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1 Calcite compensation depth outliers

The large number of very low values in the CCD can be explained by the steady state alternating between two or more sediment
boxes. This could also be the cause of the relatively stronger precession and obliquity peaks in the CCD’s spectrum (Fig. 3 (c)),
wherein the large high-frequency perturbations overshadow the long-term trend. The identical spectral outcome of a medium
noise-only run (supplement fig. 4) further substantiates this assessment. These issues could be resolved by increasing the5
limitation: the finite number of sediment boxes in the model to generate a smoother CCD curve.

2 Calcite compensation depth spectral analysis
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Figure 1. Carbonate accumulation rate (CAR) in the time (left side) and frequency domains (right side) for all sites in Pälike et al. (2012).
Loess filtered (purple) and unfiltered (black) MTM-spectra are shown (right side) for the selected time-slices (darker dots in left side). Time-
slices were selected based on continuous similar-resolution intervals where there are no known time-scale issues. Corresponding significant
(harmonic f-test) peaks are labelled with associated periods.
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Figure 2. CCD as reconstructed by Pälike et al. (2012) (a), filtered for 405 kyr and 2.4Myr (b) with a loess fit (a, blue line) subtracted from
the record (c), which result in power spectra for the original (gray) and detrended (black) Pacific CCD composite (c). Significant peaks are
labelled with the corresponding periods.
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Table 1. Periods of interest in the input forcing were calculated from dominant secular frequencies (g, from Laskar et al. (2004)). Non-
eccentricity typical periods were found visually with by analysing in detail the MTM-spectra of component. The index i in gi refers to the
planet in the solar system (counting from the sun outward).

Component Terms Period (yr) Plot period (kyr)

Eccentricity g4 − g3 2365408.22085889 2365
Eccentricity g1 − g5 972584.643914338 973
Eccentricity g2 − g1 696021.261160021 696
Eccentricity g2 − g5 405691.71449262 405
Eccentricity g2 − g4 123854.477912872 124
Eccentricity g4 − g5 94886.4059134611 95
Obliquity 52.4
Obliquity 40.2
Obliquity 29.5
Obliquity 28.5
Precession 23.42
Precession 22.15
Precession 18.78
Precession 16.34
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3 Effects of shifting records for consistency in overlap

Attempts were made to improve inter-record compatibility by shifting record δ13C and δ18O values from the various studies
towards heavier or lighter values, such that mean isotope values in overlapping regions would be identical, but were eventually
abandoned because of their minor influence on spectral outcome (Supp. Fig. 3).
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records in the area of overlap (where data from Pälike et al. (2006) were omitted due to lower resolution) but hardly effects spectral outcome
and is therefore not used in this study.
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Table 2. Effects of increasing various parameters on model output.

Increased parameter Causes this effect

initial pCO2 Base level of δ13C
increases

orbstrength Amplitude of cycle
variation in tracers
increases

cliplevel Increased shift in spectral
power to lower frequencies

E, T and P in ETP Shift spectral power to
associated frequencies

noiselevel Amplitude of noise in-
creases, base of AR-1 fit in
MTM-spectra is raised

noisetiming More noise is generated in
lower frequency range

4 Model sensitivity

The introduction of white noise on Corg burial results in red noise in the spectral output of the model tracers. This basically
means that the low-frequency spectral power amplification that we see in the orbitally-forced runs also occurs for the noise
input. The addition of noise thus adds spectral power to the low-frequency range, and raises the background levels of MTM-
spectra in the orbitally-forced model output tracers.5

The model responds as expected to changes in initial conditions and newly added parameters. Table 2 shows an overview of
what happens to the model output when a parameter is increased.
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Figure 4. Model output when Corg burial is only affected by noise that is generated every time a time step larger than 1 kyr has passed in the
time (A) and frequency (B) domain.
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5 Apparent lead in 2.4 Myr of the −δ13CDP signal

Figure 6. Transient linearly increasing orbital forcing (orange line) and the response of δ13C (green line) and pCO2 (purple line). Horizontal
dotted lines are visual aids to track the initial values of δ13C and pCO2. The double arrow marked “δ13C overshoot” is drawn between the
initial value of δ13C and the maximum value reached after cessation of forcing.
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The δ13C of DIC in deep and intermediate ocean boxes shows a lead to the 2.4 Myr eccentricity forcing. A close assessment
of the first few peaks in the 2.4 Myr bandpass filtered deep-ocean δ13C reveals that the lead only appears from the second peak
onward, indicating that it may be an overshoot in the carbon isotope response to the forcing. Simulations with a transient, lin-
early increasing forcing were performed to explore whether the proposed overshoot could be found (Fig. 6). In this simulation,
the imposed forcing decreased net burial of Corg for 500 kyr. During this time, pCO2 progressively increases while δ13C of5
DIC becomes more depleted. After the forcing has been terminated at t=500 kyr, pCO2 slowly decreases to its initial value
over millions of years by the feedback of continental weathering. In contrast, carbon isotopes return to their initial value much
more rapidly and subsequently overshoot past it. A maximum δ13C value is reached at t=895 kyr, almost 400 kyr after the
forcing has stopped. This confirms that the observed lead of carbon isotopes to the 2.4 Myr eccentricity cycle is an overshoot
response rather than an actual lead. Additionally, the slow development of the overshoot explains why it does not result in a10
lead to the shorter 405 and 100 kyr cycles. The remaining question is why the overshoot develops in deep and intermediate
ocean δ13C, but not in the surface ocean (Fig. 4 and Fig. 6). At any time, the mean δ13C value of an ocean box represents a
balance between the magnitude of carbon fluxes going in and out of the box and their isotopic signature. The LOSCAR model
shows similar results as the box model runs by Kump (1991), which reveal that at steady state, surface ocean δ13C follows the
following equation:15

δ13Csurface = δ13Cweathering −∆photo × (FOC
burial/[F

OC
burial +F IC

burial]) (1)

Surface ocean δ13C thus depends on three factors: the ratio between burial rates of organic (FOC
burial) and inorganic carbon

(F IC
burial), the δ13C of weathered carbon (δ13Cweathering), and the magnitude of isotopic fractionation during photosynthesis

(∆photo). As δ13C weathering and ∆photo are constant parameters in the model, δ13C surface becomes lighter when relatively
less organic carbon is buried, and vice versa. The carbon isotopic gradient between surface and deep ocean δ13C can then be20
calculated according to the following equation (Broecker and Peng, 1982; Tyrrell and Zeebe, 2004):

∆δ13C = −∆photo ×∆[DIC]/[DIC]mean (2)

While δ13Csurface is independent of internal oceanic processes, δ13Cdeep is determined by ∆photo and the ratio between deep
and surface DIC (∆[DIC]) compared to the mean DIC of the ocean ([DIC]mean). As ∆[DIC] is dominantly controlled by the
organic carbon pump, this can be interpreted as maintenance of the surface-to-deep isotope gradient by the biological pump.25

Since both ∆photo and the strength of the biological pump are constant in the model, changes in the gradient are mainly
caused by the size of the total oceanic carbon inventory, reflected by [DIC]mean. During the first 500 kyr of the simulation,
both δ13C surface and δ13C deep become more 13C-depleted as Corg burial is decreasing relative to IC burial. After the forcing
has terminated, Corg burial instantaneously increases back to initial conditions. However, [DIC]mean and pCO2 are still en-
hanced relative to the initial conditions for several Myr, thereby elevating both silicate and carbonate weathering (equations 130
and 2). During this rebound phase, δ13C surface slowly increases back to its initial value, as burial of IC is enhanced rela-
tive to Corg burial. In addition to this, the elevated inventory of oceanic carbon diminishes the isotope gradient by decreasing
∆[DIC]/[DIC]mean (the small increase in ∆[DIC] is negligible compared to that in [DIC]mean). This can be interpreted as a
relative decrease in strength of the organic carbon pump compared to the size of the total carbon inventory, causing the deep
isotopes to increase even more than those of the surface and resulting in the observed overshoot of δ13CDP.35
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6 2.4 Myr amplitude modulation of the shorter eccentricity cycles
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Figure 10. Example time-series model output for an ETP-forced (1:0.5:-0.4) run with orbstrength 0.5 and noiselevel 0, showing
all model output tracers, except PO4, because it is constant throughout at 2.62 µmolkg−1. 405 kyr (frequency of 2.46± 0.15Myr−1) and
2.4Myr (0.42± 0.15Myr−1) bandpass filters are shown for all records (thick darker lines).
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Figure 11. Time series model output with eccentricity, obliquity, precession, ETP (1:0.5:−0.4), 30°N and 65°N insolation forcing. Thick
lines through the tracers represent 405 kyr and 2.4 Myr filters.
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