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Abstract: To analyze the effects of microorganisms and clay minerals on the amount, mineral type, and mechanism
of carbonate mineral precipitation, Cladosporium and illite, which can induce dolomite precipitation, were used as
exogenous factors to simulate the conditions suitable for the survival of Cladosporium. The induced precipitation of
carbonate minerals in marine solutions was investigated through an experiment, using a nutrient broth culture medi-
um with Mg>/Ca® =8, at 30°C. The culture period was set to 1, 3, 5, 10, and 15 days. Following the culture,
the pH value was recorded, and Mg”* and Ca™ concentrations were sampled and measured, whereupon the precipi-
tates were collected for analysis via scanning electron microscopy, energy-dispersive spectroscopy, and X-ray dif-
fraction to examine the effects of different precipitation systems on the precipitation of carbonate minerals. The ex-

perimental results revealed many types of precipitates underlying the microbial precipitation system, including
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high-magnesium calcite and micron-sized protodolomite minerals. In clay mineral precipitation, the precipitates
comprised mainly high-magnesium calcite, calcite, and nanoscale protodolomite. In the co-precipitation system,
where the results of multiple tests were similar to those obtained in the clay mineral system, the precipitates were
primarily calcite and dolomite nanospheres, suggesting that clay minerals do not promote the formation of carbonate
minerals induced by microorganisms. Therefore, as a microorganism, Cladosporium has a greater impact on the
quantity and rate of carbonate mineral precipitation than illite, and this may be because microorganisms can contin-
uously provide carbonate ions into the precipitation system solution, thus accelerating the precipitation of carbonate
minerals.

Key words: carbonate minerals; microorganisms; clay mineral; precipitation
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Table 1 Mineralogical characteristics and differences of calcite, dolomite and magnesite
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Table 2 Mass of the corresponding substance in solution
51 CaCl, MgCl, - 6 HyO  EFRRFIEFRHHM R NaCl NaHCO, PFIARR
DGR NRLLNA 1.11 16.26 9 15 - -
Fi+ o PUiE R R 1.11 16.26 9 15 0.83 1
LFTOER FR 111 16.26 9 15 - 1
X HRZH 1 1.11 16. 26 - 15 - 1
XA 2 1.11 16.26 9 15 - -
xR4T 3 1.11 16.26 - 35 - -
XTHEZ 4 1.11 16.26 - 0 - -
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AR 4y A D DTE IR R Bh L0 WDl sE
KRR FILRIDIRE R R X 3 N LRAR R, 5l 4 R
A B Fl C, BA LI A R FE K% 1.3.5.10 Fil 15
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WA 248 D, XHRAL B SEBR B TH] Ok 15 K, R %
HEEUE 3 PR,

2 8 3 R 2 0 B e EAE K Y M 30°C A
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Table 3 Experimental system setting and numbering

20 5 R REU K DR R '
SEHZH A 1.3.5.10.15 Al Yriie R R A-1 A2 A-3 A-4 A-5
SIS B 1.3.5.10.15 Ll B 0 TE R R B-1,B-2.B-3,B-4.B-5
SCERA C 1.3,5.10.15 WAV S5 YA IE R R C-1.C-2.C-3.C-4.C-5
XFIRZE 1 15 Fi L0 WA R (AR D-1
X REA 2 15 Al SR ILUTIE (JCH) D-2
X R 3 15 TR R K D-3
X R4 4 15 ZEIRIK D-4

A ARSI £ 30°C N HEAT, FERG SRS T A BEES
JEEJREE A 8+ 1 MYBESS B 1, LASR S s SR 1 T AR
Wi, Sy BAARLIRANTE .
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() HC1 5% NaOH ¥ W8 15 pH {H 2 7. 00, LAk B
P 2ATTIE R B 1
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(4) pH {EM & . SR FE SRR 15 RAYSE
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US048 SR A e pH (A TIE SR

(5) TR HRFUITED AL B . K = 4 ol s
HAH R WL R R BRI %2
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VI ZE K vE, EE B O LR 2~3 IR, ®mJEH
Pl A3 A A 60°C TR ES F7:40 , Mt 5% 43K
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TIEEHT T R SR W R LIS RS
DUBEYI RN pH (E LK AS B8 TR I, Bl S
Sy B ERTTIE IR X LTS (XRD) (BETE 0 Hr
(EDS) 544 {58 (SEM ) S5 46 I T Be A i Wi 2
Hyy2Eml, Bl pH {8 Bt A PHSI-3CT %Y
pH 1T ( B HRLIERURABRAR]) 1222 R£0. 015
X PR AT AT BT A SR S B AR D/MAX-IIIC,
BERR H 4R ) Koo 585, Ni 8 0 7 0% JC R v B
FHAXES by B A5 55 5 1R R 9 635 X 1ICP-OES
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PEAT B Z B S i SRR AN A B AU
P R, S FECIE R R BN S 0%, SR KA
N3 KR AL A R IR G R SR R EOC 5 R
2R 531 R ] 3 A ORI e R AR IX 2 118 4 0 0 R
A E SR U R W REIR SR, X AT R TR
AR TR T35 IR 5, BELASHASE 25 6 B I, BBt
ZF AL I BEFHAZ B, T PRI | ok K = A AR B
TR (BT, 2014) , S AMEFRVITER &
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Fig. 1 Surface characteristics of solutions in different experimental systems
a—Fh LHWVER R ; b—RUEMDITER R ; —FLRIVITEDITEMR FR

a—clay mineral precipitation system; b—microbial precipitation system; c¢—co-precipitation system

2.2 A&k pHE
F B SR ECE pH [EEIR IR 4 iR, SCEegl
IR 7E 30°C WP, Tig R AE e IR R |

B YR R AR R R Y S B 0 W I R O i
AR pH (B SR RS s R 2 g vk
KRR R WLF-BefH 27284k,
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Table 4 Final pH values of each group in the culture experiment

[CERYHIRG LS R YIRS B LTRSS Bopii|
215 pH {i 4151 pH {i 45 pH fH Rl pH fi
A-1 6.72 B-1 6.74 C-1 6.66 D-1 6.22
A2 6.48 B-2 6.51 c-2 6.46 D-2 6.93
A-3 6.33 B-3 6.35 c3 6.37 D-3 7.02
A4 6.30 B-4 6.32 C-4 6.38 D-4 7.00
A5 6.31 B-5 6.31 C-5 6.27

2.3 BREBTFRE

TERR TR, BB 7 204 Ca™ Mg™ Fil Na® B
BT EEA CI A S0 A 4 A i 32 B ik
FEANIE 2 Fi7R o BAEITUER R i Ca® Il Mg™ ik

JERTREAE 0 YIREAERR Ca™ RE R
AR T Mg™ M B 22 R ka3 JERPIIE R R Ca® Al
Mg W FE 51 22 1 T [ 35 s o BR 2 ) g 20 1 )
AR HEFFAE A R RS
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Fig. 2 Diagrams of ion concentration changes in each experimental group
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RZ A YBURL (TE LTI 43 ), DTTE R Py i B 2 A
A BERT RITEAWT A= 224k, FEHffi el LA
B KNS SR G fiokr R ML 9Kk L E
YRR 3 /NSO I R 7R A 2 16 1 T R A7
R EPS RIH, B2 S50 ARG , FE 5 it
VE T BB MR iR, B R R e R
BB ARTE RN 4 wm, B3R AR S AR BUUE H AR RS
FIE 45 T 1Y e B8 £R 1), UKL B 42 292 500 nm,,
EDS Bl s, UTTE W o & A 5 2 2280 F T il
A, FERREE TR T Y UTTE R R AR T A
DUVE IR ZRME LUK R B R A B PR R W DLVE . Zh
YRR B Y R T RER U
BB A = A1, EDS 45 5 7w 3 2 A o hy i 5 fid
A LRI AR R AR T AT WK & U Y k% |
MisNR G EPS 5% v 5 /0 5w Wy ok, Bl A 5550 K
8, B AS R BoR BT AN R A
EPS 8% R, UUVEN W A RE T3+ 9 P31, EDS
SR BRFEER A NA B,
2.5 X ST&675T (XRD) 47

AU S0 43 0 B WU AE B DTTE R R R 9 A-1,
A-5 FEE LB WDTTER R T /Y B-1,B-5 iX 4 21505
HMPEW AT XRD A3k I (P WL He#43) .
TESZI KRB 1 RAY A-1 AT 5 b, iy 15
Hi CaCO, 5 NaCl ZH 1, 7E 5250 RACH 15 KA A-5
HATHTE A B T 2R A = A 450 B AT T e, B
T YVTTENR R N IR FRER B W DTVE T2 th

R IR
3 i

3.1 Mg+ pH EREL

X SEEG i AR SEEG 4H pH (E A AL BEA T 00T, &
MHEDIER T ERAGBE R EHE 3 K5, 1
pH (HHGHFERE] 5 2247, 7EE 3 AT LA 2
THEDIR) A-5 HAUREF A Y BY D-1 AR 4
RN pH (YR AR, X R E S 5 I iR
B RN WA pH (AR A6 5 IA 1 RN K i
A SRR, BERNGER TP E AR
A MR PR AT DU R | sk A 1 A AL
KA, K A R v B 1020 T I A o 3 /N
JRHE | e e R Ui 5 FE R IR A W) (Lim et al.
2018; EHA, 2023) , X SR 2 T E0A W pH 5
IR EERN, ELR 4~8 KN, A EFR
D25 pH B R SE AR, (B R A i B2 B A2
ZIN 3R R R AR B AR P 28 0K 23k 311 A
VSTRAS B RPN R pH (B M RS2 BRAIG; B2 T 1
AW SEEGZH pH B T R R EE T B AR SR AR B
(A% BEZE T K 30 R A Al A 0 ) IR AR = A T
CO,,CO, HET/KHPEIEAL COT X HCO;, , X AH K
UUTEBRIR SR Wy 4R AL T 26 i — 2D RN T B 57
WY pH {E.(3X 1.2 F13) (Slaughter and Hill, 1991) ,
FESERGIY 8~15 KDY, B4 5 % HRAL %) pH {2
THRNHBHZES, LRHMW pH (E T FEIZE
1 1 Fb X IR pH (gL o218 TR, HFE P AT
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200 " oA B YW ¥ &
REEXT IRA R MR, pH (AL E 22 208 N, IR pH (B A= S/ 8, HE 3 B2 2 S0 1Y

TR A 1 BOK g AR T2 I eSS SR 4L R pH {H
218 BRI WY COT W B Rl A ik R R
Yt g Ml b, BB - 5 AR ) 0 i i 7
VR P I R I NH, (VR e T, ek

S pH A (X 4) (Dittrich and Obst, 2004) .
C0,+H,0 < COY +2 H'< HCO; +H" (1)
Ca™ +CO3 =CaCo, | (2)
Mg* +C03 =MgCO, | (3)
NH,+H,0 < NH, - H,0 & OH +NH; (4)
REFAUTR R RE F 5 T3S 3 R R I

() pH {A, ML -0 9 W JC ik 472U 16 o, (E
FECA M, B0 Pt Sl B pH (A T
Refe, o0 D DR R VS VAR N Bk TR R 0 1 U D - 3
COY WJE FF% (Liu et al. , 2019b) , T £EA YR 525
LR IR R A pH (EAE L FE AN 3 (B-5) fr
N, REF YRt B2 D-2 7ES250 3 ) pH {ER
AB/MEERREIL, SAEFRRG LKA B-5
L X IR D-1 128 AL AR AR, (RO R B B i
e 2 /N T % B4 D-1 Ay 728 Ak, = %0 AT RE 4
Sk BRI A 2 T R fp 285 R K X LR fap ] DL B
TRV B3 IR W) T s A 1 K R e B 2 IR Es A
( Santoro and Stoizky, 1967; Ding and Henrichs,
2002; FR24IEE, 2008) ISR TR pH (AR AR1L

LFYIGE R & pH HAEfL it FE AN 3 (C-5) B
No TESLIIFLRIY 4 KN, pH H S A-5 [FIAE 2RI
K, XA T8 35 WA IR R A B 7E58 4~8 K

7.2
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Fig. 3 Diagram of pH changes in microorganisms, clay

minerals, co-precipitation system, and control group

15 PN 9 AT B IR SR B 22 A R X
TG BK, L) = A 1Y) COY 2l il L 3% i sl B ) A
FHEIHIAETREN Ca® FI Mg™ i, X & FHUA R
HNH, 5 COT AP NI pH 87 4 50
MAESE I HEA T 2I5E 7~8 K , I B R R £
B R AR (4BFH4E , 2017; Yan et al. , 2021)
DG/ DRI VRS 5 /3 N
Wit gl BE G AR, SR AT B5 10 K, L[]
TUTE M 2 v 1 30 S5 P SO R AT 2, i R U v
AT PTG S A 2 B SR Y pH (E 221k th 48
W T B-5 Al D-1 KLU EE FRORE,
3.2 MEREPETEREFFEL

SR R R Ca™ A Mg™ BY S AL 1 X N 1E] 4
FIs  FEAS N UTTER R rp B T AR R AR v T
PHES T,k TR I TR R T TR A
S T T X A T A S Sk IR T
4o TR e R Y 5 3 Lo Y sk
S B B - e B AR AR AN R K AL 22 55 44 ( Braissant et
al. , 2007) IXFERY AR EE b BE RS T RO MR s T
PR T R, TS B6 % 1 A Z 48 L AN 1
PR A B AZ A7 45 ( Rivadeneyra et al. , 2000) , X /&
AV ARG L ] DLAE B BE B A A
¥ R A AT RN 2

TER T WUIERRT (K 4), LR REH
1 R FEEFIHFE R DM (Ca® +Mg™ JHFERD)
600 mg/L, &K T4 W T i M 2 [R1RE s 0] 78 25 1
HAES, (HiE— P X) HE s T IHAE R 21, &
G PUTIE R R B /N TR Y TE R &
A, B A A R A A R
TRy (BRMS 55, 2020) , X AT 0 A9 K IE
H i 7 B9 7R W3R, T EL BE A S50 1 [H] fY SE
KOS IR R -0 Y S8 S Wl b B IR Y
TSI 1 VA 3 U THRLIS , 33X 2 U ) B 725 Ik B
TR WP R B B R B Bl ey T AR R BT
(Molnér et al. , 2021) , A= Yy REMS 70 35 W HH AN Wy
ZOHHE R HANM AN R G WA RE 0 S b M 4 AL 11 25
BT WG PHE AR5 (Qiu et al. , 2017) fH 15
BE A 256 I [ 340, 29 T THAE Rl BE = 58

FLRIGTVE AR FR 14 55 11 6 2 B 552 4 e 1] 7 S 4
LT A AR B ARRAE , SEER IR 1.3 S R
S Y Ca® VHAE B S 3G 0 W UTTE IR R 19 Ca™ TH



514 BURHESE . CEY) S FE L WYX IR R S A DLVE I R

201

700

600

500 L

400 - M

300

BT EERE /(mg LY

200

Lad il b

O ca-immitizikz
@ Mgtttk s
O cagitwmitietkz
O Me-#+0mitiehs
|— B cestREiEkR

OO vestRuiiEk R

1 3 5
TR R

1
10 15

Bl 4 ANRITUSE A 2R B I Ae i BT 1A

Fig. 4 Histograms of ion consumption in different precipitation systems
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Fig. 5 Changes in the proportion of magnesium and calcium ion consumption in different precipitation systems
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FTUUE, B IS , B B8 7 2k ABRTR 80 W) fi A%, JE I
BT A BUR A T E T RCE A B R
N U TE BT ( Sanchez-Roman et al. , 2008) ,

HE Wb B A L S A SR A =
AUER R

i WA Bk Fri v, ol TR A
W3, i LUH R T TR 85 v 1) 7K Ak 2 25 AR A o 3
Z U, R ) A AR T S5 TP i B TR AR B 1
THAESE I, HORAL 2 55 R AN R AR AR A WG 18
S L WIUIE R R 2 AL R TURER & i BE 5 M AR
HEAR A AR, Bl S b T A8 S M AR X A2 E 1Y
IKAAF S 1S R A Tk TR k25 0 ) T UE 1 A ) 1A
2R EH TR R YR A R R, T DL
EE VWO R B B, 0k ) S e v ) B 5 ik B T
REJE 175 SRR R Yy DO E B 2 A
3.3 MiEYRHRFER LR

Kl 6a.6b 1 6¢ S hl A= Pk AN A B Be DL e Mt
ki SEM B Fr o MBIV AT DU Y, PTTE R 2 KB 5
B[R] 110 A2 2028 . EDS 4307 (813 38 W DL0E H B B
THEEFHWRERIT 101 H i, X vl
(J5) B A TTE R B, 45 G Ik Ui ie 14 & 1
gt (B 7a) , BTTEY E 2 HH CaCO, , CaMg( CO,),
15 NaCl 2R, FLHVIR 1726 19 2 A 2R 1 A e i
VLA ) 28 B I A0, BRI, ) DUHE Gl A= 4
DUTE MR R S 08 BT ] A AT LATICUE H kLA 35 3L
ORI () =, BAEMZEUTEA b, U E Y
FEEICE 5 B R £8 1 W) UL TE 45 b B R B AR B A
(8] FR) 184 T 34 0

I 6d NEE L YT R R H B R T, Kb
AL R - R mBEE A N ERE IR A s 4
W), X L= f1 5 MgCO, MgO ME By it f11R
P R/l VE RS 15 0 LIS 2 RS M Rl s s
EWTIEAR R BRI = A AR, HR TSR
PR R WL HTE S AT Bl S 30 RECE AL AR, 7 H
B AN -0 Yi5ESH = A UiEd s, B
BT AT AOK RIS 1R R OWIE S0, (HR H =
SRR T L R AR K B R R R B
AT R, — SRR AR A (CGRABIR PSR
IR /METE 1~2 wm Z[8] (Liu et al. , 2019a) . #HEL
Z N AR WA By 3R 1] a] DLTTE H kAR L
KW 2 A1 BR ( Bontognali et al. , 2008; Sanchez-
Roman et al. , 2009; MRZH, 2020) , 31X 564 P 6E
08 VR WA LR R BERR TR AR B T ARG, B L W UivE

PRZ XRD Z2R AN 7h Bz, IR A n] ULAA 2 by
AT, TEEAEIRE P T A Y A AR
A R BB, AR AR B BT R ORI A TR R
VIR IR 6 O 25 44 v i DL B e B AR A
KB (Luo et al. , 2016) , X LEHE T A9 A7 7F X Bk iR
HBETYVIE R AA LW, HATHAE L, B TH
TS R R W O O B WA S A R R
AW FE - AT SR AL, Bk R M DTTE Y
WA (P B R AR AN I 45 6 44 Fe B RN RE T 40 BT
SERAT LG, 26 0 WU VE IR R AE SC I I N DL TE
AR R £ A0 ) 3 0y 5 i A0 RN e B T M A, 3K 79
R 2 i 2= DUVE B AT E 9 ( Rodriguez-Blanco
et al. , 2015)
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1B P, [0 4 3R v B 3 A 0 T Sl ARG BE % 3
USRS ST ) P A R L pLE L 1D
EYORRT Y, EEM R TT A, EDS 452R 1B
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AW A AE BT 23 300 A 0 0 e 2 e ik TR
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Fig. 6 SEM and EDS images of carbonate minerals in different precipitation systems
a—L) MgCO; 5 MgO 2 ERYGR UKL (A WTITER R A-1 A1) 5 b—3RIBBRRELT W) (BUAEMVIER R A-3 4) 5 c—FEBBSEFINLAL P B iR
B (BEPTUER R A5 4H) 5 d—BUNIRIEIR A S A (B L0 WITERR B-4 ) ; e—BUEWEREL JIMRG Y EPS 3R A 15 /0 bk
FRERA OB (S RITOE R R C-1 1) 5 —BU MR = A0 (R RIVUE R R C-5 4H)

a—nanoparticles mainly comprising MgCO5 and MgO (group A-1 in microbial precipitation system) ; b—spherical carbonate minerals (group A-3 in
microbial precipitation system ) ; c—cauliflower and dumbbell-shaped carbonate minerals ( group A-5 in microbial precipitation system) ; d—minute
spherical protodolomite ( group B-4 in clay mineral precipitation system) ; e—microbial remains, extracellular polymer EPS fragments, and a small

quantity of carbonate mineral particles ( group C-1 in co-precipitation system) ; f—minute protodolomite minerals ( Group C-5 in Co-precipitation

system )
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Fig. 7 XRD diffraction patterns of carbonate minerals in different precipitation systems
a— A TIVENR R 5 b—Fh L0 YTV R

a—microbial precipitation system; b—clay mineral precipitation system
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