Obliquity-forced climate during the Early Triassic hothouse in China
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ABSTRACT
The start of the Mesozoic Era is marked by roughly 5 m.y. of
Earth system upheavals, including unstable biotic recovery, repeated
global warming, ocean anoxia, and perturbations in the global carbon
cycle. Intervals between crises were comparably hospitable to life.
The causes of these upheavals are unknown, but are thought to be
linked to recurrent Siberian volcanism. Here, two marine sedimentary successions at Chaohu and Daxiakou (South China) are evaluated for paleoclimate change from astronomical forcing. In these
sections, gamma-ray variations indicative of terrestrial weathering
reveal enhanced obliquity cycling over prolonged intervals, characterized by a 32.8 k.y. periodicity with strong 1.2 m.y. modulations.
These suggest a 22 h length of day and 1.2 m.y. interaction between the
orbital inclinations of Earth and Mars. Comparing the 1.2 m.y. obliquity modulation cycles in these sections with Early Triassic records of
global sea level, temperature, redox, and biotic evolution suggests that
long-term astronomical forcing was involved in the repeated climatic
and biotic upheavals that took place throughout the Early Triassic.
INTRODUCTION
The recovery of life after the end-Permian mass extinction 251.9 m.y.
ago (Burgess et al., 2014) has been described as delayed, and a complex
ecosystem was not fully restored until the Middle Triassic (Chen and
Benton, 2012). This multi-million-year recovery was accompanied by
recurrent global carbon perturbations (Payne et al., 2004), high-amplitude
sea-level variations (Snedden and Liu, 2010), lethal hot tropical temperatures (Sun et al., 2012), and widespread ocean anoxia (Grasby et al., 2013).
The cause of these upheavals has been hypothesized as linked to recurrent
Siberian Traps volcanism, and there is evidence that magmatism continued
into the Middle Triassic (e.g., Ivanov et al., 2013). However, new U-Pb
dates on Siberian Traps lava flows and sills suggest that the main Siberian magmatism ceased at ca. 251.4 Ma, nearly 1 m.y. before initiation of
the carbon isotope perturbation in the Dienerian substage (Burgess and
Bowring, 2015). In other words, relatively short-lived Siberian volcanism
triggered the end-Permian extinctions, but it may not have had a sustained,
direct effect on the ~5-m.y.-long Early Triassic environment. Therefore,
triggers for continued global environmental instabilities remain unknown.
Earth’s long-period astronomical variations have been linked to climate
rhythms, sea-level change, and biotic turnovers throughout the Phanerozoic (Lourens and Hilgen, 1997; van Dam et al., 2006; Boulila et al., 2011).
In this study, we assess the apparent million-year-scale astronomical forcing of Early Triassic climate as recorded in proxy data from two marine
sedimentary sequences at Chaohu and Daxiakou, South China (Fig. 1).
Analysis of these sections indicates dominant obliquity-scale cycling
over extended intervals. Early Triassic terrestrial weathering intensity
varied with a 1.2 m.y. periodicity that is correlated with models of Earth’s
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Figure 1. A: Late Permian paleogeographic map (from http://www.
scotese.com), showing locations of studied sections at Chaohu and
Daxiakou, South China. B: Field photo and interpreted cycles in Dienerian–Smithian interval at Chaohu. Nearly evenly spaced bundles
of carbonate and claystone are interpreted as obliquity cycles (gray
curve). Lithology with regular bundles changes to eccentricitydominated cycles at end of Dienerian. C: Section of middle Smithian
at Chaohu with five interpreted precession cycles, each culminating
in a carbonate-rich interval (white arcs), that have increasing then
decreasing influxes of clay as cycles are modulated by short-eccentricity cycle (black arc, spanning ~2.5 m).
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RESULTS
Lithology and gamma-ray records of the studied sections show strong
sedimentary cyclicity (Fig. 1). The Chaohu GR series from the midGriesbachian through mid-Smithian substages is characterized by cyclic
variations with ~10 m, 2.3 m, 1.1–0.7 m, and 0.5 m wavelengths (Li et
al., 2016). Comparison of frequency ratios of these cycles with those of
theoretical Early Triassic Milankovitch frequencies (Laskar et al., 2004)
indicate that these cycles represent 405 k.y. eccentricity, ~100 k.y. short
eccentricity, 32.8 k.y. obliquity, and 20 k.y. precession cycles, respectively.
Tuning of the GR series to the interpreted 405 k.y. cycles of the Chaohu
and Daxiakou sections enhances the sharpness of the additional Milankovitch bands, thereby giving strong evidence for astronomical forcing
(Fig. 2; Figs. DR3 and DR4). The obliquity periodicity is calculated as
32.9 ± 0.2 k.y. at Chaohu and 32.7 ± 0.2 k.y. at Daxiakou (uncertainties
based on Thomson, 2009, his equation 28).
The evolutionary power spectra of the two sections share similar characteristics (Fig. 2). Eccentricity-precession signals dominate during the
early Griesbachian, near the Dienerian-Smithian boundary, and during
the late Smithian–Spathian. By contrast, three intervals characterized by
enhanced obliquity cycling occur during the late Griesbachian–Dienerian,
early Smithian, and early Spathian. The first two obliquity-dominated
intervals are easily recognized in the outcrop as nearly uniformly spaced
rhythmic marl-limestone cycles (Fig. 1B).
1
GSA Data Repository item 2016202, supplementary text, methods and Matlab
scripts, and Figures DR1–DR6, is available online at www.geosociety.org/pubs
/ft2016.htm, or on request from editing@geosociety.org.
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DATA AND METHODS
South China was located near the equator during the Permian-Triassic
transition (Fig. 1). The Upper Permian to Lower Triassic marine successions at Chaohu and Daxiakou, separated by 670 km, were deposited in
relatively deep water on the northern margin of the South China plate (Fig.
DR1 in the GSA Data Repository1). The Changhsingian Dalong Formation
of grayish-black cherty mudstone and shale is conformably overlain by
the Induan–Olenekian Daye, Yinkeng, Helongshan, and Nanlinghu Formations which are dominated by cyclic interbeds of marine claystone and
limestone. Early Triassic substages at both sections are well constrained
by biostratigraphy, magnetostratigraphy, and carbon isotope stratigraphy
(Fig. DR2; Li et al., 2016).
The main oscillations in two fresh road-cut successions are a superposition of multiple Milankovitch cycles (Li et al., 2016). High-resolution
(2–3 k.y. sample rate) gamma-ray (GR) logs obtained using a Radiation
Solutions RS-230 bismuth germanate (BGO) gamma detector at both
sections provide a proxy for terrestrial weathering intensity (see the Data
Repository). These GR series were minimally tuned to interpreted 405
k.y. orbital eccentricity cycles and anchored to the 251.9 Ma U-Pb date
(Burgess et al., 2014) for the Permian-Triassic boundary for a complete
Early Triassic time scale (see Li et al., 2016, their figure 9).
Time-dependent amplitude modulations in the obliquity component
were obtained from 2p multi-taper variance (power) spectra calculated
along a sliding time window (Meyers et al., 2012) using the Matlab script
pda.m (see the Data Repository). The ratio of obliquity variance to total
variance (O/T) is the sum of obliquity power between two cutoff frequencies compared to total power (0 to Nyquist band). This ratio is used to
detect long-period modulations in the obliquity frequency band [1/(24
k.y.) to 1/(45 k.y.)] of the GR series and in La2004 and La2010d astronomical solutions (Laskar et al., 2004, 2011; procedures are described
in the Data Repository).
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obliquity modulations and changes in ocean temperature and redox conditions. These obliquity-forced changes may have involved heat and/or
moisture transfer and continental aquifer eustasy.
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Figure 2. Tuned cyclostratigraphy of Chaohu and Daxiakou sections,
South China. A: 405 k.y. cycle tuned Daxiakou gamma-ray (GR) series
with filtered 405 k.y. cycles (Gauss filter, bandpass: 0.00248 ± 0.0005
cycles/k.y.). B: Evolutionary power spectrum with 500 k.y. sliding
window with 2p multi-taper (MTM) power spectrum of GR series of
251.9–248.9 Ma at Daxiakou. C: Observed obliquity cycle intervals
(blue) and eccentricity-precession cycle intervals (brown) from both
sections. D,E: 405 k.y. tuned Chaohu GR series with filtered 405 k.y.
cycles (filter and bandpass as in A), and its evolutionary spectrum with
500 k.y. sliding window, and 2p MTM power spectrum of GR series of
250.5–248.3 Ma at Chaohu. Dien.—Dienerian

In the La2004 and La2010d astronomical models (Laskar et al., 2004,
2011), 1.2 m.y. obliquity modulation cycles stably persist through 249 Ma
and are here extended to 254 Ma (Fig. DR5). The timing of the obliquitydominated intervals at both Early Triassic sections corresponds to peaks
in the 1.2 m.y. obliquity modulation in the La2010d solution (Fig. 3).
DISCUSSION
Shorter Early Triassic Obliquity Cycle and Length-of-Day
The progressive deceleration of Earth’s rotation rate as a result of
tidal dissipation results in increasing length of day and precession and
obliquity periodicities (Hinnov and Hilgen, 2012). The Laskar model for
obliquity and precession includes a correction to account for tidal dissipation based on a +3.89 cm/yr lengthening in the moon’s orbital semi-major
axis (Laskar et al., 2004). In the Early Triassic, this implies a 32.8 k.y.
obliquity cycle. Other models that constrain obliquity (and precession)
with selected length-of-day observations through geologic time report a
slightly longer cycle, e.g., 35.6 k.y. (Berger et al., 1992).
The 32.9 ± 0.2 k.y. cycle at Chaohu and 32.7 ± 0.2 k.y. cycle at Daxiakou in the 405 k.y. tuned GR series are evidence for obliquity forcing,
in agreement with the Early Triassic La2004 obliquity model (Fig. DR4),
which suggests a 22.02 h length of day and a 398 d year.
Evidence for 1.2-m.y.-Cycle Interaction Between Earth and Mars
Orbits
The 1.2 m.y. obliquity modulation is the result of interaction between
the secular frequencies, s3 and s4, for the Earth and Mars orbital inclinations (Hinnov, 2000; see the Data Repository). This 1.2 m.y. modulation
has been identified in the Cenozoic (Lourens and Hilgen, 1997; Boulila
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Obliquity-Forced Climate Change
Driving forces for the recurrent climatic and biotic upheavals during
the Early Triassic have been speculative, partly because the time scale
was uncertain. The consistent astronomically tuned magnetostratigraphy
between South China and Germany now provides an integrated time scale
for the Early Triassic (Li et al., 2016). This time scale implies that the
main changes and oscillations seen in the Early Triassic marine records
of global sea level, temperature, biotic, and redox evolution are associated with the dominant 1.2 m.y. obliquity modulation cycles in these same
reference sections (Fig. 3).

CONCLUSIONS
The GR series of two marine sedimentary sequences at Chaohu and
Daxiakou, South China show strong evidence for Milankovitch forcing
through the Early Triassic.
• Tuning the GR series to prominent, geochronologically constrained 405
k.y. orbital eccentricity cycles calibrates obliquity-scale cycles to a 32.7
k.y. to 32.9 k.y. periodicity, consistent with Earth deceleration models
that suggest a 22 h length of day and 398 d year in the Early Triassic.
• Strong obliquity cycling occurs at both localities in the same three stratigraphic intervals: upper Griesbachian–Dienerian, lower Smithian, and
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et al., 2011) and detected in the Permian (Fang et al., 2015). The 1.2 m.y.
cycles revealed in the O/T series provide additional support for strong
obliquity cycling in the three intervals discussed above. Filtered 1.2 m.y.
obliquity modulation cycles of both of our sections compare particularly
close in timing with those predicted by the La2010d model (compare Figs.
3A and 3B), representing the oldest stratigraphic evidence that correlates
with an astronomical solution (La2010d).

The Early Triassic is considered to be a lethal “hothouse” without permanent ice sheets (Sun et al., 2012). This concept would appear to exclude
significant glacio-eustasy in the Early Triassic. Alternatively, limno-eustasy
or aquifer eustasy, which describes thousand-year- to million-year-scale
continental water storage fluctuations (Wagreich et al., 2014), may be a linkage between astronomical forced climate change and sea-level oscillations
(Wendler and Wendler, 2016). The current volume of global groundwater
storage is equivalent to a sea-level differential of ~320 m (Southam and Hay,
1981) or 330 ± 41 m (Peters and Husson, 2015). Limno-eustatic effects are
especially evident when sea level falls and continents emerge, e.g., during
the existence of Pangaea in the late Paleozoic–early Mesozoic. Hay and
Leslie (1990) suggested that pore volume in Triassic sediments, if filled with
meteoric water, could lower sea level by >100 m after isostatic adjustment.
Obliquity forcing is expected to dominate poleward flux of heat, moisture, and precipitation (Raymo and Nisancioglu, 2003), therefore it may be
crucial for continental aquifer recharge and/or discharge. Thus, the highamplitude (>25 m or even >75 m) global sea-level variations in the Early
Triassic (Snedden and Liu, 2010) could be interpreted in terms of recharge
and discharge of continental aquifers affected by obliquity forcing.
We propose that at times of maxima in the 1.2 m.y. obliquity modulation cycles during the Early Triassic hothouse, there was increased transfer of heat and moisture to high latitudes, thereby cooling low latitudes.
This caused an increase in continental aquifer recharge at mid- to high
latitudes, lowering of global sea level, and perhaps an invigorated ocean
circulation and oxidation. Although sea-level falls may have had negative
influences on some coastal marine groups, the cooling in low latitudes and
the oceanic oxidation would have been critical for biotic recovery between
the episodes of lethal tropical temperatures. During those hothouse intervals, the combined effect of anoxia and high temperature is considered
to be a direct kill mechanism (Song et al., 2014). Even though the exact
timing and pattern of recovery are poorly constrained, it appears that
intermittent recovery occurred both on land and in the sea during the late
Griesbachian–early Dienerian, early Smithian, and early Spathian (Fig.
3; Brayard et al., 2006; Hermann et al., 2012), and therefore coincided
with 1.2 m.y. modulation maxima.
In contrast, during 1.2 m.y. modulation minima, the heat and moisture
transfer to high latitudes was reduced, thereby contributing to continental
aquifer drawdown and sea-level transgression. Flooding of the shelves,
accompanied by tropical evaporation producing elevated production of
O2-deficient warm saline water, may have led to ocean stagnation and
euxinia and global warming (Kidder and Worsley, 2004). The effects
would have been similar to the HEATT (haline euxinic acidic thermal
transgression) model that massive CO2 emissions from Siberian Traps volcanism caused the end-Permian through early Triassic hothouse (Kidder
and Worsley, 2010). Without volcanism, minima in the 1.2 m.y. modulation driving aquifer-eustatic transgressions could trigger a hothouse, as
for example the coincidence of such a minimum during Oceanic Anoxic
Event 2 at ca. 94 Ma (Wendler and Wendler, 2016). Therefore, obliquity modulation minima–forced transgressions reinforced the effects of
anoxia and high temperature, obstructed biotic recovery during the midGriesbachian, latest Dienerian–earliest Smithian, and late Smithian, and
impacted recovery during the mid-Spathian (Fig. 3).
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Figure 3. Early Triassic obliquity cycles and selected geological
events. A: Modeled O/T (obliquity variance/total variance) of La2004
and La2010d models (Laskar et al., 2004, 2011). B,C: Filtered 1.2 m.y.
obliquity amplitude modulation cycles (B) (passband: 0.00083 ± 0.0001
cycles/k.y.) of observed O/T at Chaohu (blue line) and Daxiakou (red
line) (C). A–C are detailed in Figure DR5 (see footnote 1). D,E: Diversity
of major terrestrial and marine groups. D: Spores and pollen in Pakistan (Hermann et al., 2012). E: Ammonoid genera from low (black dots),
middle (blue dots), and high (orange dots) latitudes (Brayard et al., 2006).
F: Global sea level (Snedden and Liu, 2010). G: Cooling episodes in
Early Triassic based on d18O of conodont apatite from South China and
Pakistan (detailed in Fig. DR6). H: d13Ccarb from South China (Payne et al.,
2004). I: Redox state in Canadian Arctic (Grasby et al., 2013) (“X” interval
means no data). J: Eruption model of Siberian Traps based on Burgess
and Bowring (2015). K: Ages for events and substage boundaries from
Burgess et al. (2014) (**), Burgess and Bowring (2015) (#) and Li et al.
(2016) (*). Dashed vertical lines indicate substage boundaries used
for calibrating events. Changhsing.—Changhsingian; Di—Dienerian.
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lower Spathian. The intervening intervals are dominated by precessioneccentricity cycling.
• The obliquity cycles are modulated by a 1.2 m.y. periodicity, representing the oldest stratigraphic evidence correlated with an astronomical
model (La2010d) of interaction between the Earth and Mars orbits.
• The 1.2 m.y. obliquity modulations are linked with previously described
climatic and biotic upheavals, affecting heat and/or moisture transfer and
continental aquifer-eustasy and impacting global ecosystems.
The recent geochronologic evidence constraining the latest age of the
Siberian Traps to 0.5 m.y. following the end-Permian mass extinction
makes it unlikely that volcanism drove the unusual global dynamism of
the Early Triassic, as currently widely thought. The discovery of dominant obliquity-forced sedimentation across the South China Plate margin
synchronized with global changes provides an alternative view: the global
changes are linked to “recovery” responses to Earth’s obliquity forcing
of an unbalanced, post-extinction world.
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