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The Shuram excursion (SE), one of the largest-known negative carbon isotope anomalies, has been glob-
ally observed in Ediacaran rocks. Precisely determining the duration of the SE is pivotal to understanding
its controversial origin. Here, we present a detailed paleomagnetic, rock magnetic, cyclostratigraphic and
carbon isotopic study of the SE in the Doushantuo Formation at the Dongdahe section in eastern Yunnan
Province, South China. Although paleomagnetic results likely show a late Mesozoic remagnetization,
careful mineralogic analyses indicate that the rock magnetic cyclostratigraphy carried by detrital
pseudo-single domain (SD) or small multidomain (MD) titanomagnetite grains faithfully records
orbitally-forced climate cycles in the Ediacaran. Multi-taper method (MTM) spectral analysis of magnetic
susceptibility (MS) and anhysteretic remanent magnetization (ARM) series reveals significant spectral
peaks at similar frequencies. Based on the ratios of their frequencies, these spectral peaks are assigned
to a suite of Milankovitch cycles (long eccentricity, short eccentricity, obliquity and precession), yielding
a sediment accumulation rate of 1.0 cm/kyr for the Doushantuo Formation. A 9.1 + 1.0 Myr duration is
indicated for the entire SE in South China. This result is in good agreement with independent estimates
from North America and South Australia, thus supporting a primary origin for the SE. In combination with
published geochronologic data, we suggest that the onset of the SE occurred at ca. 560 Ma, which pro-
vides a chronostratigraphic framework for evaluating the relationship between the SE and the evolution
of metazoans in Ediacaran time.
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1. Introduction of the Ediacaran carbon cycle, or a secondary alteration during dia-

genesis (Grotzinger et al., 2011).

The Ediacaran Period (ca. 635-541 Ma; Knoll et al., 2006) wit-
nessed one of the largest negative carbon isotope anomalies in
Earth history, the Shuram excursion (SE). The SE is distinguished
by its pronounced depletion in §'3C values (as low as —12%),
expanded stratigraphic record and global distribution (Grotzinger
et al., 2011). The origin of the SE remains enigmatic because the
depleted §'3C values should have exhausted the available oxidant
budget based on the modeling of the Ediacaran carbon cycle
(Bristow and Kennedy, 2008). A range of qualitative and quantita-
tive models have been proposed to explain the anomalous §'3C val-
ues (Rothman et al., 2003; Knauth and Kennedy, 2009; Derry,
2010; Bjerrum and Canfield, 2011). Nonetheless, there is no con-
sensus regarding whether the SE represents a primary perturbation
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It is hypothesized that there is a causal link between the SE and
the evolution of metazoans in Ediacaran time (Condon et al., 2005;
Zhu et al., 2007). This assertion is based on the assumption that the
SE was produced by the oxidation of organic carbon in the deep
ocean, coeval with the rise of the atmospheric oxygen content dur-
ing late Neoproterozoic time (Fike et al., 2006; Canfield et al., 2007;
McFadden et al., 2008). A detailed chronostratigraphic framework
is important to understand the controversial origin of the SE, with
its implications for the evolution of metazoans. If the SE represents
a primary depositional event, it should be globally correlative in
both chronostratigraphy and duration. Due to the lack of robust
biostratigraphic and radiometric age constraints, global chronos-
tratigraphic correlations of the SE are based almost exclusively
on chemostratigraphy (Grotzinger et al., 2011). The duration of
the SE has been directly estimated in North America (Minguez
et al., 2015), Oman (Le Guerroué et al.,, 2006; Bowring et al.,
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2007), South Australia (Minguez and Kodama, submitted for
publication), and Siberia (Melezhik et al., 2009). An ~8 Myr dura-
tion of the SE has been consistently observed by rock magnetic
cyclostratigraphic studies from the Johnnie Formation of the Death
Valley region, North America and the Wonoka Formation, South
Australia (Minguez et al., 2015; Minguez and Kodama, submitted
for publication). Besides, a reversed-to-normal geomagnetic polar-
ity transition was discovered at the nadir of the SE in both the
Johnnie and Wonoka formations, supporting the global synchrone-
ity of the SE (Minguez et al, 2015; Minguez and Kodama,
submitted for publication).

Only a few chronostratigraphic studies have been conducted in
South China, where the SE has been widely observed in the fossil-
iferous Doushantuo Formation across the Yangtze carbonate plat-
form (Condon et al., 2005; Zhu et al., 2007; Lu et al., 2013). On
the basis of zircon U-Pb age constraints from the Yangtze Gorges
area, Condon et al. (2005) estimated that the SE lasted for 1-
10 Myr and terminated at ca. 551 Ma. A recent Sr isotopic study
suggests that the duration of the SE ranges from 15 to 30 Myr
(Cui et al., 2015). Such estimates have considerable uncertainties
and are not sufficiently precise for global correlations, pointing to
the need for a high-resolution study of the duration of the SE in
South China. In addition, only one geomagnetic reversal has been
reported by previous paleomagnetic studies of the Doushantuo
Formation, which, however, is stratigraphically close to the termi-
nation of the SE (Zhang et al., 2015). Hence, it is important to study
a different section of the SE in South China to test if the reversed-
to-normal geomagnetic reversal can be observed at the nadir of the
SE as the cases in North America and South Australia.

In this paper, we present a detailed paleomagnetic, rock mag-
netic, cyclostratigraphic and carbon isotopic study of the Doushan-
tuo Formation at the Dongdahe section in eastern Yunnan
Province, South China. Paleomagnetic results indicate a late Meso-
zoic remagnetization, but rock magnetic cyclostratigraphy is car-
ried by detrital PSD or small MD titanomagnetite grains, which
faithfully records orbitally-forced climate cycles in the Ediacaran.
The duration of the SE that we estimate from South China is in
good agreement with those from North America and South Aus-
tralia, consistent with a primary origin for this carbon isotope
anomaly. Combining the estimated duration of the SE with pub-
lished geochronologic data, we propose that the onset of the SE
occurred at ca. 560 Ma, thus providing an Ediacaran chronostrati-
graphic framework for evaluating the relationship between the
SE and the evolution of metazoans.

80° 100° 120°E

2. Geologic background

The Ediacaran sequence on the Yangtze carbonate platform in
South China consists of the Doushantuo and Dengying formations,
both of which were deposited on a rifted continental margin after
the breakup of the Neoproterozoic supercontinent Rodinia (Wang
and Li, 2003). Occurring stratigraphically between the Cryogenian
Nantuo diamictite and the Ediacaran Dengying dolostone, the Edi-
acaran Doushantuo Formation is usually divided into four strati-
graphic members based on facies variations (Jiang et al., 2011).
Two lithologic marker beds, the cap carbonate (Member I) at
the base and the organic-rich black shale (Member IV) at the
top of the Doushantuo Formation, are widely used in stratigraphic
correlations across the Yangtze carbonate platform in South China
(Jiang et al., 2011). The Doushantuo Formation hosts three nega-
tive carbon isotope excursions, among which the one with the
most depleted §'3C values in Doushantuo Members IIl and IV is
regarded as equivalent to the SE (Zhu et al.,, 2007; McFadden
et al.,, 2008). The age of the Doushantuo-Dengying boundary is
constrained to be 551.1 + 0.7 Ma based on zircon U-Pb dates from
an ash layer in the Yangtze Gorges area (Condon et al., 2005) and
has been widely regarded as the termination age of the SE (Zhu
et al., 2007; Fike et al., 2006; Grotzinger et al., 2011; Lu et al.,
2013).

Previous studies show that the Dongdahe section (24°42.169'N,
102°57.115'E; Fig. 1) was paleogeographically located at the south-
western margin of the Yangtze carbonate platform in a shallow-
water basin environment (Jiang et al., 2011; Lu et al., 2013). Here,
the Doushantuo Formation is about 180 m in thickness and con-
sists of 50-m of brownish sandstone and silty shale (Member I);
approximately 120-m of thickly-bedded dolostone, interbedded
shale and thinly-bedded, laminated muddy limestone (Members
Il and III); and an 8-m black shale (Member IV; Zhu et al., 2007).
The entire SE is recorded in 91.2 + 9.5 m of the Doushantuo Mem-
bers III and IV at the Dongdahe section (Zhu et al., 2007). Uncer-
tainty in the stratigraphic thickness results from the poor
exposure of the onset of the SE in the Dongdahe section (Fig. 2B).
In the field, the lower Dongdahe section is inaccessible because it
is exposed in a cliff, prohibiting stratigraphically continuous sam-
pling of this part of the SE. The upper Dongdahe section, which
includes the upper Doushantuo Member III and the entire
Doushantuo Member 1V, is along a roadcut with a mean bedding
dipping to the east (Strike = 9°NE, Dip =40°E) and has a strati-
graphic thickness of 53 m. Regional geologic investigations show
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Fig. 1. (A) Major tectonic blocks of China. (B) Geologic location of the Dongdahe section and the Ediacaran paleogeographic map of the Yangtze carbonate platform in South

China (modified from Jiang et al., 2011).
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Fig. 2. Stratigraphic column, carbon isotope stratigraphy and rock magnetic cyclostratigraphies. (A) Stratigraphic column of the Dongdahe section. (B) Carbon isotope

profiles. Black circles are data from Zhu et al. (2007), red circles are data from this study. (C) 45-m raw MS series. (D) 45-m raw ARM series. Legends for stratigraphic column
are: (1) diamictite; (2) muddy dolostone; (3) sandstone; (4) dolostone; (5) limestone; (6) black shale.

that the folding was of mid-Cenozoic in age and probably resulted
from the Indo-Asian collision (Liang et al., 1984).

3. Methods
3.1. Sampling and preparation

In order to observe a full suite of Milankovitch frequencies in
spectral analysis, we must use a sampling interval that would
detect precession, which is the shortest Milankovitch cycle. Theo-
retical estimates indicate that the longest precession period at
500-550 Ma is of 20.5 kyr (Berger and Loutre, 1994; Waltham,
2015), therefore we need to collect samples at least every
10.3 kyr (Nyquist frequency). The average thickness of the bedding
in the Doushantuo carbonates is ~10 cm. We chose a 10 cm sam-
pling interval for rock magnetic cyclostratigraphy, which means
that our Nyquist frequency is 1/20 cm™!. As long as the sediment
accumulation rate of the Doushantuo Formation is no less than
1.0 cm/kyr, the sampling interval we chose should be sufficient
to reveal all Milankovitch cycles in spectral analysis. In the field,
the 8-m black shale (Doushantuo Member IV) was used as a strati-
graphic marker in order to compare our section to the chemostrati-
graphic section of Zhu et al. (2007). Because no samples were
collected from the black shale, our samples covered 45 m of the
Doushantuo Member III. A total of 450 unoriented samples were
collected for rock magnetic cyclostratigraphy. Unoriented samples
were cut using a drill press and a diamond bladed saw to yield

mini-cores in a uniform size (1.5 cm in length, 1.0 cm in diameter)
at Lehigh University. Using a portable gasoline-powered drill, we
collected oriented samples from 24 sites for paleomagnetic mea-
surements at a stratigraphic sampling interval of 2-3 m. Each site
consists of at least 3 oriented samples. These samples were
trimmed to yield 101 standard size paleomagnetic cores (2.2 cm
in length, 2.5 cm in diameter) in total. Rock chips left over from
preparation of the unoriented cyclostratigraphic samples were
trimmed to remove any weathered surfaces for rock magnetic, car-
bon isotopic and scanning electron microscopic (SEM) analyses.

3.2. Magnetic measurements

Stepwise demagnetization of the oriented cores was conducted
in a magnetostatically-shielded room (ambient field intensity
<350 nT) in the Paleomagnetism Laboratory at Lehigh University.
Thermal demagnetization was conducted typically from 100 °C to
580 °C in 20 steps using an ASC Model TD-48SC thermal demagne-
tizer. Remanence was measured by a 2G Enterprises 755 supercon-
ducting rock magnetometer. Alternating-field (AF)
demagnetization was conducted on sister cores in 5 mT intervals
from 5 mT to 110 mT using an AF demagnetizer built into the 2G
superconducting magnetometer. Cores in which the remanence
was not completely demagnetized by the AF technique were fur-
ther thermally demagnetized in 3 steps from 150 °C to 200 °C.

Vector-endpoint diagrams (Zijderveld, 1967) were plotted and
the characteristic remanent magnetization (ChRM) of each core
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was determined by principal component analysis (PCA; Kirschvink,
1980). Paleomagnetic data were analyzed in the PuffinPlot
(Lurcock and Wilson, 2012). Fisher statistics was used to calculate
mean paleomagnetic directions using the Stereonet (Cardozo and
Allmendinger, 2013).

Rock magnetic experiments were performed on 8 representa-
tive samples for magnetic mineralogy identification. The partial
anhysteretic remanent magnetization (pARM) measurements were
conducted using a modified Schonstedt GSD-5 AF demagnetizer
with a steady biasing DC field of 97 uT to study the magnetic grain
size distribution (Jackson et al., 1988). We performed stepwise
isothermal remanent magnetization (IRM) acquisition from O T to
1.2 T in 22 steps with an ASC impulse magnetizer and used model-
ing (Kruiver et al., 2001) to resolve the magnetic coercivity compo-
nents and their contributions to the saturation isothermal
remanent magnetization (SIRM). Lowrie test was employed by
thermally demagnetizing three orthogonal IRMs applied in fields
of 1.2T, 0.6 T and 0.1 T (Lowrie, 1990). The temperature depen-
dence of magnetic susceptibility was measured from 20 °C to
700 °C in an argon gas environment. The magnetic susceptibility
(MS) of a total of 450 unoriented samples was measured with an
Agico Kappabridge KLY-3S susceptibility meter. The anhysteretic
remanent magnetization (ARM) of each unoriented sample was
applied in a 100 mT peak AF window (biasing DC field 97 puT).
MS and ARM values of each sample were measured three times
for a reproducibility check and normalized by sample mass. Raw
MS and ARM series are shown in Fig. 2C and D.

3.3. Spectral analysis

Spectral analysis was conducted using the Analyseries (Paillard,
1996). Both MS and ARM series were evenly resampled at a 10 cm
interval using linear interpolation. The power of long wavelength
cycles (>45 m) in the MS and ARM series were removed by a Gaus-
sian notch filter. Notch-filtered MS and ARM series are shown in
Fig. 3. The multi-taper method (MTM; Thomson, 1982) with 27
prolate multi-tapers was used (Ghil et al., 2002) for spectral anal-
ysis. Robust red noise (Mann and Lees, 1996) and the confidence
levels of 90%, 95% and 99% above the robust red noise were calcu-
lated to determine significant spectral peaks. In order to test the
presence of Milankovitch cycles, ratios of the frequencies of signif-
icant spectral peaks were calculated and compared to the ratios of
predicted frequencies of orbital cycles at 500-550 Ma (Berger and

0.06

Loutre, 1994; Waltham, 2015). Because the long eccentricity is the
most stable Milankovitch cycle throughout geologic history and
has the least uncertainty in its period (Laskar et al., 2011), we
use it to calculate the sediment accumulation rate of the Doushan-
tuo Formation at the Dongdahe section. The duration of the SE is
then determined from the stratigraphic thickness of the SE and
the calculated sediment accumulation rate at the Dongdahe sec-
tion. Because eccentricity variations modulate the amplitude of
precession cycles (Weedon, 2003), amplitude modulation analysis
(Hinnov, 2000) was conducted. The MS and ARM series were fil-
tered at the wavelength of the spectral peak identified to be pre-
cession and the envelopes of the precession-filtered MS and ARM
series were analyzed for eccentricity cyclicities using MTM spectral
analysis.

3.4. Carbon isotopic analysis

The lowest part of the Dongdahe section is exposed in a cliff so
we did not obtain a record of the entire SE, making our own carbon
isotopic measurements important for precisely locating the strati-
graphic positions of our samples with respect to the previous car-
bon isotopic study (Zhu et al., 2007) and determining the part of
the SE that we sampled. Representative whole-rock samples were
rinsed with distilled water and crushed into homogeneous powder.
Around 350 pg of each sample was reacted with 100% H3PO4 at
70 °C for at least 2 hours in the presence of He gas and then mea-
sured with a Finnigan MAT252 mass spectrometer interfaced with
a Gas Bench II in the Stable Isotope Geochemistry Laboratory at
Lehigh University. Regular analysis of a house standard and the
international standard NBS19 calcite allows monitoring and cor-
rection of the data, resulting in a standard deviation (1) of
~0.2%o for 8'3C. The 8'3C values are reported relative to the Vienna
Pee Dee Belemnite (VPDB).

3.5. SEM analysis

Representative samples were ground into powder by a mortar
and a pestle and mixed with distilled water to create a slurry.
The slurry was circulated past a magnetic needle for one week to
extract the magnetic particles (Hounslow and Maher, 1999). SEM
analysis was undertaken to assess the morphology, size and
chemical composition of the extracted magnetic particles using a
Hitachi TM-1000 tabletop SEM operating at 15keV and an
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Fig. 3. The MS and ARM series are filtered by a Gaussian notch filter to remove the power of long wavelength cycles (>45 m). Orange lines are the MS and ARM series filtered
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Energy-Dispersive Spectrometer (EDS) with a Silicon Drift Detector
(SDD) at Lehigh University. The SDD has a Be window allowing EDS
analysis of elements heavier than Na.

4. Results
4.1. Paleomagnetism

The natural remanent magnetization (NRM) intensities of our
samples are less than 1.0 mA/m, which are typical values for car-
bonate rocks. Both AF (Fig. 4A) and thermal (Fig. 4B) demagnetiza-
tions yield consistent results. Most cores (88%) have two
component magnetizations (Fig. 4). Component 1 is aligned with
the present-day geomagnetic field of the Dongdahe section and is
easily removed by heating at 150 °C or by an AF at 10 mT, matching
remanence expectations for either secondary goethite or a viscous
overprint carried by large magnetic grains. Component 2 demagne-
tizes univectorially towards the origin on a vector-endpoint dia-
gram and unblocks above 500 °C, which is defined as the ChRM
of each core. All ChRMs show a single polarity. Because the folding
of the Dongdahe section was mid-Cenozoic, we applied a tilt cor-
rection to all ChRMs (Fig. 5). The mean ChRM of the Doushantuo
Formation from the Dongdahe section is Ds=19.1°, I;=36.5°
(otgs = 2.8°, k=120.6; Fig. 5) and its corresponding paleomagnetic
pole is located at 71.8°N, 203.1°E (Ags = 2.5°, Fig. 6).

4.2. Magnetic mineralogy

IRM acquisition experiments of representative samples show
that most samples are fully saturated by 0.6 T while a few samples
are not completely saturated by 1.2 T (Fig. 7). IRM modeling indi-
cates that the acquisition curve can be best fit by two coercivity
components, a soft component with the mean coercivity lower
than 65 mT and a hard component with the mean coercivity higher
than 1.5 T (Fig. 7; Table 1). Lowrie test shows that the remanence
of the hard component can be easily removed by 100 °C (Fig. 8A).
Based on its high coercivity (0.6-1.2 T) and low unblocking tem-
perature (~100 °C), the hard component is probably goethite. The
soft component largely unblocks by 500-550 °C (Fig. 8), which is
close to the Curie temperature of titanomagnetite.

The results of susceptibility-temperature experiments also sup-
port the presence of titanomagnetite. Representative
susceptibility-temperature (K-T) curves show a sharp decrease of
magnetic susceptibility at 500-560 °C during heating. A Hopkinson
peak appears at temperatures immediately below the Curie tem-
perature on a heating curve (Fig. 9B). An increase of magnetic sus-
ceptibility was also noticed on cooling curves (Fig. 9A), indicating
new ferromagnetic minerals were produced during heating.

The pARM experiment indicates a uniform size distribution for
the titanomagnetite detected in our samples. The peak of the pARM
intensities lies in 15-20 mT range (Fig. 10), implying that the mean
size of titanomagnetite grains is about 5 pm (Jackson et al., 1988).
This grain size is larger than the single domain (SD) threshold for
titanomagnetite (Butler and Banerjee, 1975). Therefore, the titano-
magnetite grains in our samples are probably pseudo-single
domain (PSD) or small multidomain (MD) in size.

4.3. Spectral analysis

MTM spectral analysis of the MS series of the Doushantuo For-
mation shows a suite of significant spectral peaks that rise above
the 95% confidence level at wavelengths of 427 cm, 85cm,
30.4 cm, 27.3 cm, 21.9 cm and 20.7 cm (Fig. 11A; Table 2). MTM
spectral analysis of the ARM series of the Doushantuo Formation
yields significant spectral peaks at similar wavelengths of

410 cm, 136 cm, 29.2 cm, 27.8 cm, 25.8 cm and 22.1 cm (Fig. 11B;
Table 2). The wavelengths of significant spectral peaks obtained
from the MS and ARM series are not exactly identical, but given
the uncertainties in their wavelengths (half bandwidth of the spec-
tral peak; Weedon, 2003), two spectra reveal consistent significant
spectral peaks at ~420 cm, ~100 cm, ~28 cm and ~22 cm.

In the amplitude modulation analysis, MTM spectral analysis of
the envelope of the precession-filtered MS series reveals spectral
peaks at wavelengths of 2048 cm, 640 cm, 427 cm, 256 cm,
116 cm, 99 cm and 76 cm (Fig. 12A and C). The spectral analysis
of the envelope of the precession-filtered ARM series reveals spec-
tral peaks at wavelengths of 2048 cm, 602 cm, 445 cm, 233 cm,
107 cm, 89 cm and 80 cm (Fig. 12B and D).

4.4. Carbon isotopic analysis

The base of the upper Dongdahe section has a 8'>Cyppg value of
—8.4%o. 83Cyppp values decrease upsection to the lowest value of
—9.8%o that is 23.5 m below the base of the black shale (Doushan-
tuo Member V), and gradually increase upsection to —1.8%o at the
base of the black shale. Our carbon isotope profile agrees well with
that of Zhu et al. (2007; Fig 2B). Based on stratigraphic and carbon
isotope correlations with published data, the 45-m Dongdahe
section we sampled records 50 + 5% of the SE.

4.5. SEM analysis

The SEM search for magnetic grains focused on identification of
grains showing significant Fe peaks in the EDS spectra. Sulfur was
not observed in the EDS spectra of the Fe-rich grains, suggesting
that our samples are dominated by iron oxides rather than iron sul-
fides (Fig. 13B and C). In combination with the evidence from rock
magnetic experiments, we interpret the Fe oxides to be titanomag-
netite. The titanomagnetite grains are angular and irregular in
shape, and about ~5 um in size (Fig. 13A). This grain size agrees
well with the results of pARM experiments and suggests that we
were able to magnetically separate the dominant grain size of
titanomagnetite in our samples. We also detected Si, Al and Ca in
the EDS spectra due to the clay minerals and carbonates adhered
to the surface of titanomagnetite grains that were not completely
removed (Fig. 13C).

5. Discussion
5.1. Paleomagnetism of the Doushantuo Formation

Previous paleomagnetic studies of the Doushantuo Formation in
South China show two distinct remanence directions. A shallow
and single polarity remanence was obtained from the Yangjiaping
section in northwestern Hunan Province (Macouin et al., 2004;
Figs. 1B and 5). In contrast, a recent study from the Jiulongwan sec-
tion in western Hubei Province provides a steeper and dual polarity
remanence (Zhang et al., 2015; Figs. 1B and 5). These two sections,
although having slight mismatches in stratigraphic thickness and
carbon isotope values due to different depositional settings on
the Yangtze carbonate platform, can be stratigraphically correlated
to the Dongdahe section (Zhu et al., 2007; Jiang et al., 2007). The SE
with the nadir 8'3C value of ~—10% has been consistently
observed in Doushantuo Member III from all the three sections in
South China (Zhu et al., 2007; Jiang et al., 2007).

The mean ChRM and the corresponding paleomagnetic pole
from the Dongdahe section are distinct from the results of two pre-
vious studies (Figs. 5 and 6). Because the stratigraphic positions of
the three studies are slightly different (the Yangjiaping samples are
from Doushantuo Members II and III, our samples are from upper
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Doushantuo Member III, and Jiulongwan samples are from the top possible that all three remanences could be primary. The Dongdahe
8-m of the Doushantuo Member III), samples from the three sec- samples are stratigraphically very close to the Jiulongwan samples.
tions may not be exactly the same age. Therefore, it is theoretically Assuming that both the Jiulongwan and Dongdahe paleopoles are
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Fig. 6. Stereographic projection of Neoproterozoic and Phanerozoic paleomagnetic
poles for South China. Paleopoles are those synthesized in Table 2 of Zhang et al.
(2015). Plot was made by the GPlates (Boyden et al., 2011). DS, is the Yangjiaping
paleopole from Macouin et al. (2004), DSg is the Jiulongwan paleopole from Zhang
et al. (2015) and DSc is the paleopole of this study. NT is Cryogenian Nantuo
Formation, Cam is Cambrian, O is Ordovician, S is Silurian, D is Devonian, C is
Carboniferous, P is Permian, T is Triassic, ] is Jurassic, K is Cretaceous, Cz is Cenozoic.
Subscripts 1, 2, 3 mean early, middle and late, respectively.

primary would indicate a rapid and large apparent polar wander
path (APWP) excursion for South China in the Ediacaran, analogous
to that observed for the Ediacaran paleopoles from Laurentia and

Baltica (Abrajevitch and Van der Voo, 2010). But the Dongdahe
paleopole is very close to the late Jurassic and Cretaceous pale-
opoles for South China (Huang et al., 2008; Fig. 6). In addition, all
the ChRMs from the Dongdahe samples have a single polarity
and no field test is available for a paleomagnetic stability check.
Therefore, it is very likely that the Dongdahe samples carry a late
Mesozoic remagnetization. The Yangjiaping paleopole is also suspi-
cious because it is very close to the early Cambrian and Silurian
paleopoles for South China (Zhang et al., 2015; Fig. 6). Even though
the age of the remanence from the Yangjiaping section is sup-
ported to be pre-Jurassic by a positive fold test, an early Paleozoic
remagnetization is still possible (Zhang et al., 2015). The Jiulong-
wan paleopole is the only result from the Doushantuo Formation
that passes the reversal test and is most likely primary (Zhang
et al.,, 2015; Fig. 6). But a trend of steepening inclinations upsection
in their group 1 samples (Fig. 2 in Zhang et al., 2015) could possibly
indicate a secondary remanence that has not been adequately
removed (Jing et al., 2015). Additional studies are needed to con-
strain the uncertainties of the magnetostratigraphy and paleogeog-
raphy of the Doushantuo Formation.

Because we suspect that a late Mesozoic remagnetization
affected the Dongdahe samples, a magnetic mineralogy study is
important to understand the possible remagnetization mechanism
and the validity of the rock magnetic cyclostratigraphy. Rock mag-
netic experiments clearly show the presence of goethite and
titanomagnetite. Goethite was probably formed by recent weath-
ering since its remanence is parallel to the present-day geomag-
netic field direction of the Dongdahe section. The remanence
carried by goethite is completely removed by the thermal demag-
netization at 150 °C, so goethite does not contribute to the ChRM.
The ChRM is carried by titanomagnetite. Careful SEM analysis
shows that the shape of the titanomagnetite is angular and irregu-
lar, suggesting that they are detrital grains and have not been
affected by chemical dissolution. There is also no observation of
botryoidal, spheroidal or euhedral authigenic grains suggesting
diagenesis and the acquisition of a chemical remanent magnetiza-
tion (CRM; McCabe et al., 1983; Suk et al., 1990; Zhang et al., 2016;
Fig. 13). If the ChRMs of the Dongdahe samples record a remagne-
tization, it more likely has resulted from a thermoviscous rema-
nent magnetization (TVRM). Because all ChRMs are single
polarity and its corresponding paleopole is close to the late Meso-
zoic paleopole of South China, we speculate that a stable TVRM
may have been acquired during the Cretaceous normal polarity
superchron when PSD or small MD titanomagnetite grains in the
Dongdahe samples experienced a prolonged episode of heating
during the late Mesozoic Yanshanian orogeny. But this contention
is not definitive. Further investigations are required. Even though
the Dongdahe samples probably carry a late Mesozoic overprint,
at least, the detrital titanomagnetite grains are dominant in the
samples and carry a primary, orbitally-forced cyclostratigraphy in
the Ediacaran.

5.2. Duration of the SE

MTM spectral analysis of the MS and ARM series reveals signif-
icant spectral peaks at similar frequencies (Fig. 11). To identify the
presence of Milankovitch cycles in spectral analysis, we used
Laskar et al. (2004)’'s model for the expected periods of the long
and short eccentricities. The Berger and Loutre (1994)'s model
was used for the predicted periods of obliquity and precession at
500 Ma. A newly developed model by Waltham (2015) was also
used because it calculates the predicted periods of obliquity and
precession at 550 Ma, closer to the SE in age.

The initial estimate of the sediment accumulation rate of the
Doushantuo Formation is of 0.2 cm/kyr based on its 84 Myr dura-
tion and its 180 m stratigraphic thickness at the Dongdahe section
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Fig. 7. Modeling of coercivity components observed in IRM acquisition experiments (Kruiver et al., 2001). The IRM acquisition data are best fit by two coercivity components.

Detailed information about each coercivity component is shown in Table 1.

Table 1
Results of the IRM acquisition modeling. By, is the mean coercivity, DP is the half-width of the distribution.
Component Contribution (%) SIRM (A/m) log Byj2 (mT) Byj2 (mT) DP (mT)
Dd04a 1 57.1 4.0E-04 1.8 63.1 0.60
2 429 3.0E-04 3.2 1584.9 0.30
Dd38a 1 90.0 9.0E-04 1.6 39.8 0.45
2 10.0 1.0E-04 33 1995.3 0.55

(Knoll et al., 2006; Zhu et al., 2007). But this rate is an underesti-
mate because of unconformities identified at the base and the
top of the Doushantuo Formation (Jiang et al., 2011). When we
set the ~420 cm spectral peak to long eccentricity, the ratios of
the frequencies of other spectral peaks for a given rock magnetic
series agree well with the ratios of predicted Milankovitch periods
at 500-550 Ma (Laskar et al., 2004; Berger and Loutre, 1994;
Waltham, 2015; Table 2). Specifically, in the MS spectrum, if the
427 cm spectral peak is set to long eccentricity, then the 85 cm
spectral peak is 80.7 kyr in duration (close to short eccentricity),
the spectral peaks at 30.4cm and 27.3cm are 28.9 kyr and
25.9 kyr in duration (close to obliquity), and the spectral peaks at
21.9 cm and 20.7 cm are 20.8 kyr and 19.7 kyr in duration (close
to precession). In the ARM spectrum, if the 410 cm spectral peak
is set to long eccentricity, then the spectral peak at 136 cm is
134.5 kyr in duration (chose to short eccentricity), the spectral
peaks at 29.2 cm, 27.8 cm and 25.8 cm are 28.9 kyr, 27.5 kyr and
25.5 kyr in duration (close to obliquity), and the spectral peak at
22.1 cm is 21.9 kyr in duration (close to precession). We note that
the ratios of the frequencies of the significant spectral peaks have
slight misfits compared to the ratios predicted from the two mod-
els, especially for precession (Table 2). This is reasonable because
precession has larger uncertainties in its period back in time than
other Milankovitch cycles (Laskar et al., 2011). Waltham (2015)’s

model better matches the obliquity and precession in the MS and
ARM series since it provides predicted periods for the Milankovitch
cycles at 550 Ma, closer to the age of the SE, compared to the
Berger and Loutre (1994)’s model that only predicts orbital periods
at 500 Ma. In addition, the calculation of periods of obliquity and
precession by Waltham (2015)’s model has considered the change
in lunar-recession rate, which is assumed to be constant by Berger
and Loutre (1994). Therefore, Waltham (2015)’s model should pro-
vide more accurate Milankovitch periods in the Ediacaran.

We filtered the MS and ARM series at 427 cm and 410 cm wave-
lengths (interpreted to be long eccentricity) and superimposed
them on the notch-filtered series (Fig. 3). The eccentricity-filtered
MS and ARM series correlate with the first order oscillations of
the data series, indicating the consistency of the power of the
~420 cm spectral peak throughout the 45 m Doushantuo Member
III. Spectral analysis of the envelopes of the precession-filtered MS
and ARM series clearly shows that the amplitude of precession is
modulated by several cycles (Fig. 12). The spectral peak at
~2050 cm may represent the 2.4 Myr cycle of long-term variations
in eccentricity (Weedon, 2003). Spectral peaks at ~430cm,
~110cm and ~94 cm correspond to long (405.6 kyr) and short
eccentricities (123.9 kyr and 94.9 kyr). Although spectral peaks at
other wavelengths are also observed and are difficult to interpret,
amplitude modulation analysis shows that the spectral peak
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interpreted to be precession is modulated by eccentricity, further
supporting that the significant spectral peaks in the MS and ARM
series are orbital in origin (Fig. 12).

Since the cycles in the MS and ARM series are identified to be
Milankovitch cycles, we use the average wavelength of long eccen-
tricity peak in our data and the period of long eccentricity in the
Ediacaran (405.6 kyr; Laskar et al., 2004), and calculate the sedi-
ment accumulation rate of the Doushantuo Formation at the Dong-
dahe section to be 1.0 cm/kyr. This low rate, although not
commonly observed in modern carbonate platform environments,
agrees reasonably well with the initial estimate based on
geochronologic data. Low sediment accumulation rates of the same
magnitude have been reported from the Devonian St. George
Group in western Newfoundland and the Triassic Trogkofel Forma-
tion in Southern Alps (synthesized by Bosscher and Schlager,
1993).

The cyclicities observed in the MS and ARM series of the
Doushantuo Formation suggest that global orbitally-forced climate
cycles were encoded by the concentration variations of detrital
titanomagnetite. The same encoding mechanism has also been
observed from the Eocene Arguis Formation in Spanish Pyrenees
(Kodama et al., 2010) and the Triassic Daye Formation in South
China (Wu et al., 2012). Considering the low-latitude position of
the Yangtze carbonate platform in the Ediacaran (Li et al., 2008;
Zhang et al., 2015), it is possible that monsoon intensity variations
driven by orbitally-forced insolation controlled the amount of
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terrestrial siliciclastics delivered into a background of relatively
constant marine carbonate production.
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Kodama and Hinnov (2014) point out that misidentification of
Milankovitch cycles could occur if the ratio of orbital cycles is
the only basis for identification without other age constraints. This
issue is also thoroughly discussed by Waltham (2015). The least
robust interpretation results from using the ratio of only two
Milankovitch cycles for spectral peak identification. The improve-
ment of our study compared to Minguez et al. (2015) regarding
spectral peak identification is that instead of using the ratio of only
two Milankovitch cycles, we use the ratios of a suite of Milanko-

vitch cycles (long eccentricity, short eccentricity, obliquity and
precession), which effectively reduces the possibility of misidenti-
fication. The amplitude modulation analysis further reinforces our
interpretation.

Using the 1.0 cm/kyr sediment accumulation rate obtained
from rock magnetic cyclostratigraphy, we estimate that the dura-
tion of the 45-m Doushantuo Member Il was deposited over a
duration of 4.5 Myr. Because the lithology and depositional
environment are fairly invariant at the Dongdahe section, if this
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Table 2

Results of the MTM spectral analysis. Predicted Milankovitch periods match to the wavelengths of significant spectral peaks resolved from the MS and ARM series in the
Doushantuo Formation. Ratio calculation uses the predicted Milankovitch frequencies and the frequencies of significant spectral peaks in the MS and ARM series. Periods of the
long and short eccentricities are from Laskar et al. (2004). Periods of the obliquity and the precession are from Berger and Loutre (1994) and Waltham (2015), respectively. LE is
long eccentricity, E is short eccentricity, O is obliquity and P is precession.

Doushantuo cyclicity Astronomical cyclicity
MS ARM Berger and Loutre Waltham (2015) Milankovitch
(1994) cycles
Wavelength Chronology Ratio Wavelength Chronology Ratio Period Ratio Period Ratio
(cm) (kyr) (cm) (kyr) (kyr) (kyr)
427 405.6 1 410 405.6 1 405.6 1 405.6 1 LE
- - - 136 134.5 3.0 123.9 3.3 123.9 3.3 E
85 80.7 5.0 - - - 94.9 43 94.9 43
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Fig. 12. Amplitude modulation analysis. (A) MS series is filtered at the interpreted precession wavelength. (B) ARM series is filtered at the interpreted precession wavelength.
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sediment accumulation rate is assumed to have remained con- with the results for the Johnnie Formation of the Death Valley
stant, the entire SE in South China is estimated to be region, North America (8.2 + 1.2 Myr; Minguez et al., 2015), and
9.1 £ 1.0 Myr in duration. Our estimate agrees, within uncertainty, the Wonoka Formation, South Australia (8.0 £ 0.5 Myr; Minguez
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and Kodama, submitted for publication). The similar durations
over the three continents supports a primary origin for the SE.

5.3. The onset age of the SE

Among the available age constraints for the SE, the U-Pb age of
551.1 £ 0.7 Ma obtained from an ash layer at the top of the black
shale of the Doushantuo Formation in the Yangtze Gorges area
has been regarded as the most robust estimate of the termination
age of the SE globally (Condon et al., 2005; Le Guerroué et al., 2006;
Fike et al., 2006; Zhu et al., 2007; Lu et al., 2013; Minguez et al.,
2015). A recent Re-Os date for the base of the black shale in the
Doushantuo Formation yields an age of 591.1 £ 5.3 Ma, suggesting
that the black shale was deposited at least over a 40 Myr period
(Zhu et al., 2013). This long depositional interval appears to require
an unreasonably low accumulation rate for such a lithology.
Besides, this Re-Os age of 591.1 + 5.3 Ma is questioned by Kendall
et al. (2015), who argue that post-depositional processes have
affected the reliability of the data. Hence, we prefer the U-Pb age
of 551.1 £ 0.7 Ma as the termination age of the SE.

Le Guerroué et al. (2006) suggest that the onset age of the SE is
ca. 600 Ma based on the SHRIMP U-Pb detrital zircon age of
609 + 7 Ma obtained from the Khufai Formation of the Huqf region,
Oman. If it is true, the duration of the SE would be ~50 Myr.
Although Le Guerroué et al. (2006) proposed a thermal subsidence
model to explain the prolonged duration of the SE in Oman, this

model is difficult to apply to other exposures of the SE given their
different depositional environments and varied stratigraphic thick-
nesses (Lu et al., 2013). In addition, the detrital zircon data can only
constrain the maximum onset age of the SE, hence the actual age
could be considerably younger. Neither the proposed origin of
the SE, including the oxidation of a large dissolved organic carbon
(DOC) reservoir (Rothman et al., 2003), nor the massive release of
methane hydrates (Bjerrum and Canfield, 2011) could accommo-
date a 50 Myr duration for the SE.

If we accept the 551.1 + 0.7 Ma as the termination age of the SE
and the ~9 Myr duration estimated from South China, North Amer-
ica and South Australia, the onset age of the SE would be ca.
560 Ma. In this scenario, the SE postdated the Gaskiers glaciation
(ca. 580 Ma; Halverson et al., 2005) and the first appearance of
the Ediacaran-type biota (ca. 575 Ma; Narbonne and Gehling,
2003), thus providing a robust chronostratigraphic framework for
evaluating the relationship between the SE and the evolution of
metazoans in Ediacaran time.

6. Conclusions

(1) Paleomagnetic study of the Doushantuo Formation at the
Dongdahe section in eastern Yunnan Province, South China
yields a paleomagnetic pole which lies close to the late
Mesozoic paleomagnetic poles for South China, indicating a
remagnetization. Detailed rock magnetic and SEM analyses
show that detrital PSD or small MD titanomagnetite grains
carrying the remanence have not been affected by the authi-
genesis and are able to record the orbitally-forced climate
cycles in the Ediacaran. We speculate that samples acquired
a stable thermoviscous remanent magnetization during the
late Mesozoic Yanshanian orogeny in the Cretaceous normal
polarity superchron in South China. But additional investiga-
tions are required for the magnetostratigraphy and paleo-
geography of the Doushantuo Formation.

(2) Multi-taper method spectral analysis of the MS and ARM
series of the Doushantuo Formation reveals significant spec-
tral peaks at predicted Ediacaran Milankovitch frequencies.
The sediment accumulation rate of the Doushantuo Forma-
tion is estimated to be 1.0 cm/kyr, which gives the entire
SE a duration of 9.1 £ 1.0 Myr. This duration is consistent
with the results from North America and South Australia,
reinforcing the suggestion of a primary origin for the SE.
Combined with available geochronologic data, the onset
age of the SE is suggested to be ca. 560 Ma, thus providing
a robust chronostratigraphic framework for evaluating the
relationship between the SE and the evolution of metazoans
in the Ediacaran.
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