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fig. S1. Modern climate and vegetation of the Zoige region, the Tibetan Plateau. (A) Location map of the Zoige 

Basin with the mean 850 hPa streamlines for summer. It is based on the NCEPDOEReanalysis2 data during 1979–

2008 provided by the NOAA/OAR/ESRL PSD, Boulder, Colorado, USA, from their website at 

https://www.esrl.noaa.gov/psd/. The results indicate that the majority of moisture for summer precipitation at Zoige 

Basin (indicated by red star) comes from the Indian Ocean. The thick purple lines signify the region at the elevation 

of higher than 1500 m; The units of the vectors are g m-1 s-1. The black dots are four previous palaeoclimatic study 

sites from south to north China: Heqing (8), Sanbao Cave (5), Lingtai (13) and Xifeng Loess (14) profiles. (B) 

Climate diagram from the nearby Zoige meteorological station (33°35′ N, 102°58′, 3439 m a.s.l) of our study site in 

the Zoige Basin. The data are from climate normals for the period 1971-2000. MAP: mean annual precipitation; 

MAT: mean annual temperature. (C) Modern vegetation in the Zoige Basin (indicated by red dot) and the 

surrounding mountains based on data from website at http://www.geodata.cn/. (D) Elevational distribution of 

vegetation zones in the study region according to the data in Shen et al. (7), suggesting that temperature controls tree 

growth (6, 7). 

 

https://www.esrl.noaa.gov/psd/


 

fig. S2. Lithostratigraphy and magnetostratigraphy of the core ZB13-C2 from Zoige Palaeolake. (A) Anisotropy of magnetic susceptibility (AMS) characteristics of 

representative samples. Left panel: Projection of axes of the maximum susceptibility axes (Kmax) (open squares) and the minimum susceptibility axes Kmin (solid circles). 
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Kmin of the AMS ellipsoid are close to the vertical, perpendicular to the bedding plane, whereas most Kmax are close to the horizontal, parallel to the bedding plane. 

Middle panel: Corrected degree of susceptibility anisotropy (Pj) versus shape of the anisotropy ellipsoid (T). Right panel: Magnetic lineation (L) versus magnetic foliation 

(F). Most of F was found to be larger than L, which indicates that the AMS ellipsoid is oblate. The AMS results are typical for an original sedimentary magnetic fabric, 

indicating that the Zoige Basin sedimentary sequence has not been disturbed since deposition and is suitable for magnetostratigraphic study. (B) Hysteresis loops of 

representative samples after slope correction for paramagnetic contributions. Mrs, Ms, Bc, and Bcr indicate saturation remanent magnetization, saturation magnetization, 

coercivity, and remanent coercivity, respectively. (C) Orthogonal projections of representative progressive alternating field and thermal demagnetization. The solid (open) 

symbols refer to the horizontal (vertical) plane. As seen in these plots, the secondary viscous remanent magnetization can be mostly removed up to 20 mT (300 ºC), above 

which a well-defined stable characteristic remanent magnetization is obtained. (D) Lithology. The sediments mainly consist of clay, silt–clay, and clay–silt, except for two 

intervals of sand layers at 50.4-40.29 m and 11.28-1.88 m. (E) Inclination (Inc.). Clear geomagnetic reversals are identified at 272.26 m, 364.52–343.28 m, and 398.01–

390.43 m. (F) Maximum angular deviation (MAD): all smaller than 15°, with 98% of the samples having values <10°. (G) Magnetic polarity zonation. (H) Correlation with 

the geomagnetic polarity timescale (61), indicating the clear Brunhes/Matuyama boundary (272.26 m), and the Jaramillo (364.52–343.28 m) and Cobb-Mountain (398.01–

390.43 m) subchrons within the Matuyama chron. 



 

fig. S3. Sensitivity tests of the robustness of the chronology of Zoige Basin core ZB13-C2. (A) AMS14C and OSL dates (left 

panel) and Bayesian age model (right panel) for the top 80 m. (B) Correlation of initial age model and ETP tuning age. The initial 

age model was established using the Bayesian model (above 80 m) and linear regression (below 80 m) based on AMS 14C, OSL 

and magnetostratigraphy controls. The initial age model yields similar sediment accumulation rates to ETP chronology (left 

panel). Continuous wavelet transform of AP% based on initial age model (right panel) shows clear orbital periodicities, whose 

strengths vary in the three intervals as shown by ETP tuning chronology. (C) Spectral results of AP% on depth scale. Dominant 

cyclicity (above 90% confidence level) evolves from 7.5 m/cycle below 493 m, to 15 m/cycle between 216-493 m and 34 m/cycle 

above 216 m. (D) Comparison of AP% based on ETP tuning age model and on age model based on aligning to the Chinese 

speleothem δ18O (5).  



 

fig. S4. Significance test and uncertainty estimation of pollen-based climate reconstructions for Zoige Basin 

core ZB13-C2. (A) PCA loadings of pollen types, calculated by CANOCO program (64). The ordination results 

indicate that the taxa found with extreme positive values on PCA axis 1, e.g., Picea, Pinus, and Betula, are 

representative tree taxa of moderate elevation vegetation that occurs under warm and wet conditions, while 

meadow/steppe taxa found with extreme negative PCA values, e.g., Cyperaceae, are today present under cool and 

wet conditions (7). (B) PCA sample scores on axis 1 versus AP%. The weighting of taxa along PCA axis 1, which 

generally agrees with tree variability, can be interpreted as indicative of a gradient in temperature. (C) Analogue 

quality for the reconstruction of mean temperature of the warmest month (MTWM) based on goodness-of-fit 

analysis, indicating a good match between fossil samples and modern pollen samples. Blue and red solid lines 

indicate the 5th and 10th percentiles of the pair-wise distribution of squared-chord distances (62) for the calibration 

sets, respectively. The distances smaller than the 5th percentile of all distances between the calibration-set samples 

are good “analogues”, while distances larger than the 10th percentile are “no-analogue” assemblages. (D) 

Significance test of the reconstructions of mean annual temperature (MAT), MTWM, mean temperature of the 

coldest month (MTCM), mean annual precipitation (MAP), mean precipitation of the warmest month (MPWM), and 



mean precipitation of the coldest month (MPCM). The red line represents the test line of 95% significance level 

(63). The histogram in grey indicates the variance explanatory quantity. MTWM of ZB13-C2 explains more of the 

variance than 95% of random reconstructions, suggesting it is statistically significant. MAT is the variable that is the 

closest in the left to the 95% test line. All the precipitation variables fail to pass the significance test, suggesting that 

the Zoige Basin pollen assemblages are unreliable for precipitation reconstructions. (E) Bootstrap sample specific 

estimates of uncertainties for each reconstructed temperature value. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

fig. S5. Indication of rubidium/strontium (Rb/Sr) ratio and carbonate content. (A) Comparison of the Rb/Sr 

ratios of Zoige Basin core ZB13-C2 based on XRF scanning and WD-XRF measurements, showing the high 

coherence. (B) Correlation of Rb/Sr ratio (XRF scanning) and mean grain size from ZB13-C2, implying grain size 

has no major impacts on Rb/Sr ratios. (C) Scatter plot of Rb/Sr ratio (WD-XRF measurement) and the chemical 

index of alteration (CIA) index of the core ZB13-C2. The good correlation between them suggests Rb/Sr is an 

indicator of weathering. (D) Carbonate% along water-depth transects from four lakes in the Zoige region of the 

eastern Tibetan Plateau. The results generally show increasing carbonate with water depth. The locations of the four 

lakes are: Gahai Lake (34°14.593´,102°20.416´); Xingcuo Lake (33°51.972´, 102°22.724´); Geerdang Lake 

(33°19.961´,102°34.060´), and Mucuogan Lake (33°58.694´, 102°32.827´). (E) Comparisons of Rb/Sr ratio (XRF 

sanning) and carbonate% with AP% of core ZB13-C2, indicating their good correlations. 



 

fig. S6. Spectral results of multi-proxies of Zoige Basin core ZB13-C2. (A), (B) and (C) The interval of 0–0.62 Myr BP, 0.62–1.54 Myr BP and 1.54–1.74 Myr BP. The 

upper, middle and bottom panel is rubidium/strontium (Rb/Sr) ratio, carbonate% and mean temperature of the warmest month (MTWM), respectively. All the data were 

resampled at equally spaced 0.6-kyr intervals and detrended. Peaks above the 90% confidence levels (black lines) are labelled. They indicate dominant peaks around 100-, 41-, 

23-, 11–8-, and 6–4-kyr. 



 

 

 
fig. S7. Correlations of millennial variabilities in multi-proxies from Zoige Basin core ZB13-C2 and north 

Atlantic record. (A), (B), and (C) The filtered AP%, Rb/Sr ratio and carbonate% at 15-3 kyr band. (D) The filtered 

δ18O of bulk carbonate from U1308 (12) at 15-3 kyr band, north Atlantic. All the proxies from ZB13-C2 show clear 

temporal evolution of millennial variabilities at three intervals, which corresponds north Atlantic record.  
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fig. S8. Correlations of millennial variabilities in Rb/Sr ratios from Zoige Basin core ZB13-C2 with NGRIP 

ice-core and Chinese speleothem records. (A) Chinese speleothem δ18O (5). (B) δ18O from the NGRIP ice core, 

Greenland (19). (C) Rb/Sr ratio of core ZB 13-C2. Heinrich events (H1 to H6) are well recorded in the Rb/Sr 

patterns considering the age uncertainty, with high Rb/Sr (low weathering) corresponding to cold events.  

 

10 20 30 40 50 60 70

Z
B

 R
b

/S
r 

ra
ti
o

0

0.5

1.0

1.5

N
G

R
IP

 δ
1
8O

 (‰
)

−45

−40

−35C
h

in
e

s
e

 c
a

v
e

 δ
1
8
O

 (
‰

)

−11

−10

−9

−8

−7

−6

Age (kyr BP)

10 20 30 40 50 60 70

H5H4H3H2H1

B

A

C

2

12

6
8

10
14

16

H6

4
18

Age (kyr BP)



 

 
fig. S9. Comparisons of pollen-based temperature reconstructions from Zoige Basin core ZB13-C2 and sea 

surface temperature (SST). (A) LR04 global benthic 𝛿18O stack. The numbers denote the marine isotope stages. 

(B) and (C) SST estimates at DSDP site 607 (20) and ODP982 (65), north Atlantic. (D), (E) and (F) SST at sites of 

ODP1143 (66), ODP846 (21) and ODP1146 (21) from equatorial Pacific. (G) SST at site ODP722 from Arabian Sea 

(21). The thick lines in each SST time series plot are smoothed running means using a 400-kyr window. (H) 

Reconstructed mean temperature of the warmest month (MTWM) and mean annual temperature (MAT) (9-point 

running mean) from ZB13-C2. The general cooling trend are observed for both SST and ZB temperature after ~1.6-

1.5 Myr BP. 
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table S1. AMS radiocarbon dates from Zoige Basin core ZB13-C2.  

Lab number Depth (m) Material dated 
𝛿13C  

(‰ - VPDB) 
14C date (yr BP) Error (±yr) 

Calibrated age*                     

(cal yr BP – 2𝜎 range) 

Beta-403172 1.17 
Sedge leaves+fruits+ 

1 piece of wood  
-27.1 112.4±0.3 pMC   modern 

Beta-455983 2.57 Bulk sample -24.1 2980 30 3230-3065  

Beta-413348 4.27 Sedge leaves +charcoal -25.3 7410 30 8325-8195  

Beta-448696 5.63 Sedge leaves -26.5 6320 30 7310-7175  

Beta-395809 7.45 
Sedge leaves+Phragmites 

leave 
-24.4 15610 50 18935-18770  

Beta-400979 9.93 Sedge leaves   -26 24170 100 28445-27955  

Beta-413349 11.27 
Sedge leaves+Phragmites 

leaves 
-25.6 23520 80 27760-27580  

Beta-403171 13.03 Sedge leaves -26.6 19970 80 24195-23865  

Beta-455984 14.23 Bulk sample -24.4 8520 30 9540-9485 

Beta-455985 15.15 Bulk sample -24.3 36890 310 41930-40965 

Beta-394871 16.14 Sedge leaves -25.3 >43500   >43500 

*Calibration was calculated using the database associated with the 2013 INTAL program (67) 

 

 

 

 



 

table S2. OSL dates from Zoige Basin core ZB13-C2.  

Lab# 
Depth 

(m) 

Number 

of 

Aliquots 

Equivalent Dose 

(Gy) 
U (ppm) Th (ppm) K (%) 

Water 

content 

(%) 

Cosmic 

Ray dose 

rate 

(Gy/ka) 

Total dose rate 

(Gy/ka) 
Age (kyr) 

IOSL2014-20 2.45 10 33.65±0.65          1.39±0.08 8.40±0.25 1.48±0.05 10.7 0.3 2.55±0.15 13.17±0.43 

IOSL2014-21 23.29 8 141.22±1.96 1.63±0.08 8.45±0.25 1.53±0.05 18.1 0.04 2.72±0.15 51.84±3.05 

IOSL2015-10 30.34 10 154.18±4.63         2.46±0.10 10.6±0.29 1.72±0.06 26.1 0.05 2.71±0.19 57.12±5.68 

IOSL2014-22 35.05 10 152.45±3.22           2.19±0.09 11.2±0.30 1.81±0.04 23.1 0.02 2.81±0.16 54.07±3.35 

IOSL2015-11 41.96 8 209.64±5.44 1.76±0.08 7.73±0.23 1.31±0.05 21.7 0.04 2.26±0.16 92.77±8.71 

IOSL2014-23 46.53 10 267.83±14.27 2.14±0.09 10.0±0.28 1.87±0.06 17.6 0.01 3.02±0.17 88.40±6.89 

IOSL2015-12 48.92 10 249.78±10.62         1.87±0.09 8.06±0.24 1.61±0.05 21.4 0.02 2.52±0.18 99.54±8.94 

IOSL2014-24 58.06 10 126.83±9.69  2.16±0.09 13.4±0.29 2.62±0.05 21.3 0.01 3.21±0.20 39.25±3.12 

IOSL2015-13 61.22 10 299.75±12.26 2.62±0.10 15.2±0.31 2.70±0.07 27.8 0.01 3.60±0.26 83.34±6.85 

IOSL2014-25 72.29 10 401.11±18.43  2.64±0.10 14.0±0.37 2.44±0.06 18.2 0.01 3.69±0.20 108.67±7.23 

IOSL2015-14 79.43 10 443.27±22.51 2.38±0.09 13.1±0.30 2.05±0.06 21.3 0.01 3.26±0.22 136.08±11.5 

Notes: All samples were measured on K-Fs (68) using MET IRSL method. The grain size used for measurement is 90-125 µm.  
 

 

           
 

 

 

 



 

table S3. Age control points and AP% data of Zoige Basin core ZB 13-C2.  

(Please see separate excel file) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

table S4. Error estimates of climate variables for locally-weighted weighted-average partial least squares (LWWAPLS) model using 

various numbers of analogues. The variables include mean annual temperture (MAT), mean temperature of the warmest month (MTWM) 

and mean annual precipitation (MAP). Model errors are given as root mean square errors of prediction (RMSEP) calculated by leave-one-out 

cross-validation.  

Variables RMSEP_20 analogues RMSEP_25 analogues RMSEP_30 analogues RMSEP_50 analogues 

MAT 3.0559 3.1416 3.1498 3.2044 

MTWM 3.4282 4.3481 4.0843 4.4109 

MAP 169.6246 157.2452 157.0040 160.3852 

 

 

 

 

 

 

 

 

 

 

 



 

table S5. Performance statistics of the LWWAPLS climate reconstruction method applied in this study. It gives the coefficient of 

determination (R2), the average and maximum bias of the reconstruction, and the root mean square error of prediction (RMSEP) for mean 

annual temperature (MAT), mean temperature of the warmest month (MTWM), annual precipitation (MAP), and mean precipitation of 

the coldest month (MPCM). 

Climate variable RMSEP* R2 Average bias Maximum bias 

MAT 3.0559 0.8609 0.2097 6.0350 

MTWM 3.4282 0.8146 0.0193 9.5080 

MAP 169.6246 0.7049 6.3386 181.6490 

MPCM 3.5621 0.8566 0.3472 27.3499 

Notes: *RMSEP could be misleading for LWWAPLS approach, while the significance test is a better validation method. 
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