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Abstract

To investigate the soil-forming effects of the synergisticamendment of coal gangue, fly ash, and cat-
tle manure, this study established different mixing ratios and analyzed their impacts on the leaching
behavior of heavy metals such as Al, Cd, Mn, Cu, Fe, and Zn from the substrate. The results showed
that the effects of different treatments on heavy metal leaching were element-specific. CS4 (coal
gangue:fly ash:organic matter = 5:4:1) exhibited the best inhibition effects on Al, Mn, and Cu. In con-
trast, although CS9 (4:1:5) had a high organic matter content, it led to substantial Al release. Fe and
Zn showed stable performance across all treatments, with no significant differences compared to
the control. Cd leaching was suppressed in treatments with higher organic matter content. An ap-
propriate amount of fly ash effectively immobilized most heavy metals, while excessive organic mat-
ter potentially activated certain elements through complexation. CS4 is the optimal ratio for con-
trolling the risk of combined heavy metal pollution. These findings provide a theoretical basis for
the ecological restoration of coal gangue dumps.
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1. 5|8

PERAE A B F BRI RIE, R E A 3512t (HHE AR 50.2% [1]. AT 1E Ak
RIFRISFE R P2 A R R E R R 78, HAIIMEAA A K R PR, i@l . a7
Xof A g . KA AN R S ™ BT G AT DUBERT A R T B, AN g A R o )
R~ AR DR A IR AR AT, R FOR IR RD 2R 35V S o JEAT A R - RO R A . S A
5T, TUHREGESEIL “ DLRIGIR” MR DT A, WAl ] PR 1) BE I8 4k 78 75 Tl [ R e 25 o A s
BHEEA, RATRRESBER.

AT A0 A2 IR T SR AN e 1 S A P AR B [ R PR 72, R R R = A R E AT A, — 8%
TP 1t RS TR A 0.15~0.2 t ERT A [2]. BEASE RS, RERR A S REIA T 70 12 t, g
FARE LA 1.5 JIAEA[3], AT A KSR, ™ 5 (0 R S A5 e, HR #1270 R R,
It BT A BRI 0, R AT o5 LUK 4]0 SEAUHE, H TR A A 15 2R LF IO TT R A A
PN T RYPAESIREEAROIR, AT 28l @ Kk 0 K2 N B R AT IO AE[S], 15
Guab B I AN A SO S R E L, AR RIS R Rk, LRI BAE R — R &
JENE” SRS 2 3067, RUEEEE. R AE )T BOW Tl BE o RO T A= K R 5. SR
BB RINEEAESORA IR, i 22 R W 5] ST A A0k BEAK 1) [R) 26 B AT & — Pk«

RAE 2020 FgeitFdE, T FEFE R FEMEFE " EAE 11 AL B, Hrp 438 5 Ik 2] 46% LA E[6].
PP B WEEFRICRMANUNR, RERIAN R, BN E SRR (7). FREZ
R ERRIRAEDFEF AR . SEFERTFERY 8.6 1AM, HiE K, KFEM/NEZFRF 5 LB
80% [8]. WL KIN, VEVIFEFTABNY)FEMEIL 0] A R T B ok, 3 s T3 R IR AERE 77, flifk
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firngg &

RHEAESHEO]. LV EARERNEE. &80, EURBTESHEEENAIRMTES TR, W1E
BRI R IR BRAAR: 1) WERERERS DIREAR SR, A S R e E R E
AIHEAN[10]; 2) AFEAFE AT A YN SRR B &, EE R/ H A RE TR o 8L 3 T 1.323 mg/g
[11]; 3) AHLICHLEC i REEOR ARSI, Mg 12]. X i ook b R« DURE " 12
BET R EAHE, (REESRERT A - K - A4 3EIR AV F S R AL AR AIRZ

R, AHFIT B IEIR R — PR A BLAENE, B TR BBk, FEFF. 42551 R 1t
ALK, @i KRG AR EREC I MEYE e TE A E SRR, @R R E AT
ARSI N LA 3% DUERFAERZEREEERT, ISR, MBS R, BT
WA A AOE SR R, RAGERT A R REFF ARSI T &, ik @ JE K
MIECTT s VBN A - B R - R 3IR A DI R — s, ATRESEMIfR L T . R, %
T S et R 2 b Al [ B i B DAL R, HESI B IR 2 B R T
2. XEHMHSHE
2.1. SRR

1) BERFA: SREA SRR R, T AR, 1 S mm & .

2) MK B SIS .

3) FFREW: #3000 g Bt FE. 600 g FEFF. 600 g VHTEMIFE MR G, BOKIRIEG, HEE KR
J, BAREHMER IR, KIS E AT B, i 2 mm G4 H .
2.2. KT

LEFE CS1~CS5 RFF AR S EAZE(150g, HE 10%), RIHBAT A7 SRR I ELp], B & oy
A 8:1L 7:2. 6:3. 5:4. 4:5; KbFE CS6~CS9 fRFFI K & BEAAL(150 g, Ik 10%), KIRIHEEERT A
H5HENURLLE], FELFEREAN 7:2. 6:3. 5:4. 4:5. FACFYEE 3 ANEE, AR S EXHRA(CK),
FISHC L N 1 FR .

Table 1. Proportions of each substance in different treatment groups

F 1. NEIREH R YIRECEE

LOSES/TRe} Hat () B () AHLF () i1 vad B (g)
CK 1500 0 0 - 1500
Cs1 1200 150 150 8:1:1 1500
CS2 1050 300 150 7:2:1 1500
CS3 900 450 150 6:3:1 1500
Cs4 750 600 150 5:4:1 1500
CS5 600 750 150 4:5:1 1500
CS6 1050 150 300 7:1:2 1500
Cs7 900 150 450 6:1:3 1500
Cs8 750 150 600 5:1:4 1500
Cs9 600 150 750 4:1:5 1500
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2.3. RN

FRECEIETHE 10 g (FEHIE 0.001 g), BT 150ml R EOEF, BIRE 1:10, HCE#ENKCFER
KBRS SE, F5ME 25°C = I°CIILEE, 110 + 10 rmin ' [UHH, 5% S h TR EY, #E 16h )5,
KR BT R o SR FH R & 55 2 AR B i A (ICP-OES) M E iR $2 ¥ Al. Cd. Mn. Cu. Fe fll
Zn JUM TR IR

2.4. BREES 37

{4/ IBM SPSS statistics 26 J#EAT4R G0 1H 550 #r, KA Origin 2021 fE & .
3. ZRE 7
TEEEZGNERPFESERERATN

AFEAEEA AR R ALRE R 1 R, SXERA(CK, 10.38 mg/LyMELL, S5AC b ab 2 5 3%
M T Al FIRBUT N . (EREAHUR S E(CS1~CSS) N, B A SR B EL B 8:1 B2 4:5, ALIRE
S TH GBI, Hrd €S2(7:2:1)TFE 13.72mg/L, CS3 (6:3:1)[4% 4.56 mg/L, CS4 (5:4:1)i— 52 i
fIRfE 1.86 mg/L (F(KT CK), 1 CS5 (4:5:1) X [FIF+ % 8.87 mg/L, FRHFIE LBk A (CS3, CS4) T H
B AR, I RIS . 7 B e R AR S B (CS6~CS9) s BEIERT A 5ANUR LLFIA 7:2 %
4:5, ALIRFESRIEEF: CST7(6:1:3)%% 3.72mg/L, {H CS8(5:1:4)[FF+ % 9.72 mg/L, CS9 (4:1:5) 2 _EF+
ZiEE 18.67 mg/L (REF T CK), BHBIRANURLLGIER T B2 Al i &G U5 ] fedid &
BT A B S ML 2 R4 Al

zi b, AbPE CS4 (R B AN = 5:4:1)81 CS7 (6:1:3)) AR IR E AR, 256 Al TR
KK PR ECE; 1 CS9 BANUR & EE, S8 AL KRR, 845 L PR UG . S u 50 775 b
MR 7R T B RS E VR = F WAL TR, @IS 2:45602 il pH A HLER 4 R HoAth
TCR B — PR

25

CK CFC1 CFC2 CFC3 CFC4 CFC5 CFC6 CFC7 CFC8 CFC9
AN b ER A

Figure 1. Changes in Al concentration in leachate under different mix-
ing ratios. Different lowercase letters indicate significant differences
among treatments (P < 0.05). The same below

1. FEELLEHTRIZR® AURETZ K ARNEFERK
WBEFEREERP <005, TFE
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firngg &

B Cd BRI 2 Fios . 5 CK (0.096 mg/L)AHEL, AR L ANFR XS Cd (38 AT AR
ZE R E AR EANUR SRR, CS2 (JEA B A A VLR =7:2:1)1 Cd IREF+E 0.160 mg/L,
T AL B R ) i Al R WL EL S E R T Cd BB 1T CS4 (5:4:1)[) Cd RS %4 0.057 mg/L,
KT CK ACFE 72 [ @ R B 2K & B AL B R, CS7 (6:1:3). CS8 (5:1:4)H11 CS9 (4:1:5)) Cd ¥ FE 73514 0.057
0.053 1 0.051 mg/L, ¥ CK, HFEA N LI In 22208 T B, KB R L BIra yLs s Cd 1)
BRI EA —EMEEH . BEkE, CS2 72 Cd B s MELLL, 1 CS8 Fl CS9 <544 MLm= 1 b
B Cd B HRBAL, X —HES Al FIR ERHEAAER B2 R, BT A FE SRR AT N B

Z5F

25

20

BRI CAKE (mg/L)

ab b
CK CFC1 CFC2 CFC3 CFC4 CFC5 CFC6 CFC7 CFC8 CFC9
AR AL EEZH

Figure 2. Changes in Cd concentration in leachate under different mixing ratios

2. FRIECEEFHTRIER T CdIREEX

55X CK (4.57167 mg/L)MLL, Frfa AbERZ ) Mn 1% HIIR FEIIARE 24 B, Wil 3 B, FRlRIE
90%LA I, FREIERTA . B K 546 HUSR AT T c bk 21 & 38 RE A 2m ] Mn BRI 72 e A HLR & &1
KRS FI(CS1~CSS), Mn W BB IR H I 52 26 M S T 38 CST (811:1)4 0.509 mg/L, €S2 (7:2:1)%
% 0.380 mg/L, CS3 (6:3:1)i#k—5 %% 0.124 mg/L, CS4 (5:4:1)f4Z HA%AH 0.032 mg/L, i CS5 (4:5:1)[8]
FFE 0.116 mg/L. {EE MK B AL EE 1 (CS6~CS9), Mn i £t A LI LA 38 I [FIRE 525 B s i
#: CS6(7:1:2)°4 0.221 mg/L, CS7 (6:1:3)f % 0.139 mg/L, CS8 (5:1:4)8&4 [4]F+ % 0.161 mg/L, CS9 (4:1:5)
WE T2 0.433 mg/L.

zi b, CS4 (BERFA BHER AR = 5:4:1)%F Mn (K406 RCR £ 1£(0.032 mg/L), 1 CS1 F1 CS9 f30
HRCRAINT 55 . P AL PRSI0 Mn A BT I ] 8 ORI 56 R A CS4 it b DL R R FZAIX Mn 1)
12 XU o

AR Cu IR ELIE 4 Fios, 5 CK ML, AFGEEA S Cu iREIAFFEE MR, &£
BEERE A MK S AR TR A B E R T Cu B o 76 [ e A AL & B A B H (CS2~CS5), Cu ¥k
FEE AR IR LU AT 38 o 52 S e s a3, R E B K & AL FE R (CS6~CS9), Cu Wk FERHA ML LL A7) 3
AR : CS6(7:1:2)8 0.081 mg/L, CS7(6:1:3)F% % 0.041 mg/L, CS8(5:1:4)F+ % fr=i{H 0.126 mg/L.
Zr L, CS4(5:4:1)%F Cu HIFMHICREAE(0.015 mg/L), 1T CS8 (5:1:4)) Cu BRI 1(0.126 mg/L), i
BAGZBCLE T Cu BSOS, 5 Al Cdy Mn BIUEEANE], Cu fEXT LA ARoRAG Y, Ui BA SR AR AT A R
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Cu FIRHIBE /58S, (HIR-AHC W] el U2 iR &R pH. AL & B T2 #5155 T Cu IR

B MR (mg/L)

CK CFCl CFC2 CFC3 CFC4 CFC5 CFC6 CFC7 CFC8 CFC9
AR AL
Figure 3. Changes in Mn concentration in leachate under different mixing ratios

3. TR &I TR Mn REEL

0.20

P CulkEE (mg/L)

o

f=3

W
1

E

CK CFC1 CFC2 CFC3 CFC4 CFC5 CFC6 CFC7 CFC8 CFC9
RSB

Figure 4. Changes in Cu concentration in leachate under different mixing ratios

B 4. REIBRE: 44 TR i2ch Cu SREETSAL

54 CK (0.479 mg/L)ALL, AR F Fe W5 CK AFRHTE R E (4 5), X RBEAT
H BERSENRA R GA G Fe (02 MAT A=A R0 . 7R 2 A PR & = A EEH
(CS1~CS5), Fe WJEMKIKA: CS1(0.677 mg/L). CS2 (0.625 mg/L). CS3 (0.915mg/L). CS4 (0.834mg/L)-
CS5(0.527 mg/L). HH CS3 HIHUE BEARX I =y, EA)5 CK AT R—Sit KT, KSR EZER. 7EFH
SE RSP & B AL TR 1 (CS6~CS9), Fe WFE4r5H19: CS6 (0.739 mg/L). CS7 (0.425 mg/L). CS8 (0.569
mg/L). CS9 (0.580 mg/L), [FF:#5 CK TiEE % .

MARKE, Fe 1E&ALBLAH IR HAT R I BR AR E M, AN RIAC b BE AR 35 8 3kt A B 2 4 ikl
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firngg &

Fe AR IER . X —4FIE 5 HARTGR @ Al Cdy M) H AU TR BUEE B0 E, AT AR R A2 Fe
FERRERT AT v B VAR E I AT S IRAE A8 2 AT SR RE (1 pH 251541k 9 P N Xk DARAT RO T o

1.25

BRI HHFedkE (mg/L)

CK CFCl CFC2 CFC3 CFC4 CFC5 CFC6 CFC7 CFC8 CFC9
A A EEAL

Figure 5. Changes in Fe concentration in leachate under different mixing ratios

B 5. FEIEEEH TIRIBR T Fe IRETL

5% HEZH CK (0.152 mg/LYfHLEL, A0 Y) Zn 12 IR EEAE ST EIYARERIH B35 22 =(E 6), Ui
BEATA . BB S G HUR A B LC A5 Zn BVREBAT R FE AR 7= A8 B B ) (R gk B i/ E A o EA LR &
B [E 8 AL BRAL T (CS1~CS5), Zn KM KN CS1(0.235 mg/L). €S2 (0.270 mg/L). CS3 (0.101 mg/L)-
CS4(0.223 mg/L)F1 CS5(0.133 mg/L). AILLEE], CS2 HIIKIERS =T CK, CS3 NIBEMK—LL, {HR k5
MEFEA R, BITEAE[F — S 7K-FIG T N o TRk S A 2 5 ] 2 1) Ab 34 A1 (CS6~CS9), Zn MR EE 4371 CS6
(0.158 mg/L). CS7(0.180 mg/L). CS8(0.118 mg/L)F1 CS9 (0.257 mg/L), [AFtE CK 2 a3 H w2 T
ZE5t, AR

0.4 T

o
W
|

R ZnkE (mg/L)

e
—
1

0.0 -

CK CFC1 CFC2 CFC3 CFC4 CFC5 CFC6 CFC7 CFC8 CFC9
AR SEEAL

Figure 6. Changes in Zn concentration in leachate under different mixing ratios

B 6. RREIBL S TR IR Zn RET L
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g %

SMRRE, Zn EECEAF IR AT AR BORFEE M, AR A A BEAR B2 Zn mR
AR, R BAIH IR . X4 E S Al Cd. T1 2550 25060 B E AR Ak i B SRR 1 2 IR Jexet L
57~ Zn FERERT AT - YRR - A HLFUR &4k R b I ERAL 2247 AR R S . ARSI R B4 . Zn 7E1%4K
Z pH 26 1F F T E LA 53 H TS AR (PR S SR S 45 6 ), B EHURSS A1 H BRI
/N,

4. Whig

AWFFEH, A WK S AU A R 4L A % B 48 3R AT =B T R 2 Hoo Rk
M. Al. Cdv Mn. Cu S50 # X EE AR R I = BERRURRYE, T Fe A Zn WAHXIRRE, X —40 R AF
AIE S B 7 AN (7] H 4 JeB £ [T Ay Pk R e (R ER AL S2AT e 22 e . FEREDEA N S E R4, Bt K
Lelsgm, 24 4)E 2UH AR RS, DL ALRI Mn 96, B CS4 (ERTA B E K A PR
= 5:4: 1)L BIHAKIR HIR (A1 N 1.86 mg/L, Mn A 0.032 mg/L), 2% BH3E B Eb 5 (R0 KK RE 6 AT 225 il iX
PP TG ER R 3X — BT MK AR (R B R P A P AR, R B LA K 1) L SR T ARUR = v 1
Prr, TR SR K R 4G S5 G R I e fE AR [13]; [RIRE, KA b Bk 4 ot e
IR mR R pH, i —PIRZ W E LB AR ERTRIE14]. CEIF TRV, WEKE s Cr(I)
B R 0 B AR A 38R, LS B B 2 Hte i R 5| RN SE P BAL FAE FH 25 & [15] - oA,
TERAT AR R FE RN AN V58 v] B e miB U8 pH JEBEMKAL Feu Mn. Cu EHEJE
WRE[16]0 SRT, 24Ky BEAK LLf gk SE 1IN 2 CS5 (4:5: )R, Al A1 Mn 593 UK FE mi [T, Xl g5t &
IR S8R R pH B AR HTE L B3I N SESHPERBH B 7 (Un Ca2' Mg?) B 3R B i 0%

TE [ BRI & B ARER A A, A WL L9 AR A TR R 3 4 i3 =28 T g s, (LB R 5

FRCRM T ST Cd s, BEEHUFRELGIEINCST £ CS9), Hig kg L8 FE&EA O 0.057 %
£ 0.051 mg/L), KB ELGIKAENUTEY Cd BA—@fEE/EH . Xelg8aFE AR -5 anR
B MR AERT CE RS AR S, TERERE AN - &R ST sk TEAA[17]. FFFRRE, 1
WREEANLR(DOM) S AR AL, RIEL. BiEE. RS2 ST RN, EESBRAEKEGIER, K&
A B FTETERIT AT N[18]. 28110, Al 21 2 I H BSRAH S AR AL R : CS9 (4:1:5, AN A HEIA 50%)
IS, AL B3R R P AT 25 4 S i i 18.67 mg/L, 3% — [ ZE 3R 1 A WU X 4 J@ AL B XL 7] 813808
ERMA YR AL SR EE)E, BIEMANRAET, EAEE PR R EAAE R ]
BE A T 4 B kA, B TV I B - & B4 At H M A R AR E R [19]. (R
J&, CufE CS8 (5:1:4)H HF 7 452 fe il 0.126 mg/L, TixFHEZH T Cu ARAGHY, ViR & HC HL A & Bl
IS Cu PRI, IXATRES AT Cu (SRR ) S H T B nTVE 4% S % 456K, Fe Fl Zn
TEFTA R ERA R R B R E IR AT N, SRR % 2R . X — 4R E 5 HA C R R T XL,
I 7R PR AR 1R B R R R B MR A E TS S EAT N . Fe FEREAT A OB AK A 32 BEDAARERAT . Wk
W25 Fa g AN ASTRAT, X LLl P 7E I p i 2 G5B 2 1 RV R AR, AN 5 2 B ML 2% & 8K pH %
ENHIREI20]. IR RS T4 (0 1 1 &, CS4 (5:4:1)E Al Mn. Cu 252 Fil i 4 J& A4 LR Ie
S, R ESRE ST K kR L T CS2 AT CS6 (JtH 2 CS6 1E Cu EHIRERH) LA K CS9 (Al
{14 Ja ZRE 50 I AR Sy v RGBS i L DARIRE o AT 5, B MR S5 ML =38 158 ELAE F SRR f
BB, TR pH. AIURSE SR, ELBIRAE Nra g 22 S R I FREER
e FE[17],

WFFLR, HE5T pH SR HLER(DOC) KA Vi 45 & 38 A [F) 8 4812 tH oy A% O TR R, [
B PH 2 FAC M RE(CEC) I U ik — 0 3% T B 4@ B A Be i (21]. AR R T, BHEKB R
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firngg &

THAr w2 AT PR A 458 . 48 K B AR U R T AR S CEC WP AR, K R S8 ME IR AT 2/ Mn. Al
T TR A ITGE » [RIIN =R AOVR PR s P T o 2 < R B 1, S 2 P B K ARTE L CS4 AR 3 Min
Al BB EFRRAZ L TAHUSTER LA I KK DOC SRS Z, WAFERERIH R
HERUH G K. PEPUSRECEE T, DOC &&EiEd, AR, BTl TS Ce 4 &
A RRAS E MEIE RS A, TR TP AN, AR Cd =R H s A AL CS9 A FIIE BT DOC KR
2B, KB TAHIRA S BRI pH. 39 ITERILACR, 160 5 R AL ETESS 57 Cu
TER LA S, BOREET WA E4M, KiEfeE Al. Cu ¥ HHILF2(22] [23]. XA pH.
CEC 5 DOC WA A1) “BiAL - 340”7 XA, REHEMRRE A FEA FIBCEL S % e E 2 A
FRLRAE AR M SRR, AROUALERZ T EIE 1R A R S A NUR =F L BAF R bk, AL
PREN T BRI RTINS

Ja BT REE— P S5 A IR R pH L IE A HLIR(DOC) A NLIR AL AL 3 & T 5 73 At
RIS AN IR LE 26 A 1 S e i AL RO OO, DR HE 3 (K A A B R 5 2 o o R SR (SR T 114
BHEME .

EHEWHE

BENITTE 22 B K A AT AN I 2Rt R0 H (NO:S2025142232246)
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