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δ13CV = -5‰
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!(C3-CO2) = -19‰

!(Corg-DIC) = -24.5 to -30.5‰ PRE, 
f(SST), -1.5 ‰/K 
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!(CaCO3-DIC) = 0‰ 
!(corals-DIC) = -2‰

-OA

BICYCLE-SE
Solid Earth

-B

BICYCLE

V

V

C S

Si-W

Ca-W P

P

A

Figure S1. Sketch of the Box model of the isotopic carbon cycle, version solid Earth (BICYCLE-SE), taken from Köhler and Mulitza (2024).
V: outgassing of CO2 from volcanoes on land potentially and temporally overlain by land ice and from hot spot island volcanoes (and mid
ocean ridges, not shown) influenced by changing sea level; C: shallow water carbonate deposition due to coral reef growth; Si-W: silicate
weathering and Ca-W: carbonate weathering with different sources of C, but both delivering HCO−3 -ions into the ocean; P: PO3−

4 riverine
input and sedimentary burial; S: CaCO3 sedimentation and dissolution. A-B: atmosphere-biosphere exchange of CO2; A-O: atmosphere-
ocean exchange of CO2. The cyan-coloured broken circles mimic the two overturning cell in the Atlantic and Indo-Pacific Ocean. The
isotopic fractionation ε during exchange processes, or the prescribed δ13C of external fluxes are given, summarising the parametrisation of
the 13C cycle within the model.
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Figure S2. Time-dependent forcing of the model in scenario SEi (modified from Köhler and Munhoven (2020)). (a) Sea level following
Bintanja and van de Wal (2008) resulting of corresponding mean ocean salinity (right y-axis). (b) North Atlantic Deep Water (NADW)
formation is either in interglacial or glacial mode, following δ18O in OPD980 (55◦29′ N, 14◦42′W) (McManus et al., 1999; Flower et al.,
2000; Wright and Flower, 2002), dotted line marks the threshold for switching between both states. (c) EDC ice core δD (EPICA-community-
members, 2004; Jouzel et al., 2007) corrected for δ18Osw, from which Southern Ocean sea surface temperatures (SST) and vertical mixing
(SO-x: SO surface-to-deep ocean flux, right y-axis) is calculated. (d) Marine biology in the Southern Ocean (SO) is either Fe-limited or Fe-
unlimited following dust fluxes in the EDC ice core (Lambert et al., 2008). The dotted line marks the threshold for switching between both
states, leading to global integrated export production of organic matter at 100 m water depth (right y-axis). (e) Different ocean temperatures
averaged within the model. Equatorial SST is taken from Barth et al. (2018). SST is calculated from all ocean surface boxes, deep ocean
temperature from the boxes with water depths below 1000 m. The sea ice free SST is relevant for air-sea gas exchange. Right y-axis: global
integrated sea ice area. In subfigures b–d original data (thin lines) and 3-kyr-running mean (bold lines) are shown. BICYCLE-SE is forced
by the running-mean data.
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Figure S3. Time-dependent forcing of the model for scenario SEi++V6 (modified from Köhler (2023)). (a) Sea level following de Boer
et al. (2014) resulting in the corresponding mean ocean salinity (right y-axis). (b) North Atlantic Deep Water (NADW) formation is either in
interglacial or glacial mode, following the globally used temperature record (blue) from Köhler et al. (2015), broken line marks the threshold
for switching between both states. (c) Southern Ocean vertical mixing (SO-x: SO surface-to-deep ocean flux, right y-axis) is calculated with
upper and lower limitation (9–29 Sv), marked by horizontal lines. Here, the vertical mixing is calculated as function of sea level. (d) Marine
biology in the Southern Ocean (SO) is either Fe-limited or Fe-unlimited following Fe MAR in ODP1090 (Martinez-Garcia et al., 2011). The
dotted line marks the threshold for switching between both states, leading to global integrated export production of organic matter at 100 m
water depth (right y-axis). (e) Ocean temperatures averaged within the model (mean ocean (black), area weighted mean SST (blue)). Right
y-axis: global integrated sea ice area.
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v in the prescribed
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Ma-long deep Pacific δ13C stack). No δ13C in DIC of the wider tropical surface ocean is plotted in (c). For ∆G−IG the difference between a
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Figure S8. Testing the response of orbitally-forced isotopic signature of geological sources (thin, left y-axes) on deep Indo-Pacific δ13C
(thick, right y-axes), applied to otherwise unchanged control run SEi (difference to SEi in magenta). Top: eccentricity; middle: climatic
precession (E · sin(ω), where E is the eccentricity and ω is the longitude of the perihelion from the moving equinox); bottom: obliquity.
Based on orbital time series taken from Laskar et al. (2004).


