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i, [FEREE IR FY P He BT (P<0.05), BEEBMIERRIMEER, 5 MHKIER H As. T1H Sb BYFIK >
WK TN R 21.28%~56.56% . 33.21%~63.15% . 32.23%~56.62%. ZACIRG RN EF Y P F40A e, MET
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Y, BAERM, maE. IR S, S ES R B ABGRPIMERE RS, B (Pennisetum
giganteum) RHAEYE K BN, B4R EERS, egHTHE P, Cd FHELEAHEYBER,
FET R SR S B R R GE L EARE s A5 e i 2 SR T e B A R R . HR,
FIHIADLER AR (2 4R3855) LIRTOHL R A (Beiedhe . A K5 BRaHEY) (BRAZRT . M) X
B RH TIE R O A EHGE ™, BT 2SRRI E e R ARG R R A E R R & & 2
P 4@ R RS- TS B Al . e, PRIUTEHLATCHLS R A SAREC S B X R
PSR A R B AR MBS R A E IR AR L IR A AT SR R

AUFER T EGERRNEFY) (RE) 58 S ANUBRYHE T (a3 fE e R, 45G PRl
S EARY) (FLRR AR R i HRTE — e R TR A R S R A SR GBS oR e R 5
r R G R IV R IR A RSOR s EMER 4B R R RGN KA 1 S SRR o e fk
VIR SRR R . AHOCHTFEGS IR A o R 2 & R0 L LA HE I B 4 S T e R B il S e P
MBS AR

1 APRSTE

1.1 et

TRECH TRFYIR B HPE SN B PE R X4 TS (25°18'-25°47'N,  104°54'-105°34'E) FRAEH 71X, Bl
RAFEF S BUREEAEZ 10 000 m? [FRAEH TR S WIME I REERE S, FERCREETEIR A G |, Bt
HETE A, BT L AKX, WHEE 2 mm SRR AG &, MZERAE A SN I PE R 24 TRk ™
KIBARAT], ARUERSE B 5MNE B AR ML R /e, Mg RE G I SR e 35 E T4F
Bk b, TEENAIRZY) . BRI, BRI 2 mmid, FEAMBAIE M. REFEFY) . mIEHRIRHIBE
PRI 1, B ERF R L B p A D R A SR RRA Al IRA RS R-AEH TR )
TRATIE 5T B FPAE SRR RO PRI R TR S

R REHEFY, BIAFRRGBUERNESRLE

Table 1 Physicochemical properties and heavy metal content of mercury thallium mine waste, fish manure and red mud

A EC/ oM/ AP/ AN/ AK/ Hg/ As/ Sb/ TV
SEHA R pH  Eh . . . . O o o o -1
(uS-em™) (gkg”) (mgkg') (mgkg') (mgkg) (mgkg) (mgkg') (mgkg) (mgkg)
KW KT 3.67 23833 1265.67 0.93 1.56 10.35 28.64 46.85 58.76 6.84 197.79
03¢ 6.54 1347 324324 3.56 312.08 976.69 306.24 0.12 3.21 ND ND
A 10.09 875 97598 2.74 4.07 0.56 601.23 12.74 15.93 1.48 21.93

TE: NDFIRFE MR TAE R </ Fom ARl ; ANHTARE APNARE; AKCHHEALN .

1.2 #RIESERET
NHEEEARI R — RS AN TG AN R SRR R 5815 SR I e Pl v A
FFIET M 150 d fibkug (HRIERA B 110 mm. 5 400 mm (YFIHTE PVC 45) 90, Lk 6 bl
(W3 2), A ARTHRZEAN 5 M0, BAHBE 3 P47, St 18 AU . RIE AR R AR
®2OWIESEERT
Table 2 Leaching filtration test design

b PR A TR Fric REEN KT /g /g ey BER/KL ERCEe)

Xof HEZH CK 3500
il FY 3325 175
Aledl FC 3 465 35
RAMRA FYC 3290 175 35
B FYCJ 3290 175 35 3

AR FYCH 3290 175 35 100
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(1 250~1 400 mm) SiHuEFREER ARG E N 1 000 mL, HHEHTHHPSCI & MIETR SN 5% (5 [ 5
o). ARRESIIE A 1%(FR A5 . SCIRm Rl E R 3~7 A, IR BT & A 5 B R A A KSR RN
AIREER, HRIEREREETHE 2 PMEYIMAETR . SCIRIRIESEI S A B LA )= AT PRy, A S A )
[ER% 10 cm, SEBEAUEEL, HASE BIRENLE SR IEAE A B o IREAE SEE T 30 d JE RS — IRk IE IR
(L1), JElAtkm 30 d e —vabkug, e 5 MREEER (L1, L2, L3. L4 FIL5).

WRIESEIRAE RS, RERIIEAFE S AR R SHA 2, SRS SR AR A, T4
i 2 4, 1A ET-80 C WKFETIRAE, HTHAEWHEINT 8 55 1 e = s XUk B SR X5
& o, TR RS R R E .

1.3 H&SH

TREEH SR SO B A AR M ORISR 70 e G IR S 1 (Bl b ) mEe
KT ERY . B pH 31 (PHSJ-3F). HLS%R{L (DDS-11 A KA A B R A7 5E 1L (ORP-422) 4351 5
pH. 5% (EC) MALILFE AL (Bh); AR 1 mol- L' LRI, FEHIREFIRIOLIEY (TAS-
990A) MIXE ; Wi AR HBRARY oL ; ARWERH 0.5 mol/L NaHCO, iR HE-EH BT L Lk 5
OM RHPK AR IR AL L EIEIE . SRAEH TR RIS RAE L Hg. As. Sb FIHR T2
(AFS-8510) M5 (HJ 694-2014); T1 FIFHIEFMIOEEAL (TAS-990) e (HI 748-2015).

1.4 DNA 12BL PCR ¥ 1£%1 Illumina MiSeq U5

{4 1 HiPure Soil NDA Kit iX7] & (3¢ OMEGA 23 )) JEHUSLIRRE S AN B ) DNA. §7 88 X80
16S IRNA E:[H ) V3-V4 X, 5|¥)k 338F: 5°-ACTCCTACGGGAGGCAGCAG-3’ #1 806R: 5’-GGACTACH
VGGGTWTCTAAT-3". R 1% BrHeAEe i B ik e R JE R4 DNA, SRJ5 51T PCR #7714 (PCR 1Y,
ABI GeneAmp® 9700 %), F|H AxyprepDNA BEE HIIAT & (32E AXYGENZH]) VI I PCR 74,
Tris HC1 &8, 2% Zifgpiravkrnl . SEikpILbEREEE, 1 PCRI™H QuantiFluor™-ST # tA55tE
wARS (5HE, Promega /A H]) PEATE RN, AEE llumina PE 250 3C#, i@id Illumina /A 7 A NovaSeq
PE250 “F-H#EA TI)F .

1.5 #iEAE

FIFH Excel 2019 F1 IBM SPSS Statistics 19.0 #7528 A8 BEANSE 153487, Origin 2017 FITEIE

AR

2 HR5TH

2.1 BRFISEMEESEEXRECH R AMEN M FRAR

H#E 3 AIAIRe S 2 SPGB R 1T B & UGE R TR A E b T (P<0.05), FBE&im ket
WIRFYFE & 4150 dIKIESLE, SABRAEFY b pH (HY B E THE (P<0.05), X IR
(CK) Ry METE ZE e h b, Horp IR A ol RITFIE B P 541 pH e ; Eh {85 X% B8 ZUAH L R o [N
51.08%~90.34%, ¥JEEEME (P<0.05); EC {HAHET CK A 272.67 uS-cm ™' [# % 128.67~223.00 uS-cm ',
FOTERITH, AL OM(OM) . AXHE (AP). BHARA (AN) S (AK) & AR T CK A4
FEHAN . Horh AR SR S R R FEYI T OM . AP il AN & SUR B, 4391353 3.14 gk '

R3 KR SEVKSIEEIRECY EFIER MR
Table 3  Effects of the combined remediation with conditioner and plants on the physicochemical properties of
mercury-thallium ore waste

Ab¥EZH pH Eh/(mV) EC/(uS-cm™) OM/(g'kg™") AP/(mg-kg™") AN/(mg-kg™") AK/(mg-kg")
CK 3.87+0.11¢c 169.00+6.48a 272.67+11.50a 0.64+0.05¢ 2.07+0.35¢ 15.40+1.51d 33.47+2.88e
FY 5.56:0.09b 82.67+5.31b 194.67+12.58¢ 3.14+0.09a 6.96+1.22a 75.13+4.62a 187.41+3.38d
FC 6.76+0.24a 32.33+3.09¢ 128.67+12.34d 2.7240.25ab 2.84+0.38bc 14.47+4.05d 227.78+8.29¢

FYC 6.76+0.08a 16.33+4.64d 153.33+£8.62d 3.09+0.23a 5.89+0.72a 69.47+3.35ab 225.37+4.86¢
FYCJ 6.78+0.11a 16.33+3.30d 223.00+7.23b 2.50+0.25b 4.15+0.87b 52.20+7.54¢ 273.954+4.85b

FYCH  6.66+0.07a  23.00+1.63cd 198.50+4.00b 2.87+0.19ab 3.39+0.35bc 58.87+7.01bc 292.89+10.47a
e ARIRVING R /R AL 8] 2% 5 i 25(P=0.05)
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6.96 mg-kg ' M 75.13 mg-kg "5 ARVEHIIRIMHREREED R DI AK 2 BRCRIEAS, i85 227.78 mg'kg o
Zi b, AR ZER A R AT W R A R S B R R e, A A K AR R 25, T
TRA R IR R GE T RSP
2.2 KRFISEMBESEE X THERIE M RAEN

fE 1 AEL, ol R R A AR B 0T 8 MR SR AR S I IS R AL M T (P<0.05). R4
(FC). faZed] (FY) MIRARAL (FYC) XM uERBALIE A B 0, P E B 5 2 W RE e R Y
FEfh bt — 4 SIS R pH EALEAAHL (TOC) WREE, RIS Eh A EC {5, & HUHIE pH 2545
IR, B4 (FYC))) MR (FYCH) WIS pH (E20 91555 6.99 F1 6.91, #&AbHZH REEH"
B S uE Eh B BARTXTRAL, BRES 2 #LUOMUEIRsr, 7ES-HERIER h 2 RIR s, Bl
J B B Eh IR 52.85%~81.21% L RLZ KR4 HA RIS TOC Bk FEAHE T CK 4427+
6.54~27.89 1%, FRUCLHIMIEME TOC BTl BEAHXTHAAK. B L2 itk FC 414, S AbHHIEH EC LT
CK, HAEEME, L3~LSHLR M ARG EC AHE T CK S H Al Ak BRAH 594 MR FEAIK, [0 nl ik
12.25%~52.18%. %I, faZEFARYCIR Aok K IFRivie Sa 22 wom B ] B 8 CE R e IR SE e i #E ik
PRI, TR R IR PR 5 X TR A R S B T G A R e

—=&—CK —— FY —&—FC —%—FYC —¢—FYCJ] —<«—FYCH
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Fig. 1 Effects of the combined remediation with conditioner and plants on the physicochemical properties of
mercury-thallium ore waste leaching fluid

2.3 KRFISEVKEEEX RN BRI ELE N ARG

1) BRI REEH TR 5 H 4 Jm IR R sg . iR 2 v, ot RN B SRAEH I 72 Pibk s
WA B3 R (P<0.05), 2841 (FY) 4RI A T1AN Sb i &k vk B AT & 25 0 B4 (CK) 1Y
18.29%~61.31%, T1. Sb HYBTE KRRS04 45.89 ug L™ #l 4.14 ug'L™'; As (BT EERR L1 #tik
WIS N RN 1 He BB/ AABar R - i ke sy, 2 LI TR e . AR R4l
(FC) ALV T1 AN Sb AYIE H AR T CK S2ARAH], LS #Uaugiih T1 A Sb fefitfih:
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Fig. 2 Effects of the conditioner on the leaching of heavy metals from leachate

WREE A2 31.92 pg L' Fl 4.6 pg- L' ARUeZHitkigi T As ROBTEIREETC 0 AR futa, 1 Hg RIBTEk
JEARAST CK 2 B R B #a s (P<0.05). IRA R (FYC) XF As Fl T1 BYRECA & py 4 il R
(P<0.05), HARTHAY 3 4. As BRI FRFEEXIRL1R 38.719%~58.34% . AR Sb ik
A CK BARREAG, (EXTHumZed] . ARRALLZIIFASET: Sb FsHleR. X TH4EE Heg s, Bk L2 #tkik
USRI CK M FY AT RSN, HARMU g RO IC o 2 msIser, sanifdst He AoRsi. SR RInm
ARTAREERIRET EF7YH Hg. As. Sb., TI AYMKEREAL, 78 150 d IESEE 5 U= itkigii He, As &g
YIRrE ki BB E ) Bk, 28 b, SRR GO R REEH TR 774 5 4 Jm R BRI s RS
etk

2) MR SRR A B X RN TR S A JE A R . F D 3 ], TRA RS 4B
F R A B OR AT R S B I RS . TR R IR AL R 5 (FY C) R v
(FYCH) IER AT As. T1 A Sb BB R4 (CK) A B2 AIFK (P<0.05), B HEHFAHLHMIKIE
Wrh 3 R E 4R PR ML 30%, 1 As. T1 A Sb Fe 5 i B 1 U BIAE LS #LUOkugm, 9k
24.20, 52.10, 3.11 pg-L™'; MR EAAMUMIER T 3 MESE FRERIgHM 20%, As. T1 Al Sb f /L
TRV LRSS AL OMIENR (LS), 20310 26.78 ., 47.48. 3.07 pg-L™', (EASHEERE, RAW R IFRMN
ERH, BERIFARSET As. TUAEEHIRCER; Sb BYBTEIREEXT R AR 4] (FYC) 78 L2~L5 LIS
Yo B3 RR, I He AREERE T CK AR BT, STHURAM RS —. oM, il
A T R 2R 2 R RE AT SR R A2 R SE R Sb AR, Mide—E R _EAEUE He AR,
1B 150 d WIESZES TN He . As Srindirs (I5/kesaHEohRE ) 5K,
24 BRFISEYHKESIEEN RN RN E MBS EEHRIEMN

4 EIH T MR RS EY R G ORAET R Y AR E S R AR R . R
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Fig. 3 Effect of the combined remediation with mixed conditioners and plants on
the leaching of heavy metals from leachate

Chaol F8%UF ACE 5%k, 2t RFIERAS &R AL
AR T BGE R s DA S B
FEMEFRSEL, MBI R (FYCH) MANAREE 5
J fc 5, Chaol A1 ACE 8 %4> 5] S~ %) B 40 1Y
18.45 1A 18.74 1.

R4 IESEIERCE BT RS
FEEMSFLHERER

Table 4 Differences in bacterial community richness and

diversity indices in mercury-thallium mine waste after

leaching test

IR 4 7], o B AERAHIIG E X R PEdh  OUT  ACE  Chaol  Shannon B/ %
JEFEWITED KT RS R . A2 CK 5757 57 177 99.9
I'] (Proteobacteria) M il 2% i '] (Actinobacteria) FY 551 632 617 3.74 99.7
BARE AR, BRaRRA (FC) 4, AWkt FC 401 413 412 3.92 99.9
HH WAL (Proteobacteria) AX 2R FYC 720 793 777 4.52 99.7
AR, SEHRRIRRR GAFI 44.42%) R yer 999 1068 1033 526 996
[FARFRAURTRT ] (Bacteroideres) ARTERIIIIE Loy 1000 1o 10%2 5.48 99.7

fn, Horb SR B B IE R (A B 14.30%). b

Gh, SXTRAME, S RET EFYHES ] (Chloroflexi). YUAFIAITT (Bacteroidetes). WEANHH 1]
(Cyanobacteria) WA RE XA AN [RIFRE BRI

U R AR SHIE R AR A YIPEEACT T R Rh 4= B RESAIA (K 5) SR TIEAFE LR ok
RER R SRR R T S0 MANEE . S5, XIRYL (CK) SE UL (FYCT) MANRERETE 25 5ch
i, CK5ARIB4L (FY) WIANBBEVE 22 Rt/ e M IBA M EER S W EE R 2 ERALEE
(Sulfuriferula), HAIXTFEE R 66.19%, 540 PR AR XT3 B 458 5 1 1 & ) 32 B2 J& PR 0 1R 8 (Miicro-
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monospora) L FEH & (Massilia); THURLFT B
J& (Granulicella), ZLERE J& (Rhodococcus) 1A
X FEREAL, RAS W R (Anaerolineaceae
uncultured) . FILRRNEE (Pseudomonas) FIHH
FBE N H 8 (Sphingomonas) W AH X 3 i 2 4
T

3 i
AHFFRLE SRR, ZEFIIRIRNE ek BT
ARCER N TR YR, HAYUAITC

HAXS /%

CK FY FC FYC FYCJ FYCH

LR AR R AT, A TR/ Pt detmobacione

i e LI s AR PPN S S o= Gommatimonadeics W Tomucomierohis
SRR R R SR A KRS T A m Chiooti bt
AEBIRAY. A 1AL, T SRR e iets e tclasifed
FmEPE, PIE RIS IA SRS TOREEE R A mm Cyanobacieria = Other

1 pHo BCRFIAIHSIN, PR BT (a0 3 & 54 I R E A AR
LB ApH LA, SRR R PR T
AR SRR E A . BRIRERAS B8 IE s

Fig. 4 Bacterial community abundance at phylum level in

‘iﬁﬁ%, TR EE A I 4 Jm RS sl A AR mercury-thallium ore waste after leaching test
WA RO i RO el o 4 J ) S S A A A
YIfEESRNIETG Y, MIEE 1 OM, AP Al ANGE 1) 58 E S ESIRSIIN TR0 K574
Je AT M SRR PR S B M E B MGE R IEME TR IR M I B S i (36 3), IR RGeS 1 oK%
W ST ISR AP IER, AR P AT A A TR M A B R e R A B, I TP BGE R B
RS Kb IE LT (18] 1) BRI, MZERIRTRIR G ol RIF M L T 555 X R TR S AR o 2
RO L E

SLIASREN], MFEFRIER G RAVMUEA BEEER 0 R AW A SRR, ERE R MR
BER RS T, Sb A1 As PIIERSI, (H—EREE BAEHE T He MMV . JE—DRY k], maERRe
IREMRITGIARKE OM ., EEAE YR T1. Sb il As TZMIMI, AHOCHL st R E 2= T0E
VERRERIE R EFYIR T1. Sb Ml As 7EMMEFPRUIEREREA T )0 [RF, RJerh s & R ga b
S i TR S, RIFRFIFLBARREBIR, SN A2 S 7 s AR ] PRI b it o s g Tl e
ZHYRIOLE, IR PR R 7 58 FRAIZE S E > teoh, BA SRty m
DRIEITR A B2 HGE TR TR FYINIRYE (% 3), 78 pH PR, sRlerb e B Eh ] ive ke
VIEFY T ESRE T, (R EFYIMIERT As. Sb Al T1 RS R/t taFepishn] i
OM HEAGREH TRFFYIH (3% 3), HrPErE iy OM n] SR8 A YR T1, Sb #l As KA G BB G 1F
L HES AR R FYI TL. Sb Ml As KA. ABERY, ShZEEpasmal i pEdt, &R
LR BT AT SIS PR T1 MRHRGERSRE 2 Aokl TR AR G R BRI TR
FEIE pH A1 OM i, ELIRIEWD T1. Sb Al As &% CK 4L WA, i Rie 5 3R ARG
REAE AR RIREEH EFYTh T1. As F1 Sb UMIA R, (Bl EEERE, MEEHRIGR SN RAE—E R
EARHE T R R AT He AR, HSA AT e I A SR IR R 8607 K 74 pH _ETHE M T 26 i
OM X Hg FlElsE, J/b Heg BUMGRHEE, MIMfERE He B, X SVFSHIREER—80 . IRESIRIFFE R
A R R PRI  T Sb AIRIEREIL, B Xt He AR RO IELE, (AR — PR mas st
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Effect of combined remediation with the conditioners and plants on heavy
metal leaching release behavior and microbial community structure of
mercury-thallium mine wastes
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Abstract To investigate the in-situ control effects of typical heavy metal leaching release from mercury-
thallium mine wastes by combining the conditioners of the modified red mud (Iron and Aluminum-rich
industrial waste) and fish manure (Nitrogen and Phosphorus-rich organic matter) with two typical pioneer fast-
growing plants (giant fungus grass and ryegrass), the 150d-leaching experiments were conducted to study the
effects of single conditioner, mixed conditioner and modified conditioner-plant cultivation on the
physicochemical characteristics, heavy metal leaching release and microbial community structure of mercury
thallium mine waste and leachate. The results showed that the addition of fish manure and red mud combined
with plant cultivation significantly inhibited the release of As, Tl and Sb from the mercury thallium mine waste,
and significantly promoted Hg leaching from the waste (P<0.05). With the extension of the leaching time, the
mass concentrations of As, Tl and Sb in the leachate of 5 batch experiments decreased to 21.28%~56.56%,
33.21%~63.15% and 32.23%~56.62% of the control group, respectively. The nutrients of the treated wastes
increased. Compared with the control group, the pH of the treated wastes increased from 3.87 to 5.56~6.78, the
content of fast-acting potassium was 5.60~8.75 times higher than that of the control group, and the organic
matter increased from 0.64 g-kg™' in the control group to 2.50~3.14 g-kg™'. At the same time, the conditioner-
plant combined remediation improved the microbial community richness and diversity of mercury thallium mine
waste, with the highest bacterial community richness in the ryegrass group. Considering the control of leaching
and release of heavy metals and the improvement of microbial community structure, the best remediation effect
on mercury thallium ore wastes occurred when the combined conditioners of fish manure and red mud was
accompanied with planting giant bacteria grass. The result can provide a technical support for in-situ control of
release and soilless rapid ecological restoration.

Keywords mercury-thallium mine waste; fish manure; red mud; Lolium perenne L.; Pennisetum giganteum;
heavy metal leaching; microbial community
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