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Abstract: Heavy metals (HMs) are naturally occurring elements that have high natural background levels in the environment.
Therefore, it is important to conduct ecological risk assessment and identify potential sources of HMs. In the past, studies were
conducted at the regional scale. The accuracy of those studies could not meet the needs of spatial planning and natural resource
management. Therefore, it is necessary to conduct ecological risk assessment at the township scale. In this study, 1092 soil samples
(from 0-20 c¢m depth) were collected in the town of Reshui, an area with high background levels of soil HMs with the parent material
of carbonatite, which is commonly found in Southwest China. The town of Reshui is a multi-ecological risk superimposed area where the
ecological risk is high. In this study, concentrations of HMs (Cd, Cr, As, Hg, Pb, Cu, Zn, and Ni) in the topsoil were analyzed,
and statistical analysis (SA), geographic information system ( GIS) modeling, and positive matrix factorization ( PMF) analysis were
performed. The geoaccumulation index (I _ ) and potential ecological risk index ( PERI) were applied for the ecological risk

geo

assessment and quantification of the sources of the soil HMs. The mean values of HM concentrations in the topsoil were 18.1, 1. 18,
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174.1,202.2, 0.09, 71.1, 34.9, and 167.2 mg-kg ' for As, Cd, Cr, Cu, Hg, Ni, Pb, and Zn,

considerably higher than the average background value (ABV) in soils in Yunnan Province except for As and Pb.

respectively, which were
The average
concentrations of Cd, Cr, Cu, and Ni exceeded the screening values specified in the soil contamination risk in agricultural land ( GB
15618-2018) by 5.82, 1.16, 4.04, and 1. 02 times, respectively. The /,,,
soil of the study area, followed by Cr, and Cd. Speciation analysis of HMs indicates that HMs ( Cr, As, Pb, Cu, Zn, and Ni) mainly

exist in the residual form, mostly from the geological background with low bioavailability. The potential effective components of Hg have

value shows that the major pollutant is Cu in the surface

higher levels, but the total amount of Hg and its pollution risk are lower. Cd has a high bioavailability ratio, is easy to enter the soil
solution and be absorbed by crops, and is the HM with the highest pollution risk in the study area. The PERI shows that the proportions
of low ecological risk, moderate risk, and high risk soil samples are 44.23%, 54. 40%, and 1.37% of the total number of samples,
respectively. Hg and Cd were the major sources of risk because of their high toxicity coefficient. The PMF analysis indicates that there
are four major sources of HMs in the study area: human activity, natural sources, coal mining and traffic emissions, and agricultural

sources with the risk contribution ratios of 9.29%, 53.67%,

11.23%, and 25.81%, respectively. The PMF analysis effectively

quantified the ecological risk from these sources, providing a reference for further pollution control and prevention measures.

Key words:soil heavy metal; ecological risk assessment; positive matrix factorization; source apportionment; high background area
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(MMWTTﬁE ﬁﬁU) “

J(éxC) + MDL2 --‘(7>

S ﬂy*ﬁxﬁvﬁaﬁﬁﬁﬁﬂ“ﬂ 5% ¢ Rt E S
i (mg-kg ") ,MDL Jy 77 i i .
3 ZR5Fe
3.1 HEESE S ERHE

HKE TP FESIE(As, Cd, Cr, Cu, Hg, Ni,
Pb Fll Zn) ¢ pH HZGE T 45 5L WL3 1. B As 1 Pb, H
b 42 J8 % P B E AT A B e A LR
FE(ABV) ' Cd, Cr, Cu., Hg. Ni fil Zn ‘FH &
HARINL 18, 174.1,202.2,0.09, 71. 1 f1167. 2

®1 HREREIBEELERISHIT)

Table 1 ~ Summary statistics of heavy metal concentrations in topsoil sample
JTE pH As cd Cr Cu Hg Ni Pb Zn
SEONIER 7.65 173.5 6.71 749. 6 384.8 0. 62 179.2 161.7 460. 4
/MY 4. 86 1.4 0. 15 49.6 19.9 0.02 21.3 11.8 47.6
F-H{H 5.77 18.1 1.18 174. 1 202.2 0. 09 71.1 34.9 167.2
bR 0. 88 17.79 0.55 91.92 65.36 0. 05 16.22 13.50 37.65
E 5.66 13.0 1.01 139.5 212.2 0.07 67.9 32.9 165.5
55 R E % 15 98.39 43.17 52.79 32.32 59.73 22.85 38. 64 22.52
FHIE IR ) 4.26 18.4 0. 66 65.2 46.3 0. 06 42.5 40.6 89.7
<6.5 40 0.22 150 50 1.8 70 90 200
F 5 I e ) 6.5~7.5 30 0.3 200 100 2.4 100 120 250
>7.5 25 0.6 250 100 3.4 190 170 300

D) FEMEL1 092 1, B4 RE

BN mg-kg ™!, pH A&
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mg-kg ™, P HE A LR RN 1,79, 2.67,
4.36.1.50, 1. 67 #11.86 f,Cd . Cr, Cu FlNi F3
Py B A o (I PR o e FH M - 9 G XU A
PERRAE) (GB 156182018 ) F 5 FY TR L) | 43 58
115.36, 1.16, 4.04 F1 1. 02 f%. WF5EIX + 3 b £ A
EE R G ERE, WS E .

HE R P NRAE SRR EY ES
BEEMNELENEZ — R X AEYR R i

LESHEEIRI As | Cd, Cr, Cu, Hg, Ni, Pb
M Zn X 8 FEAJE M) 7 MIRAAIES. KBS (FL1) |
BT ACH A (F2) FIRR R R 45 A 4% (F3) ) WAt i
W, A A Sy s FETERR S5 575 (F4) (B ARA
WS G2 (FS) MR A HLES &34 (F6) ML IR 5
T 2 BoR Wi, R AR A A B Ay BRI RS
(F7) HERRSE , AR 2 B i . 9 X L 1 i
LB A AT 5B 0 TR B AR 2 R 2.

®2 ITEESERASBMERSIES/ %

Table 2 Percentage of different chemical forms of heavy metals/%

X 3 B As Cd Cr Cu Hg Ni Pb Zn
Fl +F2 +F3 0.08 38.41 1.45 0.08 3.27 0.78 0. 11 0.12
WX F4 +F5 + F6 3.17 34.79 17.20 2.87 42.05 10. 19 3.76 4.11
F7 96.75 26. 80 81.35 97.13 54. 68 89. 03 96. 13 95.77
Fl +F2 +F3 112 20. 99 0.17 4.10 1.91 0.80 5.70 1.17
PG 22 F4 +F5 + F6 6.56 20.9 5.69 12.90 44. 04 9.81 12.90 ey
F7 92.32 58.11 94.14 83.00 54.05 ,89.39 81.40 ~ _93.36"
Fl +F2 +F3 1.18 14. 44 —n 1. 60 §2.71 — 6.93%5 /245
E[A=E S8 -0 F4 +F5 + F6 36.25 33.34 ol — 30.25 146133 — s4.62 S 2138
¥7 62.57 2.2 — 68.15 /50096 | | — 38.45 # 476.17) |
o ; . L ] o
1) SRS A AT R g . - VL4
‘..-‘ i ' | -'_. .-‘"'- = . .u' ’1 } A= - -,
L [ ¥ - | =l = [ . V. 3
100
£
= R
x HRATHLAS
60
- - RS
a7 A
= ek
s 40 - =
8 [l -
B KA
,&: Frind
) ]
0 L _
Cd As Cr Cu Hg Ni Pb Zn

B2 tEESREMERSSHRIHLE

Fig. 2 Chemical fractions of heavy metals in the soil sample

LERFW] BFSEIX As, Cr, Cu, Ni, Pb F1Zn
BLLL AR i A X AEAE, 4300 5 4 96. 75%,
81.35%. 97.13%. 89.03%. 96. 13% #1 95. 77%, 1J
BEAEDI ORI R A R 5 (F, + F, + Fy) 4000
0.08%. 1.45%. 0.08%. 0.78%. 0.11% F1 0. 12%,
WIEAE WA Ay (F, + Fs + F) 283 3.17%,
17.20%. 2.87%. 10.19%. 3.76% Hl 4. 11% . Hb 5
BR B 0 4 SRR S LA SR 2 Ol A A
FE P i x4 B 4 ot R AR AT BRI TR
REA H RN S 4. Cd Fl Hg 2= akiE 45 (F7)
FCARAR, 43 91 5 4 i 1Y 26. 80% F1 54. 68%, 1] 1% /E
YIS B 2H 2 (F1 + F2 + F3) 20 il i i i
38.419% F13.27%, W e A=W A ZL 4L 57 (F4 + F5 +
F6) 7391 5 A1 34. 79% F1 42. 05% . Hg FIA R 2H

YR, WRE A AL o e v R Hg SRR, Ts
YA /N, Cd A 304 43 TR 7 A WA 4 it
e T A T 4w, A [ X2 7 R XAkt 4
4 E Cd JEEMAEHA — &M, K254 M
Xt I M % S R A X R TS ME S R AR
fiE2#0 -0 S —Jr i Cd AR G YR A
5, e E BB A s v A R 5 —
F i GICE R . Cd LW B Bl 8 5
FE A R AR AE W, IS X T Y K
(58 S =AU I =T

W5 X )2 + e 1 4 ot BBUR (1) Biit
ZER IR, 8 E ST EYITERTG Y- R
FETG Y ], O = G Y, R - 4R
SRR (1) PAEREF KR Cu(1.61) >
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Cr(0.51) >Cd(0.32) >Zn(0.30) >Ni(0.09) > %ns 88%,Cr TBEARTGYL | RigYe =5y i
Hg( -0.29) >Ph( -0.89) > As( -1.09),1,, F¥ YR rh R 2 TS QL AR A LU SR IR 10. 90%
RS S RA—3, B X ERJZ . 59.89%, 25.37 F13.85%,Cd JLE RIGY ., Ri5Y

HEVS YL M S Cu, O Cr Ml Cd (2 3),Cu B sy A TS Ye A b 3 2 i 5 e E’J#untt
JCEATGY RGPS Y hEBRMTESR BRI 35.44%, 53.66%, 10.90 F10.00% . 5
TS ARE S LR IR K 6. 14%. 9. 34%, 75.64 X EZRESRNE SIS AT ERE L.

R3 REIRESERTIMERNBHERSHER

Table 3 Class distribution of Igsn for heavy metal in topsoils

, <0 0</,, <1 1</,,s<2 2<1,,s3 3<l,, <4 4<1l,,,s5
JLR (51%{ ) (RIGEEDETY) (hEETSTY) ("hEEEELG) (if”/f”“) (EE %’%E*&F( )
a9 REREC LBl REREC WBl/%  REREC LBl RERE Bl REREC LBl
As 954  87.36 92 8.42 38 3.48 8 0.73 0 0.00 0 0.00
cd 387 35.44 586 53.66 119 10.90 0 0.00 0 0.00 0 0.00
Cr 119 10.90 654 59.89 277 25.37 42 3.85 0 0.00 0 0.00
Cu 67 6. 14 102 9.34 826 75.64 97 8. 88 0 0.00 0 0.00
Hg 726 66.48 322 29.49 39 3.57 5 0.46 0 0.00 0 0.00
Ni 351 32,14 732 67.03 9 0.82 0 0.00 0 0.00 0 _.~0.00
Pb 1050  96.15 37 3.39 5 0. 46 0 0.00 q 0. 00 Ol 0,00
Zn 185 16. 94 893 81.78 14 1.28 0 0.00 0 0. 00 0.5 /000
,,-"
3.2 HEEESE AL li1] JRe A E@?Tﬁﬁkiﬂ I ) - Eﬁ%’)ﬁ%

ii%é‘%ﬁélﬂ/\?ﬁTuﬁ%mﬁ%%ﬁ&m U\ii’%iﬂ“i ijt(El 3). 55— ﬁﬁjﬁ @Y
S A IX A B 4 R a3 Lo A 3 F)?zi«‘ j&? %ﬁﬂ&iﬁﬁﬂﬁ?’%ﬁ’hﬁ ﬁﬁfﬁim?,ﬁ\ﬁt}ﬂi&*
Cue 24, Cd Mg P, Zn, As, Nlﬁncrﬁgflﬂ Al fiﬁﬁ%T/\%{ﬁzjﬂJf&tfﬁ‘?ﬁimﬁfﬂﬂ J@E?GISE
ﬁfﬁﬁﬁkﬂ’ﬁﬁuﬁ QEE{EEEE?%EFB?% GBS Iﬂﬁﬁ@UXTLE%*E%EB’JE%%@&E
DXEL IR AR AR B LR A WK LR KR TR A BRI o
NN I, 43 A 5% 4 J2 4 o 00 2., z%iﬁéﬁﬁfae 3.3 TR SRR
ﬁ%ﬁﬁjﬁiﬁ?ﬂ# HCH PUEHM T SR fﬁuw " A B TR BIWA SRR e 2w EA
TR I L & B o % R R S AR OB, % [R5 , P AL = & AR IR B A SCR ST
B IR R ZHOR K A e DB TUs R BFFE X SPSS #E4T B 4@ T R AR S, A SRR 1 JE
WA R ZMZFEUUSRTIRET TR X, 5 K H Pearson FRREL(FK 4). Cr, Hg 1 Ni iX 3 Fp
TR RN K A = TR BES I, oA sk BB Z RN X RZRBIIKTF 0.5,Cr 5 Pb,
KOOSR IR AR DR A A, RBILZ A NS5 Zn & As 5 Pb ZHAAHCR BB KT 0.5,
ARSI, 5 IR Ar A TOFFE X VU, & NNE R 2 EAR DG, B AT BEAA A ] 1 SR 5.

%4 RELMELESBEXESK

Table 4  Pearson correlation matrix for the heavy metal concentrations in top soil

Zn Cu As Cd Cr Hg Ni Pb
Zn 1
Cu 0.457 1
As -0.085* -0.598 ** 1
Cd 0.01 -0.009 -0.147* 1
Cr 0.204 ™" -0.350* 0.251™ 0.017 1
Hg 0.282 " -0.133* 0.180 " 0. 054 0.595 " 1
Ni 0.589 ** 0. 067 * 0.200 ** -0.023 0.710** 0.517 1
Pb 0. 007 -0.614 " 0.590 ™" -0.053 0.525*" 0.254 ™ 0.314 1

1) # % FIRTE 0. 01 /K (B _EBFMSE, « FRIRTE0. 05 K (UM) b RFARR

J T AR AE L b 8 R E SRR N) OB E 55 R R IR 55 R SR ISR, 1847
TR TR , A SCRI ] PMF BRI 8 4 Jm ok IR T4y BRIFIBCR IS b 2, 3 A4, s T3 i &R 20.
BT RS 5 Y R BORUE. S T i R 1 & 3 WA T FIECE I E N 4 B, Q M1 078.5, %
¥ As, Cd. Cr, Cu, Hg, Ni. Pb Fll Zn BUEMELL(S/ R BRIS(H Q(1092) , R fa . WH5E IX 45 4 )@ U5
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As/mgkg™! Cd/mg-kg™! Crimg-kg™!
452 ‘\ B 0.15-0.51 49.6-96.6
s2-7.3 0.51~0.63 96.6~104.1
B 7.3-86 0.63~0.73 104.1-112.0
I 8.6-9.8 T 0.73-0.83 B 112.0~120.7
9.8~11.2 0.83~0.90 120.7~132.7
11.2~13.0 0.90~1.01 132.7-145.9
13.0~15.2 1.01~1.12 145.9-169.5
Bl 15.2-17.5 B 1.12-1.25 B 169.5-204.3
M 17.5-20.2 M 1.25-1.46 Il 204.3~245.2
Hl 20.2-24.2 = 1.46~1.71 I 245.2-305.8
Il 24.2-173.5 1.71-6.71 B 305.8-749.6

Hg

h

Cu/mg-kg™! Hg/mg-kg™! Ni/mg-kg™!
19.8-97.2 0,020~0.041 21.2-55.6
97.2-149.8 0.041~0.048 55.6~59.6
B 149.8~175.6 0.048-0.054 59.6~62.2
B 175.6-192.7 T 0.054-0.060 [ 62.2-64.6
: 192.7-207.0 0.060~0.067 64.6~66.8
207.0~218.2 0.067~0.074 66.8~69.4
218.2-228.3 0.074-0.081 69.4~72.1
B 228.3~241.6 B 0.081-0.090 W 72.1~75.7
B 041.6-256.2 B 0.090-0.103 Il 75.7-81.2
W 256.2-276.1 B 0.103-0.120 §1.2-92.5
B 276.1-384.8 I 0.120-0.618 92.5~179.2

Pb Zn

Zn/mg-kg™!

Ml 47.6-1234
123.4~136.0|

24.8~27.0 136.0-147.0]
B 27.0-29.8 B 147.0~155.0
29.8~31.8 155.0~162.1
31.8~33.9 162.1~169.8
33.9-36.1 169.8~177.4
B 36.1-39.4 B 177.4~185.3
I 39.4-43.2 B 185.3~192.8
Bl 43.2-49.1 ,c . 192.8~208.6
W 49.1-161.7 208.6~460.4

B3 #RRIEESEIES T RMEREN

Fig. 3 Spatial distribution of heavy metal contents and geological map of the study area
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Fig. 5 Contribution rate of different sources calculated using PMF
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Fig. 6 Spatial distribution of potential ecological risks of Cd, Hg and eight heavy metals

in the study area, and the contribution of heavy metals to potential ecological risks
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