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ABSTRACT: Chemical weathering of carbonate and silicate rocks at the Earth's surface, through the consumption of atmospheric carbon
dioxide, plays a significant role in the global carbon cycle over timescales spanning from centuries to millions of years. Lithium isotopes
have emerged as a powerful proxy for quantitatively assessing the interplay between climate and silicate weathering within the Earth system.
This study investigates the fundamental mechanisms causing lithium isotope fractionation in terrestrial systems, including primary mineral
dissolution, secondary mineral formation, mineral surface sorption, and carbonate precipitation. A comprehensive review of the literature
is conducted to analyze the degree and direction of isotopic fractionation associated with each process. A profound understanding of lithium
isotope fractionation in the surface environments allows us to expand the applications of lithium isotopes in diverse fields such as paleoclimate
reconstruction, climate change studies, and mineralogical research.
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1TLME

R #27 oA BAT A} FAFE el BEHA 3t 9f
3 WAk thFRt - 7] YAt ElHE2 74 F3f Sl
Foz FAHm, ek F3 A F 7] F otk
S B3l oA wah | T9)] QI7F Y XS A7t
TEOA A A A gt F23 HEE Fhri(Berner,
1999). A |2 oA 71520} 3leh4] F3ke] A|of T
3 't =4 Az E3 A5 (Lupker et al., 2011; Bouchez
et al., 2011, 2014; Eriksdottir et al., 2013; Brantley et al.,
2017, Pierret et al., 2018), T=A] 7 (Teng et al., 2017),
293 (Bouchez et al., 2013; Godderis et al., 2019) FoF
ofl Al B2 W= E1sal oF|71A] oo thgt Hedt
A2 o B AAolch 3L, AME 9 BF8HA F3t A
akal AZERel et Wale] gloirle] Faxxat
oJAS5] =A9] tiito]ch(Willenbring and von Blanckenburg,
2010; Coogan and Gillis, 2013; Burke ef al., 2018; Rugenstein
et al.,2019; Bufe et al., 2021; Tipper et al., 2021). LHHZ]
22 tFofx 9| s5He F3} A= sH Y & Foket
FREZE Fotol] AT bt A|3let ZEA 2 &8
sto] g5lon, 8& Hol= A9 T3 HE FHA
© 2 Wty RRERE Bt A7 3 S
2314 0 & YEPHTH Nesbitt and Young, 1982; McLennan,
1993; Gaillardet et al., 1999; Vigier et al., 2009; Bouchez
etal., 2014).

ZE(L)S YAz 302 e 34 da 5 7H
7PH31(0.543 g/em’), 7 2 H]E(5.38 kI/kg/K)Z 714
™, 3==3(180.5C) 1 F=3(1342C)0) 7M1, A W
A 0]23} oY X|(5.39 eV)7} 7} =tHTomascak et al.,
2016). o]t o] -2 Algty], A}, A7, st A7 5 &
< &ofof| ARGEI itk LiY %= WE W 0.1~7.7
ppm, 7 5 A2 W 1~80 ppm (<t 22 ppm) 2= A
ZF ) 2A48)71 25HAQ] v]FFPao]thBurton and Vigier,
2011). Lit= & 742 P35 AYA(LL, 'Li)E 2L 0] 5]
EA8= 242 7.5%, 92.5%°]H, F T et 2 At
(~17%)= Qlsto] 2| J7 oA Q] theFet 2|3ket ¥h-3-9
o3 & FH¥a Elo] IAT 4 ok o2 M EHY
2 A|2EI PR £ Li S9Yas #2540 gt d
EFE7H S AFERTHE LI (%) = ((Li/Li)sampie/ (Li/ L)
russas-1)¥1000, RM 8545+= Li ¥4 #2E4). @4
7| S5 9 A4 | el Had Li 5994 24
Apol= oF 70% W= &0l IS W2 S oA
§'Li gke] W3/t o] & & 4 JAtHad 1). &% F7t
2 Bzt g7 A% of| | R|(zero-point vibrational en-
ergy; ZPE)9] Az Qlsto] UHHA|Ql QM5 9194 Al

HAE Li 39 ALY AR N4 S AL
o TSR A 22 of| A T4 FEo] AL
AskA] et 2y Bl S99 AR NAY
steta F3t Al A EAL B2 6'Li, e S EA S £
§'Lig zhe B4o] Qlrh E3t Lig 2 84, 97t o]
2, AETHA 2 &84S Li 599 diE 3 +
Al, FAZ A vkant Yzh HARES olsfishs 837 5
A2 Z-g5= o7t "ok 23y Li 3HE] Ase
olafisl7] lsliAl= B= W Lio] 2783H X2 A&
gt HS5A Y olal, BE 2Hll Al ® T 2EAd
et WY 27 A Li $99% AT et A
AH9] A7} Aagofof g,

o] Eel M TS| ST Setmnt AakEAY)
(multi-collector inductively coupled plasma mass spe-
trometer; MC-ICP-MS)& &-8-31 B4 -8 71ds| Ads)
I, AFF A Li 39 BHS Yo7 = 78 2
Soll o3t £ A& 9 7|2 tiste] AR, o5 &
gk Aol thsho] A A} gt

IIII|lllIllllllllll[llllllllllIIII]III]IIIII
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Fig. 1. Lithium isotopic composition of various extra-terrestrial
and terrestrial reservoirs. All data are from Tomascak et al.
(2016) and references therein. The dotted line represents Li iso-
topic composition of upper continental crust (+0.6 %o; Sauzéat
et al., 2015) (Modified from Tomascak et al., 2016).
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2.

| SYRA

—

SE

AL

R —

A SHRA N A2 sERAAE A 3
AU Li #2 L MC-ICP-MSE 83t 5994 &
AHFH-S- 9ok oFol L wElrX|(Bio-rad, AG-50W-X12
resin, 200-400 mesh)E 0] &3}o] o2 IALS E3) A&
W Lis 22gtch
D ~40 ng Lig Z35t A|ZE IN g4F0.5mLE FH]
B,
@ IN g4t 6mLE go] Alg W Tl 9aE AlAT
@ IN @AH4mLE Wof ¢4t Link Hajaiey.
@ Q7goll A Eegt -gHof thste] ohA] g Kejat
& HHEgh
2alE golof Tt Li $9)94H1E MCICP-MSE o]
goto] BAsl], B4 5 WA 5 e 7]7) Aol
(instrumental mass bias)= Li 94 EFE2 21 NIST
RM-8545% o] 83t #E=4-A8- 22549 9F 23
= AMESte] BRI ojnf) A2t FHHa #EEE
o] FEL +10%2 AHAIZITE Li B4 BAA| AR
o} TUsHA AATE bt EA7arE 2 (standard ref-
erence materials)& E-4]5}1, BA% §'Liglo] 71& B

£ 2 20.1% oyHol A LT Belstoiof Sk,

X

oft

3.LiSHEL EE

WA A2l A da AAE F FALTE~17%4] &
T ARG NA ot A3et whgof s A3t
THEE EEE oprlshy AA7HA] Hud 8 AT
E29] §7Ligt 210](~70%0; Tomascak et al., 2016 and ref-
erences therein)+< ©]& HRHIITHIH 1). o] FolA=
AT FoAAL BHL Uorl Fa 2T 1)
Z=3-5 8-3}|(primary mineral dissolution), 2) ©|2F3E A}
AJ(secondary mineral formation), 3) $=ZK(sorption), 4) &t
A Z A (carbonate precipitation)o]] &JgF Y4
712 9 Ao dfsto] aTfstaa} FTHIE 2). ol
sto] A4 247 Li S9194 24 Aol o,
T oheFet sHEdtopol| Li ¥4 E A8 4 =71

2 Algsta gk

e oSk ofm

3.1. 22 U QU LH 25 e

Li 018(0.76 A)& ukull4s 0] 2(0.72 Azt At of
£ W& 7pX| 22 (Shannon, 1976), B T4t FE
A BkIu4E B NBH @ake] WintslA gk
£3], nkaulgo] 6u1914-0] WA A2 HBHe v
Ui gl B AT WA olelF X3 Al £
Sefick. chik Lio] 261914t 4819148 2R A%(Larsen

et al., 2004; Sartbaeva et al., 2004)3} 48| 955 ZH= A
A4 (Dutrow, 1991)9f| 4= o421 Y= E Helrk 244
A 252 7sHA =8 THA A& £A45H, 3]
Li-0 23 % sH7} g4 02 dof sujg)ao] 7h7he
] 3+4& zH=tHWenger and Armbruster, 1991). 3|3
3t =3} A4S FE2Q] FE-EFo) E(nambulite; (Li,Na)Mny
Sis0140H)<= Li 0]&0] 8ulj$]] Z531 v ] 242 34
SHH(Narita et al., 1975; Wenger and Armbruster, 1991).
NI, B2 1o} ote ZAB )M 8o Ao Li o] 22
22 47)0] B Hjo] o) Beinel 4uj9lae] o T
£ FA3IcHLyubartsev et al., 2001; Wunder et al., 2011).
2t pe] B FAAL BEe 2T Bae) o
2| Aol oef] == FIFS o, HE L A2F
oA 7HHE T HaTE 9] SF o= fAHZ o7 Fuf
&= 3] Atk(Schauble, 2004). Z2u G-A4-44 42
Zrgofl A A3 YA7Hbond valence) 7ld(Brown, 2009)
& Agelw 54 o Liel slerh ojne] nAolA
o ol §7)-9h4 ATHgoIA Lio] BHUL 2BE A
WHoR BAL Lio] $A2 $AHoR Bush: Au

(a) 67Liexchangeable < 67Liprimary
6] i + P
Liexcn P \_.\[\l Hy*
/ Secondary . Y m—
K* "‘-.,‘-_GLlsec - /"'- - ‘\\Ca“
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- lexch \ _ Lisec _—/
L - .’Ca”
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++
Ca i= Ligec
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~~~~~~~~~~ iy
67I-lsecondary < 67L|primary
(b)
- - - -
Tetrahedral  \Si/ \Si/ \Al /\Si 35
Li* OH.
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Tetrahedral \Si/ \Si/ \Al/\Si T T
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Fig. 2. Schematic diagrams of Li isotope fractionation during
sorption (a) and secondary phase formation with TOT structure (b).
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£ 23K Wunder ez al., 2011).

3.2. ZZE Zill(primary mineral dissolution)

BE-9] g}stA F3l= 3} 83f(congruent dissolution)
@} 1] =3} &-3](incongruent dissolution)2 F-E& 4= Q1
o, AR}z FEo] fA W &&0l2 o= 48] FafjE=
ola Tk FA W &S0l AT A9 IRE
= "@71= oItk AAE oA BE FAIEEES H
23} 839 3tekA F3E Ao o] Y F 2L
A AA Y Yase] 1A 44 W2 8&HHe.g., Ryu
et al., 2011; White and Buss, 2014 and references therein).

Pistiner and Henderson (2003)2 A1A3t = $579 &
Fe(basalt A & B)Tt 5172 0.8N A} 22C €4 45C
ofl Al 15U HSAIX] & 2 ol -84 Li 594
£ AT 5 oA v wskgich A A EF A BY
§'Ligke 22k 4.6 %3t 2.9%00191 3L, 22°C ol A A3t it
S o] §'LigEe 242 5.0% 3 3.8% 02 BA et U
A FLstatt. T3t @Y B] 45C oA vhg-3t £
o] §7Ligk HA] 3.2% 2 B4 22} Yol Fdatct. 18
L, spgeke] 79, o4 9] §'Ligk 9.0%0 %1 whd 22°C e}
45 Cof| A w33t gMe] §'Lighe ZH2 1.4%3 1.7% 2
FAET S g2 It ol= AU 719 3 W
M2 o2 §'Lighs e 14 FEE] Yo Bus)
Hrt o] A5 T 152 FI Y 5 @R W X
FEY FE &3l= Qs Lig s &) HAsHA] &
o= AABHTE

6]% Wimpenny et al. (2010)2 9335 3o o3t
Ligg 4 S ERIst 9J8te] pH = 2~4¢} 25C 9]
H|BE 204 @7 ek s o83t 88idd
et & FEI} v g9] §'LighS H|wstg.
T ARG fElok A §'Lighke A9 U
, A2 8k g-Ae] 67Ligh FA] £423F WelAl
$E YXEhe §'Lighs Byoh 1y vhe-Ea v
SNzt 2 3% 9] §'Lighk Zolg BAEd ol vk
29 5024, FERY &5, v|FY o|ZFEAE 9
gk Aoz wostylty. 152 AAAA Y YErtE 6
Ligte] HE S o) v P2 AA FEat g
2 AgskE Lig 9l da B2 v 233 Al AIsHTh

&} Verney-Carron et al. (2011)-& 11-2(50 & 90°C),
ThE pH (pH=3 & 9) 7oA BFLE {2 & o83 &
S ot 7€ F At 2| kg 7] St 9
o 22wk gole vk B R o TLighs BRI A
2} HE3E I GARSE 6'Lighe BAT ols F BH94zt
FAHAI=E] Zpolof| ot Ao wstgr, 50T o]ske]
Ao = F SHEa A 2ol 7L A Y ¢l

]
o o
3

.]

¢

o 8 o
R

I oo X oo

of 59194 Blo] MAISA) he-S A ST

3.3. 0IXI&E 4 X(secondary mineral formation)

BEAH A FHEE 1 Aot 2% Y& ¥
o Qelsla APATE B9l AFHo2 79 - ek
A& Eol, F A a} b Afo]e] B Agx(a= (LiLi)y/
(Lif’Li)) 2 ERflE 59194 28 HrE 1204 19
PRAIRE, 27} kgl thet 1614 A3 Hofhs A%
< HQItK(Urey, 1947). £89] Fx(agte] 15T A
Hen] oy Aol g oA g E A
Aole] "Lisk “Lis] AtjH 20| ofs) ZHEs, Lubd
o2 DAL BULE o BL AT ouixE 1A AR
295 75} B Aol K02 BufgickSchauble,
2004). Lig] %%, 2% AUAL vgiee] g2A 3
7 Wess AR oAl Eokat. girEe] gkl
Al Li9] 8 viA] 98 dt= A-vkvlE FE: I
A, 34, SR, U4, IArjojgto] E)ofA«= Lio] Yyt
Aoz IHA vie A=olA Mg-FeE X|@3HrHLi and
Peacor, 1968; Lumpkin and Ribbe, 1983; Robert ef al., 1983;
Brigatti ef al., 2003; Bertoldi ef al., 2004). ¥FH, Li= 48
Sho A= AP 9] Ael= A5} (Yamaji et al., 2001)
Lit S48 Hs) S8R0 SHHOE Bzl
£9] §'Ligte] 1 AAYRT} § &rH(Chan ef al., 1992).
Q2 (S, 4G AN Lio] W wiie A}
2ol ZAj5te] FEAL BRG EHULHOR O] BAL
4= QJtiTeng et al., 2006; Wunder ef al., 2007). 13\ &
HHE o2 e T3 ¢ ETt §'Ligh © 2w(Chan
et al., 1992), o]&]gt B A& 4=4~(Chacko ef al., 2001)
o B2 24 (Wunder ef al., 2005)0)| A= IHEE] 2|9t
AkA(Chacko ef al., 2001) H ol1d|45 QL0 A+= 1t
o] A& o] YePATH Tipper et al., 2006; Teng et al., 2010).

Taylor and Urey (1938)-2 "Li/’Li &41|7} 11.71x0.14
Q2 Selstgm, A7) Baket ALetolEote) st W
B € 2 FAAL 2 AP Foko ABE &
ole] w3 7] afo] efg BEARL 0.9625, Aol
Eofe] siehd malo] OJg BUARRE 0.97859S W
th. o|E 3l FFA A 7HE Li S994 °Lio]
AlE&eto|Eof WA FES AAISHIT

Chan et al. (1992)& 3j|#] @792 Li 39Y94 BAS
53t s|A ALkl 23 §'Ligro] AAl Fotde
FRIEFFIL o] 6'Ligt Li srote] AAAAE Fo}o]
A Aok A 719 s 719 Lid) &3t 9F
= B3 S-S AASH o= sA oA sl Tt A
A Y F FIEE ARG W AEFES 2HE]
E9} u]&(phillipsite)©] SR PEH 7HHE Lig A=
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o2 233t AT FHUA B A7 0.98144S A
A|5}9dt}. Chan ef al. (1993)2 F43E I3 A 2
gt d4, ARt gt Li 5994 B4 Bote] 11
oA B AR Li 594 22 AlAgh
ARSe] g3 9 M-I A A o] pFE] 7HH
‘Lig Aeizloz 33t AU AAETE Chan er
al. (1994)2 Zg|olgt dlojukA |0l 4] G F4=
o E|ZE9] Li 59¢4 £4S F3te] G-8HolA ¥
A EH 8o 22 §Lighe 38 F& 23 & 243}
B Aol 7hee- ‘Lio] Aoz 83t At AAJ3}
Aot £33 @A zA0A EHEDL st YU E
£ 7= 499 NaCl-CaCl, £H47}] ¥4 B9
o 25, o4, E/YA v &, §A4| 24, THSAIZo] vhe-&-
N9 §Ligte]l FFS F= 59 2AULS AAISHAT

Huh et al. (1998)2 MA 2 73] Li 591994 B4
Fote] A A4 Li 3ol A 739 Li =29 5994 =
4L AXBHAL 3lF W BFFEHY Li 5H€L 24
A= A2 7t AT oA Q] B (o = 0.9814)
Bop o 22 B9 (0= 0.9775)F 2= A AESE
o] B oS AXSIAT) T Lidt Sr 59 €A At
AL S F3 A7} ol XpgEAAd o] Y Li F9Ha
A FFE F= T8 AU AAEA

Vigier et al. (2008)-2 F=34 AHE Fdte] 2dEo]
E P4l 2 A AR} f Mg} vhg- 849 Lizte]
2|3tof| 2J3f) Li T ¥2 B8 A7 90 C oA dgmectite-uid
= 0.9900 4] 200-250 C oA dgmectite-nuia = 0.998 2 L&=7}
EoHaE 2845 1o AIethe S wAsielth
9 25-90 Cof|l A= Aol AMEH AEFES] W2 2A
T2 Q] B Ao Hslrt §leS AlAStaTE AES
Bl A2 2= B o] gk oS Bl A A
glof A HEZE] B A= 25C oA a=0.983 =
0CoA a=09812 T2 Ao ofA3tATE 0] Chan
et al. (1992)0| A B HAR Fos|d dFd ol A Iz
H etay-scawater = 0.9837F Y2519}

Wimpenny et al. (2010)-2 FH/def oA 9] TS
S3tod AYAH 249 H(chrysotile)oll 2] ¥Hg- &< §'Li
Zro] Alztell Mzt F7FhS ERISHI L o= 24 Ho| 71
< ‘Lig A=z oz 235 AnRlS AAIEHIT}. Wimpenny
et al. (2015)2 ZJApo|E A E S Boto] F= W 28
2 7HHE ‘Lig $A4F o2 A5y, 1A-gAte]9] Li
THYA EHE 25, el 5= 9 R o](CI, NO5,
ClOy)9] 5ol met gzl AA8H T 152 ZAto]
E Y 239 4= Y= Lig 1o U2 5L FHS &
atod 1) 7HHE ‘Lig Asshs 237z W 283 2) 1
THA A7 B QAR & &A1 ol 23] &

AR FESHTE ok 294 oAM= Li 9 Ea &
o] TAYsHA] ok2-& A8k

Ryu ef al. (20142 49iqhd o] A4 AYAJH steto] Aty
4 B A&A dig Li 994 AT AgRAAS
ol-gste] EF U Li Al 7| 9EEACHE, B4 E57hHY
TP TrFstL oy, 2 AR I3 FFS
TR RE HA} AL Gl F7ke BolFgich w3 A4
A7 EokO] Li 59194 242 B4 27] ARt 831
of oJaf] 2 FIFS WA, 2t sk F3tol| o3 44
g olxpgEe] o) FFE L U2 AXSHAE 18
U AAA7E B vjAgH 6'Ligh Msks AAE ©]
APFEL] AW ofyet B A9 7]Fof ot
FF GA F8 220%9 F = U Al

w

(

;

4. 22 B S22 (mineral surface soprtion)

2 A 3ote] Li 39949 193 &do] WA

Rom, o= FEY TRl ut 2A FEA = AL
2 Yebgth o]t @A FE 19| At Lie] &3
4 Bdof F83% &2 3ith= AS AXRRIT F4 pH
Z70A LHElo|EQL 2 FHYRLO|EQ #HLE &
A wH, ol= & 9 FHsHE W 43} Li AFAA|
o] &5 WSt = Al o A ool TR 5 ok
(Olsher et al., 1991; Stumm, 1992).

Zhang et al. (1998)2 ODP T2 T3 of| A A F3t 3=
eof| thgh Li 59194 B4 B8t &2 Z10](< 100 mbsf)
oM ] T4 6'Lighe 7he Lig Alsshs 53 ke
SHHEQ] ZYof o3 F7I8HAAL, o]F ZHoloA= vy
£ o= A ey JEFE W 24 Ligt
o] wekgol T4 6'Ligte] radhe EAL HA,
500-800 mbsf Zlo]of| A9 FT4= §'Lighe 123 ¥
S/EZE v 204 U HAE S FFoE AIgt
SH3ict ol2|gt Aits HEZE(EAYL 1Y E) SHAY
Aol A AL 7hHE °Lio] AEH o2 P& BH| T2
B Ao} AR5k, 72 FE o3 T Y £ A
= ZZ} Qermicutite-solution = 0.97182} Qkaolinite-solution = 0.9794
o]t

Pistiner and Henderson (2003)2 35:9] HE3E(smectite,
gibbsite, ferrihydrite)2 0|83t ¥ wdHlS A2 &
sto] Lio] FE7FH 2| of3f FE FH ol wath et
Li 594 o] HAE gelstqlt). Lol od &9
F2H2 S| E oA Fodae S oA ¢
oy, gEjsto|=gtolE WO T BPofA= 4F
T FHEA o] TSI 7| HA]E FH A
o] W st tol| A= 7P 2 El(a = 0.986)= EG
o E3 7S ‘Lig AlSsks 8 Buszt ot §

i

e
4 T
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Aea FHE G WL YL B SF= =
8 72| d 4= A3 Akt

Chan and Hein (2007)2 & oA 53 g7Hd 3
AEo] tigt Li T4 #4& Fsto] oM EA 854
Li& A-g7t ASpAts E-AetE o] 2883 B 3t
L3 ZLo]| 2]t A o]m(Sposito, 1989; Stumm, 1992), Li 5
994 BHE Ba) o ) 3k Li ol o] 22 <l
O3} MnO, W] oFstA F2tE|o] F9ld4a Fglol ¥
9 sl FHYE 2SS AT HESh 2 dat
€24 Li S9YaE S8 -t Asie Al
v}ho] sfebAgt Al 7he- °Lio] A3 E o] FEFx| o 7
A A= A= A XISk

5. EHAM Al M (carbonate precipitation)
ehibds W mlrda 9 Sl A3eke 1A 2
oA £ 288 Holu, ofeig £ g o] Y=t A
2H7 9] theFet 8.¢lof| o 2dH ) o] EAS 0]8s
of n|gda 9 F9Y4 BAS o 13 AEdE A
St TEA| 2 &-83F 4= It Marriott ef al., 2004a). Marriott
et al. (20040)2 7] aH AHABE Foted 5-30 T2
2 wglolN o el S'Ligrol HA G9lo] vla) o 8.
St 22 HYL, ol WakHI} wH G Li 59
Az B 71 0.99150] 1 a4 FAL 7pe Lig
Adste] WA A AR e 2 gttar A|A|SHTE EJE
AdAo s F2 2= He HolA FHde £ 280
2o o3t Fouet FFE WA gethe AME B
5, Lio] Wl @ Axe] 28 N3slo] Labs)7|mc)
L 22 247 A Aol HSDyc - 00092 ~
0.0030), &% Atzof wet WA W Li ggo] Hash=
e HAvkar AAsttE 4 9 A7 gAg ol
A 220 o2 Li 594 £ 28] mju|gh A2 ghit
A W 8'Ligto] BhAtA A FAl sl §'Lighe A
© 2 Qg = 9l ol A FI} AES FESH=
Faw AR B8 5 922 AEHAT

Marriott et al. (2004b)2] EHAFG-G-A| Euf & 2 2}
&ofl gt 371 A5 B3l A= SVl w=k A E s
A19] Li/Can|7} F7Fsh= WHH, ofgfalyo] Eofi= d=
of oggpo] ululeHe WAT). ol W} ofefiol=
W Lisl 2324 W 91371 k27 deez st
2, ol ol EolA Lio] 2 A2 Aete] G912
Li/CaH]7} o}gfalto] E & Li/CaH|of| F23F ST 5},
W Aol Lio] Ak Aelo] Z2lsjo] g9 v Lic)
o) 27k R LiCavlol o 2 B A A
2 A9k 25 CoflA] vh-g-8-9f oju] Li 59194 23
2 ofe}ujolE o Wl mRolx BT 42re] B

p3

-

A — —
% % t Ocalcite-solution = 09973”]— Qarogonite-solution = 0.989=

Urebgre.

Gabitov ef al. 2011} AA £=2 thajsie] 25T 3)
S0l M P ol Lol E 9| Li B91948 248 54
WA St Li S9994 28] 0] 95 FUsD
A} S ot FAT AGOIA AL ofeftolE 1 WE
do] A7t AEAEY B A YEsth ofgfalte|E
oF Ut Li T9€4 218 A= 0.98950]41 0.9923 ¥
9= rglom, o] Marriott ef al. (2004b) AT}e} S A}
Ak

Rollion-Bard et al. (2009)& A% AAASS £ &
%, pH, oJAtaeka B9, AR w2 o] Li S9ea
ZAo) mA= G| nlu|EE ERlstict 2 4ks W A
e e 6'Lighg B o, Ao M) Ats 7ho]
e 6'Ligke] fouigt xfolE Bt o1& B3l Atsvt
27 spe) FLIE 2 TSAZ 88 5 U
Al g3t

9l ASolA ool B9t si3t Li So¥a &
Ho| THEE S0 = B3}l Misra and Froelich (2009)
= AN £79 52(0. universa, G. menardi, G. triloba)
L H3 {535 A7} s Ateof] F9H4a 2] nlr]
TS B, §-559) 6'Lighy) Liego] digh uha
HdS o] g5to] AT a2 Li F9d4 24 H3l
FIFE T F3 A1 7150k0] A& AIASHTH Misra
and Froelich, 2012).

il
A==

4.2 A

—

3Ha] Foket 7159ke] A olsfistr] flgt A
g ZEA] F 5hQl Li 59 ¥ae= Z Ad(phase) ol 419 Hl
A& w2t Foda £l WA, AR B2
Aol A HaE X EeHF oA Li T d4 FHE 4o7]
=F98 92152 1) o|AZE Ay A(secondary mineral for-
mation), 2) $~ZK(sorption), 3) EHAFE F A (carbonate pre-
cipitation)o| ™, =335 &-3}|(primary mineral dissolution)
9] FEFE wlu|go] BauE it 2t alof o%t Li T
A B A (degree)= A2 T2 X9 ®W3K(direction)
B 7ML ‘Lig st 7| E-Ech 22 §Lighs
74zlo] HuE el A ES A WAYsk= Li e
o] tiet Hr} g3t oJsiE F3l FF Li STt
a8H, 715 W3], FEsE 2ok dAtolA de E8E A
oz 7|zt

A =

o] =EL 2021 & 2022U = TR Ahog =7



THSEMM 2= SHEA 2 513

ZSHAAATE F7HATFAEGH] X SAE (2021R1A6
C101A415 & 2022R1A6C103A690), T3l &AHEAIL
o] AP o2 Fh=AA ] 2 Y(No. 2019R1A2C2085973
& RS-2024-00335020) Y 20239 = =Y LAY gw 2=
H 3 5AT A Ao g2 3E A7,

REFERENCES

Berner, R.A., 1999, A new look at the long-term carbon cycle. GSA
Today, 9, 1-6.

Bertoldi, C., Proyer, A., Garbe-Schonberg, D., Behrens, H. and
Dachs, E., 2004, Comprehensive chemical analyses of natural
cordierites: implications for exchange mechanisms. Lithos, 78,
389-409.

Bouchez, J., Galy, V., Hilton, R.G., Gaillardet, J., Moreira-Turcq,
P., Andrea Pérez, M., France-Lanord, C. and Maurice, L., 2014,
Source, transport and fluxes of Amazon River particulate or-
ganic carbon: Insights from river sediment depth-profiles.
Geochimica et Cosmochimica Acta, 133, 280-298.

Bouchez, J., Lupker, M., Gaillardet, J., France-Lanord, C. and
Maurice, L., 2011, How important is it to integrate riverine sus-
pended sediment chemical composition with depth?. Clues
from Amazon River depth-profiles. Geochimica et Cosmochimica
Acta, 75, 6955-6970.

Bouchez, J., von Blanckenburg, F. and Schuessler, J.A., 2013,
Modeling novel stable isotope ratios in the weathering zone.
American Journal of Science, 313, 267-308.

Brantley, S.L., McDowell, W.H., Dietrich, W.E., White, T.S.,
Kumar, P., Anderson, S., Chorover, J., Lohse, K.A., Bales, R.C.,
Richter, D.D., Grant, G. and Gaillardet, J., 2017, Designing a
network of critical zone observatories to explore the living skin
of the terrestrial. Earth Surface Dynamics, 5, 841-860.

Brigatti, M.F.,, Kile, D.E. and Poppi, L., 2003, Crystal structure and
chemistry of lithium-bearing trioctahedral micas-3T. European
Journal of Mineralogy, 15, 349-355.

Brown, 1.D., 2009, Recent developments in the methods and appli-
cations of the bond valence model. Chemical Reviews, 109,
6858-6919.

Bufe, A., Hovius, N., Emberson, R., Rugenstein, J.K.C., Galy, A.,
Hassenruck-Gudipati, H.J. and Chang, J.-M., 2021, Co-varia-
tion of silicate, carbonate and sulfide weathering drives CO, re-
lease with erosion. Nature Geoscience, 14, 211-216.

Burke, A., Present, T.M., Paris, G., Rae, E.C.M., Sandilands, B.H.,
Gaillardet, J., Peucker-Ehrenbrink, B., Fischer, W.W., McClelland,
J.W., Spencer, R.G.M., Voss, B.M. and Adkins, J.F., 2018,
Sulfur isotopes in rivers: Insights into global weathering budg-
ets, pyrite oxidation, and the modern sulfur cycle. Earth and
Planetary Science Letters, 496, 168-177.

Burton, K.W. and Vigier, N., 2011, Lithium isotopes as tracers in
marine and terrestrial environments. In: Baskaran, M. (Ed.),
Handbook of Environmental Isotope Geochemistry. Springer,
Heidelberg, Germany, pp. 41-59.

Chacko, T., Cole, D.R. and Horita, J., 2001, Equilibrium oxygen,
hydrogen and carbon isotope fractionation factors applicable
to geologic systems. Reviews in Mineralogy and Geochemistry,

43, 1-81.

Chan, L.H., Edmond, J.M. and Thompson, G., 1993, A lithium iso-
tope study of hot springs and metabasalts from Mid-Ocean
Ridge Hydrothermal Systems. Journal of Geophysical Research-
Solid Earth, 98(B6), 9653-9659.

Chan, L.H., Edmond, J.M., Thompson, G. and Gillis, K., 1992,
Lithium isotopic composition of submarine basalts: implications
for the lithium cycle in the oceans. Earth and Planetary Science
Letters, 108, 151-160.

Chan, L.H., Gieskes, J.M., You, C.F. and Edmond, J.M., 1994,
Lithium isotope geochemistry of sediments and hydrothermal
fluids of the Guaymas Basin, Gulf of California. Geochimica
et Cosmochimica Acta, 58, 4443-4454,

Chan, L.H. and Hein, J.R., 2007, Lithium contents and isotopic
compositions of ferromanganese deposits from the global ocean.
Deep-Sea Research Part 11, 54, 1147-1162.

Coogan, L.A. and Gillis, K.M., 2013, Evidence that low-temper-
ature oceanic hydrothermal systems play an important role in
the silicate-carbonate weathering cycle and long-term climate
regulation. Geochemistry, Geophysics, Geosystems, 14, 1771-
1786.

Dutrow, B., 1991, The effects of Al and vacancies on Li substitution
in iron staurolite- A synthesis approach. American Mineralogist,
76, 42-48.

Eiriksdottir, E.S., Gislason, S.R. and Oelkers, E.H., 2013, Does
temperature or runoff control the feedback between chemical
denudation and climate? Insights from NE Iceland. Geochimica
et Cosmochimica Acta, 107, 65-81.

Gabitov, R.I., Schmitt, A.K., Rosner, M., McKeegan, K.D., Gaetani,
G.A,. Cohen, A.L., Watson, E.B. and Harrison, T.M., 2011, In
situ 6'Li, Li/Ca, and Mg/Ca analyses of synthetic aragonites.
Geochemistry, Geophysics, Geosystems, 12, Q03001.

Gaillardet, J., Dupré, B., Louvat, P. and Allégre, C.J., 1999, Gobal
silicate weathering and CO, consumption rates deduced from
the chemistry of large rivers. Chemical Geology, 159, 3-30.

Goddéris, Y., Schott, J. and Brantley, S.L., 2019, Reactive transport
models of weathering. Elements: An International Magazine
of Mineralogy, Geochemistry, and Petrology, 15, 103-106.

Huh, Y., Chan, L.H., Zhang, L. and Edmond, J.M., 1998, Lithium
and its isotopes in major world rivers: Implications for weath-
ering and the oceanic budget. Geochimica et Cosmochimica
Acta, 62,2039-2051.

Larsen, R.B., Henderson, 1., Thlen, P.M. and Jacamon, F., 2004,
Distribution and petrogenetic behaviour of trace elements in
granitic pegmatite quartz from South Norway. Contributions
to Mineralogy and Petrology, 147, 615-628.

Li, C.T. and Peacor, D.R., 1968, Crystal structure of LiAlSi,0O¢-11
(beta spodumene). Zeitschrift fur Kristallographie, Kristallgeometrie,
Kristallphysik, Kristallchemie, 126, 46-65.

Lumpkin, G.R. and Ribbe, P.H., 1983, Composition, order-dis-
order and lattice-parameters of olivines-relationships in sili-
cate, germanate, beryllate, phosphate and borate olivines. American
Mineralogist, 68, 164-176.

Lupker, M., France-Lanord, C., Lavé, J., Bouchez, J., Galy, V.,
Métivier, F., Gaillardet, J., Lartiges, B. and Mugnier, J.-L., 2011,
A Rouse-based method to integrate the chemical composition



514 FZA! - Nathalie Vigier

ofriver sediments: Application to the Ganga basin. Journal of
Geophysical Research, 116, F04012.

Lyubartsev, A., Laasonen, K. and Laaksonen, A., 2001, Hydration
of Li" ion. An ab initio molecular dynamics simulation. The
Journal of Chemical Physics, 114, 3120-3126.

Marriott, C.S., Henderson, G.M., Belshaw, N.S. and Tudhope,
A.W., 2004a, Temperature dependence of §’Li, 6*'Ca and Li/Ca
during growth of calcium carbonate. Earth and Planetary
Science Letters, 222, 615-624.

Marriott, C.S., Henderson, G.M., Crompton, R., Staubwasser, M.
and Shaw, S., 2004b, Effect of mineralogy, salinity, and temper-
ature on Li/Ca and Li isotope composition of calcium carbonate.
Chemical Geology, 212, 5-15.

McLennan, S.M., 1993, Weathering and global denudation. The
Journal of Geology, 101, 295-303.

Misra, S. and Froelich, P.N., 2009, Measurement of lithium isotope
ratios by quadrupole-ICP-MS: application to seawater and nat-
ural carbonates. Journal of Analytical Atomic Spectrometry,
24, 1524-1533.

Misra, S. and Froelich, P.N., 2012, Lithium isotope history of
Cenozoic seawater: changes in silicate weathering and reverse
weathering. Science, 335, 818-823.

Narita, H., Koto, K., Morimoto, N. and Yoshii, M., 1975, The crys-
tal structure of nambulite (Li, Na)Mn4SisO4(OH). Acta Crystal-
lographica Section B, 31, 2422-2426.

Nesbitt, H.W. and Young, G.M., 1982, Early Proterozoic climates
and plate motions inferred from major element chemistry of
lutites. Nature, 299, 715-717.

Olsher, U., Izatt, R.M., Bradshaw, J.S. and Dalley, N.K., 1991,
Coordination chemistry of lithium ion: a crystal and molecular
structure review. Chemical Reviews, 91, 137-164.

Pierret, M., Cotel, S., Ackerer, P., Beaulieu, E., Benarioumlil, S.,
Boucher, M., Boutin, R., Chabaux, F., Delay, F., Fourtet, C.,
Friedmann, P., Fritz, B., Gangloft, S., Girard, J., Legtchenko,
A., Viville, D., Weill, S. and Probst, A., 2018, The Strengbach
Catchment: A Multidisciplinary Environmental Sentry for 30
Years. Vadose Zone Journal, 17, 180090.

Pistiner, J.S. and Henderson, G.M., 2003, Lithium-isotope fractio-
nation during continental weathering processes. Earth and
Planetary Science Letters, 214, 327-339.

Robert, J.L., Volfinger, M., Barrandon, J.N. and Basutcu, M., 1983,
Lithium in the interlayer space of synthetic trioctahedral micas.
Chemical Geology, 40, 337-351.

Rollion-Bard, C., Vigier, N., Meibom, A., Blamart, D., Reynaud,
S., Rodolfo-Metalpa, R., Martin, S. and Gattuso, J.P., 2009,
Effect of environmental conditions and skeletal ultrastructure
on the Li isotopic composition of scleractinian corals. Earth and
Planetary Science Letters, 286, 63-70.

Rugenstein, K.C., Ibarra, D. and von Blanckenburg, F., 2019, Neogene
cooling driven by land surface reactivity rather than increased
weathering fluxes. Nature, 571, 99-102.

Ryu, J.-S., Jacobson, A.D., Holmden, C., Lundstrom, C. and Zhang,
Z.,2011, The major ion, §**°Ca, §*'**Ca, and 626/24Mg geo-
chemistry of granite weathering at pH = 1 and T =25°C: pow-
er-law processes and the relative reactivity of minerals. Geochimica
et Cosmochimica Acta, 75, 6004-6026.

Ryu, J.-S., Vigier, N, Lee, S.-W. and Chadwick, O.A., 2014, Variation
of lithium isotope geochemistry during basalt weathering and
secondary mineral transformations. Geochimica et Cosmochimica
Acta, 145, 103-115.

Sartbaeva, A., Wells, S.A. and Redfern, S.A.T., 2004, Li* ion mo-
tion in quartz and beta-eucryptite studied by dielectric spectro-
scopy and atomistic simulations. Journal of Physics: Condensed
Matter, 16, 8173-8189.

Sauzéat, L., Rudnick, R.L., Chauvel, C., Garcon, M. and Tang, M.,
2015, New Perspectives on the Li Isotopic Composition of the
Upper Continental Crust and its Weathering Signature. Earth
and Planetary Science Letters, 428, 181-192.

Schauble, E.A., 2004, Applying stable isotope fractionation theo-
ry to new systems. Reviews in Mineralogy and Geochemistry,
55, 65-111.

Shannon, R.D., 1976, Revised effective ionic-radii and systematic
studies of interatomic distances in halides and calcogenides.
Foundations of Crystallography, 32, 751-767.

Sposito, G., 1989, The Chemistry of Soils. Oxford University Press,
New York.

Stumm, W., 1992, Chemistry of the Solid-Water Interface. Wiley,
New York.

Taylor, T.I. and Urey, H.C., 1938, Fractionation of the lithium and
potassium isotopes by chemical exchange with zeolites. The
Journal of Chemical Physics, 6, 429-438.

Teng, F.-Z., Li, W.-Y., Rudnick, R.L. and Gardner, L.R., 2010,
Contrasting lithium and magnesium isotope fractionation dur-
ing continental weathering. Earth and Planetary Science Letters,
300, 63-71.

Teng, F.Z., McDonough, W.F., Rudnick, R.L., Walker, R.J. and
Sirbescu, M.L.C., 2006, Lithium isotopic systematics of gran-
ites and pegmatites from the Black Hills, South Dakota. American
Mineralogist, 91, 1488-1498.

Teng, F.-Z., Watkins, J. and Dauphas, N., 2017, Non-traditional
stable isotopes (ed. De Gruyter) Reviews in Mineralogy and
Geochemistry, 82, pp. 885.

Tipper, E.T., Galy, A. and Bickle, M.J., 2006, Riverine evidence
for a fractionated reservoir of Ca and Mg on the continents:
Implications for the oceanic Ca cycle. Earth and Planetary
Science Letters, 247, 267-279.

Tipper, E.T., Stevenson, E.I., Alcock, V., Knight, A.C.G., Baronas,
J.J., Hilton, R.G., Bickle, M.J., Larkin, C.S., Feng, L., Relph,
K.E. and Hughes, G., 2021, Global silicate weathering flux
overestimated because of sediment-water cation exchange.
Proceedings of the National Academy of Sciences, 118, €2016
430118.

Tomascak, P., Magna, T. and Dohmen, R., 2016, Advances in lith-
ium isotope geochemistry. Springer International Publishing
Switzerland, p. 1-195.

Urey, H.C., 1947, The thermodynamic properties of isotopic
substances. Journal of the Chemical Society, 562-581.

Verney-Carron, A., Vigier, N. and Millot, R., 2011, Experimental
determination of the role of diffusion on Li isotope fractionation
during basaltic glass weathering. Geochimica et Cosmochimica
Acta, 75, 3452-3468.

Vigier, N., Decarreau, A., Millot, R., Carignan, J., Petit, S. and



THSEMM 2= SHEA 2 515

France-Lanord, C., 2008, Quantifying Li isotope fractionation
during smectite formation and implications for the Li cycle.
Geochimica et Cosmochimica Acta, 72, 780-792.

Vigier, N., Gislason, S.R., Burton, K.W., Millot, R. and Mokadem,
F., 2009, The relationship between riverine lithium isotope
composition and silicate weathering rates in Iceland. Earth and
Planetary Science Letters, 287, 434-441.

Wenger, M. and Armbruster, T., 1991, Crystal chemistry of lith-
ium; oxygen coordination and bonding. European Journal of
Mineralogy, 3, 387-399.

White, A.F. and Buss, H.L., 2014, 7.4- natural weathering rates of
silicate minerals. In Treatise on Geochemistry (Second Edition).
Elsevier, Oxford, 7, 115-155, https://doi.org/10.1016/B978-0-
08-095975-7.00504-0.

Willenbring, J. and von Blanckenburg, F., 2010, Long-term stabil-
ity of global erosion rates and weathering during late-Cenozoic
cooling. Nature, 465, 211-214.

Wimpenny, J., Colla, C.A., Yu, P, Yin, Q.Z., Rustad, J.R. and
Casey, W.H., 2015, Lithium isotope fractionation during uptake
by gibbsite. Geochimica et Cosmochimica Acta, 168, 133-150.

Wimpenny, J, Gislason, S.R., James, R.H., Gannoun, A., Pogge

von Strandmann, P.A.E. and Burton, K.W., 2010, The behav-
iour of Li and Mg isotopes during primary phase dissolution and
secondary mineral formation in basalt. Geochimica et Cosmo-
chimica Acta, 74, 5259-5279.

Wunder, B., Meixner, A., Romer, R.L., Feenstra, A., Schettler, G.
and Heinrich, W., 2007, Lithium isotope fractionation between
Li-bearing staurolite, Li-mica and aqueous fluids: An ex-
perimental study. Chemical Geology, 238, 277-290.

Wunder, B., Meixner, A., Romer, R.L. and Jahn, S., 2011, Li-iso-
tope fractionation between silicates and fluids: Pressure de-
pendence and influence of the bonding environment. European
Journal of Mineralogy, 23, 333-342.

Yamaji, K., Makita, Y., Watanabe, H., Sonoda, A., Kanoh, H.,
Hirotsu, T. and Ooi, K., 2001, Theoretical estimation of lithium
isotopic reduced partition function ratio for lithium ions in
aqueous solution. The Journal of Physical Chemistry A, 105,
602-613.

Zhang, L., Chan, L.H. and Gieskes, J.M., 1998, Lithium isotope
geochemistry of pore waters from Ocean Drilling Program sites
918 and 919, Irminger Basin. Geochimica et Cosmochimica
Acta, 62, 2437-2450.






	빈 페이지

