FasE H1 A OA U W ¥ R E Vol. 45, No. 1. 137~146

2026 4F 1 H ACTA PETROLOGICA ET MINERALOGICA Jan. , 2026
. fﬁi)%/gfilté]'-?& . Doi; 10.20086/j. cnki. yskw. 2026. 5015
EmBRIEmEANRERESBEESREA

RXEMERHAR

PRRCA H B0 R AR R A RIS ERAK, Tk SR
(1. B SRR E W E SRS, U YIRS Red st i s A S =, JU R ek 528 AR e
dtxt 1008715 2. HEA AL TR A B 5 MR 4328 vl A TR AR BE, IR ZRE 2570005
3. mEA M TRMARA A ESAE, IR RE 257000)

& . BRI SRR I (60°C \pH=6. 5) FEE LA KK 51 & W fif )2 455 55 [l B, DA JRLA b 22 K Hp 4
B T S R A R R VR A TR (45 SSB-Mnt ) , #R 9T X 52 B A0 ) 45 AL B 1R A UL . A X SRR A S 4 AT
(XRD) fE B 2T 4B 1% (FTIR) 434 WL+ 380 - BE 3 20 7 (SEM-EDS ) R H SRR & 55 2 - J2 5 3 40 i
(ICP-OES) HZ R R SRR TR SRS, KB SSB-Mnt 13RI 772 (pH {HH 6.6 62 5.5) SHF&
36 UM RIAE T, 30 RINSEILSERG A H 43. 8% ~49. T% %5 Fe™* IR JF (Fe SEXY IR EE A 0. 402 mmol/L) , A4 IE4E
T AEYERSESE N AZRYEE, 2R 149 nm Z5/0E 1,22 nm, iEECE YR T (Si—0—Si W S5 5 [
%) LI 5 Fe Ca Ti P JCEM KA WL I, AWFFEHR T IS T 0 = i o -7 b 5] o A8 8 e
TEARSEFREE, AR E AR R B IR R T S R

KR RO R EERRE A, A SR SALYGRR BUEY - YIRS E; Y4

FEHES . P578.967; P579 XEAFRIZED . A XEHS: 1000-6524(2026)01 -0137-10

Study on the interaction between endogenous silicate-decomposing mixed
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Abstract: In this study, to address the reservoir injury problem triggered by montmorillonite hydration and expan-
sion in high-temperature sour reservoirs (60°C, pH=6.5) in Shengli Oilfield, high-temperature-resistant silicate
mixing bacterium was isolated from in-situ formation water and named as SSB-Mnt, to investigate the coupling
mechanism of the modification of the mineral structure of montmorillonite. Through multi-scale characterization by
X-ray diffraction analysis (XRD), Fourier transform infrared spectroscopy (FTIR), scanning electron microscopy-
energy spectroscopy (SEM-EDS) and inductively coupled plasma-optical emission spectrometer (ICP-OES) com-

bined with dynamic analysis of the elemental content of the system, it was found that SSB-Mnt synergized with electron
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transfer through the metabolic production of acid (pH value reduction from 6.6 to 5.5) , the reduction of 43.8%
~49.7% structural Fe™ in montmorillonite was achieved within 30 days (average Fe** concentration 0.402 mmol/L).
Mineralogical evidence suggests that microbial action resulted in montmorillonite interlayer collapse with a reduction
in layer spacing from 1.49 to 1. 22 nm, depolymerization of the silica-oxygen skeleton (reduction in the intensity of
the Si—O—Si absorption peaks), and the formation of secondary minerals associated with elements Fe, Ca, Ti,
and P. In this study, we explored the model of synergistic modification of high-temperature-resistant bacteria and
minerals under reservoir conditions, and formulated the formulated medium, which provided a theoretical basis for
the microbial anti-expansion technology in unconventional oil and gas reservoirs.

Key words: In situ high-temperature-resistant silicate bacteria; montmorillonite structural change; heterogeneous
iron reduction; microbial-mineral interactions; microbial condensation
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[ R kTR R YLl QRO R IR -2 7N R N E
BTANLES Y e TR Y A LS BT
F G PEF S ( Muhammed et al. , 2021a; LSS,
2024) , XEEPHIZRIRZ C 2538 2 BT
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WAL F A &2 2% %5 ( Quainoo et al. , 2020; Mu-
hammed et al. , 2021b) , 2 4 BREK A IR AT H br
FOBE T | PRBE A A 52 W BT K B AR Y — >
BRE, FETUEER R T —Fh R A
U FRRE PR ARBUAS IRt e XU RS o045 4 158 4 1) 26
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% (Wang, 2020)
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TEPE, BN N 2 T — B Be i W AE 30 46 ) ( Geetha
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FH S 138 RE J1 3 FF% ( Yang et al. , 2016)
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1.1 HHERYHE

AHIE T T bR 43 5 T TR R B A A ik H
CG102-35 5 €20-P24 Wi L1 A= 7= 3 dil o To T R AE 4%
R(WARILTLEER) RETIH O EEHRE, 2/
4CRIRV HE I R SRR % . PR S S 40 L,
it FIRAIHEE T,

1.2 Y&

ATIF5E R F I B MM ORI R 10 1 0 IR 11 SR 4%
TIEE AR N SR RE, 48 X AT 1 i,
SMA E R 99% WK EM AT 8 1% . JRIGRYH
SRR P EEAAR 60°C T4 2 h LA B H HK, B
K SR HLAR A S I 38 8 ASTM 200 H b o i
(FLAE 75 pum) , CER 20 A By A T 4R 25 rh Bk SO A7
=
1.3 iExs

FE T R A v A AR TR S ) - TR A B
Y& ML ( Sheng et al., 2008; Etesami et al.
2017) , Be il S B R AR . 5 o/L 1 R A B
0.5 ¢/L ) MgSO, - 7 H,0,0. 1 ¢/L i§ CaCO, .
0.006 g/L ) FeCl, 0.2 g/L 4 (NH,),P0, .3 ¢/L
M52 A1 K, 9% pH (HZ 6.5+0.2,

HHEAL G R £ S5 HZ K Ca® 15l Mg2+ ERR!S
RS, & T % R A RE R L, 5. 72 o/L WY
CH,COONa, 1.13 o/L M HTR 48 (1+G) 0.1 g/L
PR 5 4.5 o/ L BIZEMLA RS, 98 pH B2 6.5
+0.2,
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(1) VARG FRHNI

W Rk R ER o0 fifk A TR A 5 05 % B4 3. 67 IR EE
Wi (110 mL—30 mL) Ficiil, {14 0. 1 M HCL/NaOH
P pH AEZE 6. 520. 2(BBURNLAEIZWILG 55 1F) , 5
B 115 mL REGHR (N, B3 K), 121C & EKE
20 min,

(2) JAs RS

SEESAH L AE TR, K A SR A E A 80 mL
A3 T R VR R R AR R ) L B B AR
Je %€ ;

25 AN IR A . LK R 4l K B Rk i, [l 25
£AE;

P E 10 MEYEE LA 2 425 PN,
PR G245

(3) shaskzgrs i

WM E THIRR S B 4 (63£2C,
50 v/min) , AEREMAF SRS (T2 AR BE<0. 1%) .

5 KR HTCH T 5T & 28 JIHCHE 2.5 mL, 57 B
HREWARAUREE . B0.5 mL £ 0.22 pm JE
L, SR G AU SE IS 287 (A = 562 nm, FRifE il 2k
R*>0.995) 5 i Fe™ VB ; FIATHESZE 10 000 1/min
NS mm,J:{%t{&‘HﬁU“u pH &,

(4) PLIRRET L 5 PR

5530 R LR IR, 8 Fe™ WG (H R E i i 4
DL 10% 350 i i 45 22 3 97 56 (3 AR RIS 3R

RS EERR B (10°°~107°) 454 Hungate 7R 45
HR 7 B sl L H WPk (%5 SSB-Mnt) , R A7 T
—20°C HM4s (R TR %0 30%) 5 #RAT HRRZ 0. 22
pm JEAE 8 S 1T 16S rRNA U7,

2.2 UEREBZMAE—BENE-T SR &K
i

(1) Ffn¥EsRsEl &

WG 08 — 0 I N K% 9% L 3. 67 A% e R T vk 4
(110 mL—30 mL) B i, fif B 4l K (B 2% =
18.2 MQ - cm) ¥ fift, /3 %% & 115 mL I 35 i,
121°C % B KT 20 min, B85 T FEM T LHE LA
FRVE  FREA 80 mL £5 0. 22 pm JE IS g I 55 K
PR SR

(2) JHEFRUEAL

SEEGAH . HEFP 1 mL VR SR R B (0D600 = 2. 0+
0.1,% 3 000 r/min &[> 10 min F4) ;

25N B A, SRR TG TR A B R K B AR
B

WHEIMEYEE LIRS 2 HE AR,
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(3) ZEhASRFRIRE

W SN FR O THHIR SR (63+2°C, 50 1/min i
OIEIR ) 56 15 Kl TS de A 2.5 mL £p
FEREFRIL  AMEE SR THFE,

55 30 RE RO, P58 B2 IR A FE5 (0,<
1><10_6> . BU10 mL FE56 22 10 000 t/min 550 15 min
B E AR, BT A R O TS T 2 RE
FAE,

2.3 B

(1) JEHAMERAE 5 AL 2

55 KR TCH ZE R EH I 2. 5 mL [ /5 40
RAFE S, LRV RS 2= 90 n /U UR A, B0, 5 mL
BERE AR 3.5 mL 2% i R (14 T R AL 25 0045, R
PZHIRS) 30 s J5450.22 wm JEAR 8 R4S
FEW 58 43 5t ' BE vk R F R B A5 B AR A Y
(ICP-OES) il %8 Fe™ 1 Fe™ ¥ BE (K 1 BR 0. 01 x
10°%)

P4y 2 mL FEAHZE 4°C B4 B0 L 4 000 +/min
B0 10 min (B FIREAEFRF 421°C) 0 L3RI &
pH {8 ( = SR HE RSB +0. 01) 5 ULIE ) 4 75 Bl 2L it
Ja, R H % B BCA ¥ ( Smith et al. , 1985; Olson
et al. , 2007) T M R BE A FE (I HERZE R >
0.998) ,

(2) W WHRAE

W g S TV AFRE S ATV R T R FS 3
WA 2 200 H (75 wm) , 3647 X SHER AT 50 by
(XRD) FHH# L 2 5% (SEM-EDS ) WL A HL i
LA (FTIR) 4397 .

2.4 MERFAZE

(1) B9 B oe 2 5

WS WA R S -0 VE R = 2 o T
B I3k 200 HARUES J5 , i i PANalytical X-pert3
Powder BURY R X BFRATHAL ( XRD) #4705 434
HL S 40 KV, HELI 40 mA |, X SI£RTE N Cu 8, L2
R T B 50 ~ 800, FH 3 F 6°/min, T
HighScore Plus BAEXT T A AT T, 5
A A SR B R T TR RR I A I ol P i B
HE RIS (ICP-OES) M52 , I AL #% A Spec-
troblue Sop 7 42 1% 1 132 45 B & A S G 1%L (1CP-
OES) , M2k 7 >R FH i v (s B 28, 1991) T 7E

(2) pH A} Fe* SEBHE TR E 43 Hr

(] 2 B TR EURE S5, R FHAE MG R 3 D't 0 B 7 (5 B

T, 2019) W2 Fe™ ¥ B2, W3 X &% oy 78 2R K
Evolution 220 %84 0] WL 23656 BETH (UV-Vis) , ff H
ICP-OES( Spectroblue Sop) ll & Fe™ il Fe®* ¥k, %
FHCOK BT 32 FPoTER I E HJRRA & 55 8 1R R 51t
k. HI 776-2015 ) 4RifE

(3) B~ K8 W) o3 b

W= B SIS 72 MR R, 48 2 RB 1S A AY FET
Quattro S BIFAEEFHi f + . fUBE ( ESEM) #4743 K
AT, ZJEFRI T mg BB R 5 199 mg S
2l KBr BRI A, 25 A ) ] VERTEX 80v 7Y i
AR BTN EIE A (FTIR ) #EA73RAE 04T .

3 R 51H8

3.1 ET 16S rRNA Sl &N FF 1 B AT

K Tlumina NovaSeq - =Rl T (CG102-
35.C20-P24 J) K BEWR #h 73 it 1 & B ( SSB-Mnt)
HEAT V3-V4 SO (PE300) , W JF S5 46 B0 T
BUR , B 5edb AT 80l B ds , o e 91 Pf 4 3 D8 25
WA WS BT, SR 5 34T OTU R 2K At
B, LT RREEILIEAT Alpha ZHREES3HTFIl Beta £
FEVEST BT, B TR AT B & A 3 2515 B i
AT REAS 20 10 SR AAS () B Vi 445 1 22 S5 AH OG0 A
IR R, B ZFEPE ( Bray-Curtis 5 2)  SSB
5 €G102-35 A1 C20-P24 2R 7 42 PR i 2% 3R
2 A OTUs o5 ik 66%

3011 Wb AR S A

wE 1 & 2 fiR, CG102-35 HHFt 5 KT 1%
LA B N Pseudothermotoga elfii (27. 09%) | Ther-
moanaerobacter uzonensis ( 16. 01% ) ,uncultured bacteri-
um ( 14. 48%) | Dietzia cinnamea (12. 69%) . Rhizobium
sp. (8. 07%) . Dietzia kunjamensis (3.75%) . Candidaius
Hodgkinia (3. 59% ) . uncultured compost ( 2. 85%) ,un-
cultured proteobacterium( 1. 71% ) | Pseudomonas baleari-
ca(1.49%) Azospirillum lipoferum(1.16%) ,

C20-P24 F- ) Bl i B K T 19 B 00 5 1 Js b
Pseudothermotoga elfit (27. 86%) . Thermoanaerobacter
uzonensis( 16. 07%) \Dietzia kunjamensis(12.04%) .Rhi-
zobium sp. (9. 15%) . uncultured bacterium (7.46%) .
Thermodesulfobacterium commune (7. 10% ) Brevundimonas
sp. (4.74%) .Thermodesulforhabdus norvegica (3.56%) .
uncultured compost(3.25%) Thermotoga caldifontis(3.01%) |
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Fig. 1

Comparison of microbial species composition of wells CG102-35, C20-P24 and SSB-Mnt
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Fig. 2 Microbial species composition of SSB-Mnt

bacterium GBS-1 (1. 95%) . Pseudomonas fluorescens — 3.1.2 SEEIIHE R MEEREMAT
(1.74%) .,

(1) Pseudothermotoga elfii: Ravot %5 (1995) MR
TEPR 8 4 ff 1R A& B W SSB-Mnt LA JE Sy E o0 25 H 0 g SR SRR Al v, 2B TR VS [

Pseudothermotoga elfii (47. 710%) . Thermoanaerobacter ~ 50~72°C , Fcfd:h 66°C , A=K pH (H{EMH 5.5~7.5,
uzonensis (28. 95% ) Fl uncultured compost(20.16% ),  f£H4 6.1, HAJ7E 20~40 MPa /K HE S FAK,
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(2) Thermoanaerobacter uzonensis: — ' & I 77
AR Uzon LI ETHRIR Y S 5 DR SIS TR
AER, A KU VS R 32,5 ~ 69°C, d fE A KR
61C , 4K pH HWEH 3.9~9. 1, HfE 7. 1 ( Wagner
et al. , 2008) ,

(3) uncultured compost: 37~ AR 5 2 B AK )
M ABAE R K L %R AN 2N Caldibacillus J&
J& T — A AU R

X AT 5T R B, AR S SR W P o B A 2
SSB-Mnt R VB H 5 76 g il T RS T AR
K A A B ; SSB-Mnt YA BRI L AT 7E 65°C |
pH=6.5 Ay B P A 1F T AR KO 55 A &
A HAEH]

3.2 EBART T YIEEERER

3T Rietveld 235K 12 (] 3) X 44 3E 52 i A1
HEAT T WIAHE SO0 S5 R B, A AR D S5 i
(ICSD PDF#00-043-0688 ) , HoAF AiEA77 4 1 132 T 20 =
5.94°(001) .14. 21°(002) ,19. 78° (100) . 28. 71°
(004) 34.79°(110) } 61.97°(330) , %f 1 J= [al B
dopy = 1. 49 nm; IR 2% JBUAH R A7 9% ( PDF #00-046-
1045)
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Fig. 3 XRD spectrum of montmorillonite raw ore powder

Sh G A FR S T B A 5 B IR X
(ICP-OES) 524 B Wilson % %2 5 (WA %8, 1991)
AT T HROC R LA S R RS ZE A
Mgk & il 1. 085%, Horf Fe™ F i H 1. 057%),
Fe &4 0. 028%,

3.3 EAERERNRTL
3.3.1 KREARFMNE Fe ILRIRELL
£ 63+2°C BB IAS 4 T, SSB-Mnt B Hf 5 5¢

AR 30 K, WA Fe™ W BE 40 Bh AI% 46 00
TR E &I E 0. 376 ~ 0. 427 mmol/L, ¥ 1
0. 402 mmol/L( &l 4) , % 1 52 i A1 4544 Fe'™ 134 Ji7
BUHN 43. 8% ~49. 7%, 1 1CP M E 45 5 =B, SSB-
Mnt B HE5 52004 28 HAE AR i) 6L Fe YR T
£ 3.5x10°( & 5) , Al FEFE 7 52 A 2549 rh Bk oT 3%
LA

0.5

-
—o— [0
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= 03F
E
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1 1 1 1 1 1 ]
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S5 5% K Hud
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Fig. 4 TFe® concentration changes during SSB-Mnt interaction
with montmorillonite
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Fig. 5 Total Fe concentration changes during SSB-Mnt

interaction with montmorillonite

3.3.2 {KF pH {HZE AL

SCHG 4 pH [H ¥R 6. 6 FF4E PR E 5.5
(&1 6) . pHAE AR 5 Fe ¥k I T &5 14 By ] 725 b 6
B, AR AR T ol e R AR VR R AR 3 T S A
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Fig. 6 Changes in pH value during the interaction of silicate

bacteria mixed fluids with montmorillonite

Hghby Fe'* IR IR,
3.3.3 RREEHEE

FIFH BCA ¥ (Smith et al. , 1985; Olson and
Markwell, 2007 ) % /) 25 1 25 5 o | SE g0 4 G iR
FIMREAE 0~ 10 K855 1 TF, R4 X80
K, 10~15 Al Thos, BB ALE K605 #
FEREFRILIT (B8 15 0) AR IE R T, 5 Fe™
s e pH {H PR RS —E(- 7) ,IESE Fe™ i Ji it
FERNZE AT AR IS 1 A% PR A2E i P DR B
3.4 THEHTH
3.4.1 WA B AR AT SN

RERRER IR AT SSB S A e G, BT
SHAEM A OISR LA T B E L
(F8),KH A 13751 4751 699 em™ ib i 3L i
U1 641 em™' AZLARAEMSIAH 2% . 1 641 em™
AT SO OAE AR e 52 I AT —OHL 25 il 4 2y, WAL 31 2K
WS 58 A J2 ) o /K sl 45 #8 BRI 5 1 400 em ™ /2
AR R Si—O HAR 4R 4R 21y, U6 R BT AR e
AR FEHT 1 Si—O0  Al—O0 $E B, IRl FE R /R S
AT EE R IR R
3.4.2 X A EE

it Rietveld 1R & & & 434 1 A= WV
JE ST S A AR | 25 R B, (001 ) & T8 AT 5 06
H 260=5.94°(dy, =1.49 nm) B E 7. 21° (dy, =
1.22 nm) , JZWEIFEL/N 17.96% , 5715 52 A7 )2 18] B
PHRZEBE 4G (100) f T (260=19. 78°) . (110)

Fig. 7 Changes in total protein concentration during the
interaction of 3SB-Mnt with montmorillonite

FATE (20=34.79°) (214) Fhifi (20=61.90°) A7 5 I
9 O I REAIR 67. 9% 49. 2% 54. 3% , R\ R
KA RS A L R (E9)

(004) T (26 = 29. 65°) 5 B i B 417 A e %o 1
JETATRE B 2 BORy | A06 2 a1k v JR B HE B .
A E LS 77 132 & T AT S e T R (TR 9) |, 3R W
JE S5 WK TR A P PR IR, )22 18] 35 AT BEAS PR
R 0y R AR R R S A R S50 &R T
FEA

JAN AE 20=25.91° 27. 72°F1 31. 7T7°Ab B T
BTG 4K 5E HighscorePlus B4 43 #r H iX JLAS
g ke’ /Fe™ [Ca™ Fl PO, £ K, X5 SEM-
EDS 8RB T Fe J02 54 BURLAH B EDIIE
3.4.3  HiH T BB

SEM-EDS Z3#7 s (& 10) |, i2E Ve s 52 Wi
AT B AR T R A X (Fe &R 14, 4% ~
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