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Abstract

In a certain abandoned slag heap site in Nandan, Guangxi, due to the long-term storage of lead-zinc
smelting waste, the site has suffered severe combined pollution from heavy metals such as antimony
and arsenic. The maximum exceedance multiples of antimony and arsenic reached 43 times and 275
times, respectively. The shallow groundwater and surrounding surface water were simultaneously
contaminated, and the ecosystem of the site was severely degraded. The vegetation coverage was only
about 1%, and the soil was extremely acidic with a lack of organic matter. Based on the requirements
of the key national research and development program project, this project adopted a targeted com-
bined remediation technology scheme of “biological leaching + in-situ stabilization + in-situ barrier +
ecological restoration”. The site remediation project was carried out from July to October 2024. The
effect evaluation results showed that after the remediation, the leaching concentrations of antimony
and arsenic in the soil met the standards, the boundary output fluxes were reduced by 65% and 42%
respectively, the leaching rate of antimony and arsenic by in-situ leaching exceeded 90%, the vegeta-
tion coverage was increased to 87.92%, and all the indicators of the key national research and devel-
opment program project were fully met. This project provided a replicable and scalable technical
model and engineering practice experience for the treatment and ecological restoration of heavy
metal-contaminated soil in China’s lead-zinc mining areas.
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1. 531§
1.1. ISR

B NG S EER, SE TR SR HIER R 5 XKIIG R S S 5 i
BRI E G gy, AR BB AL, HI S RGDIRE, BTG . BB S Yt T KA
HARIK, NS DA A e A N S A A R SR B[ 1]-[3]. PR VE R TR XA P B, BEITR
RPN, BENESRGRMEED . SRR, KRR 2, AR e R, &8
Fglfess HHRBEREN 2, SR ST % IRAE B 5 SWE ONZIX A P BT R 1 B 5 S0
[4]

JE R PHE A IR E R A, KRR 8 S B 2 U 2 E B E SR R AT
G, Fp R T R HE S 2 DR BT R A, HIBER L AR RO s, RO R A 52T,
TR o AR, OV G B R s dedath, BRI BLa /e JE RE[5]-[7]. BB X E &
JEE AT GAR B, ARFTIE R E WA TR H BORSHE, A0zt s R 5 AESEUR, WHAOF
RIS “JRALPHRS + JRAAREN + AW + ASWE T AGBELTE, JTRS R B E 54%
HETRE8] [9] AWHTLLLZIEE TR TIN5, RGN BTG RRE . VAR R HARTT
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W %

RELME R, i, TKERESREMBEREICR, S48 TRESSEREAR G SR i,
5 7 9 B 7Y e v TR 3t BT X [ SR i S G AR B SR E AT B AT BRI S
TRESEE L, B XS E SO fFFa A R

1.2. IpEER

A TRE TR T PRI H VA X i e B, bt 5 HU TR 4788 m2,  H 1966 “E S NERT 1Ak
JEFEHESE SO, IR AR, O S BB e B S et . 2023 AR Hh IR B T
LR E IR, Hh AR B A5 T R R 2 (0.0~7.0 m). HIEE(7.0~9.5 m) XL E(>9.5 m), 4y
AL R VA MEAR R K, R RS LIRE R REN, ERIREE. S5 L8, MO ORHE, [
WHEEREAY. 4%, MRS ESBEAITY, Hig e b 21 iR B URE, Xz Nk, ik
FK B RGBS fE T
1.3. &SRS 4FE

ZHEE TS Qe i R H E M N R E ST AL, TR EE SR I E, K BiEk
HJZ 0~1 m R SALEIAR R ik 100%, S KPR EEOE 43 15, 1SRRI E 7 m, 15547782 26,174
m3; TS YRR SO TEIR, PR 0~7 m IR AL A AR, OB EURIA 275 £, 15 4G R A
F11m, RyGYTTRY) 44,156 m3, . 8. WS ESEINMERRE BV FRREEBRIR, AT
HENTIEESBE G ER-

HiUR KRB AR 32 21 55 25 b, R 2 R KRB Bk PR (bR /KB B hRvE) (GB/T 14848-2017)
TIRARAERAE, SRR A5 Es) 5y 18 £5 A1 1.5 4, e Bl th 7 S st B8 PRV ZE KA R bR 1 F R A7 B4 2
RIS YT R REIIAE 71, X N KR 2 4 g R R 4 KUK

A RGUBTE, MR SR 1%, JULEHUIRES, +3E pH [HIKE 2.88, EMRIERYE,
AHURE RN 0.43%, ABAGKHER R, AR TR AR ARRE . XEUKAEIRZEE, 71X
HF KRR, B, Y. R G ES RN, X KIS R S e f

BT R RN K0 B bR, ARRE S0 R i B e, e T RS EEE Bir
fH: %f 430.63 pg/L. fif1 289.26 ng/L. % 0.59 pg/L ¥ 59.5 pg/L. % 0.29 ng/L; AESEE I, WIREY
T e R AMET 80%I1 HAx, RIS ZRA X AL 5. s E S BN R K 40%0L 1, Syt
WRUEEE . TR 90%, BN HIGIE AR /N T 4000 m2, 41 324 [ 58 5 St R0 A B R Bk .
2. BEBARFRSXNE
2.1. BEEARRL%

BN 5 JeRAE A S BATC AR R IS SRR, TUH R “JEAZPHRS + AR ELL + AEkDe+
ABE” HEHARTTRE 1)o MRYETT YL R FIIR BE S 43 X 70 FREHEAS R - 1 WU G X ik FH 5
PEMRBEBEA s AR XU DX IR 8 75 et BE o 3l A FH VR 2 S A A e A 18 R B (3~5 m) A& 2 IR A fa e 1k
BREEARO~3m); I - E B m A v P RE R R A R K, R E SRR It R A &
XIRFAT I R . AM B R GE KR S H G AR AT AESBE.

2.2. KRR

221 RACHFEHEAR
BT i UL S X 4(0~1 m, 450 m?), SR — AL L3kt K PR e s AT SO AR B, AR TR
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Figure 1. Technical route

B 1 KRR

ARG R IR, M B O T ESH0N: PL 0.8 mol/L SEECAM LR, FHIK - 7:1, #okht
[ 3.5 h, fEIRMBE 3 K[10].

it TR A AT “IETE - s - TARER - Rk - K - AR - R AR . Is g RgeR
MU F N R4 7 0542, 718 R AZRIX FIE oK A6 S, 557 5IFRE 100 mm Kk
VG HENIRDE SIS, I R RE R B R SR s R A2 RN s R R A R TTE I
SEG, UTRR A EIENUBK, K Z A B S E 3 H T BE BUA PR HE . AL 3R )5 34 A A K Y pH
BT A, W0 2%REEE G A R ORR IR BE A b i (R, SERS P e E AL B

222 RIuREEHEAR

B X A TS G X 3R ) 7 2 H38(0~1 m, 3638 m?), K PMX 5 f3fit Bk (%8 1.6 m, EL4% 0.87 m)¥skE
BRI MR INE 2%) 575 Y TR E AR A AT R E AL EE, AT /KE S 30%, F#4 5 K. ZHA
I AN B 0 A 25 B R i ek T B ) P R s 2R 4 Y AR B IR VR 5 o Sk PR B S5 TR 1.6 m
0.8m, JHid =4EA (A BRI 2GS IR SR A, Wkl RS R R S 2 s N, R
Fe i bR A

BT TS G X 35118 )2 138 (3~5 m, 800 m?), KA B m EEmiE i EoAR, Je/FiEN 0.5%
R AL 2.0% R BRI B 771N 2.5% AR [ 477 . #2125 77 0.7~0.8 MPa. {13 K 77 25~30
MPa. $EFHi3E 5~20 cm/min, 2573 B4R 0.8~3.5m. i L RTHEATHS e & AT, BhipLaE B it 2= i |
7E 0.3% AP, AT AN BTHARRE G R LR, REEFE Lm {588 20 min BgUE 71, #ifR275 5 E
ST RN, BRI

2.2.3. BEEMERREA

T3 b3 R PR R 5% (10 m x 1.5 mx1.5 m), iZFHRGES LI R o= Tl [ R . AN
I AR A B R BEARL, RIS K45 B BT e e BRI PR AU R, VNN & 300 kg/m®, JEARS 3 ETEN,
JZJEFE 50 em, A7 5E— R G ARG AR ST, 8 tH I AR AN S

MR U B SR PEBH R AT (20 mx 1.5 mx1.0 m),  FELRF 5 J S A B0 2 - AW ZEPEBHRR AT RL,  THiHS
RV SE A AR (B%IR N E), JESEREA/INT 90%, & HAMS IR AE VB 7712 Lim?), X Hh R ARk
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I

AT R B < R AT BELFR AT AL

2.2.4. M FESHERAR

Bt AL . AR B Z . RO DL B AR B I, S R s - R R - 52
TERE BE VAR EE-AM FLER R DU RN . T I SO p B, % s e T SO R 3, TRV Hh A%
IR BE 30 cm WK, WEHE RIS, BFIGALEE, EHDK R . BRI
W T TR, ORI TP AR e, BRI PR

FEFT R BB, TRHH 4% 0.2~0.3 m, Tt Ak P £ A (800 kg/ 7 ) AT A 4 1 JIE (500 kol F), 722 B4
By 1R R I, SR HAAEA 7~10 Ko Bt RAPELR A 2 AR BRI 704 B i B80S e 48 AR AN G S HE A
Hl, AW EEIL 32%, A EIL 6 glkg, RIA RS LIRMAGIRGL . M E A B, AR AT
WHEAESE R, REBCH R FE B HR A MR T, BARSEY “ 55 + = + S
+ W + BE” JRAEM 50 g/m?. SEMETA TR IR IE RN E R E, WP EEGEg L, KA
WHRE T AR . G IRIEEDE. Bk EIRSTA” BARIEN, BT S A AR 50 kgl S5 HEERR
15 KR & 8~10 kg/F, A& 30 Kt FREREN 8~10 kg/Fi . AM EESRALI B, Jiti ik AM 57 200
o/im?, $EEEPURE IR RICEE ST, MR E PRSI R B YEER, SSIES R R E .

3. EEHRITE

2024 4= 10 H, AR G5 Yetb bR G E 1 5 H IS R AU EAR S GR1T)) (HI 25.5-2018)%%
PRUERTEIE B L RUR, B RFA RN SRR DT R (& 2 F1E 3), ZAEHAA CMA 5 195 =77 78 e b
ROl KA R B3, MR KSR, MRS IR 63 1. R KFER 4 1, WEMARARTT 18
ANIREIX 15 A XX 3 AN); S0 = kil >R FH [ 44 PR I8 5 MR H T VAR R M R VA (HIIT 299-2007)
ATACEE, B JE PO BB S S S TSR A T, FEP IR ARSI, (X ER R
SE VEAZ AT« SPAT RUREAS I A AR [ UAC e R, s 25 RN MR 52 42 1 - s 2R 1509 100%, B PR PP 45 SR 52
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Figure 2. Sample point distribution map (left: soil sampling point distribution; right: groundwater sampling point distribution)

B2 RFfhmBE(E: BIRRESR; A: #TKER)

3.1 TEEEHR

3.1.1. BUEXRELHEIEIR
BEG, BB E X e, IR KR TR BAMEGE 1. % 2), EAR%F 100%, Hrhik
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R 5

ERE AL . IR IR IR N 61.4 pg/L. 343 pg/L, IREFEIXIRES . il i Kk 4y
Al 53.5 pg/Ly 33.6 ng/L, WhEEiETE X R iR ik BE 73008 412 pug/L. 86.0 pg/L, ¥MET %4
FIFMERE, Si50ePiss) e aF HER.

Table 1. Detection results of surface (shallow) soil after site restoration

* 1 MBS RRE(RE)TIRENER

> A=A .
SRR i B RIEEIRE & o 2 T %@J&?J%E
(m) (ng/L) (ng/L) (ng/L) (ng/L) ER IR

ND-1 ND-1 0.5 ND ND 113 16.7 b
ND-5-1 0~0.5 ND ND 23.7 ND b

ND-5
ND-5-2 0.5~1 ND ND 5.81 ND &
ND-6-1 0~05 ND ND 50.6 10.2 7

ND-6
ND-6-2 0.5~1 ND ND 6.78 13.6 2
ND-7-1 0~05 ND ND 49.0 16.0 2

ND-7
ND-7-2 0.5~1 ND ND 29.2 27.3 2
ND-8-1 0~0.5 ND ND 17.6 9.26 P

ND-8
ND-8-2 0.5~1 ND ND 2.49 ND b
ND-9-1 0~0.5 ND ND 39.6 24.6 P

ND-9
ND-9-2 0.5~1 ND ND 61.4 8.74 R
ND-10-1 0~0.5 ND ND 14.5 1.44 P

ND-10
ND-10-2 0.5~1 ND ND 15.0 1.01 P
ND-14-1 0~0.5 ND ND 31.0 5.50 b

ND-14
ND-14-2 0.5~1 ND ND 8.12 15.1 P
ND-16-1 0~0.5 ND ND 22.2 8.11 R

ND-16
ND-16-2 0.5~1 ND ND 19.7 343 P

Table 2. Detection results of surface (deep) soil after site restoration

*® 2. IEERRERE)REMEER

STRE b RFFERBE & o o % Bl REKIIEE
" (m) (mg/L) (mg/L) (mg/L) (ng/L) (ng/L) HAnE
0.2 ND ND ND 452 13.7 &
1.5 ND ND ND 45.3 13.7 &
ND-P1
3 ND ND ND 40.5 10.1 &
5 ND ND ND 37.9 11.0 &
0.2 ND 0.01 ND 43.8 16.2 7
1.5 ND ND ND 48.8 15.6 &
ND-P6-1
3 ND ND ND 41.1 14.5 &
5 ND ND ND 274 21.8 2=
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W %

sz
0.2 ND 0.02 ND 29.5 5.62 2
15 ND ND ND 485 15.6 B
ND-Po-2 3 ND ND ND 470 19.8 B
5 ND ND ND 53.5 336 £

3.1.2. RIURAERYEREE

SRR R IU N 3 (2 3L 74% 4), LX-01 F 5 BE £ BR 3 97.99%. fift 97.86%. 1T 93.39%. £¥ 97.01%.
§% 96.21%, i & F T e T3 HIIR H bR . VRIS IRZ pH P RIS A AT, R H R A Bk s A1,
SEPE Y IR ENALE .

Table 3. Effect of soil washing test for antimony-arsenic contaminated soil
3. TR HR

HRHS B (mg/kg) Fi(ma/kg) #(mg/kg) #E(mg/kg) i (ma/kg) pH
LX-CK 804 28300 664 10200 79.2 6.95
LX-01 16.2 606 43.9 305 3.0 8.56

Table 4. Efficiency of soil washing experiment for antimony-arsenic contamination

4. BESRIFRTRE

. WBEREE (%)
HRES _
B i % B o
LX-01 97.99% 97.86% 93.39% 97.01% 96.21%

3.2. HTKFIPSEEERHR

321 WTFkREXNE

B G FLBUKET I 25 5 R (72 5), 1REFR S WX IBRIR E 14~57 pg/L. i 4~19 pg/L, BBEHTE
FIRAK, BREEIEE HiRE. HR/K B3 A AL(ND-P4. ND-P8. ND-P9)%f 3.62~7.04 pg/L. fifi 1.37~82.6
pg/L, FoAEE CHb N KB bR AEY TIISEbRHE, (EAH B PEL KR5S S0~ 7K % si62 ND-P11 86 1.76 ug/L.
T 8.58 pg/L, Al E S EIAAr, UF B PHRRH AR RBHWT T I5 FP sy 8.

Table 5. Evaluation results of groundwater effectiveness testing
= 5. MTOKPERITEMLER

AL ARR H(ng/L) B (ng/L) Hi(ng/L) H(ng/L) Ti(ng/L)
ND-P4 343 3910 0.24 3.62 1.37
ND-P8 6.74 541 1.05 7.04 82.6
ND-P9 1.12 404 ND 1.99 37.9
ND-P11 1.78 272 0.23 1.76 8.58

3.2.2. E¥YtatiEE KIERE(R
K BT 7K A W B A S N 5 0 2 (R N Sl R A R B (6 6. 18] 34 & 4), BEEEMEG
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R 5

1 G AE an HE FE AR 65%, FfiFRAIK 42%, P95 2 T H B A% TR BR(>40%) K EK, T5RWIAE 138 - oK
RGP TR S 24 Raz .

3.3 ESBEHR

I SR AR, AR DT IR 22 TE 87.92%, B IR IX (2.33%) 52Tt 97%, imi
80% M AERMERE Hbm. ARIEATH T R I DI MRS, L 19.66% (5 7); L/ EWIRIEEANL

Table 6. Adsorption and desorption reactions of antimony and arsenic on iron ore

= 6. SRERTEIKERE L AOUR PR ARIR & KL

M B A 2 logK & QU
Hfo_wOH + Sb(OH), « Hfo_wOHSbO(OH), +Hz0 1.3
Hfo_WOH + Sb(OH), +H*« Hfo_wOSh(OH), +2H:0 8.4
Hfo_WOH + HsAsOs « Hfo_ WOHAsO?  + 3H* -10.12 minteq.v4.dat
Hfo_WOH + H3AsOs « Hfo_wHASO, + H20 + H* 2.81
Hfo_wOH + H3AsO4 «» Hfo_wH2As04 + H20 8.61
1e7 1e7
0.8 3.0 T T 3.0
— —_— —125 2.5
0.6} - ———————— S ——— 0.5
20F {20F
= E S04} E
Z04} 1155 2 155
Ka) = o =
» £ 243l =
[ T T T T T T T T T 108 =03 1.0
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05 0.2 = i 05
et At e L EE L E L P L EEE R T I
0020 46 60 8 00 %0 Olo 525 e 80 o0 °°
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vt o i | 20%
s Es £
203 155 =015} 153
e ‘E (%] uE
(%] J ' < =
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Figure 3. Changes in the content of antimony and arsenic in pore water before and after site restoration in Nandan, Guangxi:
(@) (b): the data before restoration; (c) (d): the data after restoration. Points: observed values; Lines: simulated values

& 3. IS ERTELEKPHEBEETL: (@) (b) AEER; )W) HEER. =: WIE; %&: HFUE
DOI: 10.12677/aep.2026.165075 760 LR AT U


https://doi.org/10.12677/aep.2026.165075

W %

0.0014 730 0.0012 113.0
—e— As (mol/d) —=— As (mol/d)

0.0012 —=— Sb (mol/d) |25 0.0010} —=— Sb(mol/d) {25
o 0.0010 20T __0.0008¢ 20—
) E g =
< 0.0008 E 3 E
E 1.5 £ 0.0006} 155
% 0.0006 € 3 E
= 1.02 ™ 0.0004} 1.0%

0.0004

0.0002 0.5 0.0002f los

0.0000—"—25—"46 60 80 100 120> 0.0000—"—36—"45 — 60 80 100 120°0C

Time (day) Time (day)

Figure 4. Sb and As output fluxes at the site boundary in Guangxi Nan Dan: The left figure shows the situation before restoration,
and the right figure shows the situation after restoration

E 4. rrEEASaFL0GEmHRE: AEAEER. GEREER

Table 7. Vegetation coverage and species richness in the restoration area and the control area
F 7. MERXMNBXERZEMNDHEZE

X 35k BT s T4 75 1 (%) YR B (A )

FC1 42 1

FC2 13 1

FC3 4 1

C15-1 56 1

C15-2 60 1

C15-3 81 1

C3-1 92 1

REX C3-2 99 1
C3-3 100 1

w2-1 94 1

W2-2 86 1

wW2-3 90 1

Wa4-1 100 1

W4-2 97 1

W4-3 100 1

CK1 1 1

o X CK2 5 2
CK3 1 1

EMIREAIR G, PRSI R, RBORE MR, HAORRAA A L%, S AM
FLESRAL, 8T RE MR EEE . WA A AR IR e RS B PR, AR TR BIA B .

34. BEKBREML
M5, i 5 s, JESEI 300 K5 3 B IR IR B PR IR R AR E AR T0% /e f, BlAR HIIK
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Figure 5. The reduction rates of the leaching concentrations of Sb (a) and As (b) in the soil

[E 5. (@) Fas(b)iR B IR BRI R

4. EERHEGE VY
4.1. ERIERRER R

T B 41 5 B R SR RIS bR AN IZHh ISR THI AR 4788 m2 (>4000 m?); B [X J& ik 4 34
T 45 5 4 J8 i N PR {IK 40% LA L (86 65%- fift 429%); i3 Y T3 bk 5 Yo vk 90% LA L (*F34) 96.03%);
Yyt IS . BNR IR A IARR, Sl R A E MY E R 87.92% (>80%), TIEFLFIME
IEFIEAEKER,

4.2. ARG FERENE

T B T35 Yk FE R0 RS 2 IXCRIVR B 22 5%, SR “ikie + IREREi + JREREN” 2B,
RIHEEE X S AR, BIFHER BRI REAM R B SR e MRS R 5L B EME, B
SEEL T MV [ R SRR, X B RAE E A BB RSkt - IR L — AR fb 3 4%, @it
YR e ids 5 ROKIEAR R, KiEJ> —Risger=4; [Friz A “FERs R + AM BE@Ewib + £ 2R
fiie” HEHA, HHHESEG R S SKE TERBHERE. BhEITRE.

43. IBERARE

WRIGIH AR, ZE51BE AL 1200~1500 Jo/MEt, e ALEE 2557 A %) 20~40 Jo/mé, 1 H
HI R ke B A& 5 A mrik 2000~3500 so/fi+, 2 94T H 28 1) 1.6~2.9 £%.

AN, EZxEE M LS — e E )G HE R AR, M PATh= M kiE, iz E4Eis iR L%
R HZ R A0H) . A HLE YT RS TEAIG S HACR G IR . EA 15 G275 R A, BARE AR
FAT I A v B . RS e AR R SARHE RS, = B [FIE, T XK S R AR 2 S, Ak
T LA IS AEAR AL T 2 B8 4% 3 ST b 7 M R HYE .

5. &
I PE R PHERE X YT Y LIRS B TR i E S B E AT . RS IR EAE, B
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W %

“IRAZRERE + BRAREM + EIME + AESET AEHRTT R, W X IR R . ZERD)
IS, Sl ViR FA . iSRRG . i AR S TR B S B AR [11] [12]. 1B )5
bR SR R IR MR A AR, T A s R R IE AR, A R R BT, T TR AR
i 2 B 5 B RO A TR H B A R, R T BT YA JRE B it 1) < SR T e [ AN A A IR A ) L

A TR BT X < 5 e H A BEROR B, SRR BOR AT 1 250 & PR AN AR 25 Fp st

3R VR TR L X R X (R SR G i e IS SR B AR AL T AT S RIHETT R LA I A
ARIHE, SHESHRET XAESIMELEAIR L LI BHEIT K S LSRR V) R e B A B A S

‘%Xo

EEWHE
J VG SRR RI (R AB22080078), )P H AR A LERIIIH (FERF AB23026043).
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