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Abstract: Reverse weathering in salt lake environments, also known as reverse chemical weathering, refers to the
process by which authigenic clay minerals or carbonates form within the lake. This mechanism plays a crucial
role in regulating the geochemical cycling of key elements in these environments. The Qinghai-Tibet Plateau
(QTP) represents a globally significant salt lake region, functioning as a major carbon sink for inland ecosystems,
and is rich in essential mineral resources such as lithium, potassium, rubidium, and cesium. Salt lakes in the QTP
exhibit diverse water chemistry types, including carbonate, sulfate, and chloride, with each type influencing the
types and formation mechanisms of salts and clay minerals differently. This paper reviews recent advances in the
study of reverse weathering in salt lake environments and examines how reverse weathering processes in QTP salt
lakes affect the geochemical cycling of key elements. The formation of authigenic clay minerals (e.g., illite) in
these lakes is a primary mechanism for the consumption of critical elements such as lithium, potassium, rubidium
in the brines. In contrast, the formation of carbonates has a relatively minor impact on the consumption of these
elements unless it involves the formation of critical metal-containing minerals such as zabuyelite. Both authigenic
clay minerals and carbonates significantly influence the inorganic carbon cycles of the lakes. Quantifying the

extent of reverse weathering, elucidating the limiting factors, and assessing the impact of key element depletion
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are pivotal issues in studying salt lake mineral resources. The rapid advancement of nontraditional stable isotope

techniques offers new opportunities for reverse weathering research. Salt lakes in the QTP serve as natural

laboratories for reverse weathering studies, providing insights into critical metal element formation and carbon

cycling processes and contributing to the theoretical development of reverse weathering.
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Fig.2 Diagram of mineralization for saline lakes on the Qinghai-Tibet Plateau (ZHENG et al., 1989)
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A 4 g PR G R AR ER R SRR T . R IR AR LR
Ko H A B L ER 2R (Aan A 8 A T 3E 2 3 B AR [R] 47
E I EDOR VI N EIE VA S r AL A R AR N
(Misra et al., 2012; Day et al., 2021; Lin et al., 2024),
B B9 S XA FH A0 F5 B R 6 I XA AR R 3k S X
b, W FRRERER B M %) 56 5 0 2 AW LA D, BR
T 5 S BT R A ST A W A FLAR BB A AR 4
V-4 1987; Day et al., 2021), Fitk, AXEHE RIS
RERRER I XA X R IR R B0 . 4. . HeSF CHE 4
& 70 2 M Bk AL A R 5

BELOOER L Hn . Hal)E TR IR A —
JEICER, BREEN RIS R . TS IR
S ST RS A 2K 3 i L SRR, 1 &
(A A 2 b 2K B T /K bk i o Eh B 41t T d 2
A4k R (Chen et al., 2020; Bf/REE, 2024); 5RHLFE
PMIERAT B 18 Hn . e E UV (F 6a, b),
WHE K, PORER R R B, M e AR S X
S G B IR AN A B VTR DG OB 5 £ 5, 19885 A
H4T-45, 1989; AHEVEVKEE, 2017), 758 JEURERD ER 1)
B 7K HR 3R R R A R OB AT S, 1989),
7T PG R B SR A, 30 0l LA 5 e L L A R, e
(PRI SR AE ) PAZ SR, FHsRKY
435K 4.72 mg/L. 0.4 mg/L # 2.03 mg/L, #irh
B MR, HEESTWE 6; A%,
2000). HIHTATIR, FEFhER I 40T 2 HAER K AL
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\ COX+H X
l R H,SiO,
Ca” f
RN €% pH
G & CaCoO, X;51,0,(0OH),
a4 TR 5 = XU AL TR R k% KU

I (K, Ca”, Mg FlLi")
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Fig. 5 Reverse weathering processes and the cycling of key elements (a), and chemical reaction pathways of reverse

weathering (b) (modified from Isson et al., 2018)
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Fig. 6 Relationship between global Earth’s crust thickness and rubidium (Rb, green), cesium (Cs, blue), potassium (K,
brown), lithium (Li, light yellow) contents of igneous rock(a, b) (data cited from Georock database:
http://georoc.mpch-mainz.gwdg.de/georoc/, Chen et al., 2020), and content figure of K, Li, Cs, Rb in geothermal samples
(c, TONG et al., 2000) and salt lake samples (d, ZHENG et al., 1989) from the Qinghai-Tibet Plateau
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M o B AR, B, B, Hn . HEAE TR N
TR B WA S5 747 W4 & 4, SR DG T R
FE) 25 B & R A2 AR ER L 22 G R B S i, 5
M EAOK A B, P R 390 1 K e S e T
i, HES 8D E S TS a0 6c, d), KU 4
A R ER T DA W v ) 400RE 8 110 0 WA BRI A 2= 40
#E(Berger et al.,, 1988; Cornell, 1993), Z=Jk $i4F
(023X hr SRl . RES . IRATAS R . U E AL
ATHRAYE AR . Hn L AR T UTR A A T o AR R R S G,
B, RIS IR A Y R £, I AR
WAL A, HOTR AN S KPR R 2
[ AEAE B R 25, HEDAE SR fb ot f rp, K
ROER . H . HeRT BERL IR RS L B T AR .
W] 2825 (2023) 48 it PE s B FLAS TR D 90% i 1
WAE FREFRER D1, W0, T 8.5%MW AL KA
TORRERAT Y, FLBAKPEAL A 1.5%, AT I,
B YR ER DT OGO R B E A
H A2 -0 W T8 R R 2 T A /K s ALK TPk
184> J& JC % (Tomascak et al., 2003; R=AEZESE 2011;
XA, 2022),

JUAE AR ) e ARAE B SE AR AE, SR T 3k 18 s X
FEVEFIXHII KR . 1. dn. o E T FERR B M A7
TE4r i (Tomascak et al., 2003; Weynell et al., 2017;
B, 2024) FEN R ORI 1z 48 F i
fik 12 R AL S XUAR AT 3 B2 (Misra et al., 2012; Li
et al., 2021; Cao et al., 2022), 4R [Ef ZEK IR S
T 5 RAER TR, UAERE W i A R 52 ) 4
[R) {3 2 43184 /Y B 8L Rl 3 22 — (Pistiner et al., 2003; 7E
F 4, 2006; HiE KA, 2017; Li Z Y et al., 2024),
— T, Li 2Bl VI R A AR FS L AR T
TEFE A ) v 48 KL & 4 (Chan et al., 1992; An-
drews et al., 2020) §if A XS 2 0 P 1K W2 (8]
PRS2 AR R BT R T RN LI a5, $E i AR fH
L ZR 5318 F B (A Listructural-ag) AR AR AAE], 53514
—19.4%0(Millot et al., 2010), —21.5%o(Hindshaw et al.,

2019), —23.0%0(Pogge von Strandmann et al., 2019),
—20.0%0(Zhang et al.,, 2021), —21.6%0(Pogge von

Strandmann et al., 2022), {H¥) B /RH B K HFE R AL
O H NIILAF(1994) % e X K F R 28 H L W T
SRR R ST, KBBIRTIRRY (F R R 0
Yy E BRI R, KRR 25 K A7 A S 2 4 [R) A7
E /M . Tomascak et al.(2003 )18 iz X} 36 [ it 7Y £ 75
Mono Lake MJERIEIAMFFTHE 1, Fhl) A i 4 [F 07
ROTIRFEZET HAR L YRR AT K 5
B0 Y Z B 2 38 . Weynell et al.(2017)
3 35 X P A 28 1 4 I D SR A A ) F ST B L i
I P ) A W B R K 0L B E TR . Xue et

al.(2024) X P4 76 F7 S 5 B AE I ad BRA T R BT AR,
RBPUREEBIRE L0 S A BOS R . . 4R
i, 39k 145.98 pglg, 44.41 pg/g F1101.75 pglg;
H 7K Ak 2 T R R R T4 K 91% ) ik
HAMATITK, FFIN R EIIK (6TLi=~5.45%0) FI £ 25 10
I 7K (67Li=~0.55%o0) 2 1] {4 £ [F] 12 2 4318 =5 35 ~5%o
2l TR AN L SOHA S B ) (A FLAG HR A
F18Y AL A 32 S

TEHTNFLIE A TAEREAN b, RS R ) K i
T Y /K 22 6] B IR ) 07 2% R v 2t L 0 R 187 K
rh R Y, FRATaE T S A 23 PR AR A A 24 i
P3G LA PR A 2 3R 2018 R AO TR (Millot et al.,
2010; Pogge von Strandmann et al., 2019), & B 24H1
SRR W K B B 50 3 B R ~20% Bl ] 57 A= 24
~5%o ) SR (K 7a), SR, TEFRMI ARG TR
T K 1) W I TORR 4™ ) 3 R A o I SR
— & (Fick’s First Law)#J 1z 8 F T4 B 1 uk
WAYA DR - /K A1 70 R 58 3 & (A zcue et al., 1996;
Andrews et al., 2020), A 3Ciz HIE W —EHkIT
SRR M SR I K p A ORI R e A B
BT K b ] AR W b T Ry fe Rl 2 N
39.6 t/a, AT AL T K AT 74.98 t/a A L
AbF IRl — B (K Tb; Xue et al., 2024), [Hik, M
I ER UL b R ER TR R DT o
DL B AV 22 BRI LS 2 6 T /K AR T 67 22 431 3
% (H M PLEE, 1994; Tomascak et al., 2003; Weynell et
al., 2017; Xue et al., 2024),

R /LI RO RV S TR VA N R AL S-S
IR S RIATIVE S S SSZESE- R R 7] 0L )
RESIH YIRS, B Way(1852)& B A 0] I + 4
VR B KRS IR R S R AT Y Ca? B Mg?t
B LR LR, KT R S T R 1 A
AIBIFIE 24T 32 T o i MR RAEAS [v] B - A i
F 8 B AR LA IR A B B R B E, T
X3 C 28 BON BT B 7 19K 5 BE T (Gast, 19725
Teppen et al., 2006; Rahromostaqgim et al., 2019), X
THEEHE T, RNSE T2 TRNES
TREHE LA W R — B T A, R R A
BEIK G B 2R AR NG R, KA RE ) A5 1Y BH B
FHE SRS+ 28] (Teppen et al., 2006), [F i,
R 4 75 I 38 Wi e P 810 (Cs>Rb™>K>Li%), -89
XY W RN BE T dRc 55, TN A Y I R RE ) g 0
(Teppen et al., 2006). BLAh, F -85 PIXF Litad W 5
RE I3 BN Sy 52 Tt A > G ) A > U A AT T ¥
Foo ARA AR RE | v L B AR B 9 2K BT PR S A
I TERAERE L0 W) b g S GBOBSR, 2022) 0 74 78 =1 )i
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LRI H A AR L . L R A A 1) 5 445%, 2003; Urban et al., 2005; Marcé et al., 2015;
KA, o0 R T RAE R S 5 L Li W M et al., 2024), il = ) 2L A tHE 5t b AR ok
wHE, B PN B AR, 3K 63T 7 A BRI B e o AR
. Y3 A S CO, A 52 I 4 BRI AT A 2o P2 (Marce

4 }im,ﬂ?ﬂ;mgﬁ%ﬁﬁ% etal., 2015; Li W M et al., 2024; Liao et al., 2024), i#
TAEK, ERBRAEIME GO SUAE, BEREE W, WA EICHLIR 3 BRI T MR AR . CO,
B S R RS VA 1 K pHL {H - < A) A B AT AR - 38 e | 3 HLE A Th o3 fif R R R 20 o
W, BRI pH AR E 0 LR (& il 25 A B XUAAE FH 2 I IOR 8 RS CO,, FFRE L
8a; Lietal., 2013; Isson et al., 2018, 2024), #hWliET 4k H HCO; T FLHEA BN RS P H CO, [FEE
W COp AHRAE T XM . A X sl i S WL AR, AR S5IR 1 HCO: YRR R4 35
HE A R G-l e %5 55 2/E F (Lerman et al., 1989; 7K pH A (Bisogni Jr et al., 1991; Urban et al., 2005;

251 a 107 "b""j """""" U S
B bR 7K AN I AR R AL
1.0
20
= KLY T
< 107
£ iy
EE 15 = %
X =] =
a - %
= 10 i 10 =
i JHE WK dge /N HBOE B
107
O_fh it
1.0 0.9 0.8 0.7 0.6 0.01 0.02 0.03 0.04 0.05
I /K v xR I L4 #/(mol/L)

E7 BEERNREHRTRIPRHLIRMESIEPPERURTHES(a); ERAFERE—ERRUNET HBEEE
oy AL SHIKESEN X R(D, HIESIE Xue et al., 2024)
Fig. 7 Clay adsorption of lithium in lake sediments at the bottom of Lake Laguoco, Tibet, causing changes in lithium isotope
composition in lake water (a); relationship between simulated lithium diffusion flux and lithium content in lake water using
Fick’s first law (b, data from Xue et al., 2024)

H,CO, = CO, +H,0

B [/ (mol/L)

X.Si,0.(OH),

RAL
(l)taﬁxzasru‘mlﬁlxmdﬁﬁﬁmk [ B F-+HCO; Jﬁl’im&‘(&m\&iTmtaﬁmzﬂ:ﬂ"mwoﬂm

GB/FLE) (K, ca®, Mg HILI")
soad

2 BR4
(2)Ca”+2HCO; === CaCO,+H,0+CO.
AL

FL—R/AK WA ; AL—P 1A A3 7 358 A% /N5 Btk £ 9] (Bazilevich et al., 1970); SAL— K FIB LR i8] (Eugster et al., 1978); 4 A—
KERAZAART A, L B, C, D—WIK SRR, I B M TTHUBRIE B (Co2 58 11, 70 Al 300 mg C/L(Lerman et al,,
1989); Peo,——SLR Y53 T
FL—freshwater lakes; AL—small alkaline salt lakes in western Siberia (Bazilevich et al., 1970); SAL-saline brine and alkaline lakes (Eugster
et al., 1978); curve A—lake water at equilibrium with atmospheric CO,; curves B, C, and D—lake water isolated from the atmosphere
containing dissolved inorganic carbon concentrations (Cr) of 11, 70, and 300 mg C/L, respectively (Lerman et al., 1989), Pco,—partial
pressure of carbon dioxide.

B8 ELMAREEREL FORRER 2L R AL XT3 A Bk B A 5200 89 7R BB (a) R AR EE F pH. B9 X R E#E (b)

Fig. 8 Schematic diagram illustrating the impact of silicate and carbonate reverse weathering on lake carbon cycling of
saline lakes (a), and relationship between lake alkalinity and pH (b)
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Liao et al., 2024), J&HEEh 51 v 3k o ke g £ WAL &
K ERAEEE ) HCO, , I Uk 15 P Ak R &k 1)
ULVER CO, BRI . Marcé et al.(2015) % B 4 ER B
FERTF 1 meq/L ()R 15 e i 45 1) 2 1 -5 9 38
BRIREH KL 38 B X 2 A5G, Liao et al.(2024)38 1 11
0 195 WA A 5 i R W P R R R R T i Y
BRI A EE SR 10T I 9 K H S 3R 3 - 3
BRIRER B TTTE, I F2 COL P BHEm 3. 1t
Hh, R B R pH B A Ak i G R — 3
AY(E 8b; Lerman et al., 1989), fian, M pH=6 AIER
PEER I AL E] pH=8.5 AUGRPEERIN, WK A m &
PEE 1~1.5 mmol/L, 3RS B0 ik R 3 vk 152 34 in
15~20 mg C/L,

XFF AR AT, RERR R AR R R S AR T Y
Sx 0T ER WG A AR R . WA R
HCO; 45 K. Ca, Mg, Fe %588 1A AR ik fR R0
PRI BR ER 0 ) B SBCLE DU RR ) v, i BUBRLBE Y T #E,
S5 7K 5 5% A1 pH(E 8). Von Damm et al.(1984)
3 Ao T A ST TE A R PR FE AR LU B4k 18 kA
TERREA 2, g2+ —LriE - K+ A
AFE L WIIE R . BB ER RS L0 W) IR U AR
TR HCOs, > T HAE M i U5 4wl 2,
SRR COL 380 1 K AR ) AR TUR (4 08 77 o
RV, BRERERRIZS LA 0 A R T FE HCO; X
SEERW I KRR CO,, A R 19 3R G A 1
AIEZHLHI(Von Damm et al., 1984; Barkan et al.,
2001; Marcé et al., 2015; Liao et al., 2024), #illn, 4=
Yig ShARAR Y B0, o 1 SO DLUE A2 5 20K
CO, 1 1 Fll %) 3 %2 )5 [F] (Barkan et al., 2001),

5 BE5RY

TG e DR ) A SRR Y T2 B A X, e
BIECE PR BOEE, B En. HSECHEITR, WAk
BERBEN B AT O T S RO R A £
WU M ERAL 2 PR I T ML . 7
WKL R T 2R, AR PRI RPeE T
RGP AN LB YT BALH RN, TR
TORBETURANEL . B Hn. HESE R UKL R
ASCHERT N TAE RO b, S5 T 7 58w e R 1 o
FE R R FIBR FR 8 S XAV E RO WIS 1t e, B 3A T 4
IR B H ., S SCHROL R B B LA, L
Lo KBETCRAE LW N B A s BR AL 22 PR o 3 R UL,
A= 26 LA 0 BT JOR T FE R W) 1 K R B TR Y
R, JUHEXTEL B N, HEAEIT R AR
R BRI ER S KA R I B R 27 A
BRSO o SR, R I S XA AR B

R ] EA] 1) JEEL i DA B T S 5 0 R AH FE 1Y 52 1 BN
R T IR SE R PROSOME R, LA, A A R AR N
FE IR ER S AR X b IR 7 B 1) S i) 22 DG LB
SR, BT DRSS 32 Bl I 0 B & L)
SO R 2, Ok AR 1 I XA E P 2R A T 2 0 ot
G f A OO ST R A B 1Y) 5 e R
BT, KXAEHESE ) £ 2T B s B AT Y (R
Eh B IR ) A0 B B2 UL (Michalopoulos et al., 1995,
2000), SEEFALFBIRIDFSE (L et al., 2013; Yao et
al., 2014; Isson et al., 2018, 2024), fLBE/K 51T
Y91k 2% 4B (Michalopoulos et al., 1995; Ramos et al.,
2018; Du et al., 2022)5% . I GE 2 & R ALK (Li. Mg,
K 88 EOAR ) & J o 300 s R ARAE B ) R et F 5 4
it TR R LA, R, TR ORI E AT O A
H, TURR AL B oK 23 52 B B JOR Y- Ui i s 45 52
M), 36 T BT B R R AR TR B A2 i o R X i
Joi ) T A #8835 58 (Hammond, 2001; Sulpis et al.,
2022), FF454 R R 5T 5 S PE AR R R0 43 (RS T 1Y
T MER T RO R TR IS AR %
RRACELE 245 T2, R
WOl TR A ss B o SR, JLAE LR L LR
PRI RO, B RS, BT, XL
1 T B B 5% 3 2 4 v e KRG 32 % it AT 11X
7T 7 AR e Do W9 G0 A L AURE i 3 AR kA, e S B
FERAAVE AL T RAR ML I0= AT BUR £
H A= PR E s RARAE T B 5E 1Y 5 B R 2 [l s, 45
B T T e DR T A b R B A R R L B B R
1, W ST ER I R R RN R R R S R AR AR FH i 4
PRI 2R T Bk TRk 28 5 T8 v o) b Sz RARAE T o5 =%
Hi A7 S OB A (R R, FE IR AL b, IPAL AR R R
IR A FH X 8 180 OG5 4 Ja o0 2% 1 BR Ak 24 10 2R 19 5%
M K K otk R 6 R i 1R 6 S XUAR AR T 6T 6 189 1 116 24
PR S o 3% R A LA 75 vy it 1) P e 7 B o 7
AR OGS R U R N A EEE L,

B 2 H AR ek K AT 3 KR AR I 4N R B 3R
IR, LRI IPRAME, ERIEL. RAFLEL
1, MERF R, ARIAET 2, BFHIP4EE. £
B LAY, KRR b B A e i AR AT
KGR R A BB R, BTl K38 il
THF G EFEIN, LRARBFRE B FRATLEEMN
FHHPARHB I FEHIZ. FEME, EAE
&, VAL IR ARG P R AL A BN R
THL+ A,
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