W A R TR
Hitr- Bulletin of Mineralogy, Petrology and Geochemistry
Vol.44 No.5, Sep., 2025

ez FEAAM: RRAMREULFLEIRS
XEEFITTERBIN
At 4t sk Zst!, 24" Mondal Javed Akhter!, %k B &, E A E KT
g2 sk ReE #FHy!

L EREE AR R Bk 528 RIB22 B, AR 2300265 2. FrisR2: HBkBlE R | Hilk

Ly
£l
il
b
by

SEES

W E: AFHRHR-LoRFAEMN AR, EATENERLEEERM R ERNAEDE N X EAY LR HERNHE
HERERABHTERTEFN TR AR, AXEZEEMRFHIOEL G TN ERTEBEIN R AN T RFEA SR A, LH
KEFE—MERMAGRFEMECPREXABEANRAUERTLR, SR TAFAAXE N AU FER BN X B ERTLEBTN Y
W ERRETHRAZE S BEMERA TANFRANENERTEBEREEATR- AN ELFHFIRENBEAC REEE
THEFEBHATERG T EREATTNT R,

X 8 W AFE;ERLE;RLEFEHEREEL

HMESHEE: P95 XEHS: 1007-2802(2025)05-0918-12  doi: 10.3724/j.issn.1007-2802.20240141

Light to life: Photochemical processes drove the cycling of bio-essential nutrients on
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Abstract: The Archean Eon witnessed the initiation of the co-evolution of geosphere and biosphere, which was potentially linked by
the geochemical cycles of nutrient elements. However, the distinctive environmental conditions should have resulted in vastly
different geochemical cycles of the nutrients and thus their availability on the early Earth. Here, we overview the current
understanding of Archean geochemical cycles and availability of nutrients, especially those thought to limit the origin and
productivity of early life. Particularly, we emphasize some recent advances on the large impacts of photochemistry in early nutrients’
cycles and assess the potentially important roles of photogeochemistry in the co-evolution of environment and biology on the early
Earth. At the end, we advocate for more attention to the role of photochemistry in planetary habitability, including the early Earth,
Mars, and other planetary bodies.
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(Rudnick and Gao,2014). iXJ&H T4y ZAKHE
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2022;Zang et al.,2022)f1%;4k (Trainer et al.,2006;
Farr et al.,2023), DA K F3 M 3% 32 & 5930 TR M 9 i
ToEOEA A E i FE 4 (Cairns-Smith et al.,1978;
Kim et al.,2013;Liu et al.,2020;Ritson et al.,2020;
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i 14 R Y5 RN AL o AR S T2 B [ 48 K T X — M BR-AE
i I TR) J8 A B S SRR B0 5 L B R IR B X 40
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(Moore et al.,2017;Knoll and Nowak,2017)., {HS&,
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Mo JEAZ 49 A 3 (Knoll and Nowak,2017) , B, F{&%i
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Wk, RIS 250 W A A 1 BB 5 A b B SR s R ]
PAFVEALAE BRI T 2E Dy Fh B B S AR (Hao et al.,
2024 ), JUHOZH 4 AR AR XS LR Z 9 SR U R
) 4n BRAR Hh e AR A Hp B 85 AL (Falkowski, 1997 ; Tyr-
rell, 1999) LA Ko )™ W6 7 FP 4% (Behrenfeld et al.,
1996) , BFR Ay “FR#IPEE FRITER .

FALT BAR, BB A g 2 R R o i 0 A=
FRALAY G BRI 1 2 0 E Z — (Bjerrum and  Can-
field,2002;Jones et al.,2015;Hao et al.,2020a), {H
S, B AR AT A 0 L ER AL 22 AT O 5 B RS A
[] o 51 G, s 2R 7K A r g B A AR A il DAL T AR S o 2%
(Ruttenberg,2014) , {H R FE7E AR 8 T A A TF 4R K
FIAR 1 7% T 11 22 1 (Flament et al. 2013 ; Korenaga
et al. 2017;Tang et al.,2024) (1), FR#| T EE K
o LI G 5 MU (Hao et al.,2020b) . BEAT,
X R B AR B Fe (11) A /K AR TE 22 b A Wy sl A 0 T
TR L&A G B A (Cairns-Smith, 1978 ; Konhauser
et al.,2007),Vi¥E T KREMNEFe L0 Y, WiFe(111)
HEAEY G N e 80 %5 (Cairns-Smith, 1978
Tosca et al.,2016;Halevy et al.,2017), H:-ZE B Al KHL
TR £ IR 4k 22 38 (Banded  Tron FormationsE{ BIFs)
(Bekker et al.,2014) . X E6a 4] L i 550 0 B AT
TE KA T R i, DT A AR T K e 2R ] R B Y
7K (Bjerrum and Canfield,2002), K I &
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Fig. 1 Evolution of the surface environments during the geological history. (a) Evolution history of land emergence (Flament et al.,

2013 ;Korenaga et al.,2017) ; (b) evolution history of ocean redox state and water chemistry (Poulton and Canfield,2011 ;Moore et

al.,2017); (c) evolution history of continental weathering and marine sedimentary records (Ward et al.,2016) ; (d) evolution history

of atmospheric pg, (5 (Lyons et al.,2024)

and Stueken,2017). SR [7& , K i B v rh gl
A= Rl R R T g L IR AE G (Hao et al.,2024),
F BRI Ry g DR ) ok 2 (B 1Y (Planavsky et
al.,2010;Reinhard et al.,2017), A, WA %HEE B
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pont et al.,2010;Moore et al.,2017), N, BERE
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1EH AR Mo | Cod5 il i 4 JR AR AL W B 1 & Jm ik
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B, ARG, BROK A Y SV BEAL S |, {H R K PH 5
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Sasselov,2016), ItAh, AR KA H A REJZESmREIT
I5200~300 nmif Bt ) 424k (Matsumi and Kawasaki,
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HH AR 3 S K 4 (po,<107° MPa) H 5534
JEYE (pr,>107° MPa) [F#IE (Hao et al.,2019;Catling
and Zahnle,2020) , FHORAGAAE N TC 4
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ARSI T ,200~400 nm i K- 22 4h 2 AT LA
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AR LU — 2 M H 52 (Kral et al., 1998 ;Etiope
and Sherwood-Lollar,2013) , -7 R TLE KRR A
(Zahnle et al.,2006) (&El2) . X6 BEre BN 1)
TERT , &R —RIDGAFE RN, H 2 0] RBIE LA HL
g% (Pavlov et al.,2001; Trainer et al.,2006) , M\ %X
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e, Hop AN WOLTE A A s E i 22,
— g/ NT 2K (Carrier et al.,2019) ,{HAE RS KA
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Fig. 2 Evolution of the photo-environment and its controlling factors. (a) Total solar luminosity received by the
Earth (Gough et al., 1998;Spencer,2019); (b) incident solar radiation of high-energy (Spencer,2019);(c) evolution history of
atmospheric CO, (Catling and Zahnle,2020); (d) evolution history of atmospheric CH4 (Catling and Zahnle,2020)

(e) evolution history of atmospheric ozone (Cooke et al.,2022)
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K (Kasting et al.,1993) ¥ A% T K f KAH FER
S 4 (Catling and Zahnle,2020) . FHXF 4, CH,
FINH 3 85 340 SO ST K L R0 Uk, HAER
KHPE G KGR (Kasting, 1982 ; Kasting et al.,
1983 ), XELAFR RBIAR v B2 o (HLIE: | T B S P A
P A VRS B WA B U HE IS 3, T LA
B <, (Sherwood-Lollar et al.,2014) 5Kk Z1
IBJF N o JEAh R RO S i dE e #E T DA TR SR
dr GO T 51 % T3z 6 PRGRE Bl BRI T A
(Zahnle et al.,2020). XL RS ARTER DG 1L
FIVERE , AT LA™ A= HCN VA HIL LS5 01 28 i ml 1)
HIE L (Pearce et al.,2022;Zang et al.,2022). M4,
TR A N AR R SR AMR E T 38 T Lot fb
A A UM FIN O, 25 B A= 4y (Kasting and
Ackerman, 1985; Wong et al.,2017), T K< HH,SHI
SO, YT AL 270 77 S SR L U X (Pav-
lov and Kasting,2002; Harman et al. 2018) , A~ F| T
A= A AR

XFF R E FRITCER , Il KU AT 7 A 1 2 1
T A W] F T TR0 R A dR ORI R i I 2
Hb B R T SRR R AE 2410 ) 3 3R 0 AR T XA, A A
FFe(1I) Mn(II)FFERY R (Hao et al.,2017a and
2017b;Rye and Holland, 1998) , {HAF| T HiAL ¥ %
f# (Johnson et al.,2014) (K1), NI S Kb
Fe (I11) \MnO, FlI MR £ 25 S A P ) Jot e g 2 7 465
WA Y o 4 IR TR (B4 Mo  Cu  Zn55) i A il
i RE I (Hao et al.,2024) . BIfEQNIL, 7E T8 5AF T
Fe?" Mn>" FeCO3; MnCOs FeS,% & ULif J5 24 it
WAL B7200~400 nm ) S HMI A (1513, K A2tk
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Fifi 5 H, i B (Cairns-Smith et al.,1978;Kim et al.,
2013;Liu et al.,2020;Hao et al.,2022), FE&E KT H
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Fig. 4 Sedimentary records of evolving biogeochemical cycles during the geological history. (a) C isotopes of marine carbonates

through Earth’s history (Lyons et al.,2014) ; (b) reconstructed evolution history of primary productivity in the ocean (Crockford et

al.,2023);(c) S content in shale (Stiicken et al.,2012);(d) occurrence of Iron Formations in geological history (Bekker et al.,

2010);(e) P/Fe molar ratio in Banded Iron Formations (Robbins et al.,2016) ; (f) Zn/Fe molar ratio in Banded Iron Formations

(Robbins et al.,2013);(g) Mo content in shale (Stiicken et al.,2012;Reinhard et al.,2013)
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