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Abstract: To avoid the shortcomings of the deterministic pollution assessment for soils a potential ecological risk assessment system based on stochastic—
fuzzy simulation was developed in combination with pollution source analysis. Soil in a region contaminated by heavy metals was used to test and verify the
system. The results showed that Cd and Ni had the probability of 100% and 26% respectively in extreme and strong ecological pollution degrees

therefore should be controlled with high priority. By comparing the data from different assessment methods at 40000 simulations we concluded that the
potential ecological risk assessment method based on stochasticfuzzy simulation was more suitable to samples with small size or low accuracy which can
integrate more information associated with the case soils. In addition the developed method had high computational efficiency and showed the grades of
potential ecological risk for each heavy metal with corresponding confidence levels. Afterwards with consideration of model uncertainty the combined
simulations with Monte Carlo-triangular fuzzy numbers and Latin Hypercube-iriangular fuzzy numbers were suggested and this combined simulations made
the assessment more robust. Multi-dimensional Scaling was utilized to identify sources of heavy metals. It was concluded that the developed system provided

the decision—makers with further integrated and scientific references for targeted pollution treatment.
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( 2004) ( .
2004) . ( Muller 1969) ( Multidimensional Scaling MDS)

( Hakanson 1980)

( Lermontov et al.

2009; 2012; 2009)

( 2008:
Li et al. 2007; Mofarrah and Husain 2011) R
( 2010;
2012; Wang et al. 2014) .
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( A decision-making system
based on potential ecological risk assessment
associated with stochasticfuzzy simulation for soils

and pollution source identification)

2.1 Hakanson
Hakanson 1980
( Hakanson 1980)

E =T. xC, =T, xC/C, (1)
o i ; C
i (mgekg™); € i
(mg-kg™)
( 1990) ; T,
i Cd.Ni.Zn.Cu Cr
30.5.1.5  2( 1989;
Hakanson 1980; 2008) ; Ei i
Hakanson RI
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1 ( Hakanson 1980)
Table 1 Pollution grade of heavy metals based on index of potential ecological risk( Hakanson 1980)
Hakanson
(RD
<40 1 <150 1
40~80 2 150~300 2
80~160 3 300~ 600 3
160~320 4 >600 4
>320 5
2.2 2 Va,
2.2.1 ( Zadeh
1965; Michael et al. 2008) : R
B up(9):— 01 .
xeR il %)
O o0 x < a, ( 2007) ; a4
O
o a4 X< a, g
_ B, — a,
p( %) = g% . (3) 292 (3)
b, — a, G SES G % (as—a;) /2
% 0 x> ay B
B B=(a, a, a3 2(x-a,) /(a,—a,) (a;—a,) a,<x<a,
a,<a,<as; a,=a,=a, B Sl %) ={2(a;—x) /(a;-a,) (a;-a,) a,<x<a,
1( 2012) . 0 x<a; x>a,
a- (4)
. (3)
( 2010; 2012) . ( 2007) x
Ehl + u(a, —a;) (a; - a,)
v <(a, -a)/(a; - a)
x=C =0
[fs — (1-u)(ay —a,)(a; —a)
EV>(“2 a,) /(a; - a,)
(5)
u 01 x
L o 0
Fig.1 Triangular fuzzy intervals under a-cut 1 Uy uy ttoU,
(5) x X
\ X, o,
B(a, a, a;)
a, a, a, a4, <a, <a;.
( Han and Kamber 2006; m
Nazir and Khan 2006) 2273
95% +2

la,
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c'=(c'cc) C=(c ¢ C)
(1)
E" =T x C}m =T xC /C" (6) ( Torgerson 1965)
> MDS
RI" = E (7)
m e 3 ( Case study)
3.1
Monte-Carlo ( Latin 2011—2012 (
Hypercube Sampling) 2 2 2011)
2.3 >80% pH 7.0~8.2 0~20 cm
10~20 gekg™
2.
( 1) 40.80.160 320 .
p : ( MDS)
P,=1-P{ E. -40>0} (8)
P,=P{ E: -40=0} -P{ E' -80>0} (9)
P,=P{ E! -80=0} -P{ E! -160>0} ( 10)
P,=P{ E‘, -160=0} —P{ E; -320>0} (11)
P,=P{ E' -320=0} (12)
(8) ~(12) ( ) 99%
+3 3
( Evans and Olson 2009; Han and
2.4 Kamber 2006) . “ +3
MDS g
MDS
( ) SPSS
( Torgerson 1965; 2009) . 16. Overs
( Principal Shapiro-Wilk
Component Analysis PCA) MDS 2 NiiZn.Cu Cr sig. 0.05
2
Table 2 Statistical description of the heavy metal concentrations in the study site
Lol
/(me-ke”) K-S Sig. S-W Sig.
Cd 80.43 0.45 9.21" 0.6.1.0 4.74" 1.920 3.799 0.042 0.007
Ni 1355.75 98.04 510.94 60.200 383.30 1.088 1.541 0.200 0.156
Zn 1692.00 26.69 943.92 300,500 586.63 -0.212 -1.243 0.200 0.577
Cu 77.78 7.34 31.33 100.400 23.63 0.829 -0.145 0.200 0.208
Cr 100.80 7.23 36.71 250.300 29.86 1.234 1.041 0.200 0.124

pH  >7.0

; SW Sig Shapiro-Wilk

Wk
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3.2
Cd  sig. 0.05 Cd 3.2.1
2 Cd
Ln a,
Ln( Cd) (S-w 2.2.1
Sig.>0.05) Cd C' 3.
3

Table 3 Processed heavy metal concentration data in soil of the study area mg kg™

Cd Ni Zn Cu Cr

(0.45 9.21 58.46)

(98.04 510.94 1277.51)

(26.69 943.92 1692.00)

(7.34 31.33 77.78)

(7.23 36.71 96.43)

3.2.2 C, )
1990)
1990 ( 4.
4
Table 4  Processed heavy metal geochemistry background in the study area mg kg™
Cd Ni Zn Cu Cr

(0.05 0.08 0.12)

(17.00 24.90 33.00)

(34.70 50.90 67.30)

(14.90 17.50 20.70)

(40.20 57.30 73.90)

3.3 ( LH-TFN)
3~4 {E7[j=12 - mi=12+5} m
10000 ~ 50000
(5) ~(6) Crystal Ball 2000( Student edition) Ni
Monte - Carlo 5.
( MC-TFN)  Latin Hypercube
5 Ni
Table 5 Results of potential ecological risk assessment based on stochasticfuzzy simulation for Ni
MC-TFN LH-TFN
10000 131.13 50.43 336.50 131.12 51.56 343.69
20000 131.30 50.43 342.37 131.18 51.20 344.22
30000 131.23 50.43 342.37 131.15 50.84 344.22
40000 131.40 50.43 348.34 131.15 50.84 344.22
50000 131.40 50.43 348.34 — —
5 MC-TFN  LH-TFN m=40000
40000 30000 MC-TFN JLH-TFN
LH-TFN m=
( 2007) MC-TFN 40000 95%  90%
LH-TFN
1.5h a- 6.

3.5 h.
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6 40000
Table 6 Comparison and absolute error analysis of results using different assessing methods at 40000 times simulation
MC-TFN LH-TFN
MC-TFN LH-TFN
90% 95% 90% 95% 90% 95%
Cd 3504.676 3508.770 8627.717 8627.575 8656.420 8647.978 4.094 0.142 8.442
Ni 105.029 104.211 131.328 131.409 131.156 131.137 0.818 0.081 0.019
Zn 18.687 18.798 18.937 18.976 18.930 18.930 0.111 0.039 0
Cu 8.824 8.904 11.234 11.282 11.251 11.250 0.08 0.048 0.001
Cr 1.305 1.302 1.699 1.699 1.698 1.697 0.003 0 0.001
6 MC-TFN LH-TFN N
MC-TFN Cd Cr LH-
TFN Ni.Zn  Cu.
34 MC-TFN LH-TFN
MC-TFN LH-TFN MC-TFN LH-TFN
2 8~12
2 7
7
Table 7 Reliability degrees of each heavy metal in different pollution levels
<40 40 80 80 160 160 320) =320
Cd 0 0 0 0 1
Ni 0.147 0.586 0.266 0.001 0
Zn 0.998 0.002 0 0 0
Cu 1 0 0 0 0
Cr 1 0 0 0 0
7 1
Cd.Cu Cr N N
Zn (1, I,=C/S, I i
(99.8%) . Ni c .
(mge kgil) S i
-1
: (mgekg™) S,
Ni  58.6% '
( GB15618—1995) )
26.6%
. 8.
147% 0.1%) . Cd Ni
Cd 8
Ni Table 8 Rankings of the soil heavy metals pollution in case area

Cd Ni Zn Cu Cr
5/5/15.35 2/3/8.52 1/1/3.15 1/1/0.31 1/1/0.15
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3
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; @ Nl ~ ~
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. 7 8 RI (
600( ) 98% EY .
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Pb.Cd.Cr.Cu Zn ( 2009;
2009) Cr.Cu Cd
‘NI Zn
@
@
3.5
( MDS) . MDS
MDS
0. 2
2 Fig.2 2-dimension MDS ordinal configuration of heavy metals in
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Cd. Ni

Zn Cu

4 ( Conclusions)

2)
MC-TFN LH-TFN

3)

: CdvNi.Cu~Zn.Cr Cd.Ni

Cd Cd
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