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Supplementary Figure S1. Schematic illustration of the marine Os isotope system. 45 

Seawater 187Os/188Os is controlled by the balance of continental riverine, hydrothermal, 46 

and cosmic dust inputs. Because Re is less compatible than Os in partial melts, 187Re, the 47 

parent nuclide of 187Os, is enriched in the liquid phase (which becomes continental crust), 48 

whereas unradiogenic 188Os is relatively more concentrated in the solid phase (i.e. in 49 

mantle-like materials). As a result, 187Os/188Os values of continental-derived materials are 50 

higher than those of mantle-like material (hydrothermal fluid and cosmic dust). 51 

 52 



 3 

 53 

 54 

 55 

 56 

 57 

 58 

 59 

 60 

 61 

 62 

 63 

Supplementary Figure S2. Compilation of previously published data17–19,76–78 used 64 

for the reconstruction of the Quaternary seawater 187Os/188Os record. Each record 65 

shows initial 187Os/188Os values. Vertical blue bars indicate glacial periods (marine 66 

isotope stages 2, 4, 6, and 8)22. Although almost all of these studies show a negative 67 

excursion of 187Os/188Os during the last glacial maximum (LGM), the profiles are not 68 

otherwise consistent among the studies. Data sources: V19-54, V19-55 (ref. 17); ODP 69 

Site 1002C (refs. 18, 19); DSDP Site 480 (ref. 19); ODP Site 849 (ref. 19); ODP Site 893 70 

(ref. 76); KT94-15 PC-5 (ref. 77); ODP Site 758 (ref. 78). The world map is generated by 71 

the Generic Mapping Tools (GMT Version 6.0.0, 72 

https://github.com/GenericMappingTools/gmt/releases/tag/6.0.0). 73 
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Supplementary Figure S3. Core lithology and smear slide microphotographs. (a) 77 

Lithostratigraphy, genetic stratigraphy, and core photograph of the ODP Site 834A cores 78 

1H and 2H (modified from refs. 46–48). Magnetostratigraphic epoch, biostratigraphic 79 

zone, and depositional era47,48 are shown alongside. Double-headed red arrows in the 80 

“sampling intervals” column indicates the sampling ranges from which we picked 81 

samples for foraminiferal 18O analyses (n = 125). We avoided sampling the turbiditic 82 

zones. For the bulk chemical and Re-Os isotope analyses, we used sediments from 83 

shallower than 10.4 mbsf in the core (n = 115) to avoid contamination with volcaniclastic 84 

components, which increase downward in the core. Bars in the Os isotope analyses 85 

column indicate sampling points for the analyses. Light blue and green bars indicate 86 

sampling points for analyses by N-TIMS and MC-ICP-MS, respectively. The magenta 87 

bar indicates the sampling point for duplicate analysis, by both N-TIMS and MC-ICP-88 

MS. The light orange facies in the core photograph (black arrow) is the reduction halo. 89 

(b–e) Microphotographs of smear slide samples of sediments from ODP Site 834A. (b, c) 90 

Metalliferous carbonate (Core 1H, Section 2, 118–120 cm; 2.69 mbsf) under (b) plane- 91 

and (c) cross-polarised light. (d, e) Sediment containing volcaniclastic materials from 92 

ODP Site 834A (Core 2H, Section 3, 9–11 cm; 10.7 mbsf) under (d) plane- and (e) cross-93 

polarised light. 94 
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Supplementary Figure S4. Correlation between (a) 18O data from ODP Site 834A 100 

and (b) the reference 18O profile (LR04 benthic stack22). Grey shading indicates the 101 

age range of samples dated by radiocarbon analysis. The inflection points of the curves 102 

were determined in this study. Turbidite intervals have been omitted. Vertical blue bars 103 

indicate glacial periods, and the numerals indicate MISs. The solid magenta diamonds in 104 

(a) indicate samples analysed for both 18O and bulk chemistry. The open magenta 105 

diamonds in (a) indicate samples analysed only for 18O. The open black square at 2.77 106 

mbsf in (a) indicates the sample for which we could not calculate the standard deviation 107 

of 18O. 108 
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Supplementary Figure S5. Geochemical data of ODP Site 834A sediments. Panels (a), 111 

(h), and (i) show Os versus Fe2O3* (total iron as Fe2O3), MnO, and SiO2, respectively. 112 

Panels (b) and (c) show (187Os/188Os)i versus Fe2O3* and MnO, respectively. Panels (d), 113 

(e), and (f) show Fe2O3* versus MnO, total rare-earth elements + Y (REY), and P2O5 114 

contents, respectively. The contents of all elements are normalised by the Al2O3 content 115 

and were calculated on a carbonate-free basis (CFB). The solid blue diamonds in panels 116 

(a) to (f) and (h) to (i) indicate samples used for Re-Os isotope analyses, and black 117 

diamonds indicate samples not used for Re-Os analyses. Samples collected from the 118 

reduction halo (see Methods) are indicated by light blue open diamonds (Re-Os analysed) 119 

or grey diamonds. Linear regression lines and r2 values were calculated by using all data 120 

except data from the reduction halo samples. Panel (g) shows patterns of REY calculated 121 

on a CFB and normalised by the post-Archean average Australian shale (PAAS51). The 122 

black line with green diamonds shows the average of all samples (n = 115). The blue line 123 

with open blue circles shows the REY pattern of seawater (×107)79.  124 
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Supplementary Figure S6. Age profiles of (a) Fe2O3* (total iron as Fe2O3) and MnO 128 

contents, and (b) the (187Os/188Os)i record in ODP Site 834A sediments. In panel (a), 129 

the Fe2O3* and MnO contents, which were calculated on a carbonate-free basis (CFB), 130 

are normalised by the Al2O3 content. The red shaded area in panel (b) indicates the 2SD 131 

range of (187Os/188Os)i. The vertical orange bar indicates the reduction halo23, which is 132 

developed below the turbiditic layer. Vertical blue bars indicate glacial periods (MIS 2, 4, 133 

6, 8). 134 
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Supplementary Figure S7. Simulated seawater (187Os/188Os)i under the scenario that 138 

the riverine Os isotopic composition fluctuated in association with glacial–139 

interglacial cycles. (a) Calculated Os isotopic ratio of seawater (RSW), and (b) Os isotopic 140 

ratio of river water (Rriv) imposed on the model. Each Os flux (riverine, hydrothermal, 141 

and cosmic) was set to a constant value. Rriv was made to fluctuate between 1.43 and 1.41 142 

in synchrony with the LR04 benthic stack22, reflecting the growth and regression of ice 143 

sheets (b). In panel (a), the results of calculations using Os residence times in the ocean 144 

of  = 25 kyr and 45 kyr are also shown. The fluctuations of calculated RSW are small 145 

under this scenario, and they do not correspond to the variations in the observed data (a). 146 

Vertical blue bars indicate glacial periods. 147 
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 148 

Supplementary Figure S8. Simulated seawater (187Os/188Os)i under the scenario that 149 

the riverine Os flux varied in association with glacial–interglacial cycles. (a) 150 

Calculated Os isotopic ratio of seawater (RSW), (b) seawater Os inventory (MSW), (c) 151 

riverine Os flux (Friv) imposed on the model, and (d) pCO2 data from the Vostok ice core68. 152 

The 187Os/188Os value of each Os flux (riverine, hydrothermal, and cosmic) was assumed 153 
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to be constant. Friv fluctuated along with pCO2 (d). The nSi value (silicate weathering 154 

parameter, see Methods) was set at 0.2 (default, red lines), and then at 0.4 (blue lines) and 155 

0.6 (orange lines). With nSi = 0.2 (panel a, red lines), the calculated RSW fluctuations did 156 

not show any relationship to the observed data. Even with nSi = 0.4 or 0.6, fluctuations in 157 

the calculated profiles did not correspond to variations in the observed 187Os/188Os profile. 158 

In panel (a), solid lines, dotted lines, and dashed lines indicate the calculation results 159 

obtained using  = 35 kyr (default), 25 kyr, and 45 kyr, respectively. Vertical blue bars 160 

indicate glacial periods22. 161 
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 183 

Supplementary Figure S9. Simulated seawater (187Os/188Os)i under the scenario that 184 

includes riverine and hydrothermal Os pulses. (a) Calculated Os isotopic ratio of 185 

seawater (RSW), (b) seawater Os inventory (MSW), (c) riverine Os flux (Friv) imposed on 186 

the model, and (d) hydrothermal Os flux (FHT) imposed on the model. The 187Os/188Os 187 
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value of each Os flux (riverine, hydrothermal, and cosmic) was assumed to be constant. 188 

As sensitivity analyses, we also carried out calculations including only the riverine Os 189 

pulse (orange lines) or only the hydrothermal Os pulse (blue lines). Vertical blue bars 190 

indicate glacial periods22. In panels (a), (c), and (d), solid lines, dotted lines, and dashed 191 

lines indicate the calculation results obtained using  = 35 kyr (default), 25 kyr, and 45 192 

kyr, respectively. 193 
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Supplementary Figure S10. Converging trajectories of RMSE values between 215 

observed data and results modelled by using a local search algorithm. Thin black 216 

lines show the converging behaviour of each local search algorithm calculation (n = 217 

1,000). Red lines show the converging behaviour of the calculations that generated the 218 

minimum RMSE value (0.00676) among the 1,000 calculations.  219 
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Supplementary Table S1. Parameters used in the mass balance calculation. 230 
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Supplementary Table S2. Area fractions and bulk rock Os isotope ratios of each 235 

lithology used in the calculation of the Os isotopic ratio of riverine water. 236 
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