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Fig.1 (a) Location of Dark cave and other paleoclimate records; (b) farming above cave; (c) vegetation-soil landscape above cave

Red dots indicate records used for comparison in this study
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Fig.2

(a) Photograph of HD12 stalagmite (black dots indicate dating points); (b) The age model of HD12 established

by the MOD-AGE methods™ (black dots and error bars indicate **Th ages and errors; black line. age median;
red lines. 20 range from MOD-AGE model); (¢) growth rate of stalagmite HD12
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Table 1 U and Th isotope compositions and *'Th ages of stalagmite HD12 in Dark cave
e By 227 574U [P*Th/U] BOTh A Th B0 4E % /a PThAEE (a B SPHUMIMATE
/%107 g/g" /X107 g/g WA TR L JRFH/x10° RRRIE AHXFF 1950 AD KIER"

HDI12-5 483 +0.6 417 +77 1325 =33 00039 000007 74 2 182 +3 109 +6 1325 33
HDI2-26 637 +1.0 482 +88 1298 %39 00076 =0.00009 165 =4 359 +4 278 +6 1299 %39
HDI2-55 553 +0.6 456 =110 1369 25 00098 000011 196  +5 452 +5 372 +7 1370 +25
HDI2-73 446 0.5 299 =119 1363 +28 00140 000015 344 =14 647 +7 568 +8 1365 2.8
HDI2-107 619 =07 310 9.8 1362 +22 00218 000015 717  +23 1009 +7 932 +7 1366 22
HDI2-160 692 =1.1 287 9.4 1381 3.5 00251 000013 998  +33 1155 +6 1079 +7 1386 35
HDI2-216 527 0.5 450 9.6 1436 =23 00323 2000027 624 =14 1456 +12 1375 =13 1442 23
HDI2-240 699 +1.0 231 81 1441 34 00360 2000017 1797 =63 1620 +8 1544 48 1448 +34
HDI2-270 702 +0.7 397 94 1402 +2.1 00401 000022 1169  +29 1831 +10 1754 =11 1409 =21
HDI2290 668 0.9 224 0.1 1441 29 00483 000019 2372 97 2175 +9 2099 29 1450 29
HDI2-340 665 0.6 284 7.0 1415 +24 00484 +0.00019 1868 47 2204 +9 2136 29 1424 224
HDI12-357 483 0.5 192 104 1440 =19 00515 000023 2140 =117 2323 +10 2248 =1l 1450 %19
HDI2-379 774 09 257 100 1410 +28 00525 =+0.00019 2605 =102 2397 +9 2322 49 1420 +238
HDI2-417 514 =04 799 102 1381 1.3 00572 000032 607 =8 2644 +15 2556 =17 1392 sl14
HDI2-430 651 0.9 734 93 1391 32 00585 000020 854 =1 2693 +10 2600 12 1402 32
HD12-487 627 208 314 9.6 1411 29 00633 000025 2081 =64 2894 +12 2817 12 1422 29
HDI2-515 532 =05 382 9.8 1415 1.8 00703 000041 1615 43 3214 +19 3134 %20 1427 +18
HDI2-523 420 0.5 277 +10.0 1447 +27 00727 000031 1817 =66 3280 +14 3202 15 1460 2.7
HDI2-547 751 1.0 354 104 1446 +29 00732 000022 2564 =76 3303 11 3226 =11 1460 29
HDI2-590 555 0.6 187 9.1 1429 26 00756 000025 3698 =180 3439 +12 3364 =12 1443 £26
HD12-626 898 +1.1 432 93 1451 28 00793 2000021 2719 =59 3576 +10 3499 =11 1466  +2.9
HD12-662 733 +0.7 339 6.8 1433 2.6 0.0806 +0.00023 2878 58 3 664 +11 3596 +12 1448 +2.6
HDI12-669 464 0.5 502 +88 1425 26 00846 000032 1289 23 33861 +15 3777 x16 1441 26
HDI2-693 512 0.6 421 9.1 1404 2.5 00850 +0.00026 1705 +37 3914 +13 3833 =13 1420 26
HDI2-746 742 208 266 +12.1 1444 26 00896 000027 4125 =188 4058 +13 3983 x14 1461 27
HDI2-790 634 +1.0 283 85 1436 =37 00916 =000044 3384 =102 4166 +21 4089 22 1453 38
HDI2-855 627 +0.8 311 =88 1471 +38 00984 000042 3272 94 4414 +21 4337 21 1489  +39
HDI12-901 631 +1.0 807 9.5 1448 =47 0.1013 2000050 1308 =16 4591 +25 4506 +26 1467 %48
HDI2:950 638 0.7 4552 +10.5 1421 29 0.1062 000071 245 =2 4871 +34 4731 £51 1440 £30
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Fig.4 Comparison of §"C records for stalagmite HD12 with

others in southwest China in the recent 2 000s
(a) FRO510 stalagmite, Furong cave, Chongqing™”; (b) SJJ7 and SJJ-300 stalagmites,
Shijiangjun cave, Guizhou"®; (c) HD12 stalagmite, Dark cave, Guizhou. (gray dashed
line. trend of change; gray column. Little Ice Age; two blue columns. Modern and Me-
dieval Warm Periods, respectively; orange column. Jingkang incident; error bars.

#Th dating points and +2¢ errors)
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Fig.5 Comparison of stalagmite §"°C records

in southwest China during 4.2-3.7 ka
(a) DA stalagmite 8"C and 5-point smoothed value **; (b) HD12 stalagmite 8"°C and
5-point smoothed value; gray columns mean drought intervals for each record at the
4.2-3.7 ka; blue columns mean two significant ecological fluctuations; red dashed

. 230 . .
lines mean event change structure; error bars mean **Th dating points and +20 errors

BT K—AVE R Al TR 2 A AR
SUCHEMARIMIE o PRt A PN 7 GE SR A AR IR AR 1L
28K (B AEZ 4 400~3 500 a B.P. jx— I Bt P i
S5 1E S A B G AR, A1 3 AT BB G ] g
T 4.2 ka53.7 ka F 4, ILA 9 Z: X085 , 51
TV Hb DX R AR AR O T AN
(e 8y o oy A X, AT e B — DA

4 %5t

I B TR HD12 7 55 29 A~ kG BE 2 Th 4F- i
9S4 IFIN 28, ARAR T30 BERN S a i) 5
SUCHE i 1 5 oAty A T AR AR LR A X
AT A E PR R X 4 750~82 a B.P. BYAEDS
FRAE AR ok . Hor, 4 322~3 526 a B.P. LA % 803~
82 a B.P. I BeAFAE A B35 19 8VC IEIm A , Uk 4

YRR 1 4 TR 40 ) & AR E 4 322~3 725 a B.P. LK
803~635 a B.P.. 5VHRIHLIX Z 4N 7 54 8°C Frid
SR —EL, B HD12 /754 6 C {HAE 2 803 a B.P.J5 %
i bk 2 E, RWIRR G R F S hEE £ oM
%, N H R A% DX A5 X — b X T 4 R
FH G50 S 80 g E3ERIR AL, R T AR
s AR . BEAh, R 5 ) Ak TV R R X 2
AN 7GE FEHAHIR S T 4.2 ka F13.7 ka S, BLHA
T S 5 2 IRl 555 A /K sl 2 5 | T 1P i e DX A
EBRGNR,

Bt BMEHITLRFHEFHRELEFHR
. @RI L K S M IR e ) B R R A S
WA PR R AW Bt B X F W
MBAZAE T F LR H B BT RE R thit
3R I AT AR AR B 6 A RS R, R AT VA

Todro
2% 3Lk (References)

[1] Yuan D X. Rock desertification in the subtropical karst of South
China[J]. Zeitschrift fiir Geomorphologie, 1997(108): 81-90.

[2] Zeng S B, Jiang Y J, Liu Z H. Assessment of climate impacts on
the karst-related carbon sink in SW China using MPD and GIS
[J]. Global and Planetary Change, 2016, 144: 171-181.

[3] Jiang Z C, Lian Y Q, Qin X Q. Rocky desertification in South-
west China: Impacts, causes, and restoration[J]. Earth-Science
Reviews, 2014, 132: 1-12.

(4] ZE¥%, TS, AW, % . VORGSR L X 7 B0 25 A8
SERR BT [T]. RS2 4R, 2021, 41 (2) : 680-693. [Luo Xuling,
Wang Shijie, Bai Xiaoyong, et al. Analysis on the spatio-temporal
evolution process of rocky desertification in southwest karst area
[J]. Acta Ecologica Sinica, 2021, 41(2): 680-693. |

(5] Feifg, sl X, 55 . rh L Sl BTy Il o 5 e 22
U] P EFR (D) - M ER R 2019, 49 (10) : 1565-1589.
[ Cheng Hai, Zhang Haiwei, Zhao Jingyao, et al. Chinese stalag-
mite paleoclimate researches: A review and perspective[J]. Sci-
ence China (Seri. D): Earth Sciences, 2019, 49(10): 1565-1589. |

[6] Zhang H W, Cheng H, Sinha A, et al. Collapse of the Liangzhu
and other Neolithic cultures in the Lower Yangtze region in re-
sponse to climate change[J]. Science Advances, 2021, 7(48): ea-
bi9275.

(7] WEERLXISC, EFFHL 55 . A FZIPRC IR I AR iR
MR AT F2 (0] P ERR AR (D) - R B 2020, 50 (11)
1643-1654. [Tan Liangcheng, Liu Wen, Wang Tianli, et al. A
multiple-proxy stalagmite record reveals historical deforestation
in central Shandong, northern China[J]. Science China (Seri. D):
Earth Sciences, 2020, 50(11): 1643-1654. |

(8] Hifh, XUk, ERREE, 45 . W A #F o CAEf U E A5



978

A

»y,
2

Eild

5424

[12]

[13]

[17]

A BAR 55 BE JEE (0] M ER B} 24 BE R 2016, 31(9) : 968-983.

[Huang Wei, Liu Dianbing, Wang Luyao, et al. Research status
and advance in carbon isotope (6"°C) variation from stalagmite
[J]. Advances in Earth Science, 2016, 31(9): 968-983. |
Dorale J A, Gonzalez L A, Reagan M K, et al. A high-resolution
record of Holocene climate change in speleothem calcite from
cold water cave, northeast Towa[J]. Science, 1992, 258(5088):
1626-1630.

Dorale J A, Edwards R L, Ito E, et al. Climate and vegetation

history of the midcontinent from 75 to 25 ka: A speleothem re-

cord from Crevice cave, Missouri, USA[J]. Science, 1998, 282

(5395): 1871-1874.

Genty D, Baker A, Massault M, et al. Dead carbon in
stalagmites: Carbonate bedrock paleodissolution vs. ageing of
soil organic matter. Implications for “C variations in speleo-
thems[J]. Geochimica et Cosmochimica Acta, 2001, 65(20):
3443-3457.

Li TY, Huang C X, Tian L J, et al. Variation of 5"°C in plant-
soil-cave systems in karst regions with different degrees of rocky
desertification in southwest China and implications for paleoen-
vironment reconstruction[J]. Journal of Cave and Karst Studies,
2018, 80(4): 212-228.

LiJ Y, Li TY. Seasonal and annual changes in soil/cave air
pCO, and the 5°C
temperature and rainfall[J]. Applied Geochemistry, 2018, 93:
94-101.

LulY, Zhang H W, Li HY, et al. Climatic and anthropogenic in-

bic of cave drip water in response to changes in

fluence on vegetation in southeastern China during the past 120
years inferred from speleothem[J].
2022, 625: 60-65.

Kuo T S, Liu Z Q, Li H C, et al. Climate and environmental

Quaternary International,

changes during the past millennium in central western Guizhou,
China as recorded by stalagmite ZJD-21[J]. Journal of Asian
Earth Sciences, 2011, 40(6): 1111-1120.

Zhao M, Li H C, Liu Z H, et al. Changes in climate and vegeta-
tion of central Guizhou in southwest China since the last glacial
reflected by stalagmite records from Yelang cave[J]. Journal of
Asian Earth Sciences, 2015, 114: 549-561.

Li H C, Bar-Matthews M, Chang Y P, et al. High-resolution 'O
and 0”°C records during the past 65 ka from Fengyu cave in Gui-
lin: Variation of monsoonal climates in South China[J]. Quater-
nary International, 2017, 441: 117-128.
PRiI4S, 3l o 1, 45 . AN sh Ak 1 e
PHRE O BRI TR ], P EBE (D) HBERFE, 2021, 51
(11) : 1950-1963. [ Chen Chaojun, Yuan Daoxian, Cheng Hai, et
al. Human activity and climate change triggered the expansion
of rocky desertification in the karst areas of southwestern China
[J]. Science China (Seri. D): Earth Sciences, 2021, 51(11):
1950-1963. ]

Walker M, Gibbard P, Head M J, et al. Formal subdivision of the

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[32]

Holocene series/Epoch: A summary[J]. Journal of the Geologi-
cal Society of India, 2019, 93(2): 135-141.

Weiss H. Global megadrought, societal collapse and resilience
at 4.2-3.9 ka BP across the Mediterranecan and West Asia[J].
Past Global Change Magazine, 2016, 24(2): 62-63.

Wang Y J, Cheng H, Edwards R L, et al. The Holocene Asian
monsoon: Links to solar changes and North Atlantic climate[J].
Science, 2005, 308(5723): 854-857.

Xiao X Y, Haberle S G, Li Y L, et al. Evidence of Holocene cli-
matic change and human impact in northwestern Yunnan prov-
ince: High-resolution pollen and charcoal records from Chenghai
Lake, southwestern China[J]. The Holocene, 2018, 28(1):
127-139.

Zeng M X, Zeng Q, Peng H J, et al. Late Holocene hydroclimat-
ic changes inferred from a karst peat archive in the western Gui-
zhou Plateau, SW China[J]. Journal of Asian Earth Sciences,
2022,229: 105179.

Jiang X Y, He Y Q, Shen C C, et al. Replicated stalagmite-
inferred centennial-to decadal-scale monsoon precipitation vari-
ability in southwest China since the mid Holocene[J]. The Holo-
cene, 2013, 23(6): 841-849.

Jiang X Y, He Y Q, Wang X Y, et al. The Preboreal-like Asian
monsoon climate in the early last interglacial period recorded
from the Dark cave, Southwest China[J]. Journal of Asian Earth
Sciences, 2017, 143: 39-44.

Shen C C, Wu C C, Cheng H, et al. High-precision and high-
resolution carbonate **°Th dating by MC-ICP-MS with SEM pro-
tocols[J]. Geochimica et Cosmochimica Acta, 2012, 99: 71-86.
Edwards R L, Chen J H, Wasserburg G J. **U-**U-""Th-*"Th
systematics and the precise measurement of time over the past
500,000 years[J]. Earth and Planetary Science Letters, 1987, 81
(2/3): 175-192.

Cheng H, Edwards R L, Shen C C, et al. Improvements in **Th
dating, *°Th and **U half-life values, and U-Th isotopic mea-
surements by multi-collector inductively coupled plasma mass
spectrometry[J]. Earth and Planetary Science Letters, 2013, 371-
372: 82-91.

Jaffey A H, Flynn K F, Glendenin L E, et al. Precision measure-
ment of half-lives and specific activities of *°U and **U[J].
Physical Review C, 1971, 4(5): 1889-1906.

Hiess J, Condon D J, McLean N, et al. **U/*°U Systematics in
terrestrial uranium-bearing minerals[J]. Science, 2012, 335
(6076): 1610-1614.

Hercman H, Pawlak J. MOD-AGE: An age-depth model con-
struction algorithm[J].
1-10.

Zhang HW, Cai Y J, Tan L C, et al. Large variations of 6"*C val-

Quaternary Geochronology, 2012, 12:

ues in stalagmites from southeastern China during historical
times: Implications for anthropogenic deforestation[J]. Boreas,
2015, 44(3): 511-525.



5533 LA SO SRR 4 7S04 LUK R 4 BE A 61 C il sk 979
[33] McDermott F. Palaco-climate reconstruction from stable isotope 124. [ Wu Songdi. The development of the population during the

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

variations in speleothems: A review[J]. Quaternary Science Re-
views, 2004, 23(7/8): 901-918.

AL RS , Stott L D, 55 . b 5T A6 A 55 500 4K (1
SPCIE S S AR SRR CO, W AR SR R J]. T E
A ,1997,16(4) - 285-295. [ Li Hongchun, Ku Telung, Stott L
D, et al. Interannual-resolution 6"°C record of stalagmites as
proxy for the changes in precipitation and atmospheric CO, in
Shihua cave, Beijing[J]. 1997, 16(4):
285-295. ]

Tan L C, Zhang H W, Qin S J, et al. Climatic and anthropogenic

Carsologica Sinica,

impacts on §"°C variations in a stalagmite from central China[J].
Terrestrial, Atmospheric and Oceanic Sciences, 2013, 24(3):
333-343.

Francey R J, Allison C E, Etheridge D M, et al. A 1000-year
high precision record of §°°C in atmospheric CO,[J]. Tellus B:
Chemical and Physical Meteorology, 1999, 51(2): 170-193.

Li HC, Lee Z H, Wan N J, et al. The "0 and 6"°C records in an
aragonite stalagmite from Furong cave, Chongqing, China: A-
2000-year record of monsoonal climate[J]. Journal of Asian
Earth Sciences, 2011, 40(6): 1121-1130.

Zhao M, Li H C, Shen C C, et al. 60, 0"°C, elemental content
and depositional features of a stalagmite from Yelang cave re-
flecting climate and vegetation changes since Late Pleistocene in
central Guizhou, China[J]. Quaternary International, 2017, 452:
102-115.

Zhang M L, Yuan D X, Lin Y S, et al. A 6000-year high-
resolution climatic record from a stalagmite in Xiangshui cave,
Guilin, China[J]. The Holocene, 2004, 14(5): 697-702.
LiJY,LiHC,Li TY, et al. High-resolution 6'*0 and ¢"°C re-
cords of an AMS "C and *Th/U dated stalagmite from Xinya
cave in Chongqing: Climate and vegetation change during the
Late Holocene[J]. Quaternary International, 2017, 447: 75-88.
Yin J J, Li H C, Tang W, et al. Rainfall variability and vegeta-
tion recovery in rocky desertification areas recorded in recently-
deposited stalagmites from Guilin, South China[J]. Quaternary
International, 2019, 528: 109-119.

RV WA SITE N DAY RIIT[I]. SRR A,
1999, 1 (1) : 55-60. [Wu Tao. The Jingkang Incident and the
southward migration of population in Kaifeng[J]. Journal of
Huanghe S&T University, 1999, 1(1): 55-60. ]

RN FRA IR R[], A S #F5T, 2001 (4) - 107-

[47]

[49]

southern Song Dynasty[J]. Journal of Chinese Historical Stud-
ies, 2001(4): 107-124. |

Cosford J, Qing H, Mattey D, et al. Climatic and local effects on
stalagmite 6"°C values at Lianhua cave, China[J]. Palacogeogra-
2009, 280(1/2):

Palaeoclimatology, ~ Palaeoecology,

phy,
235-244.

Park J, Park J, Yi S, et al. Abrupt Holocene climate shifts in
coastal East Asia, including the 8. 2 ka, 4.2 ka, and 2. 8 ka BP
events, and societal responses on the Korean peninsula[J]. Scien-
tific Reports, 2019, 9(1): 10806.

Kathayat G, Cheng H, Sinha A, et al. The Indian monsoon vari-
ability and civilization changes in the Indian subcontinent[J].
Science Advances, 2017, 3(12): e1701296.

TRIRER , A2, XU, 45 . BN A0 ST Sy e ATt AR
W 2 AR AR [T]. DU 2E 4R, 2023, 41 (1) : 196-205. [Zhang
Zhenqiu, Zhang Weihong, Liu Shushuang, et al. Variation in the
East Asian summer monsoon during the Middle and Late Holo-
cene inferred from a stalagmite record in Guizhou, China[J]. Ac-
ta Sedimentologica Sinica, 2023,41(1): 196-205. |

Wang J L. Mid-Late Holocene stalagmite 6'*0 and ¢"*C records
in Naduo cave, Guizhou province, China[J]. Journal of Chemis-
try, 2021, 2021: 7624833.

Peng H J, Bao K S, Yuan L G, et al. Abrupt climate variability
since the last deglaciation based on a high-resolution peat dust
deposition record from southwest China[J]. Quaternary Science
Reviews, 2021, 252: 106749.

LiuD B, Wang Y J, Cheng H, et al. Strong coupling of centennial-
scale changes of Asian monsoon and soil processes derived from
stalagmite 6'*0 and 6"°C records, southern China[J]. Quaternary
Research, 2016, 85(3): 333-346.

TR R RE LS. SRR 1 S TTAE LR i A B
Bl SAEIRETIC R[], HhERTE24,2004,33(1) : 65-74. [ Zhang
Meiliang, Cheng Hai, Lin Yushi, et al. High resolution paleocli-
matic environment records from a stalagmite of Dongge cave
since 15 000 a in Libo, Guizhou province, China[J]. Geochimi-
ca, 2004, 33(1): 65-74. ]

AL . SN BRI T 1000 4F A B BURFACE SR A 3R A fE
A [D]. F A 7 & YE K 2%, 2011, [Zhao Kan. Annually-
Counting chronology and the isotopic climate reconstruction
over the past millennia from stalagmites in Dongge cave[D].

Nanjing: Nanjing Normal University, 2011. |



980 o % R 428

A High-Resolution Stalagmite 6°C Record for the Past 4 750 Years
from Dark Cave, Guizhou, SW China
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Abstract: [Objective] Global warming may increase the risk of expansion of karst rock desertification (KRD) in
Southwest (SW) China, where karst landscapes are widespread, so it is important to reconstruct the evolution of KRD
in this region. [ Methods ] In this study, the regional eco-evolution of the past 4 750 years was reconstructed based on
29 **Th ages and 954 5"C records collected from stalagmite HD12 in Dark cave, Qianxi county, Guizhou province.
[Results and Conclusions ] Two significant positive §”°C offsets were found at 4 322-3 526 a B.P.and 803-82 a B.P.,
indicating deterioration of the ecological environment at those times. A significant positive 6”C record of the HD12
stalagmite at about 803 a B.P. persisted for about 290 years with an amplitude of 4.2%o, indicating expansion of KRD
in the area. The consistent positive §°C in stalagmites from several caves in SW China during this period suggests that
the large-scale population migration and climatic drought after the Jingkang event (823 a B.P.) promoted the expan-
sion of KRD in this region. During 4 322-3 526 a B.P., the positive shift of HD12 stalagmite §"°C values had an ampli-
tude of 4.9%o. The positive shift at 4 322-3 977 a B.P. corresponds to the 4.2 ka event, and for 3 777-3 526 a B.P. it
corresponds to the 3.7 ka event. These two periods of drought are also reflected in several stalagmite and lake records
in SW China, suggesting that the weakened Asian summer monsoon and reduced precipitation at those times may
have caused a large reduction in vegetation cover and severe soil degradation in the region.

Key words: stalagmite §°C; Late Holocene; karst rock desertification ; Southwest China



