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Astronomical tuning 20 

Cyclostratigraphy 21 

The CaCO3 content of the Site U1406 study interval oscillates with a period of ~1 m between 22 

165−145 m and 95−35 m CCSF-M; this cyclicity is also observed in the composite core images (Fig. 23 

S6a). Wavelet analysis of CaCO3 content supports these observations: clear cyclicity with a 24 

wavelength of ~1.2 m (0.86 cycles m-1) is present between 165−145 m and 95−35 m CCSF-M (Fig. 25 

S7e).  26 
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Magnetostratigraphic reversal boundaries were identified through high-resolution shore-based 27 

palaeomagnetic analysis 1. Chrons C9n to C6Ar (~27–21 Ma; Fig. S7a) were identified in the Site 28 

U1406 study interval, facilitating initial estimates of sedimentation rates using the GTS2012 reversal 29 

ages 2,3. The observed sedimentation rates of ~3 cm kyr-1 in Intervals III and I yield a duration of ~40 30 

kyr for the dominant ~1.2-m cycles, indicating that these thinner cycles are likely paced by obliquity.  31 

 32 

Astrochronology 33 

To derive the first-order phase relationship between CaCO3 content and obliquity we: 1) evaluated the 34 

phase relationship between CaCO3 content and 18Ob on the magnetostratigraphic age model and 2) 35 

assumed the phase relationship of 18Ob to obliquity is the same as that during the Pleistocene 4, where 36 

maxima in 18Ob coincide with obliquity minima. Maxima in 18Ob lag minima in CaCO3 by ~7 kyr 37 

(Fig. S5b). We, therefore, correlate minima in CaCO3 to minima in Earth’s obliquity solution. For 38 

consistency with previous studies 5–7 and because they are not constrained by geological data beyond 39 

~10 Ma 8, we used the La2004 solution as target curve with present-day values for tidal dissipation 40 

and dynamical ellipticity (i.e., we do not attempt to make corrections for changes in the duration of 41 

obliquity cycles caused by effects of tidal dissipation and dynamical ellipticity 9). We obtained the 42 

final fine-tuned ages by aligning minima of individual ~1.2 m cycles of CaCO3 content to minima in 43 

the 40-kyr obliquity cycles (Dataset S3). Continuous tuning is achieved for most of the CaCO3 record 44 

(Fig. S7g), constraining it to ~27.1−21.0 Ma (Fig. S7f−S7i), within the Chattian to Aquitanian stages 45 

and 405-kyr Eccentricity Cycles 67 to 53. Our tuning dates our 18Ob record to span between ~26.2 46 

and 21.8 Ma.  47 

We validated the accuracy of the CaCO3-obliquity tuned age model by comparing the eccentricity 48 

filters of the 18Ob data with the same filters of the La2004 eccentricity solution 9, both for the short 49 

(~110-kyr) and long (405-kyr) eccentricity cycles (Fig. S8c,d). Both filters are in good agreement 50 

throughout the record. A second, independent validation method compared the 173-kyr amplitude 51 

modulation of a broad obliquity filter of CaCO3 with that to similar computations based on the 52 
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La2004 obliquity solution 9,10. The result again shows a good agreement between the two amplitude 53 

modulations (Fig. S8e). 54 

 55 

Data quality control 56 

Selected intervals from sites 926, 1090, and 1218 were omitted from the variance calculations because 57 

the data series lacked temporal resolution (here defined as 200 kyr-long intervals, with fewer than an 58 

average of 4 data points per obliquity cycle 11). Using this criterion, we omitted early Miocene data 59 

from ODP Site 926 6 between 20.2−19.7 Ma, early Miocene data from ODP Site 1090 7 between 60 

22.2−21 Ma, and latest Oligocene data from ODP Site 1218 5 between 23.4−22.2 Ma (Supplementary 61 

Data 3).  62 

The 18Ob record from Site 1090 is from a mix of Oridorsalis umbonatus and Cibicidoides species 7. 63 

The record from Site 1218 was also generated on various Cibicidoides species 5. At Site 926, the 64 

18Ob record was produced using a mixture of Cibicidoides species in the interval between ~26.5−25 65 

Ma (Ref. 6) and uses only Cibicidoides mundulus between 25.0−17.9 Ma. The 18Ob record from Site 66 

1264 is derived from Cibicidoides mundulus only and sampled at high resolution, but it is possible 67 

that the obliquity-paced signal is damped or even removed by sediment mixing (bioturbation), 68 

because sedimentation rates are low (often ≤ 1cm kyr-1, Fig. 3b, d, S2g), In contrast, all other studied 69 

sites have sedimentation rates >1 cm kyr-1 (Supplementary Data 3).  70 

We note the absolute offset between the 18Ob record of Site 926 relative to that of all other studied 71 

sites. This offset has been observed elsewhere 12 as part of evaluation of isotopic gradients (including 72 

13Cb) Sites 926, 1090, 1218, and 1264. We hypothesise this 0.5-‰ offset in 18Ob (equivalent to ca. 2 73 

°C) is due to diagenesis at depth. With uncertainties in geothermal gradient of 0.03-0.047 °C m-1
 74 

(Refs. 13,14), this equates to 10−15% local diagenesis. 75 

In summary, the 18Ob record at Site U1406 is the only record that passes all four quality criteria 76 

(completeness, sedimentation rate, foraminifera, preservation, see Supplementary Data 3), with the 77 

other records affected by low sedimentation rates (Site 1264), insufficient sampling (Sites 926, 1090, 78 
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1218), generated using multiple genera or species (Sites 1090 and 1218, and the older ~1.5 Myr of 79 

Site 926), and/or preservation or diagenetic artefacts (Sites 926 and 1090). 80 

  81 

We also evaluated the potential effect of tuning obliquity and/or eccentricity into a record, artificially 82 

enhancing or reducing VObl and/or VEcc values. We calculated VObl and VEcc of our 18Ob record using 83 

three different independent age models, i.e., our tuning to obliquity, using GTS2012 reversal ages 2,3, 84 

and using reversal ages calculated from spreading rates with a revised age for the Oligocene-Miocene 85 

Boundary reversal 15,16. Despite large absolute age differences up to 150 kyr, these different age 86 

models do not yield substantially different VObl and VEcc (Fig. S9). 87 

Age model changes at Site 1218 were also evaluated to establish any influence on the VObl and VEcc 88 

patterns. The 18Ob record of Site 1218 was originally tuned to an ETP curve 5, which was later re-89 

tuned solely to eccentricity 17. This revised tuning yields large differences in the absolute ages of 90 

some 18Ob data points (Fig. S10a), but the corresponding VEcc or VObl values are identical for the 91 

majority of the record (Fig. S10b, 10c). We observe that data processing (e.g., de-trending, 92 

interpolation, removal of outliers) may yield minor offsets, demonstrated by a comparison between 93 

the VObl and VEcc computed from the 18Ob megasplice 18 and the original records of sites 1218 94 

(28−24.5 Ma), 1090 (ca. 23 Ma), and 926 (22-21 Ma), but these offsets are trivial and cannot explain 95 

the observed site-to-site discrepancies in VObl. 96 

 97 

 98 

99 
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Supplementary figures  100 

 101 

 102 

Fig. S1. Location of Integrated Ocean Drilling Program Site U1406 (bright red) and other site 103 

localities discussed in this study are also shown including sites 926 (dark red), 1090 (purple), 1218 104 

(blue), 1264 (yellow), and ice-proximal localities Site 270, ANDRILL (AND) 2A, and Cape Roberts 105 

Project (CRP) Site 2/2A (grey). Note the close proximity of AND-2A and CRP-2/2A so their site 106 

symbols are plotted on top of each other. 107 

108 
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 109 

 110 

Fig. S2. As for Fig. 3 but with further information on the fidelity of the records. a) 18Ob records of 111 

ODP/IODP sites U1406 (bright red; presented here), 926 (dark red) 6, 1090 (purple) 7, 1218 (blue) 5, 112 

and 1264 (yellow) 19 during EMI (Early Miocene Interval), OMT (Oligocene-Miocene Transition), 113 
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LOW (Late Oligocene Warming), and MOGI (Mid-Oligocene Glacial Interval). Blue shading 114 

indicates colder intervals (roughly equivalent to the MOGI/LOW transition and OMT interval) with 115 

high-amplitude variability in 18Ob on frequencies corresponding to eccentricity. b) VObl (continuous 116 

lines) and VEcc (dashed lines) of the 18Ob records shown in a) and the composite 18Ob record (L19) 117 

18,20. Shaded intervals highlight where VObl > VEcc in individual records. c) Obliquity sensitivity (SObl) 118 

20 represents 18Ob response to astronomical forcing and is defined by the ratio between VObl in 18Ob 119 

and VObl in the La2004 obliquity solution 9 (see Site-to-site variability in the response of 18Ob to 120 

obliquity). d) and e) The La2004 obliquity and eccentricity solutions 9, respectively. Long-term 121 

eccentricity modulations of ~405 kyr and 2.4 Myr are offset in e) for visibility. f) temporal resolution 122 

of these five 18Ob records. Open dots and red shading indicate insufficient data resolution to resolve 123 

obliquity. Note the exceptional resolution of Site U1406 presented here. g) smoothed sedimentation 124 

rates at the five sites. 125 

 126 

 127 

128 
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 129 

Fig. S3. The response to eccentricity and obliquity in the global 18Ob stack over the last 5 Myr. a) 130 

and b) Astronomical parameters obliquity and eccentricity, respectively. c) The 18Ob stack of LR04 21 131 

from which we compute VEcc and VObl in d) and e). e) is zoomed in on lower half of d) to emphasise 132 

variations during the Pliocene and prior to the Mid-Pleistocene Transition.  133 

134 
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 135 

Fig. S4. Synthetic representation of the distortion caused by splicing two records together. a) two 136 

obliquity-like sine waves with amplitude 0.5 (blue) and 1.0 (purple) from the synthetic VObl in b). 137 

Note that the transition from the sine wave with amplitude 0.5 to the sine wave with amplitude 1.0 is 138 

smeared out over the length of the window used (here 1 Myr, see Methods). This closely resembles 139 

the observed VObl pattern at 24 Ma from Ref. 20 in c), splicing together the 18Ob records of Sites 1218 140 

and 1090 visible in d). 141 

142 
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 143 

Fig S5. X-ray fluorescence (XRF) calibration and initial phase analysis. a) XRF ln(Ca/K) data 22 144 

plotted against shipboard 23 and newly generated coulometric CaCO3 content from the same depths. b) 145 

Phase relationship between CaCO3 content and 18O, highlighting maxima in δ18O lag minima in 146 

CaCO3 by ~7 kyr. Blue shaded interval indicates 2σ uncertainties in phase and coherence. Red circles 147 

denote when CaCO3 and 18O are coherent at 80% (dashed) and 95% (continuous) significance levels 148 

(CL). 149 

150 
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 151 

Fig. S6. Our new record from IODP Site U1406 in the depth domain. a) Spliced linescan images of 152 

studied core sections of IODP Site U1406 22, b) CaCO3 content, c) coarse fraction (>63 m), and d) 153 

benthic foraminiferal stable oxygen (18Ob) isotope ratios.  154 

155 
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 156 

Fig. S7. Cyclostratigraphic analysis in the depth domain and tuning to the full obliquity curve. a) and 157 

b) Magnetostratigraphy and sedimentation rates 1, respectively, based on reversal ages from GTS2012 158 

2,3. c). CaCO3 content. d) Global and e) local wavelet power spectra of detrended (periodicities >25 m 159 

removed) CaCO3 content. Dotted and dashed lines in d) denote 80% and 95% significance levels, 160 

respectively. f) detrended CaCO3 to highlight numbered cycles used in astronomical tuning presented 161 

in g) between CaCO3 content data and h) the obliquity orbital solution from La2004 9, including 162 



 13 

amplitude modulation. i) For comparison, the La2004 eccentricity solution 9. The 405-kyr and ~2.4-163 

Myr eccentricity band-pass filtered components are offset to aid visibility. 164 
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 166 

Fig. S8. Cyclostratigraphic analysis in the age domain. a) and b) show the local and global wavelet 167 

power spectra of detrended (periodicities >1 Myr removed) CaCO3 content and 18Ob. c) and d) 168 

Filtered 18Ob (blue), and La2004 eccentricity (red) 9 using band-pass filters equivalent to the long 169 

(2.5 ± 0.5 cycles Myr-1) and short (9 ± 3 cycles Myr-1) eccentricity (Ecc) cycles. e) amplitude 170 

modulation (AM) computed on the filters of CaCO3 content (yellow) and La2004 obliquity solution 9 171 

(bandwidth 23 ± 5 cycles Myr-1) presented in f). g) and h) CaCO3 content (yellow) and 18O (blue) 172 

records before cyclostratigraphic analysis, after detrending (see Methods). Note the excellent 173 

agreement between the La2004 eccentricity 9 and 18Ob eccentricity-bandwidth filter (blue and red in 174 

d), respectively), even though the tuning assumption is solely CaCO3 content to the La2004 obliquity 175 

curve. 176 

177 
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 178 

Fig. S9. Effect of age model uncertainties on VObl and VEcc at Site U1406. a) differences in absolute 179 

age between the astronomically tuned age model presented here and that based on 180 

magnetostratigraphic tie points1 correlated to two widely used age model options GTS20122,3 and 181 

CK95r15 with an updated age tie point at the Oligocene-Miocene Boundary16. The VObl and VEcc from 182 

each of these age models show some subtle differences due to the exact age tie points used but the 183 

overarching patterns are practically identical.  184 

185 
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 186 

Fig. S10. Effect of age model updates on VObl and VEcc at ODP Site 1218. a) differences in absolute 187 

age of individual data points between the original age model 5 and a revised version 17, with b) and c) 188 

corresponding VEcc and VObl values, respectively.  189 

190 
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