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Following reports of silicosis outbreaks among refractory industry workers in eastern Iran, this study analyzed the chemical composition and
mineralogical characteristics of mining-derived dust in Ghaenat city and its potential environmental impacts. This study was aimed to
investigate the potentially toxic elements (PTEs) concentrations in mine dust and evaluate the human health risk assessment and health
effects near mining areas. To achieve this goal, a series of instrumental analyses including XRD, XRF, and ICP-OES have been performed on
dust particles. For the better risk assessment, the oral bioaccessibility of PTEs using a simple bioaccessibility extraction test (SBET) was also
investigated. X-ray diffraction analysis of dust samples shows that quartz, kaolinite, pyrophyllite, and illite are more abundant, indicating the
prevalence of silicates in the dust particles. Calculation of geoaccumulation index indicated that the median Igeo values decreased in the
following order: As > S > Sr >> Al = Li = La = Nd = Cu = Pb = Fe = Mg = Zn. Bioaccessibility results revealed pronounced inter-element
variability, with arsenic showing the highest bioaccessible fraction (up to 73.1%), particularly in samples collected from the mining area.
Although all calculated hazard indices were below the accepted safety threshold, arsenic emerged as the primary contributor to potential

health risk.
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1. Introduction

Mine dust contamination refers to the release of particulate matters
(PMs) into the air from mining operations, which can negatively impact
both the environment and human health [1]. This contamination is
primarily caused by excavation, ore blasting, mineral processing and the
movement of materials during mining activities [2]. Elemental pollution
in mine dust is a serious environmental and health concern [3]. Mining
activities, including the extraction and processing of ores, release dust
containing elevated levels of potentially toxic elements (PTEs) into the
atmosphere [2]. This dust can contaminate surrounding areas,
impacting soil, water, and air quality, and posing risks to both human
and ecological health. Airborne dust particles, including those
containing PTEs, can travel long distances and contribute to air
pollution in nearby urban and rural areas [4]. Inhalation of mine dust
can cause various respiratory problems, including bronchitis, asthma,
and lung cancer [1]. Exposure to PTEs in mine dust can also lead to
cardiovascular diseases, nervous system problems, and reproductive
issues [3]. Coal dust and silica dust are two important groups of mine
dusts in environmental studies. Occupational exposures to respirable
crystalline silica occur in a variety of mines and industries because of its
extremely common natural occurrence [5]. Workers with high exposure
to crystalline silica include miners, sandblasters, tunnel builders, silica
millers, quarry workers, foundry workers, and ceramics and glass
workers [2]. Silica refers to the chemical compound silicon dioxide
(Si03), which occurs in a crystalline or noncrystalline (amorphous)
form [3]. Crystalline silica may be found in more than one form: alpha
quartz, beta quartz, tridymite, and cristobalite [6]. Three diseases have
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been associated with exposure to silica dust including silicosis,
silicotuberculosis, and cancer [5]. Over the past 20 years, various studies
have implicated silica dust as an effective factor in high incidence rate
of lung cancer. Therefore, international agency for research on cancer
now classifies silica dust as a Group I human carcinogen [1]. An
important factor is that the silica dust particles must be small enough to
enter the lungs [2]. This size is generally considered to be 10 pm and
smaller (PMuo). Saffiotti et al. [7] have investigated the mechanisms
responsible for the carcinogenic properties of silica dust. For quartz, the
PZNPC occurs at a pH of less than 2, and at most pH values the quartz
surface is negatively charged and quartz exhibits negative zeta
potentials. Trace-metal impurities are attracted to these sites, and an
observed reaction was the oxidation of Fe?* to Fe3* [8]. The result is the
production of OH~. Crystalline silica surfaces also produce hydrogen
peroxide (H20:) and the hydroxyl radical. The presence of these oxygen
free radicals leads to damage and breakage of DNA strands [5].

Kaolin (hydrated aluminum silicate) is a high-value, high-volume
industrial clay used largely in the production of paper, as well as
ceramics, cement, fiberglass, and many other industrial production
processes [6]. Its naturally fine particles mean dust collection is critical
in the mining process for air quality improvement and safety [4]. Silica,
with an average concentration of more than 46%, is one of the important
components of kaolin. Several studies have reported the negative effects
of silica dust on the health of miners in kaolin mines [1]. A study was
undertaken to determine the dust concentrations in various work areas
and to assess the prevalence of radiographic and pulmonary function
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abnormalities in 65 workers at a Georgia kaolin mine [9]. The mean
respirable dust level in the processing area was 174 mg/m? and 0.14
mg/m’ in the mine area. Five workers, all of whom had worked at the
processing area, had radiographic evidence of kaolin pneumoconiosis.
In this study the highest dust concentrations occurred in the processing
area, and kaolin pneumoconiosis was limited to those who had worked
there. Kaolin exposure appeared to have a small but significant effect on
ventilatory capacity in those with kaolin pneumoconiosis and in workers
with a longer exposure.

Many studies have been conducted on the various characteristics of
industrial soils; however, a comprehensive study on the environmental
effects of mineral dust in these areas has not been conducted [10, 111.
For the first time in Iran, this study investigates the mineralogy,
chemical composition, pollution level, and bioaccessibility of potentially
toxic elements (PTEs) in kaolin dust of Adalat. The study area lies about
15 km north of Gonabad, where several villages are located close to the
mine. Because the suspended particles are extremely fine, they can travel
long distances with the wind, raising concerns about their potential
impacts on human health. Open-pit mining, mineral crushing, and the
movement of mining machinery are the most important sources of
particulate matter in the region. In recent years, cases of silicosis have
been reported among miners in the region. Therefore, it is necessary to
examine the chemical composition and mineralogy of mine dust
particles in order to improve their environmental effects in the study
area.

2. Materials and methods

2.1 Study area

The study area, Adalat mine, is one of the most important kaolin
mines located in South Khorasan Province, eastern Iran. The mine is an
active open-pit kaolin extraction site situated within a mineralized zone
characterized by intensive mining operations and extensive exposure of
fine-grained materials. Two rural settlements, Chahmighuni and
Chahnamak, are located in close proximity to the mining area and are
potentially affected by dust emissions originating from mining activities.
The nearest urban center to the study area is Gonabad City, which
represents the main regional population and service center. The
selection of this site was motivated by the close spatial relationship
between mining activities and nearby residential areas, as well as the
high potential for generation, dispersion, and deposition of mineral dust
enriched with PTEs. The study area is characterized by a dry to semi-
arid climate, typical of eastern Iran, with low annual precipitation, high
evaporation rates, and sparse vegetation cover. Precipitation is limited
and mainly occurs during the colder months of the year, while
prolonged dry periods dominate most of the annual cycle. Such climatic
conditions, combined with surface disturbance caused by mining
operations, favor the generation and resuspension of mineral dust. The
regional wind regime plays a crucial role in the transport and
redistribution of airborne particles. Prevailing winds frequently facilitate
the horizontal transport of dust from the mining area toward the
surrounding environments, including nearby villages.

2.2, Sampling, sample preparation and chemical analysis

To investigate the spatial and temporal variability of PTE
contamination, fifty-two dust samples from six stations in Adalat’s mine
and surrounding areas were collected (Fig. 1). Sampling was taken using
passive method in two different seasons. Mineral dust sampling was
carried out using a passive sampling approach, which relies on the
natural gravitational settling of airborne particles without the use of
active air-pumping systems. Passive dust samplers consisting of acid-
washed, inert collection surfaces were installed at selected locations
around the mine and adjacent residential areas. The sampling devices
were exposed for several weeks to months, allowing sufficient
accumulation of deposited dust. In the laboratory, dust samples were air-
dried or oven-dried at low temperature to remove residual moisture. In
general, particles smaller than 80 microns are capable of being
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suspended in the air [5]. However, in this study, particles smaller than
10 microns in diameter were used to investigate the mineralogical and
chemical composition of the particles in the laboratory. These particles
are known as respirable particles. Total concentrations of potentially
toxic elements were determined following acid digestion using a
mixture of strong acids. The resulting solutions were analyzed using
ICP-OES. Quality assurance procedures included blanks, duplicates, and
certified reference materials.

Chahnamk Village
= /

Fig. 2. Sampling stations in the Adalat kaolin mine (five stations) and the
Chahmighuni village (one station).

2.3. Pollution assessment

The geo-accumulation index (/eo) proposed by Miiller [12] is a
widely used contamination index calculated using the following
equation:

Igeo = loga(5 ) M

1.5 Bx

Where Cy is the measured concentration of the element (x) in
particulate matter and By is the natural background concentration of
element (x). Factor 15 is used for possible variations in the background
data due to lithogenic (natural) effects. This index has seven grades or
classes from uncontaminated to extremely contaminated: class 1
(practically uncontaminated/unpolluted), with Igeo values less than zero;
class 2 (unpolluted to moderately polluted), with Ig.o values ranging
from 0 to 1; class 3 (moderately polluted), with Igeo values from 1 to 2;
class 4 (moderately to strongly polluted), with Igeo values ranging from
2 to 3; class 5 (strongly polluted), with I values from 3 to 4; class 6
(strongly to very strongly polluted), with Igo from 4 to 5; and Class 7
(very strongly polluted), with Ige, over 5.
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2.4. Simple bioavailability extraction test (SBET)

The detailed standard operating procedure of SBET was described in
the report of US EPA [13], which is used to investigate the relative
bioavailability of PTEs. Briefly, bioavailable PTEs measured using SBET
was obtained by extracting 0.5 g of samples with glycine (0.4 M; pH =
15 readjusted with concentrated HCI) rotated end-over-end for 1 h at 37
°C. The mixture was centrifuged and the supernatant was filtered
through Whatman paper number 42. The pH of the filtrate should be
within 0.5 pH units of the starting pH, otherwise the procedure has to
be redone. The filtrate samples were stored in a refrigerator at 4 °C until
analysis. The extractions were conducted in duplicate. Analysis must be
performed within one week after in vitro digestion. In this study,
concentrations of PTEs were determined using inductively coupled
plasma optical emission spectrometry (ICP-OES, Optima 5300) at the
Zarazma laboratory, Iran. La, Nd, Li and Sr were not detected in any
sample of the SBET.

2.5. Risk assessment model

A modified version of the United States Environmental Protection
Agency (USEPA) model, as adapted by Cao et al. [14], was applied to
estimate the health risk posed to adults and children due to exposure to
PTEs through ingestion and dermal contact. The non-carcinogenic
exposure dose for each PTE and pathway was calculated as:

[IngR x f] x [EF x ED x 10°] x AR
BW x AT

ADDjng= C x (@)

[SL x SAx f] x [EF x ED x 10¢] x ABS

ADDgerm=Cx
BW x AT

3)

However, the cancer risk due to exposure to carcinogenic elements
(Cr, Pb and Ni) through ingestion was evaluated using the lifetime
average daily dose (LADD) following USEPA guidelines [15]:

C xEF
AT xPEF

IRing yyjg XEDchitd | IRingadute XEDadult (4)

BWaduie

LADD =

x( BW chita

where ADDing represents the daily dose from hand-to-mouth
ingestion of soil or dust particles, and ADDuerm denotes the daily dose
from dermal absorption of particles. The ingestion rate (IngR) was
assumed as 200 mg/day for children and 100 mg/day for adults [15]. The
exposure frequency (EF) was set at 180 days/year [16], the exposure
duration (ED) at 6 years for children and 24 years for adults, and the
absorption rate (AR) at 0.001 [15]. Exposed skin surface area (SA) values
were 1,150 cm? for children and 2,140 cm? for adults [16], while the skin
adherence factor (SL) was 0.2 mg/cm?/day for children and 0.7
mg/cm?/day for adults [15]. Dermal absorption factor (ABS) was fixed
at 0.001 for all PTEs [16] and the particle emission factor (PEF) at 1.36
x 109 m3/kg [14]. Mean body weights (BW) were assumed as 15 kg for
children and 70 kg for adults [13]. The averaging time (AT) was
calculated as ED x 365 days for evaluating non-carcinogenic effects
through formulas 5-6, and 25,550 days (70 x 365) for assessing
carcinogenic effects via formula 7 [16]. In this study, PTE concentrations
in the mobile fractions (from the SBET) were used to represent the
bioavailable portion. Non-carcinogenic and carcinogenic risks were
estimated using:

HQ = D/Rfd (5)
CR=D xSF (6)

Where hazard quotient (HQ) is the ratio of exposure dose (D) to the
reference dose (RfD) [15], but hazard index (HI) is the sum of HQ
values across all elements and pathways; HI < 1 suggests negligible risk,
while HI > 1 indicates potential health effects [16]. Carcinogenic risk
(CR) was computed as the product of exposure dose and slope factor
(SF) [171].

2.6. Statistical analysis

In linear geostatistics and multivariate statistics, a normal distribution
for the data is desirable [18]. In this study, the normality of the data was
checked using Shapiro—Wilk test (p > 0.01). The results show that S, As,
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Pb, and Zn concentrations are non-normally distributed in the kaolin
dust samples (significant level < 0.05). Also, values of standardized
skewness and kurtosis indicate significant departures from normality
that confirmed these elements are not normally distributed. In our
study, the Box-Cox transformation was used to make the data more
normal and less skewed using SPSS 26 software package. Factor analysis
(FA) is a useful statistical tool that can extract latent information from
multi-dimensional data and group it into fewer ones [19]. Kaiser—
Meyer—Olkin (KMO) and Bartlett’s tests were used for the checking of
the interest of the implementation of the factor analysis on the data set
[18]. In this study, the results of the KMO (0.73) and Bartlett’s test (p<
0.001) suggested that factor analysis was suitable for the analysis of the
data set. In the present study, FA was performed using the commercial
statistics software package SPSS version 26 for Windows.

3. Results and discussion

3.1 Dust mineralogy

The results of X-ray diffractometry indicated that Quartz (SiO.),
Kaolinite (Al:Si2Os(OH)s4), Muscovite (and Illite) (KALSiz:O10(OH).),
Jarosite (KFe3(SOs)2(OH)¢), and Pyrophyllite (AL:SisO10(OH)z) are
dominant minerals in sampling sites (Table 1). Lower abundances of
Geothite (FeO(OH)), K-feldspar (KAlSi;Os), Rutile (TiO:), Gypsum
(CaS0O42H>0), Calcite (CaCOs), Alunite (KAI3(SO4)2(OH)¢), and
Anatase (TiO2) occur in some samples. According to Salmanzadeh et al.
[20], the similarity of mineralogical composition particularly major
phases in dust samples indicate that they should have majorly originated
from similar sources. The plenty of quartz and calcite in nearly all
samples indicates a detrital sedimentary source for the mine dust in the
study area. The abundance of quartz is due to resistance to chemical and
physical weathering, which allows it to persist over long periods of
erosion and transport. The abundance of calcite and clay minerals
reflects local geology of the study area [1]. In general, the mineralogy of
mine dust is controlled by regional geology and wind direction.
Comparison of the mineralogy of dust samples with the geology of study
area suggests that geological formations and composition of the soils of
surrounding area should have a direct impact on the mineralogical
composition and chemistry of the dust samples. Mineralogy of dust
samples collected in the nearest village (e.g. Chahmighuni) have some
differences with other samples, indicating that dust events also impact
the mineralogy and chemistry of dust samples.

Table 1. Gross mineralogy (XRD) of the whole dust samples (%).

Minerals Minimum Maximum  Mean  St. Deviation
Major Phases
Quartz 22 50 415 12
Kaolinite 8 28 19 7.5
Muscovite (and Illite) 5 13 9.2 2.8
Jarosite <1 13 53 54
Pyrophyllite <1 34 13.8 147
Minor Phases
Geothite 2 3 23 0.5
K-feldspar 2 5 3 11
Rutile <1 3 0.7 12
Gypsum <1 8 3 29
Calcite <1 4 2 19
Alunite <1 13 32 54
Anatase <1 3 0.7 12
3.2. XRF analysis

The bulk chemical composition of mineral dust collected from the
Adalat kaolin mine was determined by X-ray fluorescence (XRF)
analysis, focusing on eleven major oxides along with loss on ignition
(LOI) (Table 2). Overall, the results indicate a strong consistency
between the mineralogical findings obtained XRD analysis and the
geochemical data derived XRF. XRF analysis revealed that the deposited
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mineral dust is dominated by SiO, (59.6 + 5.6 wt.%) and Al,O3 (17.3
25 wt%), reflecting the strong influence of kaolinite-rich source
materials. The relatively narrow range of Al,O3 (146-21.8 wt.%) and
elevated LOI values (10.7 + 1.7 wt.%) further confirm the abundance of
hydrous aluminosilicate phases typical of kaolin deposits. Iron oxide
concentrations (Fe,O3 = 3.23 + 153 wt.%) indicate the presence of iron-
bearing accessory minerals or surface coatings, which are known to play
an important role in controlling the sorption and transport of
potentially toxic elements. Calcium oxide contents are comparatively
low (CaO = 2.00 + 0.95 wt.%), suggesting a limited contribution from
carbonate minerals, consistent with the geological setting of the study
area.

Alkali oxides (K,O =151 + 0.38 wt.%; Na,O = 0.65 + 0.30 wt.% ) occur
in minor amounts and likely originate from feldspar residues and clay-
associated phases. Trace oxides such as TiO, (0.66 + 0.19 wt.%), MnO
(0.03 + 002 wt.%), and P,O5 (020 + 0.09 wt.%) are present at low
concentrations, typical of resistant heavy minerals and accessory phases.
Elevated SO; contents (3.76 + 233 wt.%) in some samples may reflect
the contribution of sulfate minerals or secondary atmospheric inputs.

Alkali oxides (K,O =151 + 0.38 wt.%; Na,O = 0.65 + 0.30 wt.% ) occur
in minor amounts and likely originate from feldspar remnants and clay-
associated phases. Trace oxides such as TiO, (0.66 + 0.19 wt.% ), MnO
(0.03 + 002 wt.%), and P,O5 (020 + 0.09 wt.%) are present at low
concentrations, typical of resistant heavy minerals and accessory phases.
Elevated SO; contents (3.76 + 233 wt.%) in some samples may reflect
the contribution of sulfate minerals or secondary atmospheric inputs.

Table 2. Major oxide composition (wt.%) of mine dust. Values are reported as
mean + standard deviation (SD) together with minimum and maximum
concentrations.

Oxide Mean + SD Minimum-Maximum
SiO, 59.58 + 557 52.05-68.03
Al,03 17.33 + 2.45 14.63-21.83
Fe 05 323+153 146-5.46
CaO 2.00+0.95 0.77-3.08
K0 151+0.38 1.18-2.20
Na,O 0.65 +0.30 0.29-1.06
MgO 016 +0.10 0.01-0.28
TiO, 0.66 + 0.19 0.42-0.96
MnO 0.03 +0.02 0.007—-0.064
P,0;5 0.20 £ 0.09 0.066-0.32
SO; 376 +233 0.26—6.68
LOI 10.72 £1.72 8.99-13.62

3.3. Comparison with global mineral dust

When compared with globally reported mineral dust compositions,
the dust from the Adalat kaolin mine shows both similarities and
distinctive features. Average Saharan dust typically contains SiO, ~60—
65 wt.%, Al,O3 ~15-18 wt.%, and CaO ~5-10 wt.%, reflecting a stronger
carbonate influence [6]. In contrast, Asian desert dust generally exhibits
SiO, ~55-65 wt.%, Al,05 ~14-17 wt.%, and CaO ~3-7 wt.% [2]. The
studied dust closely matches global dust in terms of SiO, and Al,O5 but
shows markedly lower CaO and higher LOI, indicating a clay-rich,
carbonate-poor source dominated by kaolin lithologies. This
compositional signature distinguishes the Adalat dust from typical
carbonate-influenced arid-region dust and suggests reduced buffering
capacity against acidic inputs, potentially enhancing the mobility of
toxic elements upon deposition.

The combination of high Al,Os, elevated LOI, and fine-grained clay-
rich composition suggests a high specific surface area and strong
adsorption capacity for trace metals. Consequently, the mineral dust in
the vicinity of the Adalat kaolin mine may act as an efficient carrier of
potentially toxic elements, increasing their environmental persistence
and potential exposure risks for nearby rural settlements.

34 PTEs concentrations in mine dust

Descriptive statistical analysis of PTEs in mine dust collected from
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the Adalat kaolin mine (Table 3) reveals pronounced variability in
elemental  concentrations, reflecting  heterogeneous  source
contributions and complex geochemical controls. The wide ranges
observed between minimum and maximum values for several elements
indicate substantial spatial variability within the study area, likely driven
by differences in lithology, mining intensity, and localized dust
generation processes. Major lithogenic elements such as Al (62,634—
88,500 mg/kg) and Fe (6,952-28,175 mg/kg) exhibit relatively stable
distributions, as evidenced by the close agreement between mean and
median values and low skewness coefficients (-0.13 and 0.84,
respectively). These features suggest predominantly crustal control and
limited influence of localized enrichment processes. Correspondingly,
their coefficients of variation (CV <50%) indicate moderate variability
and a relatively uniform background contribution from clay-rich and
iron-bearing minerals. In contrast, trace and potentially toxic elements
including As, Cu, Pb, Zn, Li, and Mg display markedly higher dispersion,
reflected by large standard deviations and elevated CV values.
Particularly high CVs for Pb (118.25%), Zn (99.56%), Mg (82.86%), and
Li (6511%) indicate strong heterogeneity and the presence of
concentration hotspots. Such variability is commonly associated with
anthropogenic disturbances, selective mineral enrichment, or localized
accumulation of fine particles capable of retaining trace elements.

The positive skewness observed for most PTEs (e.g., Pb =195, Cu =
125, Zn =128) indicates right-skewed distributions, implying that while
most samples exhibit moderate concentrations, a limited number
contain substantially elevated values (Table 3). This pattern is
characteristic of mining-impacted environments and suggests episodic
or point-source inputs superimposed on a regional geochemical
background. High kurtosis values for Pb (5.01), Cu (2.67), and Zn (2.05)
further support the presence of peaked distributions with extreme
values, highlighting the potential environmental relevance of these
elements despite relatively low median concentrations. Elements such
as Sr and Nd show comparatively low skewness and kurtosis, along with
moderate CV values, suggesting a more homogeneous spatial
distribution governed largely by mineralogical composition rather than
external inputs. Sulfur (S) exhibits substantial variability (CV = 60.11%),
likely reflecting the combined influence of sulfate-bearing minerals,
atmospheric deposition, and mining-related emissions.

Geoaccumulation index (Igeo) is used to assess the degree of dust
contamination by PTEs. In this study, elemental contents in world soils
[21, 22] were used as background values for calculating Igeo. The results
indicated as boxplots in Fig. 3. Results indicate various degrees of
enrichment above the background, ranging from uncontaminated to
strongly polluted (Fig. 3). The median Igeo values decreased in the
following order: As > S > Sr >> Al=Li=La=Nd = Cu=Pb =Fe = Mg =
Zn. It is obvious that Ige variations are greater in the first three elements.
Also, Igeo values for Pb variates from -56 (unpolluted) to 15
(moderately polluted). The Igo values for As, S, Sr, Li and Pb are
substantially higher than for other elements.
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Fig. 3. Summary of the results of Igeo for mine dust samples.
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Table 3. Descriptive statistics of PTEs concentration in dust samples.

Element Minimum Maximum Mean Standard deviation ~ Median  Skewness Kurtosis CV(%)
Al 62634 88500 75927 10102.25 75848 -0.13 -184 1331
As 256 107 5382 2312 451 107 0.78 4296
Cu 0.75 204 785 494 766 125 267 62.93
Fe 6952 28175 1541046 6980.68 14918 084 -0.34 453
Ga 102 268 1693 537 142 0.65 -092 3172
La 175 504 2729 1065 225 109 007 3903
Li 328 203 79.16 5154 534 143 149 65.11
Mg 215 3130 109654 908,61 826 114 045 82.86
Nd 186 36 2425 575 219 113 -002 2371
Pb 0.75 103 2383 2818 243 195 501 11825

S 1280 21039 10756.85 646541 11140 007 -094 60.11
S 536 1557 1106.15 30751 1me -0.24 -0.88 278
Zn 0.75 479 1374 1368 138 128 205 99.56

Inter-element relationships can provide considerable information on
PTE sources and pathways [23]. In this study, FA was applied to classify
the studied PTEs in mine dust of Adalat by applying varimax rotation
with Kaiser normalization. The number of significant factors and the
percent of variance were calculated by extracting the values and
eigenvalues from the correlation matrix. The results of FA are presented
in Table 4 and Fig. 3.

The FA results identified three factors with eigenvalues greater than
unity, collectively accounting for 74.6% of the total variance, indicating
a robust explanation of the geochemical variability within the dataset.
Factor 1 (F1) explains 33% of the total variance and is characterized by
strong loadings of Li, Sr, Al, and Zn. Considering the XRD results and
the spatial consistency in the concentration patterns of these elements
across the study area, F1 is interpreted as representing a lithogenic
source associated with aluminosilicate minerals, particularly kaolinite,
which constitutes the dominant clay phase of the Adalat kaolin mine.
The relatively uniform spatial distribution of these elements further
supports their terrigenous origin, reflecting the natural geochemical
background of the host material.

Factor 2 (F2) accounts for 245% of the total variance and is
predominantly influenced by La, Mg, Nd, and S. Notably, the
concentrations of these elements are substantially higher in samples
collected from the mining zone compared to those from surrounding
rural areas. This spatial enrichment suggests a source linked to
mineralogical heterogeneity within the mining area, likely associated
with the presence of accessory and minor phases enriched in rare earth
elements (REEs). The contribution of F2 therefore reflects a mixed
geogenic signature, controlled by localized mineral assemblages
exposed or concentrated through mining activities.

Factor 3 (F3), explaining 17.3% of the total variance, is primarily
loaded by Cu, Fe, Pb, and As. The co-association of these elements,
particularly those recognized for their environmental and toxicological
significance, indicates an anthropogenic influence. This factor is
interpreted as reflecting local human-induced inputs, potentially arising
from mining operations, machinery emissions, and the mobilization of
iron oxides that serve as effective carriers for potentially toxic elements.
The enrichment of Cu, Pb, and As in association with Fe suggests that
iron-bearing phases play a key role in concentrating and transporting
these contaminants within the dust matrix.

Overall, the FA results highlight a clear differentiation between
natural lithogenic contributions and anthropogenic inputs, providing
critical insight into the controlling mechanisms governing PTEs
distribution in mineral dust from the Adalat kaolin mine. This
distinction is essential for accurately interpreting environmental
behavior and for subsequent health risk assessments in the region.

3.5. Bioaccessibility of elements in mine dust

The results of the SBET provide valuable insight into the fraction of
PTEs in mine dust that can become available for absorption through the
ingestion exposure pathway [18]. In this study, bioaccessibility was
quantified as the percentage of each element extracted by SBET relative

to its total concentration in the dust samples (Fig. 5), thereby reflecting
the potential mobility of elements under simulated gastrointestinal
conditions. Among the analyzed elements, As, Pb, Fe, Mg, and S
exhibited comparatively higher bioaccessibility, with arsenic showing
the highest mean bioaccessible fraction (73.1%). Such a high
bioaccessible proportion of As is particularly noteworthy, as it indicates
that a substantial fraction of total arsenic in the dust is readily soluble
under gastric conditions and therefore potentially available for systemic
uptake following ingestion. The SBET results reveal the following order
based on mean values: As > Fe > Pb > § > Mg = Al = Cu = Zn, suggesting
that there were great differences of element bioaccessibility among
these studied elements. The observed differences in bioaccessibility can
be largely attributed to element-specific geochemical behavior and
mineralogical associations. Arsenic and lead are commonly associated
with surface-bound phases such as iron oxides and poorly crystalline
mineral coatings, which tend to dissolve under acidic gastric conditions,
thereby enhancing their bioaccessible fractions. Similarly, the relatively
high bioaccessibility of Fe and S suggests the presence of reactive iron-
bearing minerals and sulfate phases that are susceptible to dissolution
in the SBET solution. In contrast, elements such as Al, Cu, and Zn, which
are more strongly incorporated into stable aluminosilicate lattices or less
reactive mineral phases, exhibited comparatively lower bioaccessibility.
Spatially, the highest SBET values for As, Fe, S, and Pb were consistently
observed in samples collected from the mining area, indicating that
mining activities likely enhance the formation or exposure of more
reactive mineral phases. Mechanical disturbance, crushing, and
increased surface area of particles in the mine environment can promote
the enrichment of labile metal-bearing phases, thereby increasing their
solubility under simulated gastrointestinal conditions. This finding
underscores the role of mining operations not only in elevating total
metal concentrations, but also in modifying their chemical forms toward
more bioaccessible and potentially harmful states.
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Fig. 4. Component plot in rotated space for studied PTEs in mine dust.
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Table 4. Principal component loadings, eigenvalues, % of variance and communalities of PTEs in mine dust.

Elements Factor 1 Factor 2 Factor 3 Communalities (extraction)

Al 0.695 0.424 0.418 0.838

As 0.028 -0.023 0.854 0.730

Cu -0.117 0.019 -0.773 0.612

Fe 0.191 0.024 -0.481 0.268

La 0.368 0.829 0.269 0.895

Li 0936 0.000 0192 0913

Mg 0.316 0.782 -0.255 0.776

Nd -0.286 0.881 0.269 0.931

Pb 0.023 0.243 0.699 0.548

S -0.590 0.709 -0.041 0.853

Sr -0.797 -0.065 0.306 0.734

Zn 0.609 0.017 -0.307 0.465
Total Eigenvalues 3.874 3116 1683 -
Percentage of Variance 32.753 24.528 17.271 -
Cumulative Variance (%) 32.753 57.281 74.552 -

From a human health perspective, the elevated bioaccessibility of
toxic elements, particularly As and Pb, implies that risk assessments
based solely on total concentrations may underestimate actual exposure
levels. The SBET results therefore provide critical input for more
realistic health risk assessments, especially for populations residing near
the mine who may be exposed to dust through incidental ingestion.
Opverall, the bioaccessibility patterns observed in this study emphasize
the importance of considering both total elemental content and
bioaccessible fractions when evaluating the environmental and health
implications of mineral dust in mining-impacted areas.
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Fig. 5. Bioaccessibility (ie. the percentage of SBET-extractable content to total
content) of PTEs in the dust samples.

36. Human health risk assessment model

The exposure doses of toxic elements associated with mine dust from
the Adalat kaolin mine were estimated for both children and adults, and
the corresponding hazard quotients (HQs) for different exposure
pathways, along with hazard indices (HIs), are summarized in Table 5.
Overall, the results indicate that non-carcinogenic health risks are
consistently higher for children than for adults, reflecting the greater
vulnerability of children due to lower body weight, higher dust ingestion
rates, and more frequent hand-to-mouth activities. Quantitatively, the
HQ values for children via the ingestion pathway were on average 1.3 to
6.8 times higher than those calculated for adults, clearly identifying
ingestion as the dominant exposure route for both age groups. This
finding is consistent with the physicochemical characteristics of the
dust, particularly its fine particle size and elevated bioaccessible
fractions of toxic elements such as As and Pb, as demonstrated by the
SBET results. Inhalation constituted the second most important
exposure pathway, whereas dermal contact contributed negligibly to

overall risk.

When considering non-carcinogenic effects for children, the
calculated HI values decreased in the following order: As > S > Pb > Fe
> Sr>Mg > Li> Cu > La>Zn > Al > Nd. These ranking highlights arsenic
as the most critical contributor to potential health risk, which is
consistent with its high total concentration, strong association with
reactive mineral phases, and exceptionally high bioaccessibility
observed in the mine dust. For both children and adults, As exhibited
the highest HI value (0.118), whereas Al showed the lowest (0.000178),
reflecting its relatively low toxicity and limited bioaccessible fraction
despite its high total abundance. Importantly, although HI values for all
studied elements remained below the widely accepted safety threshold
of 1, indicating no immediate non-carcinogenic risk, these results should
be interpreted with caution in the context of mining environments. The
cumulative exposure to multiple toxic elements, particularly As, Pb, and
Cu, combined with chronic exposure frequency and enhanced
bioaccessibility, may still pose long-term health concerns for
populations residing near the mine. Such cumulative and synergistic
effects are not fully captured by single-element HI values and warrant
careful consideration in environmental management strategies.

The carcinogenic risk associated with arsenic exposure was evaluated
through the ingestion pathway, as this route contributed most
significantly to total exposure. The calculated carcinogenic risk (CR) for
As was 413 x 1078, which is well below the internationally accepted
precautionary threshold of 107 [24]. This result suggests that the
carcinogenic risk posed by arsenic in superficial mine dust is currently
within acceptable limits. Nevertheless, given the persistence of arsenic
in the environment and its high bioaccessibility, continued monitoring
and exposure mitigation measures are strongly recommended.

Overall, the health risk assessment results, when interpreted
alongside the mineralogical composition, factor analysis, and
bioaccessibility data, indicate that while immediate health risks are
limited, the mine dust represents a potential long-term concern,
particularly for children, due to repeated exposure to bioaccessible toxic
elements.

4. Conclusions

This study provides a comprehensive assessment of mineral dust
generated from the Adalat kaolin mine by integrating bulk
geochemistry, multivariate statistical analysis, bioaccessibility, and
human health risk evaluation. The main mineralogical drivers (silicates)
and key contaminant elements identified. The XRF results revealed that
the dust is dominated by aluminosilicate components, reflecting the
kaolinitic nature of the host material, while notable spatial variability
was observed for several PTEs. Factor analysis successfully distinguished
between lithogenic sources associated with aluminosilicate minerals and
localized mineralogical heterogeneity, as well as an anthropogenic
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Table 5. Non-carcinogenic and carcinogenic health risk indices associated with exposure to toxic elements in mine dust.

Element Dominant Exposure Pathway HI (Children) HI (Adults) Non-carcinogenic Risk Level  Carcinogenic Risk (CR) Risk Interpretation
As Ingestion 0.118 <0.118 Below threshold (HI <1) 413x107® Acceptable
S Ingestion <1 <1 Acceptable - Non-carcinogenic only
Pb Ingestion <1 <1 Acceptable - Potential cumulative concern
Fe Ingestion / Inhalation <1 <1 Acceptable - Low risk
Sr Ingestion <1 <1 Acceptable - Low risk
Mg Ingestion <1 <1 Acceptable - Low risk
Li Ingestion <1 <1 Acceptable - Low risk
Cu Ingestion <1 <1 Acceptable - Potential cumulative concern
La Ingestion <1 <1 Acceptable - Low risk
Zn Ingestion <1 <1 Acceptable - Low risk
Al Ingestion 0.000178 <0.000178 Negligible - Minimal risk
Nd Ingestion <1 <1 Acceptable - Low risk

component characterized by toxic elements such as As, Pb, Cu, and Fe.
Bioaccessibility results highlighted substantial differences among
elements, with arsenic exhibiting particularly high bioaccessible
fractions under simulated gastric conditions. This finding underscores
the importance of considering chemical speciation and mineral
associations, rather than relying solely on total concentrations, when
evaluating potential exposure risks. Overall, the results demonstrate that
while overall hazard indices are below the threshold, arsenic is the
predominant risk contributor due to its high concentration and high
bioaccessibility. The core implication is that dust from these mining
areas, particularly due to bioaccessible arsenic, poses a measurable and
ongoing health risk that warrants management attention, despite not
exceeding the current safety threshold. The integrated approach
adopted in this study provides a robust framework for evaluating
environmental and health implications of mineral dust in mining
regions and can be applied to similar settings worldwide.
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