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The mass extinction at the end of Permian was followed by a prolonged recovery process with multiple
phases of devastation–restoration of marine ecosystems in Early Triassic. The time framework for the Early
Triassic geological, biological and geochemical events is traditionally established by conodont biostratigra-
phy, but the absolute duration of conodont biozones are not well constrained. In this study, a rock magnetic
cyclostratigraphy, based on high-resolution analysis (2440 samples) of magnetic susceptibility (MS) and
anhysteretic remanent magnetization (ARM) intensity variations, was developed for the 55.1-m-thick,
Early Triassic Lower Daye Formation at the Daxiakou section, Hubei province in South China. The Lower
Daye Formation shows exceptionally well-preserved lithological cycles with alternating thinly-bedded mud-
stone, marls and limestone, which are closely tracked by the MS and ARM variations. Power spectral, wavelet
and amplitude modulation (AM) analyses of the ARM and MS series reveal strong evidence for the presence
of Milankovitch to sub-Milankovitch frequencies dominated by precession index signal and 4–5 ka cycles. Cy-
cles expressed by variations in MS and ARM were likely controlled by changes in the input of fine-grained
detrital magnetite, which in turn may have been driven by astronomically induced changes in monsoon in-
tensity in the equatorial eastern Paleotethys during the Early Triassic greenhouse period.
On the basis of the 100-ka tuning results, the astronomically constrained duration of the Induan stage is
1.16 Ma, with the Griesbachian and Dienerian substages of 490 ka and 670 ka, respectively. The new astro-
nomical time scale also provides time constraints for the conodont and bivalve biozones and the carbonate
carbon isotope (δ13C) records of the Lower Triassic Daye Formation. Time constraints for the conodont bio-
zones include 34 ka for Hindeodus parvus, 24 ka for Isarcicella staschei–I. isarcica, 366 ka for Neogondolella
planata–Ng. carinata, 66 ka for Neogondolella discreta, 255 ka for Neospathodus kummeli and 415 ka for
Neospathodus dieneri. The duration for the negative δ13C shift from high δ13C values near the Indun/Olenekian
boundary to the lowest value in the Early Smithian is estimated as 430 ka. Global comparison indicates that
Milankovitch and 4–5 ka sub-Milankovitch forcing depositional rhythms may have been common in tropical
and sub-tropical carbonate platforms during the Early and Middle Triassic time. The ultimate control on the
4–5 ka cycles may have been millennial-scale fluctuations in solar insolation.

© 2011 International Association for Gondwana Research. Published by Elsevier B.V. All rights reserved.
1. Introduction

The most profoundmass extinction in the Phanerozoic occurred at
the end of the Permian period, with global loss of nearly 90% of ma-
rine invertebrate species and 70% of terrestrial vertebrate genera
(Erwin et al., 2002). Recent studies suggested that volcanisms repre-
sented by the Siberian Trap (e.g., Mundil et al., 2004; Yin et al., 2007;
Payne et al., 2010; Xie et al., 2010), or the Emeishan-type Large
eobiology and Environmental
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Igneous Province (e.g., Shellnutt et al., 2011) was most likely the
cause of the end-Permian extinction. The post-extinction period in
the Early Triassic was characterized by low biodiversity, reduced
abundance and size of invertebrates, hiatus in coal deposition, anom-
alously high sediment fluxes, and large perturbations of the global
carbon cycle (e.g., Woods et al., 1999; Wignall and Twitchett, 2002;
Payne et al., 2004; Algeo and Twitchett, 2010; Hermann et al.,
2011), which have been interpreted as the consequence of persistent-
ly unfavorable environments for organisms (Erwin, 1993; Wignall
and Twitchett, 2002).

A precise time framework plays a crucial role to better understand
the recovery rates of ecosystems and biota after the greatest extinc-
tion. A series of U–Pb ages using CA-TIMS (chemical abrasion thermal
Published by Elsevier B.V. All rights reserved.
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ionization mass spectrometry) method, which yields ages with an an-
alytical uncertainty less than 0.3% (Mattinson, 2005), have been
obtained from Lepingian to Middle Triassic in South China (Mundil
et al., 2004; Lehrmann et al., 2006; Ovtcharova et al., 2006; Galfetti
et al., 2007; Shen et al., 2010). However, the age framework of the
Induan, the first stage of Early Triassic, is constrained by only two
high quality U–Pb ages from different localities. The lower and
upper boundaries of the Induan stage were dated as 252.6±0.2 Ma
in Shangsi and Meishan sections, South China (Mundil et al., 2004)
and 251.22±0.2 Ma in Early Smithian Luolou Formation, northeast-
ern Guangxi, South China (Galfetti et al., 2007), respectively, making
the maximal duration of 1.4±0.4 Ma for the Induan stage (Galfetti
et al., 2007). It is uncertain whether this duration represents the actu-
al time for deposition in particular sections such as those in south
China where the most intensive paleontological and geochemical
data are available.

Cyclostratigraphy provides an alternativemethod to establish astro-
nomical time scales at unprecedented resolution in well-preservedma-
rine and continental successions (e.g., Lever, 2004; Hinnov and Ogg,
2007; Wu et al., 2007, 2009). Previous studies have demonstrated that
astronomically controlled sedimentary cycles are common in Triassic
successions globally, such as the Late Triassic lacustrine succession in
Newark Basin, North America (Olsen and Kent, 1996, 1999), Middle–
Late Triassic carbonate platform in Alpine area (e.g., Zühlke et al.,
2003; Cozzi et al., 2005), and the Middle Triassic pelagic deep-water
succession in central Japan (Ikeda et al., 2010). In South China,
Lehrmann et al. (2001) and Yang and Lehrmann (2003) examined the
cyclicity of the Early–Middle Triassic carbonates of the Great Bank of
Guizhou in the Nanpangjiang basin, and identified well-preserved re-
cord of Milankovitch cycles. Li et al. (2007) and Guo et al. (2008) stud-
ied the cyclicity of the Dalong Formation (end-Permian) and Yinkeng
Formation (Early Triassic) in the Pingdingshan section at Chaohu,
Anhui Province.

Here we present a high-resolution cyclostratigraphic study of the
57-m-thick Dalong and Daye Formations (end-Permian to Early Trias-
sic) in the Three Gorge area, South China, using magnetic susceptibil-
ity (MS) and anhysteretic remanent magnetization (ARM) intensity
variations. The main objectives of this study are to: 1) identify the
dominant magnetic mineral and its relationship with the depositional
cycles and climate fluctuations; 2) identify the depositional rhythms
observed in the section and its possible astronomically controlled ori-
gin, i.e., Milankovitch and sub-Milankovitch forcing; 3) establish an
Early Triassic floating astronomical time scale (ATS) for the Induan
stage.

2. Geological setting

The Daxiakou section of Xingshan County, Hubei Province in the
Yangtze Gorge area is one of the best exposed Lower Triassic sections
in South China. It is located at the northern margin of the Yangtze
Block, which was at low latitude in the eastern Paleotethys during
Early Triassic time (Fig. 1a). In this section, the upper Dalong Forma-
tion of Changhsingian age is composed of thinly bedded black shales,
with a 5-cm-thick clay layer at the top. Conformably overlying the
Dalong Formation, the Early Triassic (from Induan to Olenekian)
Daye Formation is dominated by alternating mudstone, marls and
thinly-bedded limestone that are visually cyclic (Fig. 2). The Lower
Triassic sequence in this section was deposited in deep-water envi-
ronments of a carbonate ramp (Tong and Yin, 2002) (Fig. 1b).

The Daye Formation is composed of two members, and the first
member (lower part) in the Daxiakou section includes seven cono-
dont zones and four bivalve zones (Fig. 2) (Zhao et al., 2005; Li et al.,
2009). According to conodont biostratigraphy, the P/Tr boundary is lo-
cated at the height of 1.9 m, the base of bed 15with the first occurrence
of Hindeodus parvus. The substage Griesbachian/Dienerian boundary is
at 19.25 m, the base of bed 67, defined by the lower Neospathodus
kummei zone. The Induan/Olenekian boundary is placed at the base of
bed 89 at 41.02 m, with the FAD of Neospathodus waageni (Zhao et al.,
2005; Li et al., 2009) (Fig. 2).

The carbon isotopic profile of the Daxiakou section is consistent
with other sections in the Yangtze platform (Fig. 2), which exhibits
low δ13C values near the P/Tr boundary, a moderate increase in δ13C
throughout the Induan, a positive δ13C anomaly near the Induan/
Olenekian boundary, and lower δ13C values in the Smithian (Tong
et al., 2007a). It has been suggested that latest Permian to early
Middle Triassic δ13C excursions of the Yangtze platform not only
provide a tool for stratigraphic correlation, but also serve as the
proxies for devastation and restoration of Early Triassic marine eco-
systems (Payne et al., 2004; Tong et al., 2007a, b).

3. Paleoclimate proxies, sampling, measurement and methods

A series of paleoclimate proxies, including geochemistry (e.g., oxy-
gen and carbon isotopes, total organic carbon), lithology (e.g., color, car-
bonate content, biogenic silica), geophysics (e.g., gamma-ray logs, MS,
ARM), facies (relative water depth) and paleontology (relative taxo-
nomic abundance), have been used to identify orbital cycles in strata
(Hinnov, 2004). Among these, the rock magnetic parameters are most
commonly used because their measurements are comparatively fast,
cost-effective and non-destructive, allowing analysis of large sample
populations (Maher and Thompson, 1999). The MS is a dimensionless
measure of the degree to which particular materials can bemagnetized
when they are exposed to amagnetic field. Althoughmany studies have
demonstrated that MS can be a powerful tool for cyclostratigraphic
and paleoclimatic studies (e.g., Ellwood et al., 2000; Boulila et al.,
2010), the origin of MS variations can be complex because various
factors, including the concentration, composition, grain size and
shape of magnetic minerals, can affect the MS values (e.g.,
Ellwood et al., 2000; Boulila et al., 2010). Recent studies suggest
that ARM may be a better tool for cyclostratigraphic study of sedi-
mentary successions because ARM measures the concentration of
fine-grained (b20 μm), low-coercivity ferromagnetic minerals that
have a relatively simple origin (Latta et al., 2006; Kodama et al.,
2010; Lanci et al., 2010). Successful examples of using ARM in
cyclostratigraphic analysis include Early Cretaceous homogeneous
lime mudstones (Latta et al., 2006), the Eocene flysch (Kodama et
al., 2010) and Late Cenomanian–Early Turonian marine limestone
and black shale (Lanci et al., 2010). For comparison purposes and
for better understanding the paleoclimate signal, in this study we
use both MS and ARM series for cyclostratigraphic analysis.

A total of 2440 specimens were collected at a spacing of 1–3 cm in
the Daxiakou section, covering 1.9 m of the upper Dalong Formation
and 55.1 m of the lower Daye Formation (Fig. 2). Weathered, frac-
tured and diagenetically altered zones were avoided by laterally trac-
ing the beds into better exposures. All the specimens were crushed
and put into 8 cm3 plastic boxes. MS was measured on a KLY-4s
Kappabridge. The ARM was acquired by applying a peak
alternating field of 0.1 T and a bias field of 50 μT on the D-2000 AF
demagnetizer, and the remanence intensity measurements were
made on a JR6 spinner magnetometer. In order to identify the compo-
sition of magnetic minerals, rock magnetic experiments were carried
out on samples representative of different lithologies. Temperature-
dependence of low-field magnetic susceptibilities (χ-T) was measured
on a KLY-4s Kappa bridgewith a temperature apparatus (CS-3). Isother-
mal remanent magnetization (IRM) acquisition and direct field demag-
netization were applied in an ASC IM-10-30 impulse magnetizer. All
measurements were performed in the Paleomagnetism and Environ-
mental Magnetism Laboratory at the China University of Geosciences
(Beijing). The MS, ARM and χ-T data were normalized by mass.

The ARM values were log-transformed in order to stabilize the
variance (Latta et al., 2006). The MS and log ARM data series were lin-
early interpolated and resampled every 2 cm, then pre-whitened



Fig. 1. (a) Early to Middle Triassic Global paleogeography (base map is from Ron Blakey, http://jan.ucc.nau.edu/~rcb7). (b) Early Triassic paleogeographic configurations of South
China showing location of the Daxiakou section (modified from Tong et al., 2007a). (c) Well-preserved, thinly-bedded depositional cycles from the Early Triassic Lower Daye For-
mation. (d) The relationship between lithological cycles and variations in magnetic susceptibility (MS) and anhysteretic remanent magnetization (ARM) intensity. Lithological cy-
cles are closely tracked by MS and ARM intensity variations, with high values in marls and mudstone and low values in limestone.
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prior to time series analysis by removing 50% (MS) and 25% (ARM)
weighted average. The time series was analyzed with the multitaper
method (MTM) spectral estimator (Thomson, 1982) by the kSpectra
toolkit and Analyseries 2.0.4 (Paillard et al., 1996). The Gaussian
band-pass filtering and tuning analysis were performed on the free-
ware Analyseries 2.0.4.2 (Paillard et al., 1996). The wavelet analysis
was performed on the software provided by Torrence and Compo
(1998).

4. Rock magnetism results

Isothermal magnetization measurement of representative sam-
ples shows a rapid increase of IRM below a field of 100 mT but does
not reach total saturation even in the field of 2.0 T, while the rema-
nence coercivity of the same sample is about 55 mT (Fig. 3a). These
features indicate that analyzed samples contain predominantly low
magnetic coercive minerals, with only minor high magnetic coercive
Fig. 2. Lithostratigraphy, chronostratigraphy, biostratigraphy, and cyclostratigraphy of the Lo
et al. (2005), respectively. Carbon isotope data are from Tong et al. (2007a). The age of 252.
timated time durations for biozones and substages are based on the astrochronology of 10
components of the ARM and MS data were extracted by Gaussian band-pass filters with filte
Formation; Ch., Changhsingian.
minerals. Thermal magnetic experiment shows a gradual drop of
magnetic susceptibility up to 300 °C, indicating the existence of para-
magnetic minerals. The susceptibilities on the heating curves de-
crease rapidly between 500 °C and 580 °C, indicating the dominance
of titanomagnetite, and a drop at 680 °C indicates the existence of he-
matite. The cooling curves are much higher than the heating curves,
indicating formation of strong magnetic minerals during heating
(Fig. 3b).

The MS values range from 0.1×10−8 to 13.3×10−8 m3/kg, while
the ARM values range from 0.24×10−6 to 9.2×10−6Am2/kg. Both
MS and ARM data series of the Daye Formation show similar and
clear cyclic patterns (Fig. 2). Although the rock magnetic experiments
show the coexistence of low coercivity magnetite and high coercivity
hematite, only fine-grained, low coercivity magnetite could affect the
values of ARM. Thus we interpret that the covariation of MS and ARM
values of the Daye Formation most likely records fluctuations in the
input of fine-grained detrital magnetite.
wer Daye Formation. Bivalve and conodont biozones are from Li et al. (2009) and Zhao
3 Ma of the Permian/Triassic boundary is from Mundil et al. (2010). Other ages and es-
0 ka-tuned ARM series in this study. The interpreted short eccentricity and precession
r frequency of 0.293±0.06 cycles/m and 1.38±0.16 cycles/m, respectively. DL: Dalong
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Fig. 3. (a) Normalized acquisition curve and opposite field demagnetization of isothermal remanent magnetization (IRM) of representative sample XK078010. (b) Temperature-
dependence of low-field magnetic susceptibility (χ-T) of sample XK078010. The red and blue lines represent the heating and cooling curves, respectively. The samples were heated
in an argon atmosphere.
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5. Cyclostratigraphic analysis

5.1. Power spectra analysis

The MTM power spectrum of untuned log-transformed ARM se-
ries of the lower Daye Formation shows a hierarchy of cycles with
wavelengths of 6.3 m, 3.4 m, 1.54 m, 1.24 m, 1.1 m, 0.78 m, 0.69 m,
0.52 m, 0.38 m, 0.28 m, 0.23 m, 0.19 m, 0.17 m, 0.16 m and 0.13 m
above 95% confidence level (Fig. 4a). The spectrum of untuned MS
shows distinguishable peaks of 13.6 m, 1.24 m, 0.8 m, 0.18 m,
0.17 m, 0.16 m and 0.13 m above 95% confidence level (Fig. 4b). The
wavelet analysis of both log-transformed ARM and MS series reveal
continuous cycles with period bands of 13–16 m, 8 m, 3–4 m, 1.3–
1.7 m, 0.65–0.8 m (Fig. 4c and d).

The predicted orbital periods for Early Triassic have been calculat-
ed as 405 ka for long eccentricity, 124 ka and 95 ka (with an average
of 100 ka) for short eccentricity, 44.4 ka and 35.2 ka for obliquity, and
21.1 ka and17.7 ka for precession (Berger and Loutre, 1994; Laskar et al.,
2004). The duration of Induan stage can be roughly estimated no more
than 1.4±0.4 Ma and might be as short as 1 Ma (Gradstein et al.,
2004; Mundil et al., 2004, 2010; Galfetti et al., 2007; Lucas, 2010)
(Table 1), which gave an average accumulation rate of 2.17–
3.91 cm/ka for the Daye Formation in Daxiakou section. Therefore
the most eminent peak bands of 0.69–0.78 m in the MTM spectra
and wavelet scalograms likely represents the 20 ka precession
cycle. Then the 3.4 m and 1.24 m cycles of log-transformed ARM se-
ries represent ca. 100 ka eccentricity and obliquity cycles, respec-
tively. The peak of 13.6 m in MTM spectra of MS represents 405 ka
long eccentricity cycles (Fig. 4b and d).

5.2. Orbital tuning of the Lower Daye Formation

The Earth's orbital parameter could not be modeled accurately for
pre-Cenozoic times, but the 405 ka eccentricity is thought to have
remained stable throughout the Mesozoic Era (Laskar et al., 2004).
Fig. 4. MTMpower spectra of the ARM andMS data in the depth domain. The power spectra w
95%, 99%) are based on robust red noise estimation (Mann and Lees, 1996). (a)MTMspectra of t
0.17 m, 0.16 m, 0.13 m and 0.11 m above 95% confidence level. (b)MTM spectra of theMS show
95% confidence level. Wavelet saclograms of the ARM (c) and MS series (d) show cycle bands
represent 405 ka long eccentricity (E), 100 ka short eccentricity (e), obliquity (O), precession (
grams are normalized linear variances, with blue representing low spectral power and red rep
fluence where edge effects become significant.
Therefore, it is recommended to use 405 ka eccentricity for Mesozoic
astrochronology (Laskar et al., 2004; Hinnov and Ogg, 2007). Follow-
ing this method, we tuned the log-transformed ARM and MS dataset
to the interpreted 405 ka eccentricity cycles (13.4 m) (Fig. 2). Howev-
er, the 55.1-m-thick Daye Formation recorded only 4.2 long eccentric-
ity cycles. We also tried to tune the 3.2–4.0 m deposition cycles to
100 ka short eccentricity cycles and 0.69–0.78 m to 20 ka precession
cycles, whichmay be used as tuning parameters for further astrochro-
nology analysis once the Mesozoic orbital model is improved in the
future.

The 405 ka (long eccentricity), 100 ka (short eccentricity) and
20 ka (precession) tuned ARM and MS series give age estimation of
1645 ka, 1678 ka and 1570 ka for the first member of the Daye Forma-
tion, respectively. The MTM power spectrum of 405-ka-tuned ARM se-
ries shows spectral peaks at 405 ka, 100 ka, 48 ka, 36.7 ka, 22.1 ka,
16.8 ka, 12.3 ka, 10.4 ka, 9 ka, 8 ka, 6.9 ka, 5.4 ka and 4.4 ka with high
F-test values (>0.90) (Fig. 5a). The power spectrum of 405-ka-tuned
MS series has spectral peaks at 405 ka, 128 ka, 80 ka, 41 ka, 37 ka,
23.8 ka, 18.7 ka, 12.2 ka, 10.5 ka, 8.9 ka, 6.9 ka, 6.3 ka, 5.2 ka, 4.8 ka,
4.4 ka and 3.9 ka with high F-test values (Fig. 5b).

The 100-ka-tunedARMseries spectrumhas spectral peaks at 370 ka,
100 ka, 41.6 ka, 25 ka, 22.1 ka, 12.3 ka, 10 ka, 9 ka, 8.3 ka, 7.1 ka, 6.3 ka,
4.3 ka and 4.2 ka with F-test values>0.90 (Fig. 5c). The 100-ka-tuned
MS series results in peaks at 370 ka, 115 ka, 80 ka, 41 ka, 25 ka,
12.6 ka, 11.8 ka, 8.9 ka, 7.1 ka, 6.8 ka, 6.3 ka, 5.5 ka, 5 ka, 4.4 ka, 4.1 ka
and 3.95 ka (Fig. 5d). The power spectrum of 20-ka-tuned ARM has
spectral peaks at 370 ka, 100 ka, 47.3 ka, 36 ka, 20 ka, 17.2 ka, 10 ka,
8.1 ka, 6.8 ka, 5 ka, 4.3 ka and 4 ka (Fig. 5e). The power spectrum of
20-ka-tuned MS series has spectral peaks at 370 ka, 100 ka, 37 ka,
20 ka, 12.8 ka, 10 ka, 8.1 ka, 7.2 ka, 6.6 ka, 5.5 ka, 5.1 ka, and 4 ka
(Fig. 5f).

In summary, the MTM power spectra analysis of the tuned series
and untuned series not only shows strong evidence for the presence
of Milankovitch cycles of 405 ka and 100 ka eccentricity, 44.4 ka and
35.2 ka obliquity, and 21.1 ka and 17.7 ka precession (Berger and
ere estimated using the kSpectra Toolkit. Background estimate and confidence levels (90%,
he ARMshows peaks of 6.3 m, 3.4 m, 1.6 m, 0.78 m, 0.69 m, 0.38 m, 0.28 m, 0.23 m, 0.18 m,
s peaks of 13.6 m, 1.24 m, 0.8 m, 0.69 m, 0.18 m, 0.17 m, 0.16 m, 0.13 m and 0.11 m above
of 13–16.5 m, 3.0–4.0 m, 1.3–1.7 m, 0.65–0.8 m and 0.12–0.2 m, which are interpreted to
P) and sub-Milankovitch cycles (SB), respectively. The shaded contours in wavelet scalo-
resenting high spectral power. Regions below curves on both ends indicate the cone of in-

image of Fig.�3
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Table 1
Available age constraints and durations of the Induan stage, Griesbachian and Dienerian substages, and conodont biozones.

Stage Substage Conodont zone
(North America)
(Lucas, 2010)

Estimated duration (ka) Conodont zone
(Daxiakou section)
(Zhao et al., 2005; Li et al., 2009)

TSCreator 2.5
(Lugowski and Ogg, 2005)

Lucas, 2010 GTS2004
(Ogg, 2004)

Guo et al.,
2008

Kozur,
2007

This
study

Induan 1500 1000 1300 1100 1160
Dienerian 600 358 600 670

Neospathodus dieneri 140 235 254 415 Neospathodus dieneri
Sweetospathodus
kummeli

410 123 117 255 Neospathodus kummeli

Griesbachian 900 642 700 490
Neogondollela krystyni 640 218 215 66 Neogondolella discreta

366 Ng. planata–Ng. carinata
Isarcicella isarcica 40 194 700 24 Isarcicella isarcica
Hindeodus parvus 270 230 100 34 Hindeodus parvus
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Loutre, 1994; Laskar et al., 2004), but also reveals the presence of sub-
Milankovitch cycles of 11–12 ka and 4–5 ka (Figs. 4 and 5).
5.3. Amplitude modulation (AM) analysis

One well-known phenomenon of orbital parameters is that long-
period cycles modulate short-term cycles according to astronomical
theory (Laskar et al., 2004). For example, precession index is modu-
lated by the full eccentricity, and short eccentricity (~100 ka) is mod-
ulated by the longer eccentricity (405 ka and 2.4 Ma). Therefore, one
of the effective methods to determine whether the observed cycles
are of astronomic origin is the amplitude modulation (AM) analysis
(Hinnov, 2000; Weedon, 2003).

In order to explore the AM relationship between interpreted pre-
cession index and eccentricity cycles, the AM envelop curves were
obtained from the precession (20 ka) signals which were extracted
from 100-ka-tuned log-transformed ARM and MS series by Gaussian
band-pass filters (Fig. 6a and c). The MTM power spectrum of the
AM envelop curve of ARM shows peaks at 114, 124, 170, 405, 585
and 1024 ka (Fig. 6b), and the power spectrum of the AM envelop
of MS data reveals four peaks at 63, 95, 137 and 405 ka (Fig. 6d).
The patterns of the power spectra of the envelop curves match very
well with those observed in the theoretical precession index bands,
i.e., the eccentricity modulates the precession (Hinnov, 2000),
which confirms the astronomic origin of the observed cycles in the
Lower Daye Formation.
5.4. Sub-Milankovitch cycles

Our sampling interval was 1–3 cm, which represents 0.29–0.88 ka
according to our interpretation of the Milankovitch cycles. This allows
for the identification of sub-Milankovitch cycles in the Early Triassic.
The MTM power spectra of the MS and log-transformed ARM series
show that there are significant cycle bands of 0.28–0.13 m above
the 95% confidence level, especially the peaks of 0.17 m, 0.16 m and
0.13 m (Fig. 4a and b). The wavelet analysis also reveals clear cycles
with wavelength of 0.1–0.2 m (Fig. 4c and d). MTM power spectra
of the 405 ka, 100 ka and 20 ka tuned series show peaks of sub-
Milankovitch cycles at 12 ka, 10 ka, 5 ka and 4 ka (Fig. 5).

These sub-Milankovitch cycles can be observed in the outcrops
where the thickness of well-developed lithologic cycles (basic cycles)
ranges from 6 cm to 20 cm (Fig. 1c and d). The basic cycles at the
lower part of the section are composed of grayish limestone, argilla-
ceous limestone and very thin shales (1–5 mm in thickness), which
define the bedding of the basic cycles (Fig. 1d). Four to seven basic cy-
cles usually constitute a 0.6–0.8 m thick megacycle, which we inter-
preted as the 20 ka precession cycle. The stacking pattern observed
in the field is well recorded in the ARM and MS series, showing that
precession cycles modulate the basic cycles (Fig. 1d).
We performed AM analysis on the basic cycle signals (3.8–7.2 ka)
obtained from 100-ka-tuned log-transformed ARM and MS series in
order to further clarify the relationship between precession cycles
and basic lithology rhythms (Fig. 6e and g). The MTM power spec-
trum of the envelope of the log-transformed ARM shows peaks at
1000 ka, 200 ka, 120 ka, 48 ka, 36 ka, 24.6 ka and 18.8 ka, while the
envelope of the MS reveals the peaks at 100 ka, 46.5 ka, 36 ka,
29 ka, 22.5 ka, and 19 ka, which indicate that the basic cycles were
controlled by the whole astronomical cycle bands (Fig. 6f and h).

6. Discussion

6.1. Astronomical forcing of Early Triassic paleoenvironment and
paleoclimate

The spectral and AM analyses demonstrate the presence of
Milankovitch and sub-Miankovitch cycles in the Early Triassic
Daye Formation (Figs. 4–6). The strong precession index signal
and relatively weaker obliquity signal are consistent with the low
latitude paleogeographic position of South China Block during the
Early Triassic (Fig. 1). In the following sections we discuss the rela-
tionships between depositional cycles, rock magnetic records and
astronomical forcing.

The variations of the ARM and MS series closely track the litholog-
ical changes in the section studied, i.e., higher values correspond to
marls, argillaceous limestone and shales, while lower values corre-
spond to limestone (Figs. 1 and 2). The χ-T and IRM acquisition mea-
surements have indicated that the dominant magnetic mineral of the
Lower Daye Formation is most likely fine-grained, low-coercivity
magnetite (Fig. 3). Therefore, the ARM variations may reflect fluctua-
tions in the ratio of terrestrial siliciclastic input (depositional magne-
tite) to nonmagnetic platform carbonates.

Deposition in carbonate platforms can be influenced by numerous
factors, but long-term changes in carbonate production may be con-
trolled by sea-level change, aridity–humidity and temperature
change (Tucker et al., 2009). In the Early Triassic, the South China
Block was located in the intertropical zone of the northern hemi-
sphere at the Eastern Paleotethys (Fig. 1a). Annual temperature
changes in the study area may have had less important control on car-
bonate production compared to the subtropics.

Alternation of carbonate and siliciclastic beds in shelf environ-
ments may be controlled by variations in continental input and car-
bonate production due to sea-level change (Tucker et al., 2009). The
depositional cycles of the Lower Daye Formation, expressed by litho-
logical changes and by variations in the ARM and MS series, could
have been induced by astronomically controlled sea-level changes.
Fluctuations in the ARM and MS values of the Lower Daye Formation
could be also related to arid-humid climate cycles. Enhanced mon-
soonal activities may have happened in South China during the
Early Triassic when it was located at the low latitude (Fig. 1a), similar



Fig. 5. MTM power spectral analyses of the 405-ka-tuned, 100-ka-tuned and 20 ka-tuned ARM (a, c, e) and MS series (b, d, f) with F-test values, respectively. The power spectra
were estimated using the Analyseries 2.0.4 (Paillard et al., 1996). The peaks are labeled in ka.
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to the present-day low latitude African and Indian monsoon systems.
Changes in monsoonal activity have immediate consequences for the
magnitude of precipitation rates, runoff and weathering patterns
(e.g., Crowley et al., 1992; Vollmer et al., 2008). The increase of conti-
nental inputmayhave happened at times of intense (northern) summer
monsoons during eccentricity maxima when northern hemisphere
summer resides in perihelion. Since the Early Triassic was a time of
greenhouse climate during which the magnitude of sea-level change
may have been small, the monsoon intensity induced by astronomical
forcing may have played a major role in variations of lithology, ARM
and MS values of the Lower Daye Formation.

The AM analyses indicate that the intensity of precessional cycles of
the Lower Daye Formation were strongly modulated by the long
(405 ka) and short (100 ka) eccentricity (Fig. 6a–d), it is reasonable to
conclude that the eccentricity maxima and precession minima caused
higher continental runoff, higher magnetite concentration and thus
higher ARM andMS values. The phase relationship between the forcing
mechanism and the sedimentary cycles in the Daxiakou section allows

image of Fig.�5


Fig. 6. Amplitude modulation of the precession (~20 ka) and sub-Milankovitch (4–5 ka) signals obtained from 100-ka-tuned ARM (a, e) and MS series (c, g) by Gaussian band pass
filters. The red curves of envelops define the amplitude modulation. MTM power spectra of precession cycle envelops of the 100-kyr-tuned ARM (b) and MS series (d) reveal clear
eccentricity cycles (~100 ka, 405 ka and 1000 ka), while the MTM power spectra of sub-Milankovitch (4–5 ka) cycle envelops of 100-kyr-tuned ARM (f) and MS series (h) reveal
precession index (~20 ka, ~100 ka, 405 ka and 1000 ka).
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us to establish a high-resolution Early Triassic astrochronology by tuning
the periodic depositional signal to the astronomical target curves once a
more accurate Early Mesozoic astro-geodynamical model is established.

6.2. Cyclostratigraphic constraints on the duration of the Induan stage,
recovery rates and biozones

The studied Lower Triassic Daxiakou section recorded 4.2 long ec-
centricity, 16.8 short eccentricity and 78 precession cycles (Fig. 2)
that gave an age estimation of 1645 ka, 1678 ka and 1570 ka for
the Lower Daye Formation. Although the 405 ka long eccentricity
cycles were the only theoretically calibrated astronomical cycles
for the Mesozoic (Laskar et al., 2004), the 100-ka tuned results of
the Lower Daye Formation is very close to the 405-ka tuned re-
sults. In addition, the 100-ka-tuned results provide a more detailed
time scale (Fig. 2). Thus it is perhaps better to use the 100-ka-
tuned results to calibrate the duration of the Induan stage and
biozones.

image of Fig.�6
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The Induan stage covers 11.6 short eccentricity and 56 precession
cycles, which match well with the cycles of the Induan stage identi-
fied from the west Pingdingshan section in Chaohu, South China
(Fig. 1b) (Guo et al., 2008). It means that the 20 ka precession cycles
can be correlated between sections that are 600 km apart. Using the
100 ka-tuned results, the duration of the Induan stage is estimated
as 1.16 Ma (Fig. 2, Table 1), which is within the range of 1.0–1.4 Ma
inferred from the two U–Pb ages (Mundil et al., 2004, 2010; Galfetti
et al., 2007). The durations of the Griesbachian and Dienerian sub-
stages were estimated as 490 ka and 670 ka, respectively. The
GTS2004 assigned 0.7±0.4 Ma and 0.6±0.4 Ma for Griesbachian
and Dienerian substages, respectively, but these estimations were de-
rived from the relative stratigraphic thicknesses (Table 1) (Ogg,
2004). If the Permian/Triassic boundary age was 252.3 Ma (Mundil
et al., 2010), the age for Griesbachian/Dienerian and Induan/Olenekian
boundarywould be at 251.81 Ma and 251.14 Ma, respectively, based on
100 ka-tuned time scale of the Lower Daye Formation (Fig. 2).

The Early Triassic δ13C profiles show similar trends from various
depositional settings in South China (Tong et al., 2007a). Temporal
variations in δ13C have been taken as a proxy for the perturbation of
ecologic systems during the prolonged biotic recovery from the end-
Permian mass extinction (e.g., Payne et al., 2004, 2006; Tong et al.,
2007a). Themarine biodiversity remained very low during the Griesba-
chian (Erwin, 1993; Tong and Xiong, 2006), with a slow increase in Late
Griesbachian to Dienerian (Chen et al., 2007). Biodiversity reached the
first peak in the earliest Olenekian (Tong et al., 2006; Orchard, 2007)
but experienced a slight reduction during the Early Olenekian. The fluc-
tuations of biodiversity are very consistent with the δ13C variation in
that positive δ13C shifts correspond to high biodiversity and negative
δ13C shifts correlates to low biodiversity (Tong et al., 2007a). The δ13C
variations of the Lower Daye Formation could be divided into four
stages with an abrupt increase from P/Tr boundary to Lower Griesba-
chian (stage A), a gradual decrease from Lower Griesbachian to Lower
Dienerian (stage B), a steady increase from Lower Dienerian to
Induan/Olenekian boundary (stage C), and a sharp decrease from
Induan/Olenekian boundary to Lower Smithian (stage D) (Fig. 2)
(Tong et al., 2007a). From the established ATS, the time for the four
δ13C stages, in ascending order, are estimated as 80 ka (stage A),
470 ka (stage B), 610 ka (Stage C) and 430 ka (stage D), respectively.

Based on our floating time scale, the duration of conodont and
bivalve biozones can be estimated (Fig. 2). The durations of bivalve
biozones (Li et al., 2009) include 373 ka for C. stachei–C. griesbachi,
372 ka for C. concentrica–C. hubeinensis, and 415 ka for E. multiformis–
E. inaequicostata. Time constraints for the conodont biozones (Zhao
et al., 2005) include 34 ka for H. parvus, 24 ka for Isarcicella
staschei–I. isarcica, 366 ka for Neogondolella planata–Ng. carinata,
66 ka for Neogondolella discreta, 255 ka for Neospathodus kummeli
and 415 ka for Neospathodus dieneri.

It should be noted that the durations of Induan conodont bio-
zones estimated by different authors vary significantly (e.g.,
Lugowski and Ogg, 2005; Kozur, 2007; Guo et al., 2008; Lucas,
2010) (Table 1). For instance, the duration of Isarcicella isarcica
was estimated as 40 ka (Lugowski and Ogg, 2005), 194 ka (Lucas,
2010), 700 ka (Kozur, 2007) and 24 ka (this study). These differ-
ences may be due to the asynchrony of biozones in different locali-
ties, or to the calculation by different methods. It is difficult to judge
which estimation represents the ‘real’ duration at present. Howev-
er, the age estimation from the floating ATS of the Daye Formation,
which is consistent with zircon U–Pb ages (Mundil et al., 2004,
2010; Galfetti et al., 2007), provides a reasonable alternative that
could be tested in other successions.

6.3. Sub-Milankovitch cycles and their possible origins

Lithological variations, MTM power spectra and amplitude modu-
lation (AM) analyses reveal that the 28–34 cm and 13–19 cm
sedimentary cycle bands were related to sub-Milankovitch forcing
which has the periods of 11–12 ka and 3.5–6 ka with evident peaks
at 5 ka (17 cm) (Figs. 4 and 5). It should be noted that the thickness
ratio of interpreted short eccentricity cycles (~3.4 m), precession cy-
cles (~0.65–0.8 m) and basic cycles (~0.16–0.19 m) is
1:(4–5):(18–22), which matches well with the ratio of theoretical
long eccentricity (405 ka), short eccentricity (~100 ka) and preces-
sion (~20) cycles (Berger et al., 1992; Laskar et al., 2004). The thick-
ness ratio of sedimentary cyclicity leads to the interpretation that
the ~0.16–0.19 m, 0.65–0.8 m and ~3.4 m cycles represent preces-
sion, short and long eccentricity cycles, respectively. In this case, the
duration of the Induan stage may be estimated as long as 5.5 Ma.
This contradicts the radiometric age constraints for the lower and
upper boundary of the Induan stage (Mundil et al., 2004; Ogg, 2004;
Lehrmann et al., 2006; Ovtcharova et al., 2006; Galfetti et al., 2007;
Lucas, 2010). A commonly used method in cyclostratigraphic studies
to determine whether the observed cycles from stratigraphic units
were formed by astronomical forcing is to compare the relative thick-
ness ratio of the observed cycles with that of the Milankovitch cycles
(Hinnov, 2000; Weedon, 2003). Our results indicate that this method
should be used with caution in stratigraphic successions with insuffi-
cient age constraints.

The cycle patterns observed from the Daye Formation are very
similar to those observed from the Middle Triassic Latemar carbonate
platform of the tropical western Tethys, northern Italy. The Latemar
platform consists of exceptionally well-preserved, meter-scale, subtidal
to peritidal shallowing-upward cycles (shu-cycles) (e.g., Goldhammer,
1987; Hinnov and Goldhammer, 1991). In the Latemar platform, five
shu-cycles constitute one megacycle. The shu-cycles and megacycles
were once interpreted as the 20 ka precession and 100 ka eccentricity
cycles (e.g., Goldhammer, 1987; Hinnov and Goldhammer, 1991;
Preto et al., 2001; Hinnov, 2006). However, U–Pb zircon geochronology
(Mundil et al., 1996, 2003), new interpretation model (Zühlke et al.,
2003), magnetostratigraphy (Kent et al., 2004) and average spectral
misfit analyses (Meyers, 2008) showed that the meter-scale shu-
cycles from the Latemar platform should be sub-orbital in origin, with
a time duration of ~4.2 ka (Zühlke et al., 2003) or ~1.7 ka (Kent et al.,
2004). The similar cycle patterns from the Daye Formation and the
Latemar platform may imply that astronomically controlled sedi-
mentary cycles and the 4–5 ka sub-Milankovitch cycles were com-
mon in the tropical and sub-tropical carbonate platforms of the
Pangaea during the Early and Middle Triassic.

Sub-Milankovitch (b12 ka) cycles are common in Quaternary
and pre-Quaternary sediments of carbonate platforms, deep basins,
and lacustrine environments (e.g., Anderson, 1982; McIntyre and
Molfino, 1996; Zühlke et al., 2003; Elrick and Hinnov, 2007;
Tucker et al., 2009; Boulila et al., 2010), but their origins are not
well understood. Several interpretations have been proposed, in-
cluding: (1) biannual passage of the Sun across the intertropical
zone induces hemi-precession (~12 ka) cycles (e.g., Berger and
Loutre, 1997; Bond et al., 1997; Sun and Huang, 2006); (2) har-
monics of precession, combination tones of primary orbital compo-
nents or millennial solar fluctuations (e.g., Yiou et al., 1991; Berger
et al., 2006); and (3) non-linear response to orbital forcing (e.g.,
McIntyre and Molfino, 1996; Willis et al., 1999).

The AM analyses show that sub-Milankovitch cycles are modu-
lated by astronomical forcing, especially by precession index
(Fig. 6e–f). Precession has stronger influence on the insolation and
climate variation in the subtropical regions than in tropic areas. In
the Early Triassic, the study area was paleogeographically located
near the intertropical zone of the northern hemisphere at the East-
ern Paleotethys (Fig. 1a). We suspect that the ultimate control on
the 4–5 ka cycles may be millennial-scale fluctuations in solar out-
put, which is in turn controlled by the orbital forcing, while the
10–12 ka semi-precession cycles were induced by biannual passage
of the Sun across the intertropical zone (Fig. 5).
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7. Conclusion

High-resolution cyclostratigraphic analyses of the MS and ARM
data series of the Early Triassic Lower Daye Formation in South
China reveal distinct depositional cycles. The MTM power spectral,
wavelet and AM analyses indicate that the depositional cycles of
13.6 m, 3.4 m, 1.54–1.24 m, 0.78–0.69 m were formed by Milanko-
vitch forcing of 405 ka long eccentricity, 100 ka short eccentricity,
obliquity and precession, and that the 0.38 m and 0.19–0.13 m were
formed by sub-Milankovitch forcing of 12 ka and 4–5 ka periods.
Rock magnetism results suggest that the dominant magnetic mineral
is most likely the fine-grained detrital magnetite. The concentration
of magnetite may be related to the monsoon intensity controlled by
precession index at the intertropical Paleotethys.

The Lower Triassic Lower Daye Formation record 4.2 long eccen-
tricity, 16.8 short eccentricity and 78 precession cycles, which give a
duration of 1645 ka, 1678 ka and 1570 ka for the 55.1 m thick interval
of the lower Daye Formation. The 100-ka-tuned floating astronomical
time scale estimates the duration of 1.16 Ma for the Induan stage,
490 ka for the Griesbachian substage and 670 ka for the Dienerian
substage. The durations of the Induan bivalve and conodont biozones
were estimated accordingly. The Early Smithian negative δ13C shift
lasted for about 430 ka. The ATS of the Lower Daye Formation pro-
vides independent time constraints for the events including biotic re-
covery rates and δ13C excursions following the end-Permian mass
extinction.

The 4–5 ka sub-Milankovitch cycles identified in this study are
similar to those observed at the Middle Triassic Latermar platform
in Italy. The presence of sub-Milankovitch cycles in widely separat-
ed Early–Middle Triassic successions may imply that the 4–5 ka
sub-Milankoitch forcing were common in tropical and sub-tropical
Paleotethys oceans. Formation of the 4–5 ka cycles may be con-
trolled by millennial-scale fluctuations in solar insolation, which
in turn may be controlled by the orbital forcing, while the
10–12 ka semi-precession cycles may have been formed by biannu-
al passage of the Sun across the intertropical zone.

Acknowledgements

The authors are grateful for the help from Meinan Shi, Xiaolei
Pang, Ke Xia, Tianhong Guo, Yang Liu and Qian Xu in the field and
lab. We thank Zhiming Sun for helpful discussions. We express our
sincere appreciation to reviewers for their careful review and con-
structive suggestions that helped improve the paper. This study was
jointly supported by the National Science Foundation of China
(40802012, 40839903 and 91128102), the National Key Basic Re-
search Development Program of China (2012CB822002), and the
Fundamental Research Funds for the Central Universities.

References

Algeo, T.J., Twitchett, R.J., 2010. Anomalous Early Triassic sediment fluxes due to elevat-
ed weathering rates and their biological consequences. Geology 38, 1023–1026.

Anderson, R.Y., 1982. A long geoclimatic record from the Permian. Journal of Geophys-
ical Research 87, 7285–7294.

Berger, A., Loutre, M.F., 1994. Astronomical forcing through geological time. In: De
Boer, P.L., Smith, D.G. (Eds.), Orbital forcing and cyclic sequences, 19. Blackwell Sci-
entific Publications, Oxford, pp. 15–24.

Berger, A., Loutre, M.F., 1997. Intertropical latitudes and precessional and half-
precessional cycles. Science 278, 1476–1478.

Berger, A., Loutre, M.F., Laskar, J., 1992. Stability of the astronomical frequencies over
the Earth's history for paleoclimate studies. Science 255, 560–566.

Berger, A., Melice, J.L., Loutre, M.F., 2006. Equatorial insolation: from precessional har-
monics to eccentricity frequencies. Climate of the Past Discussions 2, 519–533.

Bond, G., Showers, W., Cheseby, M., Lotti, R., Almasi, P., deMenocal, P., Priore, P., Cullen,
H., Hajdas, I., Bonani, G., 1997. A pervasive millennial-scale cycle in North Atlantic
Holocene and glacial climates. Science 278, 1257–1266.

Boulila, S., Galbrun, B., Hinnov, L.A., Collin, P.Y., Ogg, J.G., Fortwengler, D., Marchand, D.,
2010. Milankovitch and sub-Milankovitch forcing of the Oxfordian (Late Jurassic)
Terres Noires Formation (SE France) and global implications. Basin Research 22,
717–732.

Chen, Z.Q., Tong, J.N., Kaiho, K., Kawahata, H., 2007. Onset of biotic and environmental
recovery from the end-Permian mass extinction within 1–2 million years: a case
study of the Lower Triassic of the Meishan section, South China. Palaeogeography,
Palaeoclimatology, Palaeoecology 252 (1–2), 176–187.

Cozzi, A., Hinnov, L.A., Hardie, L.A., 2005. Orbitally forced Lofer cycles in the Dachstein
Limestone of the Julian Alps (northeastern Italy). Geology 33, 789–792.

Crowley, T.J., Kim, K.Y., Mengel, J.G., Short, D.A., 1992. Modelling 100000-year climate
fluctuations in pre-Pleistocene time-series. Science 255 (5045), 705–707.

Ellwood, B.B., Crick, R.E., El Hassani, A., Benoist, S.L., Young, R.H., 2000. Magnetosus-
ceptibility event and cyclostratigraphy method applied to marine rock: detrital
input versus carbonate productivity. Geology 28, 1135–1138.

Elrick, M., Hinnov, L.A., 2007. Millennial-scale paleoclimate cycles recorded in wide-
spread Palaeozoic deeper water rhythmites of North America. Palaeogeography,
Palaeoclimatology, Palaeoecology 243, 348–372.

Erwin, D.H., 1993. The Great Paleozoic Crisis: Life and Death in the Permian. Columbia
University Press, pp. 1–347.

Erwin, D.H., Bowring, S.A., Jin, Y.G., 2002. End-Permian mass-extinctions: a review. In:
Koeberl, C., MacLeod, K.G. (Eds.), Catastrophic Events and Mass Extinctions: Im-
pacts and Beyond: Geological Society of America Special Paper, 356, pp. 353–383.

Galfetti, T., Bucher, H., Ovtcharova, M., Schaltegger, U., Brayard, A., Brühwiler, T.,
Goudemand, N., Weissert, H., Hochuli, P.A., Cordey, F., Guodun, K., 2007. Timing
of the Early Triassic carbon cycle perturbations inferred from new U–Pb ages
and ammonoid biochronozones. Earth and Planetary Science Letters 258,
593–604.

Goldhammer, R.K., 1987. Platform carbonate cycles, middle Triassic of northern Italy:
the interplay of local tectonics and global eustasy. Unpublished Doctoral Disserta-
tion, John Hopkins University, Baltimore, MD.

Gradstein, F.M., Ogg, J.G., Smith, A.G., 2004. A Geologic Time Scale 2004. Cambridge
University Press, Cambridge, pp. 1–589.

Guo, G., Tong, J.N., Zhang, S.H., Bai, L.Y., 2008. Cyclostratigraphy of the Induan (Early
Triassic) in West Pingdingshan Section, Chaohu, Anhui Province. Science in China
(Series D) 51, 22–29.

Hermann, E., Hochuli, P., Bucher, H., Brühwiler, T., Hautmann, M., Ware, D., Roohi, G.,
2011. Terrestrial ecosystems on North Gondwana following the end-Permian
mass extinction. Gondwana Research. doi:10.1016/j.gr.2011.01.008.

Hinnov, L.A., 2000. New perspectives on orbitally forced stratigraphy. Annual Review of
Earth and Planetery Science 28, 419–475.

Hinnov, L.A., 2004. Earth's orbital parameters and cycle stratigraphy. In: Gradstein,
F.M., Ogg, J.G., Smith, A.G. (Eds.), A Geologic Time Scale 2004. Cambridge Universi-
ty Press, pp. 55–62.

Hinnov, L.A., 2006. Magnetostratigraphic confirmation of a much faster tempo for sea-
level change for the Middle Triassic Latemar platform carbonates: Comment. Earth
and Planetary Science Letters 243, 841–846.

Hinnov, L.A., Goldhammer, R.K., 1991. Spectral analysis of the Middle Triassic Latemar
Limestone. Journal of Sedimentary Petrology 61, 1173–1193.

Hinnov, L.A., Ogg, J.G., 2007. Cyclostratigraphy and the astronomical time scale. Stratig-
raphy 4, 239–251.

Ikeda, M., Tada, R., Sakuma, H., 2010. Astronomical cycle origin of bedded chert: a mid-
dle Triassic bedded chert sequence, Inuyama, Japan. Earth and Planetary Science
Letters 297, 369–378.

Kent, D.V., Muttoni, G., Brack, P., 2004. Magnetostratigraphic confirmation of a much
faster tempo for sea-level change for the Middle Triassic Latemar platform carbon-
ates. Earth and Planetary Science Letters 228, 369–377.

Kodama, K.P., Anastasio, D.J., Newton, M.L., Pares, J.M., Hinnov, L.A., 2010. High-resolution
rockmagnetic cyclostratigraphy in an Eoceneflysch, Spanish Pyrenees. Geochemistry,
Geophysics, Geosystems 11, Q0AA07. doi:10.1029/2010GC003069.

Kozur, H.W., 2007. Biostratigraphy and event stratigraphy in Iran around the Permian–
Triassic Boundary (PTB): implications for the causes of the PTB biotic crisis. Global
and Planetary Changes 55, 155–176.

Lanci, L., Muttoni, G., Erba, E., 2010. Astronomical tuning of the Cenomanian Scaglia
Bianca Formation at Furlo, Italy. Earth and Planetary Science Letters 292, 231–237.

Laskar, J., Robutel, P., Joutel, F., Gastineau, M., Correia, A.C.M., Levrard, B., 2004. A long
term numerical solution for the insolation quantities of the Earth. Astronomy and
Astrophysics 428, 261–285.

Latta, D.K., Anastasio, D.J., Hinnov, L.A., Elrick, M., Kodama, K.P., 2006. Magnetic record
of Milankovitch rhythms in lithologically non-cyclic marine carbonates. Geology
34 (1), 29–32.

Lehrmann, D.J., Yang, W., Wei, J.Y., Yu, Y., Xiao, J., 2001. Lower Triassic peritidal cyclic
limestone: an example of anachronistic carbonate facies from the Great Bank of
Guizhou, Nanpanjiang Basin, Guizhou province, South China. Paleogeography, Pa-
leoclimatology, Paleoecology 173, 103–123.

Lehrmann, D.J., Ramezan, J., Bowring, S.A., Martin, M.W., Montgomery, P., Enos, P.,
Payne, J.L., Orchard, M.J., Wang, H.M., Wei, J.Y., 2006. Timing of recovery from the
end-Permian extinction: geochronologic and biostratigraphic constraints from
south China. Geology 34, 1053–1056.

Lever, H., 2004. Climate changes and cyclic sedimentation in the Mid-Late Permian:
Kennedy Group, Carnarvon Basin, Western Australia. Gondwana Research 7 (1),
135–142.

Li, S., Tong, J.N., Liu, K., Wang, F., Huo, Y., 2007. The Lower Triassic cyclic deposition in
Chaohu, Anhui Province, China. Palaeogeography, Palaeoclimatology, Palaeoecology
252, 188–199.

Li, H., Tong, J.N., Ren, J.B., Jie, Z., 2009. Early Triassic bivalve biostratigraphy and paleo-
communities at Xiakou section in Xingshan, Hubei province. Earth Science-Journal
of China University of Geosciences 34, 733–742 (In Chinese with English abstract).

http://dx.doi.org/10.1016/j.gr.2011.01.008
http://dx.doi.org/10.1029/2010GC003069


759H. Wu et al. / Gondwana Research 22 (2012) 748–759
The Triassic Timescale. In: Lucas, S.G. (Ed.), Geological Society of London, Special Pub-
lication, 334, pp. 41–60.

Lugowski, A., Ogg, J., 2005. TSCreator (http://www.tscreator.org).
Maher, B., Thompson, E., 1999. Quaternary Climates, Environments and Magnetism.

Cambridge University Press, Cambridge, pp. 1–402.
Mann, M.E., Lees, J.M., 1996. Robust estimation of background noise and signal detec-

tion in climatic time series. Climate Change 33, 409–445.
Mattinson, J.M., 2005. Zircon U–Pb chemical abrasion (“CA-TIMS”) method: combined

annealing and multistep partial dissolution analysis for improved precision and ac-
curacy of zircon ages. Chemical Geology 220, 47–66.

McIntyre, A., Molfino, B., 1996. Forcing of Atlantic equatorial and subpolar millennial
cycles by precession. Science 274, 1867–1870.

Meyers, S.R., 2008. Resolving Milankovitch controversies: the Triassic Latemar lime-
stone and the Eocene Green River Formation. Geology 36 (4), 319–322.

Mundil, R., Brack, P., Meier, M., Reiber, H., Oberli, F., 1996. High resolution U–Pb dating
of Middle Triassic volcaniclastics: time-scale calibration and verification of tuning
parameters for carbonate sedimentation. Earth and Planetary Science Letters 141,
137–151.

Mundil, R., Zühlke, R., Bechstadt, T., Peterhansel, A., Egenhoff, S.O., Oberli, F., Meier, M.,
Brack, P., Rieber, H., 2003. Cyclicities in Triassic platform carbonates: synchronizing
radio-isotopic and orbital clocks. Terra Nova 15, 81–87.

Mundil, R., Ludwig, K.R., Metcalfe, I., Renne, P.R., 2004. Age and timing of the Permian
Mass Extinctions: U/Pb dating of closed-system zircons. Science 305, 1760–1763.

Mundil, R., Pálfy, J., Renne, P.R., Brack, P., 2010. The Triassic time scale: new constraints
and a review of geochronological data. In: Lucas, S.G. (Ed.), The Triassic Timescale:
Geological Society of London, Special Publication, 334, pp. 41–60.

Ogg, J.G., 2004. The Triassic Period. In: Gradstern, F.M., Ogg, J.G., Smith, A.G. (Eds.), A
Geologic Time Scale 2004. Cambridge University Press, Cambridge, pp. 271–306.

Olsen, P.E., Kent, D.V., 1996. Milankovitch climate forcing in the tropics of Pangaea dur-
ing the Late Triassic. Palaeogeography, Palaeoclimatology, Palaeoecology 122,
1–26.

Olsen, P.E., Kent, D.V., 1999. Long-period Milankovitch cycles from the Late Triassic and
Early Jurassic of eastern North America and their implications for the calibration of
the early Mesozoic time-scale and the long-term behaviour of the planets. Philo-
sophical Transactions Mathematical Physical and Engineering Science 357,
1761–1786.

Orchard, M.J., 2007. Conodont diversity and evolution through the latest Permian and
Early Triassic upheavals. Palaeogeography, Palaeoclimatology, Palaeoecology 252,
93–117.

Ovtcharova, M., Bucher, H., Schaltegger, U., Galfetti, T., Brayard, A., Guex, J., 2006. New
Early to Middle Triassic U–Pb ages from South China: calibration with ammonoid
biochronozones and implications for the timing of the Triassic biotic recovery.
Earth and Planetary Science Letters 243, 463–475.

Paillard, D., Labeyrie, L., Yiou, P., 1996. Macintosh program performs time-series anal-
ysis. Eos 77, 379.

Payne, J.L., Lehrmann, D.J., Wei, J.Y., Orchard, M.J., Scharg, D.P., Knoll, A.H., 2004. Large
perturbations of the carbon cycle during recovery from the end-Permian extinc-
tion. Science 305, 506–509.

Payne, J.L., Lehrmann, D.J., Wei, J.Y., Knoll, A.H., 2006. The pattern and timing of biotic
recovery from the end-Permian extinction on the Great Bank of Guizhou, Guizhou
province, China. Palaios 21, 63–85.

Payne, J.L., Turchynb, A.V., Paytan, A., 2010. Calcium isotope constraints on the end-
Permian mass extinction. Proceedings of the National Academy of Sciences of the
United States of America 107 (19), 8543–8548.

Preto, N., Hinnov, L.A., Hardie, L.A., De Zanche, V., 2001. Middle Triassic orbital signa-
ture recorded in the shallow marine Latemar carbonate buildup (Dolomites,
Italy). Geology 29, 1123–1126.

Shellnutt, J.G., Denyszyn, S.W., Mundil, R., 2011. Precise age determination of mafic and
felsic intrusive rocks from Permian Emeishan large igneous province (SW China).
Gondwana Research. doi:10.1016/j.gr.2011.10.009.

Shen, S.Z., Henderson, C.M., Bowring, S.A., Cao, C.Q., Wang, Y., Wang, H., Zhang, H.,
Zhang, Y.C., Mu, L., 2010. High-resolution Lopingian (Late Permian) timescale of
South China. Geological Journal 45, 122–134.

Sun, J., Huang, X., 2006. Half-precession cycles recorded in Chinese loess: response to
low-latitude insolation forcing during the Last Interglaciation. Quaternary Science
Review 25 (9–10), 1065–1072.
Thomson, D.J., 1982. Spectrum estimation and harmonic analysis. IEEE Proceedings
1055–1096.

Tong, J.N., Xiong, X.Q., 2006. Marine ecosystem evolution at the beginning of theMesozoic
in South China. In: Rong, J.Y., Fang, Z.J., Zhou, Z.H., Zhan, R.B., Wang, X.D., Yuan, X.L.
(Eds.), Originations, Radiations and Biodiversity Changes—Evidences from the
Chinese Fossil Record. Science Press, Beijing, pp. 567–582.

Tong, J.N., Yin, H.F., 2002. The Lower Triassic of South China. Journal of Asian Earth Sci-
ences 20, 803–815.

Tong, J.N., Zhou, X.G., Erwin, D.H., Zuo, J.X., Zhao, L.S., 2006. Fossil fishes from the Lower
Triassic of Majiashan, Chaohu, Anhui Province, China. Journal of Paleontology 80,
146–161.

Tong, J.N., Zuo, J.X., Chen, Z.Q., 2007a. Early Triassic carbon isotope excursions from
South China: proxies for devastation and restoration of marine ecosystems follow-
ing the end-Permian mass extinction. Geological Journal 42, 371–389.

Tong, J.N., Zhang, S.X., Zuo, J.X., Xiong, X.Q., 2007b. Events during Early Triassic recov-
ery from the end-Permian extinction. Global and Planetary Change 55, 66–80.

Torrence, C., Compo, G.P., 1998. A practical guide to wavelet analysis. Bulletin of the
American Meteorological Society 79, 61–78.

Tucker, M.E., Gallagher, J., Leng, M.J., 2009. Are beds in shelf carbonates millennial-scale
cycles? An example from the mid-Carboniferous of northern England…. Sedimen-
tary Geology 214, 19–34.

Vollmer, T., Werner, R., Weber, M., Tougiannidis, N., Röhling, H.G., Hambach, U., 2008.
Orbital control on Upper Triassic Playa cycles of the Steinmergel–Keuper (Norian):
a new concept for ancient playa cycles. Palaeogeography, Palaeoclimatology,
Palaeoecology 267 (1–2), 1–16.

Weedon, G., 2003. Time-Series Analysis and Cyclostratigraphy. Cambridge University
Press, Cambridge, pp. 1–259.

Wignall, P.B., Twitchett, R.J., 2002. Permian–Triassic sedimentology of Jameson Land,
East Greenland: incised submarine channels in an anoxic basin. Journal of the Geo-
logical Society 159 (6), 691–703.

Willis, K.J., Kleczkowski, A., Briggs, K.M., Gilligan, C.A., 1999. The role of sub-
Milankovitch climatic forcing in the initiation of the northern hemisphere glacia-
tion. Science 285, 568–571.

Woods, A.D., Bottjer, D.J., Mutti, M., Morrison, J., 1999. Lower Triassic large sea-floor
carbonate cements: their origin and a mechanism for the prolonged biotic recovery
from the end-Permian mass extinction. Geology 27, 645–648.

Wu, H.C., Zhang, S.H., Sui, S.W., Huang, Q.H., 2007. Recognition of Milankovitch cycles
in the natural gamma-ray logging of Upper Cretaceous Terrestrial Strata in the
Songliao Basin. Acta Geologica Sinica 81, 996–1001.

Wu, H.C., Zhang, S.H., Jiang, G.Q., Huang, Q.H., 2009. The floating astronomical time
scale for the terrestrial Late Cretaceous Qingshankou Formation from the Songliao
Basin of Northeast China and its stratigraphic and paleoclimate implications. Earth
and Planetary Science Letters 278, 308–323.

Xie, S.C., Pancost, R.D., Wang, Y.B., Yang, H., Wignall, P.B., Luo, G.M., Jia, C.L., Chen, L.,
2010. Cyanobacterial blooms tied to volcanism during the 5 m.y. Permo-Triassic bi-
otic crisis. Geology 38, 447–450.

Yang, W., Lehrmann, D.J., 2003. Milankovitch climatic signals in Lower Triassic (Olene-
kian) peritidal carbonate successions, Nanpanjiang Basin, South China. Palaeogeo-
graphy, Palaeoclimatology, Palaeoecology 201, 283–306.

Yin, H.F., Feng, Q.L., Lai, X.L., Baud, A., Tong, J.N., 2007. The protracted Permo-Triassic
crisis and multi-episode extinction around the Permian–Triassic boundary. Global
and Planetary Change 55, 1–20.

Yiou, P., Genthon, C., Jouzel, J., Ghil, M., Letreut, H., Barnola, J.M., Lorius, C., Korotkevitch,
Y.H., 1991. High-frequency paleovariability in climate and in CO2 levels from Vostok
ice-core records. Journal of Geophysical Research 96, 365–378.

Zhao, L.S., Xiong, X.Q., Yang, F.Q., Wang, Z.P., He, W.H., 2005. Conodonts from the Lower
Triassic in the Nantuowan Section of Daxiakou, Xingshan County, Hubei Province.
Albertiana 33, 113–114.

Zühlke, R., Bechstadt, T., Mundil, R., 2003. Sub-Milankovitch and Milankovitch forcing
on a model Mesozoic carbonate platform—The Latemar (Middle Triassic, Italy).
Terra Nova 15, 69–80.

http://www.tscreator.org
http://dx.doi.org/10.1016/j.gr.2011.10.009

	Milankovitch and sub-Milankovitch cycles of the early Triassic Daye Formation, South China and their geochronological and paleoclimatic implications
	1. Introduction
	2. Geological setting
	3. Paleoclimate proxies, sampling, measurement and methods
	4. Rock magnetism results
	5. Cyclostratigraphic analysis
	5.1. Power spectra analysis
	5.2. Orbital tuning of the Lower Daye Formation
	5.3. Amplitude modulation (AM) analysis
	5.4. Sub-Milankovitch cycles

	6. Discussion
	6.1. Astronomical forcing of Early Triassic paleoenvironment and paleoclimate
	6.2. Cyclostratigraphic constraints on the duration of the Induan stage, recovery rates and biozones
	6.3. Sub-Milankovitch cycles and their possible origins

	7. Conclusion
	Acknowledgements
	References


