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Kinetics of Serpentinization and Carbonation of Peridotite and Their
Feedback Mechanisms: Implications for Carbon Sequestration Coupled
with Hydrogen Production

Zhang Mi' 2, Li Wenwen'-2, Huang Ruifang! ?*
1. Sate Key Laboratory of Tropical Oceanography, South China Sea Institute of Oceanol ogy, Chinese Academy of Sciences, Guangzhou
510301, China
2. University of Chinese Academy of Sciences, Beijing 100049, China
Abstract: Serpentinization generally refers to the hydrothermal alteration of ultramafic rocks (e.g.,
peridotite and komatiite), where olivine and orthopyroxene react with water-rich fluids to form
secondary minerals including serpentine, (+) talc, and (+) magnetite. Peridotite is the most
representative ultramafic rock of the Earth's mantle, and its serpentinization is central to crust-
mantle water cycling and lithospheric evolution. Concurrently, this process holds significant
potential for natural hydrogen generation and carbon sequestration. This study systematically
investigates the key reaction kinetic factors of peridotite serpentinization and carbonation, and
elaborates in depth on the feedback mechanism of energy and material transfer between the two
reactions, aiming to assess their application prospects in carbon sequestration and hydrogen
production. In the reactions of peridotite serpentinization and carbonation, temperature, pressure, salinity,
pH, and solution components (such as NaCl and NaHCOj; concentrations) are the core controlling factors
influencing the reaction kinetics of both. Specific temperature and pressure conditions can significantly
accelerate the reaction rate, and changes in fluid chemical composition also play a crucial role in altering
the overall reaction process. Additionally, the self-heating feature, self-limiting nature, and the formation
of a silica-rich layer during the reaction constitute a complex kinetic feedback mechanism. Both
serpentinization and carbonation are exothermic reactions, and the heat they release can effectively
increase the system temperature and promote the reaction kinetics. Although the reaction rates of olivine
serpentinization and carbonation are highly dependent on temperature, they have different optimal
temperature ranges. Moreover, serpentinization and carbonation reactions are usually accompanied by

volume expansion and changes in porosity. Although this is beneficial for the infiltration and contact of



reaction fluids in the initial stage, the sharp decline in pore permeability due to the precipitation of
carbonate minerals has a negative feedback effect on fluid flow. Due to the differences in precipitation
kinetics between the two, the final products show different precipitation distributions in high-flow and
low-flow areas. The passivation layer formed at the solid-liquid interface limits mineral dissolution and
carbonate precipitation, severely restricting the serpentinization and carbonation processes. In the future,
conditions can be optimized to enhance carbon sequestration efficiency and hydrogen production rate,
and further research can be conducted on ion migration in the coupled reactions to effectively control the
clogging of pores and the formation of passivation layers near the dissolution sites. At the same time,
efforts should be made to promote the practical application of in-situ carbon sequestration-hydrogen
production technology, providing a solution that offers dual benefits of "carbon sequestration" and
"hydrogen production" for addressing climate change and meeting energy demands.

Key words: Peridotite; Serpentinization; Hydrogen production; Carbon sequestration; Feedback

mechanism.
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IR SCA R HEERIRFS MR SE R o 2 KB I — Rk S RN i, AR BB UE A (I
HME) 5K R AR B, A B SUF T ) S A I A M K B AR (Moody, 1976). E i
8 i ARE MM BER T A A, BINEA T SR AU Hh 52- 18 R G hKIER S = I A4
Bl A IR (Mével, 2003; Guillot and Hattori, 2013), JE7EKIREHIAE RS T )@ 857 H A
FEEW /] (Hand, 2023).

ULAESR I TR, RINENE N — R E I R BRARIR, 1EZ 3 H 85 2 E (4%, 2024).
CRILI R R AR A X, ORI E 2 5 R FE B Pl SRR B A e sUR AL R,
Horf Fe? (A 0IR J5 I N BB T Hy (A2 (Tamblyn and Hermann, 2023). HH TR 8CA L 2 RKAET
VRGP 5T S IE VR BRI A, I W AR PR I R U T 2 T (R RS, 2024). A BRVEH A
FKARGIRAT 56 S RN EEIZ S P8R (Liu et al., 2025b), JGILAEKOL-PURL G Hh 5 5 b 3
B, SAARRRIE. BASPEHARZ R Z R EEH (Liu et al., 20252). LG HIERIL 5 FBott—
B 1T RAREVR R A) 5 R E AT (Liu et al.,, 2024). XA WISRIER Ha TR ZI 50 IR 3 00 R 4%
(RO ERA P B, AMORIRER AR A fR e &, R bR AR YRR R 28 (i CHy) A B (Klein and
McCollom, 2013; Grozeva et al., 2017; Adam and Perner, 2018).

MM 2 S & Mg\ Fe S5 8H &1 AN A S IR Sh i M, 50 5 COy IR BLAE BAR E 1
BRIR SR T 1 rpoxb LE T WRERR S50 W IO B IR Eh A, S 7 MM 2 I ] pAY B AT S ik
80%M] COBE%, FI AL FRIFEBRAE J) (Glammar et al., 2005). %8k 5T -4 2R 5T L I 1 R AR Bk
Wit HE, EERBCRR COx B T UL BIE MRS B 5507, F O BR B P 14 5 L R 4
(Peuble etal.,2019). TEWPHWIEIER T, WA NS HHERE 23R, SHIZRK L COy kb T A FA
RA, I IRBHERER SRR TR (5K AHAITK 548, 2012).
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Fig.1 Comparison of carbonation reaction rates of different silicate minerals
Gerdemann et al. (2007) N 4614 BRIRIAE K /N <37 um, IR 185°C, JEJ7 140 bar, ¥ 1 M NaCl+0.64 M
NaHCOs, fii#EH# 800rpm;  Gadikota et al. (2020) B 251 BURIRAR K /N J9<38 pm, EE 180 °C, K77 150
bar, VA 1 M NaCl+0.64 M NaHCOs, $iHE(FE 3 A B 1)

AT 1t 2 PR RO S A mh 7 i () I R AR TR e S0 A R R 24K S B (Kelemen and Matter, 2008;
Kelemen et al., 2011), K IZERTEHRFE N RGHEE (H) S5k (CO EHAF)MIE 1. 1EFT
2 Samail i¥ k% (Kelemen and Matter, 2008) % Pk 2 11 ¥4 (Zhang et al., 2015)5F M B B2 T X
72 KB IR SR FIBRIR Hh ™ P AL s Ay, FLAS MR IE R IR S0 A BB i e A 5 R ik
A (Streitetal., 2012). EBRIBLER K 25 561 S LRI 2 i 2 s o N & B4 EUORE COL 3
D) SRR 1.5 JISLT7 ToK, TEPIIRELN 15 KIRALE T, ERTEAEL) 4x107 A7
(%1 4 JiME) KX CO; (Kelemen and Matter, 2008; Kelemen et al., 2020; Menzel et al., 2022; Decrausaz et
al., 2023). [FJI, Bl &t H AT AR IR e fm e O3 D, A il SRR 0 BT 38 60%~99% (R
i 2155, 2024). Kularatne et al. (2018) At ESLIGIESE, HHE & HBA KR B47 COx KRS
A Ho AENRI P £ ST RFRAEE 5T, S MR EBRAEIRZ 2 2 RE, WA
RE OIS A A SN, K oSEl “ AR BIREUE AT SR LS (B =I04E, 2024).

SR, A 0T 9T 2 SR AR T B i i S0 AL ERBR R S I R, 53 240 1 — 3 A S i A 45
RN IESE S BRI G R R, JUHARBE R G R SCR 5 AR 1 LA LE R P I BLE] . 9k,
KK RGBT HyO-WMi 5 -COy R RIEAR S SRR K 3 52 B, B R BRI e S0 AL 5 iR 4k
Z ) Y S ASEATLAR) R o [ - 7 S Wp R SR 2R, 5 R VB TR 1) 7 SRE 0 5 [ i A R e L 3
WA, B DR R ARy R B SR AR A AE LS .



1 B e SO A5 R 5k A S N ATLER

BN A i S0 A A i OB AN & R B 0 HEAT A A AR SR ST, TR R A8 2K
W NARGRBIK -8 OB ) (Mével, 2003; BE%G 755, 2013; T %48, 2016). 1EH ARG H, dg
BUAEH N 2R 2 AR AR, MR R AR . EEUA . RS MoK B L R S
WA (Klein et al., 2009). ZIFER OH MEJEHE 7 Mg>. Fe*)n[ S5k CO, KM,
BLEUUE BR8N W ARG SEET Y, ITSEIL CO, N M7 (Power etal., 2013). iX—FRFl %
FIF R T PEIR S IRl AR S AR h R B AT I R AR COL WAL HL . U4k, dRSCa A1) Hy 7T
Re S IRESAE AV RIEN COy 3 — B RAERFE ML (Dry ,2002), AR5 —MEEY 5T H Ft (CHa)
(Corre etal., 2023). FUKHIM AIESCAL (M 1-6) BRERERAL (N 7-13) R BT B (M 14-15)
27 R 9 F

M A e S0

6(Mg, Fe),Si0, + 13H,0 = 3(Mg, Fe);Si,05(0H), + 3Mg(0OH), + Fe;0, + 4H, (D
2Mg,Si0, + 3H,0 = Mg5Si,05(0H), + Mg(OH), 2)
3(Mg, Fe),Si0, + Si0,(aq) + 4H,0 + 40,(aq) = 2Mg;Si,05s(0H), + 2Fe;0, 3
3Mg,Si0, + Si0,(aq) + 4H,0 = 2M g5Si,0s(0H), (4)

ROT A SR
6MgSiOs + 4H,0 = 2Mg5Si,0s(OH), + 2Si0, (5)
6MgSiO; + 3H,0 = MgsSiy05(0H), + MgsSi,05(0H), (6)

BRI IR Hh Ak -
2Mg,Si0, + CO, + 2H,0 = MgsSi,05(0H), + MgCOs 7
4Mg,Si0, + 5C0, + Hy0 = MgsSi,014(0H), + 5MgCOs (8)
Mg,Si0, + 2C0, = 2MgCO5 + Si0, ©)
MgsSi,0s(0H), + 2Mg(OH), + 2C0, = 2Mg5Si,0s(0H), + 2MgCO5 + 2H,0 (10)

2Mg5Si,05(0H), + 2MgCO;5 + 3C0, + 2H,0 = Mg3Si,010(0H), + 5MgCOs + 5H,0  (11)

Mg35i,0,0(0H), + 5MgCO3 + 3C0,+5H,0 = 8MgCO0; + 4Si0, + 6H,0 (12)
T AR 4k -
Mg,Si,06 + 2C0, = 2MgCO5 + 2Si0, (13)
eI AR
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4H, + CO, = CH, + 2H,0 (15)

A S R A BT ) HoO-COp VAR IR . SR, SEFRHLBTIAR R P &5 Ca®'y SiO2. Hy %%
HoAh g 5y, X B 5 n] e i 2 OO0 B AR 5 HL (Kelemen et al., 2011; Wang etal., 2019b).  H A&
AR T UG S MO O TE I S0 S BRIR A AR 26 A N Ha MUAE BUSR BOH . (Jones et al.,
2010; Lafay et al., 2014; Wang et al., 2019a, 2019b), {HTEE CO, & RHIESUH W F KA STE I
WE 7 THABAFAE S+ I, Lafay et al. (2014) K& CO, WA RE SCH 1 [ REHE 24518 H 2RI H
IRINEN )AL Jones et al. (2010) M4 Hi, FEGRIR SIS MR SR AF T Ha IR AE B2 31 225 H i
HAWFIRE, & COy WP S (S A A0V #E, BEIMT 222t T Ha 2R BORIBRIR #h A 72
(Wang etal.,2019a,2019b). X622 7] Gl T SLg et il . 1) J2 COL ¥R 2 M R 3R I 3L A5
1 .

FREBAHE T X B — N A TEIE T )12 4R, B e 80 105 B Eh Ak By 7] S R 72 1 3
12 E I RAN BN Z o IXAEA MFRRE L2 T B T R SR AL B A7 5 = A B AR AR
ORI BN A e U A RRRIR ER AL ) J3 A RE, K I R R S DB S S 2 W] FRAH L
S o

2 B A IS AT BR IR #1451 7 S 52 DX 3R

2.1 AR ALRNIHNEFE

FEHRSFMTN, ME e SCh 1 SOS0E H 92218 (Malvoisin and Brunet, 2014), e b %
WL IS KRS By BRERE it 3 55 2 Ml 1 2 B SR RS R] (Mével, 2003;
McCollom and Bach, 2009; Malvoisin et al., 2012a; ¥ 75 5%, 2013; Huang et al., 2017a, 2020; McCollom
et al., 2020). FHISLIGAT 7T 2 SRAE T B — N B SO AR, JRE A I A 1) S LB 7 5
FRAEZE [R]) T RWE 5 B84k (Martin and Fyfe, 1970; Lafay et al., 2012; Malvoisin et al., 2012a, 2012b).
Martin and Fyfe (19707l 2 1 & BCBERUN A ke 80A I8 2, RILAE 200-325 °C %44 T, £ 40%
AR A1 T 7E 8 R N I AR T B SCA MUK B S5, ISR R . 12485 )2 T Ja 2L 8 B AR
U 5¢ (Emmanuel and Berkowitz, 2006; Iyer et al., 2012). #A10, UTIHAFFC &KL, FHAX San Carlos Hif
WA I i SO Al T 6 LA BRI A IR 1-2 AN ZE (Malvoisin et al., 2012a, 2012b; McCollom et al.,
2016). REIIL, Foil & ISR RN, He S (L R B IR L AR B A — B 7EL)
300 °C Wik BUEAR, T 40 B = T 350 °C g R BEFR 2 B (K] 2a. K] 3a) (Martin and Fyfe, 1970;
Allen and Seyfried, 2003; Malvoisin et al., 2012a, 2012b). X Fl# R IR [F v g8 5 -T2 R E1H 5<, 4
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B 2b PR, 05 SRR & T 350 °C I, B S0 A0 S R 75 A1 i H I BE (AG) KT

%, MMNEHEHEKRIHIT (Allen and Seyfried, 2003).

80 10
(a) (b)

FRNh e 5t

60 OF & i e 30,0=8 80H K

S £ k-
o 408 Z-10
154 2
= =yl
% W g1
i’
20 -20F
25 Bl HE 0+ S10,+3H, O=4E £ 1+ K 8
3.0 kbar
0 " 1 " 1 ) 1 M L 230 L n L L L
100 200 300 400 500 0 100 200 300 400 500
L EeC) HE(°C)

E 2. a. BHAMMAEENREANIZESBEHEXXRE (Martin and Fyfe, 1970) b. ##AIRSCALR K
MEHETEHEMRENTNEXR (EHEMH: 3.0 kbar)
Fig.2 a. Correlation graph of the degree of serpentinization of olivine and clinopyroxene with temperature b. The
variation relationship of Gibbs free energy of olivine serpentine reaction with temperature (pressure condition: 3.0 kbar)

& a thSLI0 SR A A BR AV B AR IE A WIS KA 58-79 um, R RIATIE] 6 K. B A RS A IZERE
BEEOIMMETE, 270 °C FHARIRAE. ESIEMNE, RREMANELALRERIETAREHN
A, BEZEMEENTEA—H, HERE~300 °C FHARIHZAIEE (Malvoisin et al., 2012a, 2012b). #HEEZ T,

R E RIS IR E MR BT AT EuEm

UTAESR, Z T FUAR A A B A e SCa (R R B T — A, 8 ME Ik 12 4
¥4 (Huang etal., 2017b, 2020; Portella et al., 2024). P 3b FH I -5 0N A7 B8 55 494 22 5 R
ST X IR o FEAH FRAR AN S 25 R, BB E 0 H S m e AU Al 5 o Bk — BRI TR B,
RS IR R S A o0 SN AR EAE A, L) 3 2004 iX ey e ke 80 i 72 rhoRe i
BEFIES, (RO A e St R REA R Si0; RENS A A MR IO A e SUA X S5 L ) 5 A
H EHBE, AN R SRR (Huang etal., 2020). BeAh, 77t 2 ol & rde 20 thi R .
fi4n, 7E 500 °C F1 20 kbar 2515, KRMER HAREZMA (3.0kban)fe s T4 4 5. IR #EEH
— 5 THIRUE T H BN, g — 7 T U 5 A R ) SO0 SEIRINE T, iE— 20 WA S 2 ¥ 525 A 0 E
it (Huang et al., 2020).

FTUE A 1) TR A [P R A B e AN RIS 25 e SCR AL I R I B B2 K (Lafay et al., 2012;
Malvoisin et al., 2012a; Huang et al., 2019). HRFH, KAFEHGT R RFE T R AL pH (2.8-4.3)
Al (275-365 °C)IAEE; 1M Lost City KBl & Samail ek 7 5 KR e 206 16 R G8 U R B A it
(PH>9) AR (55-90 °C)¥ A8 (Lafay et al., 2014). WFFRE M, 7E NaOHuq 0, B A AR
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[0 SUA AT 2 5 2 v T LK ER 0.5 mol/L NaCl AR AR (13 % (Lafay et al., 2012; Huang et
al.,2019). SR, FRMEFLIANT = B2 f7/E 2% % (Lafay etal., 2014; Huang et al., 2019). 411 3c fif
N VMHNEE AT, SERMER A (0.05 mol/LHCI, pH=2.5)nl IntRiescs thik 2, HAmiA
WS AR R MEAT ;s T R IR R ETRAA (10 2 mol/L HC) M2 F | 4844 s B s R, MR A Fy e
SO TR T B A (Huang et al,, 2019). Lafay et al. 201442 H, SRERTERAE (pH=0.63)
T o AR A e SCH A A, AT e 5 S SIRLE 1 413 B I A SRR A G
XHh pH 51 R B AL AT ARy =ik BERRVE AR BERE A VAR, VAR 2RI SiOF 53 55 HY IR NTE
B HaSi0s  (JRBL 16)0 HaSiOs NFRE, 5y 5 AL Si02, M BAASEESUA 10 ) S 24T (Daval
etal, 2011).
Mg,Si0, + 4H* = 2Mg?* + H,Si0, (16)

HITAG AR BRI A AN S e 20 3 B 235 720 (Lamadrid et al., 2017; Huang et al.,
2023). 1E300°C, 2.2-3.4kbar 550, MIAA[FEAEE NaCl n] & 2 (2 FEOHs 4 AR 25 I de 801k
R ( 3d). @i SUPCRTO2 115 1% 1A & NaCl /K@~ (HCl. NaOH)If# = #%, &Il NaOH
fide 0 U v s A S SN P SR, AT ARRE 1 R B B o S SO R #EE A (Huang etal., 2023),
EHTIRGINE S AT T R N AR I G 3 AR AR, RN AR R Ha B BT
MAER SRR T, SiOx iE G, WA R Si0, 240 Hy A E. Malvoisin etal. (2012a)
7E 500 bar. 100-150pm AU A7 L5 h 52 3 NaCl R 3EE A, (H B T A MR TR EERUR (<2%),
HIME N NaCl Jim S NARFETI A BR o PRI, AHBCT SR RO R, NaClx e sl g2 B2 b T
EHAL (Malvoisin et al., 2012a). #A1fi, Lamadrid et al. (2017) 7ERAAGEATEH TH XKLL,
Bt 2 A R FE S B A e SO A TR PR T 1-2 MR 3R 22 57 0] R T IR B R R
IR AR, SN AE BRI Ha i@ i AR G AR BE R 2, HETT SN Fe> 7 WA IR (Y 70 P-4, 2%
IS AIE R
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& 3 #iEe AU HFEFMEZE (3 Malvoisin et al., 2012a; Huang et al., 2017b,2019, 2020, 2023)
Fig.3 Influencing factors of peridotite serpentine kinetics
a. W AKES K IR E LA ; b BESHBAERENE TREHARSHENXER, EAHA
3 kbar, ##E3KE Huang et al.(2017b, 2020); c. FRIERHEG TR AEFIZESHIENXER, HIERKE Huang et al.
(2019); d. NaCl JTHHI AR S ALIZE RSN, $IER B Huang et al. (2023) (Bl Prt 54855, Ol #5HHiIA).

2.2 AR R NENNF

MR (PR R Eh b S B AE A ) 2 FONTRGERE, T B R 4T (Kelemen and Matter, 2008), [
TEHLZRH WL BB - SO - DR IR Eh 2 LR TR s (2R R %S, 2023). TERRIERSUE T, A A
AT IRIR ER AL SRR IR FE VG A 0~130 °C, BLIGHINFH A ETE it (AG)NHE, BEUIERRIER
A SRS N2 T T AR T R A o BR300, BONEA R AT BRI BR Ak S
AR P T R A B s [N AR (AH<0)iE— 5 R UIHMI A IR S L R N R v, AR R ) M5
RN E (FA&LE, 2025). SRTM, IR H R T RNV PEBAR AL 2 CO ik EEA IRAFRIZ,  SEbs
MO SRS S N AN GG, e AR

WAVFFRY, ReEiE S, %N NaCl 5 NaHCOs 8T8, AMUBETR =i ) IR
AR, I SN YD R BRIR B A% S A KA D BRI AR S N R . AT T AH
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R (R 1. Kl 4), H i S8 EIR K ZO0 B ER #h A S S R 5 B AR T 73 B (Glammar et
al., 2005; Gerdemann et al., 2007; Kelemen et al., 2011; Johnson et al., 2014; Scambelluri et al., 2016; Miller
et al., 2019; Osselin et al., 2022).
* 1 MIEREBRBUR N HEHMERR K& (3B Chizmeshya et al., 2007; Gerdemann et al., 2007; Eikeland et
al., 2015; Li et al., 2019; Gadikota et al., 2020)

Table 1 The kinetics of peridotite carbonation reaction, influencing factors and reaction conditions

7 PEORE RN o KA )
L RN ¥ B(mol/L) i (rpm) RPN
= (um) (°0) (bar) kb
B
WHE R Gerdemann et
1 M4 <38 ~ 150 1M NaCl+0.64 M NaHCO3 - R
Tt ) al. (2007)
N WRGE R Gerdemann et
2 iBgCHe <38 ~ 150 1 M NaCl+0.64 M NaHCOs - N
Tt ) al. (2007)
Eikeland et al.
3 A 10 ~ 100 0.5 M NaCl+0.75 M NaHCO:s 5:1 -
(2015)
Gadikota et al.
4 WA <37 ~ 140 1 M NaCl+0.64 M NaHCOs  5.67:1 800
(2020)
77
WHE R Gerdemann et
5 WA <38 180 ~ 1 M NaCl+0.64 M NaHCO3 - R
i) al. (2007)
N EEEEFE PN Gerdemann et
6  kgrfir <38 180 ~ 1 M NaCl+0.64 M NaHCOs - N
Tt ) al. (2007)
Eikeland et al.
7 WHs 10 190 ~ 0.5 M NaCl+0.75 M NaHCO;  5:1 -
(2015)
Gadikota et al.
8 Wi <37 185 ~ 1 M NaCl+0.64 M NaHCOs  5.67:1 800
(2020)
NaHCOs WK JiF
Eikeland et al.
9 M 10 190 100  0.75 M NaCl+ ~ M NaHCO:s 5:1 -
(2015)
Gadikota et al.
10 Mk <37 185 140 ~M NaHCO:s 5.67:1 800
(2020)
Chizmeshya et
11 WA <38 185 150 1 M NaCl+ ~ M NaHCO:s - -
al. (2007)
12 WA - 185 65 ~M NaHCO:s - ~1500 Li et al. (2019)
NaCl ¥ &
Eikeland et al.
13 WA 10 190 100 ~M NaCl+0.5 M NaHCO3 5:1 -
(2015)
Gadikota et al.
14 WA <37 185 140 ~M NaCl 5.67:1 800
(2020)
S WOs=N
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4 AR U R M NFZME R, REEZHHIER | (& Chizmeshya et al., 2007; Gerdemann et al.,
2007; Eikeland et al., 2015; Li et al., 2019; Gadikota et al., 2020) (#& Chizmeshya et al., 2007; Gerdemann et al., 2007;
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Fig.4 The influencing factors and reaction conditions of peridotite carbonation reaction kinetics are listed in Table 2
a. FELREIREREL R RIRERMFMN, Rx A—/ AT YRNIZEE, SELAHBATE 300 bar FZH R AL
HIERESRERIRE (Kelemen and Matter, 2008); b. [E] CO2 73 EXREREL L R IR SN, 16 ELABIR
F CO:[EN%M 73 bar; c. AR NaClIRE X REREUIZE IR ; d. [ NaHCO; BRBER R (LA L RYRZME (Bl h#
REFR 1 HFS, OlIEHEA, Srp iEiELlRA).
I AR P BRIR £ S ML SCBE R 2R o QT 4 Jrais, 0 S N A B E T e i bR, ™
Vi i ARl 2 32T, 4E 150-200 °C [X 8] [ BOE A8 B ORME,  BEB BURNE AL REAL T B RV
o FEAEIR L S VA MEEREHEDE, ORI A0V TS AL REB T I (Awad etal., 2000). BEIIE, $ iR
AT A R, JFREMEIRBRIREED I IE M E (He and Morse, 1993). 1M, i ik F
185-200 °C Jii , BRERELA S B 28 Tl T 1, 3 2 BRI T — S B VA A P2 10 1535 B IS (Bischoffand
Rosenbauer, 1996).
SR AR, B s D0 B TSI VA AR K] COa. &l 4b i, B —H AL (Peo,)
Thi, BRIR AL SN I3 AR BT S AR A TR T, X — RN T RE T pH AR ITIRE) . B
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VR ARAT 0 pH B B E MM (Johnson et al., 2014), JCHAABLAE LR EBAXN pH 22101
MR b TERRMERIARIE pH 460E T, Pro, (K128 A0 Rk IR &6 [ 6 AR S S RN K (BB SR AF R, 24
CO: o5 LI, BERMI A VA BE JIBE A Peo, M0 L THMI IS 98 (Giammar etal., 2005). & 4b ' Eikeland
etal. (2015)1 Gadikota et al. (2020) % 7R, 1EHT CO MIm AL 14 (73bar)Miilr, SN % 4
AR &, XA RE S AR S B 1) AT R k.

Z IR UG, TERIONE A BRER 3R Ak OB N NaHCO; 88 NaCl ¥ i Al 4 R4 30k s B it
(Gerdemann et al., 2007). 7EAHFIREZ . Peo, M pH 2644 T, 1.0 M NaCl-0.64 M NaHCOs 1415 7] i
KAEE TR B A R 31k S BT % (Kelemen et al., 2011), iZJiAMR R A BT IR R M 40
ARHFAE : NaCl B LR A /K IR B2, 10 55881 NaHCOs 7 M2 HEF M) (B ER £ 4k (Lafay etal., 2018).
Kl 4c JEIR T 185-190°C 2544 N AN[F] NaHCOs il B2 ik R Eh Ak S S AR B2 5 o AIRVK EZ NaHCO5 B
A E ST BRI A RERE, Bl NaHCOs WREEMIHEIN, MM/ BRI AL FEFETE 0.5 M-2.5 MK
NIE BB R o JRE PR 6 1 RS TE T HE— B R B (VA AR, AT B T 8 1 V2 A PR 1
(Santos et al., 2016). JEIIN LN ATIS pH fE I, NaHCOs TEAA 5 o Al A g 22 i 7 4 Rf A G 1E
(Y] pH PR35, [ B G5 35 I bR BIONE £ BRI AR A R . RN B2 RS WIRE I BAR =k BE ) HCO: ]
BELVETEN) COL KA BRH IR, R0 S N T4 10 AR BEE 2 COY 77 1M B8 3l 1k T (R BRI A Fr v
fi# (Gadikotaetal.,2014). Bb4bh, 1% pH S5 F T BB A DU I8 ##(H MgCOs TTIEA IR, = pH 2% 44
NRZ o MEH pH ZHMTE 6-8 Z AN, NaHCOs VEABRE AR B T Ml A BHERIR 5L (Gadikota
et al,, 2014, 2020). #AMM, 4 NaHCO; WREEIL 1 M J5, RMHEBIWRINE: @it 3 M I &2 240
HIBRER SRR o 32 [ NaHCO; 76K HF i B A il COY A HY, b BN 23 B8 4R WAl pH, M
T FEARRERR Bh A A A %, 18] 4e syl B2 R SRR B N B 5 YR Ttk . Munz et al. (2012)F3E
R, LEOUE 2B TR HAR N NaHCOs ZErPil i R, iPeo, F8UK pH 85, BAEFIT
WY, AR T BRI R

MR 4d FroRgs R, FEAXAIN NaCl i sEaedirb, BN A BR #h AL P2 FE BB NaCl i B2 T e £
F/NE LTS BMEERERE IM T, ORI BREIE BT (2 15%), BT 58
FRKRL (6%)5eT T Wi, {H155 NaHCO; & R 1 i [ AR FEAH EL . NaCl ({2 BEE B A R
M pH I ff FEfERE, 185°C. 139atm 451 F, 1 MNaCl %31 pH 4 5.51, i 0.64 M NaHCO; (1]
W pH N 6.36. 24 pH 4ERFAE 6-8 JE NI, A Al T WA Bk IR 1k (Eikeland etal., 2015).
R, AN NaCl (556 20 AR R AR FE AR, P RES pH (R0 1 [ 4 kI st A ) A 1 6
(Gadikota et al., 2014). Z U745 H NaCl FISZaLHIBC N E 2 W VGRS, NaCl &iAr

pH S5& 7R, MM ST BT Rt 2 R CO ML, JFSIEZEET Fhik
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SEMRAE MUY (Saldietal., 2013). BEAk, NaCl H 1) CIE AR E T Mg 8¢ Ca”' T &% &4,
O W SRR G R FEAR HE R (Oconnor et al., 2005), [FJH 251 5 16 K 2 B#MIC CO, ¥ 1# % (Duan et
al., 2006), ] COT IR, 4RI, King et al. (2010)IA N 5 T 5B S FRARKIR BE,  Iifi A F) T
SEBEUIBE . Wangetal. (2019¢)it— 545 ), NaCl A{ERE6 YR LR I0 & 2 &Y i, AURH
SERA X BRAA (U BRIR #h 2, 16 & RE R AR 56 A9 AT, NaCl xR FR 25146 5 7 (¥ (2 1 F A RE13 DL B3

3 AL

3.1 RREBEEF

BN 2 72 6 8 CO IRIRUAA H R AR 1A i 2 S 7 R B A2 2% (Y i I G 2R, 3 B L I o 8 42
HARR KRB R (Klein and Garrido, 2011). A ST 10 5 5L #h A0 B S 3k 2200 T BAT v B2 1Y)
RAE, EWH I RAERE X A2 W 5a PR, WECE M &R X 17 280-300 °C,
TR IR ThAL SN R AE 185-200 °C iA T (Miller et al., 2019). XFHLIE 5b 51K 5¢ ([ N h 115
WA M2 TR, TERARIREE (200 °O) %M R, [RBAIABKIR $hALTEAR R b o5 2 SHhL, TIFERL R
HE (300 °C)f, MBS LI [ NFR BE AR 24 K T okR Ak (& 5b). TEARIR 2 PR &M R, R AP
fiE ) COL WG TER &, RIR bk S N+ 2 3Rk B 1) 78 /& (Klein and Garrido, 2011). LI SiO, 1 A1 5
BAK, FHESFEm s NBIR A, 2 5N Fe* MM Jk/> (Kularatne et al., 2018). B iz &
(KITF i, ORBHBRIR Bh AL SN AL 2 34 TR W 4% (Kelemen and Hirth, 2012). 7E52 5 (R EEI,  BLARAEK
A I RSN 712 58 S BURM Si0, (IR 1 FF, B4 Si0, YU, £k 11 m
W JZREERR L ()R 1) (Kularatne et al., 2018), EARHLHPE L J5 30— ik .

10° T TR 50
— AT R R B SrpLafayetal (2014)  200°C.1 MNaHCO, B
rripy — a — A 3 & 1 Na .
i BB 1952 4 e 1 (a) = 404 @ Mgn.Lafayetal.,(2014) T—{_b‘)’
3 =
= 30+ S B
"y £, - ——=
3 10 =10
= 0 T T T T T T
= 10t 0 10 20 30 40 50 60 70
= I ¥ B fii] ()
oo 40
10 = B Srp,Wangetal (2019) 300°C.0.5 M NaHCO, (c)
< 304 © MgnWangetal (2019)
" = o
1 5 E 20 4 — | -
= ]
1 £ 04
[ig 0 —T— 71 T T T

1 1 1 L L 1
T — T v
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Fig.5 Kinetics of olivine serpentinization and carbonation reactions
a IS A QAL SIRBRHB N R ERESRERNER, EFI9% 300 bar (3 Kelemen and Matter, 2008), b.c A
TN (Srp BEELA, Mgn I8ZEH ) (38 Lafay et al,, 2014; Wang et al., 2019b)

TN A AR ER A M SO A S S35 A TR S L, RT3 A B PT 4R R A R AL T B AR S BT
B E 0 LA FRIR RS (25~150 °C) (Bach et al., 2002), X —RFHEREFR A B N0 #E 81 0E [ 15t
(Matter and Kelemen, 2009; T &4, 2023). Lost City #Wimi B & X 75 F HAth © 5 FE R R 4t
RHER: Ho@ By, RS ERIEITER, W8Ua R RN P B A A 2 RS 3 3=
FIRF) )] (Kelley et al., 2001). Lost City #mt (¥175 pH i Ca FRIERIIEE, #E—BERE 75k
ERUTTE (BRILAIEE, 2006). HoAth =l BN A Wi 1 (W1 Rainbow A1 Saldanha M 1) J&] it HH 30 1 A R £
(Ribeiro da Costa et al., 2008), HIZRMLH] S Lost City —F: il i % 54 H A1 DR Blok 25

FRERMBANRE, AL RIR SRS (Kelemen et al., 2011).
3.2 BEiRFEMMERERET RN

RURG 5 e A S 2 R 1 T Al B R S S HERR (K S AL B B A o iR N A T 4%
J& s SESCA S BRI R A PRI TE 51 R R R B AK R B ) R SR I A, I AR BT 4
FEAAMBEE SR, R — BB N, MRUE R (Macdonald and Fyfe, 1985;
Kelemen and Hirth, 2012). i 2l [X 5 SR 5% AF T TR 578 2R SR B E 0T IK. (listwanites) A iZid
FEATSE 2T ERAL T SEIF (Kelemen et al., 2011).

SR, ISR SR IR AR R A BT IR MR R TR, BRIR ST LIRS 9 . IR BRI
55 M 3 A2 T FS T 52 8 BR ], AOREA (9E— 20 S 246 32 ZIBEAS (Pliimper and Matter, 2023).
WS A1 SIS A IR AR 243 5, AR BN AL F ARSI N 33% (M8l fb) . 44% (B Hhik)
(Kelemen et al., 2011). JUEFGRIREAL SN 22 S LR EE R AR BB, HBBR SR TR, R 0h
A PEIRHRAR T B B SRR, (Peuble et al., 2019). Osselin et al. (2022)i8 38 KR & S IR
AR EAE I SEIRTESE, V205 310 2R PR 32 BEE T 32 T TR ER S M PR T, R 3
T, ARSI RN TE R BOE%E . ML, BERRERATY) (e 800 ) ITTE s B4 1233 3 5 )
BN, DR GRS I I8 2 7 2 A A ) T PEAR AU X IR B e (B 6a), BEIIL, e SUF 40K B iR
ERA IR R W, o X AT DX AR X 2 (R = e A B 22 5%, S IR A A LA o Ak
PEEEAISS (Lafay et al., 2018; Osselin et al., 2022). AL EA 5 CO, HAEKMIM RN RN, &
TFUREORBR ER VTV B) 11 %, AFH B AE FIB MR UUIE, FME BN LRI, ST 4L
FRIUEAT N, MRS BRI (Osselin et al., 2022). Hovelmann et al. (2012)42H, K
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I PE T R B TR L2 R IREL I, B DRI AR AR IR RSB I S S Bh A3 AT R I Mg 1Y
TR, RS FRIERNTR, MBSO ML R e S8 LR 28 .

[ 80 73 0 T2 P P B 2 S PR v RN BRI #h DT, R 20 8UF A SRR BRI 1ERE (Lafay
etal., 2014; Sissmann et al., 2014). [BCHI, FERRERT P 1) Mg 38 5 IHICHS A 45 4 v s o3 Vs A 1
K (Pokrovsky and Schott, 2000), Si-O ‘B2 UA TR LR, R EREZ (B 6b) (Wang
etal.,2019¢c). & & AL BIIL @I I DD Y5 AR PG RO AR AR, RS A AR AT BRIRR
DUEEZE (Ye et al., 2025). (HHT =8 ARAHAELE, IRE —EBEM (King et al,, 2010),
R FEA A i Bk E 4k S ) N (Chizmeshya et al., 2007), KA JREE S S 211 A 58 4= 2% 1k S w3
2o S SEIAS 1A S S5 2% A ) T AR P (e SR, SRR 1 R ST (K998 (Saldi etall, 2015):
TERMBS A VAR FE p, RRIUY) Fe U A Fe*r, Fe AR R Sio, 454, #EMiiloE Sio,
AR, TR IR (Ye etal,, 2025). B SR, RERR LM (410 2 4 e T
", BIER AL, BT E Mg Feo Al IR (Milleretal., 2019), &R E
[RIRRER 252 LLFELAS Mg+ Fe [J3E— 25 1# . Johnson etal. (2014)%; & )2 ML AR N ZEEE 5 — 4
kb 1) A B AR S R .
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Fig.6 Schematic diagram of serpentinization and carbonation reactions of peridotite during water-rock
interaction

I SCA S BRIR B AL S R R o AR SR A R e AR, S BAN R S0 B2 26 R T B )
HEAAEP R ZE R WSOl T AR IE R FA T (FO~FMQ-4), N HEEY SHERRELAY Fe
S e RN EGR L, TR AN 2 T T R UR E (fO>HM) (Frost, 1985). MBRER & ik &
1 (&1 6b) PIWLEE R, MR T8 4t 800 A S BRI o 30 G BB R ERAAZ Lo, 0 0 E B 17 A 425
W HEAHRECA KB, TS MR SCh A RHIE R R (K 6¢) Ao RIE LR V)M K
(Friih-Green et al., 2004). 7E&] 6¢ " MM A BIBRER FhAL XIS, BEHE CO, & & L H AR L th B T
i WEAUA A XK & & 1) COL IRBR T CO, ) CHy B AL IIEAT . TERRBR i IL G AR LR R T 75
B IR E IR (Frost, 1985), (HE “HAREZE PAE IR . HEEFERAET Flam T SHmE
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GG IUIE, SN TR ETEB IR A R v ik, 7ERES IR R AERE G 2580 IUTVE, Fe¥*
EREERRAR, AR TR BIUTIE (King et al., 2010).

Klein and McCollom (2013)fE8 LM AU R G 5INE COL i, KIVEN G Ho REFEE7 4,
XRPKSCA AR Fe b FE 21k, RURRIR BRI FRAE S 1% LR T e 8CAfbid /8 (VA
FEEE, 2018).

HUAS 2 BTG Eh 1 3 P2 PP B IR 6 14 T FTE 3 ) % LR MR S0UF 6 [ B2 Je Hyw CHa 7= 3848
(Neubeck etal., 2014). AT F 87 T /KA CO2 25 1T LASR & Fe? B 2, I Fn] DAKG I Ha 1)
P AR T COp IAFTE S ERIR L TIVE (R S5 B 358k ™), I 454 P IR M R G
FW, MM/ Hy A2 E (Jones et al., 2010; Kularatne et al., 2018). [FIiNf, BRER 4k FEiE 5200 1 %
AEY (W CH) I EAIE M (Miller et al., 2019), FEAK T BB AR R H, f CH, 1O9E
G (Jones etal., 2010). CHa /E i 2= Ak, HHIR AN 5 T CO2. Jones et al. (2010) S
ATHESE, R4 R s i & i TEAUBR 2 B 350D CH. FIRRIR. ORI S0 b 2R e P KRR R 3R A0 R 3

AT BRI CHy T %, A% e i i R 3h R i UE SE L EH /7 (Klein and McCollom, 2013).

4 R SRS

T e AU AL SRR Eh A0 S N ARSI 26 AR N AT 35 i [ - = A B [ AN . HR, %3¢
ARG TERHT TR B BE R SCBR N T I 2 Bkl . ASCRGENELRR 1IN A i 800 1 5 R IR
ARSI SRR 1 AN 2R, RN BIR 1 A Z Rl RE R S ARSI S B, R 1R
PR AT R 22 e v MR e K S s A7 38 70, R e B Se LR AR RAR AU BT ¢
FEMRE A IESCn A SRR SR S R, R 5700 RS pH R4 (W1 NaCl. NaHCO; iR J%)
RPN N F1 5 I RBE R ER R 8 il 2 M AT B SR T SRR, YRR A S 7 AR A T AR
S RLHERE F B 2 R LA

BEAh,  SREEREAERAE S E BRAE LU SR A ) s e SR A A T R 2R K3 ) AL . e st
WS BRIR EhACA 5T _E TR, FORE T A IR R RES A e i iR R TR E et [ Bish 122 g R
SR IE ST G 5 BRI P S B A S FE AR, (H PN AR AE A A A de R L X TR, 3y
B 1R A AR EE P T S R R S MR B . [RII,  EAC A S BRI A B LI AR A
PBUZIKANFLBR FE AOAR A, A AE S ST R T B RLLAR BB N AN A, (ELRE 6 BRI Eh ™ M) U
LB IE R EIZU T B, SRR AR BN . T o Z WU IR R, AT
et DXAMIIATIEE X 2 o) ST 2 ) o0 o A o [V TR B R B A 2 R A AT s g AT e PR 8 17

18



Ve, EEIA) IS S IRIRERACHERE o ARRT LUET X B R SO K S T RS SR — 2B T, DA
A S T o VA A s L PR FLRRE PR 3 28 S AL 2 W R RTINS, o SRz i k-7 S AR SR IR 06 E
FESChRHB AL R AT, DUHSEI R d, wIHFreE “[pr” 5« al” MEBRHEOR

7,
1%

19



Reference

Adam, N., and Perner, M., 2018. Microbially Mediated Hydrogen Cycling in Deep-Sea Hydrothermal Vents. Fronti
ers in Microbiology, 9: 2873. https://doi.org/10.3389/fmicb.2018.02873

Allen, D. E., and Seyfried, W. E., 2003. Compositional Controls on Vent Fluids from Ultramafic-Hosted Hydrother
mal Systems at Mid-Ocean Ridges: An Experimental Study at 400°C, 500 bars. Geochimica et Cosmochimica
Acta, 67(8): 1531-1542. https://doi.org/10.1016/S0016-7037(02)01173-0

Awad, A., Koster Van Groos, A. F., and Guggenheim, S., 2000. Forsteritic Olivine: Effect of Crystallographic Dire
ction on Dissolution Kinetics. Geochimica et Cosmochimica Acta, 64(10): 1765-1772. https://doi.org/10.1016/S0
016-7037(99)00442-1

Bach, W., Banerjee, N. R., Dick, H. J. B., et al., 2002. Discovery of Ancient and Active Hydrothermal Systems Along the
Ultra-Slow Spreading Southwest Indian Ridge 10°-16°E. Geochemistry, Geophysics, Geosystems, 3: 1044.
https://doi.org/10.1029/2001GC000279

Bischoff, J. L., and Rosenbauer, R. J., 1996. The Alteration of Rhyolite in CO> Charged Water at 200 and 350°C:
The Unreactivity of CO2 at Higher Temperature. Geochimica et Cosmochimica Acta, 60(20): 3859-3867. https:
//doi.org/10.1016/0016-7037(96)00208-6

Chang, C., 2025. The Study of Carbon Dioxide Sequestration by Carbonation in Basal - Ultramafic Rocks(Dissertat
ion). Taiyuan: Taiyuan University of Technology (in Chinese with English abstract).

Chizmeshya, A. V. G., McKelvy, M. J., Squires, K., et al., 2007. A Novel Approach to Mineral Carbonation: Enhancing
Carbonation While Avoiding Mineral Pretreatment Process Cost. United States: Arizona State University.

Corre, M., Brunet, F., Schwartz, S., et al., 2023. Quaternary Low-Temperature Serpentinization and Carbonation in
the New Caledonia Ophiolite. Scientific Reports, 13(1): 19413. https://doi.org/10.1038/s41598-023-46691-y

Daval, D., Sissmann, O., Menguy, N., et al., 2011. Influence of Amorphous Silica Layer Formation on the Dissolu
tion Rate of Olivine at 90°C and Elevated pCO>. Chemical Geology, 284(1): 193-209. https://doi.org/10.1016/j.
chemgeo.2011.02.021

Decrausaz, T., Godard, M., Menzel, M. D., et al., 2023. Pervasive Carbonation of Peridotite to Listvenite (Semail
Ophiolite, Sultanate of Oman): Clues from Iron Partitioning and Chemical Zoning. European Journal of Miner
alogy, 35(2): 171-187. https://doi.org/10.5194/ejm-35-171-2023

Ding, X.Liu, Z.,Huang, R., et al., 2016. Water-Rock Interaction in Oceanic Subduction Zone: Serpentinization. Jou
rnal of Engineering Sudies, 8(3): 258-268 (in Chinese with English abstract).

Dry, M. E., 2002. The Fischer—Tropsch Process: 1950-2000. Catalysis Today, 71(3): 227-241. https://doi.org/https://
doi.org/10.1016/S0920-5861(01)00453-9

Duan, Z., Sun, R., Zhu, C., et al.,, 2006. An Improved Model for the Calculation of CO2 Solubility in Aqueous S
olutions Containing Na*, K*, Ca?", Mg?*, CI", and SO;. Marine Chemistry, 98(2-4): 131-139. https://doi.org/10.
1016/j.marchem.2005.09.001

Eikeland, E., Blichfeld, A. B., Tyrsted, C., et al., 2015. Optimized Carbonation of Magnesium Silicate Mineral for
CO: Storage. ACS Applied Materials & Interfaces, 7(9): 5258-5264. https://doi.org/10.1021/am508432w

Emmanuel, S., and Berkowitz, B., 2006. An Experimental Analogue for Convection and Phase Separation in Hydro
thermal Systems. Journal of Geophysical Research: Solid Earth, 111(B9): https://doi.org/10.1029/2006JB004351

Frost, B. R., 1985. On the Stability of Sulfides, Oxides, and Native Metals in Serpentinite. Journal of Petrology,
26(1): 31-63. https://doi.org/10.1093/petrology/26.1.31

Friih-Green, G. L., Connolly, J. A. D., Plas, A. et al. (2004). Serpentinization of Oceanic Peridotites: Implications
for Geochemical Cycles and Biological Activity. In The Subseafloor Biosphere at Mid - Ocean Ridges (pp. 11

20



9-136). https://doi.org/https://doi.org/10.1029/144GMO08

Gadikota, G., Matter, J., Kelemen, P., et al., 2020. Elucidating the Differences in the Carbon Mineralization Behavi
ors of Calcium and Magnesium Bearing Alumino-Silicates and Magnesium Silicates for CO> Storage. Fuel, 27
7: 117900. https://doi.org/10.1016/j.fuel.2020.117900

Gadikota, G., Matter, J., Kelemen, P., et al.,, 2014. Chemical and Morphological Changes During Olivine Carbonati
on for CO: Storage in the Presence of NaCl and NaHCOs;. Physical Chemistry Chemical Physics, 16(10): 467
9. https://doi.org/10.1039/c3¢cp54903h

Gerdemann, S. J., O'Connor, W. K., Dahlin, D. C., et al.,, 2007. Ex Situ Aqueous Mineral Carbonation. Environme
ntal Science & Technology, 41(7): 2587-2593. https://doi.org/10.1021/es0619253

Giammar, D. E., Bruant, R. G., and Peters, C. A., 2005. Forsterite Dissolution and Magnesite Precipitation at Con
ditions Relevant for Deep Saline Aquifer Storage and Sequestration of Carbon Dioxide. Chemical Geology, 21
7(3-4): 257-276. https://doi.org/10.1016/j.chemgeo.2004.12.013

Grozeva, N. G., Klein, F., Seewald, S., et al.,, 2017. Experimental Study of Carbonate Formation in Oceanic Perid
otite. Geochimica et Cosmochimica Acta, 199: 264-286. https://doi.org/10.1016/j.gca.2016.10.052

Guillot, S., and Hattori, K., 2013. Serpentinites: Essential Roles in Geodynamics, Arc Volcanism, Sustainable Devel
opment, and the Origin of Life. Elements, 9(2): 95-98. https://doi.org/10.2113/gselements.9.2.95

Hand, E., 2023. Hidden Hydrogen Does Earth hold Vast Stores of a Renewable, Carbon-Free Fuel? Science, 379(6
30-636).

He, S., and Morse, J. W., 1993. The Carbonic Acid System and Calcite Solubility in Aqueous Na-K-Ca-Mg-CI-SO
4 Solutions from 0 to 90°C. Geochimica et Cosmochimica Acta, 57(15): 3533-3554. https://doi.org/10.1016/001
6-7037(93)90137-L

Hovelmann, J., Austrheim, H., and Jamtveit, B., 2012. Microstructure and Porosity Evolution During Experimental
Carbonation of a Natural Peridotite. Chemical Geology, 334: 254-265. https://doi.org/10.1016/j.chemgeo.2012.10.
025

Huang, R., Lin, C.-T., Sun, W., et al., 2017a. The Production of Iron Oxide During Peridotite Serpentinization: Inf
luence of Pyroxene. Geoscience Frontiers, 8(6): 1311-1321. https://doi.org/https://doi.org/10.1016/j.gs£.2017.01.00
1

Huang, R., Shang, X., Zhao, Y., et al., 2023. Effect of Fluid Salinity on Reaction Rate and Molecular Hydrogen
(H2) Formation During Peridotite Serpentinization at 300°C. Journal of Geophysical Research: Solid Earth, 12
8(3): €2022JB025218. https://doi.org/10.1029/2022JB025218

Huang, R., Sun, W., Ding, X., et al., 2013. Mechanism for Serpentinization of Mafic and Ultramafic Rocks and th
e Potential of Mineralization. Acta Petrologica Snica, 29(12): 4336-4348 (in Chinese with English abstract).

Huang, R., Song, M., Ding, X., et al., 2017b. Influence of Pyroxene and Spinel on the Kinetics of Peridotite Serp
entinization. Journal of Geophysical Research: Solid Earth, 122(9): 7111-7126. https://doi.org/10.1002/2017JB01
4231

Huang, R., Sun, W., Ding, X., et al., 2020. Effect of Pressure on the Kinetics of Peridotite Serpentinization. Physi
cs and Chemistry of Minerals, 47(7): 33. https://doi.org/10.1007/s00269-020-01101-x

Huang, R., Sun, W.,, Song, M., et al., 2019. Influence of pH on Molecular Hydrogen (H2) Generation and Reactio
n Rates During Serpentinization of Peridotite and Olivine. Minerals, 9(11): 661. https://doi.org/10.3390/min9110
661

Iyer, K., Riipke, L. H., Phipps Morgan, J., et al., 2012. Controls of Faulting and Reaction Kinetics on Serpentinization and
Double Benioff Zones. Geochemistry, Geophysics, Geosystems, 13(9). https://doi.org/10.1029/2012GC004304

Jiang, H., Wang, J., and Wan, Bo., 2023. Review in Research Progress in Carbon Sequestration Technology from a Petrological

and Geochemical Perspective. Quaternary Sciences, 43(2): 494-508 (in Chinese with English abstract).

21



Johnson, N. C., Thomas, B., Maher, K., et al., 2014. Olivine Dissolution and Carbonation Under Conditions Relevant for in
Situ Carbon Storage. Chemical Geology, 373: 93-105. https://doi.org/10.1016/j.chemgeo0.2014.02.026

Jones, L. C., Rosenbauer, R., Goldsmith, J. 1., et al., 2010. Carbonate Control of H> and CH4 Production in Serpe
ntinization Systems at Elevated P - Ts. Geophysical Research Letters, 37(14): 2010GL043769. https://doi.org/10.
1029/2010GL043769

Kelemen, P. B., and Hirth, G., 2012. Reaction-Driven Cracking During Retrograde Metamorphism: Olivine Hydratio
n and Carbonation. Earth and Planetary Science Letters, 345-348: 81-89. https://doi.org/10.1016/j.epsl.2012.06.0
18

Kelemen, P. B., and Matter, J., 2008. In Situ Carbonation of Peridotite for CO> Storage. Proceedings of the Natio
nal Academy of Sciences, 105(45): 17295-17300. https://doi.org/10.1073/pnas.0805794105

Kelemen, P. B., Matter, J., Streit, E. E., et al., 2011. Rates and Mechanisms of Mineral Carbonation in Peridotite:
Natural Processes and Recipes for Enhanced, in Situ CO2 Capture and Storage. Annual Review of Earth and
Planetary Sciences, 39(1): 545-576. https://doi.org/10.1146/annurev-earth-092010-152509

Kelemen, P. B., McQueen, N., Wilcox, J., et al., 2020. Engineered Carbon Mineralization in Ultramafic Rocks for CO2
Removal from  Air: Review and New Insights. Chemical Geology, 550, 119628.
https://doi.org/10.1016/j.chemgeo0.2020.119628

Kelley, D. S., Karson, J. A., Blackman, D. K., et al., 2001. An Off-Axis Hydrothermal Vent Field near the Mid-Atlantic Ridge
at 30° N. Nature, 412(6843): 145-149. https://doi.org/10.1038/35084000

King, H. E., Pliimper, O., and Putnis, A., 2010. Effect of Secondary Phase Formation on the Carbonation of Olivi
ne. Environmental Science & Technology, 44(16): 6503-6509. https://doi.org/10.1021/es9038193

Klein, F., Bach, W., Jons, N., et al., 2009. Iron Partitioning and Hydrogen Generation During Serpentinization of Abyssal
Peridotites from 15°N on the Mid-Atlantic Ridge. Geochimica et Cosmochimica Acta, 73(22): 6868-6893.
https://doi.org/10.1016/j.gca.2009.08.021

Klein, F., and Garrido, C. J., 2011. Thermodynamic Constraints on Mineral Carbonation of Serpentinized Peridotite.
Lithos, 126(3): 147-160. https://doi.org/https://doi.org/10.1016/j.1ithos.2011.07.020

Klein, F., and McCollom, T. M., 2013. From Serpentinization to Carbonation: New Insights from a CO:2 Injection
Experiment. Earth and Planetary Science Letters, 379: 137-145. https://doi.org/10.1016/j.epsl.2013.08.017

Kularatne, K., Sissmann, O., Kohler, E., et al., 2018. Simultaneous Ex-Situ CO: Mineral Sequestration and Hydrog
en Production from Olivine-Bearing Mine Tailings. Applied Geochemistry, 95: 195-205. https://doi.org/10.1016/].
apgeochem.2018.05.020

Lafay, R., Montes-Hernandez, G., Janots, E., et al., 2012. Mineral Replacement Rate of Olivine by Chrysotile and
Brucite Under High Alkaline Conditions. Journal of Crystal Growth, 347(1): 62-72. https://doi.org/https://doi.or
2/10.1016/j.jerysgro.2012.02.040

Lafay, R., Montes-Hernandez, G., Janots, E., et al.,, 2014. Simultaneous Precipitation of Magnesite and Lizardite fr
om Hydrothermal Alteration of Olivine Under High-Carbonate Alkalinity. Chemical Geology, 368: 63-75. https:
//doi.org/10.1016/j.chemge0.2014.01.008

Lafay, R., Montes-Hernandez, G., Renard, F., et al., 2018. Intracrystalline Reaction-Induced Cracking in Olivine Evi
denced by Hydration and Carbonation Experiments. Minerals, 8(9): 412. https://doi.org/10.3390/min8090412

Lamadrid, H. M., Rimstidt, J. D., Schwarzenbach, E. M., et al., 2017. Effect of Water Activity on Rates of Serpe
ntinization of Olivine. Nature Communications, 8(1): 16107. https://doi.org/10.1038/ncomms16107

Li, J., Jacobs, A. D., and Hitch, M., 2019. Direct Aqueous Carbonation on Olivine at a COz Partial Pressure of 6.5 MPa. Energy,
173: 902-910. https://doi.org/10.1016/j.energy.2019.02.125

Li, S., Suo, Y., Jiang, Z., et al., 2024. Hydrogen Tectonics and Oceanfloor Hydrogen Systems. Chinese Science Bulletin, 69(32):
4696-4703. https://doi.org/10.13745/j.esf.s£.2024.6.98 (in Chinese with English abstract).

22



Liu, Q., Wei, Y., Li, P, et al., 2025a. Natural Hydrogen in the Volcanic-Bearing Sedimentary Basin: Origin, Conversion, and
Production Rates. Science Advances, 11(4): eadr6771. https://doi.org/doi:10.1126/sciadv.adr6771

Liu, Q., Wu, X., Huang, X, et al., 2024. Integrated Geochemical Identification of Natural Hydrogen Sources. Science Bulletin,
69(19): 2993-2996. https://doi.org/https://doi.org/10.1016/j.s¢ib.2024.07.004

Liu, Q., Wu, X., Huang, X, et al., 2025b. Occurrence of Global Natural Hydrogen and Profitable Preservation. Journal of
Earth Science, 36(4): 1525-1554. https://doi.org/10.1007/s12583-024-0120-2

Liu, Q., Wu, X., Meng, Q., et al., 2024. Natural hydrogen: A Potential Carbon-Free Energy Source. Chinese Science Bulletin,
69(17): 2344-2350 (in Chinese with English abstract).

Macdonald, A. H., and Fyfe, W. S., 1985. Rate of Serpentinization in Seafloor Environments. Tectonophysics, 116(1): 123-
135. https://doi.org/10.1016/0040-1951(85)90225-2

Malvoisin, B., and Brunet, F., 2014. Water Diffusion-Transport in a Synthetic Dunite: Consequences for Oceanic Peridotite
Serpentinization. Earth and Planetary Science Letters, 403: 263-272. https://doi.org/10.1016/j.epsl.2014.07.004

Malvoisin, B., Brunet, F., Carlut, J., et al., 2012a. Serpentinization of Oceanic Peridotites: 2. Kinetics and Processe
s of San Carlos Olivine Hydrothermal Alteration. Journal of Geophysical Research: Solid Earth, 117(B4). http
s://doi.org/10.1029/2011JB008842

Malvoisin, B., Carlut, J., and Brunet, F., 2012b. Serpentinization of Oceanic Peridotites: 1. A High-Sensitivity Method to
Monitor Magnetite Production in Hydrothermal Experiments. Journal of Geophysical Research: Solid Earth, 117(B1):
2011JB008612. https://doi.org/10.1029/2011JB008612

Martin, B., and Fyfe, W. S., 1970. Some Experimental and Theoretical Observations on the Kinetics of Hydration Reactions
with Particular Reference to Serpentinization. Chemical Geology, 6: 185-202. https://doi.org/10.1016/0009-
2541(70)90018-5

Matter, J. M., and Kelemen, P. B., 2009. Permanent Storage of Carbon Dioxide in Geological Reservoirs by Miner
al Carbonation. Nature Geoscience, 2(12): 837-841. https://doi.org/10.1038/ngeo683

McCollom, T. M., and Bach, W., 2009. Thermodynamic Constraints on Hydrogen Generation During Serpentinization of
Ultramafic Rocks. Geochimica et Cosmochimica Acta, 73(3): 856-875. https://doi.org/10.1016/j.gca.2008.10.032

McCollom, T. M., Klein, F., Robbins, M., et al., 2016. Temperature Trends for Reaction Rates, Hydrogen Generation, and
Partitioning of Iron During Experimental Serpentinization of Olivine. Geochimica et Cosmochimica Acta, 181: 175-200.
https://doi.org/10.1016/j.gca.2016.03.002

McCollom, T. M., Klein, F., Solheid, P., et al., 2020. The Effect of pH on Rates of Reaction and Hydrogen Generation During
Serpentinization. Philosophical Transactions of The Royal Society A-mathematical Physical and Engineering Sciences,
378(2165): 20180428. https://doi.org/10.1098/rsta.2018.0428

Menzel, M. D., Urai, J. L., Ukar, E., et al., 2022. Ductile Deformation During Carbonation of Serpentinized Peridotite. Nature
Communications, 13(1): 3478. https://doi.org/10.1038/s41467-022-31049-1

Mével, C., 2003. Serpentinization of Abyssal Peridotites at Mid-Ocean Ridges. Comptes Rendus Geoscience, 335(10): 825-
852. https://doi.org/10.1016/j.crte.2003.08.006

Miller, Q. R. S., Schaef, H. T., Kaszuba, J. P., et al., 2019. Quantitative Review of Olivine Carbonation Kinetics: Reactivity
Trends, Mechanistic Insights, and Research Frontiers. Environmental Science & Technology Letters, 6(8): 431-442.
https://doi.org/10.1021/acs.estlett.9b00301

Moody, J. B., 1976. Serpentinization: a Review. Lithos, 9(2): 125-138. https://doi.org/https://doi.org/10.1016/0024-
4937(76)90030-X

Munz, 1. A., Brandvoll, @., Haug, T. A., et al., 2012. Mechanisms and Rates of Plagioclase Carbonation Reactions.

Geochimica et Cosmochimica Acta, 77: 27-51. https://doi.org/10.1016/j.gca.2011.10.036
Neubeck, A., Duc, N. T., Hellevang, H., et al.,, 2014. Olivine Alteration and H> Production in Carbonate-Rich, Low

Temperature Aqueous Environments. Planetary and Space Science, 96: 51-61.

23



Oconnor, W., Dahlin, D. C., Rush, G. E., et al., 2005. Aqueous Mineral Carbonation: Mineral Availability, Pretreatment,
Reaction Parametrics, and Process Studies. https://doi.org/10.13140/RG.2.2.23658.31684

Osselin, F., Pichavant, M., Champallier, R., et al., 2022. Reactive Transport Experiments of Coupled Carbonation and
Serpentinization in a Natural Serpentinite. Implication for Hydrogen Production and Carbon Geological Storage.
Geochimica et Cosmochimica Acta, 318: 165-189. https://doi.org/10.1016/j.gca.2021.11.039

Peuble, S., Godard, M., Gouze, P., et al., 2019. Control of CO2 on Flow and Reaction Paths in Olivine-Dominated

Basements: An Experimental Study. Geochimica et Cosmochimica Acta, 252: 16-38. https://doi.org/10.1016/j.gc
a.2019.02.007

Plimper, O., and Matter, J., 2023. Olivine—the Alteration Rock Star. Elements, 19(3): 165-172. https://doi.org/10.21
38/gselements.19.3.165

Pokrovsky, O. S., and Schott, J., 2000. Kinetics and Mechanism of Forsterite Dissolution at 25°C and pH from 1 to 12.
Geochimica et Cosmochimica Acta, 64(19): 3313-3325. https://doi.org/https://doi.org/10.1016/S0016-7037(00)00434-8

Portella, Y. d. M., Conceigdo, R. V., Siqueira, T. A., et al., 2024. Experimental Evidence of Pressure Effects on Spinel
Dissolution and Peridotite Serpentinization Kinetics under Shallow Hydrothermal Conditions. Geoscience Frontiers,
15(2): 101763. https://doi.org/10.1016/j.gsf.2023.101763

Power, I. M., Wilson, S., and Dipple, G. M., 2013. Serpentinite Carbonation for CO2 Sequestration. Elements, 9(2):

115-121. https://doi.org/10.2113/gselements.9.2.115

Qian, J., Yu, G., Liu, C., et al., 2006. Lost City Cryogenic Hydrothermal Field - A New Type of Subsea Hydroth
ermal Activity. Journal of Marine Sciences, (1): 43-49 (in Chinese).

Ribeiro da Costa, 1., Barriga, F. J. A. S., and Taylor, R. N., 2008. Late Seafloor Carbonate Precipitation in Serpen
tinites from the Rainbow and Saldanha Sites (mid-atlantic ridge). European Journal of Mineralogy, 20(2): 173-
181. https://doi.org/10.1127/0935-1221/2008/0020-1803

Saldi, G. D., Daval, D., Morvan, G., et al.,, 2013. The Role of Fe and Redox Conditions in Olivine Carbonation
Rates: An Experimental Study of the Rate Limiting Reactions at 90 and 150°C in Open and Closed Systems.

Geochimica et Cosmochimica Acta, 118: 157-183. https://doi.org/10.1016/j.gca.2013.04.029

Saldi, G. D., Daval, D., Guo, H., et al., 2015. Mineralogical Evolution of Fe-Si-Rich Layers at the Olivine-Water Interface
During Carbonation Reactions. American Mineralogist, 100(11-12): 2655-2669. https://doi.org/10.2138/am-2015-5340

Santos, R. M., Knops, P. C. M., Rijnsburger, K. L., et al., 2016. CO2 Energy Reactor — Integrated Mineral Carbonation:
PERSPECTIVES on Lab-Scale Investigation and Products Valorization. Frontiers in Energy Research, 4: 5.
https://doi.org/10.3389/fenrg.2016.00005

Scambelluri, M., Bebout, G. E., Belmonte, D., et al., 2016. Carbonation of Subduction-Zone Serpentinite (High-Pressure
Ophicarbonate; Ligurian Western Alps) and Implications for the Deep Carbon Cycling. Earth and Planetary Science
Letters, 441: 155-166. https://doi.org/10.1016/j.epsl.2016.02.034

Sissmann, O., Brunet, F., Martinez, 1., et al., 2014. Enhanced Olivine Carbonation within a Basalt as Compared to Single-
Phase Experiments: Reevaluating the Potential of CO2 Mineral Sequestration. Environmental Science & Technology,
48(10): 5512-5519. https://doi.org/10.1021/es405508a

Streit, E., Kelemen, P., and Filer, J., 2012. Coexisting Serpentine and Quartz from Carbonate-Bearing Serpentinized Peridotite
in the Samail Ophiolite, Oman. Contributions to Mineralogy and Petrology, 164(5): 821-837.
https://doi.org/10.1007/s00410-012-0775-z

Sun, Z., Zhang, M., Wang, X. et al. 2018. A Review of the Coupling Relationship Between Serpentinization and Carbonization
of Ultrabasic Rocks. Bulletin of Mineralogy,Petrology and Geochemistry, 37(6): 1190-1197 (in Chinese with English
abstract).

Suo, Y., Jiang, Z., Li, S., et al., 2024. Ocean-Floor Hydrogen Accumulation Model and Global Distribution. Earth Science
Frontiers, 31(4): 175-182 (in Chinese with English abstract).

24



Tamblyn, R., and Hermann, J., 2023. Geological Evidence for High Hz Production from Komatiites in the Archaea
n. Nature Geoscience, 16(12): 1194-1199. https://doi.org/10.1038/s41561-023-01316-x

Wang, F., Dreisinger, D., Jarvis, M., et al., 2019¢c. Kinetics and Mechanism of Mineral Carbonation of Olivine for CO2
Sequestration. Minerals Engineering, 131: 185-197. https://doi.org/10.1016/j.mineng.2018.11.024

Wang, J., Watanabe, N., Okamoto, A., et al., 2019a. Enhanced Hydrogen Production with Carbon Storage by Olivi
ne Alteration in COz-rich Hydrothermal Environments. Journal of COz Utilization, 30: 205-213. https://doi.org/
10.1016/j.jcou.2019.02.008

Wang, J., Watanabe, N., Okamoto, A., et al., 2019b. Pyroxene Control of H2 Production and Carbon Storage During Water-
Peridotite-CO2 Hydrothermal Reactions. International Journal of Hydrogen Energy, 44(49): 26835-26847.
https://doi.org/10.1016/j.ijhydene.2019.08.161

Ye, H., Liu, Q., Bao, Q., et al., 2025. Review on in-Situ CO2 Mineralization Sequestration: Mechanistic Understanding and
Research Frontiers. International Journal of Coal Science & Technology, 12(1): 15. https://doi.org/10.1007/s40789-025-
00755-8

Yu, Z., Liu, H., Zhu, G., et al., 2023. New Thoughts on Hydrogen Production Method Based on the Influencing Factors of
Hydrogen Generation in Serpentinization Reaction. Natural Gas Industry, 43(8): 156-169 (in Chinese with English
abstract).

Zhang, L., Yang, J., Paul, T. R., et al., 2015. Origin of Listwanite in the Luobusa Ophiolite, Tibet,Implications for Chromite
Stability in Hydrothermal Systems. Acta Geologica Snica(English Edition), 89(02): 402-417.

Zhang, Z., and Zhang, H., 2012. Carbonation of Mafic Ultramafic Rocks: A New Approach to Carbon Dioxide Geological
Sequestration. Earth Science Journal of China University of Geosciences, 37(1): 156-162 (in Chinese with English

abstract).

Y R XX S5 3R

KT, 2025, k- AT BRI BT AR T, B AR S0 R KSR TR,
P, REH, WEGTT, S, 2016, KM RACE M ——iwSCH b, TR 7E-15 SR A i) T2, 8(3): 258—
268.
W, DR, T%, 5, 2013, EMEAE MR WACH LI BRI T, B AR, 29(12): 4336-4348.
LRAR, AR, MO, 2023, [EPRET R B BRBORFT T HERE. 5B IUZEHT AT, 43(02): 494-508.
=08, R, ZORE, 44,2024, A SEIREARRS. Bk, 69(32): 4696-4703.
XA, R/ANGF, FRHR, ., 2024, RBRET—PBEMTIREEE. B0, 69(17): 2344-2350.

RV, FRIL XA, %, 2006. Lost city KRR ——— B 1R ARG 8. ISR AL, (1): 43-49.
INEERE, TRBHUE, EJetl, £ 2018, MBI A M SCH AR SRR & 0 R, YA A i ER{L 2238 3], 37(6): 1190-
1197.

RIE, FIE, T, 55,2024, KA BUER R S 2RO 0. A ETZ, 31(04): 175-182.
FEH, XN, K6F, &, 2023, BT ara AR R R E 7T OB, R T, 43(8): 156-169.
KRR, SKZEAE, 2012, FbE. RS E AT R R P& R, hERES (R EMUR R A |, 37(1): 156-162.

25



