composition of the garnet
under study corresponds to pyrope–almandine–spessartine series. The Xray absorption spectra of garnet
above the iron K edge have been recorded using a Rigaku RXAS laboratory spectrometer. Iron Kedge
XANES spectra for two ironcontaining garnet minals (components), almandine and andradite, have been
calculated using the full multiplescattering and finitedifference methods. Based on a comparison of the
experimental and theoretical Xray absorption spectra above the iron K edge, it is concluded that recent mag
netite–garnet placer deposits of the Taman peninsula contain garnet in the form of almandine.
DOI: 10.1134/S0030400X13120163

INTRODUCTION
Minerals the composition and structure of which
play the role of indicators of thermodynamic parame
ters of a mineralformation medium have been
actively investigated to reconstruct the geological pro
cesses in the Earth’s crust and upper mantle [1–4].
These minerals include garnets, which form a group
interrelated by isomorphic substitutions, with the gen
eral formula A3B2(SiO4)3, where A = Mg2+, Fe2+,
Ca2+, Mn2+, or Y2+ and B = Al3+, Fe3+, Cr3+, V3+,
Mn3+, Ti4+, or Zr4+. In this paper, we report the results
of studying the garnet from recent placer deposits of
the Taman peninsula by Xrayfluorescence (XRF)
spectroscopy and Xrayabsorption finestructure
(XAFS) spectroscopy.
Xray absorption spectroscopy [5, 6] is an efficient
method for studying the local atomic structure and
electronic subsystem of materials, including those
characterized by the absence of longrange order in
the atomic arrangement. It is generally accepted to
separate the Xray absorption fine structure into two
regions: Xray absorption nearedge structure
(XANES) and extended Xray absorption fine struc
ture (EXAFS) [7]. EXAFS spectroscopy makes it pos
sible to determine the atomic radial distribution func
tion around an absorbing atom with a fairly high accu
racy. XANES spectroscopy has a number of

advantages over EXAFS spectroscopy, because it
allows one to find not only bond lengths, but also bond
angles, i.e., to obtain complete (threedimensional)
information about the local structure of the environ
ment of atoms under study in a specific material.
Selection of structural data from XANES spectra is
a rather difficult problem, which often calls for com
plicated calculations. Since the formation of fine
structure in XANES spectra is affected by many fac
tors, they were previously difficult to interpret.
Recently, some progress has been made in the devel
opment of theoretical approximations for interpreting
XANES data [8, 9]. For example, the number of cal
culated Xray absorption spectra can be reduced in
some cases using the technique of theoretical analysis
of XANES spectra for selecting a threedimensional
local atomic structure based on multidimensional
interpolation [10]. Recently, XANES spectroscopy
has been successfully applied to analyze the atomic
and electronic structures of different classes of materi
als in a condensed state [11–13], including ones of
geological origin [14–16].
XANES spectroscopy can be applied to identify
materials using the “fingerprint” approach [8], in which
the spectrum of a material under study is compared with
the spectra of model compounds with a known local
atomic structure (or an experimental spectrum is com
pared with theoretical spectra calculated for several
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structural models). Recently, identification of materials
based on XANES spectra recorded with the aid of high
intensity synchrotronradiation sources has been
widely used. In this study, we identified garnet from the
deposit of the Taman peninsula for the first time using a
laboratory Xray absorption spectrometer.
EXPERIMENTAL
The objects of study were garnet samples from
recent magnetite–garnet placer deposits of the Taman
peninsula.
The qualitative chemical composition of garnet
grains was determined on an analytical SPARK12M
shortwavelength Xray spectrometer. Xray fluores
cence fullrange spectra of garnet were recorded in the
first reflection order with an exposure time of 3 s at an
accelerating voltage of 25 kV. Measurements were per
formed in a wavelength range of 0.9–2.7 Å with a step of
0.001 Å. The sample was rotated during measurement.
The quantitative chemical composition of garnet
grains (i.e., the percentage of the main components
with trace impurities having concentrations less than
0.1 wt % neglected) and their phase and chemical
homogeneity were studied on a VEGA II LMU scan
ning electron microscope integrated into the INCA
Energy 450/XT system of energydispersive Xray flu
orescence microanalysis with an XAct ADD detector.
Microanalysis was carried out at an accelerating volt
age of 20 kV with a measurement time per point of 120
s; a thin carbon film was deposited on the polished sur
face of the grains analyzed. Taking into account zon
ality of the chemical element distribution (which is
often noted for natural garnets), the composition
homogeneity was estimated based on the spectra accu
mulated along the profiles intersecting each grain and
by elemental mapping of the grain area (using the
OXFORD INCA Energy 450 software package).
XANES spectra were recorded on a laboratory
Rigaku RXAS Xray absorption spectrometer [17].
Previously, a Rigaku RXAS spectrometer was suc
cessfully used to record XANES spectra of several
classes of materials in condensed state [12, 18, 19].
This instrument is equipped with an optical system for
focusing monochromatic X rays based on the Johan
son method. We recorded XANES spectra above the
titanium К edge in a test compound (rutile) and above
the iron К edge in the garnet under study. XANES
spectra were recorded in the transmission geometry
[20]. The current through the Xray tube was 100 mA
at a voltage of 10 kV (when recording the Ti Кedge
spectra of rutile) and 20 kV (for the Fe Кedge spectra
of garnet). We used a molybdenum cathode and a
Ge(220) crystal as a monochromator. An Ar300 gas
detector was used to record the Xray intensity on the
sample. The Xray intensity transmitted through the
sample was recorded with the aid of a SC70 scintilla
tion detector. Rutile spectra above the titanium К edge
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were recorded in a range of 4940–4956 eV and above
5050 eV with a step of 2 eV, in a range of 4956–5000 eV
with a step of 0.5 eV, and in a range of 5000–5050 eV
with a step of 1.0 eV. Garner spectra above the iron К
edge were recorded in a range of 7070–7090 eV and
above 7150 eV with a step of 2.0 eV and in a range of
7090–7150 eV with a step of 1.0 eV. Xray absorption
spectra were averaged over four approaches.
CALCULATION TECHNIQUE
Garnet XANES spectra above the iron K edge were
theoretically analyzed based on two methods: the
method of full multiple scattering with a muffintin
potential (using the FEFF8.2 code [21, 22]) and the
fullpotential finiteelement method (using the
FDMNES code [23]).
Calculations using the FEFF8.2 code were based
on the formalism of the Green’s function in direct
space. When determining the crystal potential, free
atom potentials are initially calculated using the rela
tivistic Dirac–Fock model for each type of atom. The
electron density in a cluster under consideration then
is constructed by partial overlap of freeatom densities
within the muffintin approximation [7], after which
the exchange part in the form of the Hedin–Lundqvist
potential is taken into account. In the next stage, the
crystal potential is selfconsistently determined on the
basis of an iterative cycle and the scattering phase
shifts and dipole matrix elements of transitions are cal
culated. The scattering phase shifts are determined on
muffintin spheres, and the relativistic dipolematrix
elements of transition are determined using the con
tinuousspectrum and core wave functions. Full mul
tiplescattering calculations are performed for a cho
sen cluster around the central absorbing atom.
FDMNES calculations were carried out on the
basis of the wellknown finiteelement method, which
is widely used to solve numerically differential equa
tions. In this technique, an equation is solved on a cal
culation grid. In the case of XANES spectra, the object
of interest is the Schrödinger equation for a rather large
region around an absorbing atom. FDMNES calcula
tions are performed in the “full” potential (without
using any approximation for the potential form), thus
avoiding the problem related to the classical muffintin
approximation. The potential is determined using the
exchange Hedin–Lundquist potential.
All the spectra reported here were calculated with
allowance for the core vacancy.
RESULTS AND DISCUSSION
The final terms of the isomorphic series of natural
garnets are andradite Ca3Fe2(SiO4)3, almandine
Fe3Al2(SiO4)3, grossular Ca3Al2(SiO4)3, uvarovite
Ca3Cr2(SiO4)3, pyrope Mg3Al2(SiO4)3, and spessartine
Mn3Al2(SiO4)3.
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Chemical composition of garnet from placer deposits of the
Taman peninsula (normalized to 100%), obtained with an Ox
ford INCA Energy 450/XT energydispersive Xray fluores
cence microanalyzer (with measurements at 27 points)
Component
SiO2
Al2O3
FeOsum
MnO
MgO
CaO
Total

Content (wt %)

Standard deviation

35.36
20.97
34.93
6.62
1.54
0.58
100.00

0.17
0.29
0.87
0.81
0.28
0.08

In the first stage of our study, we determined the
qualitative elemental composition of the garnet
deposit of the Taman peninsula by recording Xray
fluorescence spectra on an analytical shortwave
length SPARK12M Xray spectrometer. A high con
tent of iron was revealed in the sample.
Quantitative Xray fluorescence analysis (Oxford
INCA Energy 450/XT microanalyzer) was performed
on grains with previously confirmed phase and chemi
cal homogeneity. The proximity of the garnets studied
to the pyrope–almandine–spessartine series, which is
characterized by relatively low calcium content, was
established (see table). Since the valence state of iron
cannot be established by Xray fluorescence analysis, it
is impossible to correctly estimate the concentrations of
ironcontaining almandine (Fe 32+ Al2(SiO4)3) and
andradite Ca3Fe 32+ (SiO4)3 minals, which are considered
to be theoretical final terms of isomorphic garnet series.
Absorptance, rel. units
1.0

0.5

0

4940

4980

5020

5060
Energy, eV

Fig. 1. Comparison of the experimental XANES spectra of
rutile above the titanium K edge recorded on a laboratory
Rigaku RXAS spectrometer (solid line) and the SLS syn
chrotron source [24] (dashed line).

In the next stage, the garnet sample was studied by
analyzing the Xray absorption spectra. First, a
XANES spectrum above the Ti К edge was recorded on
a laboratory Rigaku RXAS spectrometer for the test
compound rutile (TiO2). Comparison of the experi
mental Ti Kedge XANES spectrum of rutile recorded
on a laboratory Rigaku RXAS spectrometer with the
spectrum obtained for a similar sample on a synchro
tron radiation source (Swiss Light Source (SLS),
Switzerland) [24] showed their agreement (Fig. 1),
which indicates that the resolution of the laboratory
Rigaku RXAS spectrometer is quite sufficient for
measuring Xray spectra of geological materials.
According to the Xray fluorescence data, the garnet
sample under study is characterized by high iron con
tent; therefore, analysis was concentrated on the Fe K
edge XANES spectrum.
The XANES spectra of garnet above the Fe K edge
were theoretically analyzed for two ironcontaining
garnet representatives: almandine and andradite.
Almandine and andradite belong to the cubic system of
space group Ia3d with lattice parameter a = 11.531 Å
for almandine and 12.058 Å for andradite [25]. The
theoretical spectra were obtained by two methods: full
multiple scattering with a muffintin potential based on
the FEFF8.2 code and the fullpotential finiteele
ment method based on the FDMNES code. Full mul
tiplescattering calculations were performed for atomic
clusters containing 400 and 369 atoms for almandine
and andradite, respectively. The finiteelement calcu
lation of XANES spectra was carried out for an atomic
cluster 5.3 Å in radius around a central absorbing iron
atom; the cluster consisted of 59 and 57 atoms for
almandine for andradite, respectively. The experimen
tal XANES spectrum of garnet above the iron K edge is
compared with the theoretical spectra calculated for
almandine and andradite based on the finiteelement
method (FDMNES code) in Fig. 2. One can conclude
that the spectrum calculated for the structural model of
almandine is in better agreement with the experimental
Fe Kedge XANES spectrum of the garnet sample
under study. The theoretical spectrum calculated for
the almandine model reproduces all the features of the
experimental spectrum and is in agreement with the
experimental data with respect to the energy positions
of peaks. At the same time, the shape of the spectrum
calculated for the andradite model deviates from the
experimental one, for example, concerning the energy
position of the feature denoted as С.
Similar results were obtained when calculating the
XANES spectra for almandine and andradite based on
the full multiplescattering method (FEFF8.2 code).
When calculating the component composition of gar
nets based on Xray fluorescence data and on the
assumption of divalent state of iron, the content of
andradite (Ca3Fe 32+ (SiO4)3) minal did not exceed
0.15%, which also confirms the consistency of the the
ory and experiment for the almandine model. Thus, the
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Fig. 2. Comparison of the (1) experimental iron Kedge
XANES spectrum of garnet from the Taman peninsula
with the theoretical spectra calculated for (2) almandine
and (3) andradite based on the fullpotential finiteele
ment method using the FDMNES code.

analysis of the Xray absorption spectra above the iron K
edge indicates that the almandine component is domi
nant on the composition of the garnet from the recent
placer deposit of the Taman peninsula. These results are
in agreement with the mineralogical data [26].
CONCLUSIONS
We investigated garnet samples selected from
recent magnetite–garnet placer deposits of the Taman
peninsula. The analysis of their Xray fluorescence
spectra showed that these garnets have high iron con
tent and belong to the pyrope–almandine–spessartine
series. XANES spectra of the garnet samples above the
iron K edge were recorded on a laboratory Rigaku R
XAS Xray absorption spectrometer. Comparison of
the experimental Fe Kedge XANES spectrum with
the theoretical spectra calculated for the ironcon
taining minals of the isomorphic garnet series alman
dine (Fe32+ Al2(SiO4)3) and andradite (Ca3Fe 32+ (SiO4)3)
showed that the garnets of the Taman placer deposits
belong to almandines.
On the whole, our study has demonstrated that
XANES spectroscopy allows one to obtain informa
tion on the local atomic structure of natural minerals,
including those characterized by complex isomorphic
substitutions.
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