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Abstract 
Purpose. To evaluate the spatial distribution and mineralogical variability of naturally occurring asbestos (NOA) in the  

Bajgora region and assess its environmental significance in relation to geological conditions and current land-use patterns, to 
identify asbestos-bearing zones and provide a spatial basis for environmental hazard assessment. 

Methods. A combined mineralogical, statistical, and geospatial approach was applied. Twenty representative rock samples 
were collected across the study area and analyzed using X-ray powder diffraction (XRD) and scanning electron microscopy 
coupled with energy-dispersive X-ray spectroscopy (SEM-EDX) to identify and quantify asbestos-related mineral phases. 
Descriptive statistics, correlation analysis, and principal component analysis (PCA) were used to evaluate mineralogical varia-
bility and phase associations. Spatial interpolation using Kriging was performed in GIS software to visualize the distribution of 
serpentine-group minerals and chrysotile and to support environmental hazard zoning. 

Findings. The results indicate pronounced mineralogical heterogeneity within the Bajgora region, dominated by serpen-
tine-group minerals, including lizardite (with multiple polytypes), antigorite, and subordinate chrysotile. Lizardite is the most 
widespread phase, reflecting low-temperature serpentinization, whereas antigorite locally dominates under higher-temperature, 
higher-pressure conditions. Chrysotile occurs discontinuously and is spatially restricted to specific structural zones, such as 
fracture systems and lithological contacts. Statistical and multivariate analyses confirm non-random spatial patterns and strong 
geological control on mineral distribution. 

Originality. This study provides one of the first integrated mineralogical-statistical-spatial assessments of NOA in the Ba-
jgora region, linking detailed phase characterization with spatial modeling to support site-specific environmental risk evalua-
tion in ophiolitic terrains of the Western Balkans. 

Practical implications. The generated spatial distribution maps provide a practical tool for environmental risk zoning, 
land-use planning, and prioritizing monitoring and mitigation measures in areas affected by naturally occurring asbestos. 
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1. Introduction 

Asbestos is a group of naturally occurring fibrous silicate 
minerals widely used in industrial applications for their high 
thermal resistance, tensile strength, and chemical stability. 
However, extensive epidemiological and toxicological stud-
ies have demonstrated that inhalation of airborne asbestos 
fibers is associated with severe long-term health effects, 
including asbestosis, lung cancer, and malignant mesothe-
lioma. As a result, the use of asbestos has been strictly regu-
lated or banned in many countries, while environmental and 
public health concerns related to asbestos exposure remain 
highly relevant [1]-[4]. 

Mineralogically, asbestos minerals are divided into two 
major groups: serpentine and amphibole asbestos. Chrysotile, 
a serpentine-group mineral, represents the most widespread 

form of asbestos globally and is commonly associated with 
serpentinized ultramafic rocks. In many ophiolitic com-
plexes, chrysotile occurs together with other serpentine  
minerals, such as lizardite and antigorite, reflecting different 
stages and physicochemical conditions of serpentinization. 
These mineralogical associations are critical for understand-
ding the spatial variability, stability, and environmental be-
havior of asbestos-bearing rocks [4]. 

In recent decades, attention has shifted from anthropo-
genic asbestos-containing materials to naturally occurring 
asbestos (NOA), hosted by ultramafic, mafic, and related 
lithologies. In areas underlain by serpentinites and other 
ultrabasic rocks, asbestos fibers may be released into the 
environment through natural weathering or anthropogenic 
ground disturbance, including excavation, road construction, 
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quarrying, mining, and infrastructure development. Such 
processes create a direct pathway from geological occurrence 
to potential human exposure, particularly in regions expe-
riencing active land-use change [5]. 

Effective management of NOA-related environmental 
hazards requires not only the mineralogical identification of 
asbestos-bearing phases but also spatially explicit infor-
mation on their distribution and relationships with geological 
structures, lithological boundaries, and human activity. Spa-
tial analysis and hazard zoning approaches are therefore 
increasingly recognized as essential tools for assessing po-
tential exposure and supporting evidence-based land-use 
planning and risk mitigation strategies [6], [7]. Similar spa-
tially oriented approaches have been successfully applied in 
environmental and geological risk assessments, where geo-
spatial analysis and zoning techniques have been used to 
identify areas of increased hazard and support decision-
making [8]. Advances in environmental information technol-
ogies further enhance the integration of geological data with 
spatial models for risk evaluation [9]. 

The Bajgora region, located in northern Kosovo within 
the Vardar Zone, represents a geologically complex area 
characterized by widespread ophiolitic units and serpentin-
ized ultramafic rocks. In recent years, the region has under-
gone accelerated infrastructure development and tourism 
expansion, including road construction and the development 
of residential and recreational facilities [10]. These activities 
increase the likelihood of ground disturbance within asbes-
tos-bearing terrains and highlight the need for integrated 
geological and environmental assessments to support sus-
tainable regional development and public health protection. 
The application of GIS-based data processing, optimization 
techniques, and spatial modeling has been widely used in 
geoscientific studies to enhance the reliability of subsurface 
and environmental assessments [11]-[14]. 

The objective of this study is to evaluate the spatial dis-
tribution and mineralogical variability of NOA-related  
mineral phases in the Bajgora region and to translate these 
data into applied products for environmental assessment. 
Specifically, the study aims to characterize asbestos-bearing 
mineral assemblages using mineralogical methods, analyze 
their spatial distribution in relation to geological and struc-
tural controls, and delineate zones of increased environmen-
tal hazard and potential exposure under present-day land-use 
conditions [1], [10], [15]. The resulting mineralogical, statis-
tical, and spatial models provide a basis for environmental 
hazard zoning, risk communication, and prioritization of 
monitoring and mitigation measures in areas affected by 
naturally occurring asbestos [1], [2], [4], [5], [10], [15]. 

2. Study area 

The Vardar Zone is a central tectonic unit formed during 
the geodynamic evolution of the Alpine-Mediterranean oro-
genic system. It is commonly subdivided into the Western, 
Central, and Eastern Vardar zones [16]-[17][18]. It comprises 
an extensive ophiolitic belt separating the Serbian-Macedonian 
Massif from the Dinarides and represents a contact zone be-
tween oceanic and continental lithospheric segments [19]-[22]. 

The Bajgora region is situated within the Vardar Zone in 
northern Kosovo (Fig. 1) [23]. Its western part belongs to the 
Western Vardar Subzone, whereas the eastern part is associa-
ted with the Central and Eastern Vardar subzones [1], [17], 
[18]. These subzones differ in their stratigraphic and struc-
tural characteristics. In particular, Upper Cretaceous flysch 
deposits interact with ophiolitic sequences of the Western 
Subzone, reflecting a complex tectono-sedimentary evolu-
tion [18]. The Bajgora-Kaçandol belt represents a distinct 
tectonic unit within the Vardar Zone and is closely linked to 
the southern structural systems of this domain [1], [23], [24]. 

 

 

Figure 1. Tectonic framework of the Alpine collision zone between the Eastern Alps and western Turkey, showing the position of the 

Vardar Zone and the location of the study area in northern Kosovo 
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Geologically, the study area is characterized by the pre-

dominance of ophiolitic complexes and associated sedimen-

tary units (Fig. 2). Jurassic serpentinites are tectonically 

overlain by Cretaceous limestones, marls, conglomerates, 

and sandstone flysch sequences [1], [10], [20], [25], [26]. 

Contacts between serpentinized ultrabasic rocks and car-

bonate formations are vital, as they represent favorable zones 

for the development of naturally occurring asbestos (NOA) 

mineralization [1], [27], [28]. 

 

 

Figure 2 Geological map of the study area (scale 1:25000), sho-

wing the distribution of ophiolitic units, sedimentary 

formations, and sampling locations 

 

Ultrabasic rocks in Kosovo are known to host mineraliza-

tion of asbestos, chromium, and talc [29]. The Mitrovica 

region, especially the Bajgora Mountains, is one of the most 

significant areas with documented NOA occurrences, with 

estimated reserves of approximately 8.9 million tons [29]- 

[31]. Although the geological occurrence of NOA in this 

region has been investigated in several studies, integrated 

approaches combining mineralogical data with spatial and 

statistical analysis for site-specific environmental risk as-

sessment remain limited, particularly in the Western Balkans. 

The present study addresses this gap by linking mineralogi-

cal characterization with spatial analysis to support environ-

mental hazard zoning in complex ophiolitic terrains. 

3. Materials and methods 

3.1. Analytical methods and spatial data processing 

Rock samples were collected across the study area and 

analyzed using X-ray Powder Diffraction (XRPD) and Scan-

ning Electron Microscopy coupled with Energy-Dispersive 

X-ray Spectroscopy (SEM/EDX) to identify and characterize 

asbestos-bearing mineral phases [32]. 

To accurately represent the spatial distribution of asbes-
tos and assess environmental risks, the study employed 
ArcMap 10.7 and Golden Software Surfer, integrating data 
from field surveys, GPS measurements, and laboratory ana-
lyses [33], [34]. This approach enabled the creation of a 
spatial database used for zoning and mapping of asbestos 
distribution and environmental hazard levels [35]. 

The results of the spatial analysis were used to develop an 
environmental hazard map that highlights zones with varying 
degrees of potential environmental risk [1], [36], [37]. In 
addition, a social vulnerability map was produced to identify 
areas where local populations and visitors are most physical-
ly exposed to asbestos-related risks. Asbestos distribution 
was mapped using Golden Software Surfer to identify zones 
of varying environmental risk [38]. 

3.2. Field data collection and ancillary information 

The first phase of the study comprised systematic field 
investigations, including geological observations of litholog-
ical units, documentation of asbestos-bearing occurrences, 
and compilation of statistical data related to the surveyed 
settlements [29]. In parallel, information on land-use pat-
terns, such as construction activities, tourism development, 
agriculture, and livestock farming, was collected, as these 
factors are directly linked to surface disturbance and poten-
tial pathways of asbestos exposure [30]. 

Historical sources indicate that the study area was ex-
ploited for asbestos mineral extraction before World War II. 
Remnants of former mining activities, including asbestos-
containing tailings and landfill sites, are still preserved in the 
field and were documented during field surveys (Fig. 3) [29]. 
 

 
Figure 3. Remnants of asbestos-containing tailings and landfill 

sites in the Bajgora region are associated with historical 

mining activities since the 1940s 

3.3. Geological and structural sampling 

Rock sampling was carried out across the study area fol-
lowing an approximately uniform spatial scheme, taking into 
account the availability and accessibility of bedrock surface 
exposures (Fig. 4) [39]. For each sampling location, geo-
graphic coordinates were recorded using a handheld GPS 
receiver, ensuring accurate spatial positioning within the 
KosRef coordinate system. During field sampling, lithologi-
cal, structural, and morphological characteristics of the ex-
posed rocks were documented, and a unique identification 
code was assigned to each collected sample [39]. 

A total of 20 rock samples were collected. Nineteen sam-
ples were identified as containing fibrous mineral phases. 
They were preliminarily classified based on their color, tex-
ture, and morphological features, whereas one sample exhib-
ited distinct mineralogical composition and structural charac-
teristics compared to the others. 
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Following laboratory analyses, spatial evaluation of the 
sampling results was performed in ArcGIS 10.7 and web-
based mapping tools to assess the distribution patterns of 
fibrous minerals and support environmental risk mapping. 

 
(a) 

 

(b) 

 
Figure 4. Field evidence of asbestos-bearing serpentinites in the 

Bajgora area: (a) structurally fractured serpentinite 

with asbestos-bearing zones; (b) close-up view of fibrous 

mineral aggregates observed in serpentinite outcrops 

(photo: B. Sinani) 

3.4. Geological and structural sampling 

Collected rock samples were transported to the Universi-
ty of Mitrovica’s laboratory for physical preparation before 
mineralogical and microscopic analyses. Each sample was 
first crushed and ground in a Pin Yan mill until a fine, ho-
mogeneous granulometry was achieved. The ground material 
was subsequently sieved, and the fraction with a particle size 
≤ 63 µm was selected for further analysis [40]. 

From the ≤ 63 µm fraction, 10 g of material was weighed 
for each sample and packaged under controlled conditions to 
ensure consistency between samples and to minimize con-
tamination or material loss (Fig. 5) [15], [31]. 

 

 
Figure 5. Prepared rock samples after grinding and sieving to  

a particle size of ≤ 63 µm and weighing 10 g for labora-

tory analyses 

This fraction was considered suitable for XRPD and 

SEM/EDX analyses based on standard mineralogical prepa-

ration protocols. Given the inherent heterogeneity of rock 

samples, including variable grain size, surface roughness, 

and mineral distribution, particular attention was paid to 

obtaining representative subsamples and reducing potential 

sources of analytical bias during preparation [41], [42]. 

3.5. Laboratory analyses 

Prepared samples were analyzed at Zonguldak Bülent Ece-

vit University (Zonguldak, Turkey). Micromorphological and 

mineralogical investigations were conducted using a field-

emission scanning electron microscope (FE-SEM; FEI Quanta 

FEG 450). Observations were performed in backscattered 

electron (BSE) mode under low-vacuum conditions, using an 

accelerating voltage in the range of 15-20 kV (Fig. 6). This 

configuration was selected to enhance atomic number con-

trast and to facilitate the identification of asbestiform mineral 

phases based on their morphological characteristics [32]. 

 

 

Figure 6. Laboratory identification of asbestos-bearing phases 

(SEM-BSE micrograph) 

 

Mineralogical characterization was further supported by 

X-ray powder diffraction (XRPD) analysis. The obtained 

diffraction patterns were processed and interpreted using the 

Rietveld refinement method, allowing reliable identification 

and quantitative estimation of crystalline phases present in 

the samples [43]. The combined use of SEM-based observa-

tions and XRPD analysis enabled robust identification of 

asbestos-related mineral phases, including chrysotile, within 

the analyzed samples. 

4. Results and discussion 

4.1. Spatial distribution of mineralogical phases 

The mineralogical composition of each sampling point is 

visualized using cylindrical charts, allowing direct compari-

son of phase proportions between individual localities.  

Figure 7 presents the spatial distribution of asbestos-bearing 

mineral phases derived from mineralogical analyses of 

georeferenced field samples. The map integrates the relative 

abundances of antigorite, lizardite, and chrysotile, which 

represent the dominant serpentine-group minerals occurring 

within the ultrabasic rocks of the study area. Such variability 

is characteristic of heterogeneous serpentinization pathways 

and textural evolution of ultramafic rocks controlled by fluid-

rock interaction processes, as described in classical studies 

on serpentine textures and serpentinization [44]. 
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Figure 7. Spatial distribution of asbestos-bearing minerals based on 

the mineralogical composition of the analyzed samples 

 
Among the identified phases, chrysotile, the principal as-

bestiform mineral, is the most critical factor from an envi-
ronmental risk perspective. In contrast, antigorite and lizar-
dite, although generally considered less hazardous, are in-
cluded to illustrate the petrogenetic framework and mine-
ralogical evolution of the serpentinized ultramafic units. The 
map also shows the spatial distribution of nearby settlements, 
enabling a preliminary evaluation of potential population 
exposure. In several locations, chrysotile-bearing samples 
occur in proximity to inhabited areas, which increases the 
environmental sensitivity of these zones. 

The spatial patterns of serpentine-group minerals and 
chrysotile, identified by X-ray diffraction (XRD), exhibit 
pronounced variability across the study area. These variations 
reflect differences in the degree of serpentinization, structural 
controls, and local geological conditions that influence the 
formation and preservation of asbestiform mineral phases. 

Radial diagrams were used to visualize the relative distri-
bution of the analyzed mineral phases across the sampled 
locations (Fig. 8a-g). This graphical representation enables 
direct comparison of relative phase proportions across indi-
vidual sampling points and highlights spatial variability as-
sociated with local geological and alteration conditions. 
The distribution of antigorite (Fig. 8b) shows localized ma-
xima, most prominently at samples S7 and S10, indicating a 
heterogeneous spatial pattern within the study area. Such 
enrichment suggests variations in serpentinization intensity 
and structural control, commonly associated with hydrother-
mal alteration zones where antigorite is stable under relative-
ly higher pressure and moderate temperature conditions. 
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Figure 8. Radial diagrams illustrating the relative distribution of 

mineralogical phases across the sampled locations: 

(a) antigorite T; (b) antigorite; (c) lizardite 2H1; (d) li-

zardite; (e) lizardite 2H2; (f) chrysotile; (g) lizardite 1T 

 

Antigorite T (Fig. 8a) generally exhibits low values and a 

more restricted spatial distribution, without clearly dominant 

concentration zones, indicating that this variant represents a 

minor, locally developed phase formed under specific physi-

cochemical conditions. 

The radial diagrams for lizardite and lizardite 2H1 

(Fig. 8d, c) reveal contrasting spatial behaviors. Lizardite 

(Fig. 8d) shows a comparatively broader distribution, with 

pronounced concentration peaks at samples S6, S9, and S10, 
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consistent with low-temperature serpentinization processes 

affecting ultramafic rocks. In contrast, lizardite 2H1 (Fig. 8c) 

displays a more fragmented and spatially restricted pattern, 

with elevated values primarily confined to samples S2 and S7, 

suggesting formation under localized crystallization conditions 

and micro-scale variations in physicochemical parameters. 

The distributions of lizardite 2H2, chrysotile, and lizar-

dite 1T (Fig. 8e-g) further emphasize the heterogeneity of 

serpentine mineral phases within the study area. Lizardite 

2H2 (Fig. 8e) exhibits a minimal distribution, with a pro-

nounced concentration observed only at sample S11, indica-

ting that this polytype is relatively uncommon and associated 

with spatially constrained geothermal or physicochemical 

conditions. Chry-sotile (Fig. 8f), the most environmentally 

relevant asbestiform phase, shows distinct concentration 

peaks at samples S3 and S15. Its uneven and localized distri-

bution suggests strong control by discrete geological or 

structural factors, and the occurrence of elevated chrysotile 

content at isolated sampling points warrants critical consi-

deration in environmental risk assessment. Lizardite 1T 

(Fig. 8g) displays a scattered distribution with localized en-

richments, reflecting additional variability in serpentinization 

pathways and crystallization environments. This spatially 

restricted occurrence is consistent with the metastable nature 

of chrysotile, which forms and persists only under specific 

physicochemical and structural conditions and is readily trans-

formed under changing temperature-pressure regimes [2]. 

4.2. Mineralogical composition and statistical 

characteristics of samples 

Mineralogical compositions of the analyzed samples, de-

termined by X-ray diffraction (XRD), are summarized in 

Table 1. The results indicate pronounced variability in the 

occurrence and relative abundance of serpentine-group mi-

nerals across samples S1-S20. The assemblage is dominated 

by serpentine minerals, including multiple polytypes of li-

zardite, two forms of antigorite, and subordinate chrysotile, 

which are characteristic of serpentinized ultramafic rocks. 

 
Table 1. Mineralogical composition of samples from the Bajgora region based on X-ray diffraction (XRD) analysis 

Sample X Y Z Antigorite t Antigorite Lizarditi 2H1 Lizardite Lizarditi 2H2 Chrysotile Lizardite 1T 

S1 7503699 4758173 1274 0.0 30.1 21.9 33.4 0.0 14.6 0.0 

S2 7504095 4758987 1293 56.1 0.0 0.0 0.0 0.0 27.5 16.4 

S3 7504563 4758989 1343 18.2 0.0 26.0 38.9 0.0 5.9 11.1 

S4 7504287 4759799 1183 0.0 26.4 20.7 0.0 25.6 22.7 0.0 

S5 7503326 4759456 1347 0.0 35.8 0.0 42.5 0.0 0.0 0.0 

S6 7502385 4760067 1470 0.0 0.0 33.4 33.1 0.0 0.0 33.5 

S7 7503456 4760225 1351 0.0 26.9 20.8 23.8 0.0 0.0 0.0 

S8 7503981 4760440 1490 0.0 29.4 23.7 23.7 0.0 0.0 0.0 

S9 7502393 4760698 1320 0.0 0.0 0.0 21.0 0.0 0.0 19.1 

S10 7503792 4760859 1234 0.0 0.0 0.0 40.6 0.0 0.0 48.9 

S11 7502193 4761271 1549 0.0 22.1 11.8 12.9 0.0 0.0 0.0 

S12 7503594 4761926 1349 0.0 43.7 0.0 18.9 22.4 15.1 0.0 

S13 7502559 4761803 1392 0.0 17.5 0.0 0.0 24.7 1.4 0.0 

S14 7501139 4761670 1610 89.5 0.0 0.0 0.0 0.0 0.0 0.0 

S15 7502699 4763034 1509 0.0 0.0 3.5 17.2 0.0 0.0 79.3 

S16 7501695 4762824 1436 0.0 0.0 0.0 7.0 0.0 33.3 12.6 

S17 7500300 4762691 1174 0.0 21.8 14.2 30.8 0.0 11.5 0.0 

S18 7503467 4763106 1482 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

S19 7501403 4760576 1495 33.9 56.0 0.0 0.0 0.0 0.0 0.0 

S20 7503105 4762342 1472 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

 

Lizardite occurs in significant proportions in several 

samples (S1, S3, S6, S8, S10, and S15), reaching approxi-

mately 49%, whereas it is absent in other locations. This 

heterogeneous distribution suggests spatially non-uniform 

serpentinization, strongly controlled by local geological 

factors such as structural setting, hydrothermal fluid circula-

tion, and the degree of alteration of the parent ultramafic 

rocks [45]. The coexistence of different lizardite polytypes 

(2H1, 2H2, and 1T) reflects multiple crystallization stages, 

primarily driven by variations in temperature and pressure 

during the area’s geological evolution. The occurrence of 

lizardite 1T and 2H1 polytypes is consistent with their dis-

tinct crystal structures and stability fields reported in crystal-

lographic studies of serpentine minerals [46]. Similar multi-

stage mineral transformation processes, controlled by chang-

ing physicochemical conditions, have been documented in 

other mineral systems, including sulfide-bearing ores, high-

lighting the general role of temperature, fluid composition, 

and reaction pathways in mineral phase evolution [47]. 

Antigorite is present in high proportions in selected sam-

ples (S2, S14, S15, and S19), reaching ~80-90%, indicating 

near-total dominance of this phase in specific zones. Such 

enrichment is indicative of higher-temperature conditions and 

a more advanced stage of serpentinization, consistent with the 

established thermodynamic stability field of antigorite [2], 

[48]. These mineralogical patterns confirm that the study area 

comprises distinct geological micro-environments with con-

trasting thermal regimes and alteration histories, accounting 

for the observed compositional heterogeneity. 

Chrysotile, the most environmentally and health-relevant 

asbestiform phase, was identified in a limited number of 

samples (S1, S2, S12, S16, and S17), with abundances rang-

ing from low to moderate. Its restricted and discontinuous 

occurrence suggests formation under highly localized struc-

tural conditions, such as fracture networks or deformation 

zones that act as preferential pathways for fluid-assisted fiber 

growth [45]-[48]. Descriptive statistical parameters calculat-

ed for the mineralogical phases are presented in Table 2. 
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Mean, median, and modal values of zero across several 

phases indicate intermittent occurrence and a discontinuous 

spatial distribution.  

Antigorite and antigorite T exhibit the highest variance 

and standard deviation, reflecting firm spatial heterogeneity 

and clustered distributions influenced by geological factors 

such as hydrothermal alteration and tectonic control. In con-

trast, lizardite 2H2 shows lower variability, suggesting a 

more homogeneous, limited distribution. Chrysotile is char-

acterized by relatively low mean values but a high coefficient 

of variation, indicating localized enrichment despite its over-

all limited presence. Statistical parameters, including mean 

values, 95% confidence intervals, and results of the t-test, are 

summarized in Table 3.  

 
Table 2. Descriptive statistical parameters of serpentine-group mineral phases identified in the analyzed samples 

Parameter Antigorite Antigorite T Lizarditi 2H1 Lizardite Lizarditi 2H2 Chrysotile Lizardite 1T 

Mean 15.49 9.89 8.8 17.19 3.64 6.6 11.05 

Median 8.75 0 0 18.05 0 0 0 

Mode 0 0 0 0 0 0 0 

Standard deviation 17.76 23.71 11.47 15.65 8.89 10.56 20.87 

Variance 315.39 562.3 131.49 245.02 79.1 111.55 435.68 

Coefficient of variation 1.15 2.4 1.3 0.91 2.45 1.6 1.89 

Minimum 0 0 0 0 0 0 0 

Maximum 56 89.5 33.4 42.5 25.6 33.3 79.3 

Range 56 89.5 33.4 42.5 25.6 33.3 79.3 

Interquartile range 27.53 0 20.73 31.38 0 12.28 13.55 

Skewness 0.72 2.64 0.83 0.21 2.14 1.49 2.36 

Kurtosis -0.5 6.79 -0.86 -1.46 2.89 1.1 5.67 

 
Table 3. Statistical parameters (mean values, 95% confidence intervals, t-test results, and p-values) for the studied mineralogical phases 

Parameter Antigorite T Antigorite Lizarditi 2H1 Lizardite Lizarditi 2H2 Chrysotile Lizardite 1T 

Mean 9.89 15.49 8.80 17.19 3.64 6.60 11.05 

Lower CI (95%) -1.21 7.17 3.43 9.86 -0.53 1.66 1.28 

Upper CI (95%) 20.98 23.80 14.17 24.52 7.80 11.54 20.81 

±CI (Half-width) 11.10 8.31 5.37 7.33 4.16 4.94 9.77 

t-stat 1.864 3.899 3.432 4.911 1.828 2.795 2.366 

p-value 0.0778 0.0010 0.0028 0.0001 0.0833 0.0116 0.0287 

 

The analysis was performed by testing the null hypothesis 

(H0 mean = 0) for each mineralogical phase using a two-

sided test. The phases lizardite 2H1, antigorite, lizardite, 

lizardite 1T, and chrysotile exhibit statistically significant 

results (p < 0.05), with confidence intervals that do not in-

clude zero, indicating non-random occurrence and statistical-

ly stable mean values. In contrast, lizardite 2H2 and an-

tigorite T do not reach the 95% significance level (p > 0.05), 

and their confidence intervals include zero, suggesting higher 

uncertainty and less consistent spatial occurrence. 

Overall, the statistical results support the interpretation 

that lizardite and antigorite represent the dominant and more 

stable serpentine phases within the study area. In contrast, 

their 2H2 and T variants are less consistently developed and 

spatially restricted. The high coefficients of variation ob-

served for most phases confirm substantial heterogeneity and 

justify the application of spatial interpolation and mapping 

techniques in subsequent analyses. 

4.3. Skewness and kurtosis analysis 

The relationship between skewness and kurtosis for the 

mineralogical phases identified in the investigated area is illus-

trated in Figure 9. Skewness describes the degree of asymmetry 

of the data distribution relative to the mean, whereas kurtosis 

reflects the concentration of values around the mean and the 

weight of distribution tails. Each bar represents a specific min-

eral phase, highlighting differences in statistical distribution 

patterns and variability among the analyzed serpentine mine-

rals. The skewness values shown in Figure 9 indicate that se-

veral mineral phases exhibit asymmetric distributions. Lizardite 

2H1 and lizardite 2H2 display negative skewness, indicating 

distributions with longer tails toward lower values and a ten-

dency for concentrations to cluster toward higher values. 

In contrast, antigorite and lizardite 1T show pronounced 

positive skewness, reflecting distributions dominated by lower 

values with occasional high-concentration outliers. Chrysotile 

and antigorite T exhibit slightly positive skewness, suggesting 

moderately asymmetric but relatively balanced distributions. 

The kurtosis results further emphasize differences in distribu-

tion characteristics among the mineral phases. Most phases are 

characterized by negative kurtosis (platykurtic distributions), 

indicating flatter distributions with a broader spread of values 

and reduced clustering around the mean. Lizardite 2H2 and 

antigorite T exhibit the lowest kurtosis values, suggesting 

particularly high variability and dispersed concentration pat-

terns. In contrast, antigorite shows slightly positive kurtosis, 

indicating a more peaked distribution and greater concentra-

tion around the mean, approaching normality. 

Overall, the combined skewness and kurtosis patterns re-

flect substantial mineralogical heterogeneity within the study 

area and support the interpretation that spatially variable 

geological and physicochemical conditions control the occur-

rence of serpentine mineral phases. 

4.4. Correlation matrix of mineralogical phases 

The Pearson correlation matrix presented in Table 4 pro-

vides insight into the statistical relationships between the 

concentrations of serpentine-group mineral phases identified 

by XRD analysis. The correlation coefficients (r) describe 

the degree and direction of linear association between pairs 

of mineral phases, allowing evaluation of potential co-

occurrence patterns and contrasting formation conditions. 
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(a) 

 

(b) 

 

Figure 9. Skewness and kurtosis of serpentine-group mineral 

phases identified in the analyzed samples: (a) skew-

ness; (b) kurtosis 

 

A moderate positive correlation is observed between liz-

ardite 2H1 and lizardite (r = 0.45), indicating a tendency for 

these two phases to occur together within the analyzed sam-

ples. This relationship is consistent with the development of 

lizardite polytypes under similar low- to moderate-

temperature serpentinization conditions, where comparable 

physicochemical environments favor their co-crystallization. 

A weak to moderate correlation is identified between  

lizardite 2H2 and antigorite (r = 0.32), as well as between 

lizardite 2H2 and chrysotile (r = 0.27). These associations 

suggest partial overlap of petrological conditions during hy-

drothermal alteration, where localized variations in tempera-

ture, pressure, and fluid composition may permit the formation 

of multiple serpentine phases within restricted zones. 

In contrast, a moderate to strong negative correlation is 

observed between lizardite and antigorite (r = -0.49), as well 

as between lizardite 1T and antigorite (r = -0.49). These 

inverse relationships reflect the contrasting stability fields of 

these mineral phases: antigorite typically forms under higher 

pressure-temperature conditions, whereas lizardite is charac-

teristic of serpentinites formed at lower metamorphic grades. 

Additionally, antigorite T shows a moderate negative cor-

relation with lizardite (r = -0.38) and weak correlations with 

most other phases. This pattern is consistent with the limited, 

spatially restricted occurrence of antigorite T observed in the 

study area and suggests that more specific, localized physi-

cochemical conditions control its formation. 

Overall, the correlation matrix highlights the coexistence 

and mutual exclusivity of serpentine mineral phases within the 

study area, supporting the interpretation that spatially variable 

serpentinization processes and contrasting thermal regimes 

play a key role in controlling mineralogical assemblages. 

The results of the Principal Component Analysis (PCA) 

are summarized in Table 5, which presents the loadings of the 

mineralogical phases for the first five principal components.  

 

Table 4. Pearson correlation matrix for serpentine-group mineral phases identified in the analyzed samples 

Variable Lizarditi 2H1 Lizarditi 2H2 Antigorite Lizardite Lizardite 1T Antigorite T Chrysotile 

Lizarditi 2H1 1 – – – – – – 

Lizarditi 2H2 -0.06 1 – – – – – 

Antigorite 0.08 0.32 1 – – – – 

Lizardite 0.45 -0.31 0.06 1 – – – 

Lizardite 1T -0.06 -0.23 -0.49 0.25 1 – – 

Antigorite T -0.25 -0.18 -0.15 -0.38 -0.11 1 – 

Chrysotile -0.02 0.27 -0.02 -0.22 -0.12 0.07 1 

 
Table 5. Principal Component Analysis (PCA) loadings for the 

mineralogical phases identified in the analyzed samples 

Variable DIM.1 DIM.2 DIM.3 DIM.4 DIM.5 

Lizarditi 2H2 0.695 0.207 0.451 -0.386 0.21 

Antigorite 0.571 0.605 -0.337 0.096 0.319 

Lizardite -0.579 0.615 -0.022 0.396 0.193 

Lizardite 1T -0.73 -0.134 0.455 -0.212 0.387 

Antigorite T 0.143 -0.77 -0.449 0.108 0.386 

Chrysotile 0.446 -0.273 0.588 0.612 0.024 

 

These components describe the main directions of varia-

bility in the dataset and reflect contrasting associations 

among the serpentine-group minerals.  

The first principal component (Dim.1) is primarily con-

trolled by opposing contributions of lizardite and lizardite 1T 

(negative loadings) versus lizardite 2H2 and antigorite (posi-

tive loadings). This contrast indicates a differentiation be-

tween lizardite-dominated assemblages and those enriched in 

antigorite and related polytypes, reflecting differences in 

mineral structure and textural development. 

The second principal component (Dim.2) emphasizes the 

contrast between antigorite and lizardite (positive loadings) 

and between antigorite T and antigorite (strong negative load-

ing). This pattern suggests variability across different serpen-

tinization pathways or physicochemical conditions that affect 

the stability of antigorite variants relative to lizardite phases. 

The third and fourth components (Dim.3 and Dim.4) 

highlight the contribution of chrysotile, which exhibits rela-

tively high positive loadings, together with selected lizardite 

polytypes. These dimensions, therefore, capture the variabil-

ity in the occurrence of the asbestiform phase and its rela-

tionship with specific serpentine polymorphs. 
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The fifth component (Dim.5) shows more evenly distrib-

uted and generally lower loadings, indicating a minor contri-

bution to the overall variance and reflecting secondary varia-

bility within the dataset. 

Overall, the PCA results reveal complex relationships 

among serpentine mineral phases and confirm that multiple 

mineralogical associations coexist within the study area. 

These patterns support the interpretation that spatially varia-

ble serpentinization processes and contrasting physicochemi-

cal conditions have governed the development of the ob-

served mineral assemblages. 

The eigenvalues and the percentage of variance explained 

by the principal components are summarized in Table 6, 

demonstrating the effectiveness of PCA in reducing the da-

taset’s dimensionality while preserving its essential variabil-

ity. The first three principal components (PC1-PC3) account 

for approximately 74% of the total variance, indicating that a 

limited number of components captures the dominant miner-

alogical variability. The first two components (PC1 and PC2) 

together explain 56.16% of the variance, reflecting the in-

fluence of the leading mineralogical associations and struc-

tural controls. Including the fourth component increases the 

cumulative explained variance to over 86%, further improv-

ing the dataset’s representation. The three-dimensional  

PCA score plot based on the first three components  

(Dim.1-Dim.3) is presented in Figure 10. 

 
Table 6. Eigenvalues and percentage of variance explained by 

each principal component derived from the PCA 

PC Eigenvalue Percent_variance Cumulative_percent 

PC1 1.9 31.61 31.61 

PC2 1.47 24.55 56.16 

PC3 1.07 17.86 74.02 

PC4 0.75 12.42 86.44 

PC5 0.48 8.04 94.48 

PC6 0.33 5.52 100 

 

 

Figure 10. Three-dimensional principal component analysis  

(PCA) score plot based on the first three components 

(Dim.1-Dim.3) 

 

This representation, interpreted in conjunction with the 

component loadings (Table 5) and the explained variance 

(Table 6), reveals a clear separation among the main serpen-

tine mineral phases, highlighting the strong mineralogical 

and structural control over the data’s variability. 

In the PCA space, chrysotile and lizardite 1T are posi-

tioned at positive values of Dim.3, consistent with their high 

loadings on this component and indicating their distinct con-

tributions to the overall variance. In contrast, antigorite and 

antigorite T are primarily differentiated along Dim.1 and 

Dim.2, which together explain more than half of the total 

variance. This separation reflects contrasting mineralogical 

assemblages and transformation pathways within the serpen-

tinized ultramafic rocks. 

These relationships are consistent with the Pearson corre-

lation analysis, which indicates weak to moderate correla-

tions between selected mineral phases, such as lizardite-

lizardite 2H1 and antigorite-lizardite 1T, suggesting partial 

coexistence under overlapping but not identical physico-

chemical conditions. Overall, the combined results of PCA 

and correlation analysis confirm that the observed mineralog-

ical variability is primarily controlled by lizardite polymor-

phism and progressive transformations toward antigorite and 

chrysotile, reflecting spatially variable serpentinization pro-

cesses within the study area. 

4.5. Spatial distribution of mineralogical phases  

in the Bajgora region 

Spatial analysis of the distribution of serpentine-group 

mineral phases was performed in Golden Software Surfer 

using the Kriging interpolation method to visualize the spa-

tial variability of mineral concentrations across the study 

area. The interpolated surfaces represent relative concentra-

tion patterns derived from georeferenced sampling points and 

provide insight into the influence of lithological heterogenei-

ty and structural controls on mineral distribution [49], [50]. 

The three-dimensional spatial models illustrate pronounced 

spatial differentiation among the analyzed mineral phases 

(Fig. 11a-g). These patterns reflect the combined effects of 

ultramafic lithology, serpentinization intensity, tectonic struc-

tures, and localized hydrothermal alteration processes. 

Antigorite (Fig. 11a) is predominantly concentrated in the 

northern and northeastern sectors of the study area, where 

two distinct concentration maxima are observed. This distri-

bution suggests a strong structural control, potentially related 

to tectonic zones that facilitated fluid circulation and promot-

ed higher-temperature serpentinization. 

In contrast, antigorite T (Fig. 11b) exhibits a more  

restricted and discontinuous distribution, with localized  

concentration peaks in the northwestern and eastern parts 

of the area. The isolated nature of these maxima indicates 

that they formed under specific, spatially limited physico-

chemical conditions. 

The spatial distributions of lizardite 2H1 and lizardite 

2H2 further emphasize the heterogeneity of serpentinization 

processes (Fig. 11c, d). Lizardite 2H1 shows two principal 

concentration zones in the central-western and eastern parts 

of the study area, suggesting formation within localized al-

teration zones, possibly linked to Mg-rich fluid circulation. 

In contrast, lizardite 2H2 displays a fragmented spatial pat-

tern, with elevated concentrations confined to limited areas, 

indicating sensitivity to small-scale lithological variability 

and locally advanced alteration conditions. 

Dominant concentrations in the central and northeastern 

sectors of the study area characterize Lizardite 1T (Fig. 11e). 

The presence of two major distribution peaks suggests an 

association with contact zones between ultramafic and mafic 

rock units, where chemical and physical conditions favored 

the stability of this polytype.  
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(a) (b) 

  

(c) (d) 

  

(e) (f) (g) 

   

Figure 11. Three-dimensional spatial distribution of serpentine-group mineral phases in the Bajgora region derived from Kriging inter-

polation: (a) antigorite; (b) antigorite T; (c) lizardite 2H1; (d) lizardite 2H2; (e) lizardite 1T; (f) chrysotile; (g) lizardite 

 

The spatial distribution of chrysotile (Fig. 11f) is notably 

uneven, with several localized high-concentration zones. The 

most pronounced peaks occur in the northeastern and south-

eastern parts of the study area, whereas the central and west-

ern sectors exhibit comparatively lower values. This pattern 

indicates that chrysotile mineralization is not continuous but 

restricted to specific geological micro-environments, com-

monly associated with fracture systems, lithological contacts, 

and zones of enhanced deformation that provide favorable 

conditions for fiber growth. 

Finally, the distribution of total lizardite (Fig. 11g) re-

flects a broader and more continuous spatial pattern com-

pared to individual lizardite polytypes. Elevated concentra-

tions are mainly observed in the central and northeastern 

parts of the study area, indicating that lizardite represents the 

dominant serpentine phase formed under widespread low-

temperature serpentinization conditions. This distribution 

supports the interpretation of extensive fluid-rock interaction 

during the early stages of ultramafic rock alteration. 

The spatial models demonstrate that the distribution of 

serpentine minerals and chrysotile in the Bajgora region is 

highly fragmented and structurally controlled. The concen-

tration patterns correspond closely with tectonic features, 

lithological boundaries, and alteration zones, confirming that 

lithological heterogeneity and tectonic activity play a deci-

sive role in controlling the occurrence of asbestos-related 

minerals. Given the proximity of several high-concentration 

zones to areas of tourism and human activity, these spatial 

patterns represent an important basis for environmental haz-

ard assessment and risk mitigation planning. Consequently, 

the identified spatial relationships highlight the necessity of 

integrating mineralogical data with land-use and infrastruc-

ture information to improve the reliability of site-specific 

environmental risk assessments. 

5. Conclusions 

The results of this study demonstrate that the Bajgora re-

gion is characterized by favorable geological conditions for the 

formation and spatial development of naturally occurring 

asbestos (NOA). Mineralogical analyses based on X-ray dif-

fraction (XRD) and SEM-EDX investigation of 20 representa-

tive samples indicate that the ultramafic rocks of the area are 

dominated by serpentine-group minerals, including lizardite 

(with several polytypes), antigorite, and subordinate chrysotile. 
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Lizardite represents the most abundant mineral phase, 

reaching concentrations of approximately 40-50% in several 

samples. Its heterogeneous spatial distribution reflects low-

temperature serpentinization processes, controlled by varia-

ble fluid circulation intensity and local geological conditions. 

The identification of multiple lizardite polytypes (2H1, 2H2, 

and 1T) indicates multistage crystallization, associated with 

changes in temperature and pressure during serpentinization. 

Antigorite dominates in selected locations, where its 

abundance exceeds 50%, suggesting formation under rela-

tively higher temperature and pressure conditions than those 

for lizardite. These variations confirm the presence of dis-

tinct serpentinization regimes within the study area. 

Chrysotile, the mineral phase of most significant envi-

ronmental concern due to its asbestiform nature, occurs in 

only a limited number of samples and generally at moderate 

concentrations. Its restricted and discontinuous distribution 

indicates formation under localized structural conditions, 

such as fracture systems and lithological contacts, that favor 

the development and preservation of fibrous minerals. 

The combined statistical, multivariate, and spatial ana-

lyses reveal pronounced mineralogical heterogeneity, prima-

rily controlled by the degree of serpentinization and poly-

morphic transformations within the serpentine group. While 

lizardite and antigorite exhibit more continuous regional 

distributions, chrysotile is confined to localized zones, com-

monly associated with tectonic structures, representing areas 

of elevated environmental and public health concern. 

Spatial interpolation using the Kriging method highlights 

a fragmented distribution of mineral phases across the Ba-

jgora region. Antigorite is mainly concentrated in the north-

ern and northeastern sectors, and lizardite predominates in 

the central part of the study area. In contrast, chrysotile 

shows localized concentration peaks near tectonic lineaments 

and lithological contacts. 

From an environmental perspective, chrysotile-bearing 

zones represent areas of increased risk, particularly as human 

activity and land use grow. Therefore, the spatial distribution 

maps produced in this study provide a robust basis for envi-

ronmental risk zoning, supporting the development of target-

ed monitoring, land-use planning, and mitigation strategies in 

the Bajgora region. 
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Еколого-геологічна оцінка природного азбесту на основі мінералогічного та просторового аналізу: 

район Байгора-Митровиця, Косово 

Б. Сінані, Б. Боєв, А. Река, Б. Сінані, І. Боєв 

Мета. Оцінити просторовий розподіл і мінералогічну мінливість природного азбесту (NOA) в районі Байгора та визначити його 

екологічну значущість з урахуванням геологічних умов і сучасного землекористування з метою виділення азбестоносних зон та 

формування просторової основи для оцінки екологічної небезпеки. 

Методика. Дослідження виконано з використанням комплексного мінералогічного, статистичного та геоінформаційного підхо-

ду. В процесі дослідження відібрано 20 репрезентативних зразків гірських порід, які проаналізовано методами рентгенофазового 

аналізу (XRD) і сканувальної електронної мікроскопії з енергодисперсійним аналізом (SEM-EDX) з метою ідентифікації та кількіс-

ної оцінки азбестовмісних мінеральних фаз. Для оцінки мінералогічної мінливості та взаємозв’язків між фазами застосовано описо-
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ву статистику, кореляційний аналіз і метод головних компонент (PCA). Просторове моделювання розподілу серпентинових мінера-

лів і хризотилу виконано методом крігінгу з використанням ГІС-технологій. 

Результати. Встановлено значну мінералогічну неоднорідність району Байгора, з домінуванням мінералів серпентинової групи, 

зокрема лізардиту (з кількома поліморфними різновидами), антигориту та підпорядкованого хризотилу. Лізардит є найбільш поши-

реною фазою та пов’язаний з низькотемпературними процесами серпентинізації, тоді як антигорит локально домінує за підвище-

них температурно-тискових умов. Хризотил має дискретний просторовий розподіл і приурочений до структурно ослаблених зон, 

тріщинних систем і літологічних контактів. Статистичні та багатовимірні аналізи підтвердили нерівномірний характер розподілу 

мінеральних фаз і їх жорсткий геологічний контроль. 

Наукова новизна. Уперше для району Байгора реалізовано інтегрований підхід, що поєднує детальну мінералогічну харак-

теристику азбестовмісних фаз із просторовим та статистичним аналізом для оцінки екологічної небезпеки в офиолітових  

комплексах Західних Балкан. 

Практична значимість. Побудовані карти просторового розподілу азбестовмісних мінералів можуть бути використані для 

екологічного зонування території, планування землекористування, організації моніторингу та розробки заходів з мінімізації ризиків 

для населення і довкілля. 

Ключові слова: природний азбест; хризотил; серпентинові мінерали; просторовий аналіз; екологічна небезпека 
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