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Supplementary Figure 1: Paleogeographic reconstruction of 40 Ma showing the estimated 

locations of the study sites. Shown are ODP Site 959 in the equatorial Atlantic along the 

African continent, ODP Site 1263 on the Walvis Ridge in the south Atlantic and IODP Site 

U1333 in the equatorial Pacific. The map was made with GPlates, based on the tectonic 

reconstructions of Seton et al. (2012)1 and the paleomagnetic reference frame of Torsvik et al. 

(2012)2. 
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Supplementary Figure 2: Re-Os isochron plot of all Site 959 samples. The significant scatter 

(MSWD = 90) is best explained by the sample set possessing slightly variable initial 187Os/188Os 

compositions and being deposited over a prolonged interval of time (i.e., several Myr). 
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Supplementary Figure 3: Re-Os isochron plot of Site 959 samples in the MECO interval 

between 600.35 and 581.51 mbsf. These samples were selected because they were deposited 

in a short time interval (i.e., ~500 kyr), and yield virtually identical initial 187Os/188Os 

compositions. The obtained isochron age of 40.1 Ma is in excellent agreement with the 

estimated ages of these samples – between 40.4 and 40.1 Ma – based on our age model for Site 

959. 
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Supplementary Figure 4: LOSCAR and Os cycle model simulations of the MECO. a, 

Forcing for three scenarios involving a transient increase in the volcanic CO2 flux of 10% 

(dashed lines), 15% (thin solid lines) and 20% (thick solid lines) over ~500 kyr, while allowing 

the silicate and carbonate weathering fluxes to vary as a feedback response. b, Model response 

in the 187Os/188Os composition of the global ocean, shown against smoothed fits to the MECO 

Osi records from the study sites. c, Model CCD response of different ocean basins, shown 

against carbonate content (wt %) records for different depths in the Atlantic, Indian and Pacific 

oceans as compiled by Sluijs et al. (2013)3. d, Model atmospheric pCO2 response and pH 

response for the surface Atlantic and Pacific oceans. e, Model δ13C response for the DIC of the 

deep Atlantic and Pacific oceans. 
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Supplementary Figure 5: LOSCAR and Os cycle model simulations of the MECO. a, 

Forcing for three scenarios involving a transient increase in the volcanic CO2 flux of 10% 

(dashed lines), 15% (thin solid lines) and 20% (thick solid lines) over ~500 kyr, while 

maintaining the silicate and carbonate weathering fluxes at constant value. b, Model response 

in the 187Os/188Os composition of the global ocean, shown against smoothed fits to the MECO 

Osi records from the study sites. c, Model CCD response of different ocean basins, shown 

against carbonate content (wt %) records for different depths in the Atlantic, Indian and Pacific 

oceans as compiled by Sluijs et al. (2013)3. d, Model atmospheric pCO2 response and pH 

response for the surface Atlantic and Pacific oceans. e, Model δ13C response for the DIC of the 

deep Atlantic and Pacific oceans. 
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Supplementary Figure 6: LOSCAR and Os cycle model simulations of the MECO. a, 

Forcing for three scenarios involving a transient decrease in the silicate weathering flux of 10% 

(dashed lines), 15% (thin solid lines) and 20% (thick solid lines) over ~500 kyr, while keeping 

the volcanic CO2 flux and the carbonate weathering flux at constant value. b, Model response 

in the 187Os/188Os composition of the global ocean, shown against smoothed fits to the MECO 

Osi records from the study sites. c, Model CCD response of different ocean basins, shown 

against carbonate content (wt %) records for different depths in the Atlantic, Indian and Pacific 

oceans as compiled by Sluijs et al. (2013)3. d, Model atmospheric pCO2 response and pH 

response for the surface Atlantic and Pacific oceans. e, Model δ13C response for the DIC of the 

deep Atlantic and Pacific oceans. 

  



 8 

 
Supplementary Figure 7: LOSCAR and Os cycle model simulations of the MECO. a, 

Forcing for a scenario involving a transient 5% increase in the volcanic CO2 flux combined 

with a 5% decrease in the silicate weathering flux over ~500 kyr, while keeping the carbonate 

weathering flux at constant value. b, Model response in the 187Os/188Os composition of the 

global ocean, shown against smoothed fits to the MECO Osi records from the study sites. c, 

Model CCD response of different ocean basins, shown against carbonate content (wt %) records 

for different depths in the Atlantic, Indian and Pacific oceans as compiled by Sluijs et al. 

(2013)3. d, Model atmospheric pCO2 response and pH response for the surface Atlantic and 

Pacific oceans. e, Model δ13C response for the DIC of the deep Atlantic and Pacific oceans. 

  



 9 

 
Supplementary Figure 8: LOSCAR and Os cycle model simulations of the MECO. a, 

Forcing for a scenario involving a transient, combined 10% decrease in the silicate and 

carbonate weathering fluxes over ~500 kyr, while keeping the volcanic CO2 flux at constant 

value. b, Model response in the 187Os/188Os composition of the global ocean, shown against 

smoothed fits to the MECO Osi records from the study sites. c, Model CCD response of 

different ocean basins, shown against carbonate content (wt %) records for different depths in 

the Atlantic, Indian and Pacific oceans as compiled by Sluijs et al. (2013)3. d, Model 

atmospheric pCO2 response and pH response for the surface Atlantic and Pacific oceans. e, 

Model δ13C response for the DIC of the deep Atlantic and Pacific oceans. 
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Supplementary Figure 9: LOSCAR and Os cycle model simulations of the MECO. a, 

Forcing for a scenario involving a transient 10% decrease in the silicate weathering flux over 

~500 kyr, while keeping the volcanic CO2 flux at constant value and allowing the carbonate 

weathering flux to vary as a feedback response. b, Model response in the 187Os/188Os 

composition of the global ocean, shown against smoothed fits to the MECO Osi records from 

the study sites. c, Model CCD response of different ocean basins, shown against carbonate 

content (wt %) records for different depths in the Atlantic, Indian and Pacific oceans as 

compiled by Sluijs et al. (2013)3. d, Model atmospheric pCO2 response and pH response for the 

surface Atlantic and Pacific oceans. e, Model δ13C response for the DIC of the deep Atlantic 

and Pacific oceans. 
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Supplementary Figure 10: Eocene trends in benthic foraminiferal δ18O and δ13C, and 

atmospheric pCO2. a, Benthic δ18O compilation as published in Cramer et al. (2009)4, adjusted 

to the framework of the GTS20125 and plotted as individual data points and as a 10-point 

running average (solid line). b, Benthic δ13C compilation as published in Cramer et al. (2009)4, 

adjusted to the framework of the GTS20125 and plotted as individual data points and as a 10-

point running average (solid line). c, Atmospheric pCO2 compilation as published in Foster et 

al. (2017)6, with the δ11B-based pCO2 estimates of Anagnostou et al. (2016)7 highlighted in red. 
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Supplementary Figure 11: Age model for Site 959 Hole D as presented in Cramwinckel et 

al. (2018)8. Diamonds with error bars show calcareous nannofossil and chemostratigraphic tie-

points, adjusted to the framework of the GTS 20125. The Os isotope minimum at ~40 Ma is 

derived from the MECO Osi records presented in this study. 
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Supplementary Table 1: Age model for Site 959. 
Stratigraphic datum Depth (mbsf) Age (Ma) Age (Ma) Source 
  

[GTS 

2004]9 

[GTS 

2012]5 

 

187Os/188Os minimum 466.6 34.5 34.65 Ravizza & Paquay (2008)10 

TEX86 highest value at MECO peak 578.25 - 40.06 This study, based on Cramwinckel et al. (2018)8, Bohaty 

et al. (2009)11 
TEX86 lowest value at MECO onset 608.84 - 40.52 This study, based on Cramwinckel et al. (2018)8, Bohaty 

et al. (2009)11 

FCO Reticulofenestra umbilicus 654.545 - 42.84 Shafik et al. (1998)12, Cramwinckel et al. (2018)8 
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Supplementary Table 2: Age model for Site 1263. 
Stratigraphic datum Depth (mbsf) Depth (adj rmcd) Age (Ma) Age (Ma) Source 
  

[Westerhold et al., 

2015]13 

[Pälike et al., 

2006]14 

[GTS 

2012]5 

 

d13C highest value 113.7 135.27 39.2 39.3 Bohaty et al. (2009)11 

d18O final lowest value at MECO peak 119.6 141.29 39.99 40.06 Bohaty et al. (2009)11 

d18O final highest value at MECO onset 122.6 145.83 40.552 40.52 Bohaty et al. (2009)11 

d13C lowest value 124.9 148.13 40.925 40.81 Bohaty et al. (2009)11 

C18r - C19n boundary 127.85 151.08 41.358 41.154 Pälike et al. (2006)14 

C19n - C19r boundary 129.25 152.48 41.51 41.39 Pälike et al. (2006)14 

d13C lowest value 131.6 154.8 41.796 41.64 Bohaty et al. (2009)11 
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Supplementary Table 3: Age model for Site U1333. 
Stratigraphic datum Depth (adj rmcd)  Age (Ma) Age (Ma) Source 
 

[Westerhold et al., 2012]15 [Pälike et al., 2006]14 [GTS 2012]5 
 

C17r - C18n.1n boundary 157.3 38.449 38.615 Pälike et al. (2006)14 

T S. obtusus 158.15 38.562 38.71 Toffanin et al. (2013)16 

T C. grandis 158.55 38.612 38.76 Toffanin et al. (2013)16 

T C. solitus 159.95 38.788 38.92 Toffanin et al. (2013)16 

B S. obtusus 164.15 39.314 39.4 Toffanin et al. (2013)16 

C18n.1n - C18n.1r boundary 166.075 39.554 39.627 Pälike et al. (2006)14 

C18n.1r - C18n.2n boundary 166.875 39.602 39.698 Pälike et al. (2006)14 

C18n.2n - C18r boundary 169.57 40.084 40.145 Pälike et al. (2006)14 

Bc D. hesslandii 172.69 40.421 40.41 Toffanin et al. (2013)16 

Bc D. bisectus 172.69 40.421 40.41 Toffanin et al. (2013)16 

T Furcatolithoides 174.5 40.614 40.56 Toffanin et al. (2013)16 

C18r - C19n boundary 181.5 41.358 41.154 Pälike et al. (2006)14 

C19n - C19r boundary 183.225 41.51 41.39 Pälike et al. (2006)14 
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Supplementary Table 4: Overview of all LOSCAR model scenarios. All forcings represent 

a gradual, linear increase/decrease to maximum values from t = 50 kyr to t = 550 kyr and are 

followed by a sudden drop to initial values. Initial pCO2 concentrations were set at 750 ppmv 

in all simulations. 
Scenario and Supplementary Figure Silicate weathering flux Volcanic CO2 flux Carbonate weathering flux 

1 (5) Feedback +10% Feedback 

2 (5) Feedback +15% Feedback 

3 (5) Feedback +20% Feedback 

4 (6) Constant +10% Constant 

5 (6) Constant +15% Constant 

6 (6) Constant +20% Constant 

7 (7) -10% Constant Constant 

8 (7) -15% Constant Constant 

9 (7) -20% Constant Constant 

10 (8) -5% +5% Constant 

11 (9) -10% Constant -10% 

12 (10) -10% Constant Feedback 
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Supplementary Table 5: Overview of all default Os cycle parameters. Present-day values 

are taken from the literature or fitted to match the present-day steady state observations. Pre-

MECO values are either assumed to be similar to the present-day values or fitted to match the 

pre-MECO steady state observations. 
Parameter Parameter description Value Reference and Comments 

Present-day values    

N Os inventory in oceans 7.2 x 107 mol Peucker-Ehrenbrink & Ravizza (2000)17 

Friv Riverine Os flux to oceans 1800 mol/yr Peucker-Ehrenbrink & Ravizza (2000)17 

Fhyd Hydrothermal Os flux to oceans 483 mol/yr Calculated for steady state at Rsw = 1.06 

Fext Extraterrestrial Os flux to oceans 80 mol/yr Peucker-Ehrenbrink & Ravizza (2000)17 

Fsed Sedimentary Os flux from oceans 2363 mol/yr Calculated for steady state 

Rriv 187Os/188Os composition of rivers 1.4 Peucker-Ehrenbrink & Ravizza (2000)17 

Rhyd 187Os/188Os composition of hydrothermal fluids 0.13 Meisel et al. (2001)18 

Rext 187Os/188Os composition of extraterrestrial dust 0.13 Peucker-Ehrenbrink & Ravizza (2000)17 

Rsw 187Os/188Os composition of seawater 1.06 Peucker-Ehrenbrink & Ravizza (2000)17 

    

Pre-MECO values    

N Os inventory in oceans 7.2 x 107 mol Assumed similar to present-day value 

Friv Riverine Os flux to oceans 865 mol/yr Calculated for steady state at Rsw = 0.55 

Fhyd Hydrothermal Os flux to oceans 1418 mol/yr Calculated for steady state at Rsw = 0.55 

Fext Extraterrestrial Os flux to oceans 80 mol/yr Assumed similar to present-day value 

Fsed Sedimentary Os flux from oceans 2363 mol/yr Assumed similar to present-day value 

Rriv 187Os/188Os composition of rivers 1.4 Assumed similar to present-day value 

Rhyd 187Os/188Os composition of hydrothermal fluids 0.13 Assumed similar to present-day value 

Rext 187Os/188Os composition of extraterrestrial dust 0.13 Assumed similar to present-day value 

Rsw 187Os/188Os composition of seawater 0.55 This study 
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