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In this study, dielectric properties within 8—12 GHz microwave frequencies, inductively coupled plasma-atomic emis-
sion spectrometry, Fourier transform infrared spectrometry, synchronized two thermal analyses, and 3/ Fe Mssbauer spec-
troscopy analysis of chalcedony, agate, and zultanite samples from Turkey are presented. Agate and chalcedony show the
same nine vibrational absorption peaks obtained unlike zultanite from FTIR spectra in the 350 cm ™! to 4000 cm™! range,
€’ values of chalcedony, agate and zultanite derived at 10.5 GHz were 4.67, 4.41, and 7.34, respectively, €’ and €” values
of the studied samples at the microwave frequencies are related to the percentage weight of their constituent parts in their
chemical compositions. 57 Fe Mdssbauer spectroscopy results confirm the existence of iron-containing islands in the crystal
structure of zultanite, agate, and chalcedony samples, equipped them with magnetic features typical for magnetic nanopar-
ticles including superparamagnetism. The presence of iron-containing islands significantly affects the magnetic, dielectric,
and optical properties of studied samples that are not observed for pure minerals without any foreign inclusions.
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1. Introduction

In natural minerals, the electrical properties of heteroge-
neous systems are an important research topic because they
are significantly affected by sample bulk concentrations, vari-
ations in the chemical compositions, water saturation, and
crystalline structures. In particular, various microstructures
are evolved in the crystal lattice of mineral systems during
their formation modify electrical features of heterogeneous
systems. In the microwave frequency region, most natural
minerals possess accurate dielectric values that are unchanging
according to frequency. For this reason, to monitor dielectric
properties of natural minerals in detail, microwave frequen-
cies are often employed.!! For instance, the precise dielectric
properties of natural minerals at microwave frequency are re-
quired for their use in planning ground-penetrating radar sur-
veys for imaging subsurface and in mapping of the surface
deposited minerals.>-3] Microwaves are non-ionizing electro-
magnetic waves, the frequency of which covers the field of the
electromagnetic spectrum ranging from 0.3 GHz to 300 GHz.
Corresponding to the wavelengths ranging from 1 m to 1 mm
(between radio waves and infrared radiation). 0!

The dielectric constant of a material is defined as €* =
&' —je", where j is the complex unit (i.e., (—1)]/2), e and g”
are the real and imaginary parts of the dielectric constant. An-
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other parameter commonly used to assess the dielectric loss is
the loss tangent (tand), which is determined as the phase dif-
ference between the alternating field and the reorientation of
the dipoles in the material, which is defined as tan = &” /¢’.1]

In this paper the dielectric properties of chalcedony,
agate, and zultanite minerals at microwave frequencies were
explored. Furthermore, ICP-AES, FTIR, and TGA/DTA prop-
erties of these minerals were investigated for the purpose of
associating those properties with their dielectric characteris-
tics. In addition, 37 Fe Mossbauer spectroscopy was employed
for analysis of iron containing fractions present in the samples
identifying the evolution of magnetic phenomena typical for
magnetic nanoparticles, including superparamagnetism. The
presence of foreign iron-bearing inclusions significantly alters
the band structure of minerals resulting in the emergence of
the new physical features.

2. Materials and methods

Chalcedony, agate, and zultanite (Anatolian Diaspore)
mineral samples were obtained from natural sources in Turkey.
More specifically, the chalcedony sample comes from the
Saricakaya-Eskisehir region, the agate sample originates from
the I6nii-Eskisehir region, and the zultanite (known as Anato-
lian Diaspore before trademarked in 2005 as zultanite)®! sam-
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ple comes from the Milas-Mugla region (see Fig. 1).

(a)

Fig. 1. (color online) Cross section of all minerals: (a) chalcedony, (b)
agate, and (c) zultanite.

Chemical analyses of the samples were conducted us-
ing inductively coupled plasma-atomic emission spectroscopy
(ICP-AES) for trace elements, and WST-SIM to determine ig-
nition losses. These analyses were performed and certified
with the code number [Z12158284, under contract by the ac-
credited ALS Chemex Laboratory in Canada.

The dielectric properties (¢’ and €” values) of the sam-
ples were monitored using a Hewlett—Packard 8410A Series
Vector Network Analyzer (VNA) for X-band frequencies (8-
12 GHz.) at room temperature. An X-band rectangular wave
guide used as the sample holder (WR 90 wave guide size:
22.86 mm x 10.16 mm).
mond wheel cutter to achieve plates with dimensions of about

Each sample was cut by a dia-

22.8 mm x 10.16 mm and with a thickness of ~2.5 mm; the
surfaces of samples were polished to secure the best conduc-
tivity. The measurement system was calibrated with open-
circuit and short-circuit calibration methods, € and €” values
were determined at the microwave region from measured val-
ues of magnitude and phase shift of the reflection parameter
(S11) and transmission parameter (S»1) and by using the pro-
cedure improved by Hewlett Packard Corporation. )

The Fourier transform infrared (FTIR) absorption spec-
tra of the samples in the mid-infrared region were measured
at room temperature employing a Perkin Elmer FT-IR system.
Samples were pestled by mixing 1/100 weight of the studied
mineral and potassium bromide (KBr) in the mortar. All of
the measurements are reported in the spectral range of 350—
4000 cm !

The thermal properties of the studied samples were eval-
uated on a Perkin Elmer Diamond TGA/TDA instrument. A
weighed amount of the sample to be analyzed was placed in
a cylindrical alumina crucible mounted on one of the alumina
rods, which were 2 mm in diameter. The sample was heated
from room temperature up to 1400 °C at a constant rate of
5 °C/min in a dynamic air atmosphere

The ’Fe Mossbauer spectra of studied samples were
measured at room temperature employing a MS2007
Mossbauer spectrometer based on virtual instrumentation
technique,!!%!!) operating at a constant acceleration mode and
equipped with a 3’Co(Rh) source. The acquired Mossbauer

spectra were processed (i.e., noise filtering and fitting) us-
ing the MossWinn software program. The isomer shift values
were referred to a-Fe foil sample at room temperature.

3. Results and discussion
3.1. Chemistry

Chemical analyses of chalcedony, agate silica (SiO;) va-
rieties, and zultanite aluminum oxide (Al,O3) showed that the
loss on ignition (LOI) with respect to their silanol (SiOH) and
hydroxyl group water content amounts to 3.84%, 4.39%, and
15.0% for chalcedony, agate, and zultanite, respectively (see
Tables 1 and 2). It is obviously seen that the LOI value for zul-
tanite is significantly higher than that observed for chalcedony
and agate.

Table 1. Chemical analyses results of chalcedony, agate, and zultanite.

Chalcedony Agate Zultanite
ME-ICP06 SiO/% Detection limit: 0.01 89.8 91.2 1.28
ME-ICP06 Al,03/% Detection limit: 0.01 0.07 0.13 754
ME-ICP06 Fe;03/% Detection limit: 0.01 2.44 0.67 1.39
ME-ICP06 CaO/% Detection limit: 0.01 1.47 0.67 0.61
ME-ICP06 MgO/% Detection limit: 0.01 1.12 0.88 0.05

ME-ICP06 Na;O/% Detection limit: 0.01 0.01 0.03 <0.01
ME-ICP06 K,0/% 0.01 0.02 0.03 0.01
ME-ICP06 Cr,03 /% 0.01 0.06 0.01 0.02
ME-ICP06 TiO,/% 0.01 <0.01 <0.01 0.09

ME-ICP06 MnO/% Detection limit: 0.01 0.02 0.02 0.01
ME-ICP06 P,05/% Detection limit: 0.01 0.01 0.01 0.04
ME-ICP06 SrO/% Detection limit: 0.01 <0.01 <0.01 <0.01
ME-ICP06 BaO/% Detection limit: 0.01 <0.01 <0.01 <0.01
OA-GRAO05 LOI/% Detection limit: 0.01 3.84 4.39 15
ME-ICPO06 Total/% Detection limit: 0.01 98.9 98.0 93.9

Table 2. ALS Chemex Laboratory’s analysis codes.

ALS Code Instrument
ME-ICP06 whole rock package ICP-AES
OA-GRAOS5 loss on ignition at 1000 °C WST-SEQ

Description

3.2. FTIR spectroscopy

From the FTIR spectra, sample composition, structural
point defects, structural bonds, and information on coor-
dination number of ions and other mineral species can be
derived."”! FTIR measurements were conducted to indi-
cate vibration ranges of hydroxyl (in particular, the peak
from 4000 cm~! to 2500 cm~! comes from O-H stretching

(131 the water species both free and bound molecular

vibration),
(H,0), silica and alumina mineral building components and
contents, structural bonds and point defects, etc.!'*"' There-
fore, the initial included water in all mineral species can be
separated into three groups, i.e., the hydroxyl (OH) group lo-
cated at structural defects, surface hydroxyls hydrogen bonded
to each other (H—O-H), and free molecular water (H,O). In

addition, Al-O and Si-O stretching modes can be identified.
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Chalcedony and agate have nine vibrational absorption
peaks located in the range of 350 cm™!—4000 cm™! (see
Fig. 2). and 562 cm™!
can be attributed to the vibration places of mineral host ele-

The vibration peaks at 459 cm™!

ments or impurities in the minerals. 114,151 1 addition, Schmidt
and Frohlich!!'7! reported that the vibration peak at 555 cm™!
(very close or the same peak at 562 cm~!') can be as-
signed to Si—O vibrations from non-bridging oxygen apices
of SiOy4 tetrahedra. The peaks at 693 and 790 cm™! can
be attributed to symmetric stretch of Si—C,['®) the peak that
1893 cm™!
and the peak at 1086 cm™!
metric Si=0O=Si stretching.
2859 cm™!
anti-symmetric vibration modes of CHj, respectively.!'”! The

can be attributed to symmetric C-O bond, 16181
can be assigned to the asym-

Furthermore, the peaks at
and 2928 cm™! correspond to the symmetric and

peak at 3611 cm~! can be assigned to the vibration of free OH

stretching. (20211
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Fig. 2. (color online) FTIR spectra of chalcedony, agate, and zultanite.

Zultanite has several vibrational absorption peaks. The
peak at 580 cm~! may be attributed to the vibration places
of the mineral host elements, the peaks at 670, 753, 960, and
1077 cm™! can be related to stretching vibrations associated
with a Si—O bond originated from donbassite and quartz impu-
rities in the zultanite (Anatolian Diaspore). The peaks at 1980
and 2106 cm™!
and 1077 cm™!
peaks at 950 and 2100 cm~!. These peaks are very close to the

are the second harmonic of two peaks at 960
. At the same time Hatipoglu et al. reported

given values in this work, and they are attributed to the vibra-
tion of an Al-O structure (AlO4).[22] In addition, there are two
broad peaks at 2918 and 3003 cm™!
lated to the vibrations of OH groups in the water species.!?%24]

. These peaks can be re-

3.3. Thermal analyses

The TGA technique was widely used to monitor the
CO, losses caused by decomposition of carbonates and wa-
ter (H,O) release from hydroxides. The DTA technique is a

solubility measurement.>>2>] Thermal decomposition charac-
teristics of the ore samples were initially determined by ther-
mogravimetric analysis (TGA), which is performed by record-
ing the changes in sample mass with respect to temperature.
Differential thermal analysis (DTA) enabled understanding of
heating profile in detail. Endothermic and exothermic parts
of the thermal decomposition of material in air/nitrogen at-
mosphere were analyzed by the measurement results. Thus,
chalcedony, agate, and zultanite were heated from room tem-
perature to 1400 °C at a constant rate of 5 °C/min.

To calculate the water contents in the form of H,O and/or
HO for all minerals, as defined in Brand et al.,%%! the follow-
ing formula was used: [*7!

H,0 (Wt%) = [LOI (wt%) + 1.48291/1.1771.

The average water contents in chalcedony, agate, and zultanite
samples were found to be 1.29, 1.30, and 1.39 wt%, respec-
tively.

From the TGA/DTA curve of chalcedony (see Fig. 3), itis
evident that there are two different mass losses at about 823 °C
and 892 °C; the total mass loss is ~3%.
may be due to dehydration of silanol (SiOH) group water. >8]

These mass losses

The mineral is endothermic at room temperature to 1400 °C.
As can be further seen in Fig. 3, the buoyancy effect is ob-
served during heating process at 52-850 °C over the smooth

line.
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Fig. 3. (color online) TGA/DTA analyses of chalcedony.

Agate TGA/DTA results are depicted in Fig. 4. Agate
shows a mass loss at ~784 °C; the total mass loss is ~37%.
The mass loss occurring at about 784 °C is due to the con-
densation of hydroxyl units and the formation of H>O.!?%! The
deviation observed in the dotted blue lines corresponds to the
effect of buoyancy.

As seen in Fig. 5, zultanite shows a mass loss at ~520 °C;
the total mass loss is ~14.8% at 520 °C to 625 °C. This mass
loss results from dehydroxylation.[?? Zultanite is exothermic
from room temperature to 1400 °C. The broad exothermic be-
havior may be attributed to the transformation of (AIOOH)
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minerals. The sharp endothermic peak occurring at about
600 °C is probably due to dehydroxylation of the hydroxyl

water (AIOH) content in the crystals. (22]
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Fig. 4. (color online) TGA/DTA analyses of agate.
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Fig. 5. (color online) TGA/DTA analyses of zultanite.

3.4. Dielectric properties

The dielectric characteristics of chalcedony, agate, and
zultanite were studied using a VNA system (see Fig. 6), and
the results are shown in Fig. 7. The evaluated values of €’ and
€” at 10.5 GHz are listed in Table 3.

VNA

X

MUT
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Fig. 6. (color online) Scheme of measurement of scattering parameters
(811 and S»1). (MUT: material under test).
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Fig. 7. (color online) Changes of €’ and €” of chalcedony, agate and zul-
tanite at X-band.

Table 3. €', €”, and tan§ values of chalcedony, agate, and zultanite at
10.5 GHz.

Mineral samples Frequency/GHz 4 e’ tand
Chalcedony 10.5 4.67 0.129 0.027
Agate 10.5 441 0.126 0.028
Zultanite 10.5 7.34 0.003 0.0004

3.4.1. Dielectric properties of chalcedony and agate

Chalcedony and agate, according to their chemical anal-
ysis, have 89.3% and 91.2% SiO; ratio, respectively. Silica-
based chalcedony and agate €’ values were measured and were
found to be equal to 4.67 and 4.41, respectively, at 10.5 GHz.
microwave frequency. These results are comparable with the
results reported by Fawwaz er al.!*®! and Xiangyun et al.!3]
who measured the €' values at 0-18 GHz microwave fre-
quency.

The €' values of chalcedony and agate samples can be
more likely explained in terms of very high percentage of
Si0,, and less likely by a very low percentage of Fe,O3, CaO,
and MgO in the chemical composition.

The €” values of chalcedony and agate were found to be
0.129 and 0.126, respectively. These results are very similar
to those reported in the work by Fawwaz et al. who studied
silica-based volcanic rocks for which €” value amounted to

0.08 and 0.1, respectively.>!

3.4.2. Dielectric properties of zultanite

Zultanite shows a different chemical composition than
chalcedony and agate samples. (Al,03:75.4%, Fe;03:1.39%,
Si0,:1.28%, LOI:15%). After an extensive literature search,
we found no studies related to zultanite dielectric properties
at microwave frequencies. Zultanite &' value at 10.5 GHz was
found to be 7.34. This measurement is very similar to that of
Takubo et al. 31! who reported 7.7, 8.38, and 7.27 at 1 MHz. In
addition, Shannon ez al. 3% reported €’ = 8.443 at 1 MHz fre-
quency for diaspore coming from Turkey. Zultanite observed
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€’ value is more related to the Al,O3 percentage weight in its
chemical composition and less related to the Fe; O3 and SiO;.

Zultanite €” value equal to 0.003 is very close to zero
with tand = 0.0004. In the work by Shannon e al., the dias-
pore tand values were found to 0.0007, 0.0008, and 0.0009 at
1 MHz. frequency. [*’]

3.5. Mossbauer spectroscopy of zultanite, agate, and chal-
cedony

In order to get a deeper insight into the physicochemical
properties of zultanite, agate, and chalcedony samples, >’Fe

Mossbauer spectroscopy was employed. It is an element se-
lective and local method when the iron nucleus acts as a probe
monitoring physical and chemical features of its surroundings
through hyperfine interactions of electric and magnetic nature,
i.e., interactions between nucleus of iron atom and its elec-
tronic shell and surrounding lattice (neighboring atoms, local
electric and magnetic fields).[*3 Thus, if iron atoms are intro-
duced into a non-iron containing material, then they convey
crucial information on the local characteristics that are hardly

derived by other techniques.

Table 4. Values of the Mossbauer hyperfine parameters, derived from the room-temperature Mossbauer spectra of zultanite, chal-
cedony, and agate sample, where § is the isomer shift, £y is the quadrupole shift, AEq is the quadrupole splitting, By is the hyperfine
magnetic field, and RA is the spectral area of individual spectral components.

Sample Component (6 £0.01) (eq/AEq £ 0.01)/ (Bnt = 0.3)/ (RA + 1)/ Assignment
mm-s~! mm-s~! T mm-s~!
Zultanite sextet 0.27 0.00 53.0 11 large iron islands
doublet 0.27 0.69 - 18 small iron islands
singlet 0.27 - - 70 middle-sized iron islands
Agate doublet 0.13 0.59 - 100 iron islands
Chalcedony doublet 0.13 0.58 - 100 iron islands

The ’Fe Mossbauer spectrum of zultanite sample,
recorded at room temperature and without an external mag-
netic field is depicted in Fig. 8(a); the values of the Mdssbauer
hyperfine parameters derived from spectrum fitting are listed
in Table 4. The deconvolution of the Mdssbauer spectrum
gives three spectral components, i.e., a sextet, doublet, and
singlet. For all the three spectral components, the values of
the isomer shift fall in the range expected for Fe* ions in
a high-spin state (i.e., S =5/2) in an orthorhombic crystal

environment. 33

| Their presence can be interpreted in terms of
formation of iron-containing islands in the structure of zultan-
ite (see Fig. 8(b)). In nature, it is frequently observed that
zultanite (or diaspore, AIOOH) contains iron as a result of
the Fe3*-for-AI’* substitution, the degree of which affects,
in particular, its optical and magnetic properties.**! These
iron islands behave in a similar manner as ultrasmall mag-
netic particles showing a magnetic moment known as a su-
perspin, p.13! The superspin may lie along particular axes fa-
vored by particle magnetic anisotropy. If the uniaxial char-
acter of magnetic anisotropy is assumed, then two energet-
ically stable orientations of the superspin exist, i.e., up and
down orientations, separated by a magnetic anisotropy barrier
the high of which depends on the particle size and strength
of magnetic anisotropy (i.e., contributions of individual mag-
netic anisotropy terms such as magnetocrystalline anisotropy,

shape anisotropy, surface anisotropy, etc.).[®!

If the temper-
ature increases, for a definite particle size, then the thermal

energy may exceed the anisotropy barrier energy and the par-

ticle superspin starts to thermally fluctuate between these two
directions, spending a certain time in one orientation known
as a relaxation time, 7. These spontaneous thermally activated
reversals of particle superspin are described as superparam-
agnetic fluctuations and are, among others, related with the
time window (characteristic measuring time) of a given exper-

33361 If this theory is adopted, then we may

imental technique. !
assign a superspin, L, to each iron-containing island in the zul-
tanite structure. In each iron island, the magnetic moments of
all iron atoms (ions) cooperate with each other giving a mag-
netically ordered structure characterized by the superspin (see
Fig. 8(b)). The size of the iron island determines the height of
anisotropy barrier separating energetically favorable orienta-
tions of the island superspin and hence the amount of thermal
energy to overcome it. Thus, at room temperature, differently-
sized iron islands show different relaxation times, 7. For the
smallest iron islands, at 300 K, 7 is significantly smaller than
the characteristic measuring time, T, of the Mossbauer tech-
nique (~ 1073 s). The island superspin shows superparam-
agnetic fluctuations (see Fig. 8(b)) contributing to the dou-
blet component. For iron islands with sizes corresponding to
T & Ty at 300 K (i.e., middle-sized iron islands, see Table 4),
an onset of superparamagnetic relaxation (see Fig. 8(b)) is ob-
served yielding a broad singlet component. For the largest iron
islands, at 300 K, 7 is significantly higher than 7,; the island
superspin is blocked in one particular orientation favored by
the island magnetic anisotropy (see Fig. 8(b)), thus giving a
magnetically split spectral component. Thus, the appearance
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of sextet, doublet and singlet components can be understood
in terms of size distribution of iron islands in the zultanite
crystal structure and a corresponding distribution in the re-
laxation time. Note a high value of the hyperfine magnetic
field evolved in the largest iron islands, implying the pres-
ence of strong magnetic interactions of the exchange type be-
tween Fe3* ions mediated by oxygen anions. In other words,
the existence of differently-sized iron islands in the zultanite
structure significantly modifies the band structure of zultanite
equipping it with magnetic, dielectric, and optical features not
observed in pure zultanite.>*! The presence of mostly larger
iron-containing islands may cause significant reduction in the

g value.
(a) 100.0
99.94
SN
=
g 99.8 1
Z
= 997 ¢ data
z fit
5 sextet
99.6 1— d'oublet zultanite
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To R T
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Fig. 8. (color online) (a) Room-temperature Mossbauer spectrum of the
zultanite sample and (b) schematic representation of iron islands inside
zultanite crystal structure (O and H atoms are omitted for the sake of
clarity), where p;(i = 1,2,3) is the magnetic moment of iron island,
7;(i = 1,2,3) is the relaxation time of a iron island magnetic moment,
and T, is the characteristic time of the Mossbauer technique (the arrows
indicate reversal of iron island magnetic moment between favored orien-
tations).

The Mossbauer spectrum of the agate sample, recorded
at room temperature and without an external magnetic field is
depicted in Fig. 9. The values of the Mossbauer hyperfine pa-
rameters derived from spectrum fitting are listed in Table 4.
The room-temperature Mossbauer spectrum shows only one
doublet component indicating the presence of iron-containing
islands in the structure of agate (see inset in Fig. 9). Following

the value of the isomer shift, they are most probably of iron

[3334] They are very small and their relax-

(III) oxide nature.
ation time is much smaller than 7, of the Mdssbauer tech-
nique, thus behaving in a superparamagnetic manner. The
symmetric profile of the doublet implies random distribution
and spatial orientation of iron-containing islands within the
crystal structure of agate (see inset in Fig. 9).33! The relatively
smallsize of iron-containing islands does not significantly alter
the €” value as in the case of zultanite for which much larger
sized islands were observed.

The Mossbauer spectrum of the chalcedony sample,
recorded at room temperature and without an external mag-
netic field is depicted in Fig. 10; the values of the Mdssbauer
hyperfine parameters derived from spectrum fitting are listed
in Table 4.
temperature Mossbauer spectrum of the chalcedony sample

Similarly to the agate sample, the room-

displays only quadrupole split component with the values of
Mossbauer hyperfine parameters resembling those expected
for iron(III) oxide.33**! The reduced value of the isomer shift
most probably reflects the sensitivity of the island towards

100.0 ==
X
> .
=)
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@
2 99.9 -
=
[;;3 Si
Fe @
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300 K, 0T
99.8 L] I L] I L) l L) l L) I T l L) I L)

-4 -3 -2 -1 0 1 2 3 4
Velocity /mm-s™'

Fig. 9. (color online) Room-temperature Mossbauer spectrum of the agate

sample. The inset shows schematic representation of iron islands in the

crystal structure of agate (O atoms are omitted for the sake of clarity).
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Fig. 10. (color online) Room-temperature Mossbauer spectrum of the
chalcedony sample. The inset shows schematic representation of iron is-
lands in the crystal structure of chalcedony (O atoms are omitted for the
sake of clarity).
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its surrounding due to its small size (i.e., the island signifi-
cantly feels its local environment through hyperfine interac-
tions). Analogously to the agate sample, the iron-containing
islands show superparamagnetic behavior because the related
relaxation times are smaller than 7,. However, contrary to
the agate sample, the doublet profile is asymmetric implying
an internal texture in the crystal lattice. This most probably
arises from ordered and regular distribution of iron-containing
islands (see inset in Fig. 10) resulting in the preferential ori-
entation of the island quadrupole moment with respect to the
electric field gradient tensor at the island place.!*?! As already
stated in the case of the agate sample, the relatively small
size of iron-containing islands found in the chalcedony crystal
structure does not significantly affect the £” value, as observed
in the zultanite sample featuring much bigger islands.

4. Conclusions

The values of & and €” at X-band of microwave fre-
quency range were obtained for chalcedony, agate, and zul-
tanite from Turkey for the first time. SiO; is predominant
with respect to €' of chalcedony and agate while Al,O3 is
predominant according to & of zultanite. Chalcedony and
agate have similar dielectric (¢’ and €”) and FTIR proper-
ties. 3’Fe Mossbauer spectroscopy results confirm existence
of iron-containing islands in the crystal structure of zultanite,
agate, and chalcedony equipping them with magnetic features
such as superparamagnetism. It turns out that the presence of
iron-containing inclusions with different size affects not only
the magnetic behavior of the studied samples but also the di-
electric properties, having, in particular, an influence on min-
eral €” values. There is no correlation between the dielectric
properties and LOI values.

References

[1] Sengwa R J and Soni A 2008 Indian J. Radio & Space Phys. 37 57

[2] Robert A 1998 J. Appl. Geophys. 40 89

[3] McMechan G A, Loucks R G, Zeng X and Mescher P 1998 J. Appl.
Geophys. 39 1

[4] West L J, Handley K, Huang Y and Pokar M 2003 Water Resour. Res.
39 1026

[5] Sengwa R J and Soni A 2005 Indian J. Pure Appl. Phys. 43 777

[6]

[7]
[8]
[9]
[10]
(1]
[12]
[13]

[14]

[15]
[16]

[17]
(18]
[19]
[20]
[21]
[22]
(23]
[24]
[25]
[26]
[27]
(28]
[29]
[30]
[31]
(32]
[33]
[34]
(35]

[36]

059101-7

Chen L F, Ong C K, Neo C P, Varadan V V and Varadan V K 2004
Microwave Electronics Measurement and Materials Characterisation
(New York: John Wiley & Sons)

Schon J H 2011 Physical Properties of Rocks (Netherland: Elseiver)
Gem News of GIA: Diaspore from Turkey 1995 Gems. Gemol. 31 59

Poulin D Network 1981 Measurements Division (California-USA:
Hewlett Packard)

Pechousek J, Jancik D, Frydrych J, Navafik J and Novdk P 2012 AIP
Conf. Proc. 1489 186

Pechousek J, Prochazka R, JanciD K, Mashlan M and Frydrych J 2010
J. Phys. 217 012006

Dean J A 1999 Lange’s Handbook of Chemistry (New York: Mc-Graw-
Hill) (15th edn.) p. 743

Yamagishi H, Nakashima S and Ito Y 1997 Phys. Chem. Minerals 24
66

Taylor D G, Nenadic C M and Crable J V 1970 American Indus. Hy-
giene Assoc. J. 31 100

Bhaskar J S and Parthasarathy G 2010 J. Mod. Phys. 1 206
Trittschack R, Grobety B and Miiller M K 2012 American Mineralogist
97 1965

Schmidt P and Frohlich F 2011 Spectr. Acta Part A 78 1476

Grill A and Patel V 1999 J. Appl. Phys. 85 3314

Gaudenzi S, Pozzi D, Toroa P, Silvestri I, Morrone S and Castellano A
C 2004 Spectroscopy 18 415

Gabrienko A A, Danilova I, Arzumanov S, Toktarev A V, Freude D and
Stepanov A 2010 Microp. and Mesop. Mater. 131 210

Atak S, Celik M S and Onal G 1998 Innovations in Mineral and Coal
Processing (USA: AA Balkema)

Hatipoglu M, Helvaci C, Chamberlain S C and Babalik H 2010 J. Afric.
Earth S. 57 525

Moxon T and Rios S 2004 Eur. J. Minerology 16 269

Moxon T, Ree S J B and Zhang M 2007 Mineralogy Magazine 71 461
Wang X and Xie Y 1990 Miner. Proces. Extr. Metal. R. 7 49

Brand A A, Groat L A, Linnen R L, Garland M I, Breaks F W and
Giuliani G 2009 Canadian Mineralogist 47 315

Parali L, Guinea J G, Kibar R, Cetin A and Can N 2011 J. Lumin. 131
2317

Hatipoglu M, Tuncer Y, Kibar R, Cetin A, Karali1 T and Can N 2010
Physica B 405 4627

Fawwaz T U, Bengal T, Dobson M C, East J, Garvin J and Evans D
1990 IEEE Trans. Geo. Remote Sens. 28 325

Wang X and Guo H 1999 Chin. Sci. Bull. 44 2286

Takubo J, Ukai Y and Kakitani S 1953 Miner. J. 13

Shannon R D, Subramanian M A, Marino A N, Gier T E and Rossman
G R 1992 Ameican Mineralogist 77 101

Greenwood N N and Gibb T C 1971 Méssbauer Spectroscopy (London:
Chapman & Hall)

Cornell R M and Schwertmann U 2003 The Iron Oxides: Structure,
Properties, Reactions, Occurrence and Uses (Weinheim: Wiley-VCH)
Dormann J L, Fiorani D, Tronc E, Prigogine I and Rice S A 1997 Mag-
netic Relaxation in Fine-Particle Systems (New York: John Wiley)
Dormann J L, Fiorani D, Cherkaoui R, Tronc E, Lucari F, D’Orazio F,
Spinu L, Nogues M, Kachkachi H and Jolivet J P 1999 J. Magn. Magn.
Mater. 203 23


http://dx.doi.org/10.4103/0019-5413.143915
http://dx.doi.org/10.1016/S0926-9851(98)00009-3
http://dx.doi.org/10.1016/S0926-9851(98)00004-4
http://dx.doi.org/10.1016/S0926-9851(98)00004-4
http://dx.doi.org/10.1029/2001WR000923
http://dx.doi.org/10.1029/2001WR000923
http://dx.doi.org/10.5741/GEMS.31.1.59
http://dx.doi.org/10.1063/1.4759489
http://dx.doi.org/10.1063/1.4759489
http://dx.doi.org/10.1007/s002690050018
http://dx.doi.org/10.1007/s002690050018
http://dx.doi.org/10.1080/0002889708506215
http://dx.doi.org/10.1080/0002889708506215
http://dx.doi.org/10.4236/jmp.2010.14031
http://dx.doi.org/10.2138/am.2012.4162
http://dx.doi.org/10.2138/am.2012.4162
http://dx.doi.org/10.1016/j.saa.2011.01.036
http://dx.doi.org/10.1063/1.369677
http://dx.doi.org/10.1155/2004/483591
http://dx.doi.org/10.1016/j.micromeso.2009.12.025
http://dx.doi.org/10.1016/j.jafrearsci.2010.01.002
http://dx.doi.org/10.1016/j.jafrearsci.2010.01.002
http://dx.doi.org/10.1127/0935-1221/2004/0016-0269
http://dx.doi.org/10.1180/minmag.2007.071.4.461
http://dx.doi.org/10.1080/08827509008952666
http://dx.doi.org/10.3749/canmin.47.2.315
http://dx.doi.org/10.1016/j.jlumin.2011.05.057
http://dx.doi.org/10.1016/j.jlumin.2011.05.057
http://dx.doi.org/10.1016/j.physb.2010.08.048
http://dx.doi.org/10.1016/j.physb.2010.08.048
http://dx.doi.org/10.1109/36.54359
http://dx.doi.org/10.1007/BF02885941
http://dx.doi.org/10.2465/minerj1953.1.3
http://dx.doi.org/10.1016/S0304-8853(99)00180-8
http://dx.doi.org/10.1016/S0304-8853(99)00180-8

	1. Introduction
	2. Materials and methods
	3. Results and discussion
	3.1. Chemistry
	3.2. FTIR spectroscopy
	3.3. Thermal analyses
	3.4. Dielectric properties
	3.4.1. Dielectric properties of chalcedony and agate
	3.4.2. Dielectric properties of zultanite

	3.5. Mössbauer spectroscopy of zultanite, agate, and chalcedony

	4. Conclusions
	References

