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Abstract: Determining the contents of F, S(total), and Cl in the studied samples of the limestone and marbles with high calcite contents 
was carried out by the nondestructive method of WDXRFS (Wavelength Dispersive X-ray Fluorescence Spectrometry). All 
measurements were performed in a vacuum condition using a WDXRF spectrometer S8 TIGER (Bruker AXS, Germany). The 
studied samples have wide ranges of F, S(total), and Cl contents, and high concentration of calcite (89.5%-99%). Main  objective of this 
research is to develop WDXRF (WD X-ray fluorescence) technique for the determination of F, S(total), and Cl. The calculated values 
of the ILD (instrumental limit of the detection) were within the interval from 3 for S(total) to 37 for F mg/kg. The repeatability was 
found to be satisfactory with the relative standard deviations lower than 7%. 
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1. Introduction 

F, S(total), and Cl are the volatile components for the 

reason that the concentration determination of these 

elements by solution chemistry methods is very difficult. 

Also, when determining of trace concentrations 

destructive methods are characterized by lower 

accuracy compared to the nondestructive method of 

WDXRFS (Wavelength Dispersive X-ray 

Fluorescence Spectrometry) [1]. 

It should be noted that investigation of the volatile 

components’ concentration distribution in rocks is 

very important, since the volatile components take an 

active part in the formation of magmas of various 

compositions [2]. 

Also, determination of sulfur concentrations is 

necessary in the limestones, since it refers to harmful 

impurities [3]. 

Cl and F refer to harmful impurities in the 

compositions of the limestone meal and the marble 

powder as well as in the crushed marble. Currently, 

the limestone meal and the marble powder are widely 
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used in agriculture as additives to acidic soils in order 

to increase the pH value of soils. The crushed marble 

is used in landscape design most often as a decorative 

mulch of circles around the tree trunks. In case of high 

contents of Cl and F in the compositions of the 

limestone meal, the marble powder, and the crushed 

marble these harmful components enter in the soils 

and pollute them, and also have the negative impact 

upon the development of the plants [4, 5]. 

2. Objects 

All studied samples of the calcite rich limestone 

and marbles were collected from a bottom part of 

dikes of granite-porphyry, andesite, trachyte 

composition of the Biliutinskiy deposit. This deposit 

is located in the Zaigraevskiy district of the Buryatia 

Republic (51°50′06′′ N and 108°15′47′′ E) [6]. The 

Biliutinskiy deposit is the active deposit of chemically 

pure limestone used for the production of calcium 

carbide (CaC2). The revealed occurrence of the marbles 

indicates the impact of the contact metamorphism on 

the limestone. The studied limestone is characterized 

by a light-gray color, while the marbles are 

represented by five varieties with different colors 
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depending on the content of impurities (the white 

marble, the white marble with pyrite veins, the 

light-gray marble with a blue tint, the dark-gray 

marble and the purple marble). The formation of 

pyrite which was identified in one of the varieties of 

the marble is associated with the hydrothermal stage 

of metamorphism. The mineral composition of the 

studied limestone and marbles was determined by 

X-ray diffraction analysis using a diffractometer 

DRON-3 (Russia). Measurements of the samples were 

performed under the following conditions: 25 kV 

electric potential difference, 20 mA electric current 

intensity of the X-ray tube, the range of the 2θ angles 

from 3° to 65°. Also, the X-ray tube with a copper 

anode and the nickel filter were used. Identification of 

the minerals was performed using the obtained 

powder diffraction data [7]. The calcite (CaCO3) 

content varies from 97% to 99% in the studied 

limestone and in most of the marbles, and the 

concentration of impurities does not exceed 3% in 

their composition. 

It was found that the concentration of impurities 

represented by talc, siderite and diopside is equal to 

0.66% in the white marble. The content of impurities 

represented by pyrite and diopside increases to 1.8% 

in the white marble with pyrite veins. The 

concentration of impurities is equal to 2.6% in the 

dark-gray marble which is due to the presence of talc, 

amphibole and chlorite in its composition. The 

maximum content of impurities represented by 

hematite and quartz is equal to 10.48% in the purple 

marble in which the calcite concentration decreases to 

89.5%. It should be noted that the obtained data on the 

mineral composition of the studied samples are in 

good agreement with the data of silicate analysis [8]. 

The results of silicate analysis showed that CaO and 

CO2 are the dominant components in the chemical 

composition of all studied samples of the Biliutinskiy 

deposit. The concentrations of CaO and CO2 vary in 

the ranges: 49.53%-56.26% and 38.17%-43.12% in 

studied samples, respectively. The contents of MgO 

vary from 0.24% in the light-gray marble with a blue 

tint to 1.19% in the white marble with pyrite veins. 

The absence of dolomite in the mineral composition 

of the studied samples and the relatively low 

concentrations of MgO in their chemical composition 

indicate that the limestone and marbles of the 

Biliutinskiy deposit were not affected by 

dolomitisation processes. The CaO/MgO ratio varies 

from 46 in the white marble with pyrite veins to 234 

in the light-gray marble with a blue tint (Table 1). 

The greatest similarity in the chemical composition 

is observed between the light-gray limestone and the 

white marble and the light-gray marble with a blue tint. 

The concentration increase of MgO and SiO2 is 

established in the dark-gray and the purple marbles in 

contrast to the light-gray limestone and the light 

varieties of marbles. The maximum contents of P2O5, 

Al2O3, SiO2, MnO, and Fe2O3(total) are established in 

the purple marble compared to the light-gray 

limestone and other varieties of marbles (Table 1). 

The similar increase in the contents of the foregoing 

oxides of chemical elements is associated with very 

high concentrations of impurities in the purple marble. 

3. Methodology 

3.1 Samples Preparation for Analysis 

The selection of material for the analysis was 

performed by the quartering method. The sample 

preparation was performed in accordance with the 

requirements given in Ref. [9]. The selected samples 

were powdered manually in the agate mortars for 10 h. 

For the elimination of a particle aggregation during 

the milling process a few drops of ethyl hydroxide of 

high purity were added. 

Particle sizes of the powdered samples were defined 

using a laser particle-size analyzer “Analysette 22” 

COMPACT (FRITSCH, Germany). Particle sizes did 

not exceed 75 μm and varied from 10 to 61 μm. The 

prepared samples weighing 1 ± 0.0001 g were used for 

the determination of the concentrations of S(total), Cl 

and F. The prepared samples were pressed into tablets 
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Table 1  The chemical composition (%) of the studied samples of the limestone and marbles of the Biliutinskiy deposit (the 
analysis was carried out by N. N. Ukhova, T. V. Popova, and E. G. Koltunova). 

Component 
Light-gray 
limestone 

Light-gray marble 
with a blue tint 

White marble 
White marble 
with pyrite veins

Dark-gray marble Purple marble 

SiO2 < 0.05 0.12 0.15 0.23 1.46 4.88 

TiO2 < 0.02 < 0.02 < 0.02 < 0.02 < 0.02 < 0.02 

Al2O3 < 0.25 < 0.25 < 0.25 < 0.25 < 0.25 0.28 

Fe2O3(total) 0.35 < 0.25 < 0.25 0.84 0.32 5.59 

MnO 0.04 <0.01 0.03 0.06 0.04 0.23 

MgO 0.35 0.24 0.40 1.19 0.72 0.98 

CaO 55.32 56.26 55.16 54.97 54.86 49.53 

Na2O 0.02 0.03 0.05 0.08 < 0.01 0.03 

K2O <0.01 0.02 0.03 0.03 0.03 0.05 

P2O5 < 0.03 < 0.03 < 0.03 0.07 < 0.03 0.09 

H2O
- 0.10 < 0.01 0.40 < 0.01 0.10 0.12 

Loss on ignition 0.89 0.38 1.10 0.35 0.78 0.52 

CO2 42.84 43.12 42.57 42.70 42.10 38.17 

∑ 99.91 100.17 99.89 100.52 100.41 100.47 

CaO/MgO 158 234 138 46 76 51 

The symbol “<” means that the component concentration is less than detection limit. 
H2O

- is hygroscopic water. 
 

Table 2  WDXRF measuring conditions. 

Analytical 
line 

2θ (°) 
kV mA 

Collimator 
(°) 

Analyzing 
crystal 

Detector 
Peak Background 

FKα1 38.265 42.787 30 60 0.46 XS-55 Flow Proportional Сounter 

SKα1 75.749 76.521 40 50 0.23 PET Flow Proportional Сounter 

ClKα1 65.463 
64.426 
66.426 

40 50 0.23 PET Flow Proportional Сounter 

 

on a boric acid base with a diameter of 40 mm using 

the HERZOG HTP 40 semiautomatic press (Germany) 

with a pressure of 100 kN. 

3.2 WDXRF Set-Up 

All measurements were performed in a vacuum 

condition using a WDXRF spectrometer S8 TIGER 

(Bruker AXS, Germany). 

This instrument is equipped with a 4 kW power 

X-ray tube with a rhodium anode and a beryllium 

window of 75 µm thickness [10]. Optimal 

instrumental measuring conditions were selected 

experimentally (Table 2). The Pentaerythrite (PET) 

analyzing crystal was selected for the determination of 

the concentrations of S(total) and Cl. It should be noted 

that a WDXRF spectrometer S8 TIGER with the PET 

crystal and a 0.23° collimator were used for the 

determination of the sulfur concentrations in soils and 

plants in Ref. [11]. Also, the PET crystal was used for 

the determination of the concentrations of P2O5, S(total) 

and Cl in soils and sedimentary rocks in Ref. [12]. 

The contents of F were determined using the XS-55 

crystal and a 0.46° collimator (Table 2). Also, for the 

determination of F located in the long-wave region of 

the spectrum the electric potential difference of the 

X-ray tube was reduced to 30 kV (Table 2). 

Measurement time of the analytical line and the 

background from F, S(total), and Cl was 100 s and 30 s, 

respectively. Processing the X-ray spectra, numerical 

peak separation, and the correction of the matrix 

effects were performed using the software 

SPECTRAplus [13]. 
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3.3 RMs (Reference Materials) 

The RMs (ICRMs and HSRMs) with the high 

content of calcium oxide (more than 20%) were 

selected to construct calibration curves and perform 

metrological studies. Carbonatite Bronnitsky 

(4390-88), Skarn Rock (4394-88), GPOS301 and 

GPOS302 (dolomitic limestones), GPOS303 (dolomite 

containing of feldspars 35.3%), OOPE401 (calcareous 

ooze) were used [14, 15]. The ICRMs and HSRMs of 

sediments and rock of various chemical composition 

were added to the calibration set of the foregoing RMs 

to provide a wider concentration range of F, S(total), and 

Cl. These RMs are OOKO202, OOKO203, OOKO204 

(carbonatic-siliziclastic sediments), OOPE402 

(siliceous silt), SGD1 (gabbro), ST1 and ST2 (traps), 

SGR1 (shale), SDC1 (mica schist), DNC1(dolerite), 

BIR1 (basalt). The similar solution was demonstrated 

in Ref. [16]. Also, the additional mixtures were 

prepared on the basis of the calcareous ooze, the 

carbonatic-siliziclastic sediments (OOPE401 and 

OOKO204), the calcareous spar (pure calcium 

carbonate), and oxide SiO2 (chemically pure) in 

various ratios. The additional mixtures were prepared 

manually with addition of ethyl hydroxide of high 

purity in the agate mortars. Each mixture was 

prepared for 3 h. So, the carbonatic-siliziclastic 

sediments and the calcareous spar were mixed in 

ratios 1:1, 1:2, 2:1, 3:1. The carbonatic-siliziclastic 

sediments and oxide SiO2 were mixed in ratios 1:1, 

1:1.45, 1:3, 1:4, 1:5, 1:6. The calcareous ooze and the 

carbonatic-siliziclastic sediments were mixed in ratios 

1:2, 1:3, 1:4 and the calcareous ooze and the 

calcareous spar were mixed in ratios 1:1, 1:9, 2:1, 3:1 

to obtain high concentrations of Cl (more than 1,000 

mg/kg). It is connected with absence of the RMs with 

certified S and Cl contents in the ranges from 50 to 

200 mg/kg and from 600 to 17,000 mg/kg. These 

mixtures were used along with other RMs to construct 

calibration curves as in Ref. [17]. 

 

4. Result and Discussions 

4.1 X-Ray Spectra 

Fig. 1 shows the analytical lines spectra of F, S, and 

Cl. The spectra were obtained using the “calcareous 

ooze” containing CaO 39.23%. The contents of the 

determined elements in this RM are (in mg/kg): 

F—700, S(total)—1900, Cl—17,000. 

As seen from Fig. 1, the FeLα1 (2θ = 36.470°) line 

overlaps on the FKα1 (2θ = 38.265°) line. Also, the 

influence of AlKα1-line and MgKα1-line in the second 

order of reflection on the FKα1-line is established. The 

influences of these lines on the FKα1-line and the 
 

 
Fig. 1  a, b and c: XRF spectra of analytical lines of F, S, 
and Cl. 
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influence of the RhLαI-III-lines on the SKα1-line and the 

ClKα1-line were taken into account to determine the 

concentrations of F, S(total), and Cl. The influence of the 

NbKβ1-line on the SKα1-line is negligible. 

4.2 Quantitative Analysis 

The method based on the use of α-coefficients was 

implemented to take into account the interelement 

influences in the software SPECTRAplus. The corrected 

concentrations were computed according to the equation: 

,1 j
'
ijiii 








 

j

IImC 
         (1)

 
where Ci and Ii are concentration and intensity of    

the determined element analytical line corrected for 

background, mi is slope of the calibration curve, Ij is 

matrix elements intensity corrected for background, αij 

is α-coefficients used to account for matrix effects. 

The coefficients for account of the contribution of 

the lines overlap were calculated using the equation: 

, 
overlap

jjii IkII        (2)
 

where Ii
- is the corrected intensity for an i-th line, Ii is 

the intensity of the determined element analytical line 

corrected for background (net intensity), Ij is the 

intensity of the element that gives the interfering line, 

kj is the regression coefficient. 

The scatter of points on the calibration curves was 

reduced significantly after accounting the matrix 

effects and the introduction of amendments for the 

lines overlap. Fig. 2 shows the calibration dependence 

for Cl in the range from 26 to 500 mg/kg. 

You can see that submitted calibration curve shows 

good linearity (R2 = 0.9902) (Fig. 2). 

Table 3 presents the calibration data. 

The S (standard deviation) characterizing a 

dispersion point around the calibration line was derived 

from linear regression equation using least-squares fit 

to provide minimum value of this one as in work [18]. 

The comparison indicated that the S values obtained 

using the fixed α-coefficients were less than the S 

values achieved without the matrix correction by 

6.3-18.5 times (Table 3). 

4.3 Analytical Figures of Merit 

The ILD and the limit of determination of the 

WDXRF method (LDM) were calculated for F, S(total), 

and Cl according to the recommendations from Refs. 

[19, 20]. The ILD was defined as the minimum net 

intensity of an analyte, which can be detected by an 

instrument in a given analytical context with a 99.95% 

confidence level. It was calculated using the equation 

from Ref. [20]: 
 

 
Fig. 2  The calibration curve for Cl in the range from 26 to 
500 mg/kg. 

 

Table 3  Calibration data obtained for F, S(total), and Cl. 

Element 
Number 
of the RMs 

Calibration 
range (mg/kg) 

Line overlap 
correction 

Influence coefficients 
(α-correction) 

Sa (mg/kg) 

Ib IIc 

F 20 35-1,960 FeLα1, AlKα1 [2], MgKα1 [2] CKα1, NaKα1, CaKα1, RhLα1 104 37 

S(total) 22 43-15,300 RhLI/Rayleigh CKα1, PKα1, ClKα1, CaKα1, FeKα1 593 32 

Cl 30 26-17,000 RhLα1/Rayleigh CKα1, PKα1, SKα1, SiKα1, CaKα1 100 16 

a Standard deviation; b Without correction of the matrix effects; c With accounting of the matrix effects (α-correction). 
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,
65.4

ILD b
i


S

             (3) 

where Si is sensitivity (Cps/concentration), σb is the 

standard deviation calculated from several background 

intensity measurements (n = 10) performed in both 

sides of an analyte peak. 

The calculated values of the ILD for the RM 

OOPE401 “calcareous ooze” are 3 mg/kg for S(total), 14 

mg/kg for Cl and 37 mg/kg for F, respectively. 

The LDM was defined as the smallest concentration 

of an analyte that can be reliably quantified by a given 

analytical method with a 95.4% confidence level [19, 

20]. It was calculated from a series of ten replicate 

specimens (n = 10) prepared from the representative 

sample of the purple marble containing hematite and 

quartz using the equation: 

 
;

1
2LDM 1

2

m









n

CC
n

m

 
.1

m

n

C
C

n

m

    (4) 

The concentrations of F, S(total), and Cl and the 

obtained LDM values are shown in Table 4. 

It can be seen, the LDM values do not exceed 15 

mg/kg for F, S(total), and Cl. The RSD (relative standard 

deviation) values of the measurement results were 

calculated in order to test repeatability of the WDXRF 

technique as in Ref. [20]. Ten (10) tablets were 

prepared from the representative sample of the 

light-gray limestone and measured 1 time, after that 1 

tablet from 10 was chosen and measured 10 times. The 

values of the RSD do not exceed 7% in all cases. 

The accuracy of this WDXRF technique was checked 

by measuring the RMs OOKO204 (anomalous sediment) 

and AN-G (anorthosite). Table 5 presents the 

comparison of the results of the data obtained by the 

proposed WDXRF technique with the certified values. 

You can see that the data obtained by the proposed 

WDXRF technique provide a good agreement with the 

certified values. 

4.4 Concentrations of F, S(total), and Cl in the Studied 

Samples 

The correlation relationships were identified 

between F, S(total), and Cl and oxides as a result of 

R-type cluster analysis (Fig. 3). 

It can be seen, strong correlations were established 

between S(total), Cl and Na2O in the first group. Also, 

strong correlation was established between F and 

Al2O3 in the second group. Straight-line correlations 

were identified between F and MnO Fe2O3(total) in the 

same group because the correlation coefficient is 1.0. 

CaO and CO2 had formed the third group where 

straight-line correlation was established between these 

components, too. 
 

Table 4  Limits of the determination (mg/kg) of the WDXRF method evaluated in the purple marble with hematite and 
quartz, n = 10. 

Element Concentration (mg/kg) LDMa 

F 620 13.7 

S(total) 68 1.1 

Cl 114 8.5 
a The limit of determination of the WDXRF method. 
 

Table 5  Concentrations (mg/kg) (mean ± standard deviation, n = 6) obtained for RMs OOKO204 (anomalous sediment) and 
AN-G (anorthosite) by the proposed WDXRF technique and the certified values for this RMs. 

Element 
OOKO204 AN-G 

СWDXRF Сcert
a СWDXRF Сcert

a 

F 1,901 ± 5 1,900 122 ±  4 120 

S(total) 498 ± 5 500 140 ± 2 140 

Cl 403 ± 4.5 400 302 ± 3 300 
a Certified value. 
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Fig. 3  Correlation between F, S(total), and Cl and oxides in the studied samples of the limestone and marbles of the 
Biliutinskiy deposit. 
 

Table 6  Mean concentrations (mg/kg) of F, S(total), and Cl in the studied samples of the limestone and marbles of the 
Biliutinskiy deposit. 

Elements 
Light-gray 
limestone 

Light-gray marble 
with a blue tint 

White marble 
White marble 
with pyrite veins

Dark-gray marble Purple marble 

F 114 ± 5 50 ± 1.5 147 ± 6 180 ± 6.3 157 ± 5 620 ± 12 

S(total) 62 ± 2.5 59 ± 0.8 132 ± 4.5 2,880 ± 25 86 ± 1.9 68 ± 3 

Cl 76 ± 2 83 ± 2.5 634 ± 10 876 ± 12 76 ± 2.5 114 ± 3.5 

Confidence intervals were computed at the confidence level p = 0.95 and the number of the measurements n = 6. 
 

The dependence of the concentrations of F, S(total), 

and Cl on the content of impurities was established in 

the studied samples. Table 6 presents the mean 

concentrations (mg/kg) of F, S(total), and Cl in the 

studied samples of the limestone and marbles of the 

Biliutinskiy deposit. So, the maximum concentration 

of F (620 mg/kg) was found in the purple marble 

containing hematite and quartz. The maximum 

contents of S(total) (2,880) and Cl (876) were identified 

in the white marble with pyrite veins. 

It should be noted that the part of content S(total) is 

associated with iron in pyrite (FeS2) in the white 

marble with pyrite veins. High content of Cl (876 

mg/kg) may be related to high concentration of Na2O 

(0.08%) in this marble. Also, high content of Cl (634 

mg/kg) was established in the white marble containing 

Na2O 0.05%. 

The light-gray limestone and the marble light-gray 

with a blue tint are depleted in the volatile 

components (F, S(total), and Cl). 

5. Conclusions 

Development results of the WDXRF technique for 

quantitative determination of F, S(total), and Cl 

concentration in carbonate rocks are presented in the 

article. The instrumental limit of the detection, the 

limit of the determination, the repeatability and the 

accuracy of the WDXRF method were found to be 

satisfactory and illustrate the viability of the technique. 

The proposed WDXRF technique can be applied for 

analysis of carbonate rocks. 
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