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Abstract This study addresses the issue of heavy metal pollution in soil within the overlay area of
high background values from mining waste land and historical mining sources. Soil samples were
collected from an abandoned antimony smelting plant in Xihe, Gansu (northwest China), and
Qinglong, Guizhou (southwest China). Comprehensive analyses were conducted on cadmium (Cd),
chromium (Cr), nickel (Ni), copper (Cu), mercury (Hg), lead (Pb), arsenic (As), antimony (Sb),
nitrogen (N), phosphorus (P), and other elements. Various assessment methods, including the
comprehensive pollution index, geo-accumulation index, potential ecological risk index, and risk
assessment coding, were employed to evaluate pollution and ecological risk. The study also explored
the impact of total contents, chemical forms, and soil properties on the migration of Sb and As in the
soil profiles. The findings indicated a significant risk of heavy metal and nutrient contamination in
the surface soil (0-30 cm) of abandoned Sb smelting plant sites in both studied areas. Among these
contaminants, the Sb emerged as the most serious pollutant, followed by As, Cd, Hg, Pb, N, and P.
Conversely, Cr, Ni, and Cu posed no pollution risk. Furthermore, the total concentrations of Sb and
As gradually decreased with increasing soil depth, with a more pronounced decrease observed in the
Southwest Qinglong area. Distinct differences in geochemical fractionations of Sb and As were
observed, and most of Sb and As existed in the form of residual fraction, accounting for
65.0%—90.0% of the total contents. Key factors influencing the mobility of Sb and As in the soil
included soil pH, organic matter content, and cation exchange capacity. In alkaline soils, where the
organic matter content exceeded 30 g-kg ' and the cation exchange capacity surpassed 20 cmol-kg ',
the accumulation of Sb and As in different soil layers reached the highest levels. However, this
circumstance also resulted in an elevated bioavailability of Sb and As, thereby increasing the risk of
migration, particularly in subsoils. Notably, it is recommended to consider plant-stabilization
technology for the joint restoration and treatment of these research areas. On the one hand, the
addition of adsorbent materials or biocarbon-based materials can be used to promote the soil aging
process, expediting the transformation of unstable forms of Sb and As into more stable forms. On the
other hand, restoration methods such as vegetation planting can be employed to reduce the mobility
and bioavailability of Sb and As, and alleviate nutrient pollution.

Keywords soil, heavy metals, risk assessment, migration ability.
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Fig.1 Overview of the study area and distribution map of sampling sites

1.2 HERCREE S AR

T 2021 4F 6 2 9 A IE], #2218 (R I EORBLE ) (HI/T 166—2004) 4 (K, 76 TLR S
ICHIFE T T A S 86T X755 3 M A W Re s A s, DT A B DX, s 1a e 86 (XH) IX
MPGREEE (QL) XA 12 A1 15 AR A AL (FE LI 1) A8 A AE AR AE, A L2 B
S5ATRERA M. BL GPS iC 5% & 0 by, SE FZHALE] IR SER 1.5 mx1.5 mx1.5 m i 158, FEHIA
B 2 BR A2 A S Sk He A i SR A A o) RUME A 0 5 200 2R 40— 30 em, 30— 70 cm I 70—
100 em 3 AN JZ VKA L HEFHRE . R AR R ARG EAT URE, IF PR3 4 — L 5 YORAE AR R
FHRG R/ Iy 1.5 kg ZEA R A AR CIRRN R EIHRICF BRI SR s, 2%
b J3 3 b Bk AL 2= PPN YE ) (DZ/T 0295—2016) P, X I 45 2] B9 bR AR #EAT XA 3 | 0 He 25 24 It



978 B78 5% 1t 44 3%

3

KO AFEFUALHE T AR, JF3@ Lt 10 H A 100 B 5 4350 3545 18 T 347 380 R 0T M 5 4 & s A I BT 75 2
RE. T S 56 T 5 1R 24 e F P g 4t
1.3 FES AT 500 B i

R4 GB 15618—2008 3 FR 45 Jit &2 br #fE )1*°), BE$E T Cd. Cr. Ni. Cu. Hg. Pb LA & As il Sb iX
8 M (Z%) & BAE WM AE bR, X T ELJRE MBS, R T HCI-HNOs-HF-HCIO, 3 8 1 % 7
5 WX T As Fl Sb (AL AT 25 2 BL, W] T Tessier ¥ 07, % 07 ve ¥ 8 4 J8 T 5 01 20 o Al 28 6 2
(E1) . BRIRFRLZE G A (C2) . AR A (F3) L B A LA 58 (04) FIFR A (RS). T A 8 Fioc R iy it
Bt Dl 5 AR IS & 5 1 ICP-MS (HUBGI & 45 B IR BT {X, Agilent 7500¢, USA) #E47&E. +
18 pH {H N4 I8 Zhao %52 JH i FH ) 7 804 700 22, /K = HLF Ry S:1. A AL & 5 R K,Cr0, fk
BTN AE . BH B 3 e i UK 4 Rhoades®™ BT 4 H 19 7 2 A i g . 387 B 20 B 003 3o b F ik
S 5 BV, - 8 2 (P) 2 R T 48 6 G BEVE (GB 9837—1988) P2 47 5 40T, i HIE M A (N) & &
WA A 3hE B0 (NY/T 1121.24—2012) B A6
1.4 {5 ik

W58 X R AZ BT Y175 5 H 458 N 5 P SEIA(EAE s sef, S0 Qe dio iR A= ().

S;=— (1

K, S oG R R BRI Y8 85 CORTEOY BRI SE A, me ke C PP R F i AR IE(E 505 5
i, mg-kg . 515 R da BOHA A (2):
2 4+ F?

FT - max 2 ave (2)

K, Fr Z8 815 R38R Fino WK PAINTG QAERG Fie 0 n TGRS RAE ROV B, S0 BARHEIL R 1.

R 1 IFRITESEHRI bR

Table 1 Evaluation method grade classification criteria

Sx Sp Fr Poﬁfiéjffvel Er RI sz Te%\fl
Sn<1.0 $p<0.5 F1<1.0 T E,<40 RI<150 L
LO<S\S15  0.5<8p<1.0  1.0<F4<L.5 UG S 40<E,<80 150<RI<300 rh A UK
1.5<8y<2.0  1.0<Sp<1.5  1.5<F<2.0 R Y 80<E,.<160 300<RI<600 e AU
S\>2.0 Sp>1.5 Fr>2.0 ERETEY 160<E<320  600<RI<1200 AR e AU
E>320 RI>1200 M v RS
a3 i Vo YL FEL Yo Ju id
RAC/% SS‘: E\{j RSP Po{llil?itofrf Evel Lgeo Po{lfuto?l%‘vel
<1 TCIRE: <1 TR Ieo<0 e
>1—10 {920 >1—2 RETGY 0<l o<1 BTG
>10—30 HHAE XU >3 TS Y 1<y <2 P TS Yy
>30—350 e RS >3 EIRETS 2<Uyeo<3 TS
>50 R K 3<ly<d e
4<Tye,<5 5 Y
Les™S FEER G YL

o BRUEECEIE LR G H I N N T5 Y MM BR A~ 75 5L R R, 0 531 75 2 b S 2 25 KU A B2 ) —
FPPE I 1%, THRA AR (3):

G
Igcozlog2m 3

P, Lo WE R A RFBIEEG CONVEGIRICR Y INME; B G R ITR AL L A B ER L2775 5t



34 PRLAFA5: PHACFN T R SR Ao B0 e M) i G 37 3t F T L SR B A T R S LS e PR R 979

{E, AFFFEHCH IR A TSN B 2R T 5HE; KT SRS R AL, AL K=1.5, 5 R )% 7
FARUENZ 1.

W AE AR S AR BOL i i JLRL 4 ¢ Hakanson(1980) B £ 1, S AR 415 B 4 & 1) P ST PR 458 47 O 55
FAEAPET LR B R m 5 0y, R AR (4) (5)(6):

C.
C,=— (4)

f Cn
E, =TxC, €))

RI=ZEr=ZTr><Cf 6)

Krf, o, MR —FERIG Y R B, COTEM IR FRISZIME, C, M E AR TR | S A, A SCHUH R
BTN TR SE, E NP —E S B RS KB T, T, o8 4 8 A Y A R A
F, RN GRS KRS H8 80, 7E e A B e F 4880k, Cd. Cr. Ni. Cu. Hg. Pb. As fl Sb H 4:)8
FI B R BT AL 30, 4. 4. 5. 40, 5, 10 F1 10857, §5 YL L BE A G bpvfE WL 36 1.

Z:2% 5 UL KU AN 4 i 7 (RAC) A vk A2 A0 5 s A A 40 A3 HUAE 2 (RSP) B A )y % 82 42 J& Sb Al
As FEAT A SCEREA . o E1 A C2 AR Wl R FHZS, F3 F1 O4 AR i AE A= 4 vl RIS, RS IFR R 4R
YIRS TR AR, RAC FEE560E EL M C2, Ha B AR (7).

T
RAC:TIXIOO% D

A, RACH TI(EL fil C2 Z 1) 5 B iy i 044, %; T E1 R C2 Z FliW 5 &, mg-kg'; 14 Tessier
SMIEAERZM, mgke .

RSP 4 5853y S A= AR ATV A2 AR, 38 8 TH 3 AR AH 55 T A R A LU AE DY B0 46 T T - S PR 5 1 5
R HAH A AT (8):

Msec
RSP = —— (8
Mprim

Ao, RSPOMIR A AR 5 A Y LU AR s Mo ARFRUAE M 8 48 & i, A SCLL Tessier B4 HUA HT DU AP
TR Z AR A A E 48 5 i, mgrkg s Mo WARRERIE S (JFEAAR) & i, mg-kg . WM ARfEDLER 1.
1.5 IBREOHE

+ T A R (R VA A AR RLN B SR AR, th TE AR EL M C2 HA R &S NAEY
AR FERS M, X IR B R KA. R, ZEARAF G, RAIA S SR EL M C2 itz fiD 5
M R RN TR BB, LU IA Sb Fll As JUE BT Bk g fy0 -,

27t 3 545718 (Results and discussion)

\®)

2.1 HIEHE SR KN M P @S EEEIE
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BRI S. XT & B, Cd. Ni, Hg A1 Pb #4341 >~ XH X>QL [X, Cr, Cu, As. Sb, N Fl P [{) £ 1
534 H QL IX>XH X, 48 5 RE(CV) iow, ZEM A8 X N, Cd, Pb, As. Sb. N Al P i) CVHK T
36%, Ut BT HEA R S0, I H Al e 5 A 2806 s 5C. IbAh, Heg DL KFE QL X Cu tt H A 558
AR Sk i H A T 4 o0 R AR AL T AR 7 (15%<CV<35%) . FRIHANBE) X A9 38 )2 1 5635 i
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Table 2  Statistics of heavy metals and nitrogen and phosphorus content in surface soil at monitoring sites in the study area

AT E JEFH/ (mgkg ) H (b5 i 22/ (mg kg 1) LR FH% )
Contaminated site Element Range Mean = standard deviation Coefficient of variation Background value

Cd 0.19—3.74 1.48+1.61 108.8 0.12

Cr 58.18—77.69 70.75+8.91 12.59 70.20

Ni 34.41—45.27 39.85+4.43 11.12 32.89

Cu 26.78—30.86 28.75+1.67 5.80 23.35

Hg 0.05—9.66 3.46+4.39 126.92 0.02

X Pb 24.17—239.25 106.90+94.56 88.45 18.80
As 19.44—55.23 37.28+13.04 34.97 12.60

Sb 160.23—11610.90 4150.56+5279.53 127.20 0.99

N 0.45—4.42 1.46+1.25 85.99 1.36

P 0.68—0.93 0.78+0.09 10.96 1.04

Cd 0.19—5.78 1.45+1.68 115.32 0.29

Cr 47.57—110.07 78.83+20.12 25.52 82.91

Ni 7.13—54.21 22.27+12.60 56.56 31.68

Cu 21.03—354.79 80.80+95.83 118.60 31.86

Hg 0.12—1.09 0.46+0.29 63.19 0.12

ot Pb 13.94—283.56 81.14+92.26 113.71 29.55
As 53.96—795.66 236.90+282.97 119.45 11.01

Sb 610.39—84301.89 19756.28+32464.39 164.32 2.24

N 0.27—3.22 2.124+0.93 44.00 3.88

P 0.43—3.14 1.19+0.88 73.72 0.70

TE: XHE S AE A HRN A 1505 500, QL FH D 5N 48 1875 FoH; NFIPRYTE SHE R XS BRI Y L iy &4
Note: XH background value is the soil background value of Gansu Province, and QL background value is the soil background value of
Guizhou province. The background values of N and P are the contents in uncontaminated soil around the antimony plant area.
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RN RS>04CRA HLES A ) >C2(MkIR 45 648 >E1 (B T 32 #e8) >F3 (AR A AR, fEh 2 RS
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Fig.2 Total amounts of Sb and As in soil profile and changes in their occurrence forms
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Table 3 Shows the migration coefficients of two sites at different depths

BRITH R R TR R AL

15 A2 HE em Sb migration coefficient As migration coefficient
Contaminated site Effective soil depth M PR 22 FIH PR 22
Mean Standard Mean Standard

0—30 0.033 0.014 0.091 0.059

XH 30—70 0.057 0.033 0.055 0.031

70—100 0.12 0.065 0.041 0.034

0—30 0.033 0.023 0.008 0.003

QL 30—70 0.035 0.02 0.001 0.001

70—100 0.067 0.036 0.006 0.009

®4 AFLJZ Sb A As w B H AL S0 A 518 R BRI CE &R
Table 4 Correlation between the total amount of Sb and As in different soil layers, their occurrence form distribution and
migration coefficient

BRI T \ BT A BRERS R H
Antimony smelting plant i’f) Sb migration coefficient f‘i As migration coefficient
contaminated site 0—30cm 30—70cm 70—100 cm 0—30cm 30—70cm 70—100 cm

B —0.83** 0.75%* 0.94%* J58 4 0.97** 0.58 1.00%**
El —0.68* 0.91** 0.96%* El 0.98** 0.82%* 1.00%**
C2 —0.78* 1.00** 0.96** Cc2 0.99** 0.98** 0.98**
i F3 —0.88%** 0.79* 0.79* F3 0.98** 0.64 1.00%**
04 —0.76* 0.96** 0.96%* 04 0.97** 0.76* 1.00%**
RS —0.83*%* 0.70* 0.91** RS 0.82*+* 0.45 0.98**
=8y —0.65* 0.56 0.97** IS8 4 0.53 0.72* 0.72%

El —0.63 0.82%** 0.99%* El 0.48 —
C2 —0.72% 0.82%* 0.99** Cc2 0.63 0.92%* 1.00%**
o F3 —0.68* 0.56 1.00%** F3 0.83%* 0.66* 0.99%*
04 —0.83*%* 0.53 1.00** 04 0.92*+* 0.97** 0.99+*

RS —0.65* 0.53 0.95%* RS 0.52 0.72* 0.52

TE: *. 7E0.057K GO )_E AR SR **. 7200 17K (U _E 2 # A
Note: *. Significant correlation at the 0.05 level (bilateral); **. Significant correlation at the 0.01 level (bilateral).
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Fig.3 Relationship between soil pH and total amount of Sb and As in soil and their migration coefficient
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Fig.4 Relationship between soil organic matter content and total amount of Sb and As in soil and their migration coefficient
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Fig.5 Relationship between soil cation exchange capacity and total amount of Sb and As in soil and their migration coefficient
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Fig.6 Relationship between soil pH and organic matter content and cation exchange capacity in profile
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