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1-Introduction

Soil pollution is considered a major environmental issue all over the world. Since heavy metals are the most
toxic and hazardous pollutants, the U.S. Environmental Protection Agency (USEPA, 2014) categorized
heavy metals as priority pollutants. Among the potentially toxic metals, Pb is significant because of various
health impacts that are probable due to Pb uptake (Haque et al., 2021; Stupar et al., 2007). Pb and its
compounds are also considered as probably carcinogenic to humans (IARC, 2006). Humans may uptake
Pb through three exposure routes: ingestion, dermal contact, and inhalation. In areas affected by Pb-Zn
mining, processing, and smelting activities, there is a high risk of metal uptake by residents living around
the mining district. Therefore, it is crucial to study Pb's bioaccessibility and speciation and assess the
probable health risks induced by this toxic element in mining-affected soils.

In vitro digestion tests are common approaches to study the bioaccessibility of toxic metals present in
soils (Billmann et al., 2023) and are simple, affordable experiments that simulate the gastrointestinal fluids;
thereby, the fraction of the total content of the element that is harmful to human health can be assessed.

The present study aims to investigate Pb's speciation, bioaccessibility, and health risks in the soils around
the Irankuh mine. The Irankuh mine, located at SW Esfahan, Central Iran, is one of the most important Pb-
Zn producers in the country. The ore is extracted by open mining and then processed through flotation. The
produced waste rocks and tailings are disposed of around the mine. Previous studies (e.g., Forghani et al.
2015) show that the soil around the mine is highly polluted with potentially toxic elements, including As,
Cd, Pb, and Zn. Regarding residential areas near the mining site, local residents may uptake Pb by ingesting
polluted soils and dust, dermal contact, and inhalation pathways.

2- Material and methods

20 topsoil samples (0-20cm depth) were collected using a stainless steel shovel from the study area. The
collected samples were dried at room temperature and passed through a 60-mesh sieve. Soil
physicochemical characteristics, including pH, carbonate content, organic matter value, and cation
exchange capacity, were measured using standard methods (USEPA, 1998; USEPA, 1986).

The total concentration of Pb in the samples was measured after soil digestion by
HF+HCI+HCIO4+HNO3 in a sand bath. The speciation of Pb in 6 selected samples was investigated using
the sequential extraction method of Tessier et al. (1979). The in vitro digestion model based on the Unified
Bioaccessibility Method (UBM) was applied to study the bioaccessibility of Pb in the soil samples. The
concentration of Pb was determined in extractants by an ICP-MS device. The accuracy and precision of the
data were checked by triple analyses of each sample and analyzing the internal standard samples.

3- Results and discussions
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The pH of the studied soil samples varies between 6.7 and 8.2 (average value of 7.5). The amount of organic
matter varies between 0.2 and 4.8% (average value of 2%). The carbonate content of the studied samples
changes between 6 and 48.5 % (average value of 24.4%), which corresponds to the alkaline to neutral pH
of the samples, and the value of CEC ranges from 18 to 2.11 meqg/100g (average value of 1.15 meqg/100g).
Based on the CEC classification (Metson, 1957), the soils studied have low to medium CEC.

The total concentration of Pb in the studied soils varies between 18.4 and 2869 mg/kg (average value of
273.4 mg/kg). The highest concentration of Pb is recorded in samples collected in the immediate vicinity
of tailing dams. The values of geochemical indices, including the accumulation index (Igeo), single-factor
index (Pi), and ecological risk index (Ei), show that the soils of the study area are highly polluted with Pb,
and the highest intensity of the soil pollution occur in soils collected next to the mining site.

Based on the sequential extraction analysis, the average percentage of Pb associated with five extracted
phases is as follows:

F3 (34.6) > F5 (35.2) > F2 (17.3) > F4 (9.2) > F1 (3.1)

Therefore, in the studied samples, Pb is mainly present in iron and manganese oxides (reducible fraction,
F3) and silicates (residual fraction, F5). Iron and manganese oxides are the most critical sinks of heavy
metals in soils, especially at pH values greater than 7 (Kabata-Pendias, 2011). In most samples, Pb is mainly
present in the non-residual phases; thus, anthropogenic activity is the most important source of Pb in the
studied soils.

The average concentration of bioavailable Pb in the studied samples ranges from 0.2 to 264 mg/kg
(corresponds to 0.2 and 45.4 % of total concentration, respectively) with an average value of 25.1 mg/kg.
The spatial distribution of bioaccessible Pb in the soils of the study area shows that the highest values of
bioaccessible Pb concentrations occur in the soils collected near the mining site. However, the content of
the bioaccessible fraction of Pb in the study area is also affected by the physico-chemical properties of the
soils.

The non-carcinogenic health risk assessment using the total concentration of Pb shows that for all three
exposure routes (ingestion, dermal contact, and inhalation), the amount of Hazard Quotient (HQ) for
children is higher than for adults, and ingestion is the most important route. Therefore, Pb may pose more
serious adverse impacts on children by ingesting polluted soils and dust. HQ <I indicates the lack of non-
carcinogenic health effects, and HQ>1 implies a probable non-carcinogenic risk (Chaithanya et al., 2023).

The average total HQ values of the ingestion route for both age groups are > 1 (1.6 and 1.5, respectively),
indicating the non-carcinogenic risk of Pb for children and adults through ingestion. Therefore, local
residents can be exposed to Pb in long-term exposure to the polluted soils. For both age groups, the values
of total HQ through the inhalation and dermal contact routes are < 1. Thus, these pathways do not impose
non-carcinogenic health impacts on the local residents. The total HQ values are higher than bioaccessible
HQ values. The amount of bioaccessible HQ is also higher for children than for adults. Moreover, the
amount of bioaccessible HQ in samples 15, 16, and 20 for children, and in the sample 20 for adults is > 1,
confirming the probability of non-carcinogenic risks in these samples. The Hazard Index (H.l.) value in
most of the studied soil samples for children, and some for adults is > 1, showing the non-carcinogenic risk
of Pb in some sampling sites. The carcinogenic risk (CR) values indicate no risk through dermal contact
and inhalation routes; however, CR values for the ingestion route using both bioavailable and total
concentrations confirm the probability of cancer risks for residents living near the mining site.

4- Conclusion

To sum up, the soil around the Irankuh Pb-Zn mine is highly polluted with Pbh. The bioaccessible
concentration of Pb is noticeable in samples collected near the mining site. The human health risk
assessment shows that exposure of local residents (especially children) to Pb may pose adverse non-
carcinogenic and carcinogenic risks through the ingestion route. Therefore, suitable waste disposal practices
in the study area are deemed necessary. Moreover, applying remediation techniques for removing pollutants
from the contaminated soils is crucial.
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Table 1. The composition of simulated analytical fluids (Broadway et al., 2010).

500 mg lipase

Reagent Saliva (pH Gastric (pH Duodenal (pH Bile (pH
6.510.2) 1.07+0.07) 7.840.2) 8.0£0.2)
Organic reagents (500 ml)
200 mgurea 85 mg urea, 650 100 mg urea 250 mg urea
mg glucose, 20
mg glucuronic
acid, 330 mg
glucosamine
Inorganic reagents (500 ml)
896 mg KCl, 824 mg KCl, 564 mg KCl, 376 mg KCl,
266 mg 7012 mg NacCl, 5259 mg
888 mg NaH;PO,, 2752  0.18mI 11.6 M NaCl, 0.18 ml
NaHPOs, 200 g NaCl, 306  HCI, 5607 mg  11.6 M HCI,
mg KSCN,  mgNH,CI, 8.3  NaHCOs, 80 5785 mg
570 mg mI11.6 MHCI,  mg KHPO,, NaHCOs
Na,SO4, 298 400 mg CaCl, 50 mg MgCl;
mg NacCl, 1.8
ml 1M NaOH
Additional (1000 ml)
145 mg 3000 mg mucin, 1000 mg 1800 mg
amylase, 50 1000 mg bovine  bovine serum  bovine serum
mg mucin, 15  serum albumin, albumin, 200  albumin, 222
mg uricacid 1000 mg pepsin  mg CaCly, 3000 mg CaCly,
mg pancreatin, 6000 mg bile
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+ 27 ml Duodenal juice
pH 7.8 Centrifuge.
+06g + 9 ml Saliva + 13.5 ml Gastric juice +9 ml Bile separate chyme and
Dry soil pH 6.5 pH 1.07 pH 8.0 pellet
Ro;nte Rotate Rotate
= = =5 A mingt = => 2ha = > 2hat = +
37°C 37°C 37°C
Empty test pH Mixture % 1.2 pH Mixture > 5.5 Chyme Pellet
tube pH=55
0.9 ml Chyme +
8.1 ml 0.1 M HNO;,
chemical analysis

.(Oomen et al., 2003) in Vitro pae Joo Soleds 7 b -¥ S
Fig. 3. Schematic pattern of in vitro digestion model (Oomen et al., 2003)
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.(Ferreira-Baptista and Miguel, 2005) il}s, 80,0 500 slo Jge,8 0 eolatwl 5550 sl jial)ly Canoss -Y Jgoz
Table 2. Description of applied parameters in Average Daily Dose equations (Ferreira-Baptista and Miguel, 2005).

Parameter Description Unit Value
Children Adult
Cs Concentration in soil mg/kg - -
Cair Concentration in air mg/kg - -
Ring Ingestion Rate mg/day 200 100
EF Exposure Frequency days/year 350 350
ED Exposure Duration years 6 24
BW Body Weight kg 15 70
AT Average Time EDx365 2190 8760
Rinn Inhalation Rate m3/day 7.6 20
PEF Particle Emission Factor m3/day 1.36x10° 1.36x10°
SA Skin Surface Area cm? 2800 5700
SL Skin Adherence Factor mg/cm?® 0.2 0.07
ABS Dermal Absorption Factor - 0.001 0.001

SrSHIB oy y3 Joed BB 90 Slax RID (] 0 a8
ol opl polie .ol (MQ KG-1 b.w. day-1ecs ) ailyy,
2Ol xS )B omey cilise slojns g Oy paie slp
Ll 00l 31,1 Y Jga
5 58>95 CR polie ol plb o 590 Jlois! [ Slas V)« - 1
¥ 51555 plie g 2l p a3 S92 pae suims LAY -7
Han et al., ) asb oo b Jhas 590 obj Jos! Sl -
2020
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S5 ojll (plood = (S 5d sla il polie oF Jouo )0
o addllas 550 S sladiges PH ool oals &l ouis
aodxgi b oS cul yame (VO Lwgie) AIY B OPIV
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v
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Table 3. RfD values of Pb for different exposure routes (IRIS, 2020).

Exposure route

RfD

Ingestion
Dermal contact

Inhalation

5x10*
5.25x10*
3.52x103

oy S595 Jols byl g oy s p Sl S g ST eole ogSSlp! yame Sl S oliarii- Sojud sla el )b polie -F Jgox

o1 s s S| Lo

Table 4. The values of physico-chemical parameters of soils around the Irankuh mine. Organic matter and carbonate in

%, cation exchange capacity in meq/100g.

Sample pH OM  Carbonate CEC
1 7.7 24 155 15.3
2 7.4 3.9 275 15.8
3 7.3 2.8 345 13.5
4 7.7 1.7 235 13.8
5 7.6 3.7 30.0 18.0
6 7.7 1.2 12.0 14.2
7 7.7 1.7 10.0 17.7
8 7.6 24 195 15.7
9 7.9 1.3 255 16.5
10 8.0 1.0 345 12.5
11 7.8 1.1 37.0 13.5
12 7.3 1.9 46.0 13.4
13 7.9 2.1 38.0 14.6
14 8.2 0.3 48.5 13.4
15 7.3 3.7 18.0 16.0
16 7.5 0.2 6.0 11.2
17 7.2 3.6 31.0 17.4
18 7.2 4.8 225 17.7
19 7.8 0.6 19.5 15.6
20 6.7 0.4 9.5 17.2

Min. 6.7 0.2 6.0 11.2

Max. 8.2 4.8 48.5 18

Average 7.5 2.0 24.4 15.1
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(Muller, 1969) calsl fyo; copo (wlal p (Sogll o (gaises, -0 Jgo
Table 5. The pollution level classification on the basis of geoaccumulation index (Mdller, 1969).

Value lgeo Class  Soil quality
lgeo >5 6 Extremely contaminated
4<lg <5 5 Heavily to extremely contaminated
3< lgeo <4 4 Heavily contaminated
2< lgeo <3 3 Moderately to heavily contaminated
1< g <2 2 Moderately contaminated
0<lg <1 1 Uncontaminated to moderately contaminated
lgeo <0 0 uncontaminated

(Yangetal,, 2011) Jole G asls polie wlul p S Sogll soies, -# Jgox

Table 6. The classification of soil pollution on the basis of single-factor index (Yang et al., 2011).

Ranges of P;

Level of pollution

Pi<1
1<Pi <2
2< Pi<3
3<Pi<5
Pi=5

Clean

Potential pollution
Mild pollution
Moderate pollution
Heavy pollution
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Fig. 4. The values of (a) geoaccumulation index and (b) ecological risk index in the studied soil samples.

.(Hakanson, 1980) 590551 jlas asls sanes, -V Jguo
Table 7. The classification of ecological risk index (Hakanson, 1980).
E; Pollution degree

40< Ej<go  Medium
80< E} <160 Strong

160< E; <390 Verystrong

E; >320 Extremely strong
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Fig. 5. The percentage of Pb in (a) different phases and (b) in residual and non-residual fractions.
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Table 8. The total concentration (TC, mg/kg), bioaccessible concentration (BioC, mg/kg) and bioaccessible percentage

(BioP) of Pb in the studied soil samples.

Sample TC  BjoC BioP
1 231 40 17.6
2 330 03 09
3 235 27 117
4 195 03 15
5 208 16 7.8
6 08 18 60
7 341 03 08
8 213 04 19
9 275 03 10
10 3920 g9 1.7
1 1205 172 142
12 2005 133 66
13 184 o2 1.3
14 482 o2 0.4
15 3659 619 16.9
16 27156 1254 454
17 71.8 0.2 0.3
18 66.2 1.1 1.7
19 859 o2 0.2
20 2869  9p4 9.2
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