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JEE )R AR, T S B[R] RUBE(0.5~1 Ma)DICHE
2 A TR >, 5 B RGBT A BRI R B, B
AR XA A B DIC T DURE & A= Wi 2000, T2 L Ak
SE B HL TR AR EE A LB, ik P N DICE
WK ARG AERWEZRBORREZ —, TFiiE
BRI Y v] LA ik 4a ALl (carbon  concen-
tration mechanisms, CCMs)¥ DICH4 1L }75 HLAK (organic
carbon, OC), 4 ifi LA R AE AA HLERIE o K=/ - 4%
CO MR AR KRR b, T8 B T e ) RUBE Ay

ﬂ:[7~9,18,19]_

Ca”+ 2HCO; — CaCO 4+ x(CO,+ H,0)
+(1-x)(CH,0+0,). ()

F T BRI AR 1 KA T E AR bR, AR bR My
BB, R — 3 ) St A A X
Tt AR BRI X SR XA 2 R F T R Ay ),
W R, AAEARRIRER A X Ay —Be ik, 44
a2 AR A R BRRRER S i, (R L KU
FEYIEITT LA B R 64 2 S 2P0
SEAET MK, Ty s B AT B vy - R R 1
TR REMR SR 520 A6 o5 M B2 B T RRIR £ A KUK
AR 222 FRATRTI RIS P R B, R
BN SRR L (CaCO, & 2 T 5%) W L
KA 7 Wy e B R XA 4 BT R L ) S A
KA.
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W B, ARV Bl R R LR 49 AR R T LA o
BT 1 KUAL B8 e, A% 95 78 Lyl el o S S 52
R R B A 4 el FH I T AN SR Y DIC
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S BRIR R M AR sy e 25 Wi, 78
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g AR HER R KR, (R T0EER), kg ih KUALIE
%) i b K R R DICH A 23 i A= ) 23800 (DI CHii AR
RONE), FEREKIOCHRIL RIIE R, FA1mmrsE & 0,
HH THR PR ER XL IE B 1 2492 mmol/L DICH i T = &
HOK LB A 25 R Ge BR800 (P ROl ) s 2934504,
AT, WA WFIE KB, BRER R XL P A I DICHE N
i K AA 8 2 A AR E A A FIRIRAS UL vE, 1M
HHB A X AL DICHEE B mT U5 BT e ALK 21 RO C 1)
FEALDY 25 e R P R R ke P R
B A AR T 77 A (A3 K DICHR B i i 22 (201
ANBCRG)Y, SEUAEAE A X R R £ XL B DICHE
T 9 4 0T B X AN ) B 1] RUBE ) A<k o s R A 2R
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WRIC)IHEAT T8 s FSE PPAS, [l It X6 52 3] - e iR 26
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FTTHR, 1O M A K il 2 AR R 5 XAk A it g e vp
AR AL 7 1.
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FPEY, R RERRERXAL A 10~20/%1) BT X
ANFEPE, B R ER I TP AR ) N TR X
YA R RUE () B TR R Vs T BT 7 AR S A T AL Tk
Jag 102237 3k — 7 v L PR A R AV A U e 7
(maximal potential dissolution formula)””. Jr iR AT
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TEAS A DS 5 AR S I DICHR B I, A=A (B
T KRR YBT3 1 AT LRl DL R — oy it
CCSF = 0.5 x 12 x R x [HCO; ]. (6)

7 Rt CCSFMRRIR £h KA 7= A By i@ i (t C
km™ a”'), RABIFE X MARIREE(m a™), AT fKE4
FRE A (MK P-ZEHE), [HCO; [ A/K A DICH
(mmol L. 0.5{CFmemEh X AL LE BIDICH — I [
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1.12  +#EpCO, %M.

4 COL 53 pC O, Mk Ik Vs b - iy 1y At v G A
MEIASEL. AU D, P2 Tl et T4
55 11 A AR ARG T RO M. X SRR
SEETEMAEAEN T, GAREE . K. 50K
G VA B4 G A 15 g i 56 225 A TR
Wi R, BT R4 1 (net primary produc-
tion, NPP)HLHY B RETE H 4 Fh £ oA IS A 2 1,
PRI 1M 22 A5 70 tha, 7 B AF 9 rh ke i T o 3 T g
pCO,. FEFNPPHYpCO M F19934F 15 Ik H Gwiazdafil
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FERIGEF 1 (g mT 2", TRIREK), pCO i K
LCOE, pCO (o MAEHARFRCO, 23 K. HH R AR
T I URAL ) 1 3ECO B B 55 T 75% s A7 71,
MIHRFRLL T COLo RS N 55 22 AR A 3 .

1.2 @&, %, HES AT

IR~ E S Y KD TURIRE S,
W9 = JINPP S 2 UL ETR /M - HECOL
BT ANEZEMASE. T A 3G S
FR 3K A Bl T8 5, A SO T e 52 R R2ENTS G
(Numerical Terradynamic Simulation Group)3#74b#H
JGBYMODIS NPPA#E 5 ETEHE (https://www.ntsg.
umt.edu/project/modis/). 7EFFNPPHpCO, f& A,
JFGR IINPP LT B e A ALY Fig/m®. RIS ASBE 58
W AE T H b E R B R A B R 2R 5 A P R
MR 4 A BRI . R 5 4 - MR R A
P (https://www.resdc.cn). FRATEEE T20104F 1S4k
S AR DLTHE 7 5 I A ) 4 [ A ) S (R 3k XL
Al T30 £ 53 A1 LA KR I B T A A Al V38 £ 3T
A7 I 32 [ B A 45X L A TR 268 7S B B (CMITP6) H
8 LBk R i fi L (ACCESS-ESM1-5. BCC-CSM2-
MR. CanESM5. CNRM-CM6-1. IPSL-CM6A -
LR. MIROC-ES2L. MPI-ESM1-2-LR. UKESM1-0-
LL)BU T 2015~20604E ik« R MY LA K A% i 5L
& (https://esgf-node.lInl.gov/search/cmip6/), H.Hp Ak
15 5% T NPPAY 7R F Gaillardet % AUtz 19 36 T
TR MiamifSi Rl iR G ERE SO HLUE TERY
R e DSMW  v3.61 T TR IR IR [ 1
HEw BRI ER M IX I CaCO, B 1>5%3 X 3X 44 X
WA N2 H) T RIRER AL 32, T H A X e
SRR SZRTRER WAL S LI S T 4 53R
v R X UL R 3R T TR AR R £ XA (N A % ik
FRERA) I X A A S B i, A RIS f
T B E BRI SCHE T 4 % 1042 (The  International As-
sociation of Hydrogeologists, IAH) L) & R /R4 Jo
TR BB R A K 2RO I WOR AM
T IR G XA 23 8 E .t Tz IF R o
HH 7 A (CaMg(CO03),) 51K A (CaCO5) 1y BAK L 4],
A FEAETH A KA A2 I DICHT H AR R Ry ik R 55
Vo ol A 3] 1) PR B OBCA B IR R T AR, F s e oA
ﬁ¢)[25].
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2.1 A KRR SR A DX R il 23 )

S ATREIE

WOKAMIPY A 25 [0 5 R, FRIE S5 H #8 m
P2 42.54x10° km®, EEME TREPEREN) . =
ms S PO PR Or(& ). WER2G) TR, 4
A AR MR 76,93t Ckm ™ a ', R MILER, |
VU B ARBTG5 09 25 ] /3 A RRAE. il it R
PR AE K PGE e R BB X, N T AR AT . AR
HL TREE AR RS, H T
AU AT B ER TR, AR FH B AR A i
INTFPER X A58 (). AL B2 5
AE1760 T Wik, HmEg. P, PER. 7P IR

T A VY R 648 13 AR o5 B T 4 A e AT
60%. A G UEASHIFFE 1R 04 Hh [ XS A A T S
P, FATEHAPLDICHE B 5 4 EUN ] i X A 2k Eh
AP il S K B8R 7K A S DIC K 4T T X (3
2), RIS T e A TR 0 P T B R A A i b
PR A1 S R A DICULIN A (LR VR[5 R*=0.95). [RII 3%
TIEcHT TR R B, 2% 07 A o 2 R R iAo
H A A AR TS R S S - bR R R A4l
VR DICH !,

AR X, R SRR (I Ccaco,
SRR T 5%) T TR H3.43%10° km®, 5S84 [ 4 3=
SRR TR E AL A T S, dnperE . HR A 52
WALy, SEARRIREL A B H - R R R
TR (CaCO5<5%) B HL X S TR 24 193.54x10° km®, jk 4t

B 1 PR SR L AR RIS (1) R AR X )+ I CaCO AR T 5% MK, G THed
LA B R 4141 (Food and Agriculture Organization of the United Nations, FAO)H 5 +-Hesi s ™ (2) JEieth A X (oA i1 2 B+ 43¢
CaCO; T i /NT5%), X LEHh X Y pHI B FAO-5 4 th 44 [ b FH 2 52 /3 HriF 52 T (International Institute for Applied Systems Analysis, IIASA)fT#4

FEAY 5 4 384 & (Hamonized World Soil Database, HWSD)

Figure 1 The map showing karst and non-karst areas of China. The non-karst area includes: (1) The area with carbonate-rich soils (CaCO; > 5%)
which are reclassified from FAO (Food and Agriculture Organization of the United Nations) World Soil Digital Map; (2) the area without carbonate-rich
soils (CaCO;< 5%). The pH of non-karst area (2) is extracted from Hamonized World Soil Database (HWSD) created by FAO and IIASA (International

Institute for Applied Systems Analysis)
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B2 A A 6 DRI SE A 43 A1 (a) R 5 Vi b DX R BRI T A3 4347 PR (b), A4 -3 % Rk X LA S AR B A ok i X
Figure 2 The spatial distributions of carbon sink fluxes in karst area (a) and potential carbon sink fluxes in non-karst area (b) of China, including the

carbonate-rich soils and the regions yet to be limed
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Table 1 The national ranking of actual carbonate weathering carbon sinks of China

s PN fﬂﬁ#iﬁﬁ_ﬁéj[};ﬁi FIRIX ztm R Iﬂﬁ#?ﬁﬁf@[ﬁi PAF AR A
(tCkm2a) (km®) (tCa™) A (%)
1 Py 8.82 232816 2052889 11.67
2 pu)i| 10.06 197046 1982979 11.27
3 [l 3.03 647881 1965237 11.17
4 iilee) 16.09 107085 1722893 9.79
5 ) 12.05 132617 1598075 9.08
6 S 8.02 146715 1176839 6.69
7 i 3.45 327996 1130047 6.42
8 Wt 12.26 88012 1078677 6.13
9 i} 27.30 35716 974866 5.54
10 TN 25.12 35716 897081 5.10
11 R 9.83 52870 519866 2.95
12 IR 20.05 24469 490532 2.79
13 ey 9.26 40403 374286 2.13
14 U 18.98 16695 316786 1.80
15 Y 1.98 139692 277199 1.58
16 H 2.08 79521 165779 0.94
17 binyes 26.98 5578 150487 0.86
18 IR 6.31 23089 145741 0.83
19 1) 2.46 55450 136521 0.78
20 S 1.95 52322 102102 0.58
21 tfE) 6.36 14104 89658 0.51
22 b 16.46 4795 78904 0.45
23 L 2.81 27968 78724 0.45
24 A 7.33 4447 32590 0.19
25 BT 2.69 6900 18547 0.11
26 db 1.92 6540 12532 0.07
27 L 0.45 23972 10747 0.06
28 TH 1.24 7774 9606 0.05
29 K 3.22 904 2907 0.02
30 it 12.13 173 2096 0.01
31 lG3:] 0 0 0 0
32 Bk 0 0 0 0
33 HHE 0 0 0 0
34 ] 0 0 0 0
e 6.93 2539266 17595193 100

X AT DASE SN AN ZRIRER AL I A e 1K kel SRR AR M, 0 4 [ s DX XA AR T Y
P FEEP O MERERE . RICLIEPGICRER W )0 m v iE 43859 7 Mifile (23, Akl 38 i
AYHBIX . ETERRIRER AL Geit M AR A IX 1 554t Ckm 7 a™h), BB EEX O AEERIL AR 19292.2
HEE SRR I I, ISR A HRIR A, ARV X T e BRI XA A Y3 it 14 23 W] 23 A
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Table 2 The comparison between simulated DIC equilibrium concentrations from maximal potential dissolution formula and the measured DIC

concentrations of carbonate springs from different regions of China

Woos S ﬁiﬁ*iykﬁi&ﬁk SR KB T K SRR BRTEL A P B VT
HURE A DICH & (mmol/L) A DICH & (mmol/L)

JUPEHERR T R A R [43] 110°22E, 25°16'N 3.92 3.67
TP L 22 H A A R [44] 108°19'E, 23°29'N 5.85 5.32
JUVERINER AT R [45] 110°33'E, 25°10'N 4.99 427
TP R B RA T R [46] 109°20'E, 24°52'N 4.46 4.13
SR ML E IR LA SR [47] 100°10E, 27°00'N 2.15 242
AR AR T K [17 108°00'E, 25°13'N 3.63 3.56
BN S TR K [17] 107°41'E, 25°16'N 2.78 2.90
TSRS 5 AR [48] 108°02'E, 27°07'N 5.59 5.17
EPEARE F ML 7K [49] 107°47'E, 29°47'N 4.15 4.02
WALIE TN M T A R [50] 110°25'E, 30°26'N 2.50 3.27

a) FAPUETEROK ST KGRI EHERR 152 FIHERRIR 55 R R BV h KA B R AT A, IR T O S B 5 s B DICF- i e 2

N NIl i e il )2 I

HEE X, RINM LR 2= B A RHE, DR
AR DY BRI B fe R (E12(b)), T BRI ER 5
ARAE X3 X PR il BT R A 1 ).

2.2 BRERERINALRSHT il aRah R 1o b

FRIRAE AR T DX RE AU R LR 49 AR AE Ry 14 e 31
1T B BA BRI RS, (A7 SEBRE Bl H S X
— BN 2 X R R KL ML TR AR, T
fifp i — 3] FRAE BRI AR Ak P i Uk B BE B 4 Hb el
BHFRATT i R i B A A G VSR, AR BB T AR R,
Bk TR & 1 XAk A2 21 M AN 28 s R B9 i 3
HIU AR AR R I v T A BRERIR E XL BA T
S X A PR 2 B S R A R . g
WP A K S A it s s . 1 00, IR RS T BRI LR
TR ST 4 45 IR T 2 B, A TR TR I AR AR
Wk v A B IR I P AR (10~15°C) & k1
g P A O, Y, BRI DICHR BEAR AL IS B 245 T
RTH R R ERERER T  A A R R G
(]34, T A ) 7 A 2 Y A I I G 5 8 XA 7 i)
137 25 SIS DICH S (B R 2. 1813 (a) R T F [
A DX AR 2 4 MR A B DICHR B 7E Tl A
LA R AR RRIE R AR . B Hb . F b AR 1 b/ 2R
A DICH E 40 58 3.804 2.70. 3.51 71
179 mmol/L), 335 e T 15 il - PR AR A5 B .
DICH B FUR P il i 1 = —AN R, 4k
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— R R B AR B I TR AR . AR
BER T A S 4 T S MR 3 T
N5 AR A HURH L, Bt TS 3T BETE 7 A=
B 22Ktk (9 [ I AR s R DICHRBEE, TR HG ™ A A sk
T3 b T R 7. AT 3(b) AN [ - i ) P A RT3
SRR R, BRICH RS £ T
PR R/, ARl 1 DICH i & R AL
WAL= R PEAT T A - M 1 DICE
T LRI R AL T e R ER VAT B A D T 2
VAR 25k, DR IO R A il i R e LA F e 95
WS, 25575 A FREE N 3R B,

2.3 AOKRIRIERRARERRALRR N 15 )

IR = TE AR G A PR EPE R B b A B AR, BITE
20304 B I HAE 20604 a8 B H RN . (R, ASkFRE 7
T (TR R A YR T XF 4 3R Ak g e 1y A, 4 L2,
HOR BI04 BRAS 92 1) SR PR i T X R
7 L B AR SR G 48R T 3F 84
CMIP6HIBR & 4 1 . (ACCESS-ESM1-5. BCC-CS
M2-MR. CanESM5. CNRM-CM6-1. IPSL-CM6A-
LR. MIROC-ES2L. MPI-ESM1-2-LR. UKESM1-0-
LL) AL Pt 14 v [ A R & AAAE 5 I BTl 1t D)
KR XA R by KARAR IV 1 AR AR A a3
gEIRL IR, 20154E 2206085 145 H AT H ARAE, FoE A%
X AFFERRTRER A A T30 o mlofs PR o 4 kAR 1k
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Figure 3 The relationships between DIC concentrations and temperatures (a), and between carbonate weathering carbon sinks and runoffs (b) in

different land uses in China

BAINZY1 ¢ Chkm ™ a™', BABRICHS BT IR FE4E254 7 It
(F14.4%).  TEAEE 1 XA FR ER 5 A ARG I T 7
Hi DX A AT SR AR AL A B T R I, AR I B2
FFH697 T Wik (+18.1%). ARHEERIL A7 b5 HIK sh A
TForHr, FRATTHE—25 KB, AR 1 i)
PR TR AR B ARG, T A o 4 [l DICHR AR AL A 5%
M WU /0N, 33 ] 5T PR 3R 3 -5 COL TR R 75 bl Hh 1 55
G, LARALE XA e e verT o, AR 2
(R BRTR IR ER KL T M ALEE AT, AEIR /N T 4915°C
iF, P T i B R R ) BHURR S 15 A S COL 3800
FEARDICHR B Hh X i i 28 45 i Mo o7, SERASBETEAT
A0 7 55 R4 T 358 s B s 1 XA 5 5 1 3
ORI, TR R X R A T SR W SR AR A R,
Py - NP R B, SR S R AR R A AR, DTG IR R
ERRE T A FIDICH . 3 [ VG LA K AR R 38 AR 43 i
X 3R Bk 15°C, T A b i3 2 i O LKk

Zo A SR A IX, R T R T X S I X okt
(RS AL TR, AR A AR A T IR A BB B2 X DIC
Y JIE P55 ) 7 33K 6 1 Bl et [X A A/ N e £ T P 5
e PRI, SR 3 728 A 0o e P X A 084 iy
BAFHE I, A HAEIRE 3, AR DL+
i) FH AR Bk St [X SRR T (0 6. AR,
2 BN AKI T T 0 SR B R AT 0 AR 2 TH4F
R F R A A I BN DICHRIL, el Ak M e Eh
AR FEAY AR A XK A A S R G KN EA MRS
JN(DICT &5 S-S A DICHTE AL Y S 1 — A T B % [
(4% 7 ).

2.4 ARG IXORARER S RIS R S EASE
BOMAHT

KA IR BRI S 5 2541 By A W WL I 22 A
IR T-BEPON, SO R AR AL BRI T
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Table 3 The national ranking of potential carbonate weathering carbon sinks in non-karst (via liming) area of China

R P jFﬁiﬁ [Z(*ak?gﬁi)%_/[: 1Fzﬁ~?ﬁlzztﬁi Al 1\':‘7%?@ E«éﬁ_@?x’ EERI A4
WEECkm ™ a) (km®) ILEEECa ) i H(%)

1 taniif 26.36 131232 3459176 8.98
2 binyz: 26.64 116483 3103107 8.06
3 IR 18.56 152721 2834502 7.36
4 i 9.70 289086 2803263 7.28
5 i 2.00 1303790 2607580 6.77
6 Wi 27.12 74164 2011328 522
7 [iif: 3.62 554642 2007804 521
8 W e 17.89 104777 1874201 4.87
9 P 12.09 150393 1817658 472
10 NS 1.48 1093580 1619964 421
11 LB 12.64 123433 1560453 4.05
12 b 7.17 186176 1335374 3.47
13 IR 2.98 445889 1328749 3.45
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Figure 4 The long-term future trends of actual carbon sink (ACS) and potential carbon sink (PCS) under two different global change scenarios
(RCP4.5 and RCP8.5) based on 8 CMIP6 model outcomes. The simulated period starts from 2015 and ends by 2060, the carbon neutral year of China
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Karst-related carbon sink and the carbon neutral potential by
carbonate liming in non-karst areas in China
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The carbon dioxide captured by carbonate weathering is an important part of the land carbon sink. The karst landform is
widely distributed in China, and the karst-related carbon sink is of great significance to realizing the goal of “double
carbon” in China, so it has attracted wide attention. The development of artificial controllable atmospheric CO, capture
process is a significant measure to control the global climate and to tackle the greenhouse effect, and carbon sequestration
technology based on enhanced weathering is an important new direction. The carbon capture process of carbonate
weathering is sensitive to both climate and land use changes, and has great prospects for human utilization, but the control
of carbonate weathering carbon sink still be limited to karst areas where carbonate rocks are distributed. Due to the rapid
dissolution dynamics of carbonate, carbonate-rich soil in non-karst areas can produce carbon sink flux similar to that in
karst areas, so the spreading of carbonate powder in non-karst areas could be developed as an enhanced weathering
technology which may has a great potential for increasing carbon sequestration. This paper uses high-resolution remote
sensing and meteorological data and carbonate dissolution equilibrium model to quantify the karst carbon sink flux in
national carbonate exposed areas. To estimate the intensity of carbonate weathering carbon sink flux, the maximum
potential dissolution formula of carbonate weathering (MPD, assuming that the chemical dissolution approaches to
equilibrium), a NPP-based soil pCO, model and the common carbonate weathering-driven DIC carbon sink flux equation
are applied. The results show that the carbon sink flux is about 6.93 t of carbon per square kilometer per year, and the total
carbon sink generated in karst areas is 17.6 million tons of carbon per year. The provinces that generate the higher karst-
related carbon sink flux are occurred in the southeast of China, such as Jiangxi, Fujian and Guangdong, while the largest
total carbon sink is captured in southwest China. Spreading carbonate powder in non-karst areas may increase 38.59
million tons per year in China, with the highest carbon sink increase potential occurring in the southeast. Based on the
CMIP6 model, from 2015 to the 2060 carbon neutral year, the national flux of karst-related carbon sink increases by about 1
tonne of carbon per square kilometer per year, the total carbon sink increases by about 2.54 million tons of carbon (+14.4%)
per year, and the potential sink of carbon in non-karst areas increases by about 6.97 million tonnes of carbon (+18.1%) per
year. The model results further imply that the increasing runoff in China would be the major driving force for the total
carbon sink enhancement. Meanwhile, due to the behaviour of carbonate weathering intensity and relevant carbon sink flux
response to climate and land-use dynamics, the strategies to regulate the the future CO, sequestration (carbonate area or
limed non-karst soils) should aim at different directions. For cold area (7<15°C), the best approach to keep the high carbon
sink is to protect the natural vegetation cover or to reforest. By contrast, irrigation and catchment water management would
be the rational CO, sequestration enhancement approaches in warm area (7>15°C). This study shows that the negative
feedback of karst-related carbon sinks on future global climate change and the huge potential of carbon sequestration by
carbonate liming in non-karst areas will contribute to the realization of the future carbon neutral goals in China.

karst-related carbon sink, carbonate weathering, climate change, land-use, carbonate liming, carbon neutral
potential
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