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HE AHENEREL, TEFHELORREFEN A ELEREREILERZ, FETRNETMESR,
R&ETH AT EZRT AT E AR 2T AR REPSIE S, RASMONFEMNRZEERETELAE, &
I T HE130kyrbl R H 0 RN G EME T E/Call R, LA4HARUNFRARER—FEFELILTREHEKEN
OCCITF A L4, K IPSIFE #Mg/Cals AT Bb 4 Z LR B X 38 e A L. % T4-## a2 % L, PS1
B EM/CaFis "CIEF 58 +-H L EFFMARFTREE %, HEAE FEIH EZREAE EMISSe-
MIS5c-MIS5a-MIS3 [ B & # k>, T Jg EMISIH B R 3 m. ¥t —F oM &H, LFEHREEAHES B LK
KEREX130kyrkFEHXFTEENRAEETMHWEERGHE. AHREL, REE XK@ FEL T
Bl B AR (£ FE )B4 E R E R ARFICER, o UAE LR IE.

X820 FEMETE/Ca 6°C, T £130kyr, FEF, EZREAE

Cheng%, 2016). 4R1M, KT RWFEMIX A HE O
e R S, UL AE N AR T H 2= X (EASM)5i#:
FEk FK BRI TR R a8, hA7FAE 4 i (WIPausataZs,
2011; Tan, 2014; HuZ%, 2024). ZEARNHARE L,
I 2% 30 2 XU IX o 7K sk B 2 X 5 (1 i 7 L A [X 3 22

1 5%

TR —Fi5, FHEERE, b
SRR PR R B2 02, THO TR & AU
RT3 B2 0 6 B2 4 2 — GREE%, 2019).

R R A (0" OV Iy A 48 i AT 9 v P
BN AR FE bR, AR A E 2 ARk SR
Sk R LA T VR 2 08 B B9 ROl (W Wang&E, 2001,

SR, TR A 56 00 T B 23 e Kk — Sk, — %
I JETEIR G W R U R R . BT, Tk 2L
AR 2SI BE 73 M1 45 S (Ding%%, 2008), i 52 KKK
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W HA PASR Ay Bk B 0 36 (Rao%s, 2016; Zhang4¥,
2018), TREE S AEBE RIS B (Dai%s, 2021)3) B,
Hh [ 2R S 2 XX ) B 2 P /K B A T 0 35 (1 2 1) 22 e
(U= AR R SRR L oy AT b ). SR, A L 3R AR B [
R, P EREHZERX A% 0l R I Kk
— U2 AR RRE (Yang®%, 2014; ZhangZs, 2018;
Liu%%, 2020). feAb, FE7 SRR A K A TR (G4 A
RLZEMISSHY BY), A E AT 3% il R E AL H
MIS5e-MISS5c-MISS5a 2 B Btk K B ka4 (WiRao %,
2015), Tt [ b AR 77 47 250 P O1d AR IR 3N I Ffy
Btk 2L 3 Z (W Wang%E, 2008; Cheng%s,
2016). HEEEE, EPUERRRE E, PEAEA
%6010 T R B 2 (11~23kyr(1kyr=1000years)/& 1
(WangZ%, 2008; Cheng%, 2016), 1 #4677 % +-- & +
R E RN L HEASM MK B0 5 0 £ 3 2
~100kyr & #(4iSun%%, 2015; Bao R, 2023). 4R, L
R AR 7S 2 T AN [ b X AS R ORR A ik 2 [ 1)
SR, dn [ A 7 X 8 A0 SR T i X
SCOTLIIN b, —J7 T, HHTFTIR, X e X ) K
FEXTEASMARA I RAEAEAN ], 53— 07 T, AN [FEYTR
AR AT IR B AR AR DS I 0] 2y e, 257
R XTSRS L A A e . R
Hh ]G 7 X R KR O A S T DA S SRR e
EASMBEFE AR 4R /R 83 (WILiuSE, 2015; PRERLE,
2016), HHW A E A F A S F A, AR T E
rh B FE 5 X (A0 Wang%s, 2001, 2008; Cheng?¥,
2016), AL L ILDUIEHLIX, f8 5087 55 VK- ) VK A
7] RS (R A 50 O FIE A £ T,

BT ERIAR, LiZ5(2019, 2020)% 7 632 BRI (K]
la)JFJ& 7 W AEIAR IS T 72, 2 BRI ORI it
FgE R, JoH R E 38 L s R (CLP)E 35 H A K30
RS HLEL 12+ R R dho it , MG
556" CHE AT 3 T BT R M B K B AR AL, TR TS DAY
NI HREASM /K BRI T S FR bR, BB, ik
130kyrPASK, BT M7 4F 1) & HER IS BRI PS 1 A
%16 0/6 Cit F(K2af2b), 1% THE-#5Em A R
FE L, B AR R AR — 8 (B K AR
e b, RA BE AR (E2aM12b). 1M 8 B4 4T
iKW, PS1MI6"° 010 T B A ~23kyril % 2 L 45 4
1, TIPSTIS CIct s M B AT ~100kyr [ vk & 4% FE 1.
FTIXEesE R Lit%(2020) A %I A # s O 1l figid

Sk T EASMARAL IR, 1A REAE N i EEASMBE %
AL a0 HE AR, (HE, ARG A 86 CIeFAMY
i o - DX 3SR IR AR A, 1 5230 7T L X Sk ) S
A I R (A JR BB K SC . R R - SRR . B R
HI G TTA S8 ) 52 M (U0 Cosford4s, 2009; NovelloZ,
2021), M5 85 AE A [ b X ANAS [F) B () R BA
ARKTERE L. B, N T 8RB ERIFPSIf56"7C
W BORIGE, R ERHAF 25X EKE
FHISHIFRFRIC L, SRXt E A BF 78 SR LAGIE.

CF KEM AR, A FMEICR/CaltbE Mg/
Ca. Sr/Ca. Ba/Ca)BA [ WA [E] A [a] R _E/K A
A4k ()3 71 (W Fairchild fi Treble, 2009; Zhang%,
2018; Liu%%, 2020; Li%, 2025). fEAHEHERES,
TR JZ A v R AR B BROKE SR — R A
HAML 25 A, Y] RER IR A A RN K Hh A TG 2/ Ca
FAf; o HIX Seid F2 (R R A8 vl e S B T &/
Ca 2 IUAF H) AR AR 2 (U Fairchildfl Treble, 2009;
ZhangFLi, 2019; SliwinskiZs, 2023). i@H AN, X
K LA 3 B e U 45 i R A S TR (PCP) A/ B
K-FMHEAEHWRDIERE, A HMEICR/Call
fi; HET5RA4% T, PCPAI/SWRIMEHHE58, SE0H
JKAA S R i 0 3R /Ca Tt =i (U1 Zhang %%, 2018; Liu%s,
2024; Fu%s, 2025; Jia%s, 2025; XueZs, 2025). #R1f,
] Hp A R T A 3R A, TR SRR, SRE T
IR T RENIGIN, B [E P WRICR 1 5
DA K 51 e R 26 Tk T RD () PR B A VA A, X MBR R
LA 5 BOZI A P T R /Calb 8 1 7 = (Wang %5,
2022). e, 78 EHE T OCIEI RE  = AR K
MR E )RR, TR X IR K &R D25
FORT 7 IR T R N DR RN B T AR R
VRS, RS A% IR K Mg AU B 32 4F N [%(Cheng
45 2022). Ak, £ FFMg/Caid B AT REZ H = & MA
WREAR— B AR (Chen, 2025)8KPCP 5+ 358/9E 45 14
R TG E N BI3E [FRIE F (Oster%, 2020) 520, HE 1T i
N X IR K AR, DR, R C R /Caltb (i E
i FHR R AR ALy s e b B R RS I
H, X bdsgm R R gEE o, AT — P
HAFMEIGER/Cals KRR R Z AR R,

Rk, A LU B 46 5 9 F 11 15 (PS 1)
FFNFEEF TR, FIHZ IR0 T Bt BLis
iE, XHIFR S RN ET RS o, s
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B 1 BRESHEMPSUA FER-FERE
(a) OEAARRKRBIKNE, SEE N> HNARFRALIEBanE, 2018). FIGIH(Cheng®%, 2022). [ iF(Huang®%, 2022)F5RKI(Zhous,
2009), W {5 1545 BT IR T FI H (SunZE, 2015) HEEEFITH(Chen%, 1997, 1999; RaoZ%, 2013)A152 8 i 5 4% 2 “Be ff) A% 7 I (Beck 2%,
2018), FOFHAR T E R LMADRGL (b) PSIAT AR B BRI, o DU/ G 66 [ BB QR AR A 45 AR 72 B KR Thilk e s O 4R AR

(ZEFFRLT] F L%, 2020)

CUR R ks AR, 5 T LB ERIPS 1A
%130kyr BP(BP=before present) LK IMg/Ca. Sr/
Ca. Ba/Ca. Al/CafIP/Caicst. [EF, TR
RIGISE B, 456 E R RINE S PRPSIA S Cit
SR (LiSE, 2020) R AMAE S B MR %, BAE: (1) B
WIPS 1A 55 &k Je & /Ca tb I AR I S A A B 4R R
B (2) 2 PIRUFPS 1A F il E Tt R /Caltb A 2k
R XK A F— A% CIL R KRR, 3) ¥
P3RS BRI A 9 22 46 AR (0P C AR JE 2 /Calb i)
053 5 7R 2 XU DX (At I R At TR R R 4 b i
S0) M AERI A D SR (B F R PR 5. ABkvkiE . P
AR S BEAT X b, FR T H [ b 77 #i X 130kyr BP LA
ety SAEARA I BN 17 AL

2 PR ARSI
2.1 BEHRWFAFPSI

BERIF(38.26°N, 113.73°E, ¥k £1974m)hr Tk
BRFENTFILEING 28R, ks & E R
Z X (KElla). 1% EEE A B (~10m), DL EFERL-
THBLAZE . KA EMASFRKERNEin
&, 2017). 37178 B # il e v o AR TR 7T
R R T T N il i =) P R W S el N = S M3 4
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8~11°C, T HF K & £1650~690mm(Li%%E, 2020).

BRI DB, K Z1100m, AEGEERE. A
WM (201244 A 22014464 ) &5 R EoR, TH
MR (T BONFSE (~9£1°C), Bl TR AMFE-F- iR
FEs I AR B (RH,,) TR FFTE99%~100%.  AHXHE 5E
(0 T, AR H . U5t B B2 BRI VA P 20 355 A 6 3 AT (L1 55,
2019). PS1AFKE TR, 5K 21122 3cm,
AR BN [EAE . 54D U-Thg 45 B 2R, PSIA
KB T 130kyr BPLLR. (H1Z A F A7 7E YA DR ]
3R BLEZ1119~109. 101~95. 74~59F133~14kyr
BP. X e [a] i BOK B0 B T-MIS5d. MISSb. MIS4
FIMIS2(K 1b; Li%:, 2020).

22 itk

AHIFFE R FH A 2223 KT A0 BB 5 0 A 7 256 PS
FEETCRIATINR. TR R R
25, VPS4 5 A Kl A4mml ] BE A BUK R RE B
FE A B 2)300ug, BT 158 H2%HNO; M 2% B 17K
Peid B i, BEJE, FH2%HNOS 78 /3 VA Ry A RE
i, JFERZEI0mL. FEFEA S VARG, 40.22umEf
A JE AR v, g FHUS I, A% Cay Mg, ALRIP
T [P0 FEE A Fh i K 2 v ST 7 rp O T R
TR R 1A (ICP-OES, Spectro Blue Sop)5e il
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R, BaflISre 2 (13 5 I 7 VL 78 ROl K 2458 i H Jaoth
EE B TR (ICP-MS, Thermo Scientific)5¢ Bl
. FRHEECR F E A 4 )8 X BT IR Hr i
Hb A P2 1 Ca(GSB 04-1720-2004). Mg(GSB 04-
1735-2004) M1 2 TR IR G W(GSB 04-1767-2004). K
2B 8 204 FF S 48N — A B — AR ARV AT AR
HE. RS BT I P Y AN E /N T2%. SIS
PIMg/Ca. Sr/Ca. Ba/Ca. Al/CaflP/Calbff =
R
AR TG FR/Ca b B B F 3 I 7E 17 22 38 8K
FEAL RS E R, EHBOLE ST R R
(LIBS, ACCULIBS2500)i347 7041, Iiak20 3R 1k G
T () BAFIEE R EAKCEE e T s A R
an 2R, RS TG R TR AR (2) X
AW I T I AR R AT BE R O AR K i) DL
0.3mm¥) ¥ (8] /p FrE ATl (3) E%%%%%Eﬂ*
SRR B IE RS, 18 MaxLIBSH
SREUDGE S, JF4REMg/Ca. Sr/CafliBa/Calbfl. i%
HCa(Il) 373.69nmfE NCast &K WArihzk, Mg(1)
285.21nm. Sr(I1) 407.77nmA1Ba(1l) 493.41nm%} 4|
VEJXS B TC R HIRFAE G2k, S 243 45 R v pi i 47

200K M- 30ME. VELR IR0 SRR 35 1 B T 2 1 4=
EEZE(2018).
3 4R

152 TAE-PUBR R RE b, T WF 553k 43 1)
f1%Mg/Ca. Ba/CaflISr/Cait 3 2 [F] 43 7] 2 B H KA
—BUAR LA (B 3 SCARST). #E130kyr BPLLK, £155
Mg/Ca & 8l i A MIS5e-MIS5c-MIS5a-MIS3iZ i /],
B J5 AIMIS 13 i a5 (El2c). MHEEZ T, f15Ba/
Ca. AlCaflIP/Calf KIHA B F AN 55, (HiX T
Z L HAEMISS . MIS3FIMIS 1 8] ) 22 A7 AT DA W
#H3|(E2d~2f). FEHF-ZTENERE L, AHEMg/
Ca. Ba/Ca. Al/CaflIP/Cali./sH 2 R FIFE B A 25
ThE, B4 122.8~120.6. 107.6~107.2.
104.9~102.1. 81.5~77.9418.4~7 3kyr BPI[aI(&2). £

4 Sr/Callll I H AMIS5-MIS3-MIS1, 2% 3 0 js i /b
M, H1E2%130.3~128.8. 120.2~119.3.

77.9~73.5. 59.2~58.2F113.6~12.9kyr BPHIE], H I &
ETFERHIE(E2g).
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E2 BHREPSIFEZ 0. s°C. HEBTESCalblEl
Bt Al A AL 5

(a) PSTFA F 6" 010 (Li%, 2020); (b) PS1AF6"°CITF(Li%%, 2020);
(¢) ZETFLIBS(K 1) HIICP-OES/MS(4I.{1) J7 ¥ 5 M g/Cait 3; (d)
FFLIBS(JK () FIICP-OES/MS (5 ) J7 72:0 52 [{Ba/Cait 3%; (e) £
FAVCall; () F197P/Cailk; (g) 3£ T-LIBS(K () FIICP-OES/MS
(I ) 77 500 %€ 1 Sr/Caid . % B AKX R ZRMIST. MIS3.
MIS5a. MIS5cHIMIS5e

Sr/Ca
Sr/Ca (x107%)

4 g
4.1 PSLF Frp i SuR/Ca b B iR IR XL
N HIPS 14 55 Hh 2% Bl s 2 /Ca LU (L T S O 3G

[FUE S, FRADHBEAT 1 ARSI 73 8 (R 1) R £ 84y 43
Hr(fESY). FRmrathrd R E7R, H—F 5 PCl)
e T BT Z1157%, H i Mg/Ca. Ba/Ca. Al/Ca. P/
CaNIETTHR, Sr/CayfioTlk(FEIST). #4454 Sr/Ca
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#1 PSIA%Mg/Ca. Ba/Ca. P/Ca. Al/Ca. Sr/Caflls" CHIM M4 Hris 2°

FEbRidsR Mg/Ca Ba/Ca P/Ca Al/Ca Sr/Ca s"c
Ba/Ca 0.55"" 1
P/Ca 0.54"" 067" 1
Al/Ca 0.49™" 0.22™" 027" 1
Sr/Ca —0.66"" 035" —-0.40"" 042" 1
s°c 055" -0.15" 030" —022" 024" 1

a)***p<0.001, Mp<0,01’ *p<0,05

5 H ARG B 70 3 /Callb Al 2 1B I U DG R (R 1), LA
H TG R UAE AR IR (B 2e~2g), AKX TR
o AW AT S, 55— EFEMg/Ca. Ba/Ca. Al
CaMlIP/Ca, 3 —2H HSr/Ca.

W, AFMEIGR/Call [l 252 2 i H & 15
Wi, A TC R A FRIECR S 4y B 3R S
JZ)(Fairchild fl Treble, 2009; Zhou%s, 2009). # 2 &
W B 7K SC i R (I PCPATWRI) (41 Fairchild #l Treble,
2009; Zhang#1Li, 2019; Xue%s, 2025). N = <iRE
(HuangflFairchild, 2001; Duan%s, 2024) LA K& £ £ K
HEF(TanZE, 2014; GaoZ, 2024)%.

4.1.1 Mg/Ca. Ba/Ca. Al/Caf{IP/Ca

CUEREFUR B, 7R K UURE b R 2k 1 ok F o,
Mg 1 53 TiE 22 (D) 22 B U B2 T+ 11 1 K (Huang F1
Fairchild, 2001; DuanZ%, 2024), H.2~3°C i 28 1k 3
wWEASEHTMATMgS B EZA15% 1481k
(Huang A Fairchild, 2001; Warken%s, 2019; Wu%E,
2023a). SRTM, WRFEXTEIREHBa. ALFIPH 4 BL R 2L
HI5Z M7 IR (Roberts®%, 1998; Day#fllHenderson, 2013;
Tapia®%, 2025). fEPSIH %, Mg/Ca. Ba/Ca. Al/Ca
FIP/Caiifh b 2 I —EU AR RHIE, RFIXLEITTERIL
B ] B SZAHAAIA B R R (45 1) (B 20~21). Xtk —20
7R 7R T X PS 147 5 Mg/Calf) 5 il GERL /D, B 5
P4 % Ba/Ca. Al/CaFlIP/CaZB AL I K 2 B A [H] 17138
R FR. [FI, BERIE A IS R RoR, 12K K
REF, IR K Mg/CaZB A0 I 3 ZE R R (M
SEOCARS2FI M EIS2). hAb, i KPS 1A HMg/Cals
B 4675 3% -1 4587 51 HbrG DG Ts H 4 (1) 4F 1 35 il
FE il sk (Tangss, 2017)#ATX AT, RIMAEMISS &
MIS3JH[E], £ 55 Mg/Calf) A6 F 2 i BN E AR
Y5 1 74%; 1MbrGDGTsH 2 [ fEid % o, MISS
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1R 1 B v R P (~21.9 C A EEMIS3 HA 1] (~19.3C) iy
H~2.6 C(FEIS3). Zia LA LiRdE, AR EE
i BEPS 140 i Mg/Calf A2 L.

— AN, FET B RA T, AR A
GG, FECRIEAE A S RCOMKEE PR, [FIRE, FEK
IR RUKE S KRG BN A, X
FES LR K COL A FIPCP, F& 3300 F e
TG /Cath i 7+ & 16" C 8 ff B (W Fairchild fl Treble,
2009; Xue%s, 2021; Li%%, 2025; Jia%%s, 2025). 4R, PS1
1% Mg/CafliBa/Ca'56" C2 18] 73 il S B Hy 535 1) 471
FRKFRERD). X —IFR TR 5PCPIE X HILA R K
T AR B AU i A O (Wang 5, 2022). Bk
ME, ERESEE T, DIRR AR AE G5, 2
WKIEEE 2 LIRCO,; BiJG, & & =ik EECO, MBI
K I e R FLUAS PR v o, (R T B IR SRR
i A L PCPI R AE, I T Mg/CafliBa/Calt
{H(Wang2%, 2022). [FF, W@iE M N E 2k 6 CI
FIECO M, HFPS1A 6" CH B fhi 7 (Li%%,
2020). F5k b, AT TE 45 R TR, N = SCO,
WEERARIBZER . AT R RE (B
S2), XL HE T LIRS N AT RE K A PCP
TERRIIRE. BbAh, fEIRIESE LT, BEaRMWRIRL
A AF AL [B] PSRN HE S s v S n, 2R
PRAF A H o 2 Ml B T R N 5 (Wang®, 2022).
T L2 BRI K (IR 0 45 A R B oR i, K
FIE TR IR 2R R S, BT AR
REAE (B EIS2). BB EL 12, PSTA FE u & /Call i
(AL 3 51 T R (WM™ . Ba® )k B AR b A8
AR FE — S0P RIS 4). I BB IE 45 4 3% IR 7E BRVE S (5% 2%
R, SR WRIZLZ n DL i 38 i i &2 o R IR L,
= A FMg/CafliBa/Callb e, 2 IRA.

SRR R W, A7 55 A ALFIP 32 B R T 168 8 ik
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gy, FHEETE R G LI P Rons sA B A i E T
#(FairchildfTreble, 2009; Fortes%, 2012; Sliwinski
4F, 2023). YK EBANBEIMN, £15 HAIPIK
B UL S Al/CafIP/Ca b fE thBE 2 Ft =i (Regattieri %,
2016; Belli%s, 2017; Chen%s, 2021). £ [ -2 T4}
FRPE L, et 2#9122.8~120.6/181.5~77.9kyr BP,
PS 1415 Al/CaFlIP/Cath AN [FIFE FE i Bk b =84 hn (1
TGS B R SCARS3)(KEl2ef121). [AIS, H130kyr BP
DAk, fi%Mg/Ca. Ba/Ca. Al/CaflP/Ca¥éfk | &R
AR AR 3 (B 2e~2f).  IX LA AR SE 1 35
T 4HL 4 1 N A A B PS 14 55 Mg/CafliBa/Ca?Z 4k
E BRI &K, Ak, f££1125.9~122.9. 80.410.5kyr BP
SAE], PSS Thlk B B % sl (Li%%, 2020),
Kt — D UL R K TR BB A
. BEREPS A i & Ju 3/ Ca LB I A2 4k v] RE

257 LIERE R RN R, X — WS AR B T A E R
77 T TCIRBAR W 45 B (Cheng®%:, 2022) AL 5 A7 €3
F I E T LA B (Ban%E, 2018)(El1a) I kF, =%
Bifsh A F P MELRS RS HIEORA B EKAR.

ZE L RTIR, TR SRR T, ORI WRISE |

DRIV Y0 3ok M 5] A2 IR PCPAE FH DA B L 38 T R N ()38
hn, F:FEMERE T PS14 % Mg/Ca. Ba/Ca. Al/CafllP/
CalbfEMTHE. HER: (1) HTARMEITE/Call
BT DX 3K S G P v S ATL | AR BB A 2
(Regattieri%, 2016; Wu’%, 2023b), Pl B #0) A E %
ST TR T i T R /Caltb B & ik, FREIREUE
PCl, WHESHEILLIBRME S, (2) LIBSHIER
Mg/CafliBa/Callti BA = fE EE M (=0.64, n=3677,
p<0.001), H¥EIET = HFHHERPIPCI(HRE LT %K)
81.8%) S BLIE 35 1EAH 5K K R (rvg/ca=0.90, n=3677,
p<0.001; rp,c,=0.90, n=3677, p<0.001). iXLLkE F {50
17> HER Mg/ Caid % 5 F [R) F J772: 3545 i) Ba/Caid
AN —EL (3) FETAEES T ALIBS BRI 7 153K 15
fIMg/Caid % B HH KM 5 25 &5 T Ba/Ca(ryg/c,=0.73,
n=3704, p<0.001; rg,c,=0.27, n=3680, p<0.001), & W £
RO, BRI BT A Mg /Caid sk B A
i — 2, JUHRAE 2 T - PUE R A R F(E2¢).
[Rlt, 75 SCiHe i 3 2 PAPS 147 - Mg/CafE 4 Je it [X.
B SCSARARACRE R BB KO R Ar; L AR B
mARA M KERZ, WEBRARRAG A KE

4.1.2 Sr/Ca

RS2 (Huang Al Fairchild, 2001)A0147 455
045 5 (Tan%%, 2014; Gao%s, 2024)FE M, B 115
AR TR BN, Dg AT 5 St/Calb (iR Hi A &, 1
#1130.3~128.8. 120.2~119.3. 77.9~73.5. 59.2~58.2
F113.6~12.9kyr BPIH[E], PS147154Sr/CaflA: K iR 2
BES T (P ES3). X ATRe & TR A FAEK
T RIS G N7 A kg T R BB AR PR A, (S
B T2 AR RS> I 25 o 478 3 47 25 (A0 Pingi-
tore%, 1992; Bao Y Y%%, 2023), MIifi G804 % Sr/Catt
EF.

SR, EMIS3[A]($R59.2~58.2kyr BP4}), £1 554
K AN Sr/Catt — 2B I S I HE I 17 AR AL R AIE (B
KIS3), XA REHHMESIHIAA K. KECLPE IR
FAAF ARG A = (E la) R FE R, B GBIk
JERFVE ) K S0K 24035 Bl 2 45 )R 5 % 1 5 Stk 2
AISr/CaE AL (1) B [K & (Zhou”%, 2009; Huang%%,
2022). HHZ b, BERIAL T CLPARERIAZIX (K 1a), A]
Rt 2232 3| FIRSMES . [FI, #4PS14 % Sr/Ca
5 CLP G # hy YR AN 3 38 1 1 1) 38 P 33 AR il s (O
e IRV ASORE MR X 1) CLP i 14 1) JR R 2R TF 4 2= XL i
£, Sun®F, 2015)#47 X, KILAEMIS3 (B
59.2~58.2kyr BPAM)FIMISS-MIS3-MIS1 ], X&kid
SRS AR FLAR AP ES3). i ik — 2D i B 4R IE
A2 AT BRSOk AR 1T B2 T EUPS 147 4 Sr/Cal il
MEERER. A6, BT O FTT A de A 25 4 A
D AN, A1 5 H SO 7 il A 58 5 B A] Be i St/Ca
Eb{E (Wassenburg®s, 2016; ChenZ%:, 2021). #&1f, PS1
i F X R AT (XRDY P o A 46 o, 2
ali v 7 R PR IS S), Tk B SO R fif A 28 B
FFSH/CalfIszma A IR, K, PS14 5 Sr/Calf )28k a]
Al 32 B2 S AR K R RN KSR 2R Vi B 1 R s

4.2 130kyr BPRUsRH [ b J5 2 MUk 2 AL s s

VB I W X 3805 30 B K A2 A R bR I PS 14 %9 Mg/
Call kiR, ZIX A %K E HMIS5e-MIS5¢c-MIS5a-
MIS3P Boiz ik b, B Ja MIMIS 1| BUZ T i 3a).
1M H, PSIf1%Mg/Cait sk fix — KRS, 5%
7 — 1 55 H B B0 2 X% K B R & st
SR — S (K 3af13b). T EE L THE-5
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Bl 3 PSIAE#Mg/Cait 5 HEM i Iz Faf b
(a) PSIAHMg/Cait F(AWFF); (b) PSIA %S Cit F(Li%:, 2020);
(c) YR LRI MR A 260 3% (Chen %%, 1997, 1999); (d) Ezﬁ!ﬂuﬁm
TP EHLBERR 216 CiE T (Suns, 2015); (o) HT 52w %
2"BesE B E A MK EID T (BeckSs, 2018). WM EHMAEAH
Mg/CaTt s ClR Bt K S AR A S Mg/Calii/ b Fls P CH IF

R

TR A R EE |, PS1/ % Mg/Caflls Cid R H 5.3
M F AR AL A8 AR, BARTI 5, 7E£9128.8~126.6+
122.8~120.3. 108.7~105.2, 102.8~101.2.
91.0~88.9. 83.3~77.4. 59.3~56.9. 55.1~50.9.
48.4~42.0. 36.9~33.5. 13.5~12.5f111.4~5.5kyr BPHj
], Fi%Mg/Call i flo ClmE; e At B, A%
Mg/CalA A1 Clf 1 (E(3aF13b). B ERIAPS1I A % Mg/
Cafllo Cit RAE KWL 3 R 7 _F i — 3ok, A
At B BB BRI X 38 A 2 R K 32 B 52 4% T 2 R Bk B4R
th, Wt — 2P uEsE 7 = F ] DAE N e e [ 46T 22
K% 7K AR TR B R A,

TEEIE RS TR R B, FE b7 3 b I
1 2% FhAR FH F8 AR FH K P8 7R EASM i 5 B [ /K & 11 AR
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1k (Sun%s, 2015; Beck®%, 2018). filhn, ¥4 3K
Tl Ak R0 T R S W BRI 25 AT A FH T Bl P 8 M
PE Y, BEm e R K E S EASMBRIE,
CLP V4 535 G 30 TH1 1) 150 70 HE R A 2 45 S (E13¢; Chen
251997, 1999; Rao%s, 2015). Rao%5(2013)3E FiZ%#
AT HUTR RS2 B 623 (6 Croc) 16 b FL 2 AU A VUK 0
B AEKECR TR, MMIS3ZEMIS2Hr BB /K% i
Wb, HARRZEE N SRS —5, 5 3
FF T AR A NEASMSK S8 PR AT {5 BE. EAh, 17
T CLP VG &5 i v TR R3320 1 1 b e LR R 257 26 C
0335 (P 3 d) St o I 2 ) 4yt A 2 8 A8 A i o7 80K,
BN AT DL BREASM [ 7K 4546 (Sun®%, 2015). fifi
G, BT g R E B e e K SR T g 3
WRICHRAE, EXOPHE ¥ RS P i “Be s B HIE &
B E AR R 3e; Beckds, 2018). HAFHEE
[, X6 = BR { CLP PR 1 = 7 P eid sk (Kl 1a) 2
N AR K AR 4 AMISSe-MIS5c-MIS5a-
MIS3H B, EASMPBE/KEIZRET, 2 5 ZMISTH B
XA P hn(E3).

[AltE, E130kyr BPLLK, 2 EKIAPS1A F I Mg/Ca
Mo Citak, 5CLPTE#SH Ath 3 T 3 + OB 2 2 1
EASMP/K &I, BUH —BMKIR A, Xx—
—HERE, P EACE =K EKE B MISSe-MISSc-
MIS5a-MIS3 ¥ BeiZ #iimi />, 2 J5 =MIS1F B B
4.

4.3 130kyr BPRLRH [E 6 J5 2 WK A8 AL iy ]
RESK Zh AL

N HE— 5 F# 130kyr BP LK o [H b 5 25 XUE K
AR T REIR B, #PS1AFFMe/Caid sk 51k
BRE Z K B4R ST B (NHSI; Laskar®, 2004) M &Rk &
AN R AR — R A 7L 210" 0 (LisieckifIRaymo,
2005)HEAT X LL(El4). 5 R IR, = FH KA A—
. MAMIS5e-MIS5c-MIS5a-MIS3HT X, £FFENHSLIZ %
UGS R A ER UK RS N, Mg/CaFiT a7 1 X 480 2L
K 7K /EASM B 7K BB Wi/, 1T J5 22 MIS 1R Bt, NHSI
BN G A ERUK BRI, 6 R X A R K
EASMPE /K Sz g in(&l4). EAERMZ, ENHSI
B E AR IMISSd. MIS5b. MIS4FIMIS2H 3, PSI1
T S IR ] (Kl 4a). (RIS, A 23 M ik — 2R
51 i Mg/Cait A7 LE~100kyr ] 3 & W (M 1EIS6), 5
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(a) b3k H 2K FH 4R 57 B (Laskar4, 2004); (b) PS1/ % Mg/Cait3%;

(c) JEMNA FLES " OIT T (LisieckifiRaymo, 2005); (d) Tt
(SprattfllLisiecki, 2016)

Mg/Ca

EABBELRS0
(%o, VPDB)
IN

a

B E(m)

— AP CIEF (L%, 2020) % E LT £ 50 -
37 5(Bao REE, 2023) FTiR I H A —5. &
UFESLE B, E130kyr BPLASK, S 2= X%
IK AR AL S NHSIAI 4 BR UK & 1 3 [l 2.

— 5T, MNHSDYSRES, FRIEE A A7 KSR
J6F8, Wl AT B R OK, AR T B i KR e
AR KX s, AT HE B 2 KU 5 E— 25 1) [
75 %5 (Goldsmith%s, 2017; EHLEE, 2023); % —J7 i,
Bt FH A A 7L He 0" Oe 35 T s e (1 42 BR UK 25 A4 R Uk
/N, 12 S IR R ARS8 TR B FE BRI, IR AR & 7
Mamdt®, X AL FE s T E L B R
KEBIN(ISunZ%, 2015; Liu&, 2023). BN, EFHE
YT T R R KR s R S, T E b B
KK B (N Xues, 2021). Mk, 4NHSIERG,
EASMAR BRI, 5 3850b B db 7 B K b, &
%, TENHSLE 3 PR, 599 FIEASMAMYE B
b =R K RS, B KRR EEREE L
MIVREERT (], PRk g b 7 26 B, AT # Bk
KBRS, R&SEPS AT R A TR A (&

4afildb; Li%, 2020). IR, ABRUKES KAI-FHE F
e A1 2 34— 45 > o [ b 7 2 R e K B (BT L 2,
2023).

5 &g

BT Rk BEU-ThE LR, R AL G
FILIBSHF MR A, HEE 7L ERIAPS 14 5
130kyr BPLLK = 73 #F % [f)Mg/Ca. Sr/Ca. Ba/Ca.
AVCaMIP/Cail %, H ARGV T HFEERW R, 4
&R — A% Cid S MCLP G i Fo b EASM & /K & id
%, H SRV 7% BAEASM P /K & AR 1 sk A
Al AL IR BN AL

130kyr BPLASK, A Ay i [X 3k /K SC A A5 (CF /0%
KA FRHIMg/Cait s, H 567 Cie EH R
— B [RAE AT R ARk a3, 45 B [ T 3 -
i HIE RS 2 A B B E A R EOK E R
RO FR PR IC T 1 SO FF. X e gh FLL R R B, PSI
1 Mg/Caflls > Cit s T LA Jy b [F A6 77 Bk B AR 1
(IR SEFRRR, FF4E7R T MAMISSe-MIS5¢-MISS5a-MIS3R/
B E AL T EASMFE K IR, 1 5 Z2MIS1H B
SNOBHE N AR, R, 2R
BLZNHSURI A ERUK SR L. AR 3, [F—
by DX (A ] A7) A [ 28 A (A 9 R 3 ) H LA A
AR~ B AR R bR T A BL3GAE . B kb7, JE
BT A A ERS R

Mt RMTEZREARFLAFELUNAK I FH B
BHR. PEAFHEREFOFLEF K RALH K
WA B AR ] BB AR A A E T F R A AT
RGEWEFPHDY, URZNAFERTEHTHER
IR EREHBEAMETEMNRRE. BREAFHERE
HHERERLGAEN, MO AXHKARET EE
fEA.

*FEAERE AR AN mA R L P 4 R (http://earthen. sci-
china.com). #7541 K 4 1F & 12 B0y R 46 B4, 1E& xT £
FAFE A A f .

e E PN
BRER, BRI, XURE, B, Feng S, HE M, BIE, VI, MR

4341


http://earthcn.scichina.com
http://earthcn.scichina.com

AR ESE: AL B A il o 3R PO IS i 25 1303 4R DICRZR 238 XU /K AR AL

JE. 2016, 2t AR B 2 KR o AR Y B o f o—fig o
B R 75 A B R RGLR A URE L. PEEEE: HEREE, 46
1494-1504

TRy, TRifEfh, RSO, 2938, T4, Kathayat G. 2019. 1 E A%
EEHT SR E S R . B R HERREY:, 49: 1565-1589

AL, B, T4, HE, A E. 2018, WOLTE S O GES
AEBTFUP RIS SR F MR ORGSR, BINLTT, 38:
1549-1551

EAL, RIS, RARLE, B, AR, SKARER, AR, LX), K
B, WETLW, R, AR, 2%k, 2023. SI%CE = IR UKIUK AR
FRAR ST o B R A SO R, s E R ek, 53
72-81

Ban F M, Baker A, Marjo C E, Duan W H, Li X L, Han J X, Coleborn
K, Akter R, Tan M, Nagra G. 2018. An optimized chronology for a
stalagmite using seasonal trace element cycles from Shihua Cave,
Beijing, North China. Sci Rep, 8: 4551

Bao R, Sheng X F, Meng X Q, Li T, Li C L, Shen H, DaJ W, Ji J F,
Chen J. 2023. 100 k.y. pacing of the East Asian summer monsoon
over the past five glacial cycles inferred from land snails. Geology,
51: 179-183

Bao Y Y, Zhang H W, Niu X W, Zhang R, LuJ, Meng BL, LuJ Y, Tan
L C, Cai Y J, Cheng H. 2023. Seasonal variations and controlling
factors of speleothem multi-proxy in southeastern China: Implica-
tions for the reconstruction of precipitation seasonality. Front Earth
Sci, 11: 1135901

Beck ] W, Zhou W J, Li C, Wu Z K, White L, Xian F, Kong X H, An Z
S.2018. A 550,000-year record of East Asian monsoon rainfall from
""Be in loess. Science, 360: 877881

Belli R, Borsato A, Frisia S, Drysdale R, Maas R, Greig A. 2017.
Investigating the hydrological significance of stalagmite geochem-
istry (Mg, Sr) using Sr isotope and particulate element records
across the Late Glacial-to-Holocene transition. Geochim Cosmo-
chim Acta, 199: 247-263

Chen C J, Huang R, Yuan D X, Zhang J, Cheng H, Ning Y F, Yu T L,
Shen C C, Edwards R L, Long X Y, Wang T, Xiao S Y, Wu Y, Liu
ZQ,LiTY,LiJY.2021. Karst hydrological changes during the
Late-Holocene in Southwestern China. Quat Sci Rev, 258: 106865

Chen F H, Bloemendal J, Wang J M, Li J J, Oldfield F. 1997. High-
resolution multi-proxy climate records from Chinese loess:
Evidence for rapid climatic changes over the last 75 kyr.
Palacogeogr Palacoclimatol Palaeoecol, 130: 323-335

Chen F H, Bloemendal J, Feng Z D, Wang J M, Parker E, Guo Z T.
1999. East Asian monsoon variations during Oxygen Isotope Stage
5: Evidence from the northwestern margin of the Chinese Loess
Plateau. Quat Sci Rev, 18: 1127-1135

Chen R S, Xue S'Y, Zhang H B, Griffiths M, Zhou Y, Liu X, Zhu Z L,

4342

Chen L, Guo W, Wu S T, Cheng H, Huang J H, Zhu Z M, Xie S C.
2025. Using speleothem ¥7St/*Sr variations tracking the controls on
trace element (Sr-Mg) compositions. Glob Planet Change, 252:
104872

Cheng H, Edwards R L, Sinha A, Spotl C, Yi L, Chen S T, Kelly M,
Kathayat G, Wang X F, Li X L, Kong X G, Wang Y J, Ning Y F,
Zhang H W. 2016. The Asian monsoon over the past 640,000 years
and ice age terminations. Nature, 534: 640-646

Cheng K, Wang Q, Liu SH, Liu Y F, Yang Y, Zhan C, Zhou H Y. 2022.
Different response of trace elements in the drip-water of Kaiyuan
Cave on Shandong Peninsula (coastal North China) to hydroclimatic
changes from 2012 to 2014. J Hydrol, 608: 127616

Cosford J, Qing H R, Mattey D, Eglington B, Zhang M L. 2009.
Climatic and local effects on stalagmite 5"C values at Lianhua
Cave, China. Palacogeogr Palacoclimatol Palacoecol, 280: 235-244

Dai G W, Zhang Z S, Ottera O H, Langebroek P M, Yan Q, Zhang R.
2021. A modeling study of the tripole pattern of East China
precipitation over the past 425 ka. J Geophys Res-Atmos, 126:
€2020JD033513

Day C C, Henderson G M. 2013. Controls on trace-element partitioning
in cave-analogue calcite. Geochim Cosmochim Acta, 120: 612-627

Ding Y H, Wang Z Y, Sun Y. 2008. Inter-decadal variation of the
summer precipitation in East China and its association with
decreasing Asian summer monsoon. Part I: Observed evidences.
Intl J Climatol, 28: 1139-1161

Duan W H, Wu S T, Wang X F, Shen J H, Xiao Z Y, Cui L L, Tan M.
2024. Ma/Ca ratio in stalagmites as a potential palaco-temperature
indicator. Geophys Res Lett, 51: €2024GL108498

Fairchild T J, Treble P C. 2009. Trace elements in speleothems as
recorders of environmental change. Quat Sci Rev, 28: 449468

Fortes F J, Vadillo I, Stoll H, Jiménez-Sanchez M, Moreno A, Laserna J
J. 2012. Spatial distribution of paleoclimatic proxies in stalagmite
slabs using laser-induced breakdown spectroscopy. J Anal At
Spectrom, 27: 868-873

FuX, Yang Y, ZhaoJ Y,Li Y D, Chen XM, Ye ZM,LiM Y, LinJ F,
Xu'Y Z. 2025. Decadal transport of trace elements in a cave system
based on 16 years monitoring data: Implications for paleoclimate
reconstruction. Appl Geochem, 187: 106413

Gao K, He Y Q, Yang Y, Jiang X Y, Fu X, Kipkorir T M, Qiu W Y,
Wang Y. 2024. Hydroclimate variability over the past 4730 years
based on multi-proxy stalagmite records from southwest China.
Palacogeogr Palacoclimatol Palacoecol, 642: 112167

Goldsmith Y, Broecker W S, Xu H, Polissar P J, deMenocal P B, Porat
N, Lan J H, Cheng P, Zhou W J, An Z S. 2017. Northward extent of
East Asian monsoon covaries with intensity on orbital and

millennial timescales. Proc Natl Acad Sci USA, 114: 1817-1821


https://doi.org/10.1038/s41598-018-22839-z
https://doi.org/10.1130/G50243.1
https://doi.org/10.3389/feart.2023.1135901
https://doi.org/10.3389/feart.2023.1135901
https://doi.org/10.1126/science.aam5825
https://doi.org/10.1016/j.gca.2016.10.024
https://doi.org/10.1016/j.gca.2016.10.024
https://doi.org/10.1016/j.quascirev.2021.106865
https://doi.org/10.1016/S0031-0182(96)00149-6
https://doi.org/10.1016/S0277-3791(98)00047-X
https://doi.org/10.1016/j.gloplacha.2025.104872
https://doi.org/10.1038/nature18591
https://doi.org/10.1016/j.jhydrol.2022.127616
https://doi.org/10.1016/j.palaeo.2009.05.020
https://doi.org/10.1029/2020JD033513
https://doi.org/10.1016/j.gca.2013.05.044
https://doi.org/10.1002/joc.1615
https://doi.org/10.1029/2024GL108498
https://doi.org/10.1016/j.quascirev.2008.11.007
https://doi.org/10.1039/c2ja10299d
https://doi.org/10.1039/c2ja10299d
https://doi.org/10.1016/j.apgeochem.2025.106413
https://doi.org/10.1016/j.palaeo.2024.112167
https://doi.org/10.1073/pnas.1616708114

I ERE: HEREE 202544 5% H12M

HuZY,Fan HW, LiuY H, Wu Z P, Hu C Y. 2024. Separation of the
Asian summer monsoon and local precipitation from stalagmite
oxygen isotope records in Eastern China during the last millennium.
Quat Sci Rev, 325: 108498

Huang W, Dong J G, Shao Q F, Duan F C, Wang Y. 2022. Strong
coupling of the East Asian summer monsoon and hydroclimate
footprints during 53—47 ka. Palacogeogr Palacoclimatol Palaeoecol,
597: 111003

Huang Y M, Fairchild I J. 2001. Partitioning of Sr*™" and Mg2+ into
calcite under karst-analogue experimental conditions. Geochim
Cosmochim Acta, 65: 47-62

Jia W, Yang Y, Cheng H, Li T Y, Zhao J Y, He S N, Liu G X, Liu X,
Lei L D, Li M Y, Edwards R L. 2025. Hydroclimate variability in
southwest China during Marine Isotope Stage 9: Insights from
multi—proxy stalagmite records. Quat Sci Rev, 355: 109268

Laskar J, Robutel P, Joutel F, Gastineau M, Correia A C M, Levrard B.
2004. A long-term numerical solution for the insolation quantities of
the Earth. Astron Astrophys, 428: 261-285

LiHY,WuY,LiTY, Duan R, Wang HB, Cui J H, Chen C J, Jin Y,
Xiang Y H, Liu Z Q, Li J Y. 2025. Variation in climate and
hydrological conditions in Southwest China during the mid-to-late
Holocene, inferred from stalagmite multiple proxies. Palacogeogr
Palacoclimatol Palaeoecol, 666: 112831

LiY X, Zhang S R, Liu X K, Gao Y L, Rao Z G. 2019. Variations of the
stable isotopic composition of precipitation and cave drip water at
Zhenzhu Cave, North China: A two-year monitoring study. JCKS,
81: 123-135

LiY X, Rao Z G, Xu Q H, Zhang S R, Liu X K, Wang Z L, Cheng H,
Edwards R L, Chen F H. 2020. Inter-relationship and environmental
significance of stalagmite 5°C and 60 records from Zhenzhu
Cave, north China, over the last 130 ka. Earth Planet Sci Lett, 536:
116149

Lisiecki L E, Raymo M E. 2005. A Pliocene-Pleistocene stack of 57
globally distributed benthic 5”0 records. Paleoceanography, 20:
2004PA001071

Liu D B, Wang Y J, Kong X G, Shao Q F, Li Y. 2024. Enhanced Asian
hydroclimate instability during early MIS 6.5. Quat Sci Rev, 325:
108482

Liu J B, Chen J H, Zhang X J, Li Y, Rao Z G, Chen F H. 2015.
Holocene East Asian summer monsoon records in northern China
and their inconsistency with Chinese stalagmite 5"%0 records. Earth-
Sci Rev, 148: 194208

Liu X K, Liu J B, Shen C C, Yang Y, Chen J H, Chen S Q, Wang X F,
Wu C C, Chen F H. 2020. Inconsistency between records of "o
and trace element ratios from stalagmites: Evidence for increasing

mid-late Holocene moisture in arid central Asia. Holocene, 30:

369-379

Liu X X, Wu J, Vandenberghe J, Chang H, Shi Z G, Guo F, Song Y G,
Cheng P, Kang S G, Lan J H, Ding Y D, Fan H M, Liu Y M, Zhang
H, Sun Y B. 2023. Co-evolution of orbital-to-millennial East Asian
monsoon and westerlies variability over the past 150 ka. Quat Sci
Rev, 317: 108281

Novello V F, William da Cruz F, Vuille M, Pereira Silveira Campos J L,
Strikis N M, Apaéstegui J, Moquet J S, Azevedo V, Ampuero A,
Utida G, Wang X F, Paula-Santos G M, Jaqueto P, Ruiz Pessenda L
C, Breecker D O, Karmann 1. 2021. Investigating 5°C values in
stalagmites from tropical South America for the last two millennia.
Quat Sci Rev, 255: 106822

Oster J L, Weisman I E, Sharp W D. 2020. Multi-proxy stalagmite
records from northern California reveal dynamic patterns of regional
hydroclimate over the last glacial cycle. Quat Sci Rev, 241: 106411

Pausata F S R, Battisti D S, Nisancioglu K H, Bitz C M. 2011. Chinese
stalagmite 5'*0 controlled by changes in the Indian monsoon during
a simulated Heinrich event. Nat Geosci, 4: 474-480

Pingitore N E, Lytle F W, Davies B M, Eastman M P, Eller P G, Larson
E M. 1992. Mode of incorporation of S*" in calcite: Determination
by X-ray absorption spectroscopy. Geochim Cosmochim Acta, 56:
1531-1538

Rao Z G, Chen F H, Cheng H, Liu W G, Wang G A, Lai Z P,
Bloemendal J. 2013. High-resolution summer precipitation varia-
tions in the western Chinese Loess Plateau during the last glacial.
Sci Rep, 3: 2785

Rao Z G, Liu X K, Hua H, Gao Y L, Chen F H. 2015. Evolving history
of the East Asian summer monsoon intensity during the MISS:
Inconsistent records from Chinese stalagmites and loess deposits.
Environ Earth Sci, 73: 3937-3950

Rao Z G, Li Y X, Zhang J W, Jia G D, Chen F H. 2016. Investigating
the long-term palacoclimatic controls on the oD and 60 of
precipitation during the Holocene in the Indian and East Asian
monsoonal regions. Earth-Sci Rev, 159: 292-305

Regattieri E, Zanchetta G, Drysdale R N, Isola I, Woodhead J D,
Hellstrom J C, Giaccio B, Greig A, Baneschi I, Dotsika E. 2016.
Environmental variability between the penultimate deglaciation and
the mid Eemian: Insights from Tana che Urla (central Italy)
speleothem trace element record. Quat Sci Rev, 152: 80-92

Roberts M S, Smart P L, Baker A. 1998. Annual trace element
variations in a Holocene speleothem. Earth Planet Sci Lett, 154:
237-246

Sliwinski J T, Kost O, Endres L, Iglesias M, Haghipour N, Gonzalez-
Lemos S, Stoll H M. 2023. Exploring soluble and colloidally
transported trace elements in stalagmites: The strontium-yttrium

connection. Geochim Cosmochim Acta, 343: 64-83

4343


https://doi.org/10.1016/j.quascirev.2023.108498
https://doi.org/10.1016/j.palaeo.2022.111003
https://doi.org/10.1016/S0016-7037(00)00513-5
https://doi.org/10.1016/S0016-7037(00)00513-5
https://doi.org/10.1016/j.quascirev.2025.109268
https://doi.org/10.1051/0004-6361:20041335
https://doi.org/10.1016/j.palaeo.2025.112831
https://doi.org/10.1016/j.palaeo.2025.112831
https://doi.org/10.4311/2018ES0128
https://doi.org/10.1016/j.epsl.2020.116149
https://doi.org/10.1029/2004PA001071
https://doi.org/10.1016/j.quascirev.2023.108482
https://doi.org/10.1016/j.earscirev.2015.06.004
https://doi.org/10.1016/j.earscirev.2015.06.004
https://doi.org/10.1177/0959683619887431
https://doi.org/10.1016/j.quascirev.2023.108281
https://doi.org/10.1016/j.quascirev.2023.108281
https://doi.org/10.1016/j.quascirev.2021.106822
https://doi.org/10.1016/j.quascirev.2020.106411
https://doi.org/10.1038/ngeo1169
https://doi.org/10.1016/0016-7037(92)90222-5
https://doi.org/10.1038/srep02785
https://doi.org/10.1007/s12665-014-3681-z
https://doi.org/10.1016/j.earscirev.2016.06.007
https://doi.org/10.1016/j.quascirev.2016.09.027
https://doi.org/10.1016/S0012-821X(97)00116-7
https://doi.org/10.1016/j.gca.2022.12.023

AR ESE: AL B A il o 3R PO IS i 25 1303 4R DICRZR 238 XU /K AR AL

Spratt R M, Lisiecki L E. 2016. A Late Pleistocene sea level stack. Clim
Past, 12: 1079-1092

Sun Y B, Kutzbach J, An Z S, Clemens S, Liu Z Y, Liu W G, Liu X D,
Shi Z G, Zheng W P, Liang L J, Yan Y, Li Y. 2015. Astronomical
and glacial forcing of East Asian summer monsoon variability. Quat
Sci Rev, 115: 132-142

Tan L C, Shen C C, Cai Y J, Lo L, Cheng H, An Z S. 2014. Trace-
element variations in an annually layered stalagmite as recorders of
climatic changes and anthropogenic pollution in Central China. Quat
Res, 81: 181-188

Tan M. 2014. Circulation effect: Response of precipitation 50 to the
ENSO cycle in monsoon regions of China. Clim Dyn, 42: 1067—
1077

Tang C Y, Yang H, Pancost R D, Griffiths M L, Xiao G Q, Dang X Y,
Xie S C. 2017. Tropical and high latitude forcing of enhanced
megadroughts in Northern China during the last four terminations.
Earth Planet Sci Lett, 479: 98-107

Tapia N, Endres L, Jaggi M, Stoll H. 2025. Accelerated phosphorous
leaching during abrupt climate transitions in a temperate Atlantic
ecosystem in Northwest Spain recorded by stalagmite P/Ca
variations. EGUsphere, doi: 10.5194/egusphere-2025-1000

Wang T L, Li D, Cheng X, Lan J H, Edwards R L, Cheng H, Liu X X,
Xue G, Xu H,Ma L, Zang J J, Wang Y Q, Gao Y L, Sinha A, Tan L
C. 2022. Hydroclimatic changes in south-central China during the
4.2 ka event and their potential impacts on the development of
Neolithic culture. Quat Res, 109: 39-52

Wang Y J, Cheng H, Edwards RL, An Z S, WuJ Y, Shen C C, Dorale J
A.2001. A high-resolution absolute-dated late Pleistocene monsoon
record from Hulu Cave, China. Science, 294: 2345-2348

Wang Y J, Cheng H, Edwards R L, Kong X G, Shao X H, Chen S T, Wu
JY, Jiang X Y, Wang X F, An Z S. 2008. Millennial- and orbital-
scale changes in the East Asian monsoon over the past 224,000
years. Nature, 451: 1090-1093

Warken S F, Scholz D, Spotl C, Jochum K P, Pajon J M, Bahr A,
Mangini A. 2019. Caribbean hydroclimate and vegetation history
across the last glacial period. Quat Sci Rev, 218: 75-90

Wassenburg J A, Scholz D, Jochum K P, Cheng H, Oster J,
Immenhauser A, Richter D K, Héger T, Jamieson R A, Baldini J
U L, Hoffmann D, Breitenbach S F M. 2016. Determination of
aragonite trace element distribution coefficients from speleothem

calcite-aragonite transitions. Geochim Cosmochim Acta, 190: 347—

4344

367

WuY,LiTY,LiJY, Cheng H, Ning Y F, Shen C C, Yang Y, Zhao J
Y, Chen CJ, Liang M Q, Xiao SY,QiuHY, Xu Y Z, Huang Y Y,
Yu T L, Edwards R L. 2023a. Variations in Asian summer monsoon
and hydroclimate during Heinrich stadials 4 revealed by stalagmite
stable isotopes and trace elements. Quat Sci Rev, 299: 107869

Wu Y, Warken S, Frank N, Mielke A, Chen CJ, LiJ Y, Li T Y. 2023b.
Northern hemisphere summer insolation and ice volume driven
variations in hydrological environment in Southwest China.
Geophys Res Lett, 50: €2023GL105664

Xue G,CaiYJ,LuY B,MaL, Cheng X, Liu CC, Yan H, Sun Y B, Li
D, Wei Y Y, Huang S Y, He M, Cheng H, Edwards R L. 2021.
Speleothem-based hydroclimate reconstructions during the penulti-
mate deglaciation in Northern China. Paleoceanog Paleoclimatol,
36: €2020PA004072

Xue S Y, Zhang H B, Griffiths M L, He C F, Liu Y T, Huang J H,
Cheng H, Guo W, Wu S T, Zhou J Z, Ning Y F, Chen L, Wang CF,
Zhu Z M, Xie S C. 2025. A high-resolution multiproxy speleothem
record of Eastern China hydroclimate variation during last glacial
maximum. Quat Sci Rev, 350: 109152

Yang X L, Liu J B, Liang F Y, Yuan D X, Yang Y, Lu Y B, Chen F H.
2014. Holocene stalagmite 5"0 records in the East Asian monsoon
region and their correlation with those in the Indian monsoon
region. Holocene, 24: 1657-1664

YinJJ,LiH C, Rao Z G, Shen C C, Mii H S, Pillutla R K, Hu H M, Li
Y X, Feng X H. 2017. Variations of monsoonal rain and vegetation
during the past millennium in Tiangui Mountain, North China
reflected by stalagmite 5"%0 and §"°C records from Zhenzhu Cave.
Quat Int, 447: 89-101

Zhang H B, Griffiths M L, Chiang J C H, Kong W W, Wu S T, Atwood
A, Huang J H, Cheng H, Ning Y F, Xie S C. 2018. East Asian
hydroclimate modulated by the position of the westerlies during
Termination I. Science, 362: 580-583

Zhang J, Li T Y. 2019. Seasonal and interannual variations of
hydrochemical characteristics and stable isotopic compositions of
drip waters in Furong Cave, southwest China based on 12 years’
monitoring. J Hydrol, 572: 40-50

Zhou H Y, Feng Y X, Zhao J X, Shen C C, You C F, Lin Y. 2009.
Deglacial variations of Sr and ¥St/*Sr ratio recorded by a
stalagmite from Central China and their association with past

climate and environment. Chem Geol, 268: 233-247

(GUESZ: RILEZR)


https://doi.org/10.5194/cp-12-1079-2016
https://doi.org/10.5194/cp-12-1079-2016
https://doi.org/10.1016/j.quascirev.2015.03.009
https://doi.org/10.1016/j.quascirev.2015.03.009
https://doi.org/10.1016/j.yqres.2013.12.001
https://doi.org/10.1016/j.yqres.2013.12.001
https://doi.org/10.1007/s00382-013-1732-x
https://doi.org/10.1016/j.epsl.2017.09.012
https://doi.org/10.1017/qua.2022.11
https://doi.org/10.1126/science.1064618
https://doi.org/10.1038/nature06692
https://doi.org/10.1016/j.quascirev.2019.06.019
https://doi.org/10.1016/j.gca.2016.06.036
https://doi.org/10.1016/j.quascirev.2022.107869
https://doi.org/10.1029/2023GL105664
https://doi.org/10.1029/2020PA004072
https://doi.org/10.1016/j.quascirev.2024.109152
https://doi.org/10.1177/0959683614551222
https://doi.org/10.1016/j.quaint.2017.06.039
https://doi.org/10.1126/science.aat9393
https://doi.org/10.1016/j.jhydrol.2019.02.052
https://doi.org/10.1016/j.chemgeo.2009.09.003

	河北珍珠洞石笋微量元素比值记录的过去 13万年�以来东亚季风降水量变化
	1�� 引言
	2�� 研究区域、材料与方法
	2.1�� 珍珠洞和石笋PS1
	2.2�� 分析方法

	3�� 结果
	4�� 讨论
	4.1�� PS1石笋中微量元素/Ca比值的气候环境意义
	4.1.1�� Mg/Ca、Ba/Ca、Al/Ca和P/Ca
	4.1.2�� Sr/Ca

	4.2�� 130kyr BP以来中国北方季风降水量的演变历史
	4.3�� 130kyr BP以来中国北方季风降水量变化的可能驱动机制

	5�� 结论


