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Supplementary Figure 1 Synthetic dynamic stratigraphic noise model of sea-level variations. a La2004 astronomical 
solution from 0 to 10 Ma (La04ETP, see Fig. 1 in the main text). b Seven intervals with different types of noise (black) 
and gaps (red). (α) 500-kyr white Gaussian noise. (β) 500-kyr red noise with a lag-1 autocorrelation coefficient 0.3. 
(γ) multiple intermittent, brief gaps. (δ) 4.75-myr white Gaussian noise with (ε) additional 500-kyr white Gaussian 
noise, (ζ) a 100-kyr gap, and (η) a 750-kyr gap. c Sum of La04ETP in (a) and the noise in (b). ETP series are expanded 
for “un-recognized” gaps (γ) or zero during the “recognized” gap (ζ) or missing during the “un-recognized” gap (η) in 
(b). d-e DYNOT model of series in (c). f-g r1 model of series in (c). h Sum of La04ETP in (a) and the noise in (b).
ETP series is expanded for “un-recognized” gaps (γ) or zero during the “recognized” gap (ζ and η) in (b). i-j DYNOT 
model of series in (h), curve minima correspond to noise intervals in (b). k-l r1 model of series in (h). Confidence
levels are estimated by a Monte Carlo analysis with 5,000 iterations using a running window of 400 kyr (d, f, i and k) 
or randomized windows within a 300-500 kyr range (e, g, j and l)
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Supplementary Figure 2 The Weibull probability plot of sampling rates of the gamma ray series at ODP Site 1119 
using Matlab’s wblplot.m 
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Supplementary Figure 3 Testing the DYNOT and r1 models on the fine-tuned gamma ray log at ODP Site 1119 for
the past 1.4 myr (Supplementary Figs. 4-5). a Gamma ray series is from ref. 1. b-f DYNOT models of interpolated 
time series in (a) using randomly selected sampling rates from 0.22 to 2.04 kyr with a running window of 400 kyr (b-
e) and 300-500-kyr (f) and 10,000 (b), and 5,000 (c-g) Monte Carlo realizations. g DYNOT model with fixed interpo-
lated sample rate of 1 kyr with a running window of 400 kyr and 5,000 Monte Carlo realizations. h-m r1 model of
interpolated gamma ray series using random sampling rates from 2.04 to 4.08 kyr (h-j and l) and 2.04-3.06 kyr (k) 
and a fixed sample rate of 4.08 kyr (m) with a running window range of 300-500 kyr (l), and a fixed window of 400 kyr 
(h-k and m), and 10,000 (h) and 5,000 (i-m) Monte Carlo realizations. Small differences between (b) and (d) indicate 
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5,000 Monte Carlo simulations are sufficient for the DYNOT and r1 models (compare h and i). Dynamic noise of the
gamma ray series with and without an outlier (red in a) using the same parameters suggest a significant outlier con-
tribution to the noise spectra (compare c and d, and i and j). Small differences among d-g suggest that changes in 
sampling rates of original dataset, window selection (400 kyr or 300-500 kyr), and cutoff frequencies do not have a 
significant impact on the DYNOT model. This applies also to the r1 model except that the r1 model is sensitive to the
sampling rate (m). 2p multi-taper power spectra are used to generate DYNOT models for all Monte Carlo realizations. 
Target astronomical cycles for all calculations have periods of 405 kyr, 125 kyr, 95 kyr, 40.9 kyr, 23.6 kyr, 22.3 kyr, 
and 19.1 kyr. Cutoff frequencies for estimating total variance are from 0.001 to 1 kyr-1. All models are shown with 
median, 50%, 68%, 80%, 90%, and 95% ranges of the Monte Carlo simulations 

Supplementary Figure 4 Cyclostratigraphy of original gamma ray series at ODP Site 1119 from 0 to 1400 ka. Left: 
Original gamma ray series is from ref. 1 (black), and one outlier was removed (see Supplementary Fig. 3a), and an 
800-kyr weighted average (LOESS) trend was removed. Obliquity cycles filtered from the gamma ray series (Gaussian
filter, passband: 0.024 ± 0.004 kyr-1). Right: 2π MTM power spectrum and evolutionary FFT of the gamma ray series
using a 400 kyr running window
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Supplementary Figure 5 Dating error and dynamic sedimentary noise models of the gamma ray log at ODP Site 
1119. Left plots show results for original gamma ray time series, and right plots show results of fine-tuned gamma ray 
time series using the age model in Supplementary Table 3. Fine-tuning of gamma ray time series leads to only slight 
changes in the shape of the DYNOT model with a 400-kyr window (compare b and f), and little change in the r1 model 
(compare c and g). a Original gamma ray time series with age model are from ref. 1, for which one outlier was removed 
(see Supplementary Fig. 3a). b DYNOT models of the interpolated time series in (a) using random sampling rates 
from 0.20 to 1.55 kyr with a running window of 400 kyr. c r1 model of the time series in (a). e Fine-tuned gamma ray 
time series. f DYNOT models of interpolated time series in (e) using random sampling rates from 0.22 to 2.04 kyr with 
a running window of 400 kyr. g r1 model of the time series in (e). Confidence intervals are estimated by Monte Carlo 
analysis with 5,000 iterations. (c) and (g) use random sampling rates of 2.04-4.08 kyr. The noise models are shown 
together with the lowpass Gaussian filter output (solid blue; cutoff frequency of 1/(400 kyr)) of (d, h) sea-level changes 
estimated from benthic foraminiferal d18O 2 
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Supplementary Figure 6 The DYNOT and r1 models of the global sea-level curve show little similarity to sea-level 
changes and dynamic sedimentary noises. Dynamic noise in the global sea-level curve is discussed in ref. 3. a Sea-
level changes estimated from benthic foraminiferal d18O from 0-1400 ka 2. DYNOT (b) and r1 (c) models of the sea-
level time series in (a) using a sampling rates of 5 kyr with a running window of 400 kyr. Confidence intervals are 
estimated by Monte Carlo analysis with 5,000 iterations. The models are shown with lowpass Gaussian filter output 
(solid blue; cutoff frequency is 1/(400 kyr)) for the sea-level time series in (a) 
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Supplementary Figure 7 Sedimentary noise models of the gamma ray log at ODP Site 1119 using a 100-kyr running 
window show higher frequency sea-level variations. a Fine-tuned gamma ray series, with one outlier removed (see 
Supplementary Fig. 3a). b DYNOT models of the interpolated time series in (a) using random sampling rates from 
0.20 to 2.04 kyr with a running window of 100 kyr. c r1 model of the time series in (a) use random sampling rates of 
2.04-4.08 kyr. Confidence intervals are estimated by Monte Carlo analysis with 5,000 iterations. The noise models are 
shown with lowpass Gaussian filter outputs of sea-level changes (solid blue; cutoff frequencies are 1/(100 kyr)) of d sea-
level changes estimated from benthic foraminiferal d18O 2 
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Supplementary Figure 8 Field photo and interpreted sequences of studied sections at Daxiakou and Chaohu, South 
China. SB = sequence boundary; Ol1, Ol2 and Ol3 are discussed in the main text. Chronostratigraphy at both sections 
follows ref. 4. Photos by Mingsong Li 

 



 
 

 Li	et	al.,	2018	|	NATURE	COMMUNICATIONS	|	DOI:	10.1038/s41467-018-03454-y	|	Supplementary	Information	|	Page	9	

 
Supplementary Figure 9 Correlation of Chaohu and Daxiakou sections with the gamma ray (GR) logs at each sec-
tion 4. Biostratigraphy is according to refs. 5,6. Substage boundaries are according to refs. 4-6. Paleomagnetic po-
larity patterns at Chaohu are according to refs. 4,7. Filtered GR (red) and interpreted eccentricity cycles are from 
ref. 4. Trace fossil data are from ref. 8 
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Supplementary Figure 10 Tuned gamma ray (GR) logs from the Chaohu section 4. Biostratigraphy is according to 
refs. 5,6. Substages boundaries are according to refs. 4-6. Paleomagnetic polarity patterns at Chaohu are according 
to refs. 4,7. Trace fossil data are from ref. 8. The DYNOT and r1 models are from Fig. 6 in the main text. See Supple-
mentary Figure 9 for legend 
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Supplementary Figure 11 DYNOT models of the Early Triassic series over different spectral bands show only minor 
difference at Daxiakou (a-c) and Chaohu (d-f) sections. The 0.8 to 3.0 kyr median sampling rates of the studied 
sections significantly limit the presence of sub-Milankovitch frequencies, thus are expected to contribute to only a 
minor portion of the noise. Time scale and magnetostratigraphy are from ref. 4. a Tuned gamma ray time series at 
Daxiakou 4. b-c DYNOT models of (a) with total variance calculated over a spectral band from 1×103 to 1×106 year 
(b) and alternatively from 1.2×104 to 1×106 year (c). d Tuned gamma ray time series at Chaohu 4. e-f DYNOT model 
of (d) with total variance calculated over a spectral band from 1×103 to 1×106 year (e) and alternatively from 1.2×104 
to 1×106 year (f). The DYNOT models were estimated using interpolated series with random sample rates from 1.6 to 
5.4 kyr for the Daxiakou gamma ray time series and 0.4 to 5.5 kyr for the Chaohu gamma ray time series, and a 
running window of 400 kyr. Confidence levels were estimated by a Monte Carlo analysis with 5,000 iterations 

Le
ge

nd

Reverse

Normal

Volcanic ash Magnetostratigraphy 

Di.: Dienerian

M.T.:Middle Triassic

0.1

0.2

0.3

E
ar

th
 T

im
e

253252251250249248247(Ma)Age

Stage
Substage

Epoch

Spathian
ChanghsingianAnisian Olenekian Induan

GriesbachianSmithian

PermianM.T. Early Triassic

Di.
Mag.

2
4
6
8

C
ha

oh
u

C
ha

oh
u

d

e

G
R

(x
10

  c
pm

)
3

D
YN

O
T

f

D
YN

O
T

2
4
6
8

D
ax

ia
ko

u
D

ax
ia

ko
u

a

b

G
R

(x
10

  c
pm

)
3

D
YN

O
T

c

D
YN

O
T

0.2
0.1

0.3
0.4
0.5

0.1

0.2

0.3

0.4

0.1

0.2

0.3

0.4

95
90
80%
68
50

Median



 
 

 Li	et	al.,	2018	|	NATURE	COMMUNICATIONS	|	DOI:	10.1038/s41467-018-03454-y	|	Supplementary	Information	|	Page	12	

 
Supplementary Figure 12 Non-orbital signal (R) and 2p multi-taper power spectra of selected 500-kyr long intervals 
of the gamma-ray (GR) series from the Daxiakou (a-f) and Chaohu (h-m) sections. g and n, 2p multi-taper power 
spectrum of Laskar2004 ETP for 239-249 Ma. GR series are uniformly interpolated to a 2-kyr sampling rate. Each 
power spectrum of the GR series is plotted against the united E, T and P bands (blue bars, fixed passbands are target 
frequencies ± 120% × bandwidth), together with non-orbital signal ratios 
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Supplementary Figure 13 Early Triassic sea-level reconstructions suggest similar sequence patterns at different 
timescales. a Timescale of European sequences during the Early Triassic anchored to the magnetostratigraphy of 
Arctic stratotypes 9. b Sequences in the Tethyan region 10 with magnetostratigraphy of the Germanic Basin and cali-
brated to the age model in ref. 11. c Sequences and estimated sea-level change for the latest Permian-Middle Triassic 
12. There is a discrepancy in the estimated amplitude of sea-level change for Ol2, which shows sea-level change <25 
m while the amplitude for Ol2 presumably can be up to >75 m. d Time-calibrated sea-level curve from (c) using the 
most recent age model from ref. 4. Sea-level amplitudes are provided according to Option A and Option B (see Sup-
plementary Note 2). Mag. =Magnetostratigraphy. Dashed green lines in (c) and (d) indicate stage boundaries used 
for calibrating sequence boundaries  
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Supplementary Table 1 The 16 parameters for uncertainty analysis. Note: bw represents bandwidth (Methods) 
  

Parameters Distri-
bution Minimum Maximum Data Plots 

Sampling 
rate 
(kyr) 

Fixed 

1 La2004 ETP Fig. 1; Supplementary Fig.1 
1 Site 1119 Supplementary Fig. 3g 

4.08 Supplementary Fig. 3m 
5 δ18O sea-level Supplementary Fig. 6 

Weibull 
& Uni-
form 

0.20 1.55 Site 1119 original Supplementary Fig. 5b 

2.04 4.08 Site 1119 original & 
fine tuned 

Fig. 3d; Supplementary Fig. 
3h-l; Supplementary Fig.5c,g; 

Supplementary Fig. 7 

0.22 2.04 Site 1119 fine-tuned Fig. 3c; Supplementary Fig. 
3b-f; Supplementary Fig. 5f 

0.4 5.5 Chaohu 
Fig. 5d; Supplementary Fig. 

10; Supplementary Fig. 11e-f 
5.5 8.25 Fig. 5e; Supplementary Fig. 10 
1.6 5.4 Daxiakou Fig. 5b; Supplementary 11b-c 
5.4 8.1 Fig. 5c 

Running 
window 

(kyr) 

Uniform 300 500 La2004 ETP; ODP 
Site 1119 

Supplementary Fig. 1e,g,j,l; 
Supplementary Fig. 3f,l 

Fixed 100 ODP Site 1119 Supplementary Fig. 7 
400 All series All other figures 

Cutoff 
fre-

quen-
cies 
in 

equa-
tions 
1-4 

(kyr-1) 

c1 

Uniform 

1/405 - 120% × bw 1/405 - 90% × bw 

All series 

All DYNOT plots except  Sup-
plementary Fig. 3e 

c2 1/405 + 90% × bw 1/405 + 120% × bw 
c3 1/125 - 120% × bw 1/125 - 90% × bw 
c4 1/125 + 90% × bw 1/125 + 120% × bw 
c5 1/95 - 120% × bw 1/95 - 90% × bw 
c6 1/95 + 90% × bw 1/95 + 120% × bw 

c7 
1/40.9 - 120% × bw 1/40.9 - 90% × bw La2004 ETP; ODP 

Site 1119 
1/33 - 120% × bw 1/33 - 90% × bw Chaohu; Daxiakou 

c8 
1/40.9 + 90% × bw 1/40.9 + 120% × bw La2004 ETP; ODP 

Site 1119 
1/33 + 90% × bw 1/33+ 120% × bw Chaohu; Daxiakou 

c9 
1/23.6 - 120% × bw 1/23.6 - 90% × bw La2004 ETP; ODP 

Site 1119 
1/21 - 120% × bw 1/21 - 90% × bw Chaohu; Daxiakou 

c10 
1/23.6 + 90% × bw 1/23.6 + 120% × bw La2004 ETP; ODP 

Site 1119 
1/21 + 90% × bw 1/21+ 120% × bw Chaohu; Daxiakou 

c11 
1/22.3 - 120% × bw 1/22.3 - 90% × bw La2004 ETP; ODP 

Site 1119 
1/20 - 120% × bw 1/20 - 90% × bw Chaohu; Daxiakou 

c12 
1/22.3 + 90% × bw 1/22.3 + 120% × bw La2004 ETP; ODP 

Site 1119 
1/20 + 90% × bw 1/20+ 120% × bw Chaohu; Daxiakou 

c13 
1/19.1 - 120% × bw 1/19.1 - 90% × bw La2004 ETP; ODP 

Site 1119 
1/17 - 120% × bw 1/17 - 90% × bw Chaohu; Daxiakou 

c14 
1/19.1 + 90% × bw 1/19.1 + 120% × bw La2004 ETP; ODP 

Site 1119 
1/17 + 90% × bw 1/17+ 120% × bw Chaohu; Daxiakou 
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Supplementary Table 2 Sampling rate for each of the studied time series. Unit is kyr 
 

Data Mean sampling 
rate 

Median sampling 
rate 

5th  
percentile 

95th  
percentile 

Original ODP Site 1119 gamma ray series 
 

0.87 
 

0.82 
 

0.20 
 

1.55 

Fine-tuned ODP Site 1119 gamma ray series 
 

0.87 
 

0.85 
 

0.22 
 

2.04 

Tuned Chaohu gamma ray series 
 

2.18 
 

1.60 
 

0.40 
 

5.50 

Full tuned Daxiakou gamma ray series 
 

4.06 
 

3.00 
 

1.60 
 

9.90 

Triassic tuned Daxiakou gamma ray series 
 

3.16 
 

2.90 
 

1.60 
 

5.40 
 
 
Supplementary Table 3 Age model for fine-tuning of the gamma-ray series at ODP Site 1119. The age model is 
based on filtered obliquity cycles in Supplementary Fig. 4. “Original age” is age in refs. 1,13. “New age” is age used 
in this study. Unit is ka (kiloyears before present) 
 

Original age New age Original age New age Original age New age Original age New age 

26.5 26.5 398.9 394.6 766.0 762.7 1140.0 1130.8 
65.9 67.4 437.5 435.5 804.0 803.6 1178.0 1171.7 

107.0 108.3 475.3 476.4 834.5 844.5 1213.0 1212.6 
147.3 149.2 514.8 517.3 875.6 885.4 1258.7 1253.5 
185.1 190.1 550.9 558.2 924.1 926.3 1306.0 1294.4 
227.0 231.0 588.7 599.1 966.9 967.2 1346.0 1335.3 
270.0 271.9 632.0 640.0 1018.0 1008.1 1387.0 1376.2 
310.9 312.8 664.4 680.9 1044.0 1049.0   
356.1 353.7 720.3 721.8 1103.0 1089.9   
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Supplementary Note 1. Contributing factors to the sedimentary noise 
 
The sedimentary noise model is designed to extract water-depth related noise as an indicator for relative sea-
level change. However, other factors may also contribute to “noise” estimated by the DYNOT and r1 models, 
as follows. 
 
Basin-scale tectonic subsidence changes not related to orbital forcing may affect long-term relative sea-level 
change 14-17 and influence the DYNOT and r1 models. There are also potential effects from earthquakes, which 
could impose an episodic, 104 year recurrence interval on passive margins 18 disturbances within a sea level 
proxy series, elevating noise at all frequencies and/or amplifying earthquake recurrence frequencies.  
 
South China was an isolated island during the Permian according to paleomagnetic studies from the South 
China and North China plates 19-21. Paleomagnetic results indicated that the South China plate rotated ~70° 
clockwise during the Triassic when it was accreted to the North China plate, causing the collision to progress 
from east to west after the early Triassic Period 20. The collision presumably persisted until the late Triassic, 
because the two blocks started to share the same paleomagnetic pole in the Jurassic 19,22 that suggests the 
collision took place prior to the Jurassic 23. The collision of the North China and South China plates led to 
gradually uplift and shallowing of the marginal basin of the northern South China plate during the Early-Middle 
Triassic. These tectonic processes may have impacts on the long-term trend of sedimentary noise, and cannot 
be removed from the two models in this study. 
 
Paleoclimate proxy records of orbital forcing are fundamentally non-linear 24-26. For example, Ripepe and 
Fischer 27 modeled the combined effect of non-linear accumulation and bioturbation on precession-forced basi-
nal carbonate cycles to demonstrate how the modulation of the precession index, namely, the eccentricity, is 
magnified. With each step, more variance is transferred from the precession into the eccentricity band. The 
final spectrum is dominated by eccentricity, while the power in the precession band is significantly reduced. 
Thus, the presence of eccentricity in paleoclimatic spectra can be explained by non-linear or rectifying re-
sponses of the climate and/or depositional system to orbital forcing 27. The effect on the sedimentary noise 
model in the case when variance is transferred from one orbital band to another is that the filtering will still 
remove the orbital signal but now from another orbital band. In the event of sideband tone generation 28 some 
orbital signal may not be captured and removed. However, the recommended filter bandwidths for the DYNOT 
model are extremely generous (see Fig. 1c, and main text), and should be sufficient to attenuate most nonline-
arities related to orbital forcing. On the other hand, non-linear climate responses can lead to higher r1 values, 
which has yet to be explored. 

 
Sub-Milankovitch cycles are kyr-scale climate cycles with significant amplitudes in ultra-high resolution 
paleoclimatic records 29-32. Sub-Milankovitch scale climate variability is usually of lower amplitude than 
Milankovitch band climate variability 33. The power spectrum of climate variability has a rapid decrease of 
power with increasing frequency due to a low pass filtering effect 34-36 and from non-linear responses (see 
above). Sub-Milankovitch cycles at the Chinese sections contribute to only a minor portion of the sedimentary 
noise (Supplementary Fig. 11). 
 
Volcanisms may have multiple influences on the sedimentary noise model. Firstly, it may alter proxy records, 
and distort the noise spectrum near volcanic ash beds. For example, ash beds near the Permian-Triassic bound-
ary in the marine sections at Meishan, Chaohu and Daxiakou in South China are accompanied by elevated 
levels of thorium and potassium 4, which lead to non-climatic high amplitude peaks in the gamma ray series. 
Secondly, high volume volcanism may lead to a series of climate changes that drive hydrological cycles not 
paced by Milankovitch cycles. Volcanic ash beds highlighted with dashed red lines in Fig. 6 near the Permian-
Triassic boundary at Chaohu and Daxiakou likely contribute to low DYNOT and high r1 values. 
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Decimeter-scale marine carbonate-shale bedding represents a combination of primary deposition and post-
depositional processes 37-40. Diagenetic segregation is thought to transfer carbonate from carbonate-poor to 
adjacent carbonate-rich layers, leading to relative enhancement of orbital signals. If this differential diagenesis 
significantly distorts the primary paleoclimate signal or generates new rhythms 26,41, noise contributions to the 
DYNOT and r1 models may increase. 
 
The diagenetic alteration of studied Chinese sections is negligible. Conodont color indicative of alteration 
thermal alteration of conodont fossils 42 is pale brown at Daxiakou 6, indicating no significant diagenesis in the 
Upper Permian to Lower Triassic at Daxiakou. At Chaohu, the lack of correlation between δ18Ocarb, δ13Ccarb, 
carbonate content, and δ13Ccarb, and coupling of δ13Ccarb and δ13Corg indicate that minimal diagenetic alteration 
occurred in the section 43. 

 
Supplementary Note 2. Main reference scale for Early Triassic sea-level variations 
 
In 1998, as an appendix to a special volume on the Mesozoic and Cenozoic sequence stratigraphy of European 
basins 44, a team at Exxon led by Jan Hardenbol produced a suite of charts summarizing Mesozoic-Cenozoic 
biostratigraphic correlations and placement of presumed global sequences and magnitude of associated sea-
level changes 9 that was a major update and revision of the previous “Exxon” sea-level scale 45. The details on 
the recognition and biostratigraphic calibration of these sequences and derivation of their magnitudes were 
never published, but important reference scales for the Triassic Period were compilations from the Italian Do-
lomites 46 and Canadian Arctic 47. The age control on these Dolomites and Canadian Arctic reference sections 
has been significantly enhanced since this 1998 publication through applications of magnetostratigraphy 48-50, 
of additional conodont and ammonoid stratigraphy 51,52, and of carbon-isotope stratigraphy 53,54. However, the 
basic sequence-stratigraphy scale for the Early Triassic has remained stable 12,55. 
 
The amplitude of sea-level variations during the Early Triassic 12 points to two options (Supplementary Fig. 
13d): Option A: sea-level changes were up to 75+ m as explained below; and Option B: plot of sea-level curve 
in ref. 12 indicate sea-level changes that were <25 m. Sea-level falls defined by the third order sequence 
boundaries were interpreted to be <25 m for a minor relative sea-level change, 25-75 m for a medium relative 
sea-level change, and >75 m for a major relative sea-level change 12. The amplitude of all relative sea-level 
changes in the Early Triassic is assigned to the “medium” level except the second sequence boundary in the 
Olenekian, Ol2, which has been considered to represent a major sea-level fall 12. 
 
Most of the Early Triassic sequences in ref. 12 were recognized in the Boreal and Tethyan provinces of the 
European basins, Arctic Canada, Pakistan, and other regions 9,45-47,56,57. Deep basin to slope environments for 
the Lower Triassic at Chaohu in South China are discussed in ref. 58. The Early Triassic depositional environ-
ment at Chaohu has been interpreted to be open-marine basin with a depth of a few hundred meters 59. Thick-
bedded limestone with hummocky cross-stratification in the overlying Helongshan Formation (late Smithian) 
represents storm deposits on a continental slope 60. The presence of thick-bedded limestone with hummocky 
cross-stratification in the upper Nanlinghu Formation (late Spathian) indicates episodically high energy envi-
ronments 61. This evidence suggests an amplitude of sea-level change at the 75+ m scale of Option A, rather 
than <25 m of Option B. 

 
Supplementary Note 3. Obliquity forcing and land-ocean water exchange 
 
Early Triassic paleogeographic reconstructions (e.g., Fig. 4 in the main text) shows that vast areas of the Pan-
gea Supercontinent were located in middle-high latitude regions, as well as in low latitude areas such as the 
Germanic Basin, serving as major aquifers, and potential key regions for obliquity-forced water storage. Lower 
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water storage in the Germanic Basin interpreted from continental sequence boundaries 62,63 correlates with 
decreased obliquity forcing in South China and high global sea level (Fig. 6 in the main text). Our interpretation 
of these relationships is that obliquity forcing alters meridional heat transport, thus the flux of water vapor 
from ocean to land. This affects lake and aquifer water storage, and consequently, sea-level 35. 
 
Late Cenozoic paleoclimate studies have proposed that obliquity forcing dominated the poleward flux of heat, 
moisture, and precipitation through the control of differential insolation between high and low latitude 64,65. 
For example, the difference in summer half-year insolation between 25° N and 70º N is almost completely 
dominated by obliquity 64; this difference was proposed to drive the meridional flux of heat, water vapor, and 
precipitation.  Similar obliquity forcing mechanisms would be expected to be in place during the greenhouses 
of the Early Triassic 35 and mid-Cretaceous 66. The obliquity forcing extends to the long-period modulation of 
the obliquity: the 1.2-myr obliquity nodes would be associated with reduced poleward transportation of heat, 
moisture, and precipitation, and the 1.2-myr obliquity variation maxima would be linked to invigorated heat 
and moisture transportation and intensified precipitation 35,66. In the Early Triassic, the observed obliquity 
intervals in low-latitude marine sections from South China correlate to 1.2-myr obliquity modulation cycles 
of extended theoretical astronomical solutions, suggesting a causal link between million-year scale obliquity 
forcing and low-latitude climate change 35. 
 
Alternative mechanisms of obliquity forcing have also been proposed: Global water storage on continents in 
opposing northern and southern hemisphere latitudes canceled precession and reinforced obliquity-forced re-
sponses (e.g., ref. 67); climate change may also have been sensitive to annual average insolation 68 or integrated 
summer energy 69, which is also controlled by obliquity. 
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