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Astronomical tuning

Cyclostratigraphy

The CaCOs content of the Site U1406 study interval oscillates with a period of ~1 m between
165-145 m and 95—-35 m CCSF-M,; this cyclicity is also observed in the composite core images (Fig.
S6a). Wavelet analysis of CaCOs content supports these observations: clear cyclicity with a
wavelength of ~1.2 m (0.86 cycles m?) is present between 165-145 m and 95-35 m CCSF-M (Fig.

S7e).
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Magnetostratigraphic reversal boundaries were identified through high-resolution shore-based
palaeomagnetic analysis *. Chrons C9n to C6Ar (~27-21 Ma; Fig. S7a) were identified in the Site
U1406 study interval, facilitating initial estimates of sedimentation rates using the GTS2012 reversal
ages 2°. The observed sedimentation rates of ~3 cm kyr in Intervals 11l and I yield a duration of ~40

kyr for the dominant ~1.2-m cycles, indicating that these thinner cycles are likely paced by obliquity.

Astrochronology

To derive the first-order phase relationship between CaCQOj3; content and obliquity we: 1) evaluated the
phase relationship between CaCOs; content and 580, on the magnetostratigraphic age model and 2)
assumed the phase relationship of 80, to obliquity is the same as that during the Pleistocene #, where
maxima in §'80y coincide with obliquity minima. Maxima in 5*80y, lag minima in CaCOs by ~7 kyr
(Fig. Sbb). We, therefore, correlate minima in CaCOs3 to minima in Earth’s obliquity solution. For
consistency with previous studies >~ and because they are not constrained by geological data beyond
~10 Ma &, we used the La2004 solution as target curve with present-day values for tidal dissipation
and dynamical ellipticity (i.e., we do not attempt to make corrections for changes in the duration of
obliquity cycles caused by effects of tidal dissipation and dynamical ellipticity °). We obtained the
final fine-tuned ages by aligning minima of individual ~1.2 m cycles of CaCOs content to minima in
the 40-kyr obliquity cycles (Dataset S3). Continuous tuning is achieved for most of the CaCO3 record
(Fig. S7g), constraining it to ~27.1-21.0 Ma (Fig. S7f—S7i), within the Chattian to Aquitanian stages
and 405-kyr Eccentricity Cycles 67 to 53. Our tuning dates our &30, record to span between ~26.2
and 21.8 Ma.

We validated the accuracy of the CaCOs-obliquity tuned age model by comparing the eccentricity
filters of the 5180, data with the same filters of the La2004 eccentricity solution °, both for the short
(~110-kyr) and long (405-kyr) eccentricity cycles (Fig. S8c,d). Both filters are in good agreement
throughout the record. A second, independent validation method compared the 173-kyr amplitude

modulation of a broad obliquity filter of CaCO3 with that to similar computations based on the
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La2004 obliquity solution *°, The result again shows a good agreement between the two amplitude

modulations (Fig. S8e).

Data quality control

Selected intervals from sites 926, 1090, and 1218 were omitted from the variance calculations because
the data series lacked temporal resolution (here defined as 200 kyr-long intervals, with fewer than an
average of 4 data points per obliquity cycle ™). Using this criterion, we omitted early Miocene data
from ODP Site 926 °© between 20.2-19.7 Ma, early Miocene data from ODP Site 1090 7 between
22.2-21 Ma, and latest Oligocene data from ODP Site 1218 ° between 23.4-22.2 Ma (Supplementary
Data 3).

The 80y record from Site 1090 is from a mix of Oridorsalis umbonatus and Cibicidoides species ’.
The record from Site 1218 was also generated on various Cibicidoides species °. At Site 926, the
580y record was produced using a mixture of Cibicidoides species in the interval between ~26.5-25
Ma (Ref. ©) and uses only Cibicidoides mundulus between 25.0-17.9 Ma. The §'¥0y, record from Site
1264 is derived from Cibicidoides mundulus only and sampled at high resolution, but it is possible
that the obliquity-paced signal is damped or even removed by sediment mixing (bioturbation),
because sedimentation rates are low (often < 1cm kyr?, Fig. 3b, d, S2g), In contrast, all other studied
sites have sedimentation rates >1 cm kyr* (Supplementary Data 3).

We note the absolute offset between the 580y, record of Site 926 relative to that of all other studied
sites. This offset has been observed elsewhere 2 as part of evaluation of isotopic gradients (including
813Cy) Sites 926, 1090, 1218, and 1264. We hypothesise this 0.5-%o offset in 510y (equivalent to ca. 2
°C) is due to diagenesis at depth. With uncertainties in geothermal gradient of 0.03-0.047 °C m*
(Refs. 31%), this equates to 10-15% local diagenesis.

In summary, the 580y, record at Site U1406 is the only record that passes all four quality criteria
(completeness, sedimentation rate, foraminifera, preservation, see Supplementary Data 3), with the

other records affected by low sedimentation rates (Site 1264), insufficient sampling (Sites 926, 1090,
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1218), generated using multiple genera or species (Sites 1090 and 1218, and the older ~1.5 Myr of

Site 926), and/or preservation or diagenetic artefacts (Sites 926 and 1090).

We also evaluated the potential effect of tuning obliquity and/or eccentricity into a record, artificially
enhancing or reducing Voo and/or Ve values. We calculated Voy and Ve of our 820, record using
three different independent age models, i.e., our tuning to obliquity, using GTS2012 reversal ages %,
and using reversal ages calculated from spreading rates with a revised age for the Oligocene-Miocene
Boundary reversal *>*¢. Despite large absolute age differences up to 150 kyr, these different age
models do not yield substantially different Vo and Vee (Fig. S9).

Age model changes at Site 1218 were also evaluated to establish any influence on the Voy and Vecc
patterns. The 50, record of Site 1218 was originally tuned to an ETP curve °, which was later re-
tuned solely to eccentricity *’. This revised tuning yields large differences in the absolute ages of
some 580y, data points (Fig. S10a), but the corresponding Vec: or Vo values are identical for the
majority of the record (Fig. S10b, 10c). We observe that data processing (e.g., de-trending,
interpolation, removal of outliers) may yield minor offsets, demonstrated by a comparison between
the Voo and Vec. computed from the §'80, megasplice * and the original records of sites 1218
(28—-24.5 Ma), 1090 (ca. 23 Ma), and 926 (22-21 Ma), but these offsets are trivial and cannot explain

the observed site-to-site discrepancies in Vopi.
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Supplementary figures
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Fig. S1. Location of Integrated Ocean Drilling Program Site U1406 (bright red) and other site
localities discussed in this study are also shown including sites 926 (dark red), 1090 (purple), 1218
(blue), 1264 (yellow), and ice-proximal localities Site 270, ANDRILL (AND) 2A, and Cape Roberts
Project (CRP) Site 2/2A (grey). Note the close proximity of AND-2A and CRP-2/2A so their site

symbols are plotted on top of each other.
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LOW (Late Oligocene Warming), and MOGI (Mid-Oligocene Glacial Interval). Blue shading
indicates colder intervals (roughly equivalent to the MOGI/LOW transition and OMT interval) with
high-amplitude variability in 5'80y, on frequencies corresponding to eccentricity. b) Vo (continuous
lines) and Ve (dashed lines) of the 820, records shown in a) and the composite 580, record (L19)
1820 Shaded intervals highlight where Von > Vecc in individual records. ¢) Obliquity sensitivity (Sobi)
20 represents &80, response to astronomical forcing and is defined by the ratio between Vop in 580y
and Vop in the La2004 obliquity solution ° (see Site-to-site variability in the response of 520, to
obliquity). d) and e) The La2004 obliquity and eccentricity solutions °, respectively. Long-term
eccentricity modulations of ~405 kyr and 2.4 Myr are offset in ) for visibility. f) temporal resolution
of these five 50, records. Open dots and red shading indicate insufficient data resolution to resolve

obliquity. Note the exceptional resolution of Site U1406 presented here. g) smoothed sedimentation

rates at the five sites.
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