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A. Location and stratigraphy of the Early Triassic sections
A. 1. Meishan section
The Meishan GSSP (Appendix Figs. A.1 and A.2; GPS: 31° 4' 50.83"N, 119° 42' 21.92"E) is perhaps the
most intensively studied section in the world. A high-resolution conodont biostratigraphy has been
progressively refined (Chen et al., 2015; Yuan et al., 2014; Zhang et al., 2009). The latest Permian Changxing
Formation comprises dark grey bioclastic limestone interbedded with cherty limestone and mudstone,
representing the sedimentation of middle ramp setting. The Lower Triassic succession consists of the
Yinkeng and Helongshan formations that are interpreted as deposits into an offshore lower to middle ramp
setting (Zhang et al., 2007). The Yinkeng Formation is dominated by rhythms of black shale, greenish gray
mudstone, gray marlstone and limestone. The overlying Helongshan Formation is characterized by gray
thin-bedded limestone (Fig. A. 1).
The GSSP for the base of the Triassic is defined at the first appearance datum (FAD) of conodont
Hindeodus parvus at the base of Bed 27c (Yin et al., 2001). The Permian-Triassic boundary (PTB)
experienced a crisis in the Earth system recorded by many significant geological events including an intense
disturbance of marine carbon and sulfur cycles and of ocean redox conditions (Chen et al., 2015). The PTB is
in the lower part of a thick normal magnetic polarity zone in uppermost Changhsingian-lowermost
Griesbachian (Fig. 2), which enables high-resolution correlation with other sections throughout the world
(Hounslow and Muttoni, 2010). The geochronology of the PTB at Meishan from radio-isotopic dating and
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Fig. A. 1. Field photo, GR, U data and lithology of the Meishan section. See Fig. 2 in the main text for details of the lithology and timeframework of the Meishan section.

cyclostratigraphy has been constantly evolving. The most recent dating of two boundary clays bracketing the
GSSP is 251.941±0.037 Ma (Bed 25) and 251.880±0.031 Ma (Bed 28) (Burgess et al., 2014).

A. 2. Chaohu sections
The quarries and road cuts of the adjacent hills of Pingdingshan and Majiashan (Appendix Fig. A. 3)
expose an Upper Devonian to Middle Triassic sedimentary succession. Upper Permian cherty mudstones
culminate in a condensed Permian-Triassic boundary at which the basal two Triassic conodont zones are
apparently absent. The thick Lower Triassic marine succession is interrupted or truncated near the top of
the Spathian substage with a breccia, overlain by a short interval of calcareous beds followed by non-marine
Middle Triassic terrestrial deposits. The depositional environments of the Chaohu section range from deepwater basin to base of slope/lower slope facies (Li et al., 2007).
Our Chaohu section is a composite of three overlapping transects.
A.2.1. West Pingdingshan (WP) section
(Appendix Fig. A. 4, 31° 38′ 3.3″N, 117° 49′ 41.2″E to 31° 37′ 58.8″N, 117° 49′ 44.0″E)
The West Pingdingshan roadcut section on the hill bordering the northwest suburbs of Chaohu city,
Anhui Province, is a candidate for the GSSP of the Induan-Olenekian stage boundary. Therefore, many
studies have contributed to a detailed and integrated high-resolution stratigraphy that includes conodonts
(Zhao et al., 2007), ammonoids (Tong et al., 2004; Tong and Zakharov, 2004; Tong et al., 2003), bivalves
(Tong et al., 2003), trace fossils (Chen et al., 2011), carbon isotopes (Liang et al., 2011; Tong et al., 2007; Zuo
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Fig. A. 2. 2π MTM power spectra and evolutive FFT spectra of the U and GR series of the Meishan section. See Fig. 4 in the main text for
details of power spectra of the U and GR series. Both evolutive FFT spectra used 5-m window and 2π MTM methods. Two major
discontinuities shown in the evolutive spectra occurred at ca. -2 m and 3 m at the Meishan section (red arrows). These discontinuities
are results of abrupt changes in accumulation rates which can be confirmed by U-Pb dates (red stars; Burgess et al., 2014) as illustrated
in Fig. 2. Guided by U-Pb dates, long-eccentricity cycles (E), short-eccentricity cycles (e) and precession cycles can be interpreted in
evolutive spectra and Fig. 2A.

et al., 2006) and an Induan magnetic polarity pattern (Sun et al., 2009). The section is well exposed, although
the uppermost Yinkeng Fm. from 45 m to 80 m is relatively weathered, therefore, a fresher exposure at
nearby North Majiashan was used for this interval. The base of each conodont zone is defined as the first
occurrence (FO) of the index taxa (Zhao et al., 2007).
The Changhsingian (uppermost Permian) Dalong Fm. is composed of grayish-black cherty beds and
cherty mudstone (Appendix Fig. A. 5). The Induan-Olenekian (Lower Triassic) Yinkeng, Helongshan and
Nanlinghu formations are mostly composed of cyclic interbeds of marine mudstone (or shale) and limestone.
The Yinkeng Fm. is dominated by mudstone, and the Helongshan and Nanlinghu formations by limestone
(Tong, 2005).
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Fig. A. 3. Geological map is from Tong et al. (2003). S2, Middle Silurian; D3, Upper Devonian; C1, Lower Carboniferous; C2, Upper
Carboniferous; P1, Lower Permian; P2, Middle Permian; P3, Upper Permian; T1y, Lower Triassic Yinkeng Fm.; T1h, Lower Triassic
Helongshan Fm; T1n, Lower Triassic Nanlinghu Fm. (T1n1, Lower Member; T1n2, Middle Member; T1n3, Upper Member); T2d, Middle
Triassic Dong Ma’anshan Fm. Q, Quaternary. WP: West Pingdingshan section, NMJS: North Majiashan section, MJS1: Majiashan section 1,
MJS2: Majiashan section 2, MJS3: Majiashan section 3.

The Permian-Triassic boundary interval at the West Pingdingshan section is comprised of a succession
of a white-colored claystone beds, a black shale layer, a yellow, medium-bedded marlstone, and a white ash
layer (Chen et al., 2011). δ13Ccarb is slightly negative in these beds (Peng et al., 2001; Song et al., 2013a; Tong
et al., 2007). The lithologic and carbon isotopic characteristics of the PTB at West Pingdingshan correlate
well with the PTB in the Triassic GSSP section at Meishan (Yin et al., 2001).
The Griesbachian-Dienerian substage boundary is placed at the base of the conodont Sweetospathodus
kummeli Zone.
The proposed GSSP candidate level for the Induan-Olenekian boundary is the FAD of the conodont
Novispathodus waageni eowaageni, which is immediately below the base of the ammonoid FlemingitesEuflemingites Zone (Tong et al., 2003). The Induan-Olenekian boundary is within a broad positive carbon
isotope plateau (Song et al., 2013a; Sun et al., 2009).
The Smithian-Spathian substage boundary is assigned regionally as the base of the conodont
Novispathodus pingdingshanensis Zone (Liang et al., 2011), where the pingdingshanensis taxa is named from
this outcrop, and is accompanied by a sharp positive shift in δ13C (Liang et al., 2011) that serves as an
additional global marker.
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Fig. A. 4. West Pingdingshan and North Majiashan sections of Chaohu with Changhsingian to Spathian biostratigraphy (Zhao et al.,
2007), bed numbers, lithology (Zhao et al., 2007), gamma-ray (GR) logs, carbon isotope data of Tong et al. (2007) (black) and Liang et al.
(2011) (red), and magnetic polarity interpretations (Sun et al., 2009) and slightly re-and generalized interpretations (this study). The
interval from 45 m to 80 m at the West Pingdingshan section is more weathered and slightly covered resulting in a slightly difference in
magnitude of GR compared with the North Majiashan section. Thicknesses of some beds within the interval of 45-80 m cannot be
measured precisely because the orientation of beds are hard to identify in the outcrop; this may lead to slightly out-of-phase in GR in
some levels at the overlap of the West Pingdingshan section with the North Majiashan section.
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Fig. A. 5. Lithology of the Permian-Triassic boundary interval with interpreted astronomical forcing of total GR and U gamma data at
West Pingdingshan section of Chaohu.

A.2.2. North Majiashan section
(Fig. 3, Appendix Fig. A. 4, 31° 37′ 34.4″N, 117° 49′ 15.1″E to 31° 37′ 32.9″N, 117° 49′ 15.7″E)
The North Majiashan section on the south slope of Majiashan hill is 1 km south-southwest from the
West Pingdingshan section. The hillside section of well-exposed Yinkeng and Helongshan formations of
Dienerian through Smithian is correlated to the West Pingdingshan section by both distinctive lithology
characteristics and gamma-ray (GR) signatures.
A.2.3. South Majiashan section
(Fig. 3, Appendix Fig. A. 6, from 31° 37′ 23.9″N, 117° 49′ 11.08″E to 31° 37′ 7.9″N, 117° 49′ 8.2″E)
The composite South Majiashan section consists of two well-exposed abandoned quarries that are 1.5
km away from the West Pingdingshan section. The MJS-2 quarry spans the lower to middle Spathian, and the
MJS-3 quarry spans the upper Spathian to lowermost Anisian (Tong and Zhao, 2011). The Spathian
Nanlinghu Formation is mainly comprised of relatively thick-bedded carbonate rocks overlain by the lower
Anisian Dong Ma’anshan Formation of a basal brecciated (karstic?) limestone overlain by terrestrial clastics.
Based on distinctive lithology features and high-resolution GR correlation, the lowermost portion of the
measured Majiashan section 2 (-85 m to -61 m, see Appendix Fig. A. 6) overlaps with the uppermost part of
the West Pingdingshan section (107 m to 126 m, see Appendix Fig. A. 4).
The section has conodont and ammonoid biostratigraphy and carbon isotope stratigraphy, although the
placement of the OAB at the top of the section remains uncertain (Song et al., 2013a; Tong et al., 2007; Zhao
et al., 2007). At the South Majiashan section, abundant specimens of marine reptiles of ichthyosauriform
types, including Chaohusaurus and Majiashansaurus, have been reported from Beds 628-643. These beds
with marine reptiles are just below Procolumbites ammonoid zone of middle Spathian in age (Ji et al., 2015;
Jiang et al., 2014; Motani et al., 2014).
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Fig. A. 6. Majiashan Sections 1 to 3 of Chaohu with Olenekian to Anisian conodont (Zhao et al., 2007), ammonoid (Ji et al., 2014; Tong
and Zakharov, 2004) biostratigraphy, lithology, magnetostratigraphy and carbon-isotope data (Tong et al., 2007). Bed numbers are
from field marks of Motani et al. (2015) (left) and Zhao et al. (2007) (right). See Appendix Fig. C. 3 for details of magnetostratigraphy.
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Fig. A. 7. Cyclostratigraphy of the uppermost Chaohu section with two options for assigning astronomical parameters to the upper
Spathian cycles. Conodont zones at Chaohu are from Zhao et al. (2007). Magnetic polarity zones are from this study. See Appendix Fig.
C. 3 for details. Chaohu GR series (black) after remove 25% weighted average trend and evolutionary FFT spectrum using 60 m sliding
window with filtered 33 m cycles (red, Gauss filter, passband: 0.03 ±0.015 cycles/m for 100 to 174 m) and filtered 10 m cycles (dashed
green, passband: 0.1 ±0.03 cycles/m) for 100 to 174 m and 33 m cycles (dashed green, passband: 0.03±0.02 cycles/m) for 174 to 280 m,
respectively).

A.3. Daxiakou section
(Fig. 3 and Appendix Fig. A. 9. from 31° 6′ 49.95″N, 110° 48′ 16.8″E to 31° 6′ 58.13″N, 110° 48′ 1.0″E)
The fresh well-exposed Daxiakou section, at 6 km east of Xiakou town in the Three Gorges area of
Xingshan County, western Hubei Province, is 670 km away from the Chaohu sections. The Daxiakou roadcut
section has high-resolution conodont zonation (Wang and Xia, 2004; Zhao et al., 2013; Zhao et al., 2005),
ammonoid (Li et al., 2009), bivalve biostratigraphy (Li et al., 2009) and carbon isotope stratigraphy (Shen et
al., 2012; Tong et al., 2007). The lithology at the Daxiakou section is generally similar with that of the West
Pingdingshan section of Chaohu, but with thinner limestone and fewer mudstone beds (Appendix Fig. A. 9).
The exposed upper Permian succession begins with a portion of the Wujiaping Formation of
Changhsingian age consists of light-grey limestone and cherty limestone. The condensed upper
Changhsingian Dalong Formation is only 3 m of mainly black shale and mudstone interbedded with many ash
layers. The Permian-Triassic boundary is correlated with the Meishan GSSP section through high-resolution
conodont biozones and carbon isotope stratigraphy (Zhao et al., 2013).
The Lower Triassic Daye Formation mainly consists of thin grayish thin-bedded limestone rhythmically
interbedded with few marls and grey calcareous mudstone in the lower and thin-bedded limestone in the
middle and upper parts.
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Fig. A. 8. Cyclostratigraphy of the Chaohu section (Option #2) of South China after tuning to the time domain. This Option, in which the
ca. 30-m-thick upper Spathian cycles of Chaohu are assigned as 405-kyr long-eccentricity cycles rather than 100-kyr short-eccentricity
cycles, is possible only if the constraints from both the cycle-tuned magnetostratigraphy in the Germanic Basin (Ogg, 2012; Szurlies,
2004, 2007) and the radio-isotopic dating for the base-Triassic (Burgess et al., 2014) and base-Anisian (Lehrmann et al., 2015;
Ovtcharova et al., 2015) have uncertainties more than 1 million years. (A) Chronostratigraphy and biostratigraphy are based on Figs. 2,
5 and 6 in main text and detailed in Appendix Fig. B.1. (B) Magnetostratigraphy is similar Fig. 8, but with expansion in the upper
Spathian. (C) Accumulation rates (405-kyr averages) of the Chaohu and Daxiakou sections increased gradually in the Griesbachian and
decreased in the upper Spathian. (D-F) The 405-kyr-tuned GR series after subtracting 15% weighted average with filtered 405-kyr (redcolored “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 evolutionary FFT spectrum using a 500-kyr sliding window.

The Griesbachian-Dienerian boundary is assigned as the base of the Sw. kummeli Zone. However, 2 m
sampling gap in the conodont biostratigraphy at Xiakou (Zhao et al., 2013) implies a ~100 kyr uncertainty
based on our ATS.
The Induan-Olenekian boundary at Daxiakou assigned as the FAD of conodont Nov. waageni (Zhao et al.,
2013) and our GR and cyclostratigraphic results indicate this FAD is only ~50 kyr earlier (lower) than that at
Chaohu.
The Smithian-Spathian boundary at Xiakou, as assigned to the lowest occurrence of conodont Nv.
pingdingshanensis, has serious problems (Zhao et al., 2013). First, the “Smithian substage” (Nv. waageni Zone)
is only 4.5 m thick (Zhao et al., 2013), which based on our field observations and interpreted
cyclostratigraphy spans only 150 kyr. Second, the SSB at Chaohu at the 95 m level is above two obliquitydominated intervals, whereas the lowest occurrence of Nv. pingdingshanensis at Xiakou (35.5 m level) falls
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Fig. A. 9. Daxiakou section with Changhsingian to Olenekian biostratigraphy (Zhao et al., 2013), lithostratigraphy with volcanic-ash
layers, gamma-ray (GR) log, and carbon-isotope data (Tong et al., 2007).

between these two obliquity intervals. When correlated to the Chaohu section using GR trends and
cyclostratigraphic, we suggest the SSB should located much higher at Xiakou, at ~77 m, although this
suggestion need to be further tested.
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Fig. A. 10. Correlation of the Daxiakou section and the West Pingdingshan and North Majiashan sections at Chaohu. The Daxiakou
section correlate well with the West Pingdingshan section in GR, lithology and biostratigraphy. See Appendix Fig. A. 4 and Fig. A. 9 for
details for West Pingdingshan and North Majiashan sections and Daxiakou section. Cycle interpretations are in detailed main text.

A.4. Guandao section
(Fig. 6 and Appendix Fig. A. 11; from 25° 36′ 15.76″N, 106° 38′ 17.77″E to 25° 36′ 15.84″N, 106° 38′ 11.44″E)
A.4.1. Guandao stratigraphy
The Lower Guandao section, 2 km south of Bianyang town, Luodian county, Guizhou Province, is
located 1300 km away from the Chaohu section. The Lower Guandao section is on the north slope of the
Great Bank of Guizhou in the Nanpanjiang Basin, southern South China platform (Fig. 1). The lithology of the
Lower Guandao section is mainly of bedded limestone and claystone, with interbedded breccia and volcanic
ash layers (Fig. 6).
The Olenekian-Anisian boundary interval is well defined at Lower Guandao as it is a deep-marine
sequence with no major unconformity and contains well-correlated magnetostratigraphy, dated volcanic ash
layers, high-resolution conodont zones (Lehrmann et al., 2006), and carbon isotope data (Payne et al., 2004).
The base of the Anisian is assigned to the FAD of the Chiosella timorensis between two dated ash layers and
within the upper part of a 35-m-thick reverse polarity zone. The FAD of the Ch. timorensis estimated as
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247.18 Ma in age (Lehrmann et al., 2006) was late revised to 247.28 ±0.12 Ma (Lehrmann et al., 2015). The
age for the OAB of Lehrmann et al. (2015) is consistent within uncertainties with an extrapolation of 247.05
±0.16 Ma for the OAB (if FAD of the Ch. timorensis) from radio-isotopic dating of the Wantou section of
Guangxi Province, South China (Ovtcharova et al., 2015).
However, because the FAD of Ch. timorensis co-occurs with the ammonoid Neopopanoceras haugi zone
which is traditionally entirely assigned to the late Spathian, then Goudemand et al. (2012) suggested using a
higher conodont definition involving overlapping ranges. In their suggestion, two common residual maximal
horizons (identified by overlaps of two species of Gladigondolella carinata and Ch. timorensis and by two
species of Gd. tethydis and Tr. homeri, respectively) would be brackets for the OAB (Goudemand et al., 2012),
and these overlapping ranges are indicated by brown and pink bands in Fig. 6, respectively. This shift in
biochronology is adopted, then there is a minor change of less than 3.5 m (< 60 kyr, this study) of the EarlyMiddle Triassic boundary at Lower Guandao.
A.4.2. Correlation of Lower Guandao, Guandao 3 and Chaohu sections
The Lower Guandao section is extremely weathered; therefore, a new fresher road-cut Guandao 3
section (or Mingtang section) that is 300 m south of the Lower Guandao section was logged. Even though
there are more breccia beds in the Lower Guandao section than in the Guandao 3 section, perhaps because
the Lower Guandao section is either much nearer to the provenance of the breccia and/or some of the
breccia beds are very local deposits, the main facies features can be correlated. For example, the Guandao 3
section starts with a 24-m-thick reddish bed that correlates with the Lower Guandao section, that is
supported by conodont biostratigraphy (Sun et al., 2015) (Fig. 6). In the upper part of Lower Guandao
section, a volcanic ash bed at the 260 m level overlying thin carbonate bed is overlapped by thick carbonate
beds. A volcanic ash bed at 262 m in Guandao 3 is also overlying thin bed of carbonate and overlapped by
thick carbonate beds. Therefore, magnetostratigraphic results from Lower Guandao section can be applied
to the Guandao 3 section directly (Fig. 6).
Features of Guandao 3 (Fig. 6) that seem to have correlative features in the Chaohu section (Fig. 3) are
the conodont datums, reddish beds, general lithology pattern, GR signal and magnetostratigraphy.
Conodonts Ns. abruptus and Tr. homeri are in both the lower part of the Guandao 3 section and in the 170196 m interval in the Chaohu section. Intervals at both sections within a predominantly normal magnetic
polarity zone contain characteristic reddish-colored beds of clayey nodular limestone, which a strong
oxidation of the seafloor deposits before burial. The general lithology patterns at the Guandao 3 section are
(a) thick breccia beds with low GR in the base of the section, (b) thin beds of carbonate with high GR from
190 to 220 m interbedded with several breccia and thick carbonate beds at 200-205 m, (c) thick carbonate
beds with low GR at 220-230 m, and (d) thin beds of carbonate with increasing GR from 230 m to the OAB. In
comparison, the general lithology patterns at the Chaohu section are also (a) thick carbonate beds with low
GR at 170-180 m, (b) thin beds of carbonate with high GR from 185 to 250 m interbedded with thick
carbonate beds with low GR at 220-235 m, (c) thick carbonate beds with low GR at 250-265 m, and (d) thin
beds of carbonate with increasing GR from 265m to the top of the section. In addition, there is the top of a
normal-polarity zone near peaks in GR at 215 m in the Guandao 3 section and at 245 m in the Chaohu section
(Fig. 6).
A.4.3. Guandao cyclostratigraphy interpretation options
The spectrum of the full GR of Guandao shows significant peaks at 60 m, 17 m, and 4.5 to 3.6 m (Fig. 4).
However, because the Guandao is relatively short (110-m thick), then the main features of this GR pattern
can be interpreted in different ways depending on assumptions of changing sediment accumulation rates.
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Fig. A. 11. Three options of cyclostratigraphy of the tuned Guandao 3 GR series. Option #1: the 100-kyr tuned GR 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, respectively). Option #2: 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 in option #1). 2π MTM evolutionary FFT using a 500-kyr
sliding window and power spectrum are also shown. Option #3: 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 in option #1). 2π MTM evolutionary FFT using a 500-kyr
sliding window and power spectrum are also shown. All 3 options are correlated with top of the lower normal polarity zone (dashed red
line). Cycle “E” numbers in Option #1 and #3 correlate with Chaohu Option #1 while “E” numbers in Guandao Option #2 is compared
with Chaohu Option #2. Neither Guandao Option #2 nor Chaohu Option #2 were included in our summary diagrams in the main text.

Option #1 is that there are three 405-kyr cycles, of which the two upper closer-spaced ones in the lower
Anisian can be interpreted as a slowing of the sediment accumulation rate relative to the underlying Spathian.
Indeed, at Guandao, the major shift from thick-bedded carbonate interbedded with breccia to thin-bedded
carbonate across the Spathian-Anisian boundary indicates a major environmental change in depositional
facies. Option #1 is allowed within the constraints from radio-isotopic dating (Lehrmann et al., 2006;
Lehrmann et al., 2015), and it would imply a 0.45-myr duration for the reversed-polarity zone across the
OAB (Fig. 8). The OAB is in the upper part of a reversed-polarity zone in all global sections (Hounslow and
Muttoni, 2010). However, the implied 0.45-myr duration for this reversed-polarity zone under Option #1 is
0.2-myr longer than its proposed 0.25-myr duration in the Germanic Basin (Szurlies, 2007), although there
may be missing cycles in that region at a potential unconformity below the Stammem Beds of the Solling
Formation (Bachmann and Kozur, 2004). Tuning those potential long-eccentricity cycles of Option #1 for the
GR series to 405-kyr yields a spectra with peaks at 405-kyr, 110-kyr, 33-kyr and 19-kyr, respectively
(Appendix Fig. A. 11).
Option #2 is that there are seven 405-kyr cycles of fairly stable wavelength as indicated by the 20-m
bandpass and associated 17-m spectral peak (see Fig. 6). This Guandao option #2 fits published radiometric
dates (Lehrmann et al., 2006; Lehrmann et al., 2015) and corresponds to option #2 for the Chaohu cycles (Fig.
6). As discussed in Section 3.2 and 3.3 in the main text, the option #2 for the Chaohu cycles is more
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problematic, because this implies a 6.3-myr long duration for the Early Triassic Epoch, which is significantly
younger than its 4.7-myr duration suggested from constraints from radio-isotopic dates (e.g., Burgess et al.,
2014; Lehrmann et al., 2015). Moreover, option #2 would imply a 0.9-myr duration of the reversed polarity
zone across the OAB at Guandao (0.7-myr duration within the Spathian portion plus 0.2-myr duration within
the Anisian), which is difficult to reconcile with its relative thickness in other global regions and its apparent
duration in the Germanic Basin (e.g., Hounslow and Muttoni, 2010; Szurlies, 2007).
Option #3 is that there is a single 405-kyr cycle corresponding to the ca. 60-m peak. This option would
enable a duration of ~250 kyr for the reversed-polarity zone across the OAB, which matches its ~250-kyr
duration in the Germanic Basin. However, this option #3 would conflict with the published U-Pb radioisotopic dating from Guandao, unless the published dating for early Anisian that had selected only the zircons
with the youngest dates is affected by artifacts of lead-loss (Fig. 6).
Therefore, we interpret that the 17-m cycles within the interval from 175 to ~240 m at Guandao as
features of 100-kyr short-eccentricity cycles within a ca. 65-m wavelength 405-kyr long-eccentricity cycle;
but followed by a slowing of accumulation rate across the OAB, therefore the 20-m cycles from 240 to 281 m
are 405-kyr cycles.

B. Description of 405-kyr long-eccentricity (“E”) cycles, and comparison of cyclecalibrated durations of conodont and ammonoid zones
B.1. Definition and correlation of long-eccentricity “E” cycles
The 405-kyr long-eccentricity cycles are marked as “E” in the figures of this paper. When the first “E”
cycle in the Triassic is assigned to “E0”, the following “E” cycles are marked in the ascending order.
Cycles “E0” and “E1” were defined at Meishan and Chaohu sections. At Meishan, these “E” cycles are
robust and supported by the high-resolution U-Pb ages (Fig. 3). For example, time span of the peaks of “E0”
and “E1” is 0.4 myr by cyclostratigraphy while the radiometric dating are 251.941 ±0.037 Ma for the bed 25
and 251.495 ±0.064 Ma for the bed 48, suggesting a 0.446 ±0.074 myr time span. At Chaohu, Cycles “E0” and
“E1” are much clear in U series than in GR series (Appendix Fig. A. 5). Cycles “E0” and “E1” at Chaohu are
condensed as explained in the main text and supported by magnetostratigraphy. Moreover, the first normal
magnetic zone in the Triassic spanned 0.50 myr at Meishan, which supports our estimated 0.5 myr of polarity
zone Ch1n at Chaohu and 0.5 myr for the Triassic part of polarity zone CG3n in the Germanic Basin (Fig. 8).
Cycles “E3” to “E5” were defined at Chaohu and Daxiakou sections, while “E6” to “E8” were defined at
Chaohu section (Fig. 3). The bedding has a strong ~10-m cyclicity (Fig. 5) suggesting relative stable
accumulation rates in these intervals. At Daxiakou, this interval of enhanced “E” cycles is associated with a
general higher carbonate content, which may indicate slightly faster accumulation rates.
In the upper Smithian, there is an abrupt facies shift at Chaohu from thin alternations of claystone with
limestone of the Yinkeng Formation to medium-thick limestone-dominated rhythmic beds of the Helongshan
Formation. This facies shift has been interpreted to be shallowing-upward cycles with longer wavelength
which is controlled by the deposition shift from deep water basin environment to the rise of basin margin or
from the rise to base of slope (Li et al., 2007). Consequently, Cycles “E9” to “E11” at both Chaohu and
Daxiakou sections have much longer wavelengths than those of “E0” to “E8” due to an increase in
accumulation rate (Fig. 9). The upper limit of Cycle “E11” at Chaohu is less distinct (Fig. 3), although the
limestone from 160 to 185 m of the Nanlinghu Formation is dominated by thick limestone deposited in base
of slope environment (Li et al., 2007) which suggests slightly fast sedimentation rates. Cycle “E12” is defined
at the uppermost of the Nanlinghu Formation at Chaohu, and this cycle is also well preserved at Guandao
(Fig. 6). There is a rapid increase in accumulation rates within E12 as revealed in the evolutionary FFT
spectrum of the uppermost Chaohu GR series (Appendix Fig. A. 7). Uppermost Spathian and lowermost
Anisian cycles “E13” to “E14” are defined in the upper part of Guandao 3 section (Fig. 6).
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B.2. Cycle-calibrated conodont bio-zonations
Biostratigraphy is based mainly on conodont zones that are defined by a succession of lowest
occurrences of the index taxa. Published conodont and ammonite zones are typically assigned as the
lowermost level with the recovered index conodont and omit such uncertainties. However, these lowest
occurrences are not always synchronous among sections owing to spacing of samples that yield the
conodonts and other factors. For example, in the published placement of the Griesbachian-Dienerian
boundary at Daxiakou, there are no samples that yielded marker conodonts of the uppermost Griesbachian
Neoclarkina discreta conodont zone to delimit the lower boundary of the lowermost Dienerian
Sweetospathodus kummeli conodont zone (Zhao et al., 2013).

Fig. B. 1. Apparent durations of conodont and ammonoid zones at Chaohu, Daxiakou and Meishan sections based on published
biostratigraphy. Bio-zones at Chaohu are from Zhao et al. (2007). Conodont zones at Daxiakou are from Zhao et al. (2013). Conodont
zones at Meishan are from Zhang et al. (2009). U-Pb ages of ash beds at Meishan are from Burgess et al. (2014).
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The relative durations of the conodont zones “as published” in the Meishan, Chaohu and Daxiakou
sections display a significant diachroneity of conodont zones (Appendix Fig. B. 1). Comparison of cycletuned conodont zones within the Changhsingian Stage (uppermost Permian) throughout South China
concluded that the relative assignment of these zones among sections can display an apparent diachroneity
of more than 200 kyr (Wu et al., 2013). This is most dramatic for the conodont datum, the first appearance
datum (FAD) of Nov. pingdingshanensis, used to assign the Smithian-Spathian boundary (SSB). At Daxiakou,
this conodont lowest occurrence would imply that the “Smithian Substage” (Nov. waageni Zone) is only 4.5 m
in thickness (Zhao et al., 2013), therefore only a span of 200-kyr according to our ATS. Whereas the SSB at
Chaohu is located above the two obliquity-dominated intervals, the lowest occurrence of Nov.
pingdingshanensis at Daxiakou falls between these two obliquity-dominated intervals (Fig. 5) or
approximately 1.5 myr earlier than that at Chaohu according to the ATS (Fig. 9).

In contrast, the

characteristic features of the GR series at both Daxiakou and Chaohu would project the SSB at Chaohu to the
77 m level at Daxiakou, i.e., 40 m higher than the reported lowest occurrence of Nov. pingdingshanensis.
Therefore, even though the cycle-stratigraphy and magnetic stratigraphy are consistent among the
different sections, the conodont zones are not always a reliable means of correlation or assigning substage
boundaries. For the lowest Griesbachian, we use Meishan which contains the GSSP for the base-Griesbachian
(base-Triassic) as the standard, and then the Chaohu section for the conodont-assigned base-Dienerian, baseSmithian (because it is a proposed GSSP for that level) and base-Spathian. As explained in the
magnetostratigraphy, the base-Anisian uses Guandao, which is also a candidate for that GSSP.

C. Magnetostratigraphy of Chaohu sections: methodology, demagnetization
behaviors, polarity interpretations, mean directions and correlations to the
Germanic Basin
To test the consistency of the cycle-tuned Germanic Basin magnetostratigraphy to our cycle-tuned
Chaohu stratigraphy, we made a prediction of where the Germanic polarity zone boundaries should fall
within the Spathian based purely on the interpreted eccentricity cycles. The top of Germanic Basin normalpolarity zone CG8n occurs 1.7 myr after the brief normal-polarity CG6n (Szurlies, 2007) that corresponds to
the Induan-Olenekian boundary normal-polarity Ch3n at Chaohu. We sampled the middle Spathian interval
at Chaohu in August 2014 to span this expected polarity change, and the magnetostratigraphy results fit the
general Germanic cycle-magnetostratigraphic model, thus supporting the assumption that the Germanic
Basin cycles were caused by ~100-kyr short-eccentricity modulations in monsoon intensity (Kozur and
Bachmann, 2008; Szurlies, 2004, 2007) (Fig. 8). Encouraged by this result, we then returned twice more in
2015 to progressively extend the magnetostratigraphy through the entire upper Smithian through top of
Smithian.

C.1. Paleomagnetic analyses and magnetostratigraphy methods
Paleomagnetic minicores from the Majiashan section (quarries MJS2 and MJS3) and upper West
Pingdingshan section (WP 2015) were collected using a gasoline-powered drill and oriented with a magnetic
compass in the field in 2014 (August) and 2015 (April and June). Sample spacing was normally 1 meter in
the lowermost Spathian (upper WP) lower Spathian (lower MJS2 quarry) to 2 meters in the relatively rapidly
accumulating middle to upper Spathian limestone-rich facies (upper MJS2 and the MJS3 quarries). The
Majiashan sections are overturned with an average dip of ca. 110° toward 120° toward southeast. The
measured sample suite from the two sections consists of 138 drill-plugs.
Carbonate-rich samples were generally light to medium gray, and specimens with more clay were
generally dark gray. Distinctive reddish nodular limestone beds occur within the middle Spathian; and
paleomagnetic analysis of this similar facies at Guandao implied that these samples have much higher NRM
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intensities and would require thermal demagnetization to over 650°C (explained by Paul Montgomery in the
on-line supplemental material to Lehrmann et al., 2006).
The lower Spathian samples (29 from lower MJS2 section) were progressively demagnetized in a
magnetically shielded room at the Black Mountain Paleomagnetism Laboratory (Australian National
University). Remanence measurements were made using a 2G SQUID horizontal pass-through
magnetometer equipped with an 8-minicore tray and inline AF demagnetization coils. Thermal
demagnetization used in an ASCTD48SC thermal demagnetizer. Each analysis was based on four to six
repeat measurements. Magnetic susceptibility was monitored with a Bartington MS-2 magnetic
susceptibility bridge after each thermal demagnetization step to detect mineralogical changes during heating.
A conservative percent-error parameter was computed from the statistical deviation with an adjustment for
measured residual holder noise after trial runs of a holder that subtracted the baseline holder run. The
effective noise level from both sources is equivalent to approximately 1.5 x 10-9 emu/cm3 or 1.5 x 10-3 mA/m
[1 A/m = 10-3 emu/cm3]; implying that a sample with remnant magnetization of 4 x 10-3 mA/m has over 35%
noise and hence is our practical limit of being statistically useful for polarity interpretations.
The middle and upper Spathian samples (35 from upper MJS2, 27 from MJS3 section) collected in April
2015 were analyzed on a 2G-755-4K superconducting magnetometer after stepwise thermal
demagnetization in a TD-48 oven (ASC, USA) in a magnetically shielded room in the Laboratory for
Paleomagnetism and Environmental Magnetism, China University of Geosciences (Beijing). After each
thermal demagnetization step we used a MFK1-FA magnetic susceptibility meter (AGICO, Czech) to monitor
the susceptibility. The Smithian-Spathian boundary interval (23 of WP 2015) and the uppermost Spathian
samples (24 of MJS3) collected in June 2015 were analyzed at the paleomagnetic laboratory of the Institute of
Geomechanics, Chinese Academy of Geological Sciences in Beijing on a 2G cryogenic magnetometer using
stepwise thermal demagnetization in an ASC TD-48 oven.
An initial alternating-field (AF) step of 5 milli-Teslas (5 mT) was followed by stepwise thermal
demagnetization. Heating involved at least 7 treatments, at ~25°C steps from 150°C to 450°C or 475°C.
Thermal demagnetization was generally ceased because the remnant magnetization displayed either
anomalous surge in susceptibility, was too weak (less than ca. 5 x 10-3 mA/m) for statistically valid mean
directions, or exhibited irregular magnetic directions/intensities for two or three consecutive steps. The
reddish nodular limestone facies required heating through 650°C without a significant decrease in magnetic
intensity before they exhibited anomalous susceptibility. The choice of a thermal rather than an AFdemagnetization procedure was based upon our preliminary pilots with detailed demagnetization runs of
the main lithologies of MJS2 and upon the previous work by Sun et al. (2009), although their Induan-age
facies of interbedded calcareous claystone and limestone generally had yielded paleomagnetic information
through 580°C without displaying the anomalous susceptibility increases that most of our grey limestone
samples exhibit beginning at 450°C.

C.2. Typical demagnetization behavior for paleomagnetic samples of Chaohu
The public Paleomagnetic Analysis Program V4.0 (Zhang and Ogg, 2003) was used for a 4-D (3-D space
plus intensity) visualization of each sample’s magnetic signal through these demagnetization steps, for the
selection and least-squares calculation of characteristic directions, and for the assignment of polarity with a
quality annotation. Examples of these 4-D views with corresponding interpretations of characteristic
directions and quality rating for typical samples of each polarity are presented in Appendix Fig. C. 1.
Sun et al. (2009) had analyzed 295 paleomagnetic levels through the Griesbachian, Dienerian and basal
Smithian (44 m total) at the near-vertical (78-88° dip toward East) West Pingdingshan section located about
1.5 km north-northeast of our quarries, and we used their results as a guide to expected overprints and
polarity interpretations. Sun et al. (2009) had studied the magnetic mineralogy of the Induan facies at
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Fig. C. 1. Examples of demagnetization plots for different polarities and quality ratings from the Chaohu sections (MJS2 for lower and
middle Spathian; MJS3 for upper Spathian). Vectors of remanent magnetization during progressive thermal demagnetization after an
initial alternating-field (AF) step of 5 mT are displayed on a stereographic projection (right side of each pair) and on a projected vector
(modified Zijderveld) diagram (left side). Declination (Decl.) and inclination (Incl.) placements in the modified Zijderveld diagram
correspond to the horizontal projection and to the actual dip with full intensity of the magnetization vector (denoted by red solid lines
versus blue dashed lines, respectively). In the stereographic projection, the open markers indicate negative inclinations. The steps
selected for the calculation of the mean characteristic direction are indicated by squares in each plot. (a) Characteristic direction from
MJS2 7.35 (grey limestone with calcite veins and many fractures) using the linear decay interval of 300-400°C is 41.2° Decl., 46.2° Incl.
with intensity 0.03 mA/m, and is rated “N”. (b) Characteristic direction from MJS3 37.25 (dark grey homogeneous limestone with very
small calcite vein) using 325-400 °C (it becomes too weak at 450 °C) is Decl. 301.0°, Incl. 69.4° with intensity of 0.06 mA/m, which is
rated “NP” because as thermal demagnetization progressively removed a present-day overprint, it shifted from an NRM direction
towards northeast to northwest but with a relatively steep inclination. (c) Magnetic vectors from MJS3 8.5 (grey limestone) display a
similar rotation as (b) from an initial downward direction in the southeastern hemisphere to a northern-direction endpoint at 350400°C. The characteristic direction of this endpoint (40.4° Decl., 74.8° Incl. with intensity 0.03 mA/m) is rated “NPP” because the trend
to the typical cluster of normal-polarity directions was truncated when the sample was essentially too weak to measure at 425-450°C.
(d) The characteristic direction of MJS3 23.45 (grey homogeneous limestone with calcite vein) of Decl. 325.0°, Incl. 85.1° with intensity
0.03 mA/m is derived from the 325-375°C interval. Rated “N?” because even through there was a progressive shift from present-day
field to steep down at 325 through 375°C, it failed to reach an end point before becoming very weak at 425-450°C. (e) Magnetic vectors
from MJS3 59.8 (dark grey homogeneous limestone ) display a rapid rotation from northwestern hemisphere to the reversed-polarity
hemisphere, before anomalous surge in intensity at 450°C. The characteristic direction of 263.78° Decl. and -1.68° Incl. with intensity
0.09 mA/m is therefore rated “R”. (f) Magnetic vectors from MJS3 66.15 (dark brownish grey homogeneous limestone) progressively
steepened from NRM (shallow but positive inclinations with southern direction) toward a steep negative inclination at 300 through
375 °C before becoming too weak to measure from 400°C; therefore it was rated as “RP” with a characteristic direction of Decl. 150.0°,
Incl. -79.0° with intensity of 0.02 mA/m. (g) Magnetic vectors from MJS2 -7.5 (grey limestone with brownish tint and calcite veins)
display a progressive trend toward the reversed-polarity hemisphere, but never reached an endpoint and had an unusually high
intensity. therefore is rated “RPP”. The characteristic direction from 425-450°C is 90.1° Decl., -37.7° Incl. with intensity 1.95 mA/m. (h)
The characteristic direction of MJS 63.8 (dark grey homogeneous limestone) of Decl. 233.0°, Incl. 47.8° with intensity 0.05 mA/m is from
the 325-400°C interval and displays a similar trend from present-field towards southern hemisphere, but the vector never attained a
negative inclination until exhibiting odd behavior (viscous magnetization) at 425-450°C; therefore it was rated “N?”. (i) Similarly, the
characteristic direction of SM1 -48.8 (dark grey limestone) assigned to the linear decay at 200-300°C (Decl. 52.4°, Incl. -33.0° with mean
intensity 0.02 mA/m) is rated “INT” from its intermediate direction to either polarity as it moved toward the northeastern hemisphere
but with a negative inclination.

Chaohu using progressive thermal demagnetization of isothermal remanent magnetization (IRM) that had
been applied from orthogonal IRM fields of 0.12 T, 0.4 T and 1.2 T; and they concluded that the magnetic
mineralogy of these lithologies were from variable amounts of magnetite and hematite.
According to the detailed study by Sun et al. (2009), the magnetization of the Induan facies at Chaohu
had three components: (a) a low-temperature component below about 300° interpreted as an overprint of
present field (355° declination, 48° inclination for Chaohu today), (b) a medium-temperature (ca. 300-480°C)
component that dominated NRM that was north-northwest and downward (350° declination, 32° inclination)
in geographic coordinates (or easterly and downward in tilt-corrected coordinates) that they interpreted as a
normal-polarity partial remagnetization acquired during the structural tilting of possible late Cretaceous age
(late phase of the Yanshanian orogeny), and (c) a high-temperature component that significantly overlapped
with the medium-temperature one, but had dual polarity which was interpreted as the Triassic
magnetization. This Triassic component could be separated from the tectonic overprint on vector-plots
between 480 and 580°C for only about 10% of the samples, but its polarity could be interpreted on another
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Fig. C. 2. Tilt-Corrected stereoplots of Chaohu sections. MJS merged = the three Spathian sections at South Majiashan (MJS2 lower
Spathian with average dip of 12° toward 160°; MJS2 middle Spathian with average dip of 30° toward 184°; and MJS3 upper Spathian with
average dip of 45° toward 275°), WP 2015 = Smithian-Spathian boundary interval at West Pingdingshan (average dip of 87° toward 137°);
WP 2009 = Griesbachian-Dienerian of West Pingdingshan (extracted from the raw demagnetization data from Sun et al. (2009), but with
our reinterpretation of characteristic directions). The trio of plots are of the initial natural remnant magnetism (NRM), of the 350°C
demagnetization step which is a typical intermediate step on great-circle paths as magnetic vectors rotate toward opposing endpoint
directions, and of characteristic directions for those samples with N-NP- and R-RP quality ratings that were used in computation of
mean directions. The ovals are the approximate 95% confidence circles on the mean directions of characteristic directions for each
polarity (see Appendix Tab. C. 1).

55% of the samples through great circle trends during demagnetization. The average site mean for the
Triassic component after tilt-correction for the 19 independently computed means from 19 beds (sites) was
300° declination and 18° inclination (K = 305; alpha-95 = 2°). This mean direction is slightly shallower but
nearly 100° counter-clockwise rotated from the typical 20-55° declinations observed in paleomagnetic
studies of less-folded outcrops in the Yangtze Platform and its margin of Lower Triassic (Enkin et al., 1992;
Heller et al., 1995; Steiner et al., 1989) and Carnian (Montgomery in on-line supplement to Lehrmann et al.,
2006; Zhang et al., 2015) (Appendix Tab. C. 1). Therefore, Sun et al. (2009) suggested that the Chaohu
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sections had been significantly rotated by local block motions during docking with the North China Block
along the nearby Tanlu fault to the north.
Our samples from the Spathian beds of Majiashan and the Smithian-Spathian boundary interval at West
Pingdingshan displayed magnetic vector behaviors that were similar to those summarized by Sun et al. (2009)
for the underlying Griesbachian-Dienerian outcrop at the West Pingdingshan section; therefore we refer to
their interpretation of the origin of the dual components of the significant magnetization. All samples
exhibited a significant overprint of present-day north-pointing magnetic field; which, due to the steepoverturned bedding, had an average tilt-corrected direction of nearly due East with a horizontal to slightly
upward inclination. Thermal demagnetization steps above 275°C generally displayed the initiation of a great
circle trend that continued to an average of 425° before the common onset of a surge in susceptibility and
anomalous directions at 450°C and higher.
The interpreted polarity and characteristic directions of our samples was given a quality rate of ‘N(R)’,
‘NP(RP)’, ‘NPP(RPP)’, ‘N?(R?)’ or ‘INT’ according to a semi-subjective judgment of the behavior of the
magnetic vectors through the stepwise demagnetization. Therefore, if the magnetic vectors of a sample trend
during progressive demagnetization from this present field direction to stabilize in a direction toward
southern declination and upward inclination, and further demagnetization merely decrease the intensity of
this vector, then that direction is assigned a high-quality characteristic direction of ‘R’. However, a more
typical behavior is that the magnetization vectors trend away from present-field direction on a great circle or
semi-irregular path toward the ‘R’ or ‘N’ pole of the cluster of the very few “well behaved” set of samples,
which was similar to the observed behavior of Griesbachian-Dienerian beds by Sun et al. (2009) who
therefore also applied a quality-rating system. In this common case, we applied a ‘P’ tag of ‘RP’ or ‘NP’ when
the residual magnetization vector was considered close to attaining an endpoint before losing its residual
magnetization or experiencing a surge in susceptibility. Most characteristic directions were assigned to the
apparent end-points of these great circle trends; but, as discussed below, the interpreted clusters of the
relatively higher-quality (N/NP; R/RP) normal- and reversed-polarity characteristic directions are definitely
not antipodal, indicating the persistence of a partial remagnetization. The ‘P’-rated samples are given only
half-weight in computing mean directions for each polarity cluster. The ‘PP’ tag was applied to samples that
had a distinct trend toward the polarity hemisphere to be considered indicative of the underlying polarity,
but were judged to be too far from attaining an endpoint before dying to be used in statistics for computing a
mean direction. The ‘?’ qualifier was used to denote possible trends toward an underlying polarity, and ‘INT’
is either entirely overprinted or displayed an endpoint that was intermediate between the ‘N’ and ‘R’ poles.
All sample magnetic behaviors were interpreted independently by at least two of us (Y.Z. and J.O.); and a
conservative compromise was reached during later discussion. Independently, Zhiming Sun (Paleomagnetics
laboratory at the Institute of Geomechanics, Chinese Academy of Geological Sciences in Beijing) analyzed the
sample-by-sample demagnetization data from our Section WP2015 and the upper part of Section WJS; and all
of his interpretations and polarity assignments were in agreement with ours except for three uncertain
samples.
The great-circle trends away from the overprint directions enabled about two thirds of the samples to
be used for delimiting magnetic polarity zones. Although the clusters of interpreted “best step” end-points of
these great-circle trends for the normal- and the reversed-polarity clusters are not antipodal, the interpreted
polarity zones are generally well defined.
Appendix E contains a full table of all demagnetization results of Chaohu with informal annotations on
the polarity interpretations and ratings.
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C.3. Mean directions of Chaohu sections
The carbonate content is progressively increasing from the lower Spathian (lower MJS2) to the upper
Spathian (MJS3), and there are distinct reddish nodular limestone in the middle Spathian (upper MJS2). We
initially computed a set of mean directions for each of these three intervals in order to compare behaviors,
then merged these sets into a single MJS suite. The mean direction (plus 95% confidence (α95) and clustering
parameters) of the characteristic vectors for each polarity suite of MJS and the West Pingdingshan (WP)
sections were computed using Fisher statistics only on the subsets of samples rated N/NP and R/RP. For
these calculations, samples denoted ‘P’ were given half-weight, followed by one iteration that omitted sample
directions falling more than 2-sigma (or 60°) from the initial computed mean direction for that polarity. The
mean vector intensity for these filtered sample vectors was computed from the log values to partly avoid
distortions caused by single high-intensity samples. A site mean vector direction and intensity was
computed both by inverting the reversed-polarity sample directions to calculate a combined vector
(“Combined” row in Table 1) and by adding the separate normal- and reversed-polarity vectors (“Vector
Comb.” row in Table 1). Because the clusters of interpreted polarity directions are not antipodal, the
difference between the magnitude and directions of the reversed-polarity versus the normal-polarity vector
is a partial guide to the direction and mean intensity of the persistent overprint or partial remagnetization on
those sample sets. In general, this overprint vector was close to the present-field direction. Therefore, for
these non-antipodal polarity clusters, the vector combination method is considered to be perhaps a better
indicator of the Triassic magnetization component at these Chaohu sections. Nevertheless, even though the
Chaohu paleomagnetic data is adequate for interpreting the polarity patterns from the great-circle trends
during demagnetization, the combination of the relatively few high-quality characteristic directions from
linear-decay segments toward the origin on vector plots and of the local tectonic rotations render these sets
unsuitable for use in paleogeographic reconstructions.
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virtual geomagnetic pole; δp / δm are the semi-axes (parallel / perpendicular, respectively) of the 95% confidence level ellipse on this paleomagnetic pole; Paleo-lat is corresponding paleolatitude of the site.

the mean-log intensity of the set of characteristic direction vectors; α95 is the confidence level at 95% level; κ is Fisher precision (clustering) parameter; Lat (Long) are the latitude (longitude) of the mean

with ratings of N/NP and R/RP (with 'P'-rated given half-weight) used to compute mean directions for each polarity cluster; Dec (Inc) are the mean stratigraphic declination (inclination) with Intensity being

inversion of reversed-polarity characteristic directions, and for the vector average of the normal-polarity vector and inverted reversed-polarity vector. Number is the number of characteristic directions

2015) and the Griesbachian-Dienerian (WP 2009) (Sun et al., 2009) and including our reinterpretation from their raw data). Directions are tabulated for each polarity (if applicable), for combined suite after

and MJS3 upper Spathian; WP 2015 which had only normal polarity for those samples rated as having adequate quality; the West Pingdingshan (WP) sets of the Smithian-Spathian boundary interval (WP

Appendix Tab. C. 1. Mean directions and virtual geomagnetic poles for Chaohu sections after bedding corrections (the merged Majiashan-quarry suite of MJS = MJS2 lower Spathian, MJS2 middle Spathian
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C.4. Magnetostratigraphy columns for Chaohu

Fig. C. 3. Upper Smithian through Spathian. Merged magnetostratigraphy with a simplified lithology column of Chaohu sections (WP 2015
Smithian-Spathian boundary interval; MJS2 lower Spathian; MJS2 middle Spathian; MJS3 upper Spathian). Polarity rating (N to INT to R as
explained in Appendix section C.2) has superimposed black bars for normal-polarity zones, white bars for reversed polarity, diagonal-line
shading for clusters of indeterminate and intermediate (INT) vectors, and half bars of diagonal-line shading for questionable reversed.
Declination-inclination-intensity values are for the vectors computed by least-squares from the characteristic magnetization steps in
stratigraphic (bedding tilt-corrected) coordinates. Larger dots with yellow outlines indicate the N/NP- and R/RP-rated vectors used in the
computation of mean directions.
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Fig. C. 4. Griesbachian-Dienerian. Merged magnetostratigraphy (against the simplified lithology column) of Griesbachian-Dienerian from
West Pingdingshan section (Sun et al., 2009). We re-interpreted their raw demagnetization data by using our own N/NP, R/RP ratings and
“endpoints” in the public Paleomagnetic Analysis Program V4.0 (Zhang and Ogg, 2003). The grey bars displayed in the polarity rating
indicated questionable Normal polarity. See Appendix Fig. C. 3 for explanation of column formats.
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C.5. Correlation of upper Smithian through Spathian magnetostratigraphy of Chaohu to
Germanic Basin cycle-tuned magnetic polarity zones
The majority of the clay-rich lower to upper Smithian interval at both Chaohu and Daxiakou has not yet
been analyzed for magnetostratigraphy; but the upper Smithian through lower Spathian at Chaohu is dominated
by normal-polarity, as predicted by the Germanic Basin and marine composite scales. The reversed-polarity
zone in the middle of the Chaohu Spathian section therefore correlates to the reversed-polarity zone in the
middle of CG9n (CG9n.2r) in the Germanic Basin and to LT8r of Hounslow and Muttoni (2010). The cycle-tuned
0.6-myr interval from the base of this reversed-polarity zone down to the base of the reversed-polarity zone of
lowermost Spathian is identical to the 0.6-myr duration of combined CG8r-CG9n.2n in the Germanic Basin
(Appendix Fig. C.5.).
A rapid increase of carbonate content begins in the middle Spathian at Chaohu; and thick-bedded
limestone beds dominate much of the upper Spathian. In this case, we used the placement at Chaohu of the
distinctive reversed-polarity zone in the uppermost Spathian (CG10r of Szurlies (2007) or LT9r of Hounslow and
Muttoni (2010)) above a relatively long normal-polarity zone to guide both the estimate of the position of the

Fig. C. 5. Correlation of paleomagnetic polarity patterns of the Spathian- lower Anisian of Chaohu (this study), Germanic Basin (Ogg, 2012;
Szurlies, 2007) and a compiled geomagnetic polarity time scale (GPTS) (Hounslow and Muttoni, 2010). Chaohu: Cycles of 405-kyr cycles (red,
“E”) and 100-kyr cycles (green, “e”) of GR series are shown with lithology, biostratigraphy (Zhao et al., 2007), magnetic polarity
interpretations (this study) and corresponding Germanic ~100-kyr cycles. See Appendix Fig. A. 7 for details of filtered eccentricity cycles.
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Spathian-Anisian boundary and the interpretation of the cycles in the GR record. The correlation to the 100-kyrtuned reference scale of the Germanic Basin implies that the periodic intervals of thinner beds with more
pronounced clay interbeds (GR peaks) at Chaohu correspond to 100-kyr cycles under a very broad 405-kyr
envelope, in contrast to the dominance of 405-kyr cyclicity below the middle Spathian (Fig. 8, and Appendix Fig.
C.5.). Within this Spathian magnetic polarity correlation, most of the 100-kyr cycles in the Germanic Basin of
sands fining upwards into clays have a corresponding equivalence in the episodes of relative clay enrichment
(onset of higher GR) in the Chaohu (Appendix Fig. C.5.).
As noted above, the reversed-polarity interval across the Olenekian-Anisian boundary at Guandao has a
duration of either 0.25 myr (Option #1) or 0.45 myr (Option #2) depending on the assignment of 100-kyr versus
405-kyr to which peaks in the GR signal. Option #1 fits the interpreted cycle-duration of this polarity zone in the
Germanic Basin (Szurlies, 2007), but has an apparent conflict with the separation between published radiometric
dates from this section; whereas Option #2 is more consistent with the radiometric dates, but does not fit the
German Basin prediction.
In contrast, this uppermost-Spathian reversed-polarity zone at Chaohu seems to be too short. Three
possible explanations are (1) the overlying normal-polarity zone, which lacks conodonts and is largely within an
anomalous wavy-laminated (algal mat?) carbonate facies that is terminated by a thick debris flow, might have
been overprinted by exposure during a basal-Anisian lowstand during the following normal-polarity zone, (2)
the capping normal-polarity zone in this uppermost Spathian facies is a very expanded “brief” normal-polarity
subzone that is observed at other Olenekian-Anisian boundary sections (e.g., Hounslow and Muttoni, 2010) and
the very uppermost Spathian that should be a return to reversed-polarity is truncated at the debris flow.
Therefore, for the composite South China cycle-tuned polarity pattern and for the interpretation of the cycletuned placement of the Olenekian-Anisian boundary, we used the Guandao section with the full reversed-polarity
zone, rather than this uppermost Chaohu section.
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E. Google Maps of studied sections, excel tables of sample-by-sample
magnetostratigraphy interpretations (Chaohu) and of spectral-gamma logs in
depth and time (Chaohu, Xiakou, Meishan and Guandao)
Additional supplementary material related to this article can be found on-line at
http://dx.doi.org/10.1016/j.epsl.2016.02.017. These data include Google-maps of the studied sections, and Excel
tables of sample-by-sample magnetostratigraphy interpretations (Chaohu) and of spectral-gamma logs both in
depth and time (Chaohu, Xiakou, Meishan and Guandao).

