
Supplementary Information for 

A contracting Intertropical Convergence Zone during the Early Heinrich Stadial 1 

 

Yiping Yang1, Lanlan Zhang1*, Liang Yi2, Fuchang Zhong1, Zhengyao Lu3, Sui Wan1, Yan Du4,5, Rong Xiang1* 

 

1Key Laboratory of Ocean and Marginal Sea Geology, South China Sea Institute of Oceanology, Chinese Academy 

of Science, Guangzhou 510301, China 

2 State Key Laboratory of Marine Geology, Tongji University, Shanghai 200092, China 

3 Department of Physical Geography and Ecosystem Science, Lund University, Lund 22362, Sweden 

4 State Key Laboratory of Tropical Oceanography, South China Sea Institute of Oceanology, Chinese Academy of 

Science, Guangzhou 510301, China 

5 University of Chinese Academy of Sciences, Beijing 100049, China 

Corresponding emails: llzhang@scsio.ac.cn; rxiang@scsio.ac.cn 

 

 

This PDF file includes: 

1. Oceanographic conditions 

2. Relationship between modern 18Oseawater and sea surface salinity (SSS) values 

3. The validity test of the Mg/Ca-temperature reconstruction 

4. Supplementary Fig. 4 

5. Supplementary Table 1  

6. Supplementary Table 2  

7. Supplementary References 

 

 

 

 

 

 

 

 

 

 



1．Oceanographic conditions 

Core I106 was extracted from the Ninety East Ridge in the southernmost Bay of Bengal (BoB) 

during a scientific cruise by the vessel the Shiyan 3. There is a low-salinity surface “boundary layer” 

in the BoB during the entire year, resulting from river runoff and direct precipitation over the ocean1. 

In the study area, sea surface temperature (SST) and sea surface salinity (SSS) remain relatively 

constant throughout the year (i.e., at ~28.2-29.7°C and 33-34 psu) (Supplementary Fig.1a). 

Precipitation occurs year-round, with more than 69% precipitation occurring in the latter half of the 

year (May-December) (Supplementary Fig.1b). The changing trend in SSS is opposite to that of 

precipitation in study area (Supplementary Fig.1b). The lowest SSS occurs from August to 

November due to the highest precipitation. Therefore, monthly mean values on wind speed, SSS 

and precipitation over a long-time scale suggest that SSS changes in study area are closely related 

to precipitation. 

 

  

Supplementary Fig.1 Modern hydrological data from the study area. (a) Modern depth profiles of temperature 

and salinity in the study area, taken from the World Ocean Atlas 2018 (www.ncei.noaa.gov); (b) Mean monthly 

precipitation, mean monthly sea surface salinity (SSS), mean monthly wind speeds (1948-2022, 

http://apdrc.soest.hawaii.edu/las/v6/dataset?catitem=16341) in the study area. 

 



2. Relationship between modern 18Oseawater (δ18Osw) and SSS values 

Modern observed data from the Andaman Sea1 and the southern BoB2,3,4 all suggest that there 

is a linear correlation between 18Osw and salinity (Supplementary Fig.2). In study area, the quantity 

of freshwater in sea surface and SSS is ultimately controlled by the monsoonal precipitation that has 

fallen in preceding years1. The δ18O values measured from several G. ruber shells in this study can 

be taken as mean multiyear signals. The reconstructed changes in δ18Osw can therefore be principally 

associated with the variable quantities of surficial freshwater1. Multiple studies of the eastern Indian 

Ocean have used δ18Osw records reconstructed from Mg/Ca ratios and G. ruber shell δ18O datasets 

as a proxy of salinity to decipher the variability in Indian Ocean Summer Monsoon (IOM) 

precipitation levels5,6,7. 

 

Supplementary Fig.2 Modern δ18Oseawater (δ18Osw) and salinity data from the Andaman Sea1, and the southern 

BOB2,3,4 along with reconstructed δ18Osw values calculated from G. ruber δ18O values for the Late Holocene (2-0 ka 

BP), and modern sea surface temperatures (SSTs), for four core locations along Ninety East Ridge in the southern 

BoB1,8. Reconstructed δ18Osw values for the four cores were calculated using the δ18O-temperature calibration 

equation proposed by Bemis et al. (1998) 9. 

 

3. The validity test of the Mg/Ca-temperature reconstruction 

In order to assess the validity of the Mg/Ca-temperature reconstruction in core I106 and other 

records in this study, we utilized the Paleo-Seawater Uncertainty Solver (PSU Solver) to evaluate 

the impact of salinity on Mg/Ca. PSU Solver is a computational toolkit which calculates Mg/Ca-

temperature and δ18Osw using an iterative approach with many uncertainty constraints10. PSU can 

test the robustness of past climate variability developed from paired Mg/Ca and δ18O measurements. 

We evaluate the effect of salinity on Mg/Ca variability of cores I106, ADM-15911, MD97-214112 

and SK129/CR0413 by PSU Solver with two signa analytical uncertainty of Mg/Ca and δ18O and 



±5% age uncertainty. The recalculated Mg/Ca-temperature results by PSU Solver in cores I106, 

ADM-159, MD97-2141 and SK129/CR04 are consistent with their published data in these studies 

(Supplementary Fig.3). The potential effects of salinity on these temperature results are very minor 

in these studies.  

Moreover, we also recalculated δ18Osw results by PSU Solver without correcting for the effect 

of ice volume for cores ADM-159, MD97-2141 and SK129/CR04. δ18Osw values in core 

SK129/CR04 were recalculated by equation of Bemis et al.9 in the PSU, as there was not δ18Osw 

equation of Epstein et al.14 as original paper in PSU Solver. Overall, the changing trends of δ18Osw 

values in cores I106, ADM-159, MD97-2141 and SK129/CR04 are also consistent with their 

original dates. And their δ18Osw results reconstructed by PSU Solver all exist a negative abnormal 

event during the early Heinrich stadial 1 (HS1). Therefore, we believe that these Mg/Ca and δ18Osw 

values in these cores can still robustly reconstruct the paleo-climate.   

 

 

Supplementary Fig.3 Comparison of original and Paleo-Seawater Uncertainty Solver (PSU Solver) of Mg/Ca-

temperature (a, c, e, g) and δ18Oseawater (δ18Osw) (b, d, f, h) values in cores I106, ADM-15911, MD97-214112 and 

SK129/CR0413. 



 

  

Supplementary Fig.4 The wet hydrological condition records in north of Equator from the Indo-Asian-Australian 

(IAA) monsoon region during the Heinrich Stadial (HS1). (a) Sea surface salinity (SSS) record from Core SK129-

CR04 from the tropical Indian Ocean13. (b) δ18Oseawater (δ18Osw) records from Core I106 from the tropical Indian 

Ocean (this study). (c) Si/Al ratios from Core CG2 from the southern South China Sea (SCS) 15. (d) δ18Osw records 

from Core ADM-9 from the southern Andaman Sea 11. (e) δ18Osw records from Core MD97-2141 from the Sulu 

Sea12. (f) XRF-derived log (Fe/Ca) records from MD06-3075 at Mindanao16. 

 

 



Supplementary Table 1. Paleoclimatic records during the Early HS1 in the Indo-Asian-Australian monsoon region  

No. Core name Latitude Longitude Proxy Early HS1 References 

1 SO93-126KL 19°58.40′N 90°02.03′E Salinity  dry Kudrass et al., 2001 17  

2 BOB-24 15°34′N 87°9′E δ18Osw dry Liu et al., 2020 18  

3 VM29-19 14.71°N 83.58°E δ18Osw dry Rashid et al., 2011 19  

4 SK218/1 14°02′N 82°00′E δ18Osw dry Govil and Naidu, 2011 20  

5 RC12-344 12.46°N 96.04°E δ18Osw dry Rashid et al., 2007 21  

6 SO130-289KL 23°07.34′N 66°29.84′E reflectance L* dry Deplazes et al., 2013 22  

7 SK17 15°15′N  72°58′E δ18Osw dry Anand et al., 2008 23  

8 SS-4018  13°12.80'N 53°15.40'E biogenic silica flux dry Balaji et al., 2018 24  

9 SK237-GC04 10°58.65′N 74°59.96′E δ18Osw dry Saraswat et al., 2013 25  

10 GeoB12624-1 8°14'S 39°45'E X-ray fluorescence, pollen dry Liu et al., 2018 26  

11 GIK16160-3 18°14.47'S 37°52.11'E δ18Osw dry Wang et al., 2013 27  

12 ADM-159 9.27°N 95.61°E δ18Osw wet Liu et al., 2021 11  

13 SK129/CR04 6°29.65′N 75°58.68′E δ18Osw wet Mahesh and Banakar, 201413   

14 I106 6°14′N  90°00′E δ18Osw wet This study  

15 SO189-119KL 3°31′N 96°19′E δ18Osw dry Mohtadi et al., 2014 5  

16 SO189-144KL 1°09'N  98°04′E δ18Osw dry Mohtadi et al., 2014 5  

17 SO189-39KL 0°47′S 99°54′E δ18Osw dry Mohtadi et al., 2014 5  

18  GeoB 10042-1 7°06.81'S 104°38.58'E δ18Osw dry Mohtadi et al., 2010 28  

19 Tiancai Lake 26°38′N 99°43′E pollen dry Xiao et al. 2014 29  

20  TCQH 25°07'N 98°34′E Pollen dry Xiao et al. 2015 30  

21 Sanbao Cave 31° 40'N 110° 26′E  Speleothems δ18O dry Chen et al., 2016 31  

22 LJF 26° 37'N 110° 08'E pollen dry Ma et al., 2022 32  

23 SZY 26°46′N 119° 02′E pollen dry Yue et al., 2012 33  

24 Toushe 23°49'N 120°53'E pollen, n-alkane-δD dry Li et al., 2013 34  

25 MD05-2904 19°27′N 116° 15′E pollen dry Chang et al., 2013 35  

26 17940 20°07′N 117° 23′E Salinity dry Wang et al., 1999 36  

27 TGS-931 2°24.5′S 122°37'E δ18Osw dry Schröder et al., 2018 37  

28 SO217-18519 0°34.3′S 118°6.9'E δ18Osw dry Schröder et al., 2018 37  

29 SO217-18515 3°37.8'S 119°22'E δ18Osw dry Schröder et al., 2016 38  

30 GeoB10069-3 9°36' S 120°55'E δ18Osw dry Gibbons et al., 2014 39  

31 MD01-2378 13°4.95  ́S 121°47  ́E δ18Osw dry Schröder et al., 2016 38  

32 MD98-2165 9°39  ́S 118°20  ́E δ18Osw dry Levi et al., 2007 40  

33 Borneo SSC01   4°N  114°E Speleothems δ18O dry Partin et al., 2007 41  

34 VM33-80 7°51.7′S 123°E 232Th flux, Particle flux dry Muller et al., 2010 42  

35 Ball Gown Cave 17°20'S  125°E Speleothems δ18O dry Denniston et al., 2013 43  

36 Lake Challa  3°19'S 37°42'E BIT index dry Verschuren et al., 2009 44  

37 P178-15P 11° 57.3'N 44° 18' E δDwax dry  Tierney et al., 2013 45  

38 Socotra 12° 31'N 54° E Speleothems δ18O dry Shakun et al.,2007 46  

39 Mawmlun 25° 15'N 91° 52' E Speleothems δ18O dry Dutt et al., 2015 47  

40 CG2 6.39°N 110.15°E grain size, Si/Al, δ18Osw wet Huang et al., 2019 15  

41 MD97-2141 8.8 °N  121.3° E δ18Osw wet Rosenthal et al., 2003 12  

42 MD06-3075 6°29'N 125°50'E X-ray fluorescence wet Fraser et al., 2014 16  

43 Lake Malawi 10 ° 01.1'S 34°11.2'E X-ray fluorescence dry Castañeda et al., 2007 48  



 

Supplementary Table 2. AMS 14C ages and converted calendar ages for Core I106 in the tropical 

Indian Ocean. 

No. Depth/cm Material 
Measured 14C age 

(BP) 

Conventional 

14C age (BP) 

Calendar calibrated age 

(cal BP) 

1 5
＊
 Mixed foraminifer 4160 4590±30 4705-4517 

3 13 Mixed foraminifer 6510 6950±30 7335-7188 

2 19 Mixed foraminifer 8320 8750±30 9322-9140 

4 25
＊
 Mixed foraminifer 10690 11130±40 12602-12443 

5 31
＊
 Mixed foraminifer 11460 11900±40 13296-13144 

6 37 Mixed foraminifer 13470 13910±40 16088-15847 

7 47 Mixed foraminifer 15970 16400±40 18998-18792 

8 58
＊
 Mixed foraminifer 17910 18350±50 21400-21098 

9 69
＊
 Mixed foraminifer 20050 20180±60 23488-23158 

10 81 Mixed foraminifer 22400 22860±80 26319-26043 

11 93
＊
 Mixed foraminifer 24590 25030±90 28560-28236 

12 101
＊
 Mixed foraminifer 27820 28240±120 31562-31250 

13 113 Mixed foraminifer 30130 30560±150 34377-34076 

14 125
＊
 Mixed foraminifer 31820 32250±200 36102-35648 

15 133
＊
 Mixed foraminifer 36370 36810±280 41028-40560 

16 145 Mixed foraminifer 38870 39290±390 42429-42069 

17 157
＊
 Mixed foraminifer 42190 42620±560 44962-44092 

*The AMS 14C data have been published by Xu et al. (2022) 49. 
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