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Abstract

The world’s long reliance on fossil fuels (e.g., oil, coal, and natural gas) is severely changing its
environment and climate. Energy research has focused on developing hydrogen as the most promising
energy carrier and a key technology for sustainable energy development. Hydrogen can be classified
as gray, blue, green, and otherwise according to the raw materials and methods used for production
and processing. For the development of hydrogen energy, geologists are attempting to identify the
mechanism of abiotic hydrogen generation by serpentinization or hydrothermal alteration. Teams in
the United States, France, and Australia have researched laboratory-scale hydrogen production
through water-rock interactions under various conditions, whereas there has been almost no research
on abiotic hydrogen in South Korea. This paper reviews the current state of international research on
a OPEN ACCESS hydrothermal alteration and offers suggestions for future investigations of abiotic hydrogen production

in South Korea.
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Fig. 1. Map of well-documented occurrences of fluids enriched in H, and abiotic hydrocarbons in various environments
(modified from Truche et al., 2020).
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S5 27FEAEA, AR S A, HE, oliteleta ZEAE Adshe Ao g deiA] )ltk(Charlou et al., 2002;
Sleep and Bird, 2007; Flores et al., 2011; Mayhew et al., 2013; Murray et al., 2020; Truche et al., 2020, 2021; Boreham
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2|2} A 21 A of] 155 tHMagaritz and Taylor Jr, 1974; Wenner and Taylor Jr, 1974; Wenner, 1979; Blattner,
1985; Bowers, 1989; Kyser et al., 1999; Holm and Charlou, 2001; Schroeder et al., 2002; Bryanchaninova et al., 2004;
Proskurowski et al., 2006; Des Marais, 2007; Marques et al., 2010).
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Fig. 2. Numbers of papers concerning serpentinization related to hydrogen published between 1970 and 2022.
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Fig. 3. Production of H, during water—rock reactions at 55°C (dashed lines) and 100°C (solid lines). All experiments were
conducted in triplicate (modified from Mayhew et al., 2013).
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Fig. 4. Mechanism of H generation promoted on a spinel surface. (a) Dissolved Fe?*-bearing silicates lead to the release
of Fe?* and aqueous silica into the solution. Fe?* adsorbed on the spinel surfaces participates in interfacial electron
transfer, resulting in the continuous reduction of water and/or protons. (b) Localized precipitation of the secondary phase
on surface layers may halt H, generation because of the release of Fe*" from the primary minerals and/or oxidation of Fe**
in the spinel surface. Adsorbed Fe®* produces a Fe*"~(hydr)oxide on the surface layer of adjacent spinel (modified from

Mayhew et al., 2013).
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Fig. 5. Powder XRD of Oman dunite reacted with SW and RW. Unreacted rock (red solid line) contains lizardite (green
dashed line), forsterite (purple dashed line), and brucite (black dashed line). Rock specimens reacted with SW (blue) and
RW (orange) contain lizardite and forsterite but not brucite (modified from Miller et al., 2017).
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Fig. 6. Production of H, during reactions of Oman dunite with SW (blue solid lines) and RW (red dashed lines). All experi-
ments were conducted in triplicate (modified from Miller et al., 2017).

ERHE- A ghE A AR F, RWE] oFol2(Mg™, Fe*', Mn™) “sles A8 AIZF & 24A7782] FA 57 A1
H O, 24A1710] A\t & FASHA| AAst3lth(Fig. Ta, 7b). o= Ao AJ2HE & AxpA o g 84 0 Baf7} 1198
o] 8 ol 29| Fr STV, 24417 0] At AR Bl = 8 fol-5o] AP, AR Fol 2ad=E2] 2%
Spak-gof| Pofote] FAR F AAE H7] taC 2 oA Eh RWE] pHe= AR Al § 24 A7) ool 9] &&
oA FATE 57T FAIE Holohr 24417 o] F R E = LAt 9IS Aok A& UERd T (Fig. 8). & Aol
Tk pHO| FA%E S7F FAlle - 2419] Gofloll ofal ' 21 0 2 SiAHTY. Si0, Tk AT, the dolE=
2] AAs] S7Fet o, A Alm W) 4t Adwe] -B-afel] tiet =42 I asA] sksirk

S Aol A AR FAIA & S SWE RWHTH I A 0 2 o] T2 H, & A4S o= SWZ7FRWeF 2] Ql4t
&, THAAS A o &2 Ho| hfste] a2 o] o7 FX1E Q7] dliE = SHA T Pokrovsky et al.(2005)°f] &
2 i, FEHMEY 50 F7174 271 =(inorganic ligand)7} 8= YA EH 2] metal-oxygen bond & &1l F=2] 85
E SNl = A ew HghatE Q.

Miller et al.(2017)8] FUO|E2} sl4=2] B~ ghg- Aglof| o3t H, AJAHd-2 Mayhew et al.(2013)2] F=4 H, A3
Aol 1|5] Xl 2F 400 nmol/gpmineral Bl 252 2.0 2 SRIE|ATH Table 1). SFAHF o] A7 ET|E Miller et al.(2017)°]l
A AR FUOE A =7 Mayhew et al.(2013)0l4] AFSE SldIHAto] E, 2P A, ek 5O AYA| R R} o B2
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Fig. 7. Water chemistry of the RW solution reacting with Oman dunite over 50 days. The initial release of cations (Mg?",
Fe?*, and Mn®") resulted in their maximum concentrations after 24 h of water-rock reaction. The cation concentrations in
the solution then gradually decreased over time. The concentration of SiOz(q) in the solution slowly increased during the
reaction (modified from Miller et al., 2017).
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Fig. 8. pH changes in the RW solution during water-rock reaction. The pH initially increased to 9 in the first 24 hours, then
slowly declined (modified from Miller et al., 2017).

Table 1. Comparison of experimental conditions and hydrogen production in previous lab-scale experiments (T = 100°C)

H, Water- Time Grain Specific
Sample  (nmol/ ©0) rock pH Solution ) size surfacearea  Ref.
kg) ratio (um) (m¥/g)

NaCl (9.89 mg/L), CaCl, (11.10 mg/L),

KNO; (5.06 mg/L), Ca(OH), (7.41 mg/L),

Dunite 280 100  7:1 9 882 53~212 0.47~0.60

CaSO; - H,0 (30.83 mg/L), Miller
Mg(SO,), - 7TH,0 (12.32 mg/L) etal.
NaCl (27.5 g/L), CaCl, (1.4 g/L), KC1 (0.72 g/L), (2017)
Dunite 480 100 7:1 9 NaHCO; (0.2 g/L), NH,C1 (1.0 g/L), 2,190 53~212  0.47~0.60

K2HPO, (0.05 g/L), MgCl, (5.38 g/L)




Table 1. Continued.

H, Water- Time Grain Specific
Sample  (nmol/ ) rock pH Solution ) size surfacearea  Ref.
kg) ratio (pm) (m’/g)

0.5 M NaCl, 30 mM MgCl,, | mM CaCl,,
Fayalite 170 100 7:1 <7 14 mM KCl, 2 mM NaHCO;, 2 mM NH,Cl, 1,206 53~212 0.2506
30 ]J,M KZHPO4

0.5 M NaCl, 30 mM MgCl,, | mM CaCl,,
92 100 7:1 <7 14 mM KCl, 2 mM NaHCO;, 2 mM NH,Cl, 2,331 53~212 6.9959
30 ]J,M KZHPO4
0.5 M NaCl, 30 mM MgCl,, | mM CaCl,,
Magnetite 180 100 7:1 <7 14 mM KCl, 2 mM NaHCO;, 2 mM NH,Cl, 114 53~212 0.5738

Heden-
burgite

ctal.
0.5 M NaCl, 30 mM MgCl,, 1 mM CaCl,, 2013)
Olivine 120 100 7:1 <7 14 mM KCl, 2 mM NaHCO;, 2 mM NH,Cl, 2,339 53~212 0.2728
30 ]J,M KZHPO4

0.5 M NaCl, 30 mM MgCl,, I mM CaCl,,
Peridotite 300 100 7:1 <7 14 mM KCI, 2 mM NaHCO;3, 2 mM NH4Cl, 1,213 53~212  0.3442
30 ]J,M KZHPO4
0.5 M NaCl, 30 mM MgCl,, I mM CaCl,,
Petedunite 280 100 7:1 <7 14 mM KCl, 2 mM NaHCO;3, 2 mM NH4Cl, 334 53~212  0.2806
30 uM K:HPO,

T2 FAHUE(100°CO}Y)

A FE= CO, TG NaCl -3:4](0.5 mol/kg NaCl, 8.9 mmol/kg NaHCO;) S A5 1,658 A17F 59t 8914 HES 21518
51t A A2 5 48 A17k0] Ak Aol 4] F 11.5 mmol/kg®] Ho7+HJAFE] 90 ™, 674171712 B4R H, AT
g0 Z7t FAE TEE I 674417 o] S REl= Hy, ] S71AE oA fHAst.om, Aol 5 Al

160

- H,
—e= CO;(tot) X 10
—A= CHs x 1000
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Fig. 9. Gas (H., CO,, and CH.) generation during experimental serpentinization of olivine at 300°C and 500 bar (modified
fromBerndtetal., 1996).
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(1,658 A17H A1 2] H, ABAFES ©F 158 mmol/kg 0 2 S =] ITh(Fig. 9).

=-A RS Agol] ofs A 71 Al 0] A 7P El(Log foo)2F O iteFEE A F7HAEl(Log feon) E AR 2
W, BE 7R A w7 AP A g o] QERRE o ol skl Fig. 10). YRF O E FeO-H,0-0,-CO, AlolA] Fe?*
£ it BE F A AT 224 ALl FeO(HIAERE, wilstite) = FeCO5(%5-24, siderite)= AP 4o B35
TRl Al = A | wlell ARZ fekakgo] 13 E uf = A o] s = 2 o & e Sith(Frost, 1985).
ERF ol AollA 0] B4 g ARlo] TR § A Alm W tige] AP Ao] EAfek= Aol &l gl whet i e
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Fig. 10. Log/co2-Log/, diagram for the system FeO-H,0-0,-CO, at 300°C and 500 bar with fluid chemistry. Numbered
points represent the sample number. The dashed line (CO,/CH.) shows where the CO, and CHa fugacity would be equal
when in equilibrium. All of the results after the water-rock interaction lie within the methane stability region and the

graphite field, indicating a thermodynamic process for methanization and graphitization of CO, (modified from Berndt et
al., 1996).

McCollom et al.(2020)- 230°C/350 bar ZZ1of|4] ZHeHAlk APTRIA-S ERkRt ATHIA| =(OlivOpx230) 2t 1-4(485
mmol NaCl/kg + 19.4 mmol NaHCOs/kg)2] B8 2R80] ofet H, J1FdS st $1al 2F9,300417 <t &<
A BES A afotginh. T3, B-9A] Wk ARl Aot Hlwsk] 91ste] EQ3/6(H A 7.2b) AT EQoE &-g]t vt
-5 742 E¥(reaction path model)= A& &-9H4 WHg- A Ax}, 2F2,000A171A]+= H, A4tFe] A2 fl=A
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Fig. 11. Production of Hz and silica activity s [8SiO2aq] during experimental serpentinization of OlivOpx230. Gray dashed

lines represent silica activities for the stable equilibrium of talc/serpentine, serpentine/brucite, and olivine/brucite (modi-

fied by McCollom et al., 2020).
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Fig. 12. Simulation of mineral composition changes during experimental serpentinization of OlivOpx230 at 230°C by the
reaction path model. The dashed line represents the degree of reaction progress at the end of the experimental
serpentinization (modified from McCollom et al., 2020).
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Fig. 13. Simulated results of experimental serpentinization by the reaction path model and measured data of experiment
OlivOpx230 at 230°C. (a) Predicted (red dashed line) and measured (red triangles) pH s and predicted (blue solid line)
and measured (blue circles) H, generation. (b) Predicted (solid lines) and measured (symbols) data of Mg# from
chrysotile (green), Mgt from brucite (red), and the Fe*":Fe ratio of chrysotile (purple) (modified from McCollom et al.,
2020).
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Table 2. Comparison of maximum hydrogen production in previous lab-scale experiments (T ) 100°C)

Water-

H, T Pressure . Time  Grain size
Sample rock H Solution Ref.
P ok O by 0P ) @m
.. 0.5 mol NaCl/kg + Berndt et al.
Olivine 158 300 500 225  <7.69 8.9 mmol NaHCOy/kg 1,658 <75 (1996)
Olivine + 485 mmol NaCl/kg + McCollom
< i,
Orthopyroxene 61 230 350 18 72 19.4 mmol NaHCOs/kg 9287 53212 et al. (2020)
Peralkaline 36 350 500 1 9.5 H,0 360 53212
granite
Peralkaline
. 3 350 500 1 1 3mNaCl+ 0.1 m HCI 360 53-212
granite
Peralkaline 19 350 500 | 9.5 3 m NaCl 360 53212
granite Truche et al.
Peralkaline 9 350 500 1 13 3mNaCl+0.mNaOH 360 53212 (202D
granite
Arfvedsonite 16 350 500 1 9.5 H,O 360 53-212
Arfvedsonite 1 350 500 1 1 3mNaCl+ 0.1 m HCI1 360 53-212
Arfvedsonite 7 350 500 1 9.5 3 m NaCl 360 53-212
1

Arfvedsonite 11.5 350 500 13 3mNaCl+0.1 mNaOH 360 53-212
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