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AbstractSilicate weathering regulates atmospheric CO, and planetary habitability
on geological timescales. While marine carbonate strontium (87Sr/86Sr) and
lithium (&7Li) isotopes are widely acknowledged weathering proxies, they are
subject to distinct biogeochemical controls. Consequently, their combined
analysis offers orthogonal constraints that resolve the non-uniqueness inherent
in single-proxy reconstructions. The COPSE biogeochemical model has
successfully simulated Phanerozoic trends in carbon-sulfur-strontium isotopes,
yet its representation of the lithium cycle remains rudimentary and inconsistent
with geological records. This study integrates a comprehensive lithium cycle into
the COPSE framework. We aim to reproduce the major trends of Phanerozoic 0
‘Li, revealing that the rise of the land plants significantly changed the Li cycle,
resulting in a sharp increase in marine &'Li values. This new mode configuration

refines our understanding of long-term carbon cycle dynamics.

Key words: silicate weathering, marine carbonate lithium isotope (&7Li), lithium

cycle module, COPSE biogeochemical modelling
1. 5%
1.1 eIl B & B ig /KRR 1EER

P N\ ER, EEHESER RobertBerner ZEH W RIEH, T HRER Eh 5 -
R A DRI EIAAIMES (Berner et al, 1983), AUHER—MEAELZ
BRI FER R

L R )
CO, + CaSi0; — CaCO3 + SiO,

ZRNAEI T HRENAEARS COMEBERL: Bid MR L RS-
FHBT, FAREENBKRESNR X—IEEEAFENNERELBAEEXR
SAM-EFREMKR S, AFEKIREN. —TE, ZBEASILEERL
EIMpL T HIKEEMHNEM, 5—7TE, ehiRM T RN ERESSI XK B
RHBRZR (BFHE, 2023),

WEFMLE, RFFESES T PUBHERERESTERNME (57Sr/%Sr)



MEERME (07Li) AXRBIENR, EEEVHRACARINARERX, BURE
BAEHMNKRERENARUCR AN REMIKRRGHNEN (7H#8K%F, 2009; Fu
et al,, 2021; Veizer et al., 1989; McArthur et al., 1994; Pogge von Strandman et al.,
2013; Zhou et al., 2020; Kalderon-Asael et al,, 2021, Wei et al,, 2024; Chen et al,,
2025) AR —RIREESR, SEEERMEDHIRME T ARNESR . 8K 87Sr/%sr
TECRERRE (BRIXRESERE) L. BEBRENL, KLESFRERX &
N, SHBREETIR BENECELXAGH TR ERFFEYRCFIREZ
BAERAMERETE (Millsetal, 2014) . FEiZTERF, BENEAXEEZD
B (IXFBEE Rb REAM 7Sr), FEIL 87Sr/86Sr B R BRAYE & Hi N\ 18
ERENNENZL.

52 ARE, KL FAEEERREERE, MFEZRENL. REHRET. &K
RALAE AFR & o3k Fad 12 Fp A9 B s = 0 TR 1R 1 SR e R ozt 20 AR
HEREXREHITONERETIEX, ZEIBENEEE L, SERBAEKE
REYO7LE e, Eitk, #KO7LI MY RBER NS RE, EEURTHULMN—E
M, RRES® (—8k) 5ERETHEN (F—EBX1L) ZEftesl. ~—
BXAHEESS, 0L EEs, N{—2 48K (Pogge von Strandmann and
Henderson, 2015) ., X RF, ESIANNALEE FH RULBEE"
(weatheringintensity, EX HFEX A FEZRSYIER|HHER 2 L, Dellinger et
al, 2015) RERX—=HIE: RETOERSSBENUEEFS, HEIER
EMNERINENE. XEKRE, TRSTRBMALETFNR, BEEREEAH
PR ZU Y BRI 3R TR

b, ¥EEESKNERITRENNR, EXNERRBAMRHNERH
7. EREERAMZEERHNACEERE -1, NiESEBIERX Y
ERWBEASURNKEIFEER. Ak, WE—ENRER- SRR EM
R|RETSE (ME-BE-REH) VBERE, ENANRATREXIHRNLE

BT
1.2 LHHEERY[EHA

COPSE #&2! (HR-F-BE-ARAEYIRUARR) B IE e E MU 2 & H e K
R R R R TR T 52 R H A= HIALHI (Bergman et al, 2004; Lenton et
al, 2018), ZRAALERIMNRIEN N TETT, FRIEENNRNEESS
KRR M EIEX EERBAESE . RIEHRIR. #r& COPSE #EAM T Hi i B K
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S Co: M 02 B2, WEPINRBRRRE, MEXEEFERENTIRELZ

(013C) Mig/KEERETEINM R (0%S) 1LF (KERIZF, 2023), ZREIER
BHETUY R, BRSBTS EFEYHRCFEEI RS IMAFTEE
NERRFITERIAR, B0, EFWARAERI COPSE Bl ERINE S TH,
SHANRIEIARER D BRI T B A RERY 87Sr/86Sr (Mills et al, 2014) FIAKEX
BT R BB /KB HRIZ (5238U) (Clarkson et al., 2018; Zhang et al., 2020; Li et al,,
2025,2026) }.5202Hg (Dal Corso etal., 2020) HyZ{kiEH,

COPSE #&EIFJRE & —/METEIMEE ({8208 Pogge von Strandmann et al.,
2017), {BIZAEHTEBEEIRERIL T E L. ZBEEERETREREREES, &
O ARRREAEKEE (M) %L

dNy;
dt

=F 4+ Fy — Fgeq

No RREKEE (BA mol), RAKRNEFEENMANGLBE (A0
mol/yr) (r RETTRAY, h RKKRHAER, sed RFTARYM) . AT HERERS
WEMBEE—E, X=H0BERHIHERA:

Fr =k, * Fsilw_relative
Fh = kh * D
Fsed = kgea * Ny

H k. ARKMSERE. TREHMARE (F) 5 COPSEITE MBI N
BERIELL, #gmABE (F) 5KLUHES{ER (D: DEGASS, COPSE g5k
HEN N Zz—) BIELE, BRAREEBRE (F.) WSEKEEKRNLEL.
ZRENTERRFAETEBESHBEANBE TN, METENZBENEX
MR =B ENEMRENRERT TEE.

ARAERRG, RBANERMVE (o) WIREMNEEE (3%, REE
AZFATERZIIRERES), RRBANERNVREE (6) TABREE
(7%0); MAREREMNERMRDMBUEE LA —PEEZEE (Ssed ~Oseawater =
-15-16%) ,
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B 1454 COPSE B R EAEBIMERNRBEBETER. A RIUGRAEK
THIRENMNZE (813C, 44%) 5B HRERLL 513C 183% (& Cramer and Jarvis,
2020) @IXttb. B. RNV EIRERENCBELL. C. BHUABKERMEE
(67Li, #1%k) SHEREA 6'LiILF (4& Kalderon-Asael et al, 2021) #IXftL.
D. #&RHNAEKEBRALE (°7Sr/°°Sr, L 4) SHBRERLE""Sr/°°Sr 1L % (#& McArthur
etal, 2020) A9XTEE.

Figure 1.Modelling results of the standard-COPSE plus simplified lithium
cycle module. A. Model data comparison of the marine carbonate carbon
isotopes. Data source: Cramer and Jarvis (2020). B. Model predicted silicate
weathering flux (unit: mol/yr). C. Model data comparison of the marine
carbonate lithium isotopes. Data source: Kalderon-Asael et al. (2021). D. Model

data comparison of the strontium isotopes. Data source: McArthur et al. (2020).

1R T H5A COPSE AR BLBTEIMERMNIZITER . WAV
e REwENREME (B 1A) MERME (B 1D) i£%, BUERE
RiBEEREFRRETHIEREAL25% (B 1B), Af, BHTFREPEIHTE
RN REREARE, HIAEKERNMEZMREET NTHIICEFEA 30%0
ME (B 1C), RIP\IMAEURRIT EMiERGEK 8'Li KRR X
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2. EEIRRE R

ARBRERBR, AMFREEEREZRARAN . EFMERM (BRXEKH
B REmREEEER) BETEIMEIAESS (Maffre et al,, 2020; Kalderon-Asael et al.,
2021; Liuetal, 2025) BAZE COPSE AR, FH/RHRRGERET COPSE K48
BIREER- -2 -M- R - HFTENEREERMAES. 1L COPSE AYSMNERIRE]
NEEZSEHEBEINKRENTAES . Dt RE6EE KN L ik-o- -
BHRNFRHTEESRIENL, WHSE, BRRCFESHBIE. REHRR
W RIS ERERE Y IR F IR RRORAMECH, TEETHALE (5%
{3 5
https://github.com/xyl96/Devonian-weathering-model/blob/main/MainModel )
HITHE RN

FHSHEL LS EEIS COPSE X EINIIERN /1 U (MERFHSE)
EREE S5

Denu =U xky * kgepyy = W+E
WC = 0.05 « W14

B, U ALTENIMLIERN S, Deun ABFIMHER (BAomm/yr), WHE
B A N R IBRIE R, ko (=2500) F1 keens (=0.06) AHEE. [
RXANERNEXRMREZE (Denu) FFHUFEXRML (W) IEERL (E). H
b, EFERA S B RIRAELFIRD A X LFRE (weatheringintensity, WI), K4k
BREH#H—H R A X{L—3 (weathering congruency, WC) H_Ei& WC i34
R (Liu et al, 2025) . (L2 E5IEXN(LITFER AE T West (2012) ZH/0
RIFFHEEREFNITIEEIR (Maffre et al., 2022; Liu et al., 2025) :

Ea Ea ) . (ﬁ)(”l)]

R+T, R*TEMP o+1

S

WI = 1 — exp[—kgiss * (1 —exp(r x q) * exp(

Hep, ki EREBBORNERSH, R BRUEFEE (=8314), r=7.6e5, Ea 2
HERHBBEL (=453e4)/mol), 0=-018. z AN UEERE. ZHESF,
BRELSN TETEAHENN U =HERMER (Denu) MBER 8RR
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3 V=, TEfRAER) COPSE REVH AfEHRR (runoff) IHIEXRES
RN @B E (Mills et al, 2014), HEWXEBAFER T EEMNEHIBEE.

ERNH S g BEHEHERSE, EZiENYIEREF g ZBRWENF
B BAZEENTERS (Liuetal, 2025), XBEFRMNEEE q BiAT
#RA& COPSE HITEHMEEMEBEXNERAETE XINMNEWEBEELARLAE ¢
S5RETMZENREKXER:

q = frunoff = (1 + 0038AT)065
AT = k. *In(C0O,) — k; xt/570

THEH, BETERAEEEREIAS COPSE HEEMERD (ERIBEIAIEFIAY
KRR COFMMAUR) KR |AR . A, BAMRIZIAHIKAFIRE A 15°, TEMP
=15+ AT, k.= 4.328°C @S RBURM S, k=7.4°C SR E RGN
¥, t 28 (841: Ma) (Berner and Kothavala, 2001)

TREANERNMNEE (0.) HAENREEERENKES (Op) FREH
MIRIES (Osec) FIIIPUR & H A, Orp BIITE LS T Rayleigh 73 1B1RE! (Caves
Rugenstein et al., 2019) #0 Batch #&%Y (Maffre et al,, 2020) f9/7 % (Liu et al,,
2025):

6rp = Orp_Rayleigh * 1-wh+ 67"19_Batch *WI

6TpRayleigh = Orock — In(WC) * W
STP,Batch = Orock + (1 —WC) * TEMPE

8sec = Orock —10x WC — 2

H, Orp. Osee RIFTIREMEMREFES (Srok=2.0%0) . RIL—E1E (WC)
5mE (TEMP) #iT5 (Liand West, 2014), REit, 2z/RHERETRERET
5R5%A51ENFMEE, KT 5 COPSE AR ERIANREES.
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B 2 $SEEFMERNEEERIE. A ENBSINACEESTRERMNENER
EEEAEZEEME (07Lin-0"Lirck) Z 88 “EIFEE" ;iLfla fE. REEHmEBIR
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Figure 2.Model outputs and validation of the lithium cycle module. A.
Boomerang-like characteristic of simulated weathering intensity and the
difference between riverine and rock lithium isotopes (&7Liriv-87Lirock). B. Cross
plot of riverine lithium isotopes and riverine lithium flux. C-F. Cross plots of
COPSE-forcing U (tectonic uplift), denudation rate, and riverine lithium flux,

riverine lithium isotopes.
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Figure 3.Sensitivity tests of the forcing Uplift. A. The COPSE forcing U with
~25% uncertainties. Upper limits (light red), lower limits (blue). B-D. Model data
comparison of the carbon-lithium-strontium isotopes.
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Figure 4.Sensitivity tests of the forcing DEGASS. A. The COPSE forcing
DEGASS with ~25% uncertainties. Upper limits (light red), lower limits (blue). B-D.
Model data comparison of the carbon-lithium-strontium isotopes.
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REMNBEZWERER. BFERT O A+250MAHEN (B 4A), HHETE
H CRRELRT) 8K LML AREREVNE MNKETE (B 4C) . X5RIAD
REW—E NBDAHHBREXN I FRGANBER/), EUEERALH
EEKERMNENLEXRNZESR (Liuetal, 2025),

3.2 PhbiEYR BRI R I

BIAMIRIEN, ERLATERXENMMESRGE L, FHREYNERS
EE, BIORREVNEZEEXNZEH TEE (McMahon and Davies, 2018)
MIRAK E2E 7T REMBREFGNUZERMLE, FEBEKERNRELRRL
ZERE EF, MET 10%0F 4G Z INIAREKKFE (~30%0) » FEEFHIYIE
BEIMEGF, TIEREE (2) REBENE (Zepie) TBEINTANER:

Z
Zrelative = Z * €Xp(— W)
2.75
ARITEYRAITEBIANREEA, AFRE COPSE HE iR EYELD
SMERIREN S (EVO) #t—H 5EBENEREES, BLREARNENA:

VA
Zrelative — Z * €XP <_ 5T > * EVO
2.75

HEfE, B TEEEES EVO MELBl. T ESFR AR, JRih COPSE 1%
BhBHAR VO RAT, ABZITEPLEIATE, AMMRGEEER (465 Ma
ZHI) B9 EVO £30i% A 10°, 10 #0 10° FEA78UR MM (B 5A) . T IA L,
EVO HIMEEBRMNEME, TINEZESBUEFMN L AAUREFESHIL ~5-10 %o
Tk, H EVO MIWGEEEHN 107K, RFEHEREHN U BNEFES.
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Figure 5.Sensitivity tests of the forcing EVO(Plant evolution and land
colonization). A. The COPSE forcing EVO with uncertainties. Upper limits (light
red), lower limits (blue). B-D. Model data comparison of the

carbon-lithium-strontium isotopes.
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4. R E5RE

AXEHHBEBREREDRRANEBATRT B, TBEROHE
MTFEARE: (1) 64 COPSE {45! (ST LERIES) TABNRER
KERRENEREE (2) SIAMEAR (TBHRE) EFHEERESE
. BEBREARBERSARRENERNERES, BEATATIEE 3
ALK BRRTRLES, (3) E—SEZREMRLNEBRROTWE, X
49 COPSE AARE S ET M) B 2 B LUK K BRI R BRI E. &
e, 1437 R R EOSRIEIR A MR (L SAR R P 5 - - RS b R R T
BARRIVRER S . BT AR COPSE+Li B8, KR T —HIBTA
R R B R S, SER R AR,

Bt

AFRTEREBARAESLETSTE (42530209) &{B), =FHSHERBLFOH
AAIRIEER (BX20250074)
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