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Abstract: In order to clarify the treatment effect of Microbial Induced Calcium Carbonate Precipitation
(MICP) in the heavy metal tailings in highly wind erosion areas in arid and semi-arid region, this paper used
Bacillus (Lysinibacillus fusiformis) as the research object, which was the carbonate-mineralizing bacteria-
spindle lysine bacillus screened in the habitat soil of the study area. We added the bacillus fermented liquid
and the cementing solution mixed by 1mol/L urea and calcium chloride in the tailings slag to carry out indoor
simulation experiments. And we compared the varieties of basic physical and chemical properties Cheavy
metal element content, pH, electrical conductivity and enzyme activity) in tailing slag with different size
which were from slope top (fine particles: K1<C5 mm), slope middle (middle particles: 5 mm<<K2<{15

mm) and slope bottom (coarse particles: K3>>15 mm) before and after MICP treatment. And according to

5 H#1 :2022-01-06

REVIRE : E R E S LI H (2018YFC1802902) 5 T & A R FI 4 &8 F W H (2022 AAC05005) 3 T H H AR B F 41 H (2020AAC03091)
FE—EF W E 1995, Lo R LB, FEMNFRE A S ETIE . E-mail:2213582962@qq.com

BEEE RIIFEA963—) B A SR, EEMNFE L5 . E-mail: Songnp@163.com



366 K PR R 536 &

the method of two factor analysis of variance and correlation comparative analysis, we revealed the effect of
MICP remediation technology based on habitat microorganisms on the regulation of regional tailing slag
pollutants and determined the dosage of bacterial agent in MICP technology for the remediation of tailing slag
with different particle sizes. The results showed that the MICP treatment had a significant effect on the basic
physical and chemical properties such as heavy metal content, pH, electrical conductivity and enzyme activity
in tailings slag. Under the MICP treatment, the arsenic (As) content of small particles (K1<5 mm) reduced
by 21%, the mercury (Hg) of medium particles (5 mm<CK2<C15 mm) reduced by 23% , and the lead (Pb)
of large particles (K3>>15 mm) decreased by 22%. The pH in K1 and K3 reduced by 5% and K2 reduced by
4%. The total potassium (K) and urease in K1 significantly increased by 33% (»<C0.05), the total carbon in
K2 increased obviously by 39% (»<C0.05), and the sucrase in K3 increased by 7% (»<C0.05). The amount
of microbial carbon and nitrogen significantly increased in K1, K2 and K3 (p»p<C0.05). At the same time,
Ni-Pb, As-Cu, electrical conductivity and Pb were significantly positively correlated (»<C0.01) under MICP
treatment and pH-Pb was extremely significantly negatively correlated (»<Z0.01). And after MICP treatment, the
correlations among total nitrogen, total potassium, total phosphorus, the contents of organic matter, heavy
metal elements were enhanced. In summary, the MICP remediation technology based on habitat microorganisms
could reduce the content of heavy metal elements amount in tailings slag, adjust the nutrient status of tailings
slag soil, so as to regulate the quality of contaminated soil, and reduce the risk of environmental pollution
caused by mineral resources development. At the same time, this study further determined the application
dosage of bacterial agent for different particle tailings restoration to reach the remediation level, which has
the better application value in the treatment and remediation of polluted soil.

Keywords: MICP; arid and semi-arid area; urease-producing bacteria; heavy metal pollution
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oL m
1000 |
0 . | | 0 . et |
MICP CK MICP
25 r 10.0
4 K1 7 K2 BZH K3 3 K1 77 K2 B3 K3
20 F CK:p=0.000 1 Aa d CK:p=0.041
o © MICP;p<<0.000 2 Aa 95 + @ 4 Aa Aa ynepolg
o Bab CKXMICP:p=0.178 CKXMICP:p=0.757
Ry AT
o 7ot T 9.0 7 Bb Bb Bb
= 10 f B Ac o ,
& 10 A :.:.%
% ]
A 9055 8.5 |
5t 55
o
o
. - aled ) | )
0 8.0
CK MICP CK MICP
8 r K1 FE K2 A, K3 2.00 K1 B K2 K3
CK:p=0.0001 1.75 F CK:p=0.927
~6F © MICP:p<<0.014 ~ ® B I&?ﬁfl’égisﬁ) 503
y CKXMICP:p=0.186 ® 1.50 iy B Aa Aa
24 20125 T |
~ ~. /
B & 100 | =S
o, L Sy :::L:
0.75 r B
0 L | 0.50 ! [ |
CK MICP MICP
35 K1 272 K2 K3 0.05 K1 22 K2 K3
- CK:p=0.002 Aa
~ 30 7 0:04 - (h) MICP:p=0.196
o CK:p=0.959 v CKXMICP:p<0.000 1
2 s L MICP:p<0.000 1 * 003 L
. CKXMICP:p=0.963 =8
=0 ~
@20 | “é 0.02 |
4 Ab
15 | Bb Bb 01t
10 1 ] 0 1 ]
MICP MICP
B2 MICPXMARMNEEY EEAEROZ M
£1 MICPRAMEN BEMFSHMEFTENIE
g O 8 3% 3 / A P / AR/ i A b S/ TR ity /
(UegH (mg kg ") (mg+kg ") (pmoled '+ g ') (umoled '+g "
K1 11.645.6Bb 306.66.2Bb 30.740.3Bb 2.340.2Bb 11.340.1Bab
CK K2 44.1+4.7Bb 318.0£9.8Bb 32.14+0.6Bb 2.4+0.2Ab 11.2+0.4Aab
K3 47.145.7Bb 308.5+8.2Bab 30.940.5Bb 2.440.3Ab 11.0£0.4Bb
Kl1+M 62.0+6.6Aa 342.4+4.1Aa 32.7+0.7Aa 2.71t0.2Aa 11.840.3Aa
MICP K2+M 59.249.7Aa 339.4£10.6Aa 33.140.8Aa 2.6+0.2Aa 11.640.7Aab
K3+ M 64.1+8.0Aa 337.7£8.9Aa 33.040.8Aa 2.54+0.2Ab 11.840.6Aa

A K1 A ER <5 mm; K2 AP R 5~15 mm; K3 AHLPUR A # > 15 mm; N R/NE 78 LR AR W R 42 764 J6 MICP 4T Y
ZRBE(Pp<0.05) ;s A KE FHRFRFE—RAEAEA TC MICP A HL T /922 5 8.3 (p<<0.05).
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24 MICP BERIGRET EELE BRHEXME
&l 3 AT, MICP AP T, Cu 55 Cr.Ag 5 Ni ] 2
HETEAHR (p<<0.01), Hg 5 Cu.Ni 5 Pb & B Z 7 HH
X M R EA 9 —0.81, —0.84, —0.08, —0.37,
As 5 Cu BFIEMK;He 5 Cr.Ag 5 Pb 2B E R
K (p<<0.05), MICP 4b#F,Ni 5 Pb.As 5 Cu
BB E A A R B 0.67,0.91, Hg 5
Cr.As 5 Ni 2 EFRMHL(p<<0.0D . MELREH
(a) BE

Cr * 0.9

Cd

Pb X% * 0.4

Cu ok

Ni ¥ * -0.1

Ag * 0.4

As > -0.6

Hg | =* *k * -0.9

Cr Cd Pb Cu Ni Ag As Hg
e Fm p<<0.05; x x FIR p<<0.01, T,

—0.52,—0.54, Cu5 Cr.Ni 5 Cd.As 5 Cr 23
EMK,As 5 Pb,Hg 5 Cu ERFHRM K (p <
0.05), 2 MICP 4bFfJ5 . Ni 5 Pb,As 5 Cu 24 &
FIEM G B E G & 48 B G Bk B 2 N1 5
Pb 7EAL PR 5 H 71 AH 5642 2 1F AH ¢, [A] B 45 4: ) [A]
FHOCPEAE AL FHT IS o 55 X R AR AR, Cu 5 Cr 78
REBEHG 5 B2 TR OGS i B E TEAH OGN
Cu W AT AH G PE e 748 g A 0 2 A G .
(b) EEE

Cr *k 0.9

Cd

Pb * 0.4
Cu *% *

Ni *ok * -0.1

Ag

Hg | 4x * -0.9

Ctr Cd Pb Cu Ni Ag As Hg

B3 MICP.ERmIERTVEBEELREEAMEXME

2.5 MICP ¢ERIGES BB MERZ ERHEXME
i & 4 R, #E MICP 4b FH AT, 4 & Heg 2%
2 IEAR G (p<<0.01) M RECH 0.77, 25k Fl Cu,
As 5 EEA G, AHOC R ESr W 0.68,0.50, 44
il Hg 2 & B AHOC M C R B 0.89, URE #l Cr,
Cu Jt CAT 5 Cd 2 B % IE A5G, L 58 M Pb K4
A5 Cr.Cu. As 5 I 3 7 A0 3¢, MO R B0 5
—0.58,—0.56,—0.59, —0.31, &4 Fl Cr.Cd.Cu &
B UROC, BEMERE A As(—0.76) IR Hg & 35 7
FHIE(—0.77), 4B A Ni, 485 fil He A3 HLF AN Ni K&
(2) BT

Cr *k *ok * 0.9

Cd *k

Pb ok 0.4
Cu *k *k * 0.1

Ni * *k -0.1

Ag * * 0.4

As *k * *k | kk -0.6

Hg * *ok *k -0.9

pH EC TN TC TK TP OM CAT CASURE

Ag BB FIEAME(p<<0.05) ,pH Fl Ni, B, G Hg, 4
AT Ni it S f0 S B A Cr 25 5 W3 A G, 78 MICP
REFRR R i 4 R B AP U (R] (4 A DG M R
H7A24k . pH Il Crod S LA Ag 5% W 35 1E A O
(p<<0.01) AHK R ¥ 5k 0.59,0.63, A HLELH Hg
SRy 2 IEAR G IR EE A PO NI Ry i TR G L A OE R
B —0.75, —0.54. B ML M Cr,Cu % &
T A R BT 5 —0.62, —0.65; pH Al Pb &
W IEA I (p<C0.05) s &8 #E MICP Ab PR )5 1 Cr,
Cu % R IEAHSC MO R 5 0.61,0.73,
(b) BHEE

Kk *k 0.9

pH EC TN TC TK TP OM CAT CASURE
B4 MICPEZERIEESBMEBEAERZ BAHEXME
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o536 4%

3 W
3.1 MICP X AFNERET EEERESENI
ABEFELBR Ni S, RS E SR ITR S
T AR AR X R, B E, &
MICP FARA B )5, K1 o As &8 FEL 21%, K2 |
Hg & & B K 2300, Ag FEA% 20%, K3 1 Pb &K
22% UL Z XA E B B R A R 4 JE 5 g,
1M MICP £ AR BE 8% AF y 1 18 5 4 J& 75 44 i FR 0 A 2%
F-Bt, MICP B ARFLES #h i E 4R, & #EEH
FR 2 2 TR B AT RE TR T L 3 il DR R AR L COL™ AN
NH,  ,CO;” M+ Ca® \Pb*" [ Zn"" .Cd"
Ca’" 45 5 & J&@ 85 ¥ LA U0VE 8 3L & % 19 I8 X 3 A7 13
FE S BHIETE 4 JE T R RS L RN 4 Jm JE 0 B W i
X N 3t B At R R M . LAt A 3 A 28 R A
J . Achal % FIH] MICP 4% AR A& 5 855 e () -5 %
PG g e AT A2 S Ph & D 83.4 %L BRIR
MBS Ph RN 83.2% . FR A A W IX R
B3 B T Pseudomonas sp.DC2, WF 58 &
B.DC2 XF Hg W ZBRFE R 91.6 %, FEMKHFE Cd &
TG G RS . AW 5T o, TR T 5 IO Y
MICP g G813 A& W) e % A AL 18 6 3 4 Jm B AIK 1+ 3
& JEiE g B A BRI T & Y T
3.2 MICP MAFAEZRY BRI SENZIE
13 pH X E 48 (5 oy L 15 pH R
KRPERT, b AR TR S RN A R, +
v i A B 4 B G R R AR RS R
pH.&#h B 7F MICP Ab B 5 & 3 P AL (p <<0.05) . HL
TR AW AR RS R R ETHE (p<<0.05), ATHE
RMAEYET I R AR T COY L PR R A
pH Rk, Hk B/ RV & pH>7, fmi e, 4
Ja& B AT P R0 AT AL Bl M R B B PR SR R R AR LA
FITHE 4R R E L, 8 AL S o 3 AR ) A
4 R B U Y () D i — R S R R,
SRS T PR 2 m A A5 R b A AR AR BT R
JERE I, BT LA MICP A4b 5 B0 i i 5o 3% T
(p<<0.05), K1.K2,K3 H i F R 405 7+ & 37%,
39%,26% , i R T E R LIRS T ET S
7 3 R 43 B i v B o AR 34 R e A ) Y A K R
A W #E 1T MICP & 52 3o 2 v 07 7™ % 42 ] 75 b
. 5 MICP ZhFEHiAH H , 65 MICP 4B 5 B ik
) A Ak 2B i R TR (p<<0.05) , &R
K1 FeE 75%, ke K2 ke 39% , 24 1
K1 7t 33% . MICP 4B 5 42 dh & B PR AR (p <
0.05), K3 P& 61% ., FZJ5H & MICP 4b H it 72

oL IR R AR ES 10 U ek R Bl i R o B i b
CIEANE= S Ive 7N | Bii =0 R S L ) = I =1 LW
PN 1 k3 s 78 MICP Ab B 1 3 72 o L i Jin i) st 2
WYIeR ), A 7= AR WS S W I R ol A AR 25 4 L ) 3
PRI RN EORL 4 ¢ AR, 36 B K R BE RR E 1A D
MICP # AR REW S B 370 & & (2 E B o i )
TN CER TRy X AESHEBR .,
3.3 MICP A EH EEFENF N

T ERGAE Sy A A b B S BR A A AL AL B 43
Z— e AE I R A D) AR A A B R S
M —A~ B AR AR AR . SR AT Dt A
Cr.Cd.Cu.Pb F Zn 55 4 J& 15 YL 38 45 , /K f# 25 1,
— AT MAE As Hg %848 15 Y B W8 R,
ARG R, AR S e B X S
WAy E B 2, 78 MICP 4315, IR % M 5 2 7t
B (p<<0.05), K1, K2, K3 4 54 hn 33%.26%,
27% . EAAE R A EE KL.K2 BETHm (p<
0.05), 4r JI3 Im 15%,9% . REREEG Y & & 4 K3
WEWM 7Y%, FEFHEZEEMA MICP Z 5, # 4
JBICER B R FEAC, W L R A B A L D
4 A B F-1E R - S 00 L wT DG HE 1 e
FRC R AR RS 420 18] B4 TC A B 285 o A S TG 1 0 Y
LRGSR AR LR R BTG R SR . BLAh, e
FEH R B AR A S e o A A R T R R
A T S DTS 0 - S TS . AS B 5T AR MICP
ARG R R &8 B E TS . e
A R & wE AR A8 T e i U E A
A BIFFT AP A MR U MICP &b 3 RT #558 Jn, K1 34
Jin 0.5 pmol/(d = g), K2 ¥ 0.4 pmol/(d « g),K3
M 0.8 pmol/(d « @), 7 MICP &k FHAT . 1% X B K
W7 B 5 4 WA, BE 5 5 YRR R 3G, A P ik
RE TR FBREEA . (D &K ENESE
2 Y 1% 45 46 R0 DI RE A2 B B I, A1 £ 48 B S8 T, 30 A
A i T DT e A ) BRI (2 BT A R T
A A W T 2 R R R B ) R R L R T
A BN 2 B (O HIER SR A T,
TR W AR K T T BE B AR B A R AR L T AR
MICP &b B 5 , A= 90 e A0 35, 32 22 IR Ol i
AN 4 8 LA TTTE W E X8 L 0 o 4 8 1 IR 2
BAMUE AR R ALZ 8, AR R,
- Sl M T R e A S TR T B v AR - A PLSRE o
ARG O X R AR r A A L, AR
o, BB T AR MICP &b B 3 F vh B 3 T
i B 3 T PR 4R E B R 19 MICP AR A A BE A7 3% P
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R BEL BT 5 4 B HOXURS:  [R) I RE 8 Bl ) DXk 4 SR TS
P LRI TR IR
34 MICPEERIEREVEESREEARESEME

k14 5 8] B9 AR K M

e A 1 O [ T 4 ok R A AR 0 AH oL P R
SR AR SCPE 20 BT — R UL, 4 (] 7 A G 1 o Wl 5
VLIRS AR, AT EREESENE A
V5 Y S HF e R 2L I 9 4 R 4 () K TR 4 R
Al 0 ] A R DG MR S R A B T R TR
5 YWy 0 K RO Oy T 4 s Y 1s B AR KR . A B
558 MICP B BRI 5 & & @ o X MEN 5740 % i
AT AR M 43 B MICP A 3T, Cu 5 Cr.Ag 5 Ni
(B 2 3 EAH 6 (p<<0.05),As 5 Cu 2 i 1F
X Hg 5 Cr.Ag 5 Pb 24 i & 74 X (p<<0.01),
MICP b3 F . Ni 55 Pb,As 5 Cu S 3% 1F 4 &
(p=<<0.01)., BB SR #4540 & 22,7 MICP
AEFRET.TN 5 Hg . TC 5 Cr.TC 5 As . TC 5 Cu &
e i 2 1IE A 9 (p<<0.01) , MICP 4B F, TN 5 Ni,
TC 5 Cu 28 #E IEH I (p<<0.01), RWUAEBE
HIEW #H TN 556% Cr.Cu.As . Ag . Ni H A A A
kI, A LTS Ni F Ag HAT A [R] #9 oR I. CAT
A Cd B FFERIE, URE 5 Cr #1 Cu HA H[F 2k
J5. £ MICP £ 4 )5 . EC 5 Pb #il Ni, TC 5 Cr.Cu
Ml As, TK 5 Pb il Ni, TP 5 Cr.Cu Fl As, A L%
5 Ni,Pb fil Cd, URE 5 Cu.Cr fil As HA M [ %
WSS I 51 I Y e T P E R 55 NN LT
HAMPR T, M EE SR TR
3G 5 5 S AL o 3G, 2 R R g b — s
R T ME L 48 5 TR S G EaY . B4 T
RIA BN GERRE ) N 4 R B TS MR, I
S P ESE S E T, 7E MICP 43 5 &
& JEICE M AR5 O i) £ 5 0 2 UM O, T AR
HFIMA MICP J& . + 498 & A4 ) & A/ H IH A0 1
JFH 08 A e 2 4 T8 A AT Sk R0 1 AT A A1
4 JE AT HAPEDS A AT B8 2 T MICP 78 [ 46 3 72
WA 25 R TR MIRAA I A
4 45

(DBFFE X N A b 4 8 & B Ni Ak, Al
BB ERYETTEREARK LT RHE. &
MICP 4b BT, K1 o As & 5K 21% (p<<0.05) ;
K2 " Hg Ag & 20 B FEA% 23%,20% (p<<0.05);
K3 1 Pb & AR 2206 (p<<0.05) . R WM T 3 5L
P52 B A MICP 4 R 7T A 2B 1k 52 1 51X 5k
W 4 RS BRI & 8 oo B0 T 520 T 5 X

WESETGY.

(MICP B & J5 . ARV RLAZ B0 pH.H %
AL (p<<0.05) K1 2RI 75 K2 h4
T 3900 (p<0.05) s A fe 2 W B THi (p <
0.05), Kt MICP % Fri5 4 4 38 b 5 43 )& o0 R AL
R, KA 2 B R °T e 1 R o & i, {3
A I AR TR X AESHEBE .

(3HMICP B E 5. K1.K2, K3 ki 21y B # i
JOK Tt 149 3% 7 L AR Wk RO AL AR
REPEBE & YT R . K1 K2, K3 P IREEE 1 7
1 33%0,26%,27% . UL T WFoE X A 55 0 — & R
TR R 25 AT 1 (Lysinibacillus) B MICP 4% R 7E
RHL 0 5 45 Ja 4 FOXU S 1% ] B g 4% Bl 7 DXl 4 T Y
e AR TR

(HOMICP &5 J5 . pH F1 Pb S0 i 2 5 56 (p <
0.01); Pb #il EC 24k i 2 IEAHC (p<<0.01), Cu, As
1 TC B 3 AR (p<<0.01), UiB] MICP A]
E AR S h G R TR BRI R )
AR EAE TR S E RN, 550 & S
PEE R T RO B
S E 30k
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