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Abstract

This study investigates the presence of naturally occurring asbestos (NOA) in the Bajgora
region of Mitrovica, Republic of Kosovo. Rock samples were collected and analyzed using
X-ray powder diffraction (XRPD) and scanning electron microscopy coupled with energy-
dispersive X-ray spectroscopy (SEM/EDX). The analyses confirmed the presence of the
chrysotile mineral, which is part of the asbestos mineral family, while the minerals of the
serpentine group, lizardite and antigorite, were identified. Also, in the last sample, in the
flyschite sandstone formations, quartz was identified. XRPD enabled the identification of
mineral phases, while SEM/EDX provided detailed morphological and chemical charac-
terization, essential for confirming asbestos structures. The detection of asbestos near res-
idential areas raises serious public health concerns, as airborne fibers may be inhaled dur-
ing routine daily activities. Exposure to these fibers is linked to severe diseases, including
asbestosis and mesothelioma. These findings highlight the need for continued monitoring
and comprehensive assessment of asbestos contamination in the Bajgora region. The find-
ings point to the need for continuous monitoring and comprehensive assessment of the
Bajgora region for asbestos contamination. Furthermore, the ecological risks to human
health resulting from the dispersion of asbestos mineral fibers in the soil, where their pres-
ence may be found in surface waters and in the air, these fibers represent a significant
environmental risk that requires urgent attention by establishing a monitoring system for
the benefit of public health.

Keywords: asbestos; Bajgora region; XRPD; SEM/EDX; lizradite; antigorite; quartz; risk;
environment

1. Introduction

Asbestos is a collective term for six naturally occurring silicate minerals, primarily
from the serpentine and amphibole groups, that share a fibrous crystalline structure [1].
These varieties include chrysotile, amosite, crocidolite, tremolite, anthophyllite, and ac-
tinolite [2].

Asbestos typically occurs in a fibrous or tubular form, which can be easily separated
into thin fibers due to its crystalline structure [3]. Due to its durable nature and ability to
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withstand high temperatures and chemicals, asbestos has been widely used in various
industrial environments historically [4]. Despite its health risks, asbestos has historically
been valued for its favorable properties, including heat resistance and durability [2].

Exploitation of asbestos as ACM (asbestos-containing materials) began between 1860
and 1875, and these materials were used until the 1970s, when they were recognized as
posing significant health risks [5]. Historical records indicate that nearly every country
has experienced a period of widespread asbestos use [6].

Although its health risks are well-documented, asbestos is still in use today [7]. As-
bestos-containing products continue to be marketed and sold in many countries [8].

During the decades of widespread use, asbestos fibers were released into the air, con-
tributing to environmental pollution and increasing the likelihood of exposure-related
diseases. Among the most common health consequences of asbestos fiber exposure are
lung cancer, respiratory tract irritation, and breast cancer [9].

The widespread use of asbestos has seriously affected human health. Prolonged in-
halation of asbestos particles is associated with diseases such as asbestosis, lung cancer,
and the frequently reported mesothelioma. In response, European nations have imple-
mented strict regulations or complete bans on asbestos use. Italy, for instance, enacted a
full ban relatively late under Law 257/1992 [10].

Asbestos has been classified as a carcinogenic substance (Group 1) by the Interna-
tional Agency for Research on Cancer [11]. Fibrous minerals are similarly classified by the
IARC as substances-carcinogenic to humans (Group 1) [3].

Increasing scientific research continues to highlight the serious health risks associ-
ated with asbestos exposure, particularly when safety measures are inadequate in asbes-
tos-related environments [12].

Asbestos-related diseases typically manifest after long latency periods. These dis-
eases usually have long latency periods, ranging from 15 to 60 years, which complicates
early diagnosis and underscores the need for preventive measures and long-term health
monitoring [13].

Healthcare professionals and researchers have increasingly reported epidemiological
indicators of asbestos-related diseases [13].

The presence of elements in asbestos-containing samples—especially heavy metals
within engineered mineral particles (EMPs)—enhances their toxic potential. These ele-
ments can contribute to the development of lung cancer if released into the body after
inhalation [3].

Most previous research has focused on occupational exposure to asbestos, assessing
the risks of asbestos-containing products such as water supply pipes, and their subse-
quent environmental impacts on surrounding ecosystems and communities [14].

In the study area, mining operations that disturbed geological formations containing
asbestos have led to the release of hazardous fibers into the environment, posing long-
term public health concerns [14].

Air pollution from asbestos fibers remains a serious and ongoing threat to public
health in the area [15].

The use of XRPD and SEM is essential for the research and detection of asbestos fibers
[4]. Advanced methodologies enable precise identification and mapping of fibers, which
are essential for accurate risk assessment and effective public health interventions. This
study aims to contribute to this field by establishing a comprehensive database on the
extent and sources of asbestos fiber contamination in the samples analyzed [16]. This da-
tabase will support both scientific understanding and public health efforts in affected re-
gions [16].
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The study also seeks to raise awareness among the public and the broader commu-
nity about the health risks associated with asbestos exposure, which can lead to serious
asbestos-related diseases [3].

By confirming the presence of asbestos in this region, our research will contribute to
further studies and help guide preventive strategies to protect the health and well-being
of the local population [15].

Given the health risks associated with exposure to naturally occurring asbestos min-
erals, there is an urgent need for comprehensive, evidence-based assessments that priori-
tize the healthcare of residents in the Bajgora region. This research will serve as a catalyst
for the systematic collection of reliable and professional data, aimed not only at advancing
scientific understanding but also at safeguarding the health and well-being of the local
population [14].

The International Agency for Research on Cancer (IARC), under the auspices of the
World Health Organization (WHO), has classified all forms of asbestos as carcinogenic
and posing a serious health risk to humans [2].

The main objective of this research is to address the environmental and complex issue
of the presence and subsequent contamination with asbestos in the Mitrovica region, fo-
cusing on the Bajgora area and the villages around it.

Natural asbestos (NAA) is not only a geological concern, but it also poses a long-term
ecological as well as toxicological risk. Rocks containing asbestos are exposed to us by
many various factors such as natural erosion, mining activities, infrastructure develop-
ment, while all these activities release microscopic fibers that are released into the soil,
water, and atmosphere.

These fibers are non-degradable in the environment and have a lifespan of decades
[11]. Unlike occupational exposure, which is limited in scope and time, exposure to NAA
in natural environments is uncontrolled and has a negative impact on the population of
the region, including residents, farmers, children, tourists, pets, etc.

The Bajgora region, due to its nature with serpentine formations and rocks and vari-
ous geological formations, represents a particularly vulnerable landscape. Seasonal cli-
mate changes, heavy rains creating erosion, high snow levels, and wind can help disperse
fibers, spreading contamination beyond the initial source site. Evidence from similar geo-
logical settings (e.g., El Dorado County, California; Broni, Italy; and the Cappadocia re-
gion of Turkey) has linked natural asbestos to high rates of mesothelioma and asbestosis
in populations that are not occupationally exposed [17].

Furthermore, the presence of chrysotile fibers in the air can travel considerable dis-
tances, entering homes, food products, and even water reservoirs. This study provides the
mineralogical basis necessary to begin ecological risk mapping and long-term monitoring
plans in the Mitrovica region.

2. Methodology of Research

This research on the distribution of asbestos in the Bajgora region is structured in two
main phases.

> Identification of the presence of asbestos in this area;
>  Determination of asbestos type and its characteristics through advanced instrumen-
tal methods.

The Bajgora region, which lies in the northern part of Kosovo, is characterized by a
wide spread of ultrabasic rocks, which appear mainly in the form of serpentinite, often
heavily altered. This region, in addition to its geological importance, is also distinguished
as an area with high potential for recreation and mountain tourism, due to its attractive
natural landscape and favorable climatic conditions.
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Fieldwork Methodology: The field component of this study commenced with the sys-
tematic collection of base rock samples, each accompanied by a comprehensive geological
description to document site-specific characteristics [18]. The methodology employed for
the identification of naturally occurring asbestos (NOA) in the study area was structured
into several key phases: the recognition of asbestos-bearing lithologies; detailed observa-
tion and documentation of relevant geological features; construction of a high-resolution
geological map; and precise determination of sampling locations using established geo-
spatial criteria [19,20].

All sampling activities were conducted in accordance with internationally recog-
nized standards and protocols to ensure the scientific integrity, reproducibility, and reli-
ability of the collected data [21]. Particular attention was given to the selection of repre-
sentative samples that reflect the prevailing geological conditions and are suitable for sub-
sequent analytical procedures, including scanning electron microscopy (SEM, VEGA3)
and X-ray powder diffraction (XRPD, Panalytical) analysis [22].

Visual identification: The sampling methodology was primarily focused on ultraba-
sic geological formations, with particular emphasis on serpentinized rocks-environments
in which the presence of naturally occurring asbestos has been previously documented,
as illustrated in Figure 1. Visual identification of asbestos fibers was undertaken with care,
and particular attention was given to mineralized streaks and zones exhibiting clear evi-
dence of asbestos within these formations, geological ruler presents vein of antigorite and

in the right red line presents the vein of lizardites.

Figure 1. Evidence of asbestos fiber presence at the surface, indicating potential environmental ex-

posure risks.

Laboratory Method:
To conduct this study, two advanced analytical techniques were employed:

»  Scanning Electron Microscope equipped with Energy-Dispersive X

Scanning Electron Microscope was used to examine the microstructural features of
the collected samples. Elemental composition was determined using the integrated EDX
(energy dispersive X-ray analysis) detector.

SEM/EDX analyses were performed at the Center for Scientific and Technological
Research and Applications (ARTMER) of Biilent Ecevit University in Zonguldak, using
an FEI Quanta FEG 450 model. Measurements were performed in BSE (back scattered
electron) mode under LFD LOV vacuum conditions, with an accelerating voltage ranging
between 15 and 20 kV. A conductive gold (Au) layer was used to prepare the samples for
SEM/EDX analysis, while carbon (C) was used to bond the samples to polymers for
mounting.

Representative samples were selected for detailed SEM analysis, which included
morphological characterization, elemental profiling, and spectral detection of primary
components [23]. Prior to analysis, the samples were ground and sieved through a 63 um
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mesh to ensure homogeneity and optimize spectrometric resolution. For each sample, 50
g of material were processed, from which 2 g were homogenized and submitted for labor-
atory analysis.

»  X-ray Powder Diffraction (XRPD)

This research was carried out at the BEU ARTIMER X-Ray Laboratory utilizing a
Panalytical Empyrean model instrument. The measurements were performed under con-
ditions of 45 k, 45 mA power, employing a reflection—transmission spinner stage, with a
scan range of 10-90° and an incremental step size of 0.0013°. The collected data were pro-
cessed using the High Score 3 Plus software, and the findings are presented and discussed
in the following section

The results revealed variable asbestos content in samples 1, 2, and 3, while no asbes-
tos phases were identified in sample 4. The global refinement parameters Re and Rp were
below the commonly accepted threshold (R < 10) and were closely aligned, indicating
strong consistency and high reliability between the SEM and XRPD (Rietveld) methods.

This combined analytical approach has demonstrated a high degree of accuracy in
identifying fine mineral structures and crystalline phases, and is widely recognized and
recommended for environmental studies, including by the U.S. Environmental Protection
Agency (EPA, 1993) [24].

The purpose of this analysis was to identify specific asbestos mineral subtypes and
any co-occurring elements typically associated with asbestos minerals [19], such as mag-
nesium (Mg), silicon (5i), and oxygen (O).

3. Study Area

In this study, samples were collected from base rocks, particularly serpentinites,
where the occurrence and distribution of asbestos fibers were observed in several cases.

The presence of asbestos fibers in natural geological environments is recognized as a
serious global public health concern [25]. Asbestos is a naturally occurring mineral that
forms as fibrous structures, which can be separated into thin threads [26].

Serpentinite rocks have a geologically complex origin, formed through the process of
serpentinization of ultramafic rocks, primarily composed of pyroxenes and olivine, origi-
nating from the Earth’s mantle. The main mineralogical phases within serpentinites in-
clude chrysotile, lizardite, and antigorite [5].

This research confirms the presence of asbestos within the bedrock by examining the
mineralogical context and geological relationships, consistent with findings from previ-
ous studies [14]. Through field observations and laboratory analyses, the geology of the
Bajgora region was mapped and the occurrence of asbestos fibers in the environment was
substantiated [14].

Geographically, the Bajgora region is located in northeastern Kosovo. It lies east of
Mitrovica, west of Podujeva, and northeast of Vushtrri, forming part of the southern ex-
tension of the Kopaonik Mountains. The asbestos-related investigation covered several
villages, including Bajgora, Kagandoll, Rrézhana, Bare, Selac, and Kovagicé [27].

Tectonically, the region belongs to the Vardar Zone, which is traditionally subdi-
vided into the Western, Central, and Eastern Vardar Zones [28]. Based on early geological
research, the study area is positioned within the Central Vardar Zone [27, 29]. This tectonic
setting is critical for understanding the genesis and spatial distribution of asbestos-bearing
formations [29].

The Central Vardar Zone in the study area is primarily composed of serpentinite
rocks. To the east, limestone and marlstone dominate, while the western and southwest-
ern parts are mostly composed of green schists. Additionally, the western zone of the
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study area features volcanogenic-sedimentary formations, as illustrated in the geological

map presented in Figure 2.

Geological map and sample position
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Figure 2. Geological map of the study area [30].
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Figure 2 presents the geological map of the study area [30], which is situated in the
northern part of Kosovo.

Geological mapping: was carried out through the interpretation of existing geological
maps [31], enabling the identification of zones with high potential for asbestos occurrence.
These areas were delineated based on lithological boundaries —specifically between ul-
trabasic and calcareous-sandstone formations to the east, and greenschist units to the west

of the Bajgora region.
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Field observations and sampling confirmed that the geological structure of the study
area is composed primarily of serpentinite rock formations, along with sandy flysch, mar-
ble conglomerates, phyllites, greenschists, and a westward-extending sequence of vol-
canogenic-sedimentary units [32]. In many areas, serpentinization is expressed through
parallel fault systems that intersect and form a network of structural dislocations [7].

In the eastern section of the study area, flysch formations are in tectonic-erosive con-
tact with limestone; the contact is especially visible at the northeastern border of the Ka-
candolli Massif, where the serpentine series are also in contact with sandy flysch and
sandy conglomerates. In the southwestern sector, green shales interbedded with phyllites
and marble dominate the stratigraphy. Meanwhile, the western portion of the study area
features a transition zone where serpentinites, green shales, and volcanogenic-sedimen-
tary formations converge —continuing in the direction of the village of Selac [33].

The serpentinite formations of the Jurassic period J2-3 come into tectonic contact with
the conglomerate, limestone, and marlstone formations of the Cretaceous geological pe-
riod K2 [7].

Hydrogeological parameters must also be taken into consideration, particularly in
areas where asbestos is exposed at or near the surface. In such regions, the movement of
surface and groundwater can facilitate the mobilization and transport of asbestos fibers
into the broader environment, potentially increasing human exposure risks [34].

4. Results and Discussions

The data presented in Table 1 summarize the results of SEM-EDAX analysis for sam-
ples 1, 2, 3 and 4, where the table includes the elemental composition of each sample,
expressed in both weight percent (Wt%i) and atomic percent (At%i), while Table 2 presents
the composition of oxides by % in the analyzed samples from the elemental weight per-
cent (Wt%i) obtained by SEM-EDS.

These values were calculated using standard formulas specific to each parameter,
providing a reliable representation of the chemical composition of the analyzed samples.

At%, = 100 Wt%, = -100
Z n, Z m.
ni = number of atoms of a specific element
mi = mass of element i
Y'nj = total number of atoms of all elements
Y m;j= total mass of all detected elements

Table 1. Elemental composition of the analyzed samples as determined by scanning electron mi-
croscopy (SEM-EDX).

Sample 1. Sample 2.

Element Wit% At% Element Wt% At%
O 65.82 75.52 O 63.85 73.93
Mg 20.49 15.49 Mg 21.48 16.37
Al 1.60 1.09 Al 1.47 1.00
Si 12.09 7.90 Si 13.20 8.70
Sample 3. Sample 4.

Element Wit% At% Element Wt% At%
O 63.71 73.87 0] 65.76 77.51
Mg 20.79 15.87 Mg 1.09 0.82
Al 1.80 1.24 Al 9.76 6.63

Si 13.55 8.95 Si 22.85 14.85
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Ca 0.16 0.07 K 0.54 0.19

Table 2. Composition of oxides (% by weight) in the analyzed samples recalculated from the ele-
mental weight percentages obtained by SEM-EDS.

Oxides % Sample 1 Sample 2 Sample 3 Sample 4
MgO 54.05 53.45 51.39 2.59
ALlOs 4.81 4.17 5.07 26.43

SiO2 41.14 42.38 43.21 70.05
CaO 0 0 0.33 0
K20 0 0 0 0.93

Table 2 presents the main oxide composition (Wt%i) for the four analyzed samples.
Samples 1 to 3 show a stable composition, dominated by MgO (51.39-54.05%) and SiO:
(41.14-43.21%), with only small amounts of Al20s (4.17-5.07%) and traces of CaO (0.33%
only in sample 3). This MgO-5iO2 dominance clearly reflects the typical geochemistry of
serpentinite minerals. Sample 4 differs significantly from the first three, being character-
ized by very high SiO2 (70.05%) and significant Al2Os (26.43%), while MgO is very low
(2.59%). The presence of K20 (0.93%) in this sample indicates a potassium (K)-containing
mineral composition in the muscovite presented in this sample (KAl2(AlSizO10)(OH)2).

Sample 1. The mineralogical characteristics of sample 1 are presented below and illus-
trated in Figure 3. A detailed analysis of its composition and structure was conducted to
identify the presence of asbestos-related phases and associated mineral components.

Ligardite 116 9%
mﬁﬁ?si?% Global Parameters Q
10,000
R (expected)/ % 3.55697

R (profile)/ %o 5.41434

S,ODO—J

0 L L L L L L L L L LN BB
20 30 40 50 60 70 80

Position [*2Theta] (Copper (CL)

Figure 3. X-ray diffraction (XRD) pattern of sample 1.

The mineralogical characteristics of sample 1 are presented below and illustrated in
Figure 3. X-ray diffraction (XRD), interpreted using the Rietveld method, provided a de-
tailed characterization of the sample’s mineralogical composition. The analysis identified
three main minerals of the serpentine group: antigorite (54.4%), chrysotile (33.9%), and
lizardite (11.6%). The diffraction pattern clearly shows the characteristic reflections of each
phase: chrysotile exhibits sharp peaks at 12.0°, 24.2°, and 36.5° 20; antigorite is character-
ized by broader peaks at 11.4°, 19.3°, and 32.4° 20, typical of its disordered layer structure;
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while lizardite is identified by reflections at 19.7° and 55.2° 20, indicating its fine-grained
nature. The quantitative analysis confirms antigorite as the dominant phase, followed by
chrysotile and then lizardite.

The concentrations of atoms in the regular formulas and the formulas that appear in
the minerals identified in sample 1, based on the powder diffraction file, are summarized
in Table 3.

Table 3. Table shows us the regular chemical formulas and the formulas generated by spectrometry

for sample 1.

Ref. Code Mineral Name Chemical Formula Concentration [%]
98-002-3813 Lizardite H,Mg,0,Si, 11.6
98-041-3633 Chrysotile H,Mg,0,Si, 33.9
98-009-5342 Antigorite T H:,MQ 30,5051 54.4

Table 3 shows the regular chemical formulas and the spectrometrically generated
formulas of the minerals for sample 1; the first row presents the ideal chemical formula,
while the second row presents the chemical formulas as given by the ICDD database and
reflects the measured stoichiometry of the sample and the idealized formula of the lizard-
ite, chrysotile and antigorite-T minerals.

Figure 4 presents the morphological characteristics of the sample as observed
through scanning electron microscopy (SEM).

Figure 4. SEM image of sample 1: a) 300 um, b) 30 um, c) 5 pm, d) 2 pm

SEM micrographs of sample 1, Figure 4, show distinct morphological characteristics
at different magnifications. At low magnification 4a, the surface shows angular and irreg-
ular particles of various sizes, revealing the structural composition of the sample. At in-
termediate magnification 4b, the plate-like and broken particles become more visible
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along the surface change where lizardite is observed in the form of plates. Higher magni-
fication images, as shown in 4c, show elongated, thin and fibrous structures but of the
laminar type and we are dealing with Antigorite. At very high magnification 4d, these
fibers are clearly distinguished with a pronounced needle-like shape and high aspect ra-
tio, emphasized in the encircled region, confirming the presence of fibrous textures typical
of minerals associated with chrysotile.

Sample 2. The mineralogical composition of sample 2 is presented below and illustrated
in Figure 5, based on the results of detailed phase identification and structural analysis.

s thardite 59%

Chrysotile 335 %

Antigorite T 60.6 % Global Parameters
6,000 —
R (expected)/ % 3.51561
R (profile)/ % 5.27472

4,000

2,000 —

Position [°2Theta] (Copper (Cu))

Figure 5. X-ray diffraction (XRD) pattern of sample 2.

The mineralogical composition of sample 2 is illustrated in Figure 5. The X-ray dif-
fraction (XRD) pattern, refined by Rietveld analysis, reveals the presence of three serpen-
tine-group minerals: antigorite (60.6%), chrysotile (33.5%), and lizardite (5.9%). The dif-
fraction exhibits distinct reflections attributed to these phases. Chrysotile is marked by
prominent peaks at 12.0°, 24.2°, and 36.5° 20, while antigorite shows broader and more
diffuse reflections at 11.4°, 19.3°, and 32.4° 20, typical of its irregularly layered structure.
Lizardite is identified by much weaker peaks at 19.7° and 55.2° 20, reflecting its softer and
less crystalline nature. Quantitative phase analysis confirms antigorite as the dominant
component in sample 2, followed by chrysotile, with only a minor contribution from liz-
ardite.

The concentrations of atoms in the regular formulas and the formulas that appear in
the minerals identified in sample 2, based on the powder diffraction file, are summarized
in Table 4.

Table 4. Table shows us the regular chemical formulas and the formulas generated by spectrometry

for sample 2.

Ref. Code Mineral Name Chemical Formula Concentration [%]
98-002-3813 Lizardite H,Mg,0,Si, 5.9
98-041-3633 Chrysotile H,Mg,0,Si, 33.5

98-009-5342 Antigorite T HoyM0 450,501 56 60.6
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Table 4 presents three serpentine minerals in sample 2, namely lizardite, chrysotile
and antigorite T, where the first row of the mineral contains the regular formulas of each
mineral, while the second row presents the formulas identified through XRD analysis and
the link to their codes in the ICDD (powder diffraction file) database:

Figure 6 presents the morphological characteristics of sample 2 as observed through
scanning electron microscopy (SEM).

FEI QUANTA FEG 450

FEI QUANTA FEG 450

Figure 6. SEM images of sample 2: a) 300 pm, b) 10 um, ¢) 5 pm, d) 2 um

SEM images of sample 2 shown in Figure 6 reveal distinct morphological features at
multiple magnifications. At low magnification 6a, the surface consists of large angular
rock fragments with localized areas of fibrous material visible along the edges. At inter-
mediate magnification 6b, a mixture of flat textures and early fibrous formations is ob-
served. At high magnification 6¢, laminar bundles with dense fibrous strumas are clearly
visible, arguing for the presence of antigorite, which are intertwined and elongated. At
the highest magnification 6d, individual fibers are clearly distinguished with a pro-
nounced needle-like shape, confirming the presence of the fine fibrous morphologies typ-
ical of chrysotile-type minerals, while lizardite appears in SEM as very fine microplates
attached to the surface, creating a dense matrix.

Sample 3. The mineralogical characteristics of sample 3 are presented below and illus-
trated in Figure 7, based on detailed phase identification and structural analysis.
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Figure 7. X-ray diffraction (XRD) pattern of sample 3.

The mineralogical composition of sample 3 is illustrated in Figure 7. The X-ray dif-
fraction (XRD) pattern, refined using Rietveld analysis, reveals the presence of two ser-
pentine group minerals: lizardite-1T (66.5%) and chrysotile (33.5%). The diffraction exhib-
its distinct reflections corresponding to these phases. Lizardite-1T is characterized by
strong peaks at 12.0°, 24.2° and 36.5° 20, indicating its well-ordered structure. Chrysotile,
on the other hand, is marked by sharp reflections at similar positions, but with slight shifts
in peak intensity, reflecting changes in its fibrous crystalline morphology. Quantitative
phase analysis confirms lizardite-1T as the dominant phase in sample 3, with chrysotile
mineral making up the remainder.

The concentrations of atoms in the regular formulas and the formulas that appear in
the minerals identified in sample 3, based on the powder diffraction file, are summarized
in Table 5.

Table 5. Table shows us the regular chemical formulas and the formulas generated by spectrometry

for sample 3.

Ref. Code Mineral Name Chemical Formula Concentration [%]
98-008-7437 Lizardite 1T H,Mg,0,Si, 66.5
98-041-3633 Chrysotile H,Mg,0,Si, 33.5

Table 5 presents two minerals in serpentinite rocks such as lizardite and chrysotile
where both minerals are polymorphs and have the same ideal chemical formula; the same
formula is also presented to us after XRD analysis using the ICDD (powder diffraction
file) codes specific to each element.

Figure 8 presents the morphological characteristics of sample 3 as observed through
scanning electron microscopy (SEM).
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et ]| —

FEI QUANTA FEG 450

Figure 8. SEM image of sample 3: a) 300 pm, b) 30 um, c¢) 5 pm, d) 2 pm

SEM images of sample 3 are shown in Figure 8. In the top-left image (Figure 8a), the
general surface of the sample is seen with rock fragments of various sizes, with mostly
angular and broken edges. In the top-right image (Figure 8b) at this level, plate and
crushed structures are observed that make up the main matrix of the sample. The thin
plates are joined and create uneven surfaces, forming a dense and fragmented texture
typical of lizardite-1T, which appears as microplate aggregates. In the bottom-left image
(Figure 8c), thin and long fibers are clearly distinguished. They appear scattered over the
matrix of lizardite-1T, where some are visible as individual threads, while others are col-
lected in small bundles. In the bottom-right image (Figure 8d) we clearly see thin, long
and needle-like fibers with a high length-width ratio, which confirm the presence of chrys-
otile.

Sample 4. The mineralogical composition of sample 4 is presented below and illustrated
in Figure 9, based on detailed phase identification and structural analysis.
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Figure 9. X-ray diffraction (XRD) pattern of sample 4.

The mineralogical composition of sample 4 is illustrated in Figure 9. The XRD dif-
fraction pattern using the Rietveld method shows a mineral assemblage dominated by
58.9% quartz, 32.2% muscovite-2M1 and 8.9% kaolin-1A. The diffraction pattern shows
sharp and intense peaks, especially in the strong quartz reflections at 26.6° 20, indicating
a high degree of crystallinity. Muscovite is identified by its characteristic reflections in the
10-80° 20 scan, and a higher order reflection at 45° 20, while the main peak at 8.9° 20 is
not recorded because it falls outside the measured range, while kaolinite is recognized by
its diagnostic peaks at 12.3° and 24.8° 20, indicating the presence of a secondary alteration
phase.

In quantitative terms, quartz appears as the dominant mineral, supported by signifi-
cant amounts of muscovite and minor kaolinite, presenting a mineralogical composition
typical of sedimentary metamorphic material.

The concentrations of atoms in the regular formulas and the formulas that appear in
the minerals identified in sample 4, based on the powder diffraction file, are summarized
in Table 6.

Table 6. Table shows us the regular chemical formulas and the formulas generated by spectrometry

for sample 4.

Ref. Code Mineral Name Chemical Formula Concentration [%]
98-015-6196 Quartz 0,Si, 58.9
98-020-2261 Muscovite 2M1 H,Al,,K,0,,Si;, 32.2
98-003-1135 Kaolinite 1A H 4A|2098i ) 8.9

Table 6 presents three minerals with a pure silicate structure, where quartz is in be-
tween the regular formula and the XRD-analyzed formula but presented with different
atomic arrangements. Muscovite is a mica or sheet mineral, variant 2M1 where it refers to
the polymorph type related to the symmetry of the unit cell. The regular formula of mus-
covite differs from the formula as presented to us from the XRD readings using the ICDD
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codes. Kaolinite is a common clay mineral. The ICDD formula is longer and presented
differently, but is essentially the same as the regular formula.

Figure 10 presents the morphological characteristics of sample 4 as observed through
scanning electron microscopy (SEM).

Figure 10. SEM image of sample 4: a) 300 pm, b) 30 pm, ¢) 5 um, d) 2 um

The SEM analysis of sample 4, as shown in Figure 10, from the top-left image (Figure
10a), SEM reveals large angular fragments with irregular edges and a heterogeneous grain
distribution. The highlighted area shows clumps of sheet-like material, likely correspond-
ing to muscovite plates intercalated within a matrix of fine particles.

The intermediate image (Figure 10b) shows well-defined sheet-like structures that
are layered and partially broken, confirming muscovite as presented with red circle,
which as a sheet silicate is formed by broad lamellae visible in SEM, where in the cracks
of this material silicate from kaolin appears as fine-grained material filling the spaces be-
tween the plates, while at higher magnification (Figure 10c), the layered textures at this
level of silicate are more prominent. The muscovite plates are more clearly visible, over-
lapping and forming an intercalated fabric. The very high magnification images (Figure
10d) show clear sheet-like structures confirming the presence of muscovite with its char-
acteristic layered morphology. The smooth coatings between and on the muscovite sheets
are consistent with kaolinite, while the sharp-edged fractures visible in the background
reflect the dominant quartz structure.

In Table 7, which presents the results of X-ray diffraction (XRD) analysis for four
mineral samples, the mineral phases, their chemical formulas and percentages for each
sample have been identified.
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Table 7. The results on the percentage and mineralogical phase of minerals found in four samples.

Ref. Code Mineral Name

Concentration [%]

Chemical F 1
emical tormuia Sample1 Sample2 Sample3 Sample4

98-002-3813  Lizardite H,Mg.0,Si, 12 6 67 0
98-041-3633  Chrysotile H,Mg,0,Si, 34 34 34 0
98-009-5342 Antigorite T H:,MQ3,0,,,Si 5 54 61 0 0
98-015-6196  Quartz 0,Si, 0 0 0 59
98-020-2261Muscovite 2M1 H,Al,,K,0,,Si;, 0 0 0 32
98-003-1135 Kaolinite 1A H,AlLLO,Si, 0 0 0 9
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The data in Table 7 show the composition of samples 1, 2 and 3 which are dominated
by minerals of the serpentine group of rocks: lizardite, chrysotile and antigorite T. These
minerals are closely related to the processes of hydrothermal alteration in ultramafic rock
and often constitute the main phases of natural asbestos in a specific way, as chrysotile.
Sample 4 has a different composition for the content where the dominant minerals are
quartz and muscovite, as well as a small percentage of kaolinite 1A. This mineralogical
profile gives us the clarity of a more siliceous origin in sample 4, unlike the ultramafic-
serpentine nature of the first three samples.

Figure 11, presented below, shows us in detail the X-ray spectra (XRD) showing the
mineralogical changes of the analyzed samples.

Concentration [%]
Ref. Code Mineral Name Chemical Formula Sample | Sample | Sample | Sample

1 2 3 4
98-002-3813 | Lizardite H Mg.0,Si, 12 6 67 0
95-041-3633 | Chrysotile H Mg ,0,Si, 34 34 34 0
98-009-5342 | Antigorite T H ., Mg 0y, Siy 54 61 0 0
98-015-6196 [ Quartz 0,Si, o 0 0 59
980202261 | Muscovite2M1 | 1 41,,K,0,Si,, 0 0 0 32
98-003-1135 | Kaolinite 1A H_ Al,,0,5i, 0 0 [ 9

20 30 40 50 60 70 80 90
26 (deg)

Figure 11. Shows the XRD spectra for the 4 analyzed samples.

Figure 11 shows the main mineralogical differences between the samples, where sam-
ples 1, 2 and 3 contain typical serpentine group minerals such as antigorite, chrysotile,
lizardite, while sample 4 contains non-serpentine silicate minerals such as quartz, musco-
vite and kaolin.
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X-ray diffractometric (XRD) analysis of the four samples shown in this graph reveals
considerable similarity in peak positions and shapes, but with considerable differences in
intensity, reflecting the mineralogical differences between the samples. All diffractograms
exhibit main diffraction peaks in the range 10-30° 20 to 60° 20, which are characteristic of
serpentine group minerals and other associated components, depending on the geological
setting.

The analysis shows that the high presence of chrysotile in most samples raises im-
portant issues for monitoring, due to the possible health and environmental implications
related to exposure to asbestos fibers. On the other hand, sample 4 shows a different po-
tential for use, as it is dominated by quartz and muscovite.

The presence of chrysotile, lizardite and antigorite in the analyzed samples indicates
a high potential for the emission of fibrous particles from these minerals. These fibers,
especially chrysotile, are known for their aerodynamic properties and stability and the
ability to remain suspended in the air for long periods of time. In the Bajgora region, sea-
sonal agricultural activities, recreational tourism and unregulated construction are in-
creasingly increasing, which also increases the possibility of disturbing asbestos-rich soils,
unintentionally releasing fibers into the environment that can be inhaled by local resi-
dents. Given the topographical features of the area, which has steep slopes and large relief
differences, heavy rainfall and limited vegetation in some sections, allow the transport of
fibers through runoff channels and surface waters. The risk of impact from surface waters
on groundwater is easily possible, leading to contamination of drinking water or deposits
on arable land, thus entering the food chain.

The ecological hazard of asbestos is presented by its resistance to chemical degrada-
tion, making natural attenuation impossible. Wildlife and livestock are also species at risk
from exposure, especially in areas where the fibers are deposited in pastures. Previous
studies in other regions affected by asbestos have shown that environmental exposure to
NOA is associated with increased incidence of mesothelioma in women and children,
populations that are not usually involved in industrial activities as presented in table 8.
Therefore, it is essential that the Bajgora region be treated not only as a site of geological
interest, but as an area of high ecological risk emergency that requires environmental risk
management strategies. This includes the need to create buffer zones, regulate land use,
conduct airborne fiber measurements and epidemiological studies of nearby populations.

Table 8. Summary of ecological and public health risks associated with naturally occurring asbestos
(NOA) in the Bajgora region [35-39].

Affected Compart- Impacted Popula-

Exposure Pathway Risk Description .
ments tions

Asbestos fibers re-

leased through wind Residents, farmers,

Airborne dispersion erosion, road con-  Ambient air . .
. . tourists, children

struction, or agricul-

ture

Fibers washed into Communities down-
Surface water . . . o .

streams during rain- Rivers, irrigation canalsstream, agricultural
transport

fall and runoff zones

Accumulation in top-

soil layers, especially Agricultural soil, graz- Farmers, livestock,
in pastureland and  ing land food chain
cropland

Soil retention

Previously deposited Atmospheric boundary Entire local popula-

Wind resuspension g1 Jifted back into layer tion
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the air during dry
and windy conditions

Potential for slow
Groundwater migra- leaching of fibers into . Rural households
) . . Shallow aquifers .
tion aquifers via fracture using groundwater
networks

Infrastructure or de-

o . . Workers, construc-
Uncontrolled land  velopment activities Construction sites,

tion crews, nearby

use disturbing asbestos- slopes
. & P inhabitants
rich rocks
Chronic exposure to Ecosystem health

Terrestrial and aquatic
Biodiversity impact fibers may affect soil habitats g and ecological ser-

fauna or aquatic life vices

5. Conclusions

This study investigated four rock samples collected from the Bajgora region, three of
which are derived from serpentinite formations and one from sedimentary rocks. The an-
alytical results—especially from the first three samples—confirmed the presence of min-
erals with known toxicological potential, most notably chrysotile, a form of asbestos asso-
ciated with significant health and environmental risks.

Quantitative analysis using XRD and SEM-EDX revealed the presence of serpentine
minerals such as lizardite, lizardite-1T and antigorite-T, and the mineral chrysotile which
belongs to the fibrous asbestos family, along with elemental constituents including O, Mg,
Al, Si, while in sample four K was also present. Among these, Al and Si are of particular
concern due to their potential contribution to toxic exposure pathways. SEM images pro-
vided valuable morphological insights, confirming the presence of chrysotile with its
characteristic fibrillar structure, antigorite in a laminar form and lizardite in microplate
aggregates. These observations are consistent with and reinforce the findings from XRD
analysis.

Sample 4, obtained from sedimentary and metamorphic formations, exhibited a min-
eral assemblage dominated by silicate minerals —especially sheet silicates—that may in-
fluence the physicochemical behavior of the material. Furthermore, the mineralogical
composition of sample 4 included foliated and crystalline phases such as muscovite (in
sheet form), kaolinite (as a secondary alteration product) and quartz (with sharp-edged
and broken grains). This mineral assemblage is indicative of a geologically altered mate-
rial, most likely of sedimentary origin, which has undergone physical and chemical ero-
sion processes.

Overall, the results highlight the environmental and health significance of asbestos-
containing formations in the Bajgora region and underline the need for continuous moni-
toring, risk assessment and possible remediation strategies in the affected areas.

6. Recommendations

Based on the findings of this study and the confirmed presence of hazardous asbestos
minerals in the Bajgora region, the following measures are recommended to protect public
health and ensure environmental safety:

e Designate the area for Health Risk Monitoring, given the confirmed presence of fi-
brous minerals from the asbestos group, such as chrysotile, which is known as a min-
eral with carcinogenic potential, particularly affecting the lungs.

e Implement continuous air quality monitoring to detect airborne asbestos fibers,
which pose an inhalation hazard to the local population and workers.
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e  Establish regulatory criteria in accordance with national and international standards
for construction, demolition, and recreational use of the area to minimize asbestos
exposure.

e  Monitor high-risk activities such as road construction, rock excavation, and infra-
structure development that may disturb asbestos-bearing formations and release fi-
bers into the air.

e Inform and educate the local population about the health risks associated with asbes-
tos exposure, with a focus on preventive behaviors and community awareness cam-
paigns.

e  Enforce strict use of personal protective equipment (PPE) and compliance with occu-
pational health and safety guidelines for all individuals working in or around the
affected area.

e  Assess the risk of asbestos dispersion from natural processes, such as erosion, runoff,
and groundwater movement, which may contribute to environmental contamina-
tion.

e  Develop a comprehensive Risk Management and Protection Plan for the Bajgora re-
gion, including mitigation measures, monitoring protocols, and public health strate-
gies to safeguard the population and the environment.

e Establish a national database of geological formations containing asbestos, where,
within the framework of land-use planning, the risk assessment that will arise from
this activity is carried out.

e Initiate preventive health screening programs, especially chest radiography and pul-
monary function tests, for the populations in these villages.

e  Establish warning signs for asbestos exposure and develop culturally appropriate
community awareness campaigns about the risk in the Bajgora region.
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