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ABSTRACT Samples of realgar ore were collected from the hydrothermal

products of the Eocene volcanic material of the Erzurum region in Turkey.

The prepared samples were analyzed by polarized energy dispersive X-ray

fluorescence (PEDXRF) and by confocal Raman spectroscopy (CRS). The

goal of this study was to figure out the chemical composition of realgar

and its properties through PEDXRF and CRS and the optical characteristic

features under the polarized microscope. The result of the XRF analysis

shows the collected realgar samples are mainly composed of As, S, Si,

and Mg in different proportions. The contents of As in realgar change from

36.55% through 31.49% to 5.97% in the analyzed samples. The strong peak

of the realgar samples is at 352 cm�1, and a weaker peak exists around

190 cm�1. The accuracy and precision of the technique for chemical analysis

is demonstrated by analyzing CRM 2126-81. The realgar ores were studied

by use of CRS and polarized microscopy.

KEYWORDS Raman, realgar, X-ray fluorescence

INTRODUCTION

Realgar (AsS) is crystallized in a monoclinic system as prismatic crystals

and generally is coarse to fine granular size. This mineral has ring-like struc-

ture groups of As4S4. Due to hydrothermal alterations, some parts of realgar

(AsS) may alter to pararealgar (As4S4) forming a light-yellow color. It is very

soft with 1.5–2 hardness and has a gravity of 3.4 g=cm3. Realgar is streaked

red to orange in color and may associate with the yellowish orpiment

(As2S3). It may also accompany arsenopyrite, sphalerite, antimonite,

arsenic-sulfosalts, and pyrite. It is softer than orpiment and antimonite.

Realgar is very striking in hand and has small grain sizes with high internal

reflection under the microscope. It occurs in veins of lead, silver, and gold-

associated hydrothermal deposits. Realgar may be used in fireworks for

giving a brilliant white light and also used for artificial arsenic sulfide.

In past years, rapid and nondestructive analyses have became important

in analytical techniques. However, the XRF technique has several advan-

tages for chemical and geochemical analysis.[1,2]
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Marguı́ et al. studied the multielemental fast analy-

sis of vegetation samples by XRF spectroscopy.[3]

They reported that the XRF technique was a univer-

sally nondestructive method for rapid and sequential

or simultaneous quantitative analysis of materials.

Bichinho and co-workers determined the catalyst

metal residues in polymer samples by XRF.[4] They

reported that XRF could provide an element analysis

in the polymer matrix through a direct analysis in

mg kg�1 levels.

Camerani and co-workers studied the XRF tomo-

graphy of individual municipal solid waste (MSW)

and biomass fly ash particles.[5] They reported that

the technique was able, for the first time, to show

the internal concentration distribution of macro

and micro elements in the microscopic and highly

inhomogeneous objects, like particles of fly ash,

with very little sample preparation requirements.

Goldstein et al. characterized a soil by energy disper-

sive X-ray fluorescence (EDXRF) spectroscopy in an

environmental study.[1] They searched from K to U as

elements in their study. Siyanbola et al. analyzed zir-

con samples of Nigeria by the ED-XRF,[6] searching

22 elements in the zircon samples, and compared

two types of zircon samples. Perring and co-workers

performed an elemental analysis of infant cereal sam-

ples by wavelength dispersive XRF spectroscopy.[7]

This study involved investigating 88 samples of

commercially available products. They analyzed 9

elements (Na, Mg, P, Cl, K, Ca, Mn, Fe, and Zn).

Vantelon and co-workers investigated the spatial

distribution and speciation of Pb in the weathering

crust and soil surrounding corroding metallic lead

bullets in a shooting-range soil.[8] They analyzed

the soil samples by the micro-XRF technique.

There are many investigations regarding the nature

and behavior of the elements in river water, surface

sediments of rivers,[9,10] soil samples,[11–13] geological

samples,[14] aerosols in urban enviroment,[15] in var-

ious vegetables,[16–19] and in blood and biological

samples.[20,21]

As a result, the XRF technique, especially the

EDXRF technique, is one of the most popular

methods for quantitative analysis and is a highly

recommended technique.[2]

Raman spectroscopy is an important analytical

technique. It provides information about the com-

position of composites, pigments, semiconductor

materials, biological structures, polymers,[22] and

geological samples.[23–28] Üstündağ and co-workers

characterized trona mineral by confocal Raman spec-

troscopy. They reported that the identification of the

trona was controlled by Raman confocal spectro-

scopy.[23] Recent studies show that confocal Raman

spectroscopy is a useful analysis technique for deter-

mination in mineral science.[29–36]

Blach et al. explained the geometry of the Raman

spectra as a collected data set of spectra in a confocal

polarized micro-Raman and back-scattered geome-

try. They reported that the analyzed material could

be either rotated around the optical axis of the micro-

scope through which the pump was focused onto

the sample or vertically translated, as depicted.[37]

The focus of the current study is to investigate the

geochemical compositions and behavior of the ele-

ment distribution of realgar and its all rock using

polarized energy dispersive X-ray fluorescence

(PEDXRF), conform Raman spectroscopy (CRS), and

optical characteristics under polarized microscopy.

Geological Features of Realgar

The realgar of the Eocene volcanic region of

Erzurum has a wide exposure along the veins ran-

ging in width from 40 cm up to 15m. The volcanic

material of this area is mainly composed of augite

basalt and augite–hornblende andesite. The realgar

of Erzurum occurs in a different part of the eastern

Anatolian volcanic province as a cluster and powder

products at the surface of the outcrops. It has gradual

contact with the host rock and may also be observed

as disseminated products along the contact within

the wall rocks. The collected samples represent the

pure ore (S1), powder samples (S2), and the dissemi-

nated samples within the wall rock (S3) (Table 1).

Optical Features under the Polarized
Microscope

The realgar samples were sliced and polished to

about 0.03mm thick for the optical mineralogy and

TABLE 1 Codes for the Samples

Sample Code

Realgar, crystal (pure) S1

Realgar, powder S2

Realgar, wall rock S3
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polarized microscopy (Leica Microsystems, Wetzlar,

Germany) studies. In this method, a chip is cut out

and the surface of the samples is polished and glued

by Canada balsam to the slide glass. The upper sur-

face of the sample was polished using progressively

finer and finer abrasive.[38] The sample was ground

down to its final thickness of about 0.03mm. Realgar

polishes poorly due to its low hardness. Polishing

cleavage is hardly observed and it has bright luster

and gray-white reflection under polarized micro-

scopy. The realgar has yellow-red with immersion

present everywhere as internal reflection under the

polarizing microscope. It can be distinguished from

other minerals by its low hardness, orange–red

streak and red color with small grains, and its typical

internal reflection.

METERIALS AND METHODS

Sample Preparation for PEDXRF
Measurement

The samples used in this study were gathered

from Erzurum in Turkey according to the sampling

methods. All samples were ground into fine powder

in an agate mortar. They were sieved to pass through

a 200-mm mesh and then pressed into thick pellets of

32mm diameter using wax (Breitländer GmbH,

Hamm, Germany) as binder. CRM 2126-81 (Asso,

France) was equally pressed into pellets in a similar

manner as the samples, and these were used for

quality assurance.[11,23,39,40]

Multielement concentration was determined by

using PED-XRF. The spectrometer used in this study

was a Spectro XLAB 2000 PEDXRF spectrometer

(Germany), which was equipped with a Rh anode

X-ray tube, 0.5mm Be side window. The detector of

the spectrometer is Si(Li) by liquid N2 cooled with

resolution of <150 eV at Mn Ka, 5000 cps. The

PEDXRF spectrometer configures source beam, scat-

tered beam, and fluorescent beam in all at mutually

orthogonal angles.[41]

The sample is measured by PEDXRF mainly done

by three types of targets.[41] The first target is suitable

for the light elements with Z> 22, and this target is

named as Barkla target. The second target is oriented

crystal target that is suitable for light elements up

to Z¼ 22 and can be named as Bragg target. The third

target is pure metal target and is suitable for specific

elements or small groups of adjacent elements. In

addition, this target is helpful for generating Compton

scatter peaks, which can be used for matrix correction.

Confocal Raman Spectrometer
Analysis

The realgar samples from the study area were col-

lected according to the sampling methods. The sam-

ples were prepared and polished for the analyses

under polarized microscopy and Raman confocal

micro-spectroscopy. The samples were studied by a

HORIBA Jobin Yvon-HR800 confocal Raman Spectro-

meter (France) for identification of realgar. The con-

focal Raman spectroscopy (CRS) is a well-known

method for the analyses of minerals, however, CRS

has not yet been widely applied to realgar identifica-

tion and determination. Raman measurements were

performed with a HORIBA Jobin Yvon spectrometer

equipped with a laser operating at a wavelength of

633 nm. An electrical cooled charge-coupled device

(CCD) detector was employed to acquire spectra,

and the laser spot was focused on realgar surface with

10�, 50�, or 100� long focused objectives, which

allow a 65- and 13-mm working distance, respec-

tively, and a lateral resolution of 5 and 2mm, respec-

tively. Polarization of the incident laser beam was

selected parallel to the preferential domain orienta-

tion of samples (y), and spectra were collected in a

strict backscattering geometry. The intensity values

of phonon modes for realgar were obtained using a

Labspec 4.02 (HORIBA Jobin Yvon) package, accord-

ing to the Gaussian–Lorentzian mixed functions

after subtracting a baseline and applying the initial

approximations of modes position.[23,42]

RESULTS AND DISCUSSION

All data are the result of an average of three mea-

surements on each sample with a relative standard

deviation (SD) of generally less than 10%. The con-

centration values of the 33 elements searched are

given in Table 2. Results were calculated by consid-

ering the loss on ignition (LOI). Concentrations of

elements are given in mg g�1 except for those of

major elements, which are given in percent.

(Table 2). For illustration, the PEDXRF spectrum of

the main elements of the wall rock realgar are given

in Fig. 1.
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TABLE 2 Multielemental Concentrations (Mean�SD) in the

Realgar samples�

Element S1 S2 S3

Na 1.86� 0.21% 1.08� 0.16% 2450� 130

Mg 4.00� 0.16% 3.24� 0.14% 2.768� 0.087%

Al ND 1.539� 0.023% 5.12� 0.029%

Si 3.461� 0.027% 15.90� 0.05% 19.97� 0.04%

P 597� 41 623� 36 693� 21

S 20.47� 0.04% 17.09� 0.03% 2.704� 0.008%

Cl 43.8� 3.2 ND ND

K 1335� 87 5320� 120 9039� 99

Ca 782� 40 2403� 60 5.484� 0.019%

Ti 454� 24 2498� 40 4407� 39

V ND 71� 15 215� 15

Cr ND ND 324� 17

Mn 71� 26 ND 973� 24

Fe 1062� 33 2.216� 0.014% 6.249� 0.015%

Ni 230� 12 192� 12 139.1� 5.7

Cu ND 20.3� 7.4 82.2� 4.3

Zn 102.3� 9.1 107.2� 9.3 95.3� 3.9

Ga 36.9� 5.4 37.5� 5.4 21.7� 2.1

As 36.55� 0.05% 31.49� 0.04% 5.974� 0.009%

Rb ND ND 26.5� 1.0

Sr 5.6� 1.9 8.8� 2.4 260.5� 2.3

Y ND ND 16.0� 1.1

Zr ND 23.9� 6.5 61.1� 5.8

Nb ND ND 11.9� 3.0

Ag ND 3.5� 1.8 ND

Cd 2.9� 1.1 ND ND

Sn 4.0� 0.8 3.0� 0.7 1.9� 0.5

Sb ND 112.8� 2.0 27.0� 0.8

Te ND ND 1.8� 0.9

Ba 13.4� 3.0 88.2� 3.7 277.8� 4.2

Ce ND ND 12.2� 5.9

Hg 1063� 30 846� 27 80.9� 7.4

U 70� 12 21� 12 23.9� 6.3

�Concentrations of elements are given in mg g�1 except for those of
major elements given in percent (%).

FIGURE 1 XRF spectrum of realgar sample (S3: wall rock).

TABLE 3 The Content of the Elements Obtained from the

Certified Material CRM 2126-81 by using PEDXRF (with 95%

confidence) Quantitative Method�

Elements

or oxide

Certificate

concentration

Measurement

concentration

SiO2 64.45� 0.09% 63.71� 0.07%

Al2O3 16.61� 0.13% 15.47� 0.04%

MgO 1.58� 0.04% 1.44� 0.04%

CaO 3.82� 0.05% 3.699� 0.007%

Na2O 4.27� 0.08% 4.19� 0.14%

K2O 3.12� 0.04% 3.502� 0.06%

TiO2 6300� 200 5900� 200

P2O5 2290� 100 2076� 100

MnO 830� 50 974� 40

Fe2O3 4.64� 0.09% 4.48� 0.02%

Ba 970� 80 876� 5

Co 7.6� 0.7 7.2� 1.3

Cr 21� 2 20.2� 1.8

Cu 16� 2 15.4� 0.8

Ga 27� 2 26.4� 0.6

Ge 1.1� 0.2 ND

La 54� 7 52.6� 2.7

Mo 2.0� 0.3 1.98� 0.2

Nb 15� 3 14.3� 1.2

Ni 9.5� 0.9 9.4� 1.0

Pb 19� 2 18.4� 0.6

Rb 121� 8 120.9� 0.4

Sn 4.6� 0.5 4.4� 0.2

Sr 500� 50 491.1� 2

V 70� 6 65.4� 5.4

Y 25� 3 22.8� 0.3

Zn 69� 7 60.8� 1.2

Zr 230� 20 229.3� 1.0

�Concentrations of elements are given in mg g�1 except for those of
major elements given in percent (%). Precision is given as standard devia-
tion in each case for three different measurements.

FIGURE 2 Microphotograph of pure realgar sample (S1) under

the polarized microscope.
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The results of the measurements of the PEDXRF

Spectro XLAB 2000 PEDXRF spectrometer (Germany)

spectrometer were controlled by determining the

elemental concentration in a standard sample pre-

pared with CRM 2126-81 as shown in Table 3.

The results of the geochemical analysis of the real-

gar samples revealed that the S1, S2, and S3 have

36.55%, 31.49%, and 5.974% of As, respectively.

The pure realgar (Fig. 2) sample (S1) has higher

concentration of As and Ni than do the powder

realgar (Fig. 3) sample (S2) and wall rock (S3) sam-

ple (Fig. 4). The wall rock sample has low amount

of As, because it has disseminated with limited

amount of realgar concentrations. The polarized

microscope views of the all samples are shown in

Figs. 2, 3, and 4.

Photomicrographs of the Raman spectra of the

realgar samples are given in Figs. 5, 6, and 7. The

confocal Raman spectroscopy reveals clear Raman

spectra for S1 and S2 samples (Fig. 8). The spectrum

FIGURE 4 Microphotograph of wall rock realgar (pararealgar)

sample (S3) under the polarized microscope.

FIGURE 3 Microphotograph of powder realgar sample (S2)

under the polarized microscope.

FIGURE 5 Microview of confocal Raman microscope (France)

image of pure realgar (S1) and its analysis point.

FIGURE 6 Microview of confocal Raman microscope (France)

image of powder realgar sample (S2) and its analysis point.

FIGURE 7 Microview of confocal Raman microscope (France)

image of wall rock realgar (pararealgar) sample (S3) and its

analysis point.
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of S3 (Fig. 9) is not identical with those of the S1 and

S2 samples (Fig. 8), but it is most identical with the

pararealgar spectra (Fig. 9). Pararealgar is a poly-

morph of realgar that may form as an interaction of

realgar with hydrothermal solution of the residual

fluids of the system.

The S1 and S2 are represented the realgar samples

with a strong peaks near 352 cm�1 and a weaker

peak around 190 cm�1 (Fig. 8). The strong Raman

spectrum peak (around 352 cm�1) of pure realgar is

derived from As–S stretching and the weak peaks

(around 180.0 cm�1, 190.0 cm�1, and 218.0 cm�1)

may derive from As–As stretching þAs–S–As bend-

ing. The weak peak of 218.7 cm�1 for S1 and

218.1 cm�1 for S2 in Fig. 8 may be the result of a

weak transformation of realgar to polymorph realgar.

On the other hand, the Raman spectrum of the wall

rock sample is most similar to the Raman spectrum

of the polymorph (pararealgar, As4S4) spectrum

(Fig. 9). The studied sample of S3 has a pair of strong

peaks near 228.7 cm�1 representing the polymorph

structure of realgar, which is a pararealgar. It may

be concluded that the appearance of a pair of strong

peaks (As–As–S bending) near 228.7 cm�1 may

differentiate realgar from the pararealgar. The As–

As stretching modes and the strong band are around

350 cm�1 which represent the totally symmetric

vibration of the covalently bonded S–As–S–As

FIGURE 8 Confocal Raman spectrum of pure (S1) and powder (S2) realgar samples.

FIGURE 9 Confocal Raman spectrum of wall rock realgar (pararealgar) sample.
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chain.[43,44] The Raman spectrum results of S3 reveal

that the realgar is transformed to pararealgar during

the alteration at the contact of the wall rock. As a

result, the pararealgar spectrum (S3) has a greater

number of bands of strong or medium (92.6 cm�1,

140.1 cm�1, 272.1 cm�1, 307.1 cm�1, and 385.1 cm�1

in Fig. 9) intensity, which may reflect reduced mole-

cular symmetry of pararealgar (S3 in Fig. 9) with

respect to realgar (S1 and S2 in Fig. 8).

CONCLUSIONS

The geochemical composition of realgar and its

wall rock samples were analyzed by the PEDXRF.

The identification of the realgar was performed by

polarized microscopy and Raman confocal spectro-

scopy. The mineralogical and PEDXRF results of real-

gar reveal that realgar (S1) is more pure than the

powder realgar (S2). The realgar at the surface of

wall rock has less arsenic content because of the

transformation of realgar to the polymorph structure.

Moreover, the pure realgar (S1) has a clearer Raman

spectrum than that of the powder realgar (S2). The

hydrothermal alteration products produce a pair of

strong peaks near 228.7 cm�1 of As–As–S bending

at the contact of wall rock during the hydrothermal

alteration. Raman spectroscopy is quite useful during

the differentiation of realgar from the pararealgar by

the appearance of a pair of strong peaks of As–As–S

bending during the transformation. As a conclusion,

the PEDXRF technique, Raman confocal spectro-

scopy, and polarized microscopy are useful methods

for quantitative and geochemical studies in determi-

nation, behavior during the alteration, and for com-

parison of minerals in material sciences.
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