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2- Limitation Scores
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1- Factor Analysis
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4- Global Positioning System; GPS
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2- Entisol
3- Inceptisol
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Figure 1. Approximate location of study area along with contour lines and 85 sampling points.
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Table 1. Summary statistics of the total concentration of studied HMs (mg kg™) in soil and some of the physical

and chemical properties of studied soils (85 samples).
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'P-value (4e)3) Bl <l Sl Sl e JUesH
Coefficient of Standard Median Maximum Minimum  Mean Variable
variation (%) deviation
(doys) T 315
0.152 24.6 0.16 0.62 1.27 0.42 0.65 .
(Organic matter %)
Sl sy
0.450 1.5 0.12 7.72 7.93 7.35 7.71
(pH)
(o 2 esiowd) S ol LB
0.085 37.0 0.24 0.57 1.78 0.27 0.64
(EC dS/m)
(M)>> B3]
0.285 25.5 7.2 28.5 48.0 10.0 28.2
(Clay %)
(Ao 3) Gy
0.115 25.0 10.5 42.0 74.0 16.0 41.9
(Sand %)
(dsy3) Jslas ol
0.061 522 9.7 19.1 36.5 45 18.6 (100) oo S S5
(Calcium carbonate equivalent %)
S
0.001* 148.3 301.40 112.2 1680.7 8.5 203.2
Zn)
0.000* 185.6 278.10 444 1519.1 5.1 149.8 -
(Pb)
(.._.AALS
0.008* 140.5 6.00 2.4 423 1.0 43
(Cd)
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! Significant at P<0.05 by Kolmogrov-Smirnov test.
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Table 2. Correlation coefficients among the studied HMs (85 samples).

38 o S B
Cd Pb Zn Variable
S
1
(Zn)
o
1 0.84%*
(Pb)
r._.ulS
1 0.81%* 0.79**
(Cd)

** Significant at P<0.01.

Chle ol miy Rl e Sl 0
0 B P W CHLH I
SOl miy sad i s Bl e S
G sl wl) S ie lle dx L S
b Sl 5o s olis L s e
S dd Shie il s ol U (6) 220 (s
R e s e -G

L;ﬁp\ JALQ & QJ‘}AJ u..a::.};.n eg 9 (\C\)

1

RGWRYER CE”” 03 Gul3 pae sdasylis

i el Sl el (Soser a2

Aoy S chw 3 s Ve G canllae 3,50 pole
S A e S (Y Jadr) cl Sls pae
IS saals (Soper e GV sl
Oly 4 il S e Jalye b b jobe (nl 5y
S ils OF 51 30 1w opl Olyn Lls s
ol Jolo cadin 53 4 Splnil awo slaclas
el didae S 3 K ol mis S
YY) OLKan 5 s daasl ol b sl s



ST 1 ER C O O I WP
2 s lesls U':')\J" 6LAJJA B v_:fd 6LALA.:J.::33V.A.:
IS5 53 o 3osm Sl e et Sl
A e el el esls QLS Y

LSLAJM;A 2 o losls U':')\J" 6LAJJA Lsuuf}ij

Sl 0l 45\)\‘“ d),\;;)bw)ﬁ S0

L Sk s Clo ke my eSS
Gl S oplply (V) el S 8
s cile bl gla j5sy 35,8 = 3l sdal
SIS R PR STEE (P SR RRCTA VY
Sadlslnl il o col b 5 o Ll 5

(YY) s 1 Jasma s

[ S a—

()

@

(2)

(5) g sbajlaal g (C) v-_.u‘S (D) O () (5395 polis (gl oddosls 251 sadds 9 o 20 ‘5\.&\.‘.3,_._.33‘.._3 -v s
Figure 2. Experimental semi-variograms and fitted models for Zn, Pb, Cd and LS.
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Table 3. Interpolation parameters for kriging method and cross-validation statistics of studied variables.

Jﬂ% s L;lujaﬁ _}.?l
RMSE% S Sen (4s,3) " Glaskad 31 (e) auals J fw
Spatial correlation Relative nugget Sill Nugget ~ Range (m) Model Variable
class effect (%)
Lo gz 855 S
38.51 38.7 1.73 0.67 12500 .
(Moderate) (Spherical) (Zn)
L g SaS <
35.23 26.2 1.45 0.38 12650 .
(Moderate) (Spherical) (Pb)
L g SaS 35
30.23 40.3 0.57 0.23 12200 .
(Moderate) (Spherical) (Cd)
Lo gz 855 St slajlel
32.25 42.6 7.85 3.35 8450 .
(Moderate) (Spherical) (LS)
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Figure 3. Spatial distribution of total concentration of HMs in the studied soils.
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Figure 4. Spatial distribution of accumulated limitation scores of HMs in the studied soils.
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Table 4. Assigned area to classes of accumulated limitation scores of HMs and their relative percentage.
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Abstract

Background and Objectives: Considering progressive growth of industry and technology, the
accumulation of environmental contaminants, especially heavy metals (HMs) in the soil is of increasing
worldwide concern about the probable soil pollution risks. Due to the multiplicity of the HMs’ sources, these
serious elements are usually found along with each other in the soil. Therefore, the precise evaluation of the
environmental pollution risks needs all of the existing pollutants to be concomitantly assessed. Representing
overall soil pollution in the Zanjan Zinc Specialized Industrial Town (briefly Zinc Town) in this study,
single-element maps of heavy metals were incorporated using cumulative limitation scores (LS).

Materials and Methods: In the present study, 85 topsoil samples (0-20 cm) using a regular grid sampling
pattern were collected and total contents of Zn, Pb and Cd were measured for each soil sample using
atomic absorption spectroscopy. Assessing the spatial structure of studied elements, their contents were
interpolated using ordinary kriging method in ArcGIS 10.1 software. Assessing the pollution risk of
studied elements, the total concentration of heavy metals is first transformed to LSs using the exponential
transfer function determined by using two threshold values: permissible concentration and seriously
polluted soil. Calculated cumulative LSs for studied elements were considered as an environmental
variable and its values were interpolated and classified.

Results: Mapping the total concentration of Zn, Pb and Cd revealed that elevated soil HMs
concentrations were mostly found in the northwest of studied area, i.e. lands located surrounding the Zinc
Town. Increasing the distance from the industrial source of pollution, pollution intensity decreased
gradually. It seems that Zinc Town is the main factor which controls the spatial distribution of Zn, Pb and
Cd in the studied soils. Although the observed and estimated values for the total concentration of Zn were
higher than Pb and Cd, its values did not exceed its maximum permissible value in Iranian soils; whereas
the total concentration of Pb and Cd in sizeable parts of the studied areca exceeded their national
maximum permissible concentration and in some parts of the area located around the Zinc Town,
exceeded than the seriously pollution threshold value. Mapping the spatial distribution of LSs showed that
elevated soil LSs were mostly found in the lands located surrounding the Zinc Town. Therefore, it can be
concluded that Zinc Town not only controls the spatial distribution of pollutant elements in the area, but
also is the main factor which causes the HMs concentration to be exceeded than their maximum
permissible or even seriously pollution threshold values in some parts of the studied area and finally,
lower the land quality in these areas.

Conclusion: Totally, industrial activities related to Zn production caused to simultaneous entrance of
several heavy metals to the adjacent soils and lead to degradation of the lands in studied area.
The interpolated heavy metal values were observed in the very different range for each specific element,
as different threshold values. These caused some difficulties to perceive the soil pollution risk just by
single-element maps of heavy metals. Since the limitation scores are standardized and can be summed for
different variables, this technique is capable to represent the contemporaneous effects of several
pollutants on the soil quality.

Keywords: Environmental risk assessment, Limitation score, Spatial variability, Zanjan Zinc Specialized
Town

* Corresponding Author; Email: yasersafari@znu.ac.ir

Yo



