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Influence of Mn2* on Microbe-Induced Protodolomite For-
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Abstract: Although the “microbial dolomite model” provides insights into explaining the
“dolomite problem”, most of the experiments lack the input of trace elements. Therefore,
the study investigated the influence of different concentrations of Mn** (0, 0.6, 3, 6 mM)
on the protodolomite precipitation induced by the bacterial strain Vreelandella alkaliphila
J1. By monitoring hydrochemical conditions and analyzing extracellular polymeric sub-
stances (EPS) components, combined with XRD and SEM-EDS, this study revealed the
mechanism by which Mn?" regulates protodolomite precipitation by influencing the com-
position of microbial EPS. The results showed that low-concentration Mn?** (0.6 mM)
promoted the secretion of proteins rich in carboxyl groups and increased the Mg/Ca ratio
in the mineral lattice, thereby facilitating protodolomite formation. In contrast, high-con-
centration Mn?* (3-6 mM) suppressed bacterial growth and EPS secretion. At this point,
Mn?* preferred to combine with CO3* to form rhodochrosite, thereby inhibiting the for-
mation of protodolomite. These findings confirmed that low concentrations of Mn?" pro-
moted the formation of protodolomite by enhancing EPS secretion, while high concen-
trations of Mn?* inhibited its formation by inhibiting microbial growth and binding CO3*".
These findings improve our understanding of the mechanism underlying microbial pro-
todolomite formation under the influence of Mn?* and clarify the concentration-depend-
ent effect of Mn?* on protodolomite formation inhibition. Furthermore, this work pro-
vides implications for interpreting of Mn-rich dolomite in geological records.

Key Words: Trace element; Biomineralization; Protodolomite; Extracellular polymeric
substances (EPS); Vreelandella alkaliphila J1
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EERIRIR A WA AE B AR AT, X—EIEIRSE NS 80%
/e A4i(Hobbs et al., 2024), HMLA A RZBEZEKMAEE. AaNEEE ST Y)
NE=A, HAER 2 CaMg(COs), EARNARKMZERERE, JLHLL
AR E B N E E (Geske et al., 2012; Diloreto et al., 2021). 5FE W H =AM
PG, RE DA KA T H oA 2 HEEARE, 52 1EFR 2SI
WP VR A FIUTHE (Moreira et al., 2004; Fang and Xu, 2018; Diloreto et al.,
2021). X—HLR AR YIRS K B 2L 3 —— B =1 Z ¥ (Roberts, 2024).

Hoath )z B ARG, Sr R R ARAME TR S 2S5 Bk
R YR S Y SR A e A A IR IR A & T A T B (Geske et al., 2012;
Krause et al., 2012; Diloreto et al., 2021). {H 4 AN 17ESLLG = Hp 22 @ i T 22
Wiy EARIR A T E R E AR, BMELIS KA 32 SRR, SEIGAKIR DL
#(Land, 1998). AMII$2H T Z MR VLR =8 R L (Petrash et al., 2015),
T 28 0 R R ) R AR IR 26 1 N B = A TR iR 1 7 B A R Sk 5 IE 4
(Vasconcelos et al., 1995),

W, W5 R sk Ak BLE 25 # (Liu et al., 2020; Wang et al., 2022; Han et al., 2024;
Guo et al., 2025; Zhao et al., 2025). 7= H 4z 7 B (Lu et al., 2021; Sun et al., 2024; Liu
et al., 2025)%5 2 MR E VI RERE R 2 = A W I8 ) R, fEdt 3= A ltiE,
BE— IR 7T AT A A FEE(Liu et al,, 2024), AL
H A UTE RALE] FEF LR . — 7, AR BRI a2 2 oo
WP KA 22250, W KA pH (. CO*iE M Bl LAV W R4
BEB TR, HETRLM (= A0 1 M9 A FE (Raudsepp et al., 2024; Bibi et al., 2026).
AT, WAEM LW RANEESY) (2 hE. FEEIR & & E R EY D
(Zhang et al., 2012b; Han et al., 2024)fe0% 181 4 )@ ZSHLHI Ik A = A R 3h 7)
2efEhs, A AT DU N A0 B % A 15 (Krause et al., 2012; Gregg et al., 2015).
TEARH IR, WEEMGEFE TR B = A BRED AR FS5HEENE =
AR, BAERERSH EEE T R TIFEL R, i, B
MANEE = ASE LT H A WEYERINIE B A7 UWEAE = AR,
e SR T, A B P HEA A 7 = 41 (Zheng et al., 2021).

REWMEVN RIEB AT RIS 7 E R R, HIAIE 2 T
WHISELR 264, T EH RIS Z IR 182, BT Ca®'s Mg* Ml COs> 24, Tl
TR MAFAE AT BE 0 R 2= BT ™ A2 RS . SRR H = a UTAR M B



LI E TR (Liu et al., 2019), ‘BEXT CO:* 7S RE 1T RE RS A = A N RZ S
AR, HREAMPLE MR L. EATEERE, TP a s A
Wl &G, S EAIAEH ppm(You etal., 2013; Gregg et al., 2015; Ning et al., 2021),
W E T F e ARBE LA I A s A R E R A D Bk R — &
FIHL TR ARG, 124 A oA R TR KB i K PR G H TR B (Ning et al., 2021).
DU BLER N AR A L A = A AR, R RERS H oA 2 0] BR A7 %
DIBRR, BhTRER M H &AM REIRER R Z —(Yu et al,, 2019). CHBRYIE
R TEE A = ATERIER, KIAEEBUKEZME T, IIADE M2 G
T oA ZEAUAT B AR R TP BE B T ENE ) M (Han et al., 2024). —J7TH, Mn* 7] fg
S BRI YILE S AR R e S AR UE P, BRI O SR E N « B — T,
Mn? 0] DL BR E = A% K30 71 220G, (Rt Mg? 45 NBkBR Sh0 ) datk (Li et al.,
2018; Han et al., 2024). {HAATX Mn 7E A = A UTEE H FIE R FRA UK IH L3 7 55
FEAFE (1D M IRERRPAHE: BIMERE Ma? 7] Re et A 1h, (25
WRE M A REF= AR BE AN, A AR K S A& YE(Liu et al., 2011). Mn**
WFE “ARHE” B “Hi)” BIIGAREMAEE. () FAEYE AL ST
RETIRE & OC RN 2. Min® A Ja sk 52 e 241 i 5.3 375 A F°0 40 B T 25 e 2R P e 2
HRAS (Daye et al., 2019), {HIX LE40 i 7K~ 1) A4k arfeT 5 Ja A A A2 a1 58
Yoy i ARG, HETT RS A IS A, B B R SRR

BEXF FIREEIAYT, B ARG S IR V. alkaliphila J1 NBFFIN R, AR
HRE AT RARFAF R M WA CRR M ARUE T & sh 5
BV N, TR Mo 2R 3R 8 S A L . i
W IR 0 Min?* 1) 26 A S YIRS RS I ROA B A S 5 ARAE . BTIARIY XRD
e S ARSI SEM-EDS 434, BRI Mn BS54 E) XPS fF#fr, [ B
Mn?" X} 1 = A0 BUE SRR . 456 BN RGP 73 b, #87 ik A e i
VR RE S WA A B B, M (A3 R SR B FEAEAT W A% P R O, 31T R G
BB Mo EERUAEY A = AR S B R ERNLE, AFEE “mEIE A
P IR PR AL SR .

1 M 5EZ*

1.1 SR EHREYIE ST



AT B8 22 R W3R ANTE V. alkaliphila J1 73 8513540 61 BF K
WRERIDURRY) . BARRIE TR IO FRIE M W R 4FE 5 g/L, JREEEAE 10 g/L,
S 2g/L, NaCl150g/L. ¥ pHIEFE 7.0 =R SIEKE G, ZJERETE3S5°C,
150 r/min FEIRIR T FE - FE 7

1.2 £ LR

TEN B TR N 20.33 g/L MgClL-6H20. 1.11 g/L CaCla. 0.8 g/L Na-
HCOs3. 0.8 g/L Na2COs. 2 g /L KCI. 124.99 g/L NaCl. 0.5 g/L ZE/E. 2 g /L Bz &k
P . VI%h pH E TN 7.2,

AV AR SEI VIR 300 mL, 7E EiRESFREEHIIN 2% (viv)
SR KA AN B =, BTN 20 RV SELR . B ik R e N
150 g/L, Ca*F1 Mg 43 I [ & 4 10 mM F1 100 mM. [FH 1b A& & F i AA
T8N MnClo4H,0 BEE, RIE Mn* 7EHLFC R HIE R & & (You et al., 2013;
Gregg et al., 2015), & 4 Mo WREF AR, M WRE5HIKER 0. 0.6, 3
A6 mM, HWEERE J1 FEIRLLSRAF TR K . REFIMAE AL 20t REZHAE A
A2 N AT SEES . NORIEE I, AR RN 3 NEE . FEFRMILE 30 °C.
160 r/min PIEIRPERFRF PR IR . AERE IR N TBCE 78 /K B HE T B LA /D s e ik
K2R . B IARERE M, W RS pH E. MAEY KT

(ODeoo) FBAPHES T . MR GH I Wil B O s, B Ak Pk
PAEBRER Sy, BEGATRTIE, SRS AN EPS Bk AR i i AT A T RAE .

1.3 BRESE TFHREMNE

ffF ICP-OES (PerkinElmer, ZE[E) X fb 4k &R A 1 8+ & &7 0 Hrillik,
DA AR S 570 2 TR 1) I 20 e i, R — 0 I TA) AR SR A BUREEAT D 3E o« RIR
W1 mL E3E AR, AT IR AR R 2 5 EREIIA . BB AR AR IR AR R
JEE D) FH 3% 5 1500 52 (Zhuang et al., 2018).

1.4 ¥ YFIES #

W B ORI A B A AKE D = IR AR bR 5, AT, T
Ja RE T S I . R AR A J5 347 XRD (Rigaku SmartLab SE, HAD 4-#r, 4
okt Cu-Ko 384 (40 kV, 40 mA) , HFEEA 5/min, FK 0.02° ,
Y5 [ 910~60°(20). XRD #4518 FH Jade 6 FAFHEAT 0 M, SERUT IAHEI S, R4
Goldsmith et al. (1961) LA X IH A=A+ Mg I EE/RH 4.



Hid XPS (ESCALAB 250XI, ZEED X ¥)0I3R A 2w RN AT 24l
%€, M Avantage TAFAHF BRI BTG IHEAT P IER G . FrAEIREIIA C 1s I (284.8
eV) BT HLAT R IR AL

K H S HE R G K S BB (SUB010, H A ) A SEM-EDS
(VEGA3, [E) 4 AR WS E A R TR At ol WA, b
B PIRAIANE] 0.5 mL /K LEE, K ZEEIBGER 10 min, RS 78508
b J5 PR VR I 2B = R IR b, TS EALIK. SEM AT EDS il
L34 15 kV.

1.5 EPS 48 5> 9= B 2

MAS RN 2 A 20 Sl W BRSSP B 209 300 mL, B 2000 r/min (553 B0 10
R, £ B, BRHEETKINE 300 mL. ZEREEEWRX, KA IIRTTEMIK
ANZFER 50 mL £E1/KH, £ 60 cCRIKTHInH 30 7280, /580 10 408
(10000 r/min) , ¥ _EIBEBHILEN 0.22 FOKFMESH TN, 58] 03E W1
EPS ¥ #i(Han et al., 2024). KA ET R 24 /N, EAFA R H EPS B
SR G R RIS LU 0 E EPS 2 B4 i & &, EPS HhaE B & & NF)
H Lowry 45 l](Han et al., 2024).

ffH =4E% % 3D-EEM (F7000, HZA) Xt FrHeE 4 B 1Mo 5 & Yk
FESEAT TR, MHARE S 2 mL AL, LRERTR FJeid S ALEE . R (ex)
WARKFNES Cem) IKIAHTEHE AN 200 - 600 nm, BAEBAKHEE 10 nm. K5
WK NAIRE 5 nm, FAHEE 2400 nmy/min, K/ R SESE 5 nm.
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FEARIN Mn> HRF B b, BPRAE S % BRI R AR AR, 400 (ODeoo
) 7E58 2 RISBIE G0 A PRI B TR (B 1a) 5 Wh0 0.6 mM Mn?* (1) 5256
HAEK L5 R0 Mo> 0 B AHIE, TR L Mn®® (3 mM A 6 mMD B
AN TRE AR, AR R B AR T BRI FE Mn? SEER 2, R 6 mM
M 0 G AR P A IR A I 4 ol 2, O 8 0 28 A RFAE IR I 7K (A
la) .



08F
8 06
#
= 04F
ES
02
0.0 -
0 4 8 12 16 20 0 4 8 12 16 20
Time (d) Time (d)
100 B 1 o 1ir 1
Mg R (c) X3 {d)
96
~ i — |
: ] z .|
Sttt 4 I E 4
20 , T =
2 -;Ca"‘FZ?E T E
fog %‘{' (
= _ = }
= =k
8 ® -
3
—i\‘}— \j:_‘
’§§—¥__§‘7 _77:i:i
. S = S—
0 4 8 12 16 20
Time (d)
0.6
o
051
a = 04}
- <
o —y 03
k: =
gl o}
o] 02}
> =
Ol F
0.0
Time {d) Time (d)
—e—1 & J1+0.6 mM Mn" —&——J1+3 mM Mn™ —®——J116 mM Mn™

K1 AEDDRY M? R IE TR, Mg™/Ca® = 10 (I iR &, LI R bk A2 230 A i 25

Fig.1 The curves depicting the changes in water chemistry during the mineralization process in a min-
eralization system with a Mg?*/Ca®" ratio of 10 at four Mn?" concentrations

(a) ODgooBHbIIZE;  (b) pHAEALMIZL: (c) CaIREEA M2 WREAS(LIIZR: (&)
Mn? REA 2R, (o) BRIRIR (CO:*) BETFIRkEARILINZ, () BRIREMR (HCO;) &1
e AR Ak fh 28

ANERE M2 I AR &2, pH ER SR A —3 (B 1b) . B4R
P A KB, pH (MK 7.2 S8 BT, BEESE e & mid, m&fRe
7F 8.1 — 8.5, {HEVEEMZ, %o mM. 0.6 mM. 3 mM fl 6 mM Mn> 5 b4k
ZIKHK pH 20N 8.55. 8.52. 8.33 A1 821 (& 1b) , ik Mn?" (6 mM)
SEUS I K pH ABAR Tk FEZH AN A G BB Min (1) S 36 2



IR R, FRRT Ca?' Ml M IR 2R TR, MG RS TiRe
(F1c) « 0mM. 0.6 mM. 3 mM fll 6 mM Mn? [ L& R Ca? IR KR 43
579 2.03 mM. 2.09 mM. 2.70 mM A12.75 mM, BE%E M WK ERTFE, Ca2 ik
KRB WERM BT (B 1) « Mg ESE RPN RAWE TN 94.45 mM.,
94.15 mM. 94.93 mM A1 9499 mM ([ 1c) , EikE Mn>* (3 mM, 6 mM) A&
o M AR B FE G BT BTt . ZEARIKEE Mn?* (0.6 mMD FISEIRZH, Mn® 72353
SEORBHE R PR AR B R 0.13 mM,  TI/E 3 mM A1 6 mM Mn** 525640, Mn?*
WRFEAESE | R N, 2R N, 11 Rz aaTie (B 1d , &&%RH
WEEr A 038 mM Al 0.52 mM. COsZ K FE AR A0 5 i A= 0 A K T Bh 25 DA 5%
(Kl 1e) , ERFRAIFR, SERRF COZIREXI AR LA, SEUEBRIRE T
BEJG, COsMWKFERARZE N, m&ETHNRE. HEFERNZ, SKE Mn®
(6mM) SIS 1) CO WA VR B I WA T % IR AL A LA S B0 240, B S HA R PR A
BN. HCOs IR I B EBUH A COZ KM ALt , (HIGHEHBIESE 1 K
(K1)

22 AEIHRBEFRETHEY EPS AT

S M X IR R AL, 00 0.6 mM IR Mn>" 2 {23E T EPS 15
PR AR Z R ER (B 2a /1 2b) o 24 MWK ETHE 2 3 mM I, EPS
HE. EORAZESEY RO E K. /£ 6 mM Mo KRBT, BT
EPS. AL ELHFEERL (B 2a Al 2b) o DR ik ZRF, EPS 414>
R RS 2R EZ iR 1.61. 1510 1.21 #1153 (] 2b) .

T EIRNENT EPS HA ML A 7 AR, SR T = YRR - R
(3D-EEM) %06 RFEAT 48T« EEM 5606045 K B, (KM FE Mn2*
(0.6 mM) EERIN T EPS FHRUEDARHT R GO BT IX TV) BRI & &
(B 2c. 2d. 2e F1 26) , X 5T EPS 4155 I E 45 AT 1 ek EE A Min2*
(6 mMD MIARFERE 1 & BRI UM E AR R BT (43 A0 BT X 48 AT V)
A& & (R 1) o BEE M IRERMN, BEREMR (Vv X)) s B Rk
Yo (IL XD BARGT = BEZ MG I, T s 2 R A B 1 R Al e S R % el 2R A
P (. ID FEEEAR GRD .
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Fig. 2 Composition, characterization and three-dimensional fluorescence excitation-emission matrices

(EEMs) of extracellular polymers (EPS) in the mineralization system at four Mn?* concentrations after
7 days of mineralization
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Table 1 Relative contents of five regions in EPS determined by three-dimensional fluorescence spec-
troscopy in four systems with different concentrations of Mn?*

Mn2" Kk (mM)

[X 35 )i 0 0.6 3 6

I E&Z@?ﬁf H 6.86% 6.68% 7.09% 6.66%
=R =

Il éé%ﬁ%jéiie 3.01% 3.00% 3.02% 3.07%
0~

111 & B 5 6.04% 5.03% 6.09% 7.05%

A ”ﬁiiiﬁlgﬁﬁ 78.62% 80.39% 77.88% 74.45%
H

\Y JE AR 2 iR 5.47% 4.90% 5.92% 8.77%

23 WIS

TEBPE AP OL R, BEE ARV Mo BIE N,  FAEMDE SRR )
MIRA T BEBN, XEH Mo 5N AET L R4 7T EEEM, EA4
B Mn?* B0 FEZHFMIGIR BE Mn> [ sRBe H HR B R 1R B A FoK s i (B 3a)
MR M2 K E AR (3 mM B 6 mM) HF U LISEERE NILAT Y, JRASA
() d(104) & T N I AREEATES LTI 2 (B 3a) o &5, %I 0 mM A1 0.6 mM
Mn* HfE &, Mg 2R H = A R EER B 70 ol e 46.2%M 47.1%. fEANE Mn?*
PASAGHR BE M AL 2t B, DUB R 7 Bk fia (B 3b) T sk
Mn* iR R R TR R T 225400 (B 3b) .

WCEEAN[R] Min® 94 B SIS A R IR DTUE =0T XPS A S gl & (or ik
2% Han et al., 2024) , Bt—P4RFE Mn LR INES /3. Mn JLER 2p FUE PG
WA ERER, T YF Mn f24£ Ma(IDF Ma(IIDIXFFE, 0T 0.6
mM, 3 mM 6 mM Mn? JSEE/A R, Mn(I). Mn(II)F1 Mn 2p 1/2 B 5
Lol 41.18%. 35.29%F1 23.53% (& 3¢) 5 31.92%- 42.55%#1 25.53% (&
3d) ; A1 23.85%. 51.38%K124.77% (B 3e) .

2.4 TR, TREMF R LGS

SEM EUEB/R T I SFERI 24 . fEAS M k&R (B 42) , JEH
ZARINEHREBEESE (& 40) , BIKITTEANERIAZERE (K 4b) . S
M WREFH 2 6 mM (B 4d) , B IMEAS N, T RS RIN B
IREAIRHES S51, TR SRR “TEmfsR” REER, BRI EAE. S

(E 4e #140)
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Fig. 3 X-ray diffraction (XRD) and X-ray photoelectron spectroscopy (XPS) analyses of the biominerals
and minerals in the chemical control (without microbial inoculum) collected at the end of the experiments
formed under various Mn?* concentrations

@D, @, B @: M KEHHINOmM, 0.6 mM. 3mMFl 6 mM. (a) SLELEH E4EY)
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FRZH CRESIIAEYD P XRD Bt (M: BKTfA, R: 3580 (ce) XN
o Mn 1) XPS S, ¢ dv e: Mn?IKEMEEIE 258 0.6 mM. 3 mM. 6 mM

EDS JRFLLE &0 MR T W F A BE Mo? 9K EAR LR . R
Mn? B S236 AR RIE IR A =4 Mg/Ca (BEREL) 4% & EDS Giil, 458209
9 0.99 81 1.06 (B 4c) , TMiEkE Mn? (6mM) HISZIGAK 2 th i Wk ) Mg/Ca
MR EEH TR, 425 EDS giit, 455850708 0.85. 049, 0.21 A1 0.25 (B
de F1 40) . X—AALEAAEN, EIKE M 34BN SN HIE S B0 R £
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Fig. 4 Scanning electron microscope (SEM) images and energy dispersive spectroscopy (EDS) anal-
ysis of the biominerals formed under different Mn?" concentrations at the end of the experiments

(2) 0mM M B RZIEE: (b)) 0 mM Mn? "k R BK A EE:  (¢) 0 mM Mn?*
HRERFEAZAMEG:; (D 6 mMMn? R RKIEE;  (e-f) 6 mM Mn?" 1A R HH2E4600 11 &
%. EFRIAERE (EDS) EoR 1 EAGITHE N I b g 51

3 g

3.0 &EBETFHREMEKE EPS RSB

MnZ AT AR J1 A EPS 43l DL TRk R IR 45 P~ R T
FM . {EMRIKEE (0.6 mM) Mn? 5%fF T, BEFE 11 B4 K50 RRAUA LL R 52 218
SR (& 1a) , MR, M4 EPS ME. EAFRME S BYEIRE

(B 2a 1 2b) . XATRER B TR Mn2 0] DUIVE NVF 2 8l (e itk
. AEARRRALES) K% T-(Zhou and Fu, 2020; Han et al., 2024), FIHIRKE
Mn* (R IR 3 1 i AE P Bt SNE 3l (Zhou and Fu, 2020), {73524 1
T2 EPS. (R FE I 4 8 W i 2 fil R A A 0 R LR AL, S ) 2 d it
I EPS B RUHREERFIRIE, S E L E SR RESHETFERERN EPS
REEA PSS Mn?, TR A5 M (Li et al., 2018; Han et al., 2024). =4E% %
FeiE it — RS, 0.6 mM Mn? "R R RAEY) A T 2 AR =) (GR



1, B2d) , BEUENBRIRELN VIt 8 B SAZ AL i, s A E R
RetG Mg*(Zhang et al., 2012b), IXIREFHUARRE iR RIGRH IR T M2 IR E
BARMRE (E 10 .

M REFEER 3 mM iR 6 mM B, BEFK J1 BIAERKSZBRRZIH0E], 40
HERP AR (B 1), EPS KA E SR TR (& 2a M1 2b)
EREE ) Mn> ORI e 8 PE, IR TAEiBsE, - BimtA | i,
SoF 4 A i AN A 306 ) AL 45495 (Liu et al., 2011; Wright et al., 2016). 1E &K E Mn?*
FIE T, FEEYIEERMRE K240, BEEFEE ) (W0 NADPH) RN A2,
FEEPS G HURESZIH, FEBEE IS, FEGE M AR (6 mMD % pH E
A COZUEAE IR E MR T X IR (B 1b A 1) , IXFEHmik s Mo il 4 i
PIARUITE 1, (A2 A T TR 5 B B R AR SR A B PR AR AL 25 1 26, sz 1 Jig 4
I W) 45 f(Toyama and Terakado, 2017).

M I FE AR B T AR RS FE . 76 0.6 mM AR R, FAEYIAEK
g, 74 KE EPS, &5 Mn* KAEZESEM, SRR Mo HIFEC. [FI,
R A SRR 2 Mn? (B 3d) o TM7E 3 mM Al 6 mM /K& H1, Mn? 2 &0
fil TREI A, B A KRR S BUA pH A2 8.55 /18.51 (& 1b)
T Mn> 5 CO> 454, S, Mn> EBRF D518 87.33%41 91.33%,
NI FEA i FE Mn? 2 E e (B 1d) o (EAERIZ, BEE VI M2 K
FERIIE N, W3 Mo(ID)FIFEXT ELBIAN 41.18% T %4 23.85%, 1M Mn(IIT) ) LLA
BE . XTRERHTERR pH A& DU SR o A A A R T Mo? 484k
gE R KRB M K2 U YRR AFE, B4 XRD B, Rkl B E )
MR RS, PR ENIFEE K. AR M 3REXT Ca? iHFERZ RN, (HXT
Mg R AL 24 T R E M (B 1e) o I Mn® UK AT BERRE 3k T Mg BE AT
Vit , SFEORHRHERE Mg REERAL, BEaATh Mg B/RAs k. 5
o M2 IO REAE L, M2 YR EE RIS T Mg In U ER, S EUEH
R AR M2 WREERES M &2 A A S (B 1o) « XIER Mn? @i 520
SIS PR EPS 22y AR EERRE, e MRS T K E M K 51 2
(Han et al., 2024).

3.2 BT EEZARENIER

WMAEMFES A ATHEMILS H Vasconcelos 25\ (1995) fEEVYE Lagoa Ver-
melha %I YRIRIE LUK (Vasconcelos et al., 1995), CfE L FEY SR & B
AW TR Mg/Ca 9 10, 5 ERMTTRYIFLEK 1 Mg/Ca $53, 328 i T3 /K (1115



WHE (4 52) , R NE=ARTEBEREE T AR I 1525400 . KREW TR,
1 Mg/Ca =25 lk Mg? /K G815 hG . R 8 = A BUZ 0 B R 3 2 —(Fang and
Xu, 2018; Hobbs et al., 2024), B#k J1 /£ 5 Mg/Ca MRHINE SR A =4, Hil
HE, JRAAFE M2 BE/RE 5 ETIE 46.2% - 47.1%, RIFHLAEGTE m R,
B Mg/Ca BN A RORERIASE, FRE A ALK, X 5H5 ) s
WM RIARE KRBT RKE B A NS S mEY S .
(Raudsepp et al., 2024).

XRD A4 RAUESE, TEREBIN M2 [Fx B DL RAIRIR B Mn? (0.6 mMD 5K
WAy, BRI TR A=A RREATS e (B 3a) , TR AL o R ZHAEAH
[F) A TR T K7 A (B 3b) o IXHEIE TSR 11 BRESR A A T0E
IR AR 1, AW ™0 240 ik 78 T N B = 4 S i I (1 ) 7 %
REhS, 27K G [Meg(H20)6)* i K B EKBE22(Land, 1998). SEIGEE KR J1 N =
IR PERE, HAMBESME S G20, XA Re2 A 4 & & T 1A sk,
WA KSR RS TE, S8 pH W B, #HiERT A=A RYTELiu et al.,
2020; Zhao et al., 2025). ZHIEEAIRETNG, ZEEMAEM AR RS, WHEE
W COs* 5 HCOs 2 a4k, H#Eds T IR H = A FIE (Wang et al., 2022; Han
et al., 2024).

Mn> W EENT PIAHE AL A B HIEH . BEE Mn>IKEA 0 mM B n
6 mM, I YIAH R A=A ROK T R A G AR — R, R A s AR
B d(104)ATSHIELE 3 mM Mn* I 58k (B 3a) o XA IR R 1
Mn?'5 Mg*. Ca* fEIRIRI &S T A M EFEHERXR. NETIEREMEE,
Mn*" (0.83 A) 5 Mg* (0.72 A) MR~ ZERI/NTHLYE Ca* (1.00 A £ R
(Daye et al., 2019). XRD ([ 3a) tHiESL JIX— 5, fRIKE Mn* vl et 1
Mg BE NG ER 0 b, AR5 = A 1) Mg BE/R B 4 LU 46.2%8 T+ 2 47.1%,
AR EE A A, A, 24 M2 WRETHE S, T MnCOs GEERET
P ER (Ksp =~ 10 /T MgCOs (ZEEEH, Ksp ~ 10°) (Lumsden and
Lloyd, 1984), MR AL ITIE T2 EN, Mn* 25 COs* 45 & T )
ZZ 45 AH(Lumsden and Lloyd, 1984; Toyama and Terakado, 2017). k22X & 2H r [F]
FEH LS s (B 3b) #E— D EINE T X Fhalifh 2238071 3R 3 1 Se Gt e pL
il [R50 B T SRR TS ST K A B B T Mg (H20)e | 1R K FEHE N dfad
X8 )RS AT ERIER . teok, A~ Er KR EPS & S RAESE
REH], FIE A M2, BRI B B Mo 5 5, [R] I 20 g 2 1 0 TR B Min®,
MNTTAE — 5 Y6 [ ] ] T 22600 I SR e -



SEM JEZINL 2 F1 EDS JG 2 7 A B IR B T Min? VR FE XA W Ao &6 # A 2
FAT RGN . BEE M2 WREEFH S, W 0T BRI SRS A A RR 1) “ FERE S
W BERHESEN (B 4e. 4e A1 40 E3ZEAT AL SRHE. EDS J5 1 e &
CEFTEWIHER T EFBAR TS @ Mg/Ca T 1.03 R 22 0.45, 1 Mn/Ca
MRS 2.84 (K 4) &

ARFFUESE T M B TR H = A TR “ARIE 7 s mon LS 78
BRI AEERTEL S, E&E Ma? B A] Geih AR 2E K& 853 - [Mg(H20)6]* 1
/K5 Mg HENBRIR 25 b, S Mn® BRI AR 20 181 2034 B8 22 A AN SR A K 4y
THWMEAR, MEARE TRETRE, XANEYTRRKESEST
[Mg(H20)6** 25 /K& I RE R pER, 10 LG RE N & 8 B T I SO SR AL B8 2 1 s 1
— H Mn? WG R A, HAERT S ERTTE LG I e Mgt B
/Rt SR WA o (i (=5 NS S % VA B e T 1 et ot 11l S W & v ]
MIAE RS X — R IR Mn B 7% 5 25 A T BRI RS At 138 ) S B0 E 3

4 &g

AHIEFE AN PN 52 7t 5 A7 5 RIS P R R T 4 B AW SR U A B T DS B
ARG T AR AR T (Mn?Y) EREYIN T A = A R 2 H i 7E AL
Hlo BB AFRIKER Mn?t (0. 0.6. 3. 6 mM) H LSk R, Shia KL
WS EPS 4053 bt Bl W 3RAE, 7R T i TG 3R - AE ) EPS-I 0 UiiE I 304
M REFE . TR IR Mn> SRR J1 15 510 B AU IR “IRfE s 7
MG ——RIKEEH Mn?" (0.6 mMD I8 12K G855+ [Mg(H20)6 > I it K A
FRAZARER, SKE G mM M6 mM) M5E440H] 1 R A S AR 1RK
FE Mn?* (0.6 mMD R B = A T2 S BIALZ E i (e gk e EPS. A A2
PR, Win&E S FEAM A, HhEaRSERANE A=A Rt A
U ;s (22 [Mg(H20)6* L K FIBEANT W) i, $R&EEEH = AT Mg BEI/RE 5
oo mksE Mo? i T A AR EPS Fe i, JRidt— il w4 Cos%,
I = A R



SE 30

Bibi, 1., Amin, A., Haese, R.R., Niazi, N.K., 2026. Unraveling Dolomite Dissolution Stoichiometry in
Circumneutral to Alkaline pH Environments. Acta Geochimica 45 (1), 132-141.
https://doi.org/10.1007/s11631-025-00758-x

Daye, M., Higgins, J., Bosak, T., 2019. Formation of Ordered Dolomite in Anaerobic Photosynthetic
Biofilms. Geology 47 (6), 509-512. https://doi.org/10.1130/G45821.1

Diloreto, Z.A., Garg, S., Bontognali, T.R.R., Dittrich, M., 2021. Modern Dolomite Formation Caused
by Seasonal Cycling of Oxygenic Phototrophs and Anoxygenic Phototrophs in a Hypersaline
Sabkha. Scientific Reports 11 (1), 4170. https://doi.org/10.1038/s41598-021-83676-1

Fang, Y., Xu, H., 2022. Dissolved Silica-Catalyzed Disordered Dolomite Precipitation. American
Mineralogist 107 (3), 443—452. https://doi.org/10.2138/am-2021-7474

Fang, Y., Xu, H., 2018. Study of an Ordovician Carbonate with Alternating Dolomite—Calcite Lami-
nations and Its Implication for Catalytic Effects of Microbes on the Formation of Sedimentary
Dolomite. Journal of Sedimentary Research 88 (6), 679-695. https://doi.org/10.2110/jsr.2018.35

Geske, A., Zorlu, J., Richter, D.K., Buhl, D., Niedermayr, A., Immenhauser, A., 2012. Impact of Di-
agenesis and Low Grade Metamorphosis on Isotope (626Mg, 613C, 8180 and 87Sr/86Sr) and
Elemental (Ca, Mg, Mn, Fe and Sr) Signatures of Triassic Sabkha Dolomites. Chemical Geology
332-333, 45-64. https://doi.org/10.1016/j.chemgeo.2012.09.014

Goldsmith, J.R., Graf, D.L., Heard, H.C., 1961. Lattice Constants of the Calcium Magnesium Car-
bonates. American Mineralogist 46 (3—4), 453—-459.

Gregg, J.M., Bish, D.L., Kaczmarek, S.E., Machel, H.G., 2015. Mineralogy, Nucleation and Growth
of Dolomite in the Laboratory and Sedimentary Environment: A Review. Sedimentology 62 (6),
1749-1769. https://doi.org/10.1111/sed.12202

Guo, C., Chen, D.Z., Fu, Y., Zhou, X., Liu, C., 2025. Origin of Burrow-Associated Dolomites and Its
Reservoir Implications: A Case Study from the Lower—Middle Ordovician Carbonates of Tarim
Basin (NW China). Journal of Earth Science 36 (4), 1568—1590. https://doi.org/10.1007/s12583-
022-1673-6

Han, Z., Li, J., Zhao, Y., Chen, Q., Gao, X., Hu, K., Guo, N., Wei, X., Meng, R., Zhu, C., Tucker,
M.E., Han, C., 2024. Dissolved Mn*" Promotes Microbially-Catalyzed Protodolomite Precipita-
tion in  Brackish  Oxidized  Water. Chemical Geology 650, 121986.
https://doi.org/10.1016/j.chemgeo0.2024.121986

Hobbs, F.W.C., Fang, Y., Lebrun, N., Yang, Y., Xu, H., 2024. Co-Precipitation of Primary Dolomite
and Mg-Rich Clays in Deep Springs Lake, California. Sedimentology 71 (4), 1363—1383.
https://doi.org/10.1111/sed.13176


https://doi.org/10.1111/sed.12202

Krause, S., Liebetrau, V., Gorb, S., Sanchez-Roman, M., McKenzie, J.A., Treude, T., 2012. Microbial
Nucleation of Mg-Rich Dolomite in Exopolymeric Substances under Anoxic Modern Seawater
Salinity: New Insight into an Old Enigma. Geology 40 (7), 587-590.
https://doi.org/10.1130/G32923.1

Land, L.S., 1998. Failure to Precipitate Dolomite at 25 °C from Dilute Solution Despite 1000-Fold
Oversaturation  after 32  Years. Aquatic  Geochemistry 4 (3-4), 361-368.
https://doi.org/10.1023/A:1009688315854

Li, Q., Zhang, Y., Dong, L., Guo, Z., 2018. Oligocene Syndepositional Lacustrine Dolomite: A Study
from the Southern Junggar Basin, NW China. Palaeogeography, Palaeoclimatology, Palaeoe-
cology 503, 69-80. https://doi.org/10.1016/j.palaco.2018.04.004

Liu, D., Chen, T., Dai, Z., Papineau, D., Qiu, X., Wang, H., Benzerara, K., 2024. A Non-Classical
Crystallization Mechanism of Microbially-Induced Disordered Dolomite. Geochimica et Cosmo-
chimica Acta 381, 198-2009. https://doi.org/10.1016/j.gca.2024.05.005

Liu, D., Fan, Q., Papineau, D., Yu, N., Chu, Y., Wang, H., Qiu, X., Wang, X., 2020. Precipitation of
Protodolomite Facilitated by Sulfate-Reducing Bacteria: The Role of Capsule Extracellular Pol-
ymeric Substances. Chemical Geology 533, 119415.
https://doi.org/10.1016/j.chemge0.2019.119415

Liu, D., Yu, N., Papineau, D., Fan, Q., Wang, H., Qiu, X., She, Z., Luo, G., 2019. The Catalytic Role
of Planktonic Aerobic Heterotrophic Bacteria in Protodolomite Formation: Results from Lake
Jibuhulangtu Nuur, Inner Mongolia, China. Geochimica et Cosmochimica Acta 263, 31-49.
https://doi.org/10.1016/j.gca.2019.07.056

Liu, Y., Wang, H., Zhang, J., Ye, Y., Wang, X., Zhang, S., 2025. Uncover the Diagenetic Water Con-
dition and Dolomite Formation in the Songliao Basin 91 Ma. Journal of Earth Science 36 (3),
1109-1128. https://doi.org/10.1007/s12583-024-0079-z

Liu, Z., Yang, S., Bai, Y., Xiu, J., Yan, H., Huang, J., Wang, L., Zhang, H., Liu, Y., 2011. The Alter-
ation of Cell Membrane of Sulfate Reducing Bacteria in the Presence of Mn(Il) and Cd(Il). Min-
erals Engineering 24 (8), 839—-844. https://doi.org/10.1016/j.mineng.2011.03.005

Lu, Y., Yang, X., Lin, Z., Sun, X., Yang, Y., Peckmann, J., 2021. Reducing Microenvironments Pro-
mote Incorporation of Magnesium lons into Authigenic Carbonate Forming at Methane Seeps:
Constraints  for  Dolomite = Formation.  Sedimentology 68  (7), 2945-2964.
https://doi.org/10.1111/sed.12919

Lumsden, D.N., Lloyd, R.V., 1984. Mn(Il) Partitioning Between Calcium and Magnesium Sites in
Studies of Dolomite Origin. Geochimica et Cosmochimica Acta 48 (9), 1861-1865.
https://doi.org/10.1016/0016-7037(84)90039-5

Moreira, N.F., Walter, L.M., Vasconcelos, C., McKenzie, J.A., McCall, P.J., 2004. Role of Sulfide
Oxidation in Dolomitization: Sediment and Pore-Water Geochemistry of a Modern Hypersaline

Lagoon System. Geology 32 (8), 701. https://doi.org/10.1130/G20353.1


https://doi.org/10.1016/j.gca.2019.07.056

Ning, M., Yang, F., Ma, H., Lang, X., Shen, B., 2021. Precipitation of Marinoan Cap Carbonate from
Mn-Enriched Seawater. Earth-Science Reviews 218, 103666. https://doi.org/10.1016/j.earsci-
rev.2021.103666

Petrash, D.A., Lalonde, S.V., Gonzalez-Arismendi, G., Gordon, R.A., Méndez, J.A., Gingras, M.K.,
Konhauser, K.O., 2015. Can Mn-S Redox Cycling Drive Sedimentary Dolomite Formation? A
Hypothesis. Chemical Geology 404, 27-40. https://doi.org/10.1016/j.chemgeo0.2015.03.017

Qiu, X., Wang, H., Yao, Y., Duan, Y., 2017. High Salinity Facilitates Dolomite Precipitation Mediated
by Haloferax volcanii DS52. Earth and Planetary Science Letters 472, 197-205.
https://doi.org/10.1016/j.epsl.2017.05.018

Raudsepp, M.J., Wilson, S., Zeyen, N., Arizaleta, M.L., Power, .M., 2024. Magnesite Everywhere:
Formation of Carbonates in the Alkaline Lakes and Playas of the Cariboo Plateau, British Co-
lumbia, Canada. Chemical Geology 648, 121951.
https://doi.org/10.1016/j.chemgeo0.2024.121951

Roberts, J.A., 2024. The Problem with Dolomite. Nature Geoscience 17 (8), 716.
https://doi.org/10.1038/s41561-024-01490-6

Sun, F., Hu, W., Wang, X., Hu, Z., Wu, H., Guo, Y., Wei, G., 2024. Methanogen-Mediated Dolomite
Precipitation in an Early Permian Lake in Northwestern China. Geological Society of America
Bulletin 136 (7-8), 2637-2645. https://doi.org/10.1130/B37156.1

Toyama, K., Terakado, Y., 2017. An Experimental Study of Na, Mn, Sr and Ba Partitioning Between
Dolomite and MgCl, Solution at 130 and 200 °C. Geochemical Journal 51 (6), 199-204.
https://doi.org/10.2343/geochemj.2.0444

Vasconcelos, C., McKenzie, J.A., Bernasconi, S., Grujic, D., Tiens, A.J., 1995. Microbial Mediation
as a Possible Mechanism for Natural Dolomite Formation at Low Temperatures. Nature 377
(6546), 220-222. https://doi.org/10.1038/377220a0

Wang, J., Zhao, Y., Li, D., Qi, P., Gao, X., Guo, N., Meng, R., Tucker, M.E., Yan, H., Han, Z., 2022.
Extreme Halophilic Bacteria Promote the Surface Dolomitization of Calcite Crystals in Solutions
with  Various Magnesium  Concentrations.  Chemical  Geology 606, 120998.
https://doi.org/10.1016/j.chemge0.2022.120998

Wright, M.H., Farooqui, S.M., White, A.R., Greene, A.C., 2016. Production of Manganese Oxide
Nanoparticles by Shewanella Species. Applied and Environmental Microbiology 82 (17), 5402—
5409. https://doi.org/10.1128/ AEM.00663-16

You, X., Sun, S., Zhu, J., Li, Q., Hu, W., Dong, H., 2013. Microbially Mediated Dolomite in Cambrian
Stromatolites from the Tarim Basin, North-West China: Implications for the Role of Organic
Substrate on  Dolomite  Precipitation. Terra  Nova 25 (5), 387-395.
https://doi.org/10.1111/ter.12048



Yu, W., Polgari, M., Gyollai, L., Fintor, K., Szabd, M., Kovacs, 1., Fekete, J., Du, Y., Zhou, Q., 2019.
Microbial Metallogenesis of Cryogenian Manganese Ore Deposits in South China. Precambrian
Research 322, 122—135. https://doi.org/10.1016/j.precamres.2019.01.004

Zhang, F., Xu, H., Konishi, H., Kemp, J.M., Roden, E.E., Shen, Z., 2012a. Dissolved Sulfide-Cata-
lyzed Precipitation of Disordered Dolomite: Implications for the Formation Mechanism of Sedi-
mentary Dolomite. Geochimica et Cosmochimica  Acta 97, 148-165.
https://doi.org/10.1016/j.gca.2012.09.008

Zhang, F., Xu, H., Konishi, H., Shelobolina, E.S., Roden, E., 2012b. Polysaccharide-Catalyzed Nu-
cleation and Growth of Disordered Dolomite: A Potential Precursor of Sedimentary Dolomite.
American Mineralogist 97 (4), 556-567. https://doi.org/10.2138/am.2012.3979

Zhao, Y.-Y., Wei, X.-Y., Gao, X., Guo, N., Li, J., Hu, K.-M., Han, C., Wang, Q.-Y., Han, Z.-Z., 2025.
A Comparison of the Proto-Dolomite Induced by Cyanobacteria and Halophilic Bacteria: Impli-
cations for Dolomite-Inducing Microbe Identification. Journal of Palaeogeography 14 (1), 277—
290. https://doi.org/10.1016/j.jop.2024.09.002

Zheng, W., Liu, D., Yang, S., Fan, Q., Papineau, D., Wang, H., Qiu, X., 2021. Transformation of
Protodolomite to Dolomite Proceeds under Dry-Heating Conditions. Earth and Planetary Sci-
ence Letters 576, 117249. https://doi.org/10.1016/j.epsl.2021.117249

Zhou, H., Fu, C., 2020. Manganese-Oxidizing Microbes and Biogenic Manganese Oxides: Character-
ization, Mn(II) Oxidation Mechanism and Environmental Relevance. Reviews in Environmental
Science and Biotechnology 19 (3), 489-507. https://doi.org/10.1007/s11157-020-09541-1

Zhuang, D., Yan, H., Tucker, M. E., Zhao, H., Han, Z., Zhao, Y., Sun, B., Li, D., Pan, J., Zhao, Y.,
Meng, R., Shan, G., Zhang, X., & Tang, R., 2018. Calcite Precipitation Induced by Bacillus ce-
reus MRR2 Cultured at Different Ca>" Concentrations: Further Insights into Biotic and Abiotic
Calcite. Chemical Geology, 500, 64—87. https://doi.org/10.1016/j.chemgeo.2018.09.018



