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Abstract: The formation mechanism of dolomite [CaMg(CO3),] remains a longstanding enigma in earth sciences. Previous
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studies have identified certain microorganisms and clay minerals as catalysts in the crystallization of low-temperature
protodolomite, a crucial precursor to ordered dolomite. However, the role of cyanobacteria and particularly their potential
synergistic effects with clay minerals remain poorly understood. In this study, we investigated bioprecipitation of carbonate
minerals using the halotolerant cyanobacterium Synechococcus elongatus FACHB-410 in the presence and absence of
montmorillonite. Our results demonstrated that protodolomite occurred as the predominant solid product in the
montmorillonite-amended biosystems as confirmed by X-ray diffraction and Raman spectroscopy, whereas monohydrocalcite and
low-magnesian calcite were the primary products in the montmorillonite-free biosystems. Multiple microscopic techniques,
including scanning electron microscopy, focused ion beam microscopy, and transmission electron microscopy, revealed that
protodolomite nucleated as nanocrystals preferentially on montmorillonite surfaces. Density functional theory simulations further
elucidated that surface electronegativity of montmorillonite played a key role in promoting protodolomite formation by strongly
adsorbing Mg?* ions through electrostatic interactions, thereby facilitating their dehydration and significantly lowering the

nucleation energy barrier.
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H A1 [CaMg(COs) ] 1E Ny — Ay 2 ML B S E I BRIR Bh 4, e A 50 BT 2 BRI 5 P 7>
AEE: MR (Ca®) 5B T2 (M) LALLM BE /K B chi 7 If) IR R BR IR IR S T2 (CO5™)
T HEA (Gregg et al., 2015; Warren, 2000). Hufiicsk 8o, A7 ERT 75 St A 2 04 T & i
BRI &8 1 (Warren, 2000). BRI K A mIMg/CaE /R IUE (~5.2) HILH A AIFE B8 H1-
2NHCE L, AR R DTARY) th 206 W 3 < A TR (Warren, 2000). 5 IN4 NBEZR)2, AR
8 5 U LRIV AT KA 324 AR S2 5, IXEIVTE B = f, &R AER D) (Land, 1998). X3
FRWNE T VIR FRKENMELE “Bazik”. B aRy, FdopE 3 2R TR AT
A 0 A% 5 A K B2 B 3 g 2 R, o 32 B2 IR 4B Mo 3K A 1 DL S BIAR K A
(f1CO5> 3% ¥ (Lippmann, 1973; Gregg et al., 2015; 252k, 2010; t35%E4%, 2011; VB4, 2018; K
im et al., 2023).

REBARBE = ATIREBONFE W, BTN RATE — Sz R R R I 1 A/ R A 1 3 = AT
ES, B AREIEE. B AT RINE s, DA T P R BRI 45 (Vasconcelos et al., 1995; Deng
et al., 2010; Brauchli et al., 2016; T4F4, 2018; Liu et al., 2019a; Fang et al., 2023). H TIX4EIL
Bioh = OB shiEdE, R AR/ HERAE B s A R IR RS 78T B s A KR S R R BE AT . B Ak
WA ENBESERY], —SRUEYIDIRERE (Blan, "EERIFAE . BRIRERIE SR B A e D A
R CReRl R IBANRE G RERAERIRAME TME A o (MERATF A BEZEAEK
(Vasconcelos et al., 1995; S&chez-Romén et al., 2008; Krause et al., 2012; Petrash et al., 2017; HH
FH3#E%E, 2011, 2018; Zhang et al., 2015; Qiu et al., 2017; Huang et al., 2019; Liu et al., 2020a, 202
0b). JRAZABARLERS S AEAEA—, BERAEENHC 5SMe” L0, R RE,
] LE TG R i R R B AR S 45 H A IR 1 5 47 (Rodriguez-Blanco et al., 2015; Zheng et al., 2021).
I, MAEMBA R B S AR BB, IR R “HEY AP B A" (Mckenzi
e and Vasconcelos, 2009). %A= HI7E FHALH] = BARIE AN T : 526, ZEEWRAREHE 3T i &
FEA VR AT FIpHAE, AR50 (5D B AR, 5—J51, MEEYIN A o i ) f s R &
W)E SRS ORI R AR, BRI i MT RICa®, MR IR S8 B T i 2K L id A, N
J5 E 2 A7 B % 5 A KA A R 26 1F (Mckenzie and Vasconcelos, 2009; Krause et al., 2012).

TAER, BRI RN o, BT R I —Se oL A E I = A TR O R v R R R 5 4 S22 1)
14L/E R (Zhang et al., 2012; Liu et al., 2019b; Fang et al., 2023; Meng et al., 2024). 1, Zi+4"
YIRARKME M TEHUEAGTT . IR SR, DASEI A AR AR 1 2: L8 R ) e 3R SR A 1 IR
RENS A A et )R 1 = A O DTHESS fn(Liu et al,, 2019b; Chen et al., 2024). X—{F M EZIANTH+5"
W) T 5 55 HO R SE B BRI X Ca® 5 ME™ IR BRI, s FLHR ik 70 7 i, PR e, M h R
2 A 1 BUZ B A R FLHIFABE(Liu et al., 2019b). R LA 20f (12 A TiE R B2 I AN JR PR T 5106 =
WHot. SLhr b, —Ley iRl A AR SR R BT, 72 B = am MR a R, A A MRS



[ AEAE R NS V) A2 56 R (Pé&ez et al., 2015; Wanas et al., 2016; BS54, 2020; #X #5202
5), W/ T &L IE A = AT RO AR T B EAER

TEIR R, fEthk B Z G A A, MRS RTURIAS T2 01m, 2&EA
SR 1 E B IE # (You et al., 2013). A Hh I ic 3 A7 E B 2 AR, AR A R 7E (5D
H =AM SO R R E A ANE 2 . [ERERNR, BATTIRASE R LY 5y Em s, H
T RAAE LA KIM B A M (Dong et al., 2009; Bk A4E, 2018; H#ifs R4, 2024). SR, KTk
Y15 35 L W [FAE PSR B = A AR A A R R e AN B o B0 DA B ), AR TR L T Al
HEBR#EE (Synechococcus elongatus FACHB-410) FIZE i A AW 7 #idk . b, REREE 2EFEEAED
PRFASRE, T2 A W 2: VR -0 i g AR 2R B B S S A 5 RS SR I A 52,
PP RS L ITERUE YD SRR R DT I FE R R, DR DR IR SR h A P — b L W AH ELAE
B (5D ABATERI TR IR IR R4 .

1 e el 07k
1.1 SRS

KRS, elongatus FACHB-41004 [ H R Bt K A= AL M0t L Pk /K B e o TR R A D
R SRS AN BE, A 2.1%0-52.5%o 1)) 1k £k BE G M g J1(Qiu et al., 2012). S. elongatusfc &G, F#:
P T N TR SR TR AT B 9% . N DB K R B4 s (L™ NaCl (27.80 g),
MgSO, (0.44 g), KCI (0.60 g), NaNO; (1.00 g), CaCl, 2H,0 (0.10 g), NaHCO3 (0.08 g), KH,PO, (5
0.00 mg), NH4CI (26.70 mg), H3BO3; (34.00 mg), CoCl, 6H,0 (0.02 mg), ZnCl, (0.30 mg), (NH4).Mo
7024 4H,0 (0.30 mg), Na, EDTA (0.50 mg), FeCl; 6H,0 (5.00 mg), TrisZZ ¥k (1.00 g)LPL K& VBy, (0.0
04 mg). H5FEIEEFN30%0, pH=7.20. ABEHNaHCOFIVBfE i T/, HEFRCE0.22 pmigfE
IEUERREA, TSR AR A oy MIE I e R ARV HEAT KB . AR K B S R R A A B =S, TEW
AR SR N NaHCO VB BER L LGN AR 7Bk, MRS . BEFR kAT E . IRJE25°C, H7&:
JERRERE2000 Ix. PRIGHEFELS0 rpm. A MEMIANAAE KARZS, $527% WA H) a2 B W I RS 279 (0 pHAE R 40 it 2
& (OD730)-
1.2 REEATIE

AT TR 36 R L P AR BE IO HE S AR S (SWY-3), AT P 5L TSR R PR B I o
AL FR AN . o S P B oo SR AR RE R EAT 8 /0 S, B S KB ACRE ) #0T70.5 mol/L NaCl
TR, fERIRAM NS 24 N TN AN, DAGE— R T PH B TR A . ARAE T T A,
BDFRIURIAE/NT0.5 umgdH sy o BifJG FH 2588 7K R B BRI L L R IR AR B & 1o e, Bl
WS AR E T =i T AT
1.3 WEMT LK

7E B N TR KBS 7R 2R, B MgSO,FCaCl, 2H,0 113 B 43 7 i % °49.63 g/L (RI80 m
mol/L Mg®*) H11.47 g/L (EJ10 mmol/L Ca®), fE#I4HMg/CalE/R A8, % AL M i T BT K, (H
SRR A = A DUBREREE (W1 PiLagoa Vermelhai&iil) (1% {8 #2ik (Vasconcelos et al., 1995). Bfi/5,



TEREFRE P IR S MM (2 g/L) il s i, [ BN IS WA IR IR, e sk
KRB TATER . WA IRIEMPIEPHI 0.1 mol/L NaOHE R £7.204 4, BJ57EL121°C
FAF T R ZRVRKH20 mine Frde it M R IRG, HERh TS RE IR I W 40 B B, -2 R AT4R0
Draofi 4t —40.20. {EJEHERTFRMHEIE (25°C) #R¥ (150 rpm) ¥53#30K )5, i &0 (10000 =g,
10 min) Wk BERTE Y. Horb, RIS TR . DTS K Z R =, AR
Tk, FFIRET 0.
14 IKUEDRE FFRIE

WA A R (1 EIFWER H IR 55 5 TR R SO 1S (. (ICP-OES, ICAP-6300%!, 3&[EThermo Scie
ntific) 5E [ S FTfECa%t. Mo? B IR EEASAK,, [RIINHE RS 25 pHit (UB-7, 2£[EDenver Instrument) il
EVRIRPpHIE . B =P VI AH 2 BB i X- S AT S (XRD, X178, 3[EScintag, Cu Kokf SR
T, TAESAEN: PR 29min, FHTEE5 2552 (20). Nik—BiRRIE YA, AWFFRERM T
LR A B OEOL R 2 8 %X (Raman, Alpha 300-R%, ##EEWITec) BEATHIIEHT. B HITESASE K
W R R BT (FE-SEM, SU8010%Y, H AHitachi) TR AR &1 A —44 il 1 B B BUR
%4 (FIB-SEM, Crossbeam 5407, fE[ECarl Zeiss/A ) #HATWEL, FH45&RERE(C (EDS, X-MaxN
80 TH!, Oxford) HATLHE T @AM MAh, FIFES B+ 2B (TEM, Talos F200x%!, 3[EThe
rmo Scientific) X4 A% A POU £ K R A% R FEREA TR N 24T o
1.5 ETFEEZRKIEL (DFT) MELITE

WHTSCHTR, BT 2KEERR () A ATiE RN MR, %4 B AT 7 &
BT B s e (DFT) RERMHE,  TIESEA AR 2 B 2 T PR i 46 11 B AT o R AT e B8 A 80
BN K A B TIMg(H0)6™ ], FEHEILFK &k (Liu et al., 2020b). #7052 A A2 75 2 A 2540
BOR, ATFRMETREN L, BRSNS A 010)f 1 (& 7RE) tMg(H.0)6> I {EH . BraD
FTH S 7 TR T2 5 FCP2KAEF Chttp:/iwww.cp2k.org) 58K, iHE3ET - F i s (GP
W) JiVERET BT R T R R

N

2 SE R
2.1 IEHREH IR REVKILEHHE

WRIERIPSIEMEA R, K30 RIIETR, EHET R RKIpHEER LR A %M TR 2P %
Eotias. BARME, PAUBEE AR R L pHEIA19.58, & 5 A B 1A R v9.27. PIMAR
WCa IR B W L N BRI WRAN T A R P iCat Wk FIF £ 1.35 mmol/L, &SI TR RFEEL74
mmol/L. FiAhsL ik RIEHH MO B LA B35 2 5 IR ANTH 1 2 v (M Q™ I FE B B3 % /978.86
mmol/L, i & 5 BA 74 £ F Mg? R B M F#K 22 71.05 mmol/L. B AFER I, & 52 MiAa 1O i vk R 5
TP BRES B T > B 2 BT SE R R EER R (Mg/Ca=0.95) .
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Table 1 Geochemical changes in the biomineralization systems with and without montmorillonite

i TG+ ik (30K
SRR - - 2 2+
pHE Ca™" (mmol/L) Mg~ (mmol/L) pH1E Ca”™ (mmol/L) Mg (mmol/L)
i) 7.2040.01 10.05#0.03 80.8740.21 9.58#0.11 1.3530.09 78.8640.43
WA +SE WA 7.2140.02 10.03#0.06 78.960.18 9.2740.06 1.7440.13 71.0540.25

2.2 TP FRAE
2.2.1 XRD &R 5

WAEVIT AR R = XRDZ RN ELR . ERBINSE B SRR R, SN0 4) 32 %
NEIKTT A RREE T A (Bl1ad. e, RBETTMEA (104) ARiEfiThtidlz 7-29.817° 26 (di0s=2.9
94 A (K1b), tR¥EBischoff£ i/ it (Bischoff et al., 1983), H:MgCO:EE /R H 7 kb N14.35%. 24
WAL RSINFEIA S, EEMEMSE N AIEREER T, BRI WAL T 8. BT S R
fEWEZ Ab, BRIGERH) (104) FT5tide i & & M B e (30.698° 20, di0s=2.910 A) (E1b), XIRiff)
MgCOsE /R 47 L& T+ £244.93%, HALFEA IR (5 Axf. ERERNZ, ZRRET YXRD
P b o HH BB 45 M AT B [ 21 (201) « (021)F1(015)], FLAT SR UG e e 58 A0k, 3ok ORI IE S35 52 M A Ok
A AR R A= R R B A
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Fig.1 XRD patterns of precipitates from the bioreactors with and without montmorillonite: (a) whole-range spectra;

(b) the enlarged-view patterns in the range of 28-33<260
222 3 ZEERGHT
RIS — S WA R R A, RERE R AT R BOGIE . ARSI
FEFRAEAE MR 2 2 R ). —FNERLAS umBBERIRIRL; 7 — R BN R4, H
TR EITEAR (El2a). PIFRRB B0 MIFE s (8] B e, 2 B (E2b) s, BROEERIEL
094 cm™ 4L AJ LB & HICOS> IR FRANEIR SN (vy), 302 em™ &b WCOs> HIREEN L ARAE, X LLhFAE 5



SCHERH R 2 A7 (L 2 F S0 2 WD A (Gunasekaran et al., 2006; Sun et al., 2014). ifi R ASHE I i1t 5% 45
LB RNFEMA . TEIRHIE, AL R B N532 nmAEOL, 2B S MK S A 7 A i Y
FOUTH(Ritz et al.,, 2016), HALZ(F T ARBARCKE. Lo, ZWOCIRIRIIFENT, S FSE 2
IR, RUHLER T REZ B BIA (E2a),

1094
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Fig.2 Light microscopic photograph (a) and Raman spectra (b) of precipitates from the bioreactors with montmorillonite
2.2.3 FIB-SEM %5 R 547
SEMMEDSS: R IR, ELSEM AR ZAT T, WAET 1= EZMREETT A, H AR 2k
AR, BHARZIN10-15 pm (E3). (RIS, RIS 40 B 20 M P TIREE T i R il (B3, A —=
WA A A 2R AR B SR 2= A AR A2 AR 9 3, KRBV, 29082-4 um, FE0 40 T FOIR S A R i
B X (Elda). mor P sigdt — PR IX S B 2 A ERR R R b L $em . (BElde-d).
Hdp, oA AER A WA SEZNA R E (B4d), RPASEBATRIENTEHSEER S5 A
HLNACE IS

Fig.3 SEM images of precipitates from bioreactors without montmorillonite
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Fig.4 SEM images of precipitates from bioreactors with montmorillonite

NIRFEA = AR A BS54 5 o0z o0 A, AW SR I FIBX R b AT U1k, JF45 5 EDS#EAT
TR (E5). SR ER, CaMMgfE S mEES, famzXEONEA AT, 1M0Sif 74642 BN
ErTE AR, ESEE A A EEAERR AR EAK. AEEANMBSHSREY, A AR
S AR N P JRIL G

)

KI5 ZEMUA A N A BE R B R PE I FIB-SEM-EDS it : () ZERA-JR Ao BEM, LB EREIfE
(b-e) ZEif-J5 F = A R AEADI T K Ca. Mg, SiTtE M
Fig.5 FIB-SEM and EDS images of precipitates from bioreactors with montmorillonite: (a) montmorillonite-protodolomite
aggregates, with dashed lines indicating the FIB-milling position; (b-e) cross-section of samples and elemental distributi
on of Ca, Mg, and Si



2.2.4 TEM % Ro#7

TEMZREY, FEARARRER S FREN A 2B R TEMCR (Hea. A Eihs%
SHAHMEL, H (001 & E 813 nm (E6b). M T 52 B R i i 5 [ 24 Bk S s
R 2 S ATSRRIE, o (104). (006) Al (113) S5 dnHIFTSHEMI T (El6c). mi/r M TEMIE—D
BR0.2 ARk EEE, XEFEAsA (113) @EmEIRE 3 (Bled). @il &M E i
(HAADP), J& A=A FENE SEhA O REM LG AE K (Bea. ). XtE6ed i = A BRT T
TLERANT, AREIR, CafIMgriEi FEEET MR (B6f-g), 7EUGXIEE ST B EFIK (K6
i)

bztl‘iﬁ (Spm> N

K6 BT AR T RN RRETMNTEM AT (a-0) FEWA-IR A=A REMR, Hd (b F (o) 1ihE

BT SEBAI EFE % SRS R S A AT (D) HA A (113) AT & HE i 580G (e-h) i

F-RARRERK TR ME, Hd (D, (@ F (h) -5 RiCa. MgFISIITEER /s (D W (e) HSE& A
EAFIR A A B0k CafiMg 7t 2 IEDS L 6 4 A

Fig.6 TEM images of precipitates from reactors with clay minerals: (a-c) montmorillonite-protodolomite aggregates, with



insets in (b) and (c) displaying high-resolution lattice fringes of montmorillonite and the electron diffraction pattern of
protodolomite, respectively; (d) lattice fringes corresponding to the (113) plane of protodolomite; (e-h) elemental mappi
ng of a montmorillonite-protodolomite aggregate, in which (f), (g), and (h) correspond to the distributions of Ca, Mg, a
nd Si, respectively; (i) EDS line-scan results showing the distribution of Ca and Mg in the protodolomite grain obtaine-

d along the solid line indicated in panel (e)
2.3 DFT 4 R #

DFTH M4 F REZ 8 7R T S A 5Mg(H,0)6™ HIAI ELAE FIMLEI . LS R, Z205 4 (010) &1
XEMG(Ho0)s™ L AT S VW AR . 2240 s 04T (JBI72) TonmWi SRR e il T = AR, £WIMg
(Ho0)6™ TESE Wi A1 R IR R AL T TR . HE— DI MIMRT (BT R, ZERA R IR B Kk
SE IRIMg-O B S BN Mg (H20)6™ [ Ak 4 & o AR INAE, S S AR I B AT A R 1,
HIB I REAELA-1.18 eV IX—45 RAEHE FIUE T S MLATENIER A A BAZ AR (178 77 -

b ' /\..l;n
( ): /K,,’[;([,.,j('; ’Q

@ O
Al Si O H

K7 DFTEHUSE A K &8 T R L () BRI Z 7 AT (b) IR 5 /KA 86 T f i Az i
Fig.7 DFT simulation showing the adsorption process of Mg(H,0)s** on the montmorillonite (010) surface: (a) differenti
al charge density of montmorillonite surface; (b) coordination configuration between surface-associated hydroxyls and hy

-drated Mg?" ions

3 B

AWFFAESE, T HIEANES. elongatus BAT 7 S RRIR R WIUTIE I RE ), X — R INIE 0B 8 s &
VE I SRR Eh UUTE I 2 ML FR R AL T BT B SEIIEHE . TEA S S WA ik R+, S. elongatus 3 Zi%
SRR A AR BT R (MgCO5I1 BE /R & 5 N14.35%), & — 1 WA G HHIE S CHIE RIS, leop
oliensis. Leptolyngbya boryanaZs i 4t B Ak 108 1k = #3 LL(Obst et al., 2006; Wang et al., 2023; Zha
o et al., 2024), FKBIZH AL AT BEFE W5 4 1 Hh B A 1 3k P (Kamennaya et al., 2012). H i 55 iA
N, TEME AN S RBIR R AR 5 MR B [ e HLA & VARG . BRI &, T WS4 B A A -1,
5- “BERRARAEINARS (RuBisCO) MR BERARXN AL, HAERAIEFE PR AL T B A COMRAE ML LA
PR E 52 2 (Badger et al., 2002; Riding, 2006). fEiZHL#Id, W4HE LAIHCO; A 3 5 () EHLRR I,



W EE BN, FFE ST RUBISCOM R H 4246 9COMOH (Gargen et al., 2021). 7/E[{O
H 3t — DR R AL, SBURSHASEpHTT &, (RSB, T ONBRIR Eh0™ I DTvE B3 1 A H)
A FPEHE R E, S. elongatus? I H 1% FE K MU ER 7 A BOReE o« SR8 BT AL 7 20 A il
2T VR4 M 36 TR L B R 141 %5 1 45,2 X107 mol/g (Qiu et al., 2018). Xtk ] BE I ok P AL 1) 5 il
BETMART IR (1) A7 5 AR R R B PR AR B 7K & RE, T HEBR B Tk N
BRTR #h g (20 FEHNAR TH 45 78 72 AV HEAT R T [T ] DAAE B AR 51 3 & BT A i g 1) 4R 91 SR
M, 2B R R 2 FE R T B =0 T BT 76 H e B (. (8.1X10™ mol/g) (Kenward et al., 2013),
KGR A B AR T AHIE S AT A B A R R A = A R IR .

ARENE, EFMAZS5MIEMET WERT, T EERNEA S A DFTIFEER, Zi
7 (010) i T X K A BE B R DL 2 W B T, I S 32 A AT A 2L M B 005 . LiuZE A (20
19b) CIESE, mf R R E LY G BiAaMERE) e AE R LR B s TR
Bio R RAE BRI G HIE, 1, SEEDeep Springsi Al Bl P 52 w5 A BH RIS B v 7K S5 n s P
T, BT AAE, RS BEAEASAIAE (Meister et al, 2011; T4, 2018). fHIFHE
I, IXLEPIARIA S ol W WA IR A . AWT UG ZATE T, BT A A SRR R — R )
AR, AW AR T IERANE 58 E0 WER Sk R b P R R E 2 A8 (18D . AIRENLAI G (1)
WA A E e RPN R R A A I R . FERIART LB B, A R ER SR A AN
WA, TR ANTE ARSI & 7R RpHEMBE, WAE A = A RTTERNE 7 AR (2) Ea
R S AN SRS ) 5 5 M A UL 3 [ AL 1 R A i O 3R T R A7 o, 39 X B 1 O R R
M5 RKE RN . LiuvgE N (20190) HIBTFERET, fELCHUEIMA RS, RV &P mHEA = AT
TERIRBEN 3R BR LS EN6 g/Liy, JRAasA ke MASEREER2 o/LN, (UUEHER
H=fr, HXRDEEH (104) MR IR AR S .. AR FURE KRG INE (2 g/L) MM
A, BT AR WA AR REAE R, R A s A R E R, RO & Y 2
YIRH . X — RN B AR BT C s BB B =8 T AL B A R s 3 3 ARt SR, L ET B IESERE
85 T I 0 T Bl A P 2 2 B T W o W A 2T L BRI 30 i R 7 B e ot T S5 o2 2R T (Vas
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Fig.8 Schematic illustration of protodolomite formation mediated synergistically by cyanobacteria and montmorillonite
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