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[2, 6]. Therefore, HM pollution will inevitably pose a danger 
and threat to human health, food security, the ecosystem, and 
the global environment [2, 3, 6–9]. The toxicity of HMs, which 
can bring about various health problems as carcinogenic and 
non-carcinogenic, depends on different factors such as the 
chemical species, oxidation state, concentration of HM con-
cerned, dose and route of exposure, and genetics, gender, age 
and nutritional status of exposed individuals [1, 7]. The most 
dangerous HMs for human and environmental health include 
chromium (Cr (VI)), arsenic (As), mercury (Hg), lead (Pb), 
cadmium (Cd), and nickel (Ni) [45]. These HMs are regarded 
as systemic toxicants that induce multiple organ damage even 
at lower exposure levels and are classified as known or prob-
able human carcinogens [1]. However, some HMs such as Cr 
(III), zinc (Zn), copper (Cu), iron (Fe), and manganese (Mn) 
can be essential for living organisms and may be required in 
very low concentrations in the human body [2]. The HMs 
causing the environmental pollution in question can originate 
from lithogenic processes (volcanic activity, soil erosion, 
weathering of metal-bearing rocks, sediment resuspension, 
metal evaporation, etc.) and anthropogenic (mining, energy, 

Introduction

Although there is no consensus yet on the definition of the 
‘heavy metal’ term (abbreviated as HM), it is generally used 
to refer to metallic and metalloid chemical elements that have 
a relatively high density or atomic weight compared to water 
density of 5 g/m3 [1–5]. HMs are naturally found in the Earth’s 
crust and well-known environmental contaminants. They can 
harm flora, fauna, ecosystems (terrestrial and aquatic), and 
humans due to their potential toxicity, non-biodegradability, 
persistence, and bioaccumulation, and irreversible properties 
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Abstract
Heavy metal(loids) (HMs), which can be carcinogenic, cytotoxic, and mutagenic, can pose a threat to fauna, flora, and 
humans. In the mining industry, large amounts of HMs released uncontrolled as a result of activities such as extraction, 
grinding, clustering of mineral ores, and dumping of wastes in open areas. Perlite is a naturally occurring glassy volcanic 
alumina silicate rock that is mined and used all over the world. Perlite is utilized in the construction, agriculture, food, 
pharmaceutical, and chemical industries. This study focuses, for the first time, on the determination of HM contents of 
perlites produced as a result of mining in Türkiye and the assessment of potential health risks (PHRs) arising from HMs 
for quarry workers. The concentrations of HMs in 126 perlites samples collected from 12 quarries located in different 
geographical regions of Türkiye were analyzed by an energy-dispersive X-ray fluorescence (EDXRF) spectroscopy. The 
hazard index (HI) and total carcinogenic risk (TCR) index were estimated to assess non-carcinogenic and carcinogenic 
PHR for workers via three exposure pathways. The average concentrations of HMs analyzed in perlites samples were 
4.2 (As), 4.3 (Cu), 7.0 (Co), 7.1 (V), 19.8 (Ni), 26.4 (Pb), 31.1 (Zn), 64.9 (Cr), 93.7 (Zr), 383.5 (Mn), 528.3 (Ti) and 
6585.4 (Fe) mg kg−1 dw, which were below the upper continental crust average, exception for Pb. All HI and TCR values 
revealed that the non-carcinogenic and carcinogenic PHRs for adult quarry workers exposed to all HMs in the studied 
perlites were in the acceptable range.
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industrial and agricultural processes, etc.) activities [2, 3]. 
The mining industry serves as one of the most important sec-
tors of global technological and economic progress due to the 
provision of indispensable raw materials (minerals) for vari-
ous industries or sectors [10]. However, the large quantities of 
HMs generated during the extraction, separation and process-
ing operations of these mineral ores and the storage and dis-
posal of wastes pose significant environmental hazards such 
as soil and water pollution and degradation of ecosystems [4, 
9–15]. Therefore, the mining industry is considered a prime 
source of HM pollution in environments [4, 10].

The naturally occurring perlite is an amorphous volca-
nic alumino-silicate rock that is mined and used around the 
world [16–19]. When heated to 1100 °C, perlite converts 
natural water (2–5% of total weight) into vapor and becomes 
expansive and porous, expanding up to twenty times its origi-
nal volume [16–19]. Expanded perlite has several attractive 
physical properties for commercial applications, such as 
high surface area, low thermal conductivity, high heat resis-
tance, low sound transmission, and chemical inertness [17]. 
Because of these properties, expanded perlites are used in the 
construction, agriculture, food, pharmaceutical, and chemical 
industries [17]. The vast majority of perlites are used in the 
construction industry, particularly in the production of cement 
and bricks for ceiling tiles and roof insulation products. Per-
lites are an important commodity in the horticulture industry, 
where they are mixed with soil. The addition of perlite to the 
soil increases the amount of water and oxygen held in the soil. 
perlite reserves in the world are concentrated in Tertiary-Early 
Middle Quaternary volcanic regions [20]. Perlites are gener-
ally extracted by open pit mining methods in various countries 
of the world, usually by blasting and/or dismantling (break-
ing with a bulldozer-toothed connection) [17, 20]. Raw per-
lite processing includes crushing, grinding, drying, screening, 
and sizing processes, and therefore, no chemicals are used in 
the processing of perlite [17]. USA, Armenia, Japan, Italy, 
Türkiye, and Greece are countries rich in perlite resources 
[17]. Türkiye’s total possible perlite reserve is 4.5 billion tons 
[20]. Studies on perlites have generally focused on the use of 
expanded perlites in the construction industry and their perfor-
mance as adsorbents for HMs in industrial wastes [18, 21–29].

According to our literature research, there is no detailed 
study on the determination of the HMs in perlites. The main 
motivation for this research is the necessity to determine the 
HMs that perlite, considering the use of perlites in various 
consumer products in different sectors and the occupational 
exposure of quarry workers to HMs. The objectives of this 
study are to determine the spatial distributions of HMs in com-
mercially operated perlite quarries (PERQs) using an energy-
dispersive X-ray fluorescence (EDXRF) spectroscopy and to 
assess the carcinogenic and non-carcinogenic potential human 
health risks (PHRs) that PERQ workers may be exposed to 

through accidental ingestion, inhalation, and dermal (skin) 
contact using the PHR evaluation method introduced by the 
United States Environmental Protection Agency (USEPA).

Materials and methods

Sample preparation

Türkiye’s perlite reserves are around 4.5 billion tons, which 
constitutes a significant portion of the estimated world reserves 
[20]. The significant perlite reserves in Türkiye are concen-
trated in Tertiary-Early Middle Quaternary volcanic regions 
[20]. Perlite reserves in Eastern Anatolia were directly formed 
by these flows related to young Neogene rhyolitic volcanism 
and spread over large areas within rhyolite lavas, rhyolitic tuffs, 
and other volcanic deposits [20]. Nevşehir perlites in Central 
Anatolia are in the form of secondary domes belonging to the 
plio-quaternary around the famous Acıgöl crater [20]. Perlites 
in the Aegean Region are related to the Miocene rhyolitic volca-
nism of a Mesozoic fold between the Menderes and Karaburun 
massifs [20]. Within the scope of this study, a total of 126 perlite 
samples were collected from 12 commercially operated PERQs 
in Türkiye, given in Fig. 1 and Table S1. Each sample was col-
lected from the upper layers (a depth of 0–5 cm) of each PERQ 
and placed in polyethylene bag. As reported in previous studies 
[30–33], the samples were dried, ground and powdered to fit the 
calibrated powder geometry in the EDXRF spectrometer.

Heavy metal analysis

XRF spectrometry, which performs simultaneous qualita-
tive and quantitative multi-element determinations, is an 
accurate, fast, sensitive, reliable, simple, and systematic 
analysis technique [31]. The analysis of HMs (As, Cu, Co, 
V, Ni, Pb, Zn, Cr, Zr, Mn, Ti and Fe) in the perlite samples 
was done using EDXRF spectrometer (Spectro Xepos Ame-
tek) with an anode X-ray tube (50 W, 60 kV) having a dual 
thick Pd/Co mixture. The specifications of the spectrom-
etry and analysis procedure were detailed in previous stud-
ies [30–33]. Soil-certified reference material (NIST SRM 
2709) was utilized for quality assurance for the EDXRF 
system. The overall uncertainty of the analytical procedure 
varied from 0.1% to 16.6%. The detection limit (DL) was 
calculated given as follows:

DL = 3 × Ci

NC
×

√
NB

t
� (1)

where C is the ith elemental concentration, NB is the back-
ground count ratio, NC is the net count ratio, and t is the 
counting time [34, 35]. The detection limits of the analyzed 
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HMs are found as 0.5 (As), 0.5 (Cu), 3.0 (Co), 0.5 (V), 0.6 
(Ni), 0.8 (Pb), 0.7 (Zn), 0.3 (Cr), 1.0 (Zr), 1.1 (Mn), 2.0 (Ti), 
0.8 (Fe), 2,0 (Cd) and 1.0 (Hg) mg/kg.

Potential health risk assessment

Toxic elements such as HMs in soil, minerals, etc., and 
environmental samples may pose potential human health 
risks (PHRs) via three exposure pathways (TEPs): inges-
tion, inhalation, and dermal contact. In this study, TEPs, 
including inhalation of particles emitted from perlite, inci-
dental oral ingestion of perlite particles, and dermal contact 
with perlite, were primarily considered to estimate direct 
exposure to perlite samples. The average daily intake (ADD 
in mg/kg⋅ d) in these TEPs within the scope of the PHR 
evaluation method proposed by the USEPA was calculated 
for PERQ workers using the following Eqs [32, 36–40]:

ADDInh = C × InhR × EF × ED
PEF × BM × AT � (2)

ADDIng = C × IngR × EF × ED × 10−6

BM × AT
� (3)

ADDDerm = C × SA × AF × ABS × EF × ED × 10−6

BM × AT
� (4)

The estimation of the non-carcinogenic PHR refers to the 
determination of the effect of HMs in perlite samples on non-
carcinogenic consequences in PERQ adult workers. Hazard 
quotient (HQ) and hazard index (HI) are utilized to estimate 

the non-carcinogenic PHR [32, 39]. HQ was estimated as 
follows [32, 39]:

HQi,Inh = ADDi,Inh

RfDi,Inh
� (5)

HQi,Ing = ADDi,Ing

RfDi,Ing
� (6)

HQi,Derm = ADDi,Derm

RfDi,Derm
� (7)

HQi = HQi,Inh + HQi,Ing + HQi,Derm� (8)

where RfDInh, RfDIng, and RfDDerm are the inhalation and 
ingestion and dermal reference doses, respectively. HQi val-
ues estimated for each HM in the perlite sample are summed 
to obtain the hazard index (HI) as follows [32, 39]:

HI =
n∑

i=1
HQi� (9)

where n is the number of HMs analyzed in the perlite sam-
ples. If HI values are smaller than 1, there is a negligible non-
carcinogenic PHR. However, If HI values are higher than 1, 
the non-carcinogenic PHR may occur with a probability that 
tends to rise as the increases of HI value [32, 38, 40].

Carcinogenic risk (CR) and total carcinogenic risk (TCR) 
parameters were estimated using the following formulas to 
evaluate the carcinogenic effect of HMs on adult workers 
people [32]:

Fig. 1  Locations of perlite quarries in Türkiye
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mapped onto a digital platform. To estimate HM concentra-
tions across the study area, the inverse distance weighting 
(IDW) interpolation method was applied, utilizing values 
obtained from the sampled locations.

Positive matrix factorization (PMF) analysis

In this study, the PMF receptor model was implemented 
using EPA PMF version 5.0 software [42] to determine the 
sources of HMs in perlite samples, following the approach 
outlined by Jiang et al. [43]. The optimal factor solution was 
identified by evaluating models with 3 to 6 factors, utilizing 
20 base runs performed in random seed mode, as described 
in previous studies [43–45].

Results and discussion

Heavy metal content

Some descriptive statistical data on the concentrations of HMs 
analyzed in all perlite samples and the contents of Earth’s 
upper crust (EUC) are given in Table 1. The frequency dis-
tributions of each HM after rank transformation are shown in 
Fig. 2. Following the transformation, all HMs, except V and 
Co, exhibit a normal distribution (p < 0.05). Although V and 
Co deviate from normality, the rank transformation still pro-
vides the best distribution compared to other applied trans-
formations. The average and range (min-max) values of HMs 
analyzed in PERQs are given in Table S3. The spatial distri-
bution of HMs is presented in Fig. 3, illustrating how they 
exhibit distinct distribution patterns across different locations. 
From Table 1 and S3, the concentrations of the HMs in perlite 
samples vary depending on the geological and geochemical 
structure of the PERQ locations. The average concentrations 
of the HMs were ranked as As < Cu < Co < V < Ni < Pb < Zn < 
Cr < Zr < Mn < Ti < Fe. The concentrations of Cd and Hg were 
analyzed below the DL of 2.0 and 1.0 mg/kg, respectively.

From Table 1, the As concentrations varied from < 0.5 to 9.0 
(PERQ12-5) mg/kg with an average value of 4.2 mg/kg, which 
is lower than the EUC value of 4.8 mg/kg [46]. From Table S3, 
the As contents of the quarries coded PERQ3, PERQ5 (except 
for PERQ5-3), PERQ9, and PERQ12 are above the EUC value. 
According to the average As contents, the quarries were listed 
as PERQ3 >PERQ12 >PERQ9 >PERQ5 >PERQ7 >PERQ10 
>PERQ8 >PERQ11 >PERQ4 >PERQ6 >PERQ2 >PERQ1. 
The Cu concentrations varied from 1.1 to 19.7 (PERQ4-2) 
mg/kg with an average value of 4.3 mg/kg, which is signifi-
cantly lower than the EUC value of 28 mg/kg [46]. According 
to the average Cu contents, the quarries were listed as PERQ4 
>PERQ8 >PERQ5 >PERQ1 >PERQ6 >PERQ10 >PERQ11 
>PERQ2 >PERQ12 >PERQ3 >PERQ9 >PERQ7. The cobalt 

CRi,Inh = ADDi,Inh × CSFi,Inh� (10)

CRi,Ing = ADDi,Ing × CSFi,Ing� (11)

CRi,Derm = ADDi,Derm × CSFi,Derm� (12)

TCRi = CRi,Inh + CRi,Ing + CRi,Derm� (13)

where CSFInh, CSFIng, and CSFDerm are the inhalation and inges-
tion and dermal cancer slope factors, respectively. If the TCR 
values are within the range from 1 ⋅ 10−6 to 1 ⋅ 10−4, there is an 
acceptable carcinogenic PHR level. If the TCR values are below 
1 ⋅ 10−6 there is negligible carcinogenic PHR. However, TCR >1 
× 10−4 indicates an unacceptable carcinogenic PHR [32, 38, 40].

All the above parameters and reference values used for 
the evaluation of PHRs for PERQ adult workers are given 
in Table S2.

Statistical analysis

Statistical analyses were performed to assess data distribu-
tion, examine variance homogeneity, and identify potential 
differences in HM concentrations among groups. Normality 
was evaluated using the Shapiro-Wilk test, while the Lev-
ene test was applied to assess variance homogeneity. The 
results indicated that most data did not follow a normal dis-
tribution or exhibit homogeneity of variances. To address 
this, various transformations - including logarithmic, square 
root, inverse, exponential, Box-Cox, Yeo-Johnson, Z-score, 
and rank transformation - were applied. Among these, rank 
transformation yielded the best results. However, even after 
rank transformation, some data still did not fully meet the 
assumptions of normality and homogeneity of variances.

For datasets satisfying both normality and variance 
homogeneity, the ANOVA (p = 0.05) test was conducted to 
determine significant differences in HM concentrations, fol-
lowed by Tukey’s post hoc test for pairwise comparisons. 
In cases where normality and/or variance homogeneity 
were not achieved, the Kruskal-Wallis test (p = 0.05) was 
employed to assess group differences, with pairwise Wil-
coxon rank-sum tests used for post hoc analysis.

Additionally, Pearson correlation coefficients were cal-
culated to explore relationships between HM concentrations 
in perlite samples. All statistical analyses were performed 
using RStudio version 2023.06 [41].

Spatial distribution

The spatial distribution of HM concentrations in samples 
was analyzed using QGIS Desktop 3.36.0. For this analysis, 
the geographic coordinates of each sampling location were 
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Table 1  Some descriptive statistical data on concentrations of heavy metals in all perlite samples
HM Concentration (mg/kg, dw) EUC (mg/kg)

Average Median SD SE Kurtosis Skewness Min Max
Ti 528.3 515.4 214.3 19.1 0.1 0.7 117.1 1361.0 3931
V 7.1 6.9 3.5 0.3 0.4 −0.8 < DL 14.7 97
Cr 64.9 50.1 57.6 5.1 1.2 1.2 < DL 247.1 92
Mn 383.5 378.8 73.5 6.5 0.4 −0.2 257.3 640.9 774.5
Fe 6585.4 6255.5 1626.3 144.9 0.6 0.2 3914.0 12730.0 32041
Co 7.0 6.4 1.8 0.2 2.4 5.9 < DL 13.9 17.3
Ni 19.8 16.4 15.7 1.4 1.8 3.4 4.6 77.7 47
Cu 4.3 3.4 3.4 0.3 2.5 6.7 1.1 19.7 28
Zn 31.1 31.8 6.4 0.6 −0.4 −0.8 17.0 45.7 67
As 4.2 3.5 2.3 0.2 0.4 −1.3 < DL 9.0 4.8
Pb 26.4 24.4 7.2 0.6 0.4 −1.1 15.1 41.6 17
Zr 93.7 88.0 28.3 2.5 0.2 −0.9 40.5 163.1 193

Fig. 2  The frequency distribution of HMs after rank transformation
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mg/kg, which is lower than the EUC value of 67 mg/kg [46]. 
According to the average Zn contents, the quarries were listed 
as PERQ1 >PERQ12 >PERQ6 >PERQ10 >PERQ11 >PERQ2 
>PERQ3 >PERQ9 >PERQ4 >PERQ8 >PERQ4 >PERQ7. The 
Cr concentrations varied from < 0.3 to 247.1 (PERQ5-1) mg/
kg with an average value of 64.9 mg/kg, which is lower than 
the EUC value of 92 mg/kg [46]. However, the Cr contents of 
the quarries coded PERQ5, PERQ6, and PERQ8 are above the 
EUC value. According to the average Cr contents, the quarries 
were listed as PERQ5 >PERQ8 >PERQ6 >PERQ7 >PERQ12 
>PERQ10 >PERQ11 >PERQ9 >PERQ3 >PERQ2 >PERQ1 
>PERQ4. The zirconium (Zr) concentrations varied from 40.5 
to 163.1 (PERQ10-10) mg/kg with an average value of 93.7 
mg/kg, which is lower than the EUC value of 193 mg/kg [46]. 
According to the average Zr contents, the quarries were listed 
as PERQ1 >PERQ6 >PERQ10 >PERQ11 >PERQ4 >PERQ3 
>PERQ8 >PERQ12 >PERQ2 >PERQ7 >PERQ9 >PERQ5. 
The Mn concentrations varied from 257.3 to 640.9 (PERQ10-
10) mg/kg with an average value of 383.5 mg/kg, which is 
lower than the EUC value of 774.5 mg/kg [46]. According to 
the average Mn contents, the quarries were listed as PERQ10 
>PERQ11 >PERQ5 >PERQ7 >PERQ6 >PERQ8 >PERQ2 
>PERQ4 >PERQ12 >PERQ1 >PERQ3 >PERQ9. The titanium 
(Ti) concentrations varied from 117.1 to 1361.0 (PERQ10-10) 
mg/kg with an average value of 528.3 mg/kg, which is lower 
than the EUC value of 3931 mg/kg [46]. According to the aver-
age Ti contents, the quarries were listed as PERQ10 >PERQ11 
>PERQ12 >PERQ9 >PERQ6 >PERQ3 >PERQ1 >PERQ8 
>PERQ4 >PERQ7 >PERQ5 >PERQ2. The Fe concentrations 
varied from 3914.0 to 12730.0 (PERQ10-10) mg/kg with an 
average value of 6583.4 mg/kg, which is lower than the EUC 

(Co) concentrations varied from < DL to 13.9 (PERQ5-2) mg/
kg with an average value of 7.0 mg/kg, which is lower than the 
EUC value of 17.3 mg/kg [46]. The Co contents of the quarries 
coded PERQ3, PERQ4, and PERQ7 were observed below the 
DL of 3.0 mg/kg. According to the average Co contents, the 
quarries were listed as PERQ5 >PERQ8 >PERQ6 >PERQ10 
>PERQ1 >PERQ9 >PERQ12 >PERQ11 >PERQ2. The vana-
dium (V) concentrations varied from < DL to 14.7 (PERQ9-15) 
mg/kg with an average value of 7.1 mg/kg, which is significantly 
lower than the EUC value of 97 mg/kg [46]. The V contents of 
the quarries coded PERQ3, PERQ4, and PERQ7 were observed 
below the DL of 0.5 mg/kg. According to the average V con-
tents, the quarries were listed as PERQ1 >PERQ11 >PERQ12 
>PERQ9 >PERQ10 >PERQ5 >PERQ2 < PERQ6 < PERQ8. 
The Ni concentrations varied from 4.6 to 77.7 (PERQ5-5) 
mg/kg with an average value of 19.8 mg/kg, which is lower 
than the EUC value of 47 mg/kg [46]. However, the Ni con-
tents of the quarries coded PERQ5 are above the EUC value. 
According to the average Ni contents, the quarries were listed 
as PERQ5 >PERQ8 >PERQ6 >PERQ7 >PERQ12 >PERQ10 
>PERQ9 >PERQ11 >PERQ3 >PERQ2 >PERQ1 >PERQ4. 
The Pb concentrations varied from 15.1 to 41.6 (PERQ3-7) mg/
kg with an average value of 26.4 mg/kg. All Pb concentrations, 
except for three perlite samples, are higher than the EUC value 
of 17 mg/kg [46]. According to the average Pb contents, the 
quarries were listed as PERQ3 >PERQ1 >PERQ12 >PERQ9 
>PERQ11 >PERQ10 >PERQ4 >PERQ6 >PERQ2 >PERQ8 
>PERQ5 >PERQ7. The Zn concentrations varied from 17.0 
to 45.7 (PERQ10-10) mg/kg with an average value of 31.1 

Fig. 3  The spatial distribution of HMs (mg/kg) (a) Ti, (b) V, (c) Cr, (d) 
Mn, (e) Fe, (f) Co, (g) Ni, (h) Cu, (i) Zn, (j) As, k) Pb, l) Zr

Fig. 4  Distribution of transformed 
concentrations for heavy metals 
across sampling locations. Let-
ters above each boxplot denote 
statistically significant differences 
(p < 0.05) between locations, 
with shared letters indicating no 
significant difference
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Overall, the elemental distribution patterns suggest dis-
tinct geochemical regimes across the sampling area. Some 
locations - for instance, PERQ-1, PERQ-3, PERQ-5, PERQ-
6, and PERQ-8 (or the broader group from PERQ-8 to 
PERQ-12 for certain elements) - exhibit enhanced HM con-
centrations, possibly indicative of localized source inputs 
or accumulation processes. In contrast, other areas, such as 
PERQ-2 and zones spanning PERQ-4 to PERQ-7 and PERQ-
10 to PERQ-11, tend to have relatively lower concentrations. 
These unique elemental signatures underscore the heteroge-
neity of the study area and highlight the localized impacts 
of both geochemical and potentially anthropogenic factors on 
HM distribution.

PMF analysis results

To identify potential sources of HMs in perlite samples, 
Pearson correlation analysis was conducted to examine pair-
wise relationships among HMs, while the PMF model was 
applied to determine possible common sources contributing 
to their presence [43]. The analysis identified three distinct 
factors as sources of HMs. According to the PMF model 
results, Factor 1 accounted for 75.10% of the total contribu-
tion, followed by Factor 3 at 19.20% and Factor 2 at 5.70% 
(Fig. 5a). Figure 5b presents the contribution of each HM to 
the factors identified in the PMF model. Based on the PMF 
analysis (Fig. 5c), the HM sources in the study area can be 
classified into three factors with distinct elemental signa-
tures. Factor 1 is dominated by Ti (75.1%), V (76.66%), As 
(62.52%), and Pb (65.82%), with substantial contributions 
from Co (53.89%) and Zn (51.97%). Potential sources of 
Ti include geogenic origins, mining activities, and mining 
waste [47]. Similarly, As is primarily associated with natural 
sources [48, 49], whereas Pb [50], Co [51], and Zn [52] have 
been linked to anthropogenic activities. Given this combi-
nation, it is plausible that Factor 1 primarily represents the 
influence of natural soil, with additional contributions from 
anthropogenic sources.

Factor 2 is characterized by very high contributions of 
Cr (89.32%) and Ni (69.13%). Previous studies have shown 
that Cr in the environment is closely associated with indus-
trial activities, including leather processing, refractory steel 
production, and the manufacture of chromic acids [53, 54]. 
This evidence supports the interpretation of Factor 2 as being 
predominantly industrial in origin.

Factor 3 exhibits elevated contributions from Fe 
(55.26%), Mn (44.05%), Cu (44.12%), Zn (42.47%), and Zr 
(53.35%), with moderate inputs from Pb (33.39%) and Ni 
(21.85%). Among these metals, Fe, Mn, and Zr are predom-
inantly of natural origin [47]. In contrast, Cu and Zn may be 
linked to agricultural sources, including fertilization, pesti-
cides, livestock manure, and wastewater, as these elements 

value of 32,041 mg/kg [46]. According to the average Fe con-
tents, the quarries were listed as PERQ6 >PERQ10 >PERQ11 
>PERQ3 >PERQ2 >PERQ1 >PERQ12 >PERQ8 >PERQ7 
>PERQ5 >PERQ4 >PERQ9.

Variability of HMs in sampling locations

The distribution of HMs among different locations is presented 
in Fig. 4. Box plots of transformed elemental concentrations 
reveal significant spatial variability across the sampling loca-
tions (PERQ-1 to PERQ-12). For example, Ti and V concen-
trations exhibit a marked increase in the latter PERQ locations 
(PERQ-8 to PERQ-12), while Cr concentrations peak signifi-
cantly at PERQ-5 compared to earlier sites. Fe concentrations 
display a notable peak at PERQ-6, and Co shows a similar 
trend at PERQ-5. Mn concentrations vary spatially, with 
PERQ-5 showing significantly higher levels than PERQ-1, 
PERQ-2, PERQ-3, and PERQ-4, though generally decreasing 
toward the later PERQ locations. Similarly, Ni concentrations 
are low across PERQ-1 to PERQ-4 but increase significantly 
at PERQ-5. Cu exhibits peak concentrations at PERQ-4 and 
PERQ-8, while Zn is markedly elevated at PERQ-1, decreases 
toward PERQ-6, and then rises again in subsequent loca-
tions. As concentrations are highest at PERQ-3 and again 
after PERQ-9. Pb concentrations are significantly higher at 
PERQ-1 and PERQ-3, with lower levels observed at PERQ-2, 
across PERQ-4 to PERQ-8, and at PERQ-10 and PERQ-11, 
whereas Zr shows elevated levels at PERQ-1, a substantial 
decrease at PERQ-5, and then an increase toward PERQ-12.

Statistical analysis - indicated by letter groupings above 
each box plot - reveals significant differences (p < 0.05) in 
transformed concentrations between certain sampling loca-
tions for each element. This emphasizes both the localized 
impact of geochemical processes and the overall spatial het-
erogeneity of elemental distribution within the study area.

Fig. 4  (continued)
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trends of the average of total ADD for HMs in all perlite 
were As < Ni < Pb < Cu < Cr < Co < V < Zn < Zr < Mn < Ti < Fe.

The average values of the HQInh, HQIng, and HQDerm esti-
mated for all HMs in the perlite samples were 5.8 × 10−3, 
2.5 × 10−2 and 5.0 × 10−3, respectively. The averages of 
the total HQ estimated for three TEPs were listed as 
Fe > Mn > Cr > As > V > Pb > Co > Ni > Cu > Zn. Concern-
ing average HQi, the three TEPs were ingestion > inhala-
tion > dermal contact. The HI value was estimated as 0.036, 
which is below the risk limit of 1.

The average values of the CRIng, CRInh, and CRDerm esti-
mated for Pb, Cr, As and Ni were found to be 5.4 × 10−8, 
9.1 × 10−6 and 1.5 × 10−5, respectively. The averages of the 

are commonly enriched in agricultural soils [11, 55]. There-
fore, Factor 3 appears to represent a mixed source, combin-
ing natural inputs with agricultural influences.

Assessment of potential health risk

The values of ADDi, HQi, HI, CRi, and TCR estimated for 
PERQ workers to evaluate the non-carcinogenic and carci-
nogenic PHRs due to each HM analyzed in perlite samples 
are given in Table 2 [56].The average values of the ADDInh, 
ADDIng and ADDDerm calculated for all HMs varied from 
8.1 × 10−11 to 1.4 × 10−6 mg/kg⋅ d, 5.5 × 10−7 to 9.4 × 10−3 mg/
kg⋅ d, and 3.5 × 10−9 to 6.2 × 10−5 mg/kg⋅ d, respectively. The 

Fig. 5  Pearson correlation and PMF model results

  

Table 2  Impact of heavy metals in perlite samples by three exposure routes on quarry adult workers
HM Non-carcinogenic risk Carcinogenic risk

ADD (mg/kg⋅ d) HQi CRi

Inhalation Ingestion Dermal Inhalation Ingestion Dermal Inhalation Ingestion Dermal
Ti 1.1 × 10−7 7.5 × 10−4 5.0 × 10−6 - - - - - -
Zr 2.0 × 10−8 1.3 × 10−4 8.8 × 10−7 - - - - - -
V 1.5 × 10−9 1.0 × 10−5 6.7 × 10−8 2.1 × 10−7 1.1 × 10−3 9.6 × 10−4 - - -
Cu 9.1 × 10−10 6.2 × 10−6 4.1 × 10−8 2.3 × 10−8 1.5 × 10−4 3.4 × 10−6 - -
Mn 8.1E×10−8 5.5 × 10−4 3.6 × 10−6 5.8 × 10−3 3.9 × 10−3 2.0 × 10−3 - - -
Fe 1.4E×10−6 9.4 × 10−3 6.2 × 10−5 2.0 × 10−6 1.3 × 10−2 8.9 × 10−4 - - -
Co 1.5E×10−9 1.0 × 10−5 6.1 × 10−8 6.5 × 10−8 4.9 × 10−4 4.1 × 10−6 - - -
Zn 6.5E×10−8 4.4 × 10−5 2.9 × 10−7 2.2 × 10−8 1.5 × 10−4 4.9 × 10−6 - - -
Cr 1.2E×10−9 8.6 × 10−6 5.6 × 10−7 4.4 × 10−5 2.8 × 10−3 1.9 × 10−4 5.3 × 10−8 4.3 × 10−6 1. ×10−5

Ni 3.8E×10−10 2.6 × 10−6 1.7 × 10−7 1.8 × 10−8 1.3 × 10−4 2.2 × 10−4 3.2 × 10−10 4.4 × 10−6 3.9 × 10−6

As 8.1E×10−11 5.5 × 10−7 3.5 × 10−8 2.7 × 10−7 1.8 × 10−3 3.0 × 10−4 1.2 × 10−9 7.9 × 10−7 1.3 × 10−7

Pb 5.1E×10−10 3.5 × 10−6 2.3 × 10−7 1.5 × 10−7 9.9 × 10−4 4.4 × 10−4 2.1 × 10−11 3.0 × 10−8 6.5 × 10−9

HIi = ΣHQi 5.8E×10−3 2.5 × 10−2 5.0 × 10−3 TCRi = ΣCRi 5.4 × 10−8 9.5 × 10−6 1.5 × 10−5

HI = ΣHIi 3.6 × 10−2 TCR = ΣTCRi 2.5 × 10−5
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these four HMs and three exposure routes is 2.5 × 10−5, which 
is below the carcinogenic risk limit of 1.0 × 10−4. Figure 6 dis-
plays radarcharts illustrating the spatial variability of the HI 

total CRi estimated for three TEPs were listed as Cr > Ni > As 
> Pb. Concerning average CRi, the three TEPs were ordered as 
dermal > ingestion > inhalation. The TCR value estimated for 

Fig. 6  The radarchart of HI and TCR values for sampling locations
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