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Avrticle History This study evaluates the concentration and source of potentially toxic
Received: 11 February 2025 elements in thirteen samples of in-situ dust collected from the
Revised: 28 June 2025 Chadormalu iron mine, located 180 km northeast of Yazd city. Various
Accepted: 30 June 2025 geochemical indices including the geoaccumulation index, potential

ecological risk index, the nemerow integrated pollution index,
enrichment index and health risk were applied to assess the level of
pollution in the mineral dust. Based on the lg, index, the studied samples

Keywords are classified as the severely polluted with elements such as Cr, Mn, Co,
Potentially toxic elements ni, Cu, Zn, As, Sn, Pb and V. They also exhibit moderate to severe
mineral dust _ contamination with respect to Mo. The potential ecological risk index of
gg?(?ormalu Mine the element arsenic falls into the extremely high-risk category. The

elements Mo, Cu, Zn, As, Sn and V are classified as severely polluted
based on the integrated pollution index (NIPI), while the metals Pb, Ni
and Co are categorized as moderately polluted. The enrichment index of
the dust samples indicates the minimal enrichment for the studied
elements. Based on the health risk assessment data, As and Cr exhibited
the highest hazard quotient (HQ) values through the ingestion pathway.
The non-carcinogenic risk associated with all the studied elements,
when inhalation and dermal contact, was estimated to be less than 1.
*Corresponding author Consequently, individuals experience no adverse health effects. The risk
of carcinogenicity exists for adults and children through ingestion of
arsenic and for children through ingestion of chromium. Principal
component analysis (PCA) revealed that the elements Co, Ni, Mo, V,
and Sn have geogenic origins, while other elements are influenced by
anthropogenic sources, including mining and processing activities.
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EXTENDED ABSTRACT

Introduction

Mining and mineral processing are often associated
with the release of toxic dust and effluents from
tailings dams and metallurgical slag. Dust particles
emitted during mining and mineral processing
operations directly affect human health by being
ingested or inhaled. The Chadormalu iron mine,
situated 180 km northeast Yazd, is the largest iron
deposit in Central Iran and part of the Bafg-Saghand
metallogenic province. The sources of mineral dust
production in the Chadormalu mine include the
explosion sites surrounding the mine, the crusher, the
tailings silo, the reclaimer, and the mineral dust
emanating from the dry surface of the tailing dams.
The aims of the present study to investigate the
source and determine the contamination of
potentially toxic elements (PTESs) in mineral dust and
its impact on human health.

Materials and methods

To assess the PTEs, thirteen mineral dust samples
were collected from various locations within the
Chadormalu mine using plastic brushes and a
dustpan in December 2023. The samples dried at
room temperature and then passed a 2-mm sieve to
eliminate roots, debris and stones. To determine the
concentration of elements, sample of powdered
material subsampled to 230- mesh sieve by an agate
miller. Approximately, 0.5 gr of prepared sample
digested in a mixture of 2 ml of HF (40%), 2 ml of
HNO;3 (65%), and 6 ml of HCI (37%), following the
standard method (DIN EN 13656: 2021-07), and
subsequently, the elemental concentrations were
determined using an Agilent 7850 ICP-MS
instrument at the Eurofins Umwelt Ost GmbH
laboratory, Freiberg, Germany. Quality control of the
samples was performed using certified reference
materials (CRMs) to measure accuracy, blank
samples to assess contamination, and replicate
samples to assess precision.

Results and discussion

The average concentrations of elements (mg/kg) in
the mineral dust samples follow this order: Mn > V
> Ni>Zn>Cu>As>Cr>Co>Pb>Sn>Mo.To
determine  the level of  pollution, the
geoaccumulation index (lgeo) was determined as
fallow (Muller, 1969):

Igeo = log,(C,/1.5B,)
Where C, and B, represent the concentrations of
elements in the sample and reference element (upper
crust content), respectively. Based on the
geoaccumulation index results, the elements Cr, Mn,
Co, Ni, Cu, Zn, As, Pb and V are considered very
strong polluted. The enrichment factor (EF) is
expressed using the following equation (Liu et al.,
2014), considering Fe as the reference element:
EF = (Ci/cr)Sample/(Ci/cr)Baseline
The C; and C, values refer to the element
concentrations in the sample and reference material.
The results indicates the minimal enrichment for the
studied elements.
The ecological risk index (RI) is obtained by the
follows (Zhang et al., 2018):

m m

RI= Y Ei= ) Ti G
- . r — . r X C_}’l
1 1

Where E! and T} are the ecological risk index and
toxicity index of elements, C; and C! are the
elements measured in the sample and reference
material, respectively. On the basis of the results, the
EL values of elements Cr, Mn, Ni, Cu, Pb, V and Zn
are considered low ecological risk at all mineral dust
sampling stations. However, arsenic exhibits a
moderate ecological risk in the study area. The RI
value indicated the highest level of pollution and
potential ecological risk at station FD8.

Sawut et al. (2018) defined the Integrated Pollution
Index of Nemerow (NIPI) as follows:

NIPI = J(PZ +P2,./2)

That P; is the single-factor pollution index for each
element. The NIPI values indicated that Cu, Zn, As,
Mo, Sn and V in the mineral dust samples belong to
the heavy pollution class, while Co, Ni and Pb belong
to the moderate pollution categories. Additionally,
the element Cr classified as clean, while Mn
classified as slightly polluted.
In this study, health risk assessment for both adults
and children were conducted based on inhalation,
ingestion and dermal contact with PTEs present in
mineral dust. The calculations were performed by the
following relationship (USEPA, 1997):

_ C, X IngR x EF X ED
ADDing = BW X AT

C, X InhR X EF X ED

ADDinh = e W AT
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C, XSA X AF x ABS X EF x ED

ADDdermal = BW < AT

x CF
The non-carcinogenic risks associated with elements

are determined using the following equation (Hossen

etal, 2021): HQ = =2

Where HQ is the hazard quotient to assess the non-
carcinogenic hazard and RfD is the reference dose
value (mg/kg/day). The hazard index (HI) is the
cumulative sum of hazard quotient (HQ) values used
to evaluate the overall non-carcinogenic risk posed
by multiple toxicants (Hossen et al., 2021):

HI = Z HQ = HQing + HQinnh + HQ4erm

If HQ, HI < 1, indicates the absence of non-
carcinogenic effects, while if HQ, HI > 1, it suggests
the presence of non-carcinogenic effects. The health
risk assessment and HQ values indicate that the non-
carcinogenic risk of the potentially toxic elements
Ni, Cu, Zn, and Pb for adults and children is less than
1, indicating that there is a carcinogenic risk
associated with these PTEs in the study area. Based
on the HI values, both adults and children face a non-
carcinogenic health risk when ingested occurs. The
health risk assessment reveals that the non-
carcinogenic risk is higher in children compared to
adults. Arsenic emerges as the main risk factor for
both age groups. The ingestion of As for children and
adult, as well as Cr for children is associated with

carcinogenic risks.

Conclusion

This study assessed the contamination of mineral
dust with PTEs, determined the source of
contamination and evaluated the health risks
associated with the Chadormalu iron mine. The study
of the concentration of total toxic elements revealed
that the average concentration of all elements except
for Cr and Mn is more than the concentration of
metals found in the upper crust content. Non-
carcinogenic risk of elements is higher in children
than in adults, with As being the primary risk factor.
The health risk assessment reveals that ingestion is
the most important pathway for PTEs exposure. The
results of calculating pollution indicators in the study
area revealed that the main source of PTEs pollution
is the mineralization of natural iron ore and mineral
processing. These activities pose significant risks to
human health and the environment.
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Fig. 1. A: The geological map 1:1000 of the open pit of Chadormalu Mine (Kani Kavan sharq, 2021), and B: the locations
of sampling sites
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Table 1. Concentration and statistical results of elements in mineral dust samples of the Chadormalu Mine compared with
the composition of the upper crust content (concentration values in mg/kg)

Sample As Co Cr Cu Mn Mo Ni Pb Sn \Y Zn
FD1 158 265 643 549 8440 94 645 182 106 3740 841
FD2 379 388 275 101.0 6240 94 159 56 208 1580.0 46.2
FD3 384 417 205 920 5970 91 156 57 200 15400 435
FD4 290 126 356 407 6490 15 316 555 132 411  180.0
FD5 3.8 65 119 149 2100 15 11 658 72 102 557
FD6 209 346 634 415 6560 15 824 204 15 1140 1540
FD7 366.0 290 515 1940 14800 15 513 642 183 611 3010
FD8 136 104 339 205 6140 15 268 275 15 425 1280
FD9 341 413 196 519 5400 9.0 142 44 215 13500 318
FD10 37.9 405 222 1180 5970 87 157 59 177 15100 49.2
FD11 9.8 205 427 348 6100 48 113 42 74 10600 28.6
FD12 154 287 678 503 9030 97 688 182 101 3930 86.6
FD13 383 419 288 929 6630 97 172 56 201 1650.0 459

Mean 508 294 376 698 6913 59 951 230 131 7481 949
Min 3.8 65 119 149 2100 15 110 42 15 102 286
Max 366.0 419 67.8 1940 14800 9.7 1720 658 215 16500 301.0

Std.Dev 954 124 187 491 2862 38 573 233 72 6985 784

cv 1.8 04 05 07 04 06 06 11 05 09 08
Uppercrust g 473 920 280 9500 11 470 170 21 970 670
content

2 (Rudnick and Gao, 2003)
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b Ul S 0T es, 53 (YFA) O g0 jeaie 4 S
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Table 2. The pollution level of the Chadormalu Mine mineral dust samples based on the classification of

Geoaccumulation Index (Adamu et al., 2015)

Igeo class Igeo value Pollution level Elements

0 Igeo <0 Practically unpolluted -

1 0<Igeo <1 Slightly polluted -

2 1<Igeo <2 Moderately polluted -

3 2<Igeo <3  Moderately to strongly polluted Mo

4 3< Igeo <4 Strongly polluted -

5 4<Tgeo <5  Strongly to very strong polluted Sn

6 Igeo > 5 Very strong polluted Cr, Mnkcsj)i)bN’i’ch’ Zn,

Rudnick and Gao, ) oYU aw sy S 5 5 oy ol 52
e Olge 4y AT aie I 5 e o Lamms Ol e 45 (2003
Y b b Sl Y gans aT 1 e aslis ol o
350l s o5 B b 4 aS 5, i HUasl g5l
o2 S i b o o (Niencheski et al., 1994) 5,5 &
Hernandez et) Y 3 xtw ol b 5 b Lice V/Y L +/0
ol 1 sljolal Lae (Eby, 2004) ¥ 51 s b 4 (al., 2003
das o OLES |y Sai 28y b (sulives, ¥ Jgd . dins o

.(Loska and Wiechula, 2003)

e G bl 5 lie sdiasOliss Sas b o
ol (ST i it ) OT e Lo 4 s
53 oty T Lite (o (515 03 108 5 b 4 (Solb o o 0
Reimann ) esliul oo sbadgai sl 5 55k lé dga
4k, ;I 4 (@and DeCaritat, 2000; Sucharova et al., 2012
(Liuetal., 2014) 545 oo cpns ¥

¥ abal,

EF = (Ci/Cr)Sample/(Ci/Cr)Baseline
gl_w\f-ff..a.ﬁg;]al& Cr sl jaie 2L G calasly opl s
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(Loska and Wiechula, 2003) she ,sla Odas b 5 )Lé bk gas (S Ab & o b (suos, ¥ S
Table 3. Classification of Enrichment Index of the Chadormalu Mine mineral dust samples (Loska and Wiechula, 2003)

EF class Enrichment level
EF <2 Deficiency to minimal enrichment
EF=2-5 Moderate enrichment
EF=5-20 Significant enrichment
EF=20-40 Very high enrichment
EF > 40 Extremely high enrichment

OLsily g5 B Sui oo yluie S )T e (EF
3350 oo (sl 505 e Ltie odas s s oyl das e

.w‘dbﬁ)}w)ﬁ

2550 b Sladizad oY JS ) olsT s 4 B a5 4
g 13,5 IS (ST o 058l olie 4 o g
35008 py3bls 5 Wi a5 e e ( JSG 0 g 8  JST
= M) FDT7 o s o Ot |y S i s op 28 G

10

. o

As Co Cr

= O - i o
Cu Mn Mo Ni Pb Sn v Zn

shoysle e b L ladised 45 ol Sus b o palie Y KD
Fig. 2. Enrichment factor values for the elements in mineral dust samples of the Chadormalu Mine
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Table 4. The hazard level of the Chadormalu Mine mineral dust samples on the basis of the classification of the Potential

Ecological Risk (Hakanson, 1980)

EL Risk level Elements RI Risk level Elements
Ei < 40 Low risk Cr’zl\r’f’“i)ﬁi’vcu’ RI < 150 Low risk Crifl\)/f‘;?i’
40 <EL <80 Moderate risk As 150 <RI <300 Moderate risk Cu, V
80<E! <160  Considerable risk - 300 <RI<600 Considerable risk -
160 <EL < 320 Very high risk - RI > 600 Very high risk As
E! >320 Dangerous -

Zhang et ) das o QL 1) cuy 5 3550 polis Cumdse 5 le

.@al., 2018
e S shoyslar Odas Hle adiged cgines; ol wlsl
ol g o (ST Ok 55 5 75 35S —ole
S 5 Jon 20 5087 B3 JT 03 55 o 5 e ( JSG LS
SINERESPIRITRT & 5 p ol 05 ST polis

(F US) 05,8 ol s Sl b
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Fig. 3. (A): The values of Ecological Risk Index (Er) of the elements, and B The Potential Ecological Risk Index of the
total elements (RI) in the mineral dust samples of the Chadormalu Mine
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Table 5. The classification of the Pollution Index (Zhang et al., 2018) and the Nemerow Integrated Pollution Index (Sawut
et al., 2018) for the mineral dust samples of the Chadormalu Mine

Pi Pollution level Elements NIPI Pollution level Elements
Pi<l Uncontaminated Cr, Mn, Zn NIPI <0.7 Clean (safe level) Cr
<pi<p ~ Lowtomoderately o\ by g g<NIPI<I Warning limit -
contaminated
2<pi<y ~ Moderate to heavily - 1< NIPI <2 Slight pollution Mn
contaminated
Pi>3 Heavy toextremely o \ro v gp 2<NIPI<3  Moderate pollution  Co, Ni, Pb
contaminated
. Cu, Zn, As,
NIPI>3 Heavy pollution Mo, Sn, V
14
mPi mNIPI
12
& 10
E’h
s 8
k-
q 6
=
S 4
3
w2
0 I = I ] I [ |

As Co Cr Cu Mn Mo Ni Pb &Sn V Zn

oyl meﬁ)&dhd}&):ﬂt&(NWD;Fq)%;(Pi)&b&;:)TPuﬁA%.i s
Fig. 4. The values of single Factor Pollution Index (Pi) and the Nemerow Integrated Pollution Index (NIPI) of the elements
in the mineral dust samples of the Chadormalu Mine
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(USEPA, 2002; Huang et al., 2019

Table 6. The parameters used in estimating average daily dose for carcinogenic and non-carcinogenic risk in mineral dust
samples of the Chadormalu Mine (USEPA, 2002; Huang et al., 2019)

Factor Description Unit Value
Adult Children

Cn Concentration of Heavy Metals mga/kg - -
IngR Ingestion Rate mg/day 100 200
InhR Inhalation Rate m®/day 16.2 7.5

EF Exposure Frequency days/year 350 350
ED Exposure Duration years 30 6
BW Body Weight kg 62.4 21.2
PEF Particle Emission Factor m3/kg 1.36 x 10° 1.36 x 10°
AT Average Time day 365 x ED 365 x ED
SA ExposedSskin area cm? 1600 899
AF Adherence Factor (mg/(cm?/d)) 0.07 0.20
CF Conversion Factor kg.mg* 1x10°6 1x10°6
ABS Dermal Absorption Factor non-dimensional Pb = Ni =Cu =0.01; As =

0.03; Cr=Zn =0.001
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Table 7. The reference dose (RfD) and Slope Factor (SF) for the calculation of carcinogenic and non- carcinogenic risks
of the elements in mineral dust samples of the Chadormalu Mine (Zheng et al., 2010; Yang et al., 2021; Hini et al., 2020)

Route As Cr Cu Ni Pb Zn
RfDing 3.00 x 10 3.00x 102  4.00x 102  2.00 x 107 3.50 x 1073 3.00 x 107!
R/Dinn 1.23 x10* 2.86 %105  4.00x102  2.00x 102 3.52x 107 3.00 x 107!
RfDdermal 3.00 x 10 6.00 x 10 1.20x 102  5.40 x 107 5.25 x 10* 6.00 x 102
SFing 1.50 0.50 - - - -
SFinn 43 %107 42.0 - 8.40 x 10! - -
SFdermal 1.50 2.0 - - - R

Sl gy e 5 oS Sl S s 2550 polie gl OVLE 5 (sl 50 e b S o HI sl ol
Aol sy Vs 5 5 OV 5505 8 s a0 HIGHQ Jlie sl 5 5 Ol s G2 b 51 0VLs 5 5
25 0V 5 (sl o 038l jolie ST G0l e 5 OVLE 55058 53 8 (sl (o2 3050 —olie pls
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Table 8. The estimated results of health risk assessment for the potentially toxic elements in the mineral dust samples of
the Chadormalu Mine

Element Adults Children

HQing HQinn HQderm HI TCR HQinge HQinn HQderm HI TCR
As 3.3857  0.0009 0.1137  3.5005 0.0015 19.9313  0.0013  0.5375 20.4702  0.0092
Cr 0.2508  0.0031 0.0140  0.2680  0.0003 1.4766 0.0042  0.0663 1.5472 0.0022
Cu 0.0348 4.15E-06  0.0013  0.0361 - 0.2052  5.65E-06 0.0061 0.2113 -
Ni 0.0949 1.09E-05 0.0039  0.0988 1.89E-07 0.5587 1.49E-05 0.0186 0.5774 2.58E-07
Pb 0.1323 1.56E-05  0.0009  0.1333 - 0.7791  2.13E-05 0.0046  0.7838 -
Zn 0.0063 7.53E-07 3.54E-05 0.0063 - 0.0372  1.02E-06 0.0001 0.0373 -
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Fig. 5. The values of Hazard Quotient (HQ) and Hazard Index (HI) for the elements in the mineral dust samples of the

Chadormalu Mine
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Table 9. Results of principal component analysis on elements in the mineral dust samples of the Chadormalu Mine

Rotated component
matrix
Parameters

PC1 PC2 PC3
As -0.185 0.962 0.006
Co 0.920 0.254 0.004
Cr -0.078 0.174 0.970
Cu 0.302 0.919 -0.121
Mn -0.009 0.855 0.486
Mo 0.897 -0.087 -0.005
Ni 0.942 0.046 -0.251
Pb -0.897 0.333 -0.133
Sn 0.612 0.492 -0.316
\ 0.903 -0.039 -0.402
Zn -0.592 0.708 0.293
% Variance 45.57 31.45 16.23
Cumulative % 45,57 77.03 93.26
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