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The timing of the end-Permian mass extinction and subsequent prolonged recovery during the 
Early Triassic Epoch can be established from astronomically controlled climate cycles recorded in 
continuous marine sedimentary sections. Astronomical-cycle tuning of spectral gamma-ray logs from 
biostratigraphically-constrained cyclic stratigraphy through marine sections at Meishan, Chaohu, Daxiakou 
and Guandao in South China yields an integrated time scale for the Early Triassic, which is consistent 
with scaling of magnetostratigraphy from climatic cycles in continental deposits of the Germanic Basin. 
The main marine mass extinction interval at Meishan is constrained to less than 40% of a 100-kyr (kilo-
year) cycle (i.e., <40 kyr) and the sharp negative excursion in δ13C is estimated to have lasted <6 kyr. 
The sharp positive shift in δ13C from −2� to 4� across the Smithian–Spathian boundary at Chaohu 
was completed in 50 kyr. The earliest marine reptiles in the Mesozoic at Chaohu that are considered 
to represent a significant recovery of marine ecosystems did not appear until 4.7 myr (million years) 
after the end-Permian extinction. The durations of the Griesbachian, Dienerian, Smithian and Spathian 
substages, including the uncertainty in placement of widely used conodont biostratigraphic datums for 
their boundaries, are 1.4 ± 0.1, 0.6 ± 0.1, 1.7 ± 0.1 and 1.4 ± 0.1 myr, implying a total span for the Early 
Triassic of 5.1 ± 0.1 myr. Therefore, relative to an assigned 251.902 ± 0.024 Ma for the Permian–Triassic 
boundary from the Meishan GSSP, the ages for these substage boundaries are 250.5 ± 0.1 Ma for base 
Dienerian, 249.9 ± 0.1 Ma for base Smithian (base of Olenekian stage), 248.2 ± 0.1 Ma for base Spathian, 
and 246.8 ± 0.1 Ma for the base of the Anisian Stage. This astronomical-calibrated timescale provides 
rates for the recurrent carbon isotope excursions and for trends in sedimentation accumulation through 
the Early Triassic of studied sections in South China.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

Life was nearly annihilated during the end-Permian mass ex-
tinction (EPME) 252 million years ago (Ma). A prolonged and 
unstable biotic recovery through the Early Triassic was punctu-
ated by recurrent anomalously hot climate episodes, carbon-cycle 
perturbations and global ocean anoxia (e.g., Burgess et al., 2014; 
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Chen and Benton, 2012; Payne et al., 2004; Sun et al., 2012;
Wignall, 2015). The causes, timing and rates of the EPME and 
these repeated environmental disruptions have yet to be explained, 
partly because age models for the Early Triassic are highly dis-
puted (Burgess et al., 2014; Galfetti et al., 2007; Ogg, 2012;
Szurlies, 2007; Wu et al., 2012).

A reliable chronology is the requirement for calibrating the 
rates of these dramatic Early Triassic events. Radio-isotopic dat-
ing of Late Permian–Early Triassic had produced contradictory 
ages for the same events due to application of different methods 
or standards by different laboratories (e.g., Bowring et al., 1998;
Burgess et al., 2014; Mundil et al., 2004; Shen et al., 2011). The re-
vised EARTHTIME tracer solutions (e.g., Burgess et al., 2014) do not 
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Fig. 1. Paleogeography maps. A. Early Triassic global paleogeographic map (modified from http :/ /www.scotese .com). B. Early Triassic paleography of South China (modified 
from Feng et al., 1997). C. Sketch of paleo-depths of the studied Meishan, Chaohu and Daxiakou sections (Song et al., 2013a). D. Schematic cross section of the depositional 
setting for the Changhsingian to Anisian strata of the Great Bank of Guizhou in the Nanpanjiang Basin of South China (Lehrmann et al., 1998) with paleo-depth of Guandao 
section according to Song et al. (2013a).
allow a linear transformation of dates from previously measured 
zircons; therefore, estimating the Early Triassic stages/substages 
durations by combination/comparison of published zircon dates 
cannot be undertaken until zircons from those volcanic ash layers 
are remeasured using the new tracers and protocols. Another com-
plication is that some zircon populations appear to be clustered at 
ages that are older than the volcanic ash bed or yield artifacts of 
younger ages due to lead-loss that can not be entirely removed 
by standard laboratory methods. An excellent example of such 
complications is the apparently non-sequential U–Pb dates derived 
from several volcanic ash beds that bracket the Olenekian/Anisian 
stage boundary at the Monggan/Wantou section in South China 
(Ovtcharova et al., 2015).

The Milankovitch concept is that quasi-periodic oscillations in 
the Earth’s tilt and its orbit around the Sun induce prominent 
104–106 yr variations in the Earth’s seasonal contrasts, and that 
these climatic oscillations are recorded in the stratigraphic record 
(e.g., Hays et al., 1976; Hinnov, 2013). When combined with other 
stratigraphic methods, such as biostratigraphy, magnetostratigra-
phy and radio-isotopic dating, the analysis and interpretation of 
astronomically-modulated climatic signals derived from proxies in 
sedimentary rocks yield a high-resolution astronomical time scale 
(ATS) (Hinnov and Hilgen, 2012). However, compiling a reliable 
ATS requires (1) high-resolution climate proxy records from con-
tinuous successions, (2) confirmation that detected sedimentation 
cycles have an origin from astronomical-climate cycles, and (3) ver-
ified assignment of detected cycles to specified astronomical pa-
rameters. Efforts to apply cyclostratigraphy method to the Early 
Triassic epoch have yielded conflicting interpretations, partly be-
cause recognized sedimentation wavelengths were assigned to an 
astronomical parameter (precession, obliquity, eccentricity) based 
mainly on their presumed consistency with selected radio-isotopic 
dates. For example, the duration of the Griesbachian substage us-
ing interpreted short-eccentricity (∼100 kyr) tuning is ca. 1.3 myr 
in Germany (Kozur and Weems, 2011), but only 0.73 myr at the 
West Pingdingshan section (Guo et al., 2008) and a brief 0.49 myr 
at the Daxiakou section (Wu et al., 2012).

We applied cyclostratigraphic analysis to spectral gamma-ray 
logs of multiple Permian–Triassic conodont-zoned marine sections 
on the South China carbonate platform to compile an integrated 
5.1-myr-long ATS for the entire Early Triassic Epoch. The mag-
netostratigraphy of this cycle-tuned composite from South China 
correlates well to the independent studies of cycle-tuned magne-
tostratigraphy from continental successions in the Germanic basin 
(Kozur and Bachmann, 2008; Menning and Käding, 2014; Szurlies, 
2004, 2007). This inter-regional ATS provides a high-resolution in-
tegrated time scale for the end-Permian through Early Triassic 
record of climate change and evolution.

2. Materials and methods

2.1. Yangtze Platform sections

During the Early Triassic, the South China Plate was located at 
the eastern part of the Paleo-Tethys Ocean and isolated from the 
Pangaea supercontinent (Fig. 1). The well-preserved Upper Permian 
through Lower Triassic marine successions have been extensively 
studied. Three sections from the northern margin of the Yangtze 
Platform and one section from the Great Bank of Guizhou in the 
northern portion of the Nanpanjiang Basin were used to establish 
the Early Triassic timescale.

The Meishan section in Zhejiang Province contains the Global 
Boundary Stratotype Section and Point (GSSP) for the Permian–
Triassic boundary (PTB) (Yin et al., 2001), and the Chaohu section 
is a candidate for the GSSP of the Induan–Olenekian boundary of 
the Lower Triassic (Tong et al., 2003). The Guandao section on 
the northern margin of the Great Bank of Guizhou is a significant 
section for the Olenekian–Anisian boundary (OAB) because it con-
tains both the proposed conodont markers and magnetic-reversal 
marker, and it has dated volcanic ash beds that bracket for the OAB 
(Lehrmann et al., 2006, 2015).

The GSSP for the PTB (base of Griesbachian substage) is de-
fined at the first appearance datum (FAD) of conodont Hindeodus 
parvus at Meishan (Yin et al., 2001), and this FAD is also recorded 
at Daxiakou (Zhao et al., 2013). The base of the Dienerian has 
been placed at the base of the conodont Sweetospathodus kum-
meli Zone at Chaohu (Zhao et al., 2007) and Daxiakou (Zhao et al., 
2013). The proposed GSSP candidate level at Chaohu for the base-
Olenekian is at the FAD of the conodont Novispathodus waageni 
eowaageni, which is immediately below the base of the ammonoid 
Flemingites–Euflemingites Zone (Tong et al., 2003). The Smithian–
Spathian substage boundary in these sections is assigned to the 
base of the conodont Novispathodus pingdingshanensis Zone, which 
is accompanied by a sharp positive shift in δ13C that serves as a 
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global marker (Tong et al., 2007). The OAB is assigned as the FAD 
of conodont Chiosella timorensis at Guandao (Lehrmann et al., 2006, 
2015). It should be emphasized that, other than the base-Triassic 
GSSP that defines the base of the Griesbachian Stage, there is not 
yet an international agreement on the definition of the boundaries 
of the Lower Triassic substages.

The Chaohu and Daxiakou sections are dominated by quasi-
even-bedded bundles of carbonate and claystone from the lower 
Griesbachian through middle Spathian. The Daxiakou section has 
thinner limestone and mudstone beds compared to Chaohu. The 
Lower Guandao section is extremely weathered; therefore, we 
logged a new fresh road-cut Guandao 3 (or Mingtang) section that 
is 300 m south of the Lower Guandao section. Detailed information 
on the lithology, biostratigraphy and carbon isotope stratigraphy of 
each section is in the Supplementary Information.

2.2. Spectral gamma-ray logs of the sections

Total gamma-ray intensity (GR) of sediments is dominated by 
potassium (K), uranium (U) and thorium (Th) contents due to 
their abundance and half-lives (e.g., Ruffell and Worden, 2000;
Schnyder et al., 2006). K is common in many minerals such as 
clays, feldspar, mica, and chloride salts. U and Th are concentrated 
in a number of sedimentary host minerals including clays, feldspar, 
heavy minerals, and phosphate, and U is often concentrated in 
organic matter (Schnyder et al., 2006). Nevertheless, delayed recov-
ery after the EPME questions organic matter as a key contribution 
of variations in GR and U in the Early Triassic. Therefore, high 
GR values are typically attributed to clay-rich sediments, whilst 
lower GR values are generally linked with coarser-grained rocks 
and carbonates. However, a high proportion of volcanic ash is ac-
companied by elevated levels of Th and K, but not in U; and these 
artifacts of volcanic-related peaks in GR within the Meishan and 
Guandao sections were removed prior to spectral analysis (e.g., Ap-
pendix Fig. A.5).

One cause of variable clay content can be orbital-climate sig-
nals, such as the situation during high eccentricity when hotter 
summers relative to winters would have resulted in an intensi-
fied weathering and monsoonal climate. More rainfall and runoff 
would result in more clay into marine environment and hence 
high GR and U, and vice versa. Another factor can be variations 
in average sea level that will affect relative influxes of carbon-
ate and clay fractions. Therefore, spectral GR log is appropriate for 
use in paleoclimatic research, sequence stratigraphy and analysis 
of orbital-forced sedimentary cycles.

GR was measured using a RS-230 BGO Super-SPEC gamma de-
tector with K, U and Th channels. The instrument has a detection 
area of approximately 20-cm diameter. This results in a smooth-
ing effect in GR cross the section to reduce high frequency signals 
(most are non-Milankovitch band climate signals and noise) and 
enhance low frequency signals that mainly are Milankovitch band 
signals. Our measurements with a recording time of 60–120 s were 
at 5 to 20 cm intervals depending on rock types: 5-cm intervals at 
Meishan and the lower 40 m of the Daxiakou section, 10-cm in-
tervals in the upper Daxiakou section and the lower and upper 
Chaohu sections, from 5 to 20 cm intervals at the middle Chaohu 
section, and 20-cm intervals at Guandao section.

2.3. Time-series methods

Detection and interpretation of high-frequency cyclicity in the 
GR records requires several steps:

(1) To remove long-term trends, the GR series were pre-
whitened in Kaleidagraph software by subtracting 15% to 35% 
weighted averages (Cleveland, 1979).
(2) For an initial survey of stratigraphic frequencies and trends 
of the untuned and tuned GR series, plus detection of changing 
accumulation rates, a sliding-window spectral analysis was per-
formed using evolutive Fast Fourier transform (FFT) spectrograms 
with evofft.m (Kodama and Hinnov, 2014).

(3) Based on the indicated wavelengths of major cyclicity 
and visual examination for potential 405-kyr or 100-kyr oscilla-
tions, Gaussian bandpass filtering was applied in Analyseries 2.0.8
(Paillard et al., 1996) to aid in the isolation of potential astronom-
ical parameters.

(4) The GR series were tuned to an interpreted astronomical cy-
cle (“minimum tuned” with linearly interpolation) (Hinnov, 2013), 
and then resampled in Analyseries (Paillard et al., 1996) based on 
those identified potential 405-kyr (or 100-kyr) cycles.

(5) The power spectra of the tuned records were examined for 
higher-frequency peaks that correspond to predicted orbital solu-
tion for Early Triassic (Laskar et al., 2004). Both the untuned and 
tuned data were analyzed with the multi-taper method (MTM) 
spectral estimator (Thomson, 1982); estimated spectra were tested 
against robust red noise models at the 90%, 95% and 99% confi-
dence levels (Mann and Lees, 1996).

(6) The interpretations and tuned model were adjusted to in-
corporate additional stratigraphic and magnetostratratigraphic in-
formation on potential hiatuses, relative accumulation rates, and 
hypothesized magnetic polarity correlations. Steps 3–6 are an iter-
ative process until the evolutive spectra of the cycle-tuned stratig-
raphy models show stable positions and continuity of multiple 
orbital-cycle bands throughout each section.

(7) The high-resolution floating ATS is anchored to a high-
precision radioisotope date to complete the calibration to numeri-
cal time.

2.4. Magnetostratigraphy of Chaohu sections

The Induan succession at Chaohu was densely sampled for mag-
netostratigraphy by Sun et al. (2009). We re-examined the original 
sample-by-sample demagnetization data (provided by Zuming Sun) 
to separate the high-quality, medium-quality and indeterminate 
results into a revised polarity column with the main clusters of 
polarity. We then extended this study upward by adding approx-
imately 120 minicores through the slightly overturned and rela-
tively limestone-rich uppermost Smithian through Spathian por-
tions of the Chaohu composite section. The general magnetic char-
acteristics upon thermal demagnetization for these new samples 
were similar to those reported by Sun et al. (2009) for the clay-rich 
Induan. To test the reproducibility of our interpretations, these new 
datasets were independently analyzed by Zhiming Sun, who gave 
nearly identical assignments of the polarity reliabilities and char-
acteristic directions. See Supplementary Information for details of 
these paleomagnetic studies.

3. Results

Details of each interpreted long-eccentricity (E) cycle at these 
sections are given in Supplementary Information, and the general 
features are summarized below.

3.1. Meishan cyclostratigraphy

Even though the Meishan section is relatively compact in both 
meters and chronostratigraphy, the temporal span of the GR and 
U series are well-constrained by a set of high-precision U–Pb 
dates derived using revised EARTHTIME tracer solutions (Burgess 
et al., 2014). Guided by these constraints, we assigned 13 short-
eccentricity (∼100 kyr) cycles modulated by slightly more than 3 
long-eccentricity cycles over 26 m of the GR and U series (Fig. 2A). 



M. Li et al. / Earth and Planetary Science Letters 441 (2016) 10–25 13
Fig. 2. Stratigraphy and interpreted cyclostratigraphy of the Meishan section. A. GR and U series are shown with initial assignment of eccentricity cycles constrained by 
high-precision radiometric dates from Burgess et al. (2014) (detailed in Appendix Fig. A.2); magnetic polarity zones are from Li and Wang (1989); and conodont zones are 
from Zhang et al. (2009). B. 100-kyr-tuned GR and U series after removing 50% weighted average with filtered 405-kyr and 100-kyr eccentricity cycles (Gauss filter, passband: 
0.00248 ± 0.0005 and 0.01 ± 0.0025 cycles/kyr, respectively) showing U–Pb dates of ash beds (Burgess et al., 2014) and tuned ages for those ash beds. C. Mass extinction 
interval at Meishan in reddish shading with filtered 100-kyr cycles in B, bed numbers and conodont zones (Zhang et al., 2009) and with δ13C data (Shen et al., 2011). 
Conodont zones: C.m. = Clarkina meishanensis, H.c. = Hindeodus changxingensis, C.t. = C. taylorae, H p. = H parvus, and I.s. = Isarcicella staeschei.
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Fig. 3. Field photos and astronomical cycle interpretations of the Chaohu and Daxiakou sections. A. Chaohu’s North Majiashan section of upper Dienerian and Smithian (with 
the photograph of the steeply dipping strata rotated to correspond to the stratigraphic column). GR (blue curve) and U (red curve) with interpreted astronomical cycles 
of precession (marked by the green line) grouped into short-eccentricity bundles (denoted as pink-filled arcs) that are modulated in long-eccentricity bundle-sets (denoted 
by grey-filled arcs). B. Daxiakou section. GR (blue curve) from 21 to 30.6 m compared to a 20-cm sliding window of the percentage of non-carbonate composition (black 
curve; where 0% indicates pure carbonate and 100% is pure clay). C. Section of middle Spathian at Chaohu with five interpreted precession-cycles that each culminate in 
a carbonate-rich interval (pink arcs; cycle thicknesses in cm) that have progressively increasing then decreasing influxes of clay as these precession cycles are modulated 
by a short-eccentricity cycle (blue arc, bundle-set spanning ca. 2.5 m). D. The upper Spathian of the Nanlinghu Formation at Chaohu is characterized by major lithologic 
cycles between thick-bedded limestone sets and intervals of thin-bedded carbonate with clayey interbeds. These 30-m-thick major cycles are interpreted as either 100-kyr 
short-eccentricity bundles in preferred Option #1 or as 405-kyr long-eccentricity modulations in Option #2. The magnetic polarity of this section is shown at bottom of 
diagram. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Interpretations of eccentricity cycles in the Permian from the U 
and GR series are identical with those interpreted from magnetic 
susceptibility at Meishan by Wu et al. (2013). Because this series 
is too short to tune using 405-kyr cycles; therefore, we tuned the 
GR and U series to these 100-kyr cycles. Minimum tuning of GR 
and U data to this single orbital frequency can be used to assess 
the success or failure of the presumption in resolving other as-
tronomical parameters. The spectrum of 100-kyr-tuned U series 
has additional significant peaks at 405 kyr, 25 kyr, and 20 kyr 
(Fig. 7), which are consistent with predicted Early Triassic astro-
nomical terms for long-eccentricity, perhaps an obliquity compo-
nent (but slightly shifted from the predicted 33-kyr frequency) and 
the 20-kyr precession (Laskar et al., 2004) (La2004 ETP in Fig. 7), 
and thus support our assigned tunings.

3.2. Chaohu and Daxiakou cyclostratigraphy

Lithological cycles are especially evident at the well-exposed 
Chaohu and Daxiakou sections. At both sections, the upper Ind-
uan and Smithian are characterized by quasi-evenly-spaced sets 
of carbonate–claystone cycles (Fig. 3A and 3B). And in the middle 
Smithian of uppermost Yinkeng Formation at Chaohu, the vary-
ing thicknesses and amplitude of these claystone- to carbonate-rich 
progressions are interpreted as sets of precession cycles modulated 
by a ca. 2.5-m-thick short-eccentricity cycle (Fig. 3C).

At Chaohu, the GR series of the lower Griesbachian–middle 
Smithian interval from 10 to 74 m is characterized by cyclic varia-
tions with wavelengths of ∼10 m, ∼2.3 m, 0.7–1.1 m and 0.5 m 
(Figs. 3 and 4). Comparison of the ratios of these cycle wave-
lengths with the ratios of Milankovitch frequencies implies that 
these cycles represent 405-kyr, ∼100-kyr, 33-kyr, and 20-kyr cy-
cles, respectively with a mean accumulation rate of 2.4 cm/kyr 
(24 m/myr).

The power spectra of the Daxiakou section displays a similar 
suite of peak ratios. The GR series of Griesbachian through lower 
Spathian (0–80 m interval) is characterized by 9 m, 2.5–3.5 m, 
0.8–1.4 m, and 0.55 m wavelengths (thickness ranges are due 
to slight changes in mean accumulation rate), which fit the ex-
pected ratios of the 405-kyr, ∼100-kyr, 33-kyr and 20-kyr cycles 
(Fig. 7).

The power spectra of these GR stratigraphic series vary
smoothly throughout the Chaohu and Daxiakou sections. The aver-
age thicknesses of carbonate beds progressively increases from the 
uppermost Dienerian through middle Spathian at Chaohu (interval 
of 74 m through 184 m). Therefore, the cyclic variations become 
progressively broader with average wavelengths of ∼34 m, 9 to 
13 m, 3 to 4 m, and ∼2 m (see Fig. 4; and Appendix Fig. A.4 
and Fig. A.6 for lithological cycles in measured section). The ra-
tios of these wavelengths suggest these cycles represent 405-kyr, 
∼100-kyr, 33-kyr and 20-kyr cycles, respectively, which indicate 
average sedimentation rate of ca. 8 cm/kyr (80 m/myr) during the 
middle Spathian is three times more than the rate during the Di-
enerian.

In the thick-bedded carbonates of upper Spathian at Chaohu 
from 184 m to 280 m, the GR series is characterized by cyclic 
variations with 30 m, 10 m and 4–6 m wavelengths (Fig. 4), 
which have 2 main alternative interpretations. Option #1 is that 
these three wavelengths represent ∼100-kyr, 33-kyr and 20-kyr 
cycles. Option #2 is that 30 m wavelength is the same period 
(405-kyr) as the ∼34-m main cycles in the underlying interval 
of 74–184 m (Fig. 5). Option #1 is supported by the progres-
sive increasing accumulation rates as revealed in the evolutive 
FFT spectrum (Appendix Fig. A.7). These local increases in ac-
cumulation rates at the Chaohu and Daxiakou sections on the 
north margin of South China Plate are mainly an increased influx 
of carbonate. Option #2 would entail a total of more than 15.5 
Fig. 4. Results of spectral analyses. 2π MTM power spectra of untuned GR series 
from intervals in the Chaohu, Guandao and Daxiakou sections that have relatively 
stable sediment accumulation rates. Chaohu intervals are 184–280 m (top panel), 
74–184 m, 10–74 m, −20 to +10 m and 15–34 m (bottom panel), less a 50%, 35%, 
25%, 35% and 35% weighted average, respectively. Daxiakou intervals from top to 
bottom are 80–125 m, 0–80 m, and 18–34 m less a 66%, 35%, and 50% weighted 
average trend, respectively. Guandao section interval is 170–281 m, less a 66% 
weighted average trend. Meishan section (−11 to +15 m) less a 35% weighted av-
erage for both GR and U (detailed in Appendix Fig. A.2). All spectra are shown with 
a robust red-noise model calculated with linear fitting and a 20% median smoothing 
window following the recommended settings in Mann and Lees (1996) Appendix A.

long-eccentricity cycles spanning the Early Triassic, therefore im-
plying a duration longer than 6.3 myr. Therefore, this Option #2 
would project the age of the Olenekian/Anisian boundary as ca. 
245.6 Ma relative to a base-Triassic at 251.9 Ma (Burgess et al., 
2014), which is significantly younger than published radio-isotopic 
dates that indicate an age of ∼247 Ma (Lehrmann et al., 2015;
Ovtcharova et al., 2015). To help resolve this uncertainty in both 
age and accumulation rates, we acquired magnetostratigraphy for 
the Spathian at Chaohu.

The distinctive magnetostratigraphy matched the main features 
of the reference polarity scale derived from Svalbard and Cana-
dian Arctic (e.g., synthesis by Hounslow and Muttoni, 2010) and 
of the 100-kyr-scaled polarity pattern from the Germanic Basin 
(Szurlies, 2004, 2007) (Fig. 8 and Appendix Fig. C.5). The results 
show that (1) the OAB is at or within the onset of the Dong-
ma’anshan Formation limestone breccia, and (2) the 30-m cycles 
in relative clay enrichment correspond to clay-sand oscillations 
interpreted as 100-kyr cycles in the Germanic Basin. Therefore, 
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Fig. 5. Interpreted cyclostratigraphy of the Chaohu and Daxiakou sections, South China, in the depth (meters) domain. Chaohu: Conodont and ammonoid zones at Chaohu are 
from Zhao et al. (2007). See Appendix Fig. A.4 and Fig. A.6 for details. Magnetic polarity zones are from Sun et al. (2009) and this study. Half-bars are questionable polarity 
subzones represented by only a single sample. Chaohu GR series (black curve) with 35% weighted average trend (green curve). Chaohu evolutive FFT spectrum (colored 
area) uses 12-m and 35-m sliding window for −20 to 80 m and 74 to 279.6 m, respectively. Chaohu filtered cycles (red “E” curve from Gauss filter, passband: 0.14 ± 0.04, 
0.20 ± 0.05, 0.1 ± 0.25 and 0.03 ± 0.015 cycles/m for −20 to −2 m, −2 to 5 m, 5 to 80 m and 80 to 280 m, respectively) are interpreted as 405-kyr cycles (detailed in 
Appendix B.1). Two interpretations for uppermost Spathian cycles in the interval from 174 to 280 m are shown as explained in the main text and Appendix Fig. A.7: in red 
(our preferred Option #1) this limestone-rich interval has a high accumulation rate with 100-kyr cycles under a single 405-kyr envelope, and in dashed brown (Option #2) 
these oscillations are four 405-kyr cycles with no change in accumulation rate. Reptile beds at Chaohu are indicated by silhouettes following Motani et al. (2015). Daxiakou: 
Conodont and ammonoid zones at Daxiakou are from Zhao et al. (2013). GR data are shown with its evolutive FFT spectrum using a 15 m sliding window and filtered cycles 
(red “E, Gauss filter, with passbands: 1.0 ± 0.4, 0.10 ± 0.07, 0.10 ± 0.04 and 0.05 ± 0.03 cycles/m for −3.5 to 1 m, 5 to 35 m, 38 to 78 m and 80–125 m respectively) which 
are interpreted as 405-kyr cycles. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
Chaohu Option #2 is possible only if both the cycle-tuned magne-
tostratigraphy of uppermost Spathian through basal Anisian in the 
Germanic Basin (Szurlies, 2004, 2007) and the radio-isotopic dat-
ing constraints for the base-Triassic (Burgess et al., 2014) and/or 
the base-Anisian (Lehrmann et al., 2015; Ovtcharova et al., 2015)
have uncertainties more than 1 million-year. Therefore, we prefer 
Option #1, in which the 30-m-thick oscillations in the uppermost 
Spathian of Chaohu represent 100-kyr eccentricity cycles. However, 
in Appendix Fig. A.8, we also give the implications of Option #2, 
in which those 30-m wavelengths are assigned as 405-kyr long-
eccentricity cycles.
3.3. Guandao cyclostratigraphy

The spectrum of the GR of Guandao from upper Spathian to 
lower Anisian (170–281 m) shows significant peaks at 60 m, 17 m, 
and 4.5 to 3.6 m (Fig. 4). The main features of this ca. 111 m 
GR pattern has three main alternative interpretations, depending 
on the assumptions of changing sediment accumulation rates (see 
extended discussions in Appendix Section A.4.3 and Fig. A.11). Op-
tion #1 is that the 17-m-thick cycles within the interval from 
175 to ∼240 m are 100-kyr cycles within a 405-kyr cycle of 
ca. 65-m wavelength; followed by a sudden slowing in accumu-
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Fig. 6. Cyclostratigraphy interpretation of the Guandao sections and projection via magnetostratigraphy to Chaohu in upper Spathian and lowest Anisian. Pink shading 
denotes intervals that are dominated by reddish-colored facies in each section. Lower Guandao: Chrono-, magneto- and litho-stratigraphy and radiometric dating are from 
Lehrmann et al. (2006, 2015). The brown band shows residual maximal horizon of overlapping conodont ranges for Gladigondolella carinata and Ch. timorensis for the base 
of the Olenekian–Anisian transition (OAB interval) while the pink band indicates residual maximal horizon of overlapping Gd. tethydis and Tr. homeri for the top of the 
Olenekian–Anisian transition following the scheme of Goudemand et al. (2012). Guandao 3 (Mingtang): The lower part of the Guandao 3 section is correlated with the 
Lower Guandao section using the distinctive thick reddish-colored beds and the conodont biostratigraphy of the 171–207 m interval (Sun et al., 2015), and using volcanic 
ash beds and facies patterns in its upper part. GR and filtered 17-m cycles (Gauss filter, passband of 0.06 ± 0.03 cycles/m) have 3 tuning options to eccentricity as discussed 
in Section 3.3. Upper Chaohu: Features of the Lower Guandao and Guandao 3 sections that may have correlative features to the Chaohu section (Fig. 3) are the conodont 
datums and reddish beds in the lower part, and magnetostratigraphy plus general GR signal and lithology patterns in the middle and upper parts (details in Appendix 
Section A.4.2). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
lation rate for the lowermost Anisian strata in which the 20-m 
cycles from 240 to 281 m are 405-kyr cycles. In this option, the 
sudden change in accumulation rate corresponds to the major 
shift in depositional setting across the Olenekian/Anisian bound-
ary (OAB) at Guandao from thick-bedded carbonate interbedded 
with breccia beds to a thin-bedded carbonate (Fig. 6). Option 
#1 is allowed within the constraints from radio-isotopic dates 
within and above this interval and implies a 0.45-myr dura-
tion for the reversed-polarity zone across the OAB (Fig. 8). That 
0.45-myr duration is 0.2-myr longer than its proposed cycle-scaled 
0.25-myr duration in the Germanic Basin (Szurlies, 2007), but per-
haps there may be missing cycles at a possible unconformity below 
the Stammem Beds of Solling Formation (Bachmann and Kozur, 
2004).
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Fig. 7. Cyclostratigraphy of the Meishan, Chaohu, Daxiakou and Guandao sections of South China after tuning to the time domain. Meishan: the 100-kyr-tuned U series after 
subtracting a 66% weighted average with filtered 405-kyr (red, E) and 100-kyr (dashed green) cycles (Gauss filter, bandpass: 0.0025 ± 0.0001 and 0.01 ± 0.003 cycles/kyr, re-
spectively). 2π MTM evolutive FFT using a 500-kyr sliding window and power spectrum are also shown. Chaohu: the 405-kyr-tuned GR series after subtracting 15% weighted 
average with filtered 405-kyr (red-colored “E” set) and 100-kyr (dashed green) cycles (Gauss filter, bandpass: 0.00248 ±0.0005 and 0.0100 ± 0.0025 cycles/kyr, respectively) 
with its evolutive FFT spectrum using a 500-kyr sliding window showing 2π MTM spectrum of Dienerian–Smithian (1.4–3.6 myr) after less a 35% weighted average. Dax-
iakou: the 405-kyr-tuned GR series after subtracting 25% weighted average with filtered 405-kyr (red, E) and 100-kyr (dashed green) cycles (Gauss filter, bandpass are as 
used at Chaohu) with evolutive FFT spectrum using a 500-kyr sliding window. 2π MTM spectrum of Griesbachian–Smithian (0–3 myr) is shown at the top after less a 25% 
weighted average. Guandao: the 405-kyr-tuned GR series after subtracting a 66% weighted average with filtered 405-kyr and 100-kyr cycles (the same procedure as applied 
at Meishan). 2π MTM evolutive FFT using a 500-kyr sliding window and power spectrum are also shown. La2004 ETP: Predicted eccentricity–obliquity-precession standard-
ized time series of the La2004 ETP model (Laskar et al., 2004) from 245 to 249 Ma. (For interpretation of the references to color in this figure legend, the reader is referred 
to the web version of this article.)
Option #2 assumes a more steady accumulation rate, therefore 
postulates that there are seven 405-kyr cycles of fairly stable 17-m 
wavelength (Fig. 6). This Guandao Option #2 corresponds to the 
excluded Chaohu Option #2, but is still allowed within the con-
straints of the radio-isotopic dates (Lehrmann et al., 2006, 2015). 
However, Option #2 would imply a 0.9-myr duration for the re-
versed polarity zone across the OAB at Guandao, which is difficult 
to reconcile with its relatively narrow width or cycle-scaled du-
ration in other global regions (e.g., Hounslow and Muttoni, 2010;
Szurlies, 2007).

Option #3 assigns the 60-m peak as a single 405-kyr cycle, 
thereby implying a duration of ∼250 kyr for the reversed-polarity 
zone across the OAB (Fig. 8 to match its cycle-scaled ∼250-kyr 
duration in the Germanic Basin, Szurlies, 2007). However, this Op-
tion #3 (Fig. 6) is more difficult to reconcile with the span between 
radio-isotopic dates in this section (Lehrmann et al., 2006, 2015).

3.4. Floating astronomical time scale for Lower Triassic of South China

The 405-kyr eccentricity cycle has remained relatively stable 
over at least the past 250 myr due to great mass of Jupiter
(Laskar et al., 2004), therefore is widely used as “405-kyr metro-
nome” in the Cenozoic and Mesozoic (e.g., Hinnov and Hilgen, 
2012). We also construct a floating ATS (Fig. 7) based on tuning to 
the filtered 405-kyr cycles with additional enhancement using the 
100-kyr eccentricity cycles. The power spectrum of the 405-kyr-
tuned GR series of the Chaohu section in the 1.4 to 3.6 myr interval 
(relative to “0” myr at the PTB) displays additional cycles with sig-
nificant power at 133-kyr, 97-kyr, 59-kyr, 38-kyr, 33-kyr, 24-kyr, 
21-kyr, 19-kyr and 17-kyr frequencies, which match the predicted 
Early Triassic astronomical terms (Fig. 7) (Laskar et al., 2004).

4. Discussion

4.1. Eccentricity–precession alternating with obliquity forcing during 
the Early Triassic

The evolutive spectra of the Chaohu and Daxiakou sections have 
comparable patterns. Eccentricity-precession signals dominate in 
the lower through middle Griesbachian, in the upper Smithian 
and in the middle through upper Spathian. In contrast, there are 
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two distinct chronostratigraphic intervals dominated by obliquity 
at both sections – the upper Griesbachian through Dienerian and 
the lower Spathian (Figs. 5 and 7). The interpretation that these 
even-spaced ∼0.8-m bundles of carbonate-claystone are obliquity 
cycles is also supported by strong signals in the obliquity band in 
evolutive spectra in Figs. 5 and 7. Eccentricity-modulation of pre-
cession forcing are typically characterized by complex couplets and 
bundles (e.g. Fig. 3C), whereas obliquity forcing usually produces 
simple and fairly regular oscillations. The prominence of obliquity 
cycles during intervals during the Early Triassic has been reported 
from facies containing abundant oolites and thin parasequences in 
the Dawen and Dajiang sections from the Great Bank of Guizhou in 
the Nanpanjiang Basin near the Guandao section; and these may 
indicate equatorial atmospheric circulation (Yang and Lehrmann, 
2003) or high-latitude influences on this low-latitude marine set-
ting (e.g., Li et al., 2015, and in prep.).

4.2. Cycle-calibrated magnetostratigraphy and correlation to Germanic 
Basin

When combined with cyclostratigraphy, the magnetostrati-
graphic patterns provide a reliable timescale for intercontinental 
correlation. The continental deposits of the Lower Triassic of the 
Germanic Basin have distinctive facies oscillations interpreted as 
variable seasonal monsoon rainfall and runoff that was modu-
lated by the 100-kyr eccentricity cycles (e.g., Bachmann and Kozur, 
2004), therefore the duration of each of those polarity zone has 
been estimated by assigning these 100-kyr cycles to the oscil-
lations in facies and to variances in GR (Szurlies, 2004, 2007). 
A similar synthesis of cycle-scaled polarity zones for the Germanic 
Basin compiled by Menning and Käding (2014) had suggested two 
very slightly different options, but we utilize the option that cor-
responds to the majority of the compilation by Szurlies (2004, 
2007). This Germanic Basin magnetic-polarity pattern with its par-
tial calibration of its brackish-water conchostracan zones to marine 
sections (e.g., Kozur and Weems, 2011) has been correlated to the 
main features of the magnetostratigraphies from other ammonite-
and conodont-zoned outcrops in both Boreal and Tethyan realms 
(e.g., review by Hounslow and Muttoni, 2010).

The cycle-tuned durations of the main magnetostratigraphy 
zones from the Induan and the Spathian of Meishan and Chaohu 
are consistent with this astronomical-tuned Early Triassic magnetic 
polarity pattern derived from the terrestrial facies of the Germanic 
Basin. The base of the Triassic throughout the world occurs in 
the lowermost portion of a relatively long-duration normal-polarity 
magnetic zone (Hounslow and Muttoni, 2010). At Meishan, the 
Triassic part of this normal-polarity zone is 0.5 myr in duration 
according to cycle stratigraphy (Fig. 8), which is identical to both 
the ca. 0.5-myr duration derived from high-precision dating at this 
Meishan section (Burgess et al., 2014) and the cycle-tuned dura-
tion in the magnetostratigraphy of the Germanic Basin.

The middle-upper Induan of Chaohu is dominated by reversed 
polarity with a normal-polarity band in the upper Griesbachian. 
Our cycle-derived durations of 0.47 myr for Chaohu polarity 
zone Ch1r and 1.02 myr for Ch2n–Ch2r (corresponding to zones 
WP2–WP4 of Sun et al., 2009) are fit to the cycle-tuned durations 
for polarity zones of CG4r (0.45 myr) and CG5 (0.95 myr) of the 
Germanic Basin (Fig. 8).

The Smithian–Spathian boundary interval at Chaohu is domi-
nated by normal-polarity zone MJ1n, which is similar to its signa-
ture in the Germanic Basin and composite marine magnetostratig-
raphy scales. Zone MJ4r of the uppermost Spathian corresponds to 
the reversed-polarity zone that includes the OAB in these scales 
(CG10r and LT9r in Fig. 8). The cycle-tuned durations of the pairs 
of polarity chrons through the Spathian at Chaohu and in the Ger-
manic Basin are identical (Fig. 8). Indeed, within each of the main 
Spathian magnetic polarity zones, every one of the interpreted 
100-kyr cycles in the Germanic Basin has a corresponding peak 
in relative clay enrichment in the Chaohu GR record (detailed in 
Section C.4 and Fig. C.5 of the Supplemental Information). These 
correlations indicate that the changing intensity of the monsoon 
rainfall/runoff in the interior basins of Pangea occurs in-step with 
changes in fluxes of clay onto the margins of the South China 
Plate. Therefore, this cycle-tuned magnetic polarity timescale can 
be used for precise projection of marine-based substages and bios-
tratigraphic zones onto continental and high-latitude sedimentary 
deposits that have magnetostratigraphy.

4.3. Durations and ages of the Early Triassic substages and events

Tuning of these GR and U series to eccentricity cycles provides a 
floating ATS for the substages, main conodont zones, and magnetic 
polarity zones of the entire Early Triassic Epoch. Combining the 
uncertainties in placement of substage definitions with respect to 
variation of accumulation that is inherent within the 405-kyr cycle 
implies an uncertainty of about one 100-kyr (ca. ±0.1 myr) for 
most of these events within each section. The resulting floating 
ATS has durations of 1.4 ± 0.1 myr, 0.6 ± 0.1 myr, 1.7 ± 0.1 myr
and 1.4 ± 0.1 myr for the Griesbachian, Dienerian, Smithian and 
Spathian substages, respectively, as defined in the main Chaohu 
and Guandao reference sections. The total duration of the Early 
Triassic Epoch is 5.1 ± 0.1 myr.

For calibration to numerical time, we anchored the PTB at Meis-
han to the 251.902 ± 0.024 Ma age of the PTB as interpolated by 
high-precision radio-isotope dating at its Meishan GSSP (Burgess 
et al., 2014). Cycle-tuned ages of ash beds in the Griesbachian at 
Meishan fit those radio-isotope dates (Fig. 2B). This anchored ATS 
projects ages of 250.5 ± 0.1 Ma, 249.9 ± 0.1 Ma, 248.2 ± 0.1 Ma
and 246.8 ± 0.1 Ma for the base Dienerian, base Smithian, base 
Spathian and base Anisian, respectively (Fig. 9).

4.3.1. Cycle-tuned duration of the end-Permian mass extinction (EPME) 
interval

The pattern and timing of the EPME are hotly debated topics. 
Shen et al. (2011) proposed that marine biodiversity suffered a 
sharp one-step extinction over a very narrow interval at Meishan 
from the top of Bed 24e through Bed 28. In comparison, other ex-
aminations of the ecological changes and biodiversity across the 
PTB suggest a two-step extinction pattern, in which the first step 
at the top of Bed 24e was marked by the extinction of 57% of 
the species, then a stable situation that was truncated when 71% 
of the surviving species underwent extinction at the top of Bed 
28 (Song et al., 2013b). Regardless whether it was a one- or two-
phase extinction, all research agrees that EPME interval at Meishan 
from the onset of the carbon isotope negative excursion at the top 
of Bed 24e through Bed 28 represents a critical major turnover 
of Earth life. Constraints from radio-isotopic dating at Meishan 
indicate that the EPME spanned an interval of only 60 ± 48 kyr
(Burgess et al., 2014).

Cyclostratigraphy estimates for the span of this major EPME 
turnover at the Shangsi section in Sichuan, which used a different 
definition of the extinction interval, range from 700 kyr (Huang 
et al., 2011) to 380 kyr. At the Meishan GSSP, an interpretation 
and 405-kyr-cycle tuning of the oscillations in magnetic suscepti-
bility seemed to imply a duration of ∼80 kyr for the EPME interval 
(Beds 25–28) (Wu et al., 2013). Our application of 100-kyr tun-
ing to Meishan indicates that the EPME spans less than 40% of 
a 100-kyr cycle, therefore <40 kyr (Fig. 2). The sharp 5� nega-
tive excursion in δ13C isotopes starts abruptly within Bed 24e and 
ends in Bed 25, a span of only 5 cm, is less than 6% of a 100-kyr 
cycle or <6 kyr, which is consistent with a cycle-tuned <30-kyr 
duration in the Carnic Alps of Austria (Rampino et al., 2000) and 
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Fig. 8. Cycle-tuned magnetic polarity reference scales for the Early Triassic. Left-most column is our composite cycle-tuned polarity pattern derived from the Griesbachian–
Dienerian and Spathian of South China and from the Smithian of Germanic Basin. The South China column has cycle-tuned magnetostratigraphies from the Meishan section 
(Li and Wang, 1989), the lower Chaohu section (Sun et al., 2009 as reinterpreted in Appendix Section C and Appendix Fig. C.4), and from the upper Smithian through Spathian 
of Chaohu (this study). Two options are shown for the cycle-scaled magnetostratigraphy across the Olenekian/Anisian boundary at Guandao (Lehrmann et al., 2006) as dis-
cussed in Section 3.3. The main South China zones are correlated to the 100-kyr cycle-tuned polarity pattern from the Germanic Basin (Bachmann and Kozur, 2004; Szurlies, 
2004, 2007; as reviewed by Ogg, 2012) and to the “relative-thickness-scaled” magnetostratigraphy synthesis of Hounslow and Muttoni (2010). Details of these correlations 
are discussed in Section 4.2 and an enlargement of the Spathian correlations is in Appendix Section C.5. The age model for the Germanic Basin reference scale had been an-
chored to a base-Triassic date of 252.17 Ma (Shen et al., 2011), which was re-dated as 251.9 Ma (Burgess et al., 2014) as shown in the South China and the Composite scales. 
Selected radiometric dates used by Hounslow and Muttoni (2010) on their scale were from Mundil et al. (2004), Galfetti et al. (2007), Ovtcharova et al. (2006) and Lehrmann 
et al. (2006), which were published before the revised EARTHTIME tracer solutions (Burgess et al., 2014).
within the constraints from radio-isotope dating of <20 ± 10 kyr
(Shen et al., 2011) or 2.1–18.8 kyr (Burgess et al., 2014). These re-
sults confirm the short-lived nature of the EPME. Considering that 
estimates from the highly condensed Meishan section are proba-
bly distorted by non-linear recording by these sediments of the 
ecological and climatic responses, we predict that, when further 
higher-resolution studies are achieved in more expanded sections, 
the EPME and this negative excursion in δ13C isotopes were even 
sharper catastrophic events.

4.3.2. Griesbachian duration and implication for relative sediment 
accumulation rates across the Permian–Triassic boundary

The duration of the Griesbachian Substage can be estimated 
by combining cyclostratigraphies of Meishan and Chaohu. Unfor-
tunately, recognition of cycle “E0” (the first 405-kyr eccentricity 
cycle of the Triassic) and its constituent 100-kyr “e” cycles at both 
Chaohu and Daxiakou is distorted through both a condensation 
in the basal Griesbachian and a downward shift in the apparent 
peak of 405-kyr Cycle “E0” due to a sharp drop from elevated GR 
values in the Permian black shale to low-GR values in carbonate-
rich basal Triassic (Fig. 5). The magnetostratigraphy of the Chaohu 
succession also indicates that the majority of the normal-polarity 
zone of the lower Griesbachian is highly condensed (Hounslow and 
Muttoni, 2010; Sun et al., 2009). In comparison, Meishan does not 
have this uppermost Permian black shale, therefore the Cycle “E0” 
recorded in GR and U is well-recognized and an allows placement 
of the base of the Griesbachian (PTB) at just 40 kyr (40% of a 
100-kyr cycle) before the peak of “E0” (Fig. 2). In the Germanic 
Basin, the estimated PTB is also slightly less than 100 kyr earlier 
than the peak of the first 405-kyr cycle (I) of the Triassic (Fig. 8). 
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Fig. 9. Summary of Early Triassic timescale of South China. A. Chronostratigraphy and B. biostratigraphy are based on Figs. 2, 5 and 6 and detailed in Appendix Fig. B.1. 
C. Magnetostratigraphy is from Fig. 8. D. Radiometric dates are from Burgess et al. (2014), Lehrmann et al. (2015) and Ovtcharova et al. (2015). E. 405-kyr cycles is based 
on Figs. 7 and 8. F. δ13C data are from Great Bank of Guizhou, South China (Payne et al., 2004) shown with excursions with age. The end-Permian extinction and the 
Smithian–Spathian boundary (SSB) event are marked by a fish skeleton. Reptile beds at Chaohu (Motani et al., 2015) are indicated by the green silhouette and age-span bar. 
G. Accumulation rates (405-kyr averages) of the Chaohu and Daxiakou sections increased gradually in the Griesbachian through Smithian, then surged in the Spathian from 
an increased influx of carbonate. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
The lower Griesbachian Hindeodus parvus, Isarcicella staeschei, I. is-
arcica and C . planata zones within this normal-polarity zone at 
Meishan are interpreted to span 500 kyr (Fig. 8). A ∼500 kyr span 
for these four conodont zones is also implied by the radio-isotopic 
dating of these cycles at Meishan (Burgess et al., 2014) (Fig. 2). The 
cycle-tuned duration of the basal-Triassic normal-polarity zone at 
Meishan is also identical with the cycle-tuned magnetostratigraphy 
of the Germanic basin (Kozur and Weems, 2011).

The upper Griesbachian has a complete and undistorted record 
at both Chaohu and Daxiakou. The base of the Dienerian is 
∼150 kyr after the peak of Cycle “E3” implying a 1.4-myr duration 
for the Griesbachian Substage (Fig. 7). The Neoclarkina krystyni and 
Neoclarkina discreta conodont zones span ca. 770 kyr and 130 kyr, 
respectively, based on our ATS (Appendix Section B.2 for details).

Some studies have suggested that there had been surges in 
terrestrial weathering and in sediment and nutrient fluxes into 
the marine environments at the EPME, and this played a role 
in the delayed recovery. These calculations depended on the 
relative durations of the Changhsingian and Griesbachian sub-
stages (C:G duration ratio). For example, using a C:G duration 
ratio of 3.4:0.7 myr would imply a global 7× average increase 
in influx of terrigenous sediment during the Griesbachian rel-
ative to the Changhsingian based on sediment thicknesses in 
16 marine sections in Neotethys, Paleotethys and Panthalassa 
oceans (Algeo and Twitchett, 2010). However, if the C:G dura-
tion ratio is 1.9:1.4 myr based on cyclostratigraphy interpretations 
(Szurlies, 2007; Wu et al., 2013), then the increase in average ter-
rigenous influx would be reduced to a factor of 2×, which is still 
important but not as dramatic. Moreover, the accumulation rates 
estimated from the high-resolution ATS suggest a gradual, rather 
than abrupt, change during and after the EPME at Meishan, Chaohu 
and Daxiakou (Fig. 9).

4.3.3. Dienerian
The Dienerian Substage spans a 0.6 myr at both the Chaohu and 

Daxiakou sections based on the defining conodont zones (Zhao et 
al., 2013, 2007). The Dienerian and the Induan ended 50 kyr be-
fore the peak of Cycle “E5” at the Olenekian GSSP candidate section 
of Chaohu. However, the first occurrence (FO) of the marker con-
odont Nov. waageni is ∼50 kyr earlier at Daxiakou than at Chaohu. 
Therefore, a 2.0 ± 0.1 myr total duration for the Induan Stage is 
indicated.

Our ATS-derived Induan duration is significantly longer than 
∼1.1-myr Induan duration estimated from magnetic susceptibil-
ity logs in those same Chaohu and Daxiakou sections by Guo et 
al. (2008) and Wu et al. (2012). Their interpretation was influ-
enced by an assumption that in these low-latitude sections the 
dominant ∼0.8-m-scale couplets should be precession cycles. In 
contrast, our use of GR logging enabled recognition of the broader 
10-m long-eccentricity cycles which also implied that the even-
spaced ∼0.8-m cycles represented obliquity cycles (Section 4.1). 
Furthermore, the cycle-scaled magnetostratigraphy from the Diene-
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Fig. 10. Comparisons of the Early Triassic age models of the International Chronostratigraphic Chart v2015/01 (http :/ /www.stratigraphy.org), of the Geologic Time Scale 2012 
(Ogg, 2012) and of this study.
rian of Chaohu matches the cycle-scaled polarity pattern from the 
Germanic Basin (Fig. 8).

4.3.4. Smithian and the Smithian–Spathian boundary (SSB) event
The SSB event represents one of the most severe bio-crises 

after the EPME. Marine and terrestrial life experienced a major 
turnover coincident with a strong perturbation in the carbon cy-
cle (Payne et al., 2004; Tong et al., 2007), an widespread oceanic 
euxinia (Grasby et al., 2013) and a late Smithian thermal maxi-
mum (Sun et al., 2012). At Chaohu, a shift in δ13C from −2� to 
4� is the key indicator of the SSB event near the FAD of the con-
odont Nov. pingdingshanensis (Appendix Fig. A.4) (Tong et al., 2007). 
This level at Chaohu is just after the peak of Cycle “E9”, therefore 
the Smithian Substage spans 1.7 ± 0.1 myr (Fig. 9). The Smithian 
duration was also estimated as ∼1.6 myr in the Germanic Basin 
(Szurlies, 2007), but both of the stage limits in those terrestrial 
deposits are offset older by 3 to 4 short-eccentricity cycles from 
the conodont-based ones used in our study. The SSB event oc-
curred 3.7 myr after the EPME, and the duration of the δ13C shift 
is ∼50 kyr.

4.3.5. Spathian and age of marine reptiles at Chaohu
Due to the lack of conodonts and a potentially truncated 

magnetostratigraphy in the uppermost Spathian to assign the 
Olenekian/Anisian boundary (OAB) at Chaohu, the duration for 
the Spathian Substage is from correlation of the upper Spathian 
section of Chaohu to the OAB interval at Guandao using reddish 
beds, lithological patterns, GR and magnetostratigraphy (Fig. 6). 
The base of the Anisian at Guandao at the appearance of con-
odont Chiosella timorensis, the proposed conodont marker for the 
Early–Middle Triassic boundary, is positioned ∼150-kyr before the 
peak of Cycle “E13”. Therefore, the Spathian spans 1.4 ± 0.1 myr. 
Szurlies (2007) had estimated a Spathian duration of 1.9 myr, but 
he estimated that the Smithian–Spathian boundary was at a lower 
level in those non-marine deposits, and correlating his cycle-tuned 
magnetostratigraphy of the Germanic Basin to Smithian–Spathian 
ammonoid-zoned sections of the Arctic regions indicates a ca. 
1.5-myr duration (Ogg, 2012).
The Chaohu section yields nearly 100 skeletons of four gen-
era of large marine reptiles that are considered to mark the sig-
nificant recovery of ecosystem after the EPME (Ji et al., 2015;
Motani et al., 2015). These reptile beds occur within the middle 
Spathian Procolumbites ammonoid Zone (Ji et al., 2015; Motani et 
al., 2015). Our ATS constrains the age of these Chaohu reptile beds 
to be ca. 4.7 myr after the EPME, or between 247.10 and 247.25 Ma 
(green bar in Fig. 9).

4.3.6. Duration of Early Triassic Epoch and projected age for the base of 
the Anisian Stage

The duration of the Early Triassic Epoch in both the South 
China and the Germanic Basin cycle-tuned scales is 5.1 ± 0.1 myr. 
The South China sections indicate durations of 2.0 ± 0.1 myr
and 3.1 ± 0.1 myr for the Induan and Olenekian stages. These 
spans are remarkably similar to the 2.2-myr and 2.9-myr dura-
tions from the correlation of the cycle-tuned magnetostratigraphy 
of the Germanic Basin (Szurlies, 2004, 2007) to ammonite- and 
conodont-dated sections (Hounslow and Muttoni, 2010) as used in 
GTS2012 (Ogg, 2012). In contrast, the International Chronostrati-
graphic Chart of 2015 (ICS2015) displays 1.0- and 4.0-myr dura-
tions for the Induan and Olenekian stages (Fig. 10). This ICS2015 
chart did not document how these estimates were derived, but 
perhaps the compact span for the Induan Stage resulted from com-
paring a base-Triassic dating of ca. 252.2 Ma (Shen et al., 2011) to 
an earlier dating of 251.2 ± 0.1 Ma for a lower Smithian ash bed 
(Galfetti et al., 2007) that had used different standards that are dif-
ficult to reconcile with the revised EARTHTIME protocols and tracer 
(Burgess et al., 2014).

Guandao has several ash beds near the OAB that have been 
dated using single zircons. Using mean dates derived from a sub-
set of U–Pb dates from those zircons yields a linear-interpolated 
estimate of 247.28 ± 0.12 Ma for the FAD of conodont Ch. timo-
rensis (Lehrmann et al., 2015). Another study with high-resolution 
dating of the OAB from the conodont-rich Monggan section of 
Guangxi highlighted the uncertainty of radiometric dating due to 
post-crystallization lead loss and unknown crystallization history 
of individual zircons, coupled with subjective interpretations of 
which zircons to include in the subset used for the statistical date 
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(Ovtcharova et al., 2015). Interpolation of dated ash-layers brack-
eting the OAB at Monggan/Wantou projects the FAD of Chiosella
timorensis as 247.31 ± 0.06 Ma (Ovtcharova et al., 2015). In com-
parison, our cycle-tuned age for the FAD of Chiosella timorensis
based on anchoring to the base-Triassic dating is 246.8 ± 0.1 Ma.

Why is the cycle-tuned duration of 5.1-myr for the Early Trias-
sic nearly 0.4 myr longer than the 4.6-myr difference of two U–Pb 
ages for its base at the PTB of 251.9 Ma (Burgess et al., 2014) and 
its top at the base of the Anisian Stage of 247.3 Ma (Lehrmann et 
al., 2015; Ovtcharova et al., 2015)? This identical problem arises 
for the 5.1-myr span for the Germanic Basin cyclostratigraphy 
based on recognition of 100-kyr cycles across the basin (Szurlies, 
2007). Some possibilities are (1) the subjective methods of select-
ing which zircon dates are incorporated into the published best-
estimate “mean” dates, which often only incorporates less than 
30% of the dated zircons, needs to be re-examined, as is discussed 
with some excellent out-of-sequence examples by Ovtcharova et 
al. (2015); (2) the base-Anisian date may be too old because of 
pre-eruption zircons in the base-Anisian ages, or the PTB date 
from Meishan may be too young due to lead-loss (these poten-
tial artifacts for some interpreted dates from the Monggan/Wantou 
section are also examined in Ovtcharova et al., 2015); (3) one of 
the fourteen compiled 405-kyr long-eccentricity cycles in the Early 
Triassic (E0–E13) may be incorrect interpretation of a cycle that is 
actually a 100-kyr short-eccentricity cycle; although this would re-
quire a simultaneous accidental interpreting of “too many” cycles 
in the independent Germanic Basin succession; and/or (4) both 
the radioisotopic and the cyclostratigraphic methods in all studies 
have larger uncertainties than is usually assumed by those work-
ers (see Ovtcharova et al., 2015, and the introductory discussion 
of our paper). To resolve this question will require both additional 
standardized radio-isotopic dating of the boundaries of the Early 
Triassic stages in sections outside of South China, and verification 
of the cycle scalings of the Early Triassic magnetic polarity zones 
and substages in regions other than in Germany and China.

5. Conclusions

A high-resolution astronomical time scale for the end-Permian 
mass extinction and the Early Triassic Epoch that is constrained 
by radioisotopic dating, conodont datums, magnetic polarity zones 
and chemostratigraphy, has been established from the consistent 
cyclostratigraphy recorded in four reference marine sections of 
South China. Five main conclusions are as follows:

1. High-resolution astronomical time scale of the Early Trias-
sic indicates durations of 1.4 ± 0.1, 0.6 ± 0.1, 1.7 ± 0.1 and 
1.4 ± 0.1 myr for the Griesbachian, Dienerian, Smithian and 
Spathian substages, respectively, with a uncertainties of less 
than one-half of a 405-kyr eccentricity cycle in the main 
Chaohu and Guandao reference sections. The Early Triassic 
Epoch spans 5.1 ±0.1 myr. When anchored to the interpolated 
251.902 ± 0.024 Ma date for the base of the Triassic (Burgess 
et al., 2014), the ages of the base-Dienerian, base-Smithian, 
base-Spathian and base-Anisian are 250.5 ± 0.1, 249.9 ± 0.1, 
248.2 ± 0.1 and 246.8 ± 0.1 Ma, respectively (Fig. 10).

2. Constrained by high-resolution radio-isotopic dates near the 
PTB at the Meishan GSSP section, the oscillations in the GR 
and U series were interpreted as 100-kyr short-eccentricity 
cycles. These imply that the end-Permian mass extinction in-
terval from the top of Bed 24e to Bed 28 at Meishan lasted less 
than 40 kyr. The abrupt 5� negative δ13C excursion that starts 
within Bed 24e and ends in Bed 25 spans less than 6 kyr.

3. There are no significant enhanced accumulation rates of sed-
iments following the end-Permian extinction and environ-
mental disruption at these cycle-tuned South China sections. 
The postulated surge of terrigenous sediment fluxes occur-
ring worldwide during the early Griesbachian as a result of 
increased weathering from elevated temperatures is not ob-
served in this region; and this revised Early Triassic time scale 
would also significantly reduce the calculated fluxes in other 
regions.

4. The Smithian–Spathian Boundary (SSB) event occurred 3.7 myr 
after the EPME. The duration of the δ13C shift across the SSB 
is 50 kyr.

5. The cycle-tuned magnetostratigraphy from terrestrial deposits 
in the Germanic basin (Szurlies, 2004, 2007) is consistent with 
the majority of the durations of major polarity zones recorded 
in these marine sections of South China. The changing inten-
sity of the rainfall of these mega-monsoons in the interior 
basins of Pangea occurs in-step with changes in fluxes of clay 
onto the margins of the Yangtze Platform of South China. This 
verification implies that the main polarity zones of this cycle-
tuned magnetostratigraphy can be used for projecting precise 
marine-based substages and biostratigraphic zones and high-
precision durations onto continental and high-latitude sedi-
mentary deposits.
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