N I

2026 £ S 71%  F 19 Hi: 4438 ~ 4447

¢ (rhIEREE ) Ae Ak

HIKEET AR ZBH R ES W A=

HHERAL AR AR DTk

SCIENCE CHINA PRESS
CrossMark

& click for updates

MBI, FAREDT AF R KR RE L KR AR, S

L. v E R B R 2= 5T AT, SEBH 550081

2. ' E R B S S MR R T T, B3 100029

3. i ERLERE R MR ST R R, JLaT 100049

4. EHL TR 2= AR RETEAA BE, JEET 100083

5. EIZK AR A2 s KR =S, dEET 100085

* KA, E-mail: huruizhong@mail.gyig.ac.cn; lixh@gig.ac.cn

HER b5 UR T AL 2 205 & R P 3 IR TSR (0B K.
19140 BRI E 2B AT, Wi ERFER T
18384F#2 ! “Geochemistry”—ir]; Z G/ R L. T
IR EI KR TS E RN, Bk
2ERUE RS E T RS, 201 20 R ER fh A 2E BB T B AT
KM, BEEFRHARMES M, FRNEMSLE TouEm
[ B TR AP A J,  HBERILAIF S AR T T A2
XTHIR RGBT RIATR, 1T H SR Bt R HEsh T
HERGER BEIR PRI 51T LA AR EE e A L.

1 & ¥ NI HER R 8ciat T dERR
NI
ONTHEBIHER (L2 T, XK R GRS AT HL AU

SRR, FERBAEDIA T, AR R Bk A A BRI

Bk, HUER A R E Y TR AN AR, MRS 2

ERGRPRAGER, AR R GRS N A i A S

TR e, BAR RSl H ML HIR W3,
“HIERAFY 2 B 1720 SR KR AR YL M. B

20140, HUERALAF S & O TR 3 2 AR F AR A K HERAE I

KERRBR 2 M4.56 Gall, Mifisk TS A AAERSE, IF

Shy A R RS A Ao R R AR R FH AR v B R R T

IFTEIFESR), 20244F, Zhang APIEE T 055 H BREE S, 38

1 [ 2 S AR AR R 2 B X 28 AR RIS AEAE LT 3.

TR LR A S B AR, R AR Rt B

TREE A 42124, e’ H HER IR o & B et % KR

L A5 /R A BRI I LT 3 B AL T 1MZ4E. Cuigg A

(2024)%43.5 g H P LA HEAHUNS #ETY(<S pm)

RHCA LA M BRI R R0 2400, W ARk s

TR TF28 3MZAERT A KL &, UESEH Bk i -5 1F i [ RE AT

Wil vEarrrt, HFe
FHFE AL L, VETHEF MK
s 5EEL NETKEH
WARAETR, RN RT 5 O
SHTE R G AR R, HER
WA E-EYOq ABAKE—%
ST, FHKMBMAMAKL, FMNE &
FRH L.

% RE vEnenrt, A
4 MR A b it
FHRELEREL TEAFAL
£ R F B 02 DL BB K
R AT ATE S R, SIRE
KRR LR ROBTR AR
S A

TEARRRI ARG Bl X LERT Y R R QA B At 1A Bk
i I T 32~ 20/ AR B RE AR E 25 1, ST T AR SE
AT ITET T E R IR, #7 F BRI W e 3 N R Mkt ot
J&, T28 LA B RARF S RS, BhA 5k Tl FEs 11
[INLER A, FEAE T Bk S 5 A SO A S S R R
WP L, hoF AT R AN A M A o A e A 1
TR,

HBBR PN 32 3 B (e -k - 100 5 B S LR
BhIEAT RSB TSR PR, U M ER AR R

5956

SIS B, ZEmkaE, XISER, 45, HuERIb2A AZESCHRY STk, FlaAEaR, 2026, 71: 4438-4447
Hu R, Li X, Liu X, et al. The contribution of geochemistry to human civilization (in Chinese). Chin Sci Bull, 2026, 71: 4438-4447, doi: 10.1360/CSB-2025-

© 2026 (PIEFRFE) Akt

www.scichina.com  csb.scichina.com


http://crossmark.crossref.org/dialog/?doi=10.1360/CSB-2025-5956&domain=pdf&date_stamp=2026-6-30
emailto:huruizhong@mail.gyig.ac.cn
emailto:lixh@gig.ac.cn
https://doi.org/10.1360/CSB-2025-5956
www.scichina.com
csb.scichina.com
https://doi.org/10.1360/CSB-2025-5956
https://doi.org/10.1360/CSB-2025-5956

S TR 28 7 2 AR by sk 4 S A X s O F 5 4R 13 T T IR
. A, R SRR 22 (P He/ He )2 J0 R i iR e T S 36048
IR T VR HLE 5 AM% 2 TR AE A2 2837, HEWIRIN R &R
G R, AMZ RO AT RS 1T g T 20t Bk
22 SO U RN 2 (U Sm-NARILu-HORFFE B T b
Or I R A K R HSE AR 2 43.8~4.0 Ga. KA E
EIGHE (Mg, Si. Fe). WMEITRUNFLITE,; REE)MH
BAMRAHe . AnF S AR T 5¢-18 0 11k 25 S ad
FRUOM: Sm-NdIRIY 2 R GuE— 25 Z i T Ha oy 5 (4 25 25
F, RFe-ied R R AL T AU KRR i A
Il 48 - 2 2 5 R i e ELA AL A i e R A
Sr-Nd[FI{ Z2H B, F A5 R DG A AR AT R Rl b
KpmEEHLHY. 2 ERICRWK0) 555 A 0-Hf[F i
FR, SUARK RS E N A G ) B T it ) E AR
S ke AL AT BE SR RE e T [0 B R M E LRI
HuFR AL 2% 55 Sr-Nd-Pb-Os Rl 7 U SE— 2P R, A it
FErp b sE S 5 A A BGE, (R A3 bt A A A
ik, FFEREE S R A BRUTER JARVE, AT bl b5t
) K BE R oAt 18 i A RUR R B 3 ) L ER
BN 1A R BE S T SR,

FEAR 7 ML Bk P93 5 2 )2 R GE A1) LA A A 2 2 2o
h, HERILF IR R AR T OCHEAE R, Bn: SelR R 2 T
FRER TR IR, 45 SR BH i U 1 38 o] s i A
TR, PRSI T A sRERFRER VTS B!, 4% Sr-Nd-Re-Os
2 B5 A HE-OR R LA S H s ER {2 Fe hric % 11
T 5 SR G b R T 2B T K L AR RN 344 i 4
SRR, B TR SE AT A AR AR, AT A ICA S
BT BRI T A FI AR [ iR KRl R i 6 k- R B Ak T
I B oG 2N [ 3R ER Ak 2 2 AR R T R AR e
FEPVIa A e A AR AR RMIACE HE
Nb/Ta, Nb/Zr, Ti/Euf(La/Yb)25)FILi-Sr-Nd-Hf24 [F] {7 %
AR 531 b 5L DX S AR A T A i e s K A L
PR A5 VAR BB R AR A5 12220, SRV 75 A Bl VRl e 7 AR
) 1NN b NS R & W Ve | W4 €0 e I R b
PRTT 5 K KBS TR A TR (LILE) . SEHTTR AR 17T
F(LREB)#E A M, IR HEGRSE, MTRENIUA K RS
s )T 2 TR ) 3 LR 1 =5 <9 ¥ - Vi=A L [ VA
R — B R T ERS E E W R . S
TR A 25 - PR BTN A 22 E] (1 N R

FEMEERE [, HERILFIFTT i — s TR RS
SAGAFAR AN YAl . B ER R R = R 3 B0,
3 R AR Y R R L R AR R A A, R
24-23MAERT R A SA S AR BT B RS, KRB E
PERUR AL T SCESRC Y, BRI RiD R R T 8- =5
40 2 3EHE MR R A )RS, A v B 1 20 5 Y, 5E
TEBREREL AR RR [R5 R A 0T B — A2, 1230

R HRARE LI 20 50 20 2 000 5 B4 Bk AR 75 AR G
W) RN TR R T M ER VK- Pk E Ial (4 S fe s
PR, SE XI5 kG v SR 2 L AT,
HA TR ITAELRIR B S AR R T SR, O PR A
RGP TOCHEZRRDT. STk, AR R
K- AHEAE BB, 8Ok B i TP p HAS AL F) B 24
bR, dE R IERRIR £ RG0S R ACOMKIE R RS Bt 1l
FAESPL AN, Bk BRI RIER LI PN,
PRI AL B A T O 2y .

2 fgh ¥ NI IRREDRATRN S VP AL

VERREBUR NSO R RO TAE T, HER 5348 i
e RMERRE MM ATEZ —. MR ST AL R
fiF, AEMRMTHLBRILFALR . AL AR, T RS
PRSI RE IR LRI 25 5015 B, I b
o] S

2.1 BRI S AL

A AR R X S B ARSI S T . s R 2
S BLHIRI 25 23 AR A AR S 4. MR I~ 30 )y vk
RS TR, 2. RadRAgL, EAEARIE SRy
BRI . B AT R MR 2 AR 7 2 b ER 1k 27 R SR,
TR W) R IR SR AR, DAL AR i e bR R, R
SE R SRS MR AR, ISR aR b oh T-BL,
HIS AR TSR, A XN AEh i, R AR
TR 20 S W R 2 O 4 B R, {3 SR P R B ™
RN G e R B A A 23T Py i A R L4 45T
HubE AR R RO MVTH RS 847 SEDEXH PRI,
WA VMSH AR B BRI 1) R 4 s A )
FIFR AR G A VA A S SRR 44 H AR X A
fE. JCERAM . AR . TR A A M IRA A SRk
HERAEAEFEEL, AN IR T ) S R 5 A2 Wk [X 5]
TR AR A R, i, 20120 804E AR LK, T
HiR VY R 2 SRR R X A VT A, B kA T —
FONRMBEH R, s T EMES FAur] Y
Hg. Sb. AsSICRHE YA AR, k4 E7E 2 A Hg
Sb. AsH"H @7 PR T, Ok KRR TR ReRP,
iy I IV € NE RE2 A S (5] & 8 LADIE yTve sS2 A
PRI, MRHERIE R, TR T4 X AN IR AL R Y
TE A TR HIVE, XHn oms vt X HA i L3
BN, FERX AR, WX RS E S B AR AL
HiERfb2EFR 80, FIPGESA T RS RS L HiEscHE, /b
Hom HIX, SRSk

A RN O RRIW IR B A F S T RAE
FATR, St R Ak 27 R, e X BOREE, FHK R
By s Ak g, BETE R w X, AT

4439



M E LB O200F57TH FT71E L19H

J 7 b X PR 0 5 A A VS D A A X A X PR,
WAL RFE, SHTCE ST T YIRS
23 (A, AT DAHEWTR O AR rT BEZS AL, IR A B 1k
SEREE S RAREY, T o X sk, HhERfEAE TR TR
W, TREBEH BRI A A BRI 2S5 ek, BERS IRk
F R AR B4 s (8 T SR B Ak 5 1 AR [
iF, XA AL LA AT RGO R S R Z il m oA, W
DUEEST = AEHBR AL, R B0 5 R4 B S

IR AEARUE R T B A, R R R R
EXT T AR S EE. BOREE, RS IR
KB, BORFHEZMET: R, S 5 o i
fi ARRPAEAEROR, B IA /a8 A S (AFT/ZFT)
A(U-Th)/HeE4F, M adic S04 76 B 00 B X | (2
60~300°C)RAIHE, RENE & I SR I R JIr A8 M 1y [ 331
Pl ], AP RO R S8 SRR, H
Wi PR 2 AR I FR R SRR T, AN 2 X
M RV LR BE RG2S i, AEpg AR
WM&, TV VG AN IR 4 B R AR 35 v VLS 0 T A B 4
BRI R & A IS, B RS BORsR A, ©
(NS S 3581 N = = i e R % W U = E
) AR R B (358, 80T BRI A R 12
B 3 A Jry, Al T PG AR B 48 R N A7 e i S
B, IR R W T B B

JCEMRAIRE, BRIk EEM IR N Z —.
TCEET AP UMARA . 3. EWIER A, DT
Ty P anfal o3 AR (N R 52 . W BRI . ST . Bk
85), R IR WA = SOR F A AT, EEE T
VR T 22k 5 RS R A T IR e Ak
TR AR ST S M ETF . B, A5 HA KT,
TIRALL ARLARARRAE, 2o i 0 s 4l A 5 S e AU PPN 1 56
BT AEER. 18RI KA, U B et B A, Reeif
SUHBAPIRES, DAMERG TS T | AL A . it
BHIAR, AW TR LA RIS, AT
FERRIRIZEGE . EA. TETEFIH.

2.2 WSS

Hu R AR SR 5 TF & 2 B vl R 4 45 DG R
SRR PR B A D SR SRR A T A .
SR DAL BRI S A RTERA A, BV InB R, mik
TR VAN R SR T WL ER A~ E b e AR,
AV L OFE FA LB B | RS 1) R 3R
k. BAPERS E(TOC) . AT “A” A R (S, So)
ITEZHFEETNAIREE, HiitEREAIUREEN T
BRI S I U AR R 01, TR B i 5 5
AR PRI A DL SR, ST AR SR T 3R K
P BT R IR (R ) R K AR (T ) S 22 EAT HILJT

4440

PSEE R EHR AR, TSI LB BT 5 R T AR
TR A 0 A R A B B, FEIhiERT Heh, 4T LE ks
B E Y BA SR . IEM IR AR S B
(CPI)5 2B #45 $r(OEP) AT Kz e J 2 1y B JF e U5 5 ik 2ot
JEIH: Cog-Cog-Cog MU 55 J52 TG B 4 7 A B IR RIS, 7
bE R, /M e (Pr/Ph) FU B B S T AR I 45 1) &AL
W FUIRZS, N D BEBeAs /R K ARERE, Ts/Tm L (E N5 A HLT K
A0,

HOER LA FEAR A B SR B SRR, T
ST, FINERERE, LSRR 28k, ol R s
M HZER | RIS AL, X FRERR, kAR
X A HLS TCHUR R A% DI FRT. 254 TR0
Shele SR AN E, T — T B AR IR
HEIRAS, A HRBVE S, £ QSR KRR, T
SRR Z CHe/ He . O Ar/ S A SRR R VA
1A B P RS HORIE), 2B RIEA LB IX, WA HE
FEAI5 AR S ARG M ol T 2050 R RV IR A BTk %
T, PSS AT . ke F5) nlHE R R
G UURER ), 25 B 500 (C s~ Co) 4L T HE— 245 7% I
A AR A S D, AL OB AT T i R RS
(M(B)&# . B/Ga. St/Ba)BEAT/3#T! ", KRS A IR 45
WATfEBIU, V. Mo, Cr. Co% Btz #EATI5 ), Hrp
Mo 5UM & 4 R & (Mo-EF . U-EF)] i JH T X SM PR KR
WEAL . RS BRALIE, IEAE A B P e
WAL Ak, BT ER Cug B ICE Sl H(E(Sr/Cu) il R
R W SRR AE, ISt/ Cufl I8 45 7% R I N 0 A
,ﬁ:[75]'

FEMAS BRAFTE H, Bk o bk, 2
B FIIRSE RS B MO R R A% O B, HoR e 2B
PO B D IRTE 8 31 B A A R 30 % T
BRI T, ST - 26 - Pl -aa - B AR O T
SO, B T RRIEA AR . BT R A S L g
WU T AE R R AT B SR T B — A R M Y [ 225
TR L, BEAS A SS IRH BR AL R S R R R A
BHIE. 20tH4090M G, AR BRI HbER (b2 B AR
BRI IRE AL R, W SR RO GRIE . R
KBRS — R 5 EESE, 454 -4 5 T,
AT BRAE A TR AR L2 PR B 5 S R I 7™ SR, 2y
MR AR ML A e, DA — IR A
DU, 207 W LIRS i 8 2 BOREIAC,. SR [l 17 2%
HERAL A B AR R IR R, SCBL T SOB R e R AE D)
HE ETESE ALY 5 HLT M AR Y [R5 R 5 #r
JEFF: AR AK-ArEER, AR R E R A-ACE S,
AR AN KD Ar-AriE AR, 76 il A e TR
TS R R, Bl OB IR IR AR ™, ok
JEASE 7 A U =P AT 78 43 HT 3 L 370 35 20 R B ot 2 0 1



JEBLIT RIS, X TR, FIHRe . OsAEAHLITHY
FEPE, DS T AR e-Os [l {3 2 41 AT B4 29 R Y
TR, A5 5t i SR A o0 0 i HAT A A ),

ST HORAT, HERSADIE R R TR TR
A B IR S ML LA R O o 1 2 A R
AR A, X L) T ARG . BRI
EIE B EA, A SR R P B TR
RS EOR S, BB LA~ 5 R B O k5,
P EE BT HBER AL 5 MR BT B = — R Y -
JCAT (RO, g T AT SR AR R A 55 R, - 2 T
FHRBETHIRACR.

3 SRV AEEEEE PN R

HOER A A TR Al P A A PRI 22 42 55 4 Bl N2 ST T 52
K RARE SRR, —Jr T, Sl A AR
[l R BRI R S AF 2 e, HERAL S B i Bk A
ASHEEARL T AR SO, ARG TH
LS HY) SRR BRI AT, IR BRIF S R 5T
FNFE ]~ T e SRR S

C-H-O-N-S&5 [Al i Z /R R R R AR TR AL T MR B 4
R H G AR R BN, A ARE R ALR AT
T VKU, T RIEFRE AR, B3 Tl K SCURIG
R A BRI AR SRy, LR ORI AR A B i B 4
AR, BRIFM R AE AR RHE I S AR S RGeS
T FAT T EEE I, i s R (3 3R A A C S e
AR, IR RN ER A RRCEDY, HAL SR e — L4
R T AEREE AR S S T AR S IR AT BRI 3R
SRR A AT S P AT R SCAR, AR
7] 37 28 JU) S B B A K 7 MR 5 2R g s 3
TS, RN R AETAG X BT 22 Ak RS BRI 3h 78 T
AP, R R B - S o 2R A i 5 R A
B, A AU R, B G NLORURMAL R S A A 22
GHHT, REREAT X T AR IR AN, O A A%, Al % UA
IR AR A AR, Ak, AR LR I IR AR
FHRLTIAERT . BRAACHHR A IR, DR AR RN
BT TS BB RE, ot TS A il SR 5 PPl A Ak
R THAESEC. KA AU RIS R e — R
TR O KRR AAC B TTER, TN TR
AN 23 12 B L 3 R A R RO 2 UM B,
L HFAC BRI BRI A8 2L, e KRR . Tl
T 311 LA B A A 2 25850 Wi B R 58 A U515 A JBL o D7 T HAY
FEAEAL Mehh, 470N RIS B R A R
FRARAE TR T B RN RBTRAR L3 T kA
SRR AT S ETTE. BRI ER R A LR Bk
T3, FFEW T AR R, mFEMFICS T RE
) SR A, GURBERRER 5 Bih Um0 R U4

R T RARPE S8R TSP RR IR T % KA
ARSI TR RS AR R R R 5 A A R R T OGS UE 4.

S R R R . AL BT R R
R, N AR KR R G IC R GRS A A AR
THHER. IS RGMA TR E S RGP A B X
WAL RE T BYIRESHLE], R PG BB R HECR . TEY
G, LA R A R B TR HECS. R & B,
YR 2R B UL E S RGBT, WmET R
GEIiRED?. sk, AR RS TR AR R IC R R
B, RPAMRRhE o 22 S35 50 R 2 + 3R 3R L A 55
G001 kA RGh, AR AR
A, 5w IR O, XA BN, E AT 3
St Eh 2 a0 AR R, WIAXTA. B
WEAMCRAAELES, WEFRRETEES R, mTREMmE T~
Trse e AR ) R, fhapi et g s e AR s 7 3Rk
TR PR Bl AR SR SRR SR A TR KR,

PR ROR UL, BT T A P 5T 4
FFUN 5 REARALRIAAAT, IR T HAE S BRERAG IR h i) OGS
A0 S e R b S A HLB R ISR (OPEs) M H e Ak 7=
Y, RIHCE AR B, A R A B sk
UL R R AR A L 2, DUIEEER T
FeRLALIF T 32 IO o, BChriciiin THRIR A
WYItE L35 A R s AR 1T, A bR S0 O R G R
T Bl VRA BB H TR SR A e R S T o Y R
Vo I B A3 M CUESE T RS A L I AR A TR
A TTRRY ), I A2 (AR R A AU R R A S S TR
SAANERIRAR MR, 4B Rl R AR R AR B
TR | BRI, KA fHe R XU T A 28
ME. H. 8. RERNZZE v TIashae, HEiFEA%R
I, 201 L0204 AR B HF PRI A I B BR A S Y 5 i
iy, A MRS E RS HE S IR AR 4. IRk, Bk, BE.
I = Y A EIL VA3 W R AN (0 By S B A g B Y W
FEFERAU T, B R AR X RS R AR R R A Bk
PRI gl E ST R K RS- AR R g heecd il e
BAEPL ORFIN RIS MR T AR R R R, Jf
T R A R D] AR 41,

BUFPERIGI AR A ST A 5 R R, FESW A2t
TSI I My TS PR, i-129C31- 581 15.7 Ma)
SEAZ MR S SR A 1) 202248, Zhang®E A 05E
S AHT R E RS HE A AL-129 5 P TIIE, BaRHEERE 4
BRAZ IR ARG A S R 5 AT i, SR K Sy B %
SR SGGE R, SR (POPu, MOPu)EiB A RN
DI 2T H, 20214FCao%e A 7 b 7 F [ VAR I R
PRI, PN PRI ST R FEORIR. ARk, 4-236
ClFE23.4 MaylE 4R, S8R FEL R H AT $2 T8
fEbeRg e S [T MR -23 6 AT BIF ST 1 18 4B 535 P AR L IX

4441



M E LB O200F57TH FT71E L19H

(3637 TR S Sl

MR 222 B 28 T ARAF IR g, 7E 21> ST
PRERCR, TREDFES) TSR R, EAR, AfTxT
HER G RAR) B AL AR IR Z AR 2 1k, R HuBR AR

WEBOR R . BERIMEF L, & MNKAAF SR
BRAEESARI AR EAE, RREHTEISHEOR, &R
MR, S AR 7S R ANAT B AL ANy 25 3 A, A
B R RE DN A 25 P05 A R 249 N S 2 i R KR B R

KeamisHRZ WA, RIMMIMT A |

it

) 155 SR

~

O 0 3 N W

10
11
12
13

15

16

20

21

22

23

24

4442

R HSMER TR,

[

AXREERBER, 55 TENEH T ERFIRBTESHRWBRA XTI AE. FERF AW AFDRE. +FExH
FRAFRD)AKA, EBER, PERFRAAFET. FEARFRARTEA XA E LS. ARAFEEAL, 4L
EREZEG. Wk, KIAFANEE., TEFBGRTAFA R RIS, FTERFRARCFFRFTEEL. KEF

Connelly J N, Bizzarro M, Krot A N, et al. The absolute chronology and thermal processing of solids in the solar protoplanetary disk. Science,
2012, 338: 651-655

Bouvier A, Wadhwa M. The age of the Solar System redefined by the oldest Pb-Pb age of a meteoritic inclusion. Nat Geosci, 2010, 3: 637-641
Zhang Q W L, Yang M H, Li Q L, et al. Lunar farside volcanism 2.8 billion years ago from Chang’e-6 basalts. Nature, 2025, 643: 356-360
Cui Z, Yang Q, Zhang Y Q, et al. A sample of the Moon’s far side retrieved by Chang’e-6 contains 2.83-billion-year-old basalt. Science, 2024,
386: 1395-1399

Barboni M, Boehnke P, Keller B, et al. Early formation of the Moon 4.51 billion years ago. Sci Adv, 2017, 3: e1602365

Yuan Q, Li M, Desch S J, et al. Moon-forming impactor as a source of Earth’s basal mantle anomalies. Nature, 2023, 623: 95-99

Jackson M G, Konter J G, Becker T W. Primordial helium entrained by the hottest mantle plumes. Nature, 2017, 542: 340-343

Horton F, Asimow P D, Farley K A, et al. Highest terrestrial SHe/*He credibly from the core. Nature, 2023, 623: 90-94

Willbold M, Elliott T, Moorbath S. The tungsten isotopic composition of the Earth’s mantle before the terminal bombardment. Nature, 2011, 477:
195-198

Hofmann A W. Mantle geochemistry: the message from oceanic volcanism. Nature, 1997, 385: 219-229

Mée L L, Girardeau J, Monnier C. Mantle segmentation along the Oman ophiolite fossil mid-ocean ridge. Nature, 2004, 432: 167-172

Boyet M, Blichert-Toft J, Rosing M, et al. 2Nd evidence for early Earth differentiation. Earth Planet Sci Lett, 2003, 214: 427-442

Weyer S, Miinker C, Mezger K. Nb/Ta, Zr/Hf and REE in the depleted mantle: implications for the differentiation history of the crust-mantle
system. Earth Planet Sci Lett, 2003, 205: 309-324

Niu Y, Zhao Z, Zhu D C, et al. Continental collision zones are primary sites for net continental crust growth — A testable hypothesis. Earth-Sci
Rev, 2013, 127: 96-110

Zhu D C, Wang Q, Li S M, et al. Magma genesis and crustal evolution in continental collision zones. Sci China Earth Sci, 2025, 68: 1346-1370
[, T35, 2R, 45, KEGREHEH AR 5 HhFeE k. hERE: kR, 2025, 55: 1398-1423]

Zhu D C, Wang Q, Weinberg R F, et al. Continental crustal growth processes recorded in the Gangdese Batholith, Southern Xizang. Annu Rev
Earth Planet Sci, 2023, 51: 155-188

Gao S, Rudnick R L, Yuan H L, et al. Recycling lower continental crust in the North China craton. Nature, 2004, 432: 8§92-897

WuF Y, Yang J H, Xu Y G, et al. Destruction of the North China Craton in the Mesozoic. Annu Rev Earth Planet Sci, 2019, 47: 173-195
Pearce C R, Parkinson I J, Gaillardet J, et al. Reassessing the stable (5°%/*Sr) and radiogenic (*’Sr/*Sr) strontium isotopic composition of marine
inputs. Geochim Cosmochim Acta, 2015, 157: 125-146

Chen R X, Li HY, Zheng Y F, et al. Crust-mantle interaction in a continental subduction channel: evidence from orogenic peridotites in North
Qaidam, Northern Xizang. J Petrol, 2017, 58: 191-226

Dai L Q, Zhao Z F, Zheng Y F, et al.
postcollisional mafic igneous rocks in the Dabie orogen. Geochem Geophys Geosyst, 2015, 16: 659—680

Source and magma mixing processes in continental subduction factory: geochemical evidence from

Dai L Q, Zheng Y F, He H Y, et al. Postcollisional mafic igneous rocks record recycling of noble gases by deep subduction of the continental
crust. Lithos, 2016, 252-253: 135-144

Dai L Q, Zheng F, Zhao Z F, et al. Recycling of Paleotethyan oceanic crust: geochemical record from postcollisional mafic igneous rocks in the
Tongbai-Hong’an orogens. Geol Soc Am Bull, 2017, 129: 179-192

Xu Z, Zheng Y F, Zhao Z F. The origin of Cenozoic continental basalts in East-Central China: constrained by linking Pb isotopes to other


https://doi.org/10.1126/science.1226919
https://doi.org/10.1038/ngeo941
https://doi.org/10.1038/s41586-024-08382-0
https://doi.org/10.1126/science.adt1093
https://doi.org/10.1126/sciadv.1602365
https://doi.org/10.1038/s41586-023-06589-1
https://doi.org/10.1038/nature21023
https://doi.org/10.1038/s41586-023-06590-8
https://doi.org/10.1038/nature10399
https://doi.org/10.1038/385219a0
https://doi.org/10.1038/nature03075
https://doi.org/10.1016/S0012-821X(03)00423-0
https://doi.org/10.1016/S0012-821X(02)01059-2
https://doi.org/10.1016/j.earscirev.2013.09.004
https://doi.org/10.1016/j.earscirev.2013.09.004
https://doi.org/10.1146/annurev-Earth-032320-110452
https://doi.org/10.1146/annurev-Earth-032320-110452
https://doi.org/10.1038/nature03162
https://doi.org/10.1146/annurev-Earth-053018-060342
https://doi.org/10.1016/j.gca.2015.02.029
https://doi.org/10.1093/petrology/egx011
https://doi.org/10.1002/2014GC005620
https://doi.org/10.1016/j.lithos.2016.02.025
https://doi.org/10.1130/B31461.1

25

26

27

28

29

30

31

32

33

34

35

36
37

38

39

40

41
4

43

44

45

46

47

48

49

50

51
52

53

54

geochemical variables. Lithos, 2017, 268-271: 302-319

La Fléche M R, Camiré G, Jenner G A. Geochemistry of post-Acadian, Carboniferous continental intraplate basalts from the Maritimes Basin,
Magdalen Islands, Québec, Canada. Chem Geol, 1998, 148: 115-136

Taniuchi H, Kuritani T, Nakagawa M. Na/K diversity of primary basaltic magmas induced by the separation of slab-derived supercritical liquid:
implications from Alkali Basaltic Lavas from Rishiri Volcano, Southern Kuril Arc. J Petrol, 2021, 62: egab099

Zhao L, Guo F, Fan W, et al. Roles of subducted pelagic and terrigenous sediments in early Jurassic Mafic Magmatism in NE China: constraints
on the architecture of Paleo-Pacific Subduction Zone. J Geophys Res Solid Earth, 2019, 124: 2525-2550

Zack T, John T. An evaluation of reactive fluid flow and trace element mobility in subducting slabs. Chem Geol, 2007, 239: 199-216
Keppler H. Fluids and trace element transport in subduction zones. Am Miner, 2017, 102: 5-20

Fan W, Liu X, Zhou M, et al. Sedimentary "O-nitrate evidence for phanerozoic aridity and humidity oscillations in South China. Geophys Res
Lett, 2024, 51: €2024GL111475

Farquhar J, Bao H, Thiemens M. Atmospheric influence of Earth’s earliest sulfur cycle. Science, 2000, 289: 756-758

Poulton S W, Bekker A, Cumming V M, et al. A 200-million-year delay in permanent atmospheric oxygenation. Nature, 2021, 592: 232-236
Foster G L, Royer D L, Lunt D J. Future climate forcing potentially without precedent in the last 420 million years. Nat Commun, 2017, 8: 14845
Wu Y, Chu D, Tong J, et al. Six-fold increase of atmospheric pCO, during the Permian-Triassic mass extinction. Nat Commun, 2021, 12: 2137
Shen J, Zhang Y G, Yang H, et al. Early and late phases of the Permian-Triassic mass extinction marked by different atmospheric CO, regimes.
Nat Geosci, 2022, 15: 839-844

Tzedakis P C, Raynaud D, McManus J F, et al. Interglacial diversity. Nat Geosci, 2009, 2: 751-755

Scotese C R, Song H, Mills B J W, et al. Phanerozoic paleotemperatures: the Earth’s changing climate during the last 540 million years. Earth-Sci
Rev, 2021, 215: 103503

Lemarchand D, Gaillardet J, Lewin E, et al. The influence of rivers on marine boron isotopes and implications for reconstructing past ocean pH.
Nature, 2000, 408: 951-954

Wu H C, Dissard D, Douville E, et al. Surface ocean pH variations since 1689 CE and recent ocean acidification in the tropical South Pacific. Nat
Commun, 2018, 9: 2543

Och L M, Shields-Zhou G A. The Neoproterozoic oxygenation event: environmental perturbations and biogeochemical cycling. Earth-Sci Rev,
2012, 110: 26-57

Sillitoe R H. A plate tectonic model for the origin of porphyry copper deposits. Economic Geol, 1972, 67: 184-197

Richards J P. Postsubduction porphyry Cu-Au and epithermal Au deposits: products of remelting of subduction-modified lithosphere. Geology,
2009, 37: 247-250

Hou Z, Yang Z, Lu Y, et al. A genetic linkage between subduction-and collision-related porphyry Cu deposits in continental collision zones.
Geology, 2015, 43: 247-250

HuR Z, Gao W, Fu S L, et al. Mesozoic intraplate metallogenesis in South China (in Chinese). Earth Sci Front, 2024, 31: 226238 [ %L, Eifh,
Fhiliw, 2. Hepg i AEARE R HiF AT, 2024, 31: 226-238]

Mao J W, Xie G Q, Zhang Z H, et al. Mesozoic large-scale metallogenic pulses in North China and corresponding geodynamic settings (in
Chinese). Acta Petrol Sin, 2005, 21: 169188 [B53C, iR, SkAEA, 5. LTy T A RIS R 1R I I IR RO R 3 J0 2 5.
%4, 2005, 21: 169-188]

Franco P. Ore Deposits and Mantle Plumes. Netherland: Kluwer Academic Publishers, 2000. 1-556

Leach D L, Bradley D, Lewchuk M T, et al. Mississippi Valley-type lead-zinc deposits through geological time: implications from recent age-
dating research. Min Dep, 2001, 36: 711-740

Sangster D F. Mississippi valley-type and Sedex lead zinc deposits: a comparative examination. Trans Inst Min Metall, Sect C Appl Earth Sci,
1999, 99: B21-B42

Leistel J M, Marcoux E, Thiéblemont D, et al. The volcanic-hosted massive sulphide deposits of the Iberian Pyrite Belt. Miner Depos, 1997, 33:
2-30

Groves D I, Goldfarb R J, Gebre-Mariam M, et al. Orogenic gold deposits: a proposed classification in the context of their crustal distribution and
relationship to other gold deposit types. Ore Geol Rev, 1998, 13: 7-27

Arehart G B. Characteristics and origin of sediment-hosted disseminated gold deposits: a review. Ore Geol Rev, 1996, 11: 383—403

Open Research Laboratory of Ore Deposit Geochemistry, Chinese Academy of Sciences. Ore Deposit Geochemistry (in Chinese). Beijing:
Geological Publishing House, 1997. 1-538 [ EBl24 Gl IRILER (b 22O G 5250 2. 7 IRHbBRfb24. Jbat: HuBT s it 1997. 1-538]
Hou Z, Duan L, Lu Y, et al. Lithospheric architecture of the Lhasa Terrane and its control on ore deposits in the Himalayan-Tibetan Orogen.
Economic Geol, 2015, 110: 1541-1575

Xie X J, Shao Y, Wang X Q. Toward the 21st Century: Exploration Geochemistry for Mineral Resources (in Chinese). Beijing: Geological

4443


https://doi.org/10.1016/j.lithos.2016.11.006
https://doi.org/10.1016/S0009-2541(98)00002-3
https://doi.org/10.1093/petrology/egab099
https://doi.org/10.1029/2018JB016487
https://doi.org/10.1016/j.chemgeo.2006.10.020
https://doi.org/10.2138/am-2017-5716
https://doi.org/10.1029/2024gl111475
https://doi.org/10.1029/2024gl111475
https://doi.org/10.1126/science.289.5480.756
https://doi.org/10.1038/s41586-021-03393-7
https://doi.org/10.1038/ncomms14845
https://doi.org/10.1038/s41467-021-22298-7
https://doi.org/10.1038/s41561-022-01034-w
https://doi.org/10.1038/ngeo660
https://doi.org/10.1016/j.earscirev.2021.103503
https://doi.org/10.1016/j.earscirev.2021.103503
https://doi.org/10.1038/35050058
https://doi.org/10.1038/s41467-018-04922-1
https://doi.org/10.1038/s41467-018-04922-1
https://doi.org/10.1016/j.earscirev.2011.09.004
https://doi.org/10.2113/gsecongeo.67.2.184
https://doi.org/10.1130/G25451A.1
https://doi.org/10.1130/G36362.1
https://doi.org/10.1007/s001260100208
https://doi.org/10.1007/s001260050130
https://doi.org/10.1016/S0169-1368(97)00012-7
https://doi.org/10.1016/s0169-1368(96)00010-8
https://doi.org/10.2113/econgeo.110.6.1541

M E LB O200F57TH FT71E L19H

55

56

57

58

59
60

61
62

63

64

65

66

67
68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

4444

Publishing House, 1999. 1-256 [ifff2%5, HRER, FifoR. Em2 s =i kb, dbst: s i, 1999. 1-256]

Xie X J, Wang X Q. Recent developments on deep-penetrating geochemistry (in Chinese). Earth Sci Front, 2003, 10. 225-238 [#f{2£4, T 223K,
TREEBMER LA HT . Hi22RT2%, 2003, 10: 225-238]

Leng C B, Cooke D R, Hou Z Q, et al. Quantifying exhumation at the giant pulang porphyry Cu-Au deposit using U-Pb-He dating. Economic
Geol, 2018, 113: 1077-1092

Hu R Z. Large Scale Low-Temperature Metallogenesis in South China (in Chinese). Beijing: Science Press, 2021. 1-469 [ .. #E5g KHAAL
TS VEH. dbmt: Bl2A A, 2021, 1-469]

Jiang S Y, Wang W. How do strategic critical metals undergo extraordinary enrichment and mineralization (in Chinese). Earth Sci, 2022, 50:
3869-3871 [F4/U9, IR0 AN At: OGB4 o 2 Un e 2 A B o 8 SRR (92 bR, 2022, 50: 3869-3871]

Fuerstenau M C, Han K N. Principles of Mineral Processing. Littleton CO: Society for Mining, Metallurgy and Exploration, 2003. 1-573
Huang D F. Some problems on petroleum geochemical research and application in China (in Chinese). Oil Gas Geol, 1984, 8: 305-314 [F{45 .
T E A M ER AL 2SR 5 LA BRI, A0S IR ST, 1984, 8: 305-314]

Tissot B P, Welte D H. Petroleum Formation and Occurrence. Heidelberg: Springer, 1984. 1-702

Xiao X M. Organic petrology and its application to the evaluation of oil and gas generation (in Chinese). Adv Earth Sci, 1992, 7: 39-44 [ 14 't .
UG A F S HARM AN T . HIRRL 20, 1992, 7: 39-44]

Bordenave M L. Applied Petroleum Geochemistry. Paris: Editons Technip, 1993. 1-524

Bray E E, Evans E D. Distribution of n-paraffins as a clue to recognition of source beds. Geochim Cosmochim Acta, 1961, 22: 2-15
Moldowan J, Seifert W, Gallegos E. Relationship between petroleum composition and depositional environment of petroleum source rocks.
AAPG Bull, 1985, 69: 1255-1268

Powell T G, McKIRDY D M. Relationship between ratio of pristane to phytane, crude oil composition and geological environment in Australia.
Nat Phys Sci, 1973, 243: 37-39

Whiticar M J. Stable isotope geochemistry of coals, humic kerogens and related natural gases. Int J Coal Geol, 1996, 32: 191-215

Schoell M. The hydrogen and carbon isotopic composition of methane from natural gases of various origins. Geochim Cosmochim Acta, 1980,
44: 649-661

Krooss B M, Littke R, Miiller B, et al. Generation of nitrogen and methane from sedimentary organic matter: implications on the dynamics of
natural gas accumulations. Chem Geol, 1995, 126: 291-318

Stahl W J. Carbon and nitrogen isotopes in hydrocarbon research and exploration. Chem Geol, 1977, 20: 121-149

Thompson K F M. Classification and thermal history of petroleum based on light hydrocarbons. Geochim Cosmochim Acta, 1983, 47: 303-316
ShiJ Z, Cui H F, Xu W, et al. Sedimentary environment and organic matter enrichment mode of black shales in the Bayingobi Formation of the
Cretaceous in Balongwula, Yingen-Ejinaqi Basin (in Chinese). Geol Bull China, 2022, 41: 14301444 [S2 58, #2006, V445, 4. SRAI M B
L7 (1 2R O SR R 0 SUS UGS SR ML & AR, MBIl AR, 2022, 41: 1430-1444]

Algeo T J, Maynard J B. Trace-element behavior and redox facies in core shales of Upper Pennsylvanian Kansas-type cyclothems. Chem Geol,
2004, 206: 289-318

Algeo T J, Tribovillard N. Environmental analysis of paleoceanographic systems based on molybdenum-uranium covariation. Chem Geol, 2009,
268: 211-225

Liu G, Zhou D S. Application of microelements analysis in identifying sedimentary environment——Taking qianjiang formation in the Jianghan
basin as an example (in Chinese). Petrol Geol Exp, 2007, 29: 307-310 [XIRI, FIZART. e R/ HrreHI IR R S5 Hr A4 o Fl—— DAV AL
MR AL ). A SEER LR, 2007, 29: 307-310]

Selby D, Creaser R A. Direct radiometric dating of hydrocarbon deposits using Rhenium-Osmium isotopes. Science, 2005, 308: 1293-1295
Magoon L B, Dow W G. The petroleum system—from source to trap. Tulsa Am Assoc Pet Geol, 1991. 75

Parnell J. Potential of palaecofluid analysis for understanding oil charge history. Geofluids, 2010, 10: 73-82

Roberts L, Lewan M, Finn T. Timing of oil and gas generation of petroleum systems in the Southwestern Wyoming Province. Mountain Geologist,
2004, 41: 87-118

Lee M, Aronson J, Savin S. K/Ar dating of time of gas emplacement in rotliegendes sandstone, Netherlands. AAPG Bull, 1985, 69: 1381

Qiu HN, Wu H'Y, Yun J B, et al. High-precision **Ar/*’Ar age of the gas emplacement into the Songliao Basin. Geology, 2011, 39: 451-454
Roberts N M W, Walker R J. U-Pb geochronology of calcite-mineralized faults: absolute timing of rift-related fault events on the northeast
Atlantic margin. Geology, 2016, 44: 531-534

Selby D, Creaser R, Dewing K, et al. Evaluation of bitumen as a '"*"Re—'*’0Os geochronometer for hydrocarbon maturation and migration: a test
case from the Polaris MVT deposit, Canada. Earth Planet Sci Lett, 2005, 235: 1-15

Bowen G J, Cai Z, Fiorella R P, et al. Isotopes in the water cycle: regional-to global-scale patterns and applications. Annu Rev Earth Planet Sci,
2019, 47: 453479


https://doi.org/10.5382/econgeo.2018.4582
https://doi.org/10.5382/econgeo.2018.4582
https://doi.org/10.1016/0016-7037(61)90069-2
https://doi.org/10.1038/physci243037a0
https://doi.org/10.1016/S0166-5162(96)00042-0
https://doi.org/10.1016/0016-7037(80)90155-6
https://doi.org/10.1016/0009-2541(95)00124-7
https://doi.org/10.1016/0016-7037(83)90143-6
https://doi.org/10.1016/j.chemgeo.2003.12.009
https://doi.org/10.1016/j.chemgeo.2009.09.001
https://doi.org/10.1126/science.1111081
https://doi.org/10.1111/j.1468-8123.2009.00268.x
https://doi.org/10.1306/ad462c68-16f7-11d7-8645000102c1865d
https://doi.org/10.1130/G31885.1
https://doi.org/10.1130/G37868.1
https://doi.org/10.1016/j.epsl.2005.02.018
https://doi.org/10.1146/annurev-Earth-053018-060220

85

86

87

88

89

90

91
92

93

94

95

96

97

98

99
100

101

102
103

104

105

106

107

108

109

110

111
112

113

Keeling R F, Graven H D, Welp L R, et al. Atmospheric evidence for a global secular increase in carbon isotopic discrimination of land
photosynthesis. Proc Natl Acad Sci USA, 2017, 114: 10361-10366

Ubierna N, Holloway-Phillips M M, Farquhar G D. Using stable carbon isotopes to study C; and C, photosynthesis: models and calculations. In:
Covshoff S, ed. Photosynthesis. Methods in Molecular Biology, vol 1770. New York: Humana Press, 2018. 155-196

Wittmer M H O M, Auerswald K, Bai Y, et al. Changes in the abundance of C;/Cy4 species of Inner Mongolia grassland: evidence from isotopic
composition of soil and vegetation. Glob Change Biol, 2010, 16: 605-616

Weiwei L U, Xinxiao Y U, Guodong J I A, et al. Responses of intrinsic water-use efficiency and tree growth to climate change in semi-arid areas
of North China. Sci Rep, 2018, 8: 308

Zhu X, Burger M, Doane T A, et al. Ammonia oxidation pathways and nitrifier denitrification are significant sources of N,O and NO under low
oxygen availability. Proc Natl Acad Sci USA, 2013, 110: 6328-6333

Liu XY, Koba K, Koyama L A, et al. Nitrate is an important nitrogen source for Arctic tundra plants. Proc Natl Acad Sci USA, 2018, 115: 3398—
3403

Song W, Liu X Y, Hu C C, et al. Important contributions of non-fossil fuel nitrogen oxides emissions. Nat Commun, 2021, 12: 243

Song W, Liu X Y, Houlton B Z, et al. Isotopic constraints confirm the significant role of microbial nitrogen oxides emissions from the land and
ocean environment. Natl Sci Rev, 2022, 9: nwac106

Lin M, Kang S, Shaheen R, et al. Atmospheric sulfur isotopic anomalies recorded at Mt. Qomolangma across the Anthropocene. Proc Natl Acad
Sci USA, 2018, 115: 6964—6969

Thiemens M H, Heidenreich III J E. The mass-independent fractionation of oxygen: a novel isotope effect and its possible cosmochemical
implications. Science, 1983, 219: 1073—-1075

Philippot P, Avila J N, Killingsworth B A, et al. Globally asynchronous sulphur isotope signals require re-definition of the Great Oxidation Event.
Nat Commun, 2018, 9: 2245

Crockford P W, Hayles J A, Bao H, et al. Triple oxygen isotope evidence for limited mid-Proterozoic primary productivity. Nature, 2018, 559:
613-616

Luo G, Junium C K, Izon G, et al. Nitrogen fixation sustained productivity in the wake of the Palacoproterozoic Great Oxygenation Event. Nat
Commun, 2018, 9: 978

Agren G I, Hyvénen R, Berglund S L, et al. Estimating the critical N:C from litter decomposition data and its relation to soil organic matter
stoichiometry. Soil Biol Biochem, 2013, 67: 312-318

Chen X, Chen H Y H. Plant mixture balances terrestrial ecosystem C:N:P stoichiometry. Nat Commun, 2021, 12: 4562

Tilman D. Niche tradeoffs, neutrality, and community structure: a stochastic theory of resource competition, invasion, and community assembly.
Proc Natl Acad Sci USA, 2004, 101: 10854-10861

Elser J J, Andersen T, Baron J S, et al. Shifts in lake N:P stoichiometry and nutrient limitation driven by atmospheric nitrogen deposition.
Science, 2009, 326: 835-837

Sills J, Schindler D W, Hecky R E. Eutrophication: more nitrogen data needed. Science, 2009, 324: 721-722

Wu Z, LiJ, Sun Y, et al. Imbalance of global nutrient cycles exacerbated by the greater retention of phosphorus over nitrogen in lakes. Nat
Geosci, 2022, 15: 464-468

Zark M, Dittmar T. Universal molecular structures in natural dissolved organic matter. Nat Commun, 2018, 9: 3178

Liu Q, Li L, Zhang X, et al. Uncovering global-scale risks from commercial chemicals in air. Nature, 2021, 600: 456461

Hofstetter T B, Bakkour R, Buchner D, et al. Perspectives of compound-specific isotope analysis of organic contaminants for assessing
environmental fate and managing chemical pollution. Nat Water, 2024, 2: 14-30

Nelson T F, Baumgartner R, Jaggi M, et al. Biodegradation of poly(butylene succinate)in soil laboratory incubations assessed by stable carbon
isotope labelling. Nat Commun, 2022, 13: 5691

Feng X, Vonk J E, van Dongen B E, et al. Differential mobilization of terrestrial carbon pools in Eurasian Arctic river basins. Proc Natl Acad Sci
USA, 2013, 110: 14168-14173

Xu B, Zhang G, Gustafsson O, et al. Large contribution of fossil-derived components to aqueous secondary organic aerosols in China. Nat
Commun, 2022, 13: 5115

Wen Z, Li B, Xiao H Y, et al. Combined positive matrix factorization (PMF)and nitrogen isotope signature analysis to provide insights into the
source contribution to aerosol free amino acids. Atmos Environ, 2022, 268: 118799

Zhu X K, Guo Y, O’Nions R K, et al. Isotopic homogeneity of iron in the early solar nebula. Nature, 2001, 412: 311-313

Varrica D, Dongarra G, Alaimo M G, et al. Lead isotopic fingerprint in human scalp hair: the case study of Iglesias mining district (Sardinia,
Italy). Sci Total Environ, 2018, 613-614: 456-461

Zhang SN, Gu Y, Zhu Z L, et al. Stable isotope fractionation of cadmium in the soil-rice-human continuum. Sci Total Environ, 2021, 761:

4445


https://doi.org/10.1073/pnas.1619240114
https://doi.org/10.1111/j.1365-2486.2009.02033.x
https://doi.org/10.1038/s41598-017-18694-z
https://doi.org/10.1073/pnas.1219993110
https://doi.org/10.1073/pnas.1715382115
https://doi.org/10.1038/s41467-020-20356-0
https://doi.org/10.1093/nsr/nwac106
https://doi.org/10.1073/pnas.1801935115
https://doi.org/10.1073/pnas.1801935115
https://doi.org/10.1126/science.219.4588.1073
https://doi.org/10.1038/s41467-018-04621-x
https://doi.org/10.1038/s41586-018-0349-y
https://doi.org/10.1038/s41467-018-03361-2
https://doi.org/10.1038/s41467-018-03361-2
https://doi.org/10.1016/j.soilbio.2013.09.010
https://doi.org/10.1038/s41467-021-24889-w
https://doi.org/10.1073/pnas.0403458101
https://doi.org/10.1126/science.1176199
https://doi.org/10.1126/science.324_721b
https://doi.org/10.1038/s41561-022-00958-7
https://doi.org/10.1038/s41561-022-00958-7
https://doi.org/10.1038/s41467-018-05665-9
https://doi.org/10.1038/s41586-021-04134-6
https://doi.org/10.1038/s44221-023-00176-4
https://doi.org/10.1038/s41467-022-33064-8
https://doi.org/10.1073/pnas.1307031110
https://doi.org/10.1073/pnas.1307031110
https://doi.org/10.1038/s41467-022-32863-3
https://doi.org/10.1038/s41467-022-32863-3
https://doi.org/10.1016/j.atmosenv.2021.118799
https://doi.org/10.1038/35085525
https://doi.org/10.1016/j.scitotenv.2017.09.106
https://doi.org/10.1016/j.scitotenv.2020.143262

M E LB O200F57TH FT71E L19H

114

115

116

117
118

119

4446

143262

Gao S, Zhang R, Zhang H, et al. The seasonal variation in heavy metal accumulation in the food web in the coastal waters of Jiangsu based on
carbon and nitrogen isotope technology. Environ Pollut, 2022, 297: 118649

Huve J, Ryzhikov A, Nouali H, et al. Porous sorbents for the capture of radioactive iodine compounds: a review. RSC Adv, 2018, 8: 29248
29273

Zhang M, Hou X, Zhang L, et al. Distribution of anthropogenic '’ in the Western South China Sea and its application for tracing the sources and
movement of pollution. Environ Sci Technol, 2022, 56: 12298-12306

Cao L, Zheng J, Zhou Z, et al. Distribution and behavior of plutonium isotopes in Western Pacific marginal seas. CATENA, 2021, 198: 105023
Eigl R, Steier P, Winkler S, et al. First study on ***U in the Northeast Pacific Ocean using a new target preparation procedure for AMS
measurements. J Environ Radioact, 2016, 162-163: 244-250

Qiao J, Heldal H E, Steier P. Understanding source terms of anthropogenic uranium in the Arctic Ocean-First 28 and *3U dataset in Barents Sea
sediments. Sci Total Environ, 2022, 847: 157503


https://doi.org/10.1016/j.envpol.2021.118649
https://doi.org/10.1039/C8RA04775H
https://doi.org/10.1021/acs.est.2c02368
https://doi.org/10.1016/j.catena.2020.105023
https://doi.org/10.1016/j.jenvrad.2016.05.025
https://doi.org/10.1016/j.scitotenv.2022.157503

Summary for “HuERkAK22xF A S BT R

The contribution of geochemistry to human civilization

Ruizhong Hu'?", Xianhua Li**", Xueyan Liu', Xianming Xiao®, Junhong Zhao', Daohan Zhang',
Yuanming Zheng’ & Wei Li’

U Institute of Geochemistry, Chinese Academy of Sciences, Guiyang 550081, China

2 Institute of Geology and Geophysics, Chinese Academy of Sciences, Beijing 100029, China

® College of Earth and Planetary Sciences, University of Chinese Academy of Sciences, Beijing 100049, China
4 School of Energy Resources, China University of Geosciences, Beijing 100083, China

3 Department of Earth Sciences, National Natural Science Foundation of China, Beijing 100085, China

* Corresponding authors, E-mail: huruizhong@mail.gyig.ac.cn; lixh@gig.ac.cn

Geochemistry, through the quantitative study of the chemical composition, processes, and evolution of the Earth and the
other planets, has made indispensable contributions to human civilization across three fundamental dimensions. Firstly,
geochemistry has profoundly advanced our understanding of the Earth system processes, establishing a relatively precise
temporal framework for understanding our planet’s history and evolution. Isotopic dating techniques have precisely
determined the age of the Earth at 4.56 Ga, resolving a centuries-old scientific debate. Furthermore, high-precision analyses
of Chang’e-6 lunar samples have revealed volcanic activity on the lunar farside as young as 2.83 billion years and identified
the oldest basalts at 4.2 billion years, which significantly updates the chronology of lunar evolution and provides new
insights into the thermal history of the planetary bodies. Through systematic elemental and isotopic analyses, geochemistry
has not only deciphered the differentiation, interactions, and deep material cycling within the Earth’s interior, including the
crust, mantle, and core, but also reconstructed critical environmental and climatic events that have shaped our world, such
as the Great Oxidation Event, glacial-interglacial cycles, and mass extinctions, and thereby providing essential evidence for
understanding the evolution of Earth’s habitability and the co-evolution of life and the planet. Secondly, geochemistry
serves as a cornerstone for resource and energy exploration, directly supporting industrial development and economic
growth. In critical mineral exploration, the new mineralization models based on geochemical principles, in combination
with elemental assemblages and isotopic fingerprints, directly resulted in breakthroughs in prospecting and reduced
exploration risk. Low-temperature thermochronology quantitatively assesses the preservation conditions and exhumation
history of ore deposits, while detailed research on the speciation and distribution of elements ensures efficient resource
utilization and processing. In petroleum geology, comprehensive organic geochemical indicators are routinely used to
determine hydrocarbon genesis and migration pathways. Furthermore, the application of fluid inclusion analysis and
advanced isotopic dating techniques, such as Re-Os and U-Pb, has enabled a paradigm shift from qualitative inference to
quantitative determination in terms of the time, temperature, and processes of hydrocarbon accumulation, significantly
enhancing exploration efficiency and success rates in complex geological settings. Thirdly, geochemistry provides robust
support for ecological environmental protection and human health, addressing contemporary challenges related to pollution
and sustainability. Stable isotope tracer systems, including those of carbon, hydrogen, oxygen, nitrogen, and sulfur,
elucidate surface material cycles, track pollutant sources, and quantify their response to climate change and anthropogenic
activities. Ecological stoichiometry offers a conceptual framework for understanding elemental balance and nutrient
limitations in terrestrial and aquatic ecosystems, guiding effective management strategies. Heavy metal isotope tracing
techniques, such as lead, cadmium, and mercury isotopes, effectively track the transfer pathways and transformations of
toxic pollutants through the “soil-biota-human” chain, thereby supporting accurate health risk assessments and regulatory
decisions. Additionally, radioactive isotopes (e.g., iodine and plutonium isotopes) serve as crucial tracers, playing an
irreplaceable role in diagnosing the transport, distribution, and far-reaching impacts of human nuclear activities on the
marine environment, from nuclear weapons testing to accidental releases.
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