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ABSTRACT: To understand the carbon cycle which is a key player in global climate change, it is important to
study continental weathering. Since lithium isotopes are related to silicate weathering which consumes atmospheric
CO,, it is possible to interpret the past weathering environment by reconstructing the lithium isotopic ratio of past
seawater through marine carbonate minerals. Lithium isotopic ratios of calcite are 3-6%o lighter than seawater and
have no correlations with temperature or salinity. The growth rate and pH do not have a significant impact on the
isotopic ratio. The lithium isotopic ratios are 8-12%o lower in aragonite and 18-29%o lower in dolomite than seawater.
Foraminifera and bulk carbonate rock have mainly been used in paleo-environmental research, and it is important
to prevent contamination of silicate minerals during the sample preparation. Paleo-environmental studies have
been conducted for the Paleozoic to the Cenozoic, and it is known that physical factors such as volcanic activities
or mountain-building events are as important as Earth’s temperature on the carbon cycle. This review introduces
the factors that should be considered in the paleo-environmental study using lithium isotopes - global lithium cycle,
isotopic fractionation factor, and sample preparation process - and the related literature.
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A FEe) 3 F3e o] F oliisfeke
= 2melo] ajpol ol L3 YRS B9 B
S23} f7] T BHE op I 2 7152 7]
% wizlo]| a3t FS v i Walker ef al., 1981;
Gaillardet et al., 1999). T4 X|FL9] 9 X|21&HA]
AAEL F3F 28 7He] TAIE sAlsty] sl F
< 9%, vkl 4, Zeke 59 HAE HEE
ANUAE S8 13 A7t Eds] o]Fo| AL
QtHTeng et al., 2017). &3] B2 735t =3}
AAA} 5 sHUE 7] F olAtateha Aret
H A B2 3lehy $3HE wofslet] ARl
Utk I olfEe AA, 2EY vEe T B
(0-5 pg/g)ell vl T+AFE BE(5-100 pg/g)oll 2
oF 204 =ThKisakiirek et al., 2005; Millot et al.,
2010; Dellinger et al., 2020). u}ehx] gHAFg O] %]
Hj 2] el Ao M = 4 FE T3 AE
F 5994 v] ¥l =9 o] At =4, Y&
2 A Eo|u EFAE Tl g AETEH Foda
B 2189 ukx] OF=THKClergue ef al., 2015; Pogge
von Strandmann et al., 2016). & &2 Na/H"
Exchanger (NHE)o|A] 2]&°] 2FS Wt AlZ22
olBalEA BIele B 280l 98 5 Aohe @

Clay formation

[Li]=50—500 pg/g
F,=14 x 109 molfy
67l-isohd - 67Liso\ution = -15%o

T A1) R =31 QA9 Poet et al., 2022; Thibon
et al., 2022) oFA7HA] 719/2H7 Aol REFE ]
Lok itk A, Si5sk SioF HAE 7he] 2
A7} AAstcka oA It Chan et al., 1992;
Pogge von Strandmann et al., 2013; 274 Za1). 9]
A3t ZF5Y 4L Y Tt FEOIA A &)
9] 2l F9¥a v ghs HYste] aebn o
71%E olgfstet E =S & 5 Utk

59| YA 6.940]3 A2 7hH-2- 55}
Aol 71 Fpe Az Bolt Ak
= U v|gda F il e WEC] 1.39+0.10
ng/e, Yl" AFU(MORB)O] 5.5£3.8 pg/g,
5o} 5§ |2kl 217 ~8 ng/grt 30.5+ 3.6 n
g/g9 =2 ZAstcH(Teng et al., 2008; Sauzéat
et al., 2015; Marschall et al., 2017). A ZoA BlE
YAFERRY F3E o] & HE2=E EA5HA
o)z} FEo] T A=Y 2lE 5%(30-3000
nM; 0.2x10°-0.2x10™" pg/g; Huh et al., 1998)= 4
< HE 7 SAolA H ppmé] FES E
ol o|x} FEof vls iAoz Htt o= =
2 &ofE tFE 2ol o|AFFEel £EE 9
"]t (Pogge von Strandmann et al., 2020). 34>
&E ZFY oF 60%= AEolA, UmA 40%= 5%
sfjg oA GElgtc( 28 1; Chan and Edmond 1988;

[Li]=0.2x10-3—0.2x 10" pg/g
Fu=8 x 10° mol/y
&7Li= 23%o (2%0—43%o)

f

Ocean

[Li]=0.18 pg/g
8§7Li=31%o0

Hydrothermal

[Li]=0.15—9 ug/g
Fu=6 x 10° mol/y
&’Li= 8%o

Fig. 1. The Li budget of the oceans with its sinks and sources. Fy; and [Li] indicate Li flux and concentration, re-
spectively (modified after Pogge von Strandmann et al., 2020). Data from Chan et al. (1994) and Foustoukos et

al. (2004), Andrews et al. (2020).



Pogge von Strandmann et al., 2013). 2152 3[4
A Wik ] 71 ARARES 7HA10] Sl (.18
ppm; Tomascak et al., 2016)7} YAt tHE o]
2} 32 (authigenic clay) B/ T2 Sa AAHT
(Penniston-Dorland et al., 2017). 9]*| &} FH31A|
sheke] 2 ok BHALuIE Q] uho]
SHAoIA] ER Bl Bhak BB A ] Bt
shegie. maba 37 ajaee) Sake 7]2S S
FA A9 B4 olslist=T BANE FES BlE
FHEaH7EEE 5= ok

259 ¢ T ¥aE ‘Lizt 'Lio] 22} 7.5%<}
92.5%2 ZA5}H, S2)UA vl= FREZ(NIST SRM
8545, L-SVEC)9] thsl] Y@Ee}E 7|3 (J-notation) 2.2
che ) o] 7Rk,

i
GLI sample

&Li=
(m

—1[x1000 (%)

SLi

L—SVEC

= 2)7F0) §7Li Zko] B 0.6%o + 0.6%0 (Sauzéat
et al., 2015) <Jol] BI) ZH=0] §Li ZHe- 2-43%o ALo]
o] HQlol|A] - 23%02] ZH(Huh et al., 1998; Dellinger
et al., 2015) 0.2 EA3Ic}. o]= B3} 94l Alo] wt
< 1A FEY oY 28 e,
YES Y2 BERRE IEgER s 4 83
2 o R T £ AES HolA] =ttt
(Pistiner and Henderson 2003). S}t o] & o|x}5%
Bo| AAE 4% o 7ML Livt $AH oz 2
HHA A2 e B E Aoz FHA T
=tk ol= AEY gF FHYA v7E 93 FEY
Bafiet o|x =2l B4 vleol s 28 drh= A
= ou|git). whebA, o2t B 282 33 A7)
(weathering intensity)ol] Wz} §'Li gkt 2l 5%
7} ThE OFAFS HolA wEtKTeng et al., 2017).
A7 AE W, & LA FEY FFEA &
3|7} &3t 7-9(congruent weathering) 7+E2] &
F 55t ¥ 8'Li gk Yt w2 F3t Al717}
Z A% o]x} FEo] FA(incongruent weathering)
HHA FEe| 2lE v Yo §Li g2 T
7Feit). o714 HE 7Rt AI719] S AR
A 71E0 BAENE oA FEukA G = =

283t 1eg s 357

o] §'Li gk& ThAl A 7IAGE oldt A 2 E
9] &7} ulg- ot sk Folngt YIS FA
S Dellinger et al., 2015; Pogge von Strandmann
et al., 2020). 48 AR §'Li FH2 WEQ
ZH3H 9 AL 3-5% (Marschall et al., 2017)0] A+ &
oA ko FdE= 2l §'Li g2 olHot
Za7 & ~8%0ltt. ol= L2 A 9 o|AFE B
oA o 7HHE- OLi o] $-XF o= FEo| A
] d7F iAoz £AYLR7] HhizeltiChan
et al., 1993). =0l 2Eo] AlAE woll= A2
A9 siF FRAat olF} FE FA WA Hi=
I -FARE ' Al(~15%0) 2 A AETHChan et al.,
1992). o]2|gt 22 2§ 71 AlFAIZ ¢
A % 8'Li Fh& ~31%02] 2 FHO 2 FA|A)7]
bl 78 9= 3k

2. 2150 SUL 24 S

HAZolM BA s 2lF Tode vE 5
517] QA= sgolA] FHHa EEAEl FF
= & 7 e 2= gt gefo] A= ojof g
ok AA7ER] S B F =N e YT THY
2 28 AE 7oA A ok 2lE Y
A HlE HE FEAA ~15%0, A FE(H304)
oA ~3-6% A= d|HTt Yo Baly BE9)
A9 o] 7k 2 n, g of B3It Marriott ef al.,
2004a, 2004b; Pogge von Strandmann et al., 2013,
2019, 2021). Marriot ef al. (2004b)o| A1 aj2=0]
ula AJojE o2 We pH=Tol 4 A7 2t
oA -8.5% ©] 5'Li 3k AHolE MasHck. 7] ¢
ol H]3f| uf-9- ¥ gho] =& & o] pH7F - 2HE-
o] I £ 4= AUrh= 7Ho] A EHJYAT o=
AREE A B7F 258 A O] ol S 740l
AFGE K Lechler et al., 2015). o]} THEH L
ol A= pH7F 60114 8= F7Ietol| whet Hafi At
uj7g 8o 7k] §Li Zk RFON(A Licarcite-uia = 8 Licatcice
- 8"Liguia) 7+ 2 -5%0001 A -3%0 2 Z715HS B3}k
S w(Fiiger et al., 2022), WA pH7} 7|20 &&
A W49 A'Licacie-nia HA(-6~-3%0) S Hlolut
A g Ao I v|A A =tk Az

2 Al G2 E 7 e EOE 80
B0 A S0k 249 F57F ok el o) A
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A 22711077 (mol m?s )& J& A 3% 5
© 2 GAHH A'Licarcie-mia®] -5%07HA] 238151
olggt A T, nt1vlw, HHE, 2EEF 52
Haro M= FUSHA B2 TKSeyedali ef al., 2021).
29 Algel 7H A FFE = e 239
ZFoltk. wajaa} thA) ofekaolEe] A% A
"Liminerai-tuia 7401 AN 22 -2 -12%00| 4] -8%o
ol s} wl g4 0] 79 e A7} o] 2ol A A= ersk
A9t -23.545.8%0. 0.2 1 K Marriott et al., 2004b;
Pogge von Strandmann et al., 2019; Taylor et al.,
2019). 249 FF7ol wet FYe &2 A=rt
DR ool Al ob&] FEksiAl &Rl v
Rich 2710 Mol Hol A Z4E 67h2) Abae vl
9 2S5 YA ofektLfolE 2] 9 92 v
AL olEthe ol THYa £ FF= T
1 7= A]9F Okumura and Kitano (1986)2 2
o) Aol 591904 75 ] Ajo] S F7) ech
1 B3}t oo sl Marriott et al. (2004a,
2004b)= ofkmUolEolA] Ltk Ca¥e] Al
QAR e o A= ARZE YR| o E7E]7]
o] olzizt 2ol h HAtsIeiT Aysteich A2
Hom, siel Bakel BE Alolo] HgUa
Aae 25, 4%, pH, FEY 4G S=oll=E 9
L WA BT AL TEOR 3-6%] B
A2 gL 2ol & 7HAIAITE FE] S5l gEbA &
HAHE 1ol 5 9ot wjeby T dRoAE B
A BFEY A Aol et Wk gefo] A
T3 QItK(Lechler et al., 2015; Dellinger et al.,
2020; Wang et al., 2021).

3. 23 EHEYOM 2| 2l & SeEL EY

F THEaE &8 18 sfAofl= thedst

B2 AN fEsE
B AT F-552] 8'Li 32 F(species), pH,
|22 7]Ek4(dissolved inorganic carbon, DIC), 3f|
0] @5 o] FIFL MR=THE FAHS ZHRICk(Hall
et al., 2005; Misra and Froelich, 2012; Vigier et al.,
2015; Roberts et al., 2018). GZ-=o|A] A1 35~
7155 BT AtollA HiolE e LAPRAE £6%0
7HA] Ba1s7| = Sk thMisra and Froelich, 2012).
S AR 75 o]’ 2% Al Qstar 2

[¢]

A2 Wlel 13T sHlo] 7hsst] e, H
o= QS g3 A7} 27181 Slck(Pogge von
Strandmann et al., 2013, 2017, 2021; Lechler et
al., 2015; Sun et al., 2018). €l ¥ E|ZEof A
B A RE BAS A3 §'LiT Y5, HAEE
Zo], a1 B4 ST AT AL Al
2 YEgTtHPogge von Strandmann et al., 2019).
T3 A= FH| I o] A A o2 Zicket Hagh
A=9] ol fF3FET 7] fzol FE 7
FoIFIThE AT ol 4 AlTjA 0.2 o St
429 §'Li 3hZ & 5 9k

SPHolA 2HE BAakA B 1 71 Fejafor
3 e Anel WA YA watx gL o}
£ 2ol ofat @ WASH: Holth Fad B
22 sld0) bt AL sk Bt )
£ 99 % S99t ule e 459 5
T 3 7] W2 AAY 1Y F L= A G
£ Fofjof 3t Pogge von Strandmann et al., 2013,
2019). whba] thREO] Ao A AN FE=2 &
8 o -5 TS| 9l ol F=E Felsta
SIch. 7V Bl AMSEHE AlCa Hle] 29 b
22 0.2-0.8 mmol/mol& 7|&H o2 AAsla QL
TH(Pogge von Strandmann ef al., 2013; Lecheler et
al., 2015; Sun et al., 2018). 3R]k A|&2] Al/Ca H|
7} 71Z2R 0 EriEtE §'Linte] At AV Sl
T THAE FE= &7 dofubA] Rjtthar skt
4= ItK(Cao et al., 2022). T3} Sr/Ca, Mn/Ca, Mg/Ca,
Mn/Sr, Fe/Ca, Rb/Sr 50| 7|22 AM-E 4= 3le
o o]ggt AR AR, A7 vl 52 §'Lizke]
AT BAS B9 7PAH 0% 89 o} R Bt
(Pogge von Strandmann et al., 2013, 2017, 2021;
Lecheler et al., 2015; Sun et al., 2018; Wang et al.,
2021; Sproson et al., 2022). 0] & W7te] 9L F
A Al gl ATt BESte] A g7t
FTE7 B B 24 BEoAE 53] =
= EE Y 5 Qlof B ghefell Foysfjofstth
(Kalderon-Asael et al., 2021; Pogge von Strandmann
et al., 2021). #Zojl= Rb/Cao] Al/Ca BT} H<
Bt 7]0] E 4 itk At AXEo] Bt
2 7|&07 &85 ¢JriBellefroid et al., 2018;
Kalderon-Asael et al., 2021). &A49] £3] 14
A= 03 M A7 Bl T4 Hlof| d3=



FA] gF=ttyl B 1513 (Pogge von Strandmann
etal.,2013) 7|& Ao A= F2 ¢F 0.1 M9 FAE
o] A=K Lechler et al., 2015; Sun et al., 2018).
O EAROM| EAL & &5 8 3 apE| o
A BEY SSlE HAIE 4 A F 7] W
LT 7|EH = W2 Al/Cag HolH 2l 59
4 w] gt olulgh Aol} flrk B ElgirkPogee
von Strandmann et al., 2019).

oleat 2] FEulE BE 10 ol4fol]
o] gaololx] 2EL Refat of Sa) o7t 1
L 3}cHTomascak et al., 2016). 2] 52 E2]of= %
o] g FX|(AGSOW-X8, X12)¢}F oA &Y
oz F2 gitm dibo] o] §EH {7| gulel &
3lsto] AMESH7 | & $lo(Strelow ef al., 1974; James
and Palmer, 2000; Choi et al., 2013; Liu and Li, 2019).
2o BHAE o $AE Lio] $AHoR 42
57] g2 3482 100%9) 7MEA SA]8H= A
o] ZAolet. E3L, S EH FUT 17} Foledl &
2 IS &= 7ol ZA7] 4, ==t
E ARER TR A 4 Y A TE o]R0]
Aigholl & FFE 1A &= glof Folsfof Rl Huang
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et al., 2010; Choi et al., 2013; Li et al., 2022). &
F ¥4 FAole 2 A=A Ee2n 24
7], & o] 23} AsF #47] Fo] E&HIL glon F
< AUET FAEA e o HE A eEY &
ghznt 4719 A A712 2= 0.2-0.4%0 (26) 9]

2 A =7} | gtk (Jeffeoate ef al., 2004; Millot
et al., 2004; Li et al., 2022).

4. 215 SUUAS B 1B A7

& FHYaE 2N olA AR 7HA] B2 A
AA TS obe2r chabg 1k Aol BET
QT2 2). A, Misra and Froelich (2012)&= &
FFE 43 AToIA] AL02 67 suEhde)
S 2B S04 B ST 20). A7
o W29, e @A Z27]9i= Deccan Trapsoll A &
3] 4k ARsto] i FEo] FLio] o 8-9%
= 3tk o] % Al s g2l 31%07kA] 3]
Aottt ol sl e, sldEtof b 5o
A2} %50 2 Ql5f incongruent weathering2] 7]
o] Zelixl AL AN Z AASIGTt SRR o] A

Paleozoic ‘Mesozoic l Cenozoic
= c I © o [3
Li isotope records % g % E g %
@ Carbonate rock | S = s (o] £ — 30
40 H - = = X =
] Foraminifera w w u w [}
Brachiopod

67|—icarl::or'late(o/‘“’)

20 (— F ..\- @ .
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Global average temperature (°C)

600 400

200 0
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Fig. 2. Phanerozoic record of marine lithium isotope ratio and global average temperature. Lithium isotope data
from (a) Misra and Froelich (2012)-Cenozoic; (b) Pogge von Strandmann et al. (2021)-Paleogene; (c) Pogge von
Strandmann et al. (2013)-Cretaceous; (d) Lechler et al. (2015)-Cretaceous; (¢) Sun et al. (2018)-Permian to Triassic;
(f) Cao et al. (2022)-Permian to Early Triassic; (g) Wang et al. (2021)-Carboniferous; (h) Pogge von Strandmann
etal. (2017)-Ordovician and Kalderon et al. (2021)-Phanerozoic. Global average temperature data were obtained
using oxygen isotopes with lithologic indicators (coals, evaporites, etc.) of climate (Scotese ez al., 2021). Orange
shades indicate the five major extinctions and ocean anoxic events.
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o] ol kst X252 congruent weathering
o) 542 Hof JLi 2 938 A7k By
9t Pogge von Strandmann and Henderson, 2015).
o|¢} TeAsto] T A RE AZHE 2lE THEa
e A2 71E0 JE FEY &3zt EU3d
2ol A A3} FE9] &7t AujAQl e o2 9
H3K Wanner et al., 2014), 3o A 9] o]23E &
J(Li and West, 2014), -2 FA| thF4 9] &
G-A%F Z7H(Vigier and Goddéris, 2015)9] 2Jst 2
7 7sAd o] AIA)E ATt Pogge von Strandmann
et al. (2021)2 T4t 4T G350l AR F
I A0l @A) F 3L -&7](Paleocene-Eocene Thermal
Maximum, PETM) 2] 53} 275 0f| et ApAIRE 34
S HISIHTH LY 2b). PETM A|7] 9] 8l4=2] §'Li
T 3% A5kt &0 93t FFE Al
7t ~1-1.5%09] H2Z-L2 FA| FAHSHA S7Het %
T2 8 MA]o] ZA Uehte= Estih
AEA o7, AT 27] o] AR F3= Qlsh
Wb sigre] O'Li g2 507hd Fr=o) Ak 7]
3 vish APl 2 AAEE BRI o) @
de] £ FLi ko= HA} Zlelsick
ZAolM= ok FAk4 AFA(Ocean Anoxic Event,
OAE)¥} AT s=9] 2l&F S9e4 v7k 2wl
o} S Fiba AP et St S S 7]
T S TP 5 Yoo g o AT Weissert
and Erba, 2004; Jenkyns, 2010). 3t &52] Z7l=
7] 5 olilefeaE ST =N 712 A5 ¥
¢lo] & = AT FAlof| A&} il T3]
4% oPe Fasiol sk F3ke Z7PAIHSun
et al., 2018). o] @A Z7Fe TFAY HEO BfarA
Z3%h= congruent weathering © 2 3<=2] 2l 52
A2 12 2278 71 olAistetag 2w
7% e slof| =88 FrH(Bemer and Berner, 1997,
Gaillardet et al., 1999). Pogge von Strandmann et al.
(2013)2 gH4tg ol A oF 9350 A AU
OAE 2 A]7] 10-15%0 Zr48F aji4=2] §'Li 3k B s}
FTHH 2¢). o]of 3} Caribbean E-2 Madagascar
9] At} 39 R t(large igneous province)ol| A &
T B2 Y ARo] wsidl 7129 R
o} congruent weathering®] Fej=Z E3}=HA 34
o] g & FHYRHE A A2 Aol dRles

ANk o] THgelA] Th7)E o) aksleka] oF 1/3

o 2R EINT, ol Fakhgo] WATH T 5t
o 2 e ATk AL ejjgich shTA R
Lechler et al. (2015) ESH A4S B3 19 2
A9 A OAE la A|7]9|4 4.5-11%02] 8'Li ZHAE
B USEHT(d 2d). ©] E3F Ontong Java, Manihiki,
Hikurangio}| 4 €] 8| A 3hitehg 0 2 <18l d59te]
Z3} 714E Aol U1 oZ A= QL o] HH g
F S E ti7]-sld Alaglol B4 AR
g 3ol 2 WS A A9 7129 AHE H
SoPPZ|17HA] o® 7]12ko] A-g-3=A] ol it ThA
EATE S U

a2l SolAEAE #HlE7] tEE BRst
o Sun et al. (2018)2 ERAFAStO)| A €k 12%02] §'Li
A5 AXSFATH 2 2e). GA| Siberian Traps<
TE 2 29 3hiE ZH IPPo A w2 Y AR
&} M7 S E AL o= wHER 7159k A
9] 2l FHYa g 2A AR S
A= o] oA e Z v 78] I
wo] AejA| &) EtS op7 |3l tEFoll B 3
= Zlolztal AHstaL St} ol YAl S FAR
AR 2E Aoz, g ST AE A 2
F= E 7 Uohe 7Fe S WESk iot shx|Rt
#5719t Egfolotiy] Al7]of o] XY st F3t
Z-go] A= Ao| dlddeol= Bk, Al o
715 oliteleta: F=9} 7| S0l = ¥ Qlsle A
olgtal 1% 31 ItKSun et al., 2012; Joachimski
et al., 2022). )2} TAS| Cao ef al. (2022)2 HS57]
Q1 2675 M EE 1H5HTRd 52t o]ojR| =
0'Li9] ZrAE BIstREH(1Y 2f), 015 9%%)
(reverse weathering)o] @J3F F3Fo 2 A3t
AR A S, weet =, T12]al Z2 BirhojlA
o] FARE: L 7] &0 A E 2R AEEY
BG5S AaAA gAY o|AEE BAH S5
28] 7R B4 w7} we et B
of Bk AIo] FAshE 2 U0 HRte
=3 4 wlehn e it o W el oL
Zrol el Bk sjetolAie] ol e Bye of
ARtEaE & gl B2 s 2lE 52
Y R Efo|ofhy] 2RE Q-S| &2 ti7]5 ©]
Atekas FEet A Al 4= Qlrk Wang e al. (2021)
3} Pogge von Strandmann et al. (2017)2 X|7-2] &
Z=7h 29rdE A1719] 6'Li HE-S 345kt Pogge
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von Strandmann et al. (2017)°]| A& SHAME A4 &
Z22Z2 AMRE @ 25 H]|A 7] 37 Hirnantian 23}
7194 th71% oliteteta H= A= QI3 incon-
gruent weathering © 2 §’Lio] ¢F 10%0 Z7}3t A&
B15}TH 1 2h). BFRITF Wang ef al. (2021)2
SHAIASRS AR83 oF 3014 o) 57) Ay st
7](Late Paleozoic Ice Age, LPIA)%]| Hercynian or-
ogeny 2 =04 x| Z}oj| A ¥HAY3E congruent weath-
ering©. 2 23| ok 8% F= 7HASH6'Li gre Bl
SHATHIE 2g). o& B3l 7]20] W& FLT 7]
T3 M= S A HE AR fel whEt
F3 T 1 B GRS ¢ 4 ok wet
A, ol= 3 Ao T<ed] 71524 a4 Bk ohy
& A4 F 59 24 89o= IS U=t
< A& AARITH

52

S F-h7) Al La"e Zgshe ARF2 gaes)
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