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Fig. 2 Urease activity of samples



HS3ESE S

WKW S5 JEALEOR P IR R E Y AL R R

* 1039 -

Z 8 GB/T 50123—2019 {4+ Tik56 77 ik b
#e) TSN e B R B R AT . S E . T
pH {H. WWHE. MX%EE. RKTEE. &N T
WL ORI RFLBR R /LR 55
BALREME . AT WD ROk g I h 28 K T SR an ] 4 B

20 F A B, ol K
L J

18 . 460
216 "
2 500
S14f = .
S . 400
S 12 - ol® °
Eiol o == - * e . 1300
g . . °d
s " = = 200

08}a .

" e ol
0.6 o 100

FIF2F3F4F511 12 13 14 1516 17 I819110111112

K3 SEEAE. e
Fig.3 Cd and Zn content of samples

Mass rate of Zn/(mg-kg™)

N, HARFEALRRPE LR 1. RA KB X 54
P REA (A 7 B 5 V)5 AT RD 1 3 B o M
TEMATHN, SRWE 2 fon. kA, R
WP NI B md, S, BT Sio;
bh, EHRZ M CaO fil Fey0;.

100
90
80
70
60
501
40
30
20
10

Cumulative mass fraction/%

0.075 0.100 0.250
Particle size/mm

K4 A AR Hh 25

Fig. 4 Particle size distribution curve of tailings sand
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Table 1 Basic physical and chemical properties of tailings sand

. . . Relative Maximum dry Minimum dry ~ Natural Maximum Minimum
Density  Dry density pH value  Proportion . . . . . .

density density density porosity porosity porosity

2g/em’ 1959 g/lem’ 9.5 3.544 0.289 8 2.375 glem’ 1.828 g/em’ 0.809 2 0.938 4 0.4925

*2 EBTWEERNRRE
Table 2 Main components and content of tailings sand wW/%

SiO, CaO Fe O3 Mg F Al Mn Other
34.69 28.59 19.25 2.94 2.70 2.00 1.39 8.44

W is mass fraction.
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Table 3 Experimental scheme

Cementation solution

Sample No. concentration/(mol-L ) Treatment rounds In situ bio-stimulation Bacillus pasteurianus

1# 0.5 10 Bio-stimulation solution + cementation Solution Bacterial solution + cementation
solution

21 1.0 4

3# 1.0 7

4# 1.0 10

S# 1.0 15 Bio-stimulation solution + cementation solution

6# 1.5 10 Bio-stimulation solution + cementation solution Bacter}al solution + cementation
solution

T# 1.0 10 Deionized water + cementation solution
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Table 4 Parameters of simulated rainfall

Needle diameter/mm Raindrop diameter/mm Height/m  Kinetic energy/(J-m >-s™") Terminal velocity/(m's™)  Intensity/mm Level
0.7 2.68 2 2.41x10°7 5.36 5.76 Light rain
0.8 297 2 3.35x107° 5.42 17.48 Moderate rain
0.9 3.18 2 421x107° 5.45 43.12 Heavy rain

1.8 ETRRUFTUHRBEEN

W11 TR, REh R RS Y, BRI

Je, SR EEmE P EGY, B ELT
L, WHE G HTE, RN WA B,
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Fig. 6 Influence of carbon and nitrogen sources on electrical conductivity and urease activity
*5 PBRITHINER
Table S  Analysis results of PB design
Level
Factor Effect Coefticient P
-1 +1
Starch/(g'L™") 35 525 0.0067 0.0033 0.903
Sodium acetate/(mmol-L™") 425 63.75 -0.7400 -0.3700 0.037
Peptone/(g-L™) 5.35 8.00 0.04 0.02 0.525
Soybean powder/(g-L™") 5.35 8.00 -0.3733 -0.1867 0.074
Ammonium chloride/(mmol-L™") 100 150 0.1 0.05 0.260
Ammonium sulfate/(mmol-L™") 40.50 60.75 1.1433 0.5717 0.024
Urea/(mmol-L™") 333 500 0.7067 0.3533 0.039
YE/(g'L™) 0.2 0.3 -0.48 -0.24 0.057
Nickel chloride/(mmol'L’l) 0.010 0.015 -0.2267 —0.1133 0.12
pH value 7 9 2.33 1.165 0.012
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Fig. 7 Influence of key factor concentrations on urease activity
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Table 6 Key factors and levels of CCD response surface analysis
Level
Key factor
-2 -1 0 1 2
Sodium acetate/(mmol-L™") 21.25 31.875 42.5 53.125 63.75
Ammonium sulfate/(mmol-L™") 40.5 48.6 56.7 64.8 72.9
Urea/(mmol-L™") 333 416 500 583 666
pH value 7.0 7.5 8.0 8.5 9.0

ffF Minitab16 FAFXHRIE 45 R FEAT o007, 2
SR Z AR, A AT RN
Y=6.178-0.12777A+0.1138B+0.02191C+0.48045D—
0.65371A,-0.69795B,-0.45903C,—0.31713D,+0.3248AB

+0.05404AC—0.4123AD+0.10104BC—0.31254BD—
0.11529CD 4)
Hodr: Y NBREEE M AN CTREN; B N IR E:
CHIR%E, DN pHE. BAM Ryq = 96.04%,
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Fig. 8 Three-dimensional response surface plots of urease activity under interaction of factors
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B . IREEMIREEA R (1 mol/L), FRIHI 58 5 Bl 5
WA O B G i s, AR ZEFRAT B AR B 7 #2510
R0 A 5 ThT 5 F5E 1 84 e R ik, 2R AR B AL EE 10
RIGHWRER MR 7 ML BT, )5
AT I A B i b AR P T i o ] A 8 I 2 2 P 3
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41.76% « 63.86%, JROL R A 50 FRET
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5 ZE AT G 10 55 1 1R A Y, HE4
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B [l e 2 RN 245 JE B 88 v T R AP B o BRSO [
115 BRI AN 1341 J6, ZEAIAF B 40 10 281K
AN 4051 J6, RERTEN 3 5.
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Table 7 Cost analysis and comparison between biostimulation and S.pasteurii

Method Material Concentration/(g'L™")  Unit Price/(¢g™")  Amount/round/(L'm?)  Cost/(¥'m?)
Bacillus Bacterial solution YE 20 0.318 12.7 405.1
pasteurianus ammonium sulfate 10 0.032 (1 round)
Tris buffer 15.75 1.240
Cementation solution calcium chloride 110.98 0.035 4051
urea 60.06 0.030 (10 rounds)
In situ Bio-stimulation solution Sodium acetate 2.94 0.039 12.7 89.4
bio-stimulation Ammonium sulfate 7.08 0.032 (1 round)
Urea 28.89 0.030
YE 0.2 0.318 894
Nickel chloride 0.001 0243 (10 rounds)
Sodium hydroxide 1.44 0.058
Cementation solution Calcium chloride 110.98 0.035 1341
Urea 60.06 0.030 (15 rounds)

VAR A 7= IR A 20 D R e 0 P A £
RS B SRR, (EAS 7 R A A A o 3 N R
Wb I, AFRTE K, MICP I 250 f# IR
FIRFEE K. Bl FHART B o4
5], PRI T RIS IERFER IS LR, e T
AR T S S PE . eah, BT R AE
AR, JFEALEOR B E R T B RA, BT
AP SRAIFR TN S MR SR 5 o PR AT R
HA AT A8
27 ETEEBEENFNRENEEI R

AR T8 45 SRF B T AL O [ A R /P I
S AR LT AL RO 6 S A P& (s e AT 5 i3 —
WART WA IIREE RIS RGP S AR
FRANGERY, S8 AL AT P AR U it % b
XA O =)=t R G = S SN A I E G N X VA
PR R RYAE S R G M ALK LA .

i F§ OMEGA /A 7] ] E.Z.N.A™ Mag-Bind Soil
DNA Kit {4 DNA $#2H07 &, MEHPE AL B,
C3NXEAE I AMFEATL, 18, 112, X 1.0 mol/L
JR 45 VR AT IR 10 %8 Ji5 I AT b Hh e X 3 /NFAT A
S1. S2. S3, XfiX 6 M4 AFEHUE DNA Jfidk4T
PCR #3000 5. 07 A A2 AR A L Sangon A=
YA A T Tlluminal 68 ROD i Fe il S 12 il
AR AT .

2.7.1 Alpha ZFEHEIRE T Alpha ZFEETR
o dE— RPN Gk = o irfa i, B TS

VBRI P SRR 2 R TR AR 7T
Ja BT T OTU K Alpha 2 HEME & 1EE T 45
R 8.

%8 HET OTU HJ Alpha ZH1%ig%

Table 8 OTU-Based Alpha Diversity Index
Sample  Chao Ace Simpson Shannon  Shannoneven
S1 111.18  123.81 0.24 1.66 0.37
S2 94.06 101.03 0.27 1.54 0.35
S3 127 128.35 0.28 1.56 0.34
11 231.4 231.99 0.08 32 0.59
18 160.5 160.91 0.15 2.83 0.56
112 208 207.73 0.08 3.33 0.62

HA1, Chao. Ace &R R TH &+ & OTU
HHMES, REHETDMIFEEFE, Chao.
Ace fREGHUR, UIWAYFEEEZ# S . Shannon
A1 Simpson fa#H T [ WLFf 7% Z #£1%, Shannon 15
ook, Ui RETE Z AR Simpison i UEK,
Ut IR 2 AP BIC . Shannoneven & H T B4
Tl AN PR 50 H A B IR o) BC (9 38 S0 2 FE 1 48 4L
Shannoneven FREHK, Ui BIYIFPAEREVE Hh 73 A1 i
B15). WTLUE HEALEUK G AT 1D BRI 2 e
FERREACT AT, HAFIEREVE F I o A s
AFRRT AR . 3K RN B RAL T 1R
R R Wb v HL A& o0 il PR 3% e TR S5 AR 0T AR 5%
MR AL T SIS B AR IR, i T oAt
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Extended Abstract

Introduction The remediation of tailings sand requires improving both mechanical properties and the stabilization of heavy metals.
Practical engineering applications must also consider cost and feasibility. Microbially Induced Carbonate Precipitation (MICP) is an
innovative technique that uses microorganisms to enhance soil properties and immobilize heavy metals. However, the traditional
MICP method using Bacillus pasteurii has several limitations: reduced activity in high concentrations of heavy metals, calcium
carbonate buildup on the soil surface that clogs and limits solidification depth, risks of introducing invasive species, and high costs
associated with bacterial cultivation and transport. These factors make it unsuitable for large-scale applications.

In situ stimulation of indigenous urease-producing microorganisms in the soil offers a solution. This approach avoids species
invasion, eliminates the need for bacterial cultivation and injection, reduces costs, and minimizes clogging. Developing a
cost-effective and feasible in situ stimulation strategy for tailings sand solidification is essential for applying this technology in
practical engineering.

Methods The tailings sand used in this study was sourced from the tailings reservoir of Fujian Makeng Mining Co., Ltd.,
moderately contaminated with cadmium and slightly with zinc. An initial stimulation solution was designed to screen and enrich
urease-producing microorganisms in the tailings sand, considering the necessary carbon source, nitrogen source, urea, and other
growth factors. Since urease activity is key to the effectiveness of MICP solidification, the urease activity of tailings sand suspensions
after in situ stimulation was used as the evaluation metric for optimization.

The optimization process involved three steps: 1) Starting with the initial stimulation solution formula, single-factor experiments
were conducted to vary carbon and nitrogen sources to identify those yielding the highest urease activity. 2) Using the selected
optimal carbon and nitrogen sources, along with other components and pH, a Plackett-Burman (PB) design was employed to identify
key factors affecting urease activity. Single-factor tests were then conducted to determine the optimal concentration range for each
key factor. 3) A Central Composite Design (CCD) response surface analysis was performed, using urease activity as the response
value, to calculate the optimal concentration of each key factor. This resulted in the most effective stimulation solution for tailings
sand.

Different concentrations of cementation solution and numbers of solidification rounds were tested to compare the effects of
indigenous urease-producing bacteria and Bacillus pasteurii on tailings sand in terms of surface strength, cementation thickness,
permeability, raindrop erosion resistance, heavy metal leachate toxicity, and heavy metal morphological changes. Microbial
community analysis, combined with scanning electron microscopy (SEM) and X-ray diffraction (XRD), was conducted to explore

how in situ stimulation enhances mechanical properties and immobilizes heavy metals.

Results and discussion 1) The optimal in situ activation formula for tailings sand includes sodium acetate at 35.85 mmol/L,
ammonium sulfate at 53.59 mmol/L, urea at 481.0 mmol/L, yeast extract (YE) at 0.2 g/L, nickel chloride at 0.01 mmol/L, and a pH
value of 8.70, achieving a urease activity 1.944 times higher than that before optimization. 2) The best cementation solution
concentration for in situ solidification of tailings sand is 1 mol/L. In situ activation demonstrated better heavy metal immobilization,
deeper solidification, and more uniformity compared to Bacillus pasteurii at the same round count. Although the mechanical
properties of in situ-treated sand were lower after the same number of rounds, 15 rounds of in situ treatment achieved comparable
properties to 10 rounds with Bacillus pasteurii. 3) The cost per round of in situ activation is only one-fifth that of Bacillus pasteurii.
Achieving similar mechanical properties, the total cost of 15 rounds of in situ treatment is only one-third of 10 rounds with Bacillus
pasteurii. In situ activation eliminates the need for bacterial culture or transportation and avoids the risk of introducing non-native
species, providing superior economic and environmental benefits. 4) The optimized activation solution effectively enriched previously
low-abundance urease-producing bacteria, making them the dominant group (70%-90% relative abundance) by inhibiting other
microorganisms. This also increased the abundance of the urease accessory protein COGO0830. 5) The final product of MICP is calcite.
Compared to Bacillus pasteurii, in situ activation produced smaller, fewer, and more scattered calcite crystals under the same
conditions. Calcite crystal nucleation and growth were influenced by cementation solution concentration. 6) The urease-producing
bacteria in tailings sand exhibited good tolerance to heavy metals and had a long survival time, continuously converting exchangeable

heavy metals into stable forms. After in situ activation, the cation exchange capacity (CEC) of the tailings sand increased, effectively
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enhancing soil fertility for mine site revegetation after heavy metal fixation.

Conclusions 1) In situ activation of urease-producing microbes offers stronger heavy metal immobilization and deeper, more
uniform solidification compared to traditional MICP methods. 2) After 15 rounds of treatment, tailings sand solidified using native
urease-producing bacteria achieved mechanical properties comparable to those treated with Bacillus pasteurii after 10 rounds, while
reducing costs by two-thirds. 3) In situ activation altered the microbial community in the tailings sand, making urease-producing
bacteria dominant. These bacteria induced calcium carbonate precipitation, filling sand particle pores, and converting exchangeable
heavy metals into stable forms such as metal carbonates, metal-calcium carbonate co-precipitates, or adsorbed forms on iron and
aluminum oxides. This improved both mechanical properties and heavy metal immobilization. 4) By increasing the cation exchange
capacity, this method enhanced soil fertility, facilitating mine site revegetation. It is an economically and environmentally viable
approach for engineering applications.

Keywords biostimulation; microbially induced carbonate precipitation; tailings sand; heavy metal immobilizatio



