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Summary  
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Table S1. Data obtained from 40 depth intervals from 2973.9 (age of 572,800 yr B.P.) to 3189.45 m (age of 801,590 yr B.P.). The depths and 
estimated ages given in the table are the depth and age for the top of the samples. Uncertainties in the isotope ratios are for 95% confidence 
intervals. 

No. 
Depth 

(m) 

Age 
(Years 
BP) 

δD 
(‰) 

Concentration 
206Pb/207Pb ± 208Pb/207Pb ± 

Pb/Ba 
(by wt.) 

In/Pb 
(by wt.) 

Dust Pb 
(%) Pb 

(pg/g) 
Ba 

(pg/g) 
In 

(fg/g) 
1 2973.91 572,800 -403 1.01 19.7 4.6 1.1945 0.0032 2.4674 0.0044 0.05 0.005 58.5 
2 2974.08 572,900 -403 0.45 8.8 2.4 1.1945 0.0034 2.4729 0.0057 0.05 0.005 58.1 
3 2985.07 576,765 -404 0.72 15.0 4.4 1.1975 0.0028 2.4703 0.0049 0.05 0.006 62.3 
4 2990.35 578,965 -398 0.83 15.4 3.6 1.1874 0.0028 2.4618 0.0050 0.05 0.004 55.6 
5 2995.92 581,610 -415 1.31 39.5 10.5 1.1995 0.0024 2.4729 0.0041 0.03 0.008 90.3 
6 3001.41 585,975 -424 2.14 38.4 15.0 1.1853 0.0027 2.4556 0.0047 0.06 0.007 53.8 
7 3001.58 586,225 -424 0.97 20.5 6.5 1.1959 0.0033 2.4744 0.0051 0.05 0.007 63.6 
8 3012.41 597,180 -432 6.81 122.3 36.9 1.1975 0.0021 2.4674 0.0032 0.06 0.005 53.9 
9 3012.58 597,510 -432 4.30 81.5 18.7 1.1970 0.0022 2.4696 0.0041 0.05 0.004 56.8 

10 3023.35 610,680 -401 0.46 5.0 2.1 1.1824 0.0032 2.4663 0.0055 0.09 0.005 32.4 
11 3034.35 622,895 -405 2.21 72.4 25.9 1.1958 0.0027 2.4644 0.0047 0.03 0.012 98.1 
12 3040.13 631,365 -438 3.84 100.1 22.7 1.2021 0.0022 2.4743 0.0048 0.04 0.006 78.1 
13 3045.42 644,485 -433 8.63 161.9 40.1 1.1955 0.0024 2.4686 0.0040 0.05 0.005 56.3 
14 3056.48 662,800 -437 19.05 297.1 68.7 1.2041 0.0018 2.4686 0.0037 0.06 0.004 46.8 
15 3056.61 663,290 -437 16.99 311.0 58.9 1.2004 0.0020 2.4661 0.0040 0.06 0.003 54.9 
16 3072.92 682,755 -425 3.54 40.4 10.8 1.1845 0.0026 2.4576 0.0045 0.09 0.003 34.2 
17 3073.08 682,990 -425 2.93 48.7 23.1 1.2011 0.0023 2.4763 0.0037 0.06 0.008 49.9 
18 3078.35 687,730 -417 1.94 32.7 7.5 1.1964 0.0019 2.4667 0.0035 0.06 0.004 50.5 
19 3083.85 691,890 -411 1.23 15.0 5.1 1.2047 0.0034 2.4636 0.0061 0.08 0.004 36.5 
20 3089.42 695,620 -403 3.54 11.4 63.3 1.2332 0.0032 2.4902 0.0047 0.31 0.018 9.7 
21 3089.59 695,785 -403 1.63 6.7 10.7 1.2000 0.0030 2.4693 0.0047 0.24 0.007 12.4 
22 3094.92 699,080 -405 1.33 21.0 15.2 1.2119 0.0036 2.4748 0.0045 0.06 0.011 47.2 
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23 3095.09 699,240 -405 2.15 9.9 18.6 1.2086 0.0029 2.4703 0.0043 0.22 0.009 13.8 
24 3100.42 702,580 -408 0.84 9.5 2.5 1.1907 0.0023 2.4658 0.0035 0.09 0.003 33.8 
25 3100.57 702,740 -408 13.21 13.0 3.9 1.1900 0.0022 2.4579 0.0042 1.02 0.0003 2.9 
26 3106.08 706,315 -407 0.70 14.5 8.0 1.2044 0.0024 2.4767 0.0046 0.05 0.011 62.1 
27 3111.35 711,860 -412 6.97 171.4 74.6 1.2299 0.0020 2.4853 0.0033 0.04 0.011 73.8 
28 3122.35 721,290 -438 9.90 88.3 17.9 1.2259 0.0017 2.4751 0.0032 0.11 0.002 26.8 
29 3127.85 727,415 -422 4.06 36.3 117.0 1.2307 0.0024 2.4939 0.0037 0.11 0.029 26.9 
30 3133.45 732,980 -412 1.27 30.7 5.8 1.2013 0.0020 2.4765 0.0032 0.04 0.005 72.8 
31 3133.60 733,260 -412 2.11 31.9 16.2 1.2137 0.0022 2.4766 0.0035 0.07 0.008 45.2 
32 3139.95 739,730 -439 17.07 453.1 86.4 1.1965 0.0020 2.4713 0.0034 0.04 0.005 79.6 
33 3145.45 746,495 -439 7.52 143.6 22.2 1.2108 0.0022 2.4742 0.0039 0.05 0.003 57.3 
34 3149.85 751,860 -439 8.64 177.8 35.4 1.1973 0.0018 2.4704 0.0034 0.05 0.004 61.8 
35 3156.45 759,970 -429 1.96 37.0 15.0 1.1990 0.0023 2.4758 0.0038 0.05 0.008 56.8 
36 3160.85 765,820 -420 2.54 25.6 10.5 1.1877 0.0021 2.4642 0.0033 0.10 0.004 30.3 
37 3165.32 771,640 -415 0.89 25.9 4.2 1.1986 0.0041 2.4725 0.0052 0.03 0.005 87.1 
38 3172.95 781,015 -403 0.49 10.7 3.8 1.2110 0.0032 2.4849 0.0053 0.05 0.008 66.3 
39 3178.52 786,950 -396 1.09 12.9 9.7 1.2013 0.0067 2.4747 0.0089 0.09 0.009 35.3 
40 3189.45 801,590 -441 108 627 93 1.2295 0.0015 2.4749 0.0024 0.17 0.001 17.4 

All periods 
Mean 

Min-Max 
6.9 

0.45-108 
85 

5.0-627 
25 

2.1-117 
1.2022 

1.1824-1.2332 
2.4715 

2.4556-2.4939 
0.10 

0.03-1.02 
0.0067 

0.0003-0.029 
50.3 

2.9-98.1 
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Table S2. Statistics (mean ± standard deviation, SD) that summarize the data. The individual data are separated according to cold, 
intermediate, and warm climatic conditions and a dust-derived Pb fraction of > 60% (dust-dominant) and < 60% (non-dust dominant) (see 
text). The post-MBE data are from Vallelonga et al. [1]. The number of samples is given in parentheses. 

Period Samples δD (‰) Dust Flux 
(mg/m2/yr) 

Concentration (pg/g) 
206Pb/207Pb 208Pb/207Pb Dust Pb (%) 

Pb Ba 

Post-MBE 

Cold 

dust-dominant Pb 
(n=26) 

Mean -438 ± 3.3 6.3 ± 3.1 8.9 ± 4.8 233 ± 117 1.2015 ± 0.0052 2.4699 ± 0.0099 81.4 ± 12.7 
Min-Max -444.2 ~ -431.9 2.3 ~ 13 2.1 ~ 19 71 ~ 467 1.1931 ~ 1.2142 2.4445 ~ 2.4900 60.7 ~ 100 

non-dust dominant Pb 
(n=5) 

Mean -437 ± 2.8 4.2 ± 1.2 13 ± 10 151 ± 62 1.2231 ± 0.0252 2.4836 ± 0.0170 42.1 ± 15.9 
Min-Max -439.2 ~ -433.7 2.9 ~ 5.7 6.1 ~ 29 82 ~ 240 1.1918 ~ 1.2570 2.4616 ~ 2.5066 17.9 ~ 57.8 

Intermediate 

dust-dominant Pb 
(n=11) 

Mean -420 ± 6.4 1.6 ± 1.2 2.6 ± 4.9 68 ± 123 1.2069 ± 0.0088 2.4772 ± 0.0076 82.0 ± 11.4 

Min-Max -428.7 ~ -410.9 0.46 ~ 3.8 0.41 ~ 17 13 ~ 436 1.1961 ~ 1.2237 2.4613 ~ 2.4889 60.5 ~ 100 

non-dust dominant Pb 
(n=15) 

Mean -421 ± 6.2 1.3 ± 1.0 2.9 ± 2.0 40 ± 39 1.2346 ± 0.0117 2.4892 ± 0.0118 41.0 ± 12.0 

Min-Max -428.7 ~ -411.6 0.31 ~ 4.4 0.83 ~ 9.2 14 ~ 174 1.2143 ~ 1.2541 2.4720 ~ 2.5074 18.8 ~ 59.3 

Warm 

dust-dominant Pb 
(n=15) 

Mean -399 ± 7.4 0.42 ± 0.19 0.28 ± 0.11 8.5 ± 2.8 1.2096 ± 0.0143 2.4818 ± 0.0139 88.7 ± 12.9 
Min-Max -409.3 ~ -386.6 0.23 ~ 0.97 0.15 ~ 0.52 5.4 ~ 14 1.1844 ~ 1.2302 2.4589 ~ 2.5010 63.2 ~ 100 

non-dust dominant Pb 
(n=2) 

Mean -407 ± 3.4 0.32 ± 0.05 0.62 ± 0.11 11 ± 3.1 1.2219 ± 0.0031 2.4825 ± 0.0046 52.7 ± 5.3 
Min-Max -409.3 ~ -404.6 0.29 ~ 0.36 0.54 ~ 0.70 8.8 ~ 13 1.2197 ~ 1.2240 2.4793 ~ 2.4858 48.9 ~ 56.5 

Pre-MBE 

Cold 

dust-dominant Pb 
(n=3) 

Mean -439 ± 0.2 7.0 ± 4.8 9.8 ± 6.7 244 ± 186 1.1986 ± 0.0031 2.4720 ± 0.0021 73.2 ± 9.9 
Min-Max -438.7 ~ -438.3 3.2 ~ 12 3.8 ~ 17 100 ~ 453 1.1965 ~ 1.2021 2.4704 ~ 2.4743 61.8 ~ 79.6 

non-dust dominant Pb 
(n=7) 

Mean -436 ± 3.1 6.0 ± 2.0 10 ± 5.5 172 ± 94 1.2045 ± 0.0108 2.4699 ± 0.0034 50.4 ± 11.0 
Min-Max -439.2 ~ -432.3 3.7 ~ 9.0 4.3 ~ 19 81 ~ 311 1.1955 ~ 1.2259 2.4661 ~ 2.4751 26.8 ~ 57.3 

Intermediate 

dust-dominant Pb 
(n=5) 

Mean -415 ± 4.8 1.0 ± 0.27 2.3 ± 2.6 58 ± 64 1.2050 ± 0.0140 2.4763 ± 0.0053 77.5 ± 11.0 
Min-Max -423.5 ~ -411.7 0.63 ~ 1.2 0.89 ~ 7.0 21 ~ 171 1.1959 ~ 1.2299 2.4725 ~ 2.4853 63.6 ~ 90.3 

non-dust dominant Pb 
(n=9) 

Mean -420 ± 6.2 1.2 ± 0.28 2.5 ± 0.88 34 ± 9.5 1.2003 ± 0.0149 2.4700 ± 0.0119 42.7 ± 10.9 
Min-Max -429.0 ~ -410.6 0.76 ~ 1.5 1.2 ~ 4.1 15 ~ 49 1.1845 ~ 1.2307 2.4556 ~ 2.4939 26.9 ~ 56.8 

Warm 

dust-dominant Pb 
(n=4) 

Mean -405 ± 1.4 0.70 ± 0.07 1.0 ± 0.79 28 ± 30 1.2022 ± 0.0069 2.4741 ± 0.0088 72.2 ± 17.4 

Min-Max -406.7 ~ -403.4 0.60 ~ 0.76 0.49 ~ 2.2 11 ~ 72 1.1958 ~ 1.2110 2.4644 ~ 2.4849 62.1 ~ 98.1 

non-dust dominant Pb 
(n=11) 

Mean -403 ± 3.8 0.61 ± 0.25 2.4 ± 3.7 12 ± 5.0 1.1995 ± 0.0143 2.4701 ± 0.0084 32.7 ± 20.6 

Min-Max -408 ~ -396.1 0.21 ~ 1.2 0.45 ~ 13 5.0 ~ 21 1.1824 ~ 1.2332 2.4579 ~ 2.4902 2.9 ~ 58.5 
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Table S3. The relative source strength (in %) of the potential dust sources calculated for dust-dominant samples using an isotope mixing model 
(see Method). 

Period Patagonia 
/TdF 

Central Western Argentina (CWA) 
PAP Volcanic 

Contribution Total N-CWA M-CWA S-CWA

Post-MBE 

Cold 
(n=18) a  

Median ± S.D. 53 ± 25 27 ± 20 5.8 ± 8.1 8.3 ± 3.7 4.8 ± 7.8 4.4 ± 21 12 ± 12 

(min-max) (3.4-81) (8.1-44) (1.3-30) (1.3-13) (0.83-28) (0.81-62) (0.00-38) 

Intermediate 
(n=8) 

Median ± S.D. 32 ± 18 33 ± 25 13 ± 13 8.4 ± 6.3 8.7 ± 5.4 6.0 ± 2.4 24 ± 9.6 

(min-max) (13-67) (5.6-57) (1.3-37) (1.7-19) (2.5-20) (2.0-9.9) (6.4-39) 

Warm 
(n=14) 

Median ± S.D. 11 ± 32 42 ± 45 5.3 ± 14 21 ± 24 4.9 ± 6.9 9.9 ± 21 4.0 ± 12 

(min-max) (0.14-85) (9.5-94) (0.87-44) (3.1-85) (0.14-24) (0.86-73) (0.00-37) 

Pre-MBE 

Cold 
(n=2) 

Median ± S.D. 63 ± 8.9 12 ± 5.9 2.9 ± 1.1 3.9 ± 1.7 5.4 ± 3.1 3.9 ± 1.9 21 ± 1.1 

(min-max) (57-69) (8.0-16) (2.1-3.7) (2.7-5.0) (3.2-7.6) (2.6-5.3) (20-22) 

Intermediate 
(n=3) 

Median ± S.D. 57 ± 2.7 20 ± 7.4 4.0 ± 1.7 6.1 ± 2.0 10 ± 3.7 6.7 ± 0.64 13 ± 9.3 

(min-max) (55-60) (11-26) (1.9-5.1) (3.7-7.8) (5.7-13) (6.7-7.8) (9.7-27) 

Warm 
(n=3) 

Median ± S.D. 58 ± 30 24 ± 17 4.4 ± 5.8 7.4 ± 4.0 4.2 ± 7.4 3.1 ± 13 34 ± 20 

(min-max) (14-71) (2.9-27) (1.3-13) (0.62-7.8) (1.0-15) (0.94-25) (1.9-38) 
a number of samples with isotopically feasible solutions as defined by an isotope mixing model.
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Table S4. The relative source strength (in %) of the potential volcanic sources calculated for non-dust dominant samples using an isotope mixing 
model (see Method). 

Period McMurdo 
Volcanic Group 

Andean Volcanic Belt Easter 
Island 

Dust 
Contribution Total CVZ SVZ + AVZ 

Post-
MBE 

Cold 
(n=5) a 

Median ± S.D. 30 ± 25 16 ± 6.8 5.6 ± 3.4 8.4 ± 3.4 8.7 ± 3.1 46 ± 16 

(min-max) (1.6-66) (7.8-44) (2.1-11) (4.4-33) (8.0-15) (18-58) 

Intermediate 
(n=14) 

Median ± S.D. 42 ± 13 12 ± 6.2 4.6 ± 1.7 6.0 ± 4.5 8.4 ± 3.5 39 ± 11 

(min-max) (19-61) (3.0-21) (1.5-7.0) (1.5-18) (2.4-14) (19-57) 

Warm 
(n=2) 

Median ± S.D. 27 ± 5.2 11 ± 2.7 4.1 ± 0.71 6.6 ± 2.0 10 ± 1.1 53 ± 5.3 

(min-max) (23-30) (9.8-12) (3.6-4.6) (5.2-7.9) (9.3-11) (49-56) 

Pre-MBE 

Cold 
(n=7) 

Median ± S.D. 5.2 ± 11 26 ± 11 4.7 ± 3.9 19 ± 7.5 13 ± 5.4 55 ± 11 

(min-max) (3.5-33) (15-36) (1.6-12) (10-35) (3.7-20) (27-57) 

Intermediate 
(n=9) 

Median ± S.D. 3.4 ± 11 38 ± 28 9.3 ± 7.5 19 ± 20 5.8 ± 7.6 45 ± 11 

(min-max) (0.28-32) (19-66) (0.80-21) (11-63) (1.4-20) (27-57) 

Warm 
(n=10) 

Median ± S.D. 3.8 ± 9.3 38 ± 28 9.5 ± 6.4 27 ± 22 11 ± 14 35 ± 22 

(min-max) (0.52-30) (20-91) (4.2-22) (13-83) (4.1-40) (2.9-59) 
a number of samples with isotopically feasible solutions as defined by an isotope mixing model.
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Figure S1. Changes in Pb and Ba concentrations and 206Pb/207Pb ratios (open circles) as 
a function of radius in two sections: (A) depth of 2973.91 m (572.8 kyr B.P.), MIS 
15.1 interglacial; (B) depth of 3056.48 m (662.8 kyr B.P.), MIS 14 glacial. Two different 
values are given for concentrations and isotope ratios in the innermost part because the inner 
cores were divided into two consecutive 20 cm long parts. The error bars of the 206Pb/207Pb 
ratios are 95% confidence intervals.



Figure S2. Map of the Potential Source Areas of dust in southern South America and the 
location of volcanic sources. Shading on this map shows the annual mean 850 hPa westerly 
wind component obtained from the European Centre for Medium-Range Weather Forecasts 
(ECMWF) Reanalysis 5 (ERA5; available at: https://www.ecmwf.int/en/forecasts/datasets/ 
reanalysis-datasets/era5). CWA: central-western Argentina. PAP: Puna-Altiplano Plateau. TdF: 
Tierra del Fuego. ASP: Amsterdam-St. Paul Island. AP: Antarctic Peninsula. CVZ (Central 
Volcanic Zone), SVZ (Southern Volcanic Zone), and AVZ (Austral Volcanic Zone) of the 
Andean Volcanic Belt. MPE: Marion and Prince Edward Island. MVG: McMurdo Volcanic 
Group. NZ: New Zealand. 
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Figure S3. A plot of the 206Pb/207Pb versus 208Pb/207Pb in the EDC ice core samples 
showing the identification numbers of pre-MBE in Table S1. Also included are previously 
published data from the EDC ice core during the reporting period from 2 kyr (MIS 1) to 
220 kyr B.P. (MIS 7.3) [1]. The observed data are divided into isotopic compositions for (a) 
dust-dominant samples with a dust-derived Pb fraction of > 60% and (b) non-dust dominant 
samples with a dust-derive Pb fraction of < 60% (see text). Pb isotopic compositions of 
potential dust sources from published literature: Puna-Altiplano Plateau (PAP) [2], central-
western Argentina (CWA) [2], Patagonia/Tierra del Fuego (TdF) [2], southeastern (SE) 
Australia (Murray-Darling Basin) [1,3]. Pb isotopic compositions defined for volcanic 
sources are also from published literature (see Figure S4). 



Figure S4. Comparison of 206Pb/207Pb ratios between the pre-MBE and post-MBE intervals as 
a function of dust fraction of Pb showing the identification numbers of pre-MBE samples in 
Table S1. The end-members of volcanic 206Pb/207Pb ratios for the potential volcanic sources 
from published literature: Antarctic Peninsula basalts [4], McMurdo Volcanic Group [5,6], 
South Sandwich Island [7], South Shetland Island [8], Bouvet Island [9], New Zealand [10], 
Easter Island and Tonga [9], Marion and Prince Edward [11], Kerguelen Island [12], Heard 
Island [13], Amsterdam-St. Paul Island [14], Andean Volcanic Belt [15,16]. 
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