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ABSTRACT

The Carboniferous-Permian Boundary (CPB) is a major stratigraphic boundary and a marker for global
stratigraphic correlation. However, the delimitation and global correlation of the CPB is hindered by
the erosion during the Late Paleozoic Ice Age. Several carbonate platforms show a negative carbon isotope
excursion (NCIE) in response to the CPB, which has great potential for the delimitation of this boundary.
However, the response of terrestrial profiles to the CPB is unclear, and the global synchroneity of this
NCIE is controversial. We studied a high paleolatitude section to evaluating the feasibility of the NCIE
for delimitating CPB. We used astrochronological analysis of the 340 m Gamma Ray log of the
Fengcheng Formation in Mahu Sag, Junggar Basin, northwest China, where the CPB may have been
recorded. We constructed a high-resolution chronostratigraphic framework for the Fengcheng
Formation, which precisely defines the chronostratigraphic attribution of the Fengcheng Formation as
the Gzhelian-Asselian, and confirms that the CPB is recorded in the Fengcheng Formation. In addition,
a global correlation of carbon isotope profiles revealed a negative excursion in terrestrial carbon isotope
profiles across the CPB, which is consistent with the characteristics of NCIEs in several marine profiles.
The similarity of the NCIE records supports their global synchrony and confirms that they can be used
to delimit the CPB in terrestrial sections. Combining the astronomical time scale and the carbon isotope
profile, we constrain the position of the CPB to the depth range of 4694.84-4703.56 m, with 4698.9 m as a
preliminary estimate of the CPB. This new astronomical timescale and the stratigraphic position of the
CPB enable the revision of the chronostratigraphic attribution of the terrestrial strata in the Junggar
Basin. Overall, our results contribute to studies of the Carboniferous-Permian global carbon cycle,
high-latitude glaciation, eustatic fluctuations, global volcanism, and their potential relationships.

© 2023 International Association for Gondwana Research. Published by Elsevier B.V. All rights reserved.

1. Introduction

response to the LPIA at high latitudes of the Northern Hemisphere
is unclear, and a transition model between glacial and interglacial

The Late Paleozoic Ice Age (LPIA, ~360-260 Ma) was the longest
Phanerozoic icehouse period and it provides a deep-time perspec-
tive for understanding the coupling of climate and glaciation as
well as possible future anthropogenic climate change (Fielding
et al., 2008; Isbell et al., 2003). The LPIA led to the growth and
shrinkage of the Gondwana ice sheets; however, the climatic
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periods has not yet been established, and therefore the coevolution
of climate and glaciation during the LPIA requires further investi-
gation (Buggisch et al., 2011; Fielding et al., 2008; Isbell et al.,
2003; Montafiez and Poulsen, 2013; Wang et al., 2021). Under-
standing the global climatic response to the LPIA is hindered by
the difficulty of stratigraphic correlation between different regions.
The Carboniferous-Permian Boundary (CPB, 298.9 + 0.15 Ma; cited
from the GTS2020 time scale) is defined by the first occurrence of
the conodont Streptognathodus isolatus in the S. wabaunsensis
chronocline (Aretz et al., 2020; Davydov et al., 1998; Cohen et al,,
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2021), which is a typical stratigraphic boundary and evidence for
global stratigraphic correlation. The growth of large ice sheets
and glacial and interglacial cyclicity during the Late Paleozoic Ice
Age (LPIA, ~360-260 Ma) led to frequent global eustatic and cli-
matic fluctuations, causing the exposure and erosion of Carbonifer-
ous sediments in several regions (Buggisch et al., 2011; Fielding
et al., 2008; Isbell et al., 2003; Montafiez and Poulsen, 2013;
Wang et al., 2021). Previous studies of terrestrial sections have
tended to use unconformities (e.g., in the Junggar Basin:
Buckman et al., 2004; He et al., 2018) and coal seams (e.g., in the
Ordos Basin: Kuang et al., 2020) to define the CPB. Thus, few
detailed studies have been conducted of the CPB, which hinders
its precise delimitation and global correlation. Previous research
has identified a negative carbon isotope excursion (NCIE) close to
the CPB in several continuous Carboniferous-Permian profiles
(e.g., Peters-Kottig et al., 2006), and this NCIE is potentially impor-
tant for delimiting the CPB. However, most previous studies have
focused on marine rather than on terrestrial records, and the global
synchroneity of the NCIE needs to be confirmed.

Stratigraphic age calibration methods based on astronomical
cycles have been widely used to establishment chronostratigraphic
frameworks (Hinnov, 2012; Strasser et al., 2006; Shi et al., 2019).
Astronomically-forced climatic cycles can be recovered using pale-
oclimate proxies and used to build a continuous high-resolution
time scale (Gong and Li, 2020; Shi et al., 2021; Ma et al., 2019).
Biostratigraphic and radioisotope chronology studies have con-
firmed that astronomical cycles are present in Paleozoic sediments
(e.g., De Vleeschouwer et al., 2017; Wu et al., 2018; Hinnov and
Diecchio, 2020). Because of its advantages for chronostratigraphic
age calibration, astronomical analysis provides a potentially pow-
erful tool for the high-resolution delimitation of the CPB.

The drill cores in the Late Paleozoic Fengcheng Formation in
Mahu Sag in the Junggar Basin provide a high-paleolatitude
deep-time perspective for studying the terrestrial stratigraphic
response to the CPB (Fig. 1). Previous studies in the Junggar Basin
tended to regard the unconformity between the marine basement
and the terrestrial strata as the CPB (e.g., Buckman et al., 2004; He
et al., 2018). However, several recent studies have suggested that
the CPB is preserved near the base of the Fengcheng Fm, and there-
fore that a continuous Carboniferous-Permian profile exists in
Mahu Sag (Gao et al., 2020; Huang et al., 2021; Wang et al,,
2022). However, the precise stratigraphic position of the CPB in
Mahu Sag has not been determined, and an unequivocal signature
of the CPB in terrestrial strata had yet to be determined. Here, we
present the results of a detailed astrochronological analysis and a
carbon isotope profile of the Fengcheng Fm in Mahu Sag, with
the objectives of producing a terrestrial record of the CPB and
potentially to provide new evidence for its delimitation. Our
results facilitate the correlation and comparison of Carbonifer-
ous-Permian stratigraphy and contribute to a better understand-
ing of the global climate response of the LPIA from the Late
Carboniferous to the Early Permian.

2. Geological setting

The Junggar Basin is a major superimposed basin in northwest
China (Fig. 1b; Cao et al., 2015; Cao et al., 2020). During the late
Paleozoic it was located within central Siberia at high northern lat-
itudes (~40°N) (Fig. 1a; Sengor et al., 1993; Wan et al., 2010). The
Junggar Basin is developed on Carboniferous basement and is a
remnant lake basin of the southeastern marine regression (Gao
et al., 2020). Mahu Sag is an extensional fault sag located in the
northwest part of the basin (Fig. 1b). It contains late Paleozoic to
Cenozoic terrestrial sediments and has experienced multiple stages
of tectonic deformation; thus, these sedimentary sequences have
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recorded the long-term tectonic and paleoenvironmental evolution
of the Kazakhstan Plate (Liu et al., 2017; Yu et al., 2018; Tang et al.,
2021a).

During the late Paleozoic, sediments from the provenance near
the central West Junggar accretionary orogen were continuously
supplied to the basin, resulting in the development of the Feng-
cheng Fm (Tang et al., 2021a). Due to strong tectonic activity the
depositional processes and stratigraphic correlation in Mahu Sag
are unclear (Yu et al,, 2018), and the exact chronostratigraphic
attribution of the Fengcheng Fm remains controversial. The main
part of the Fengcheng Fm comprises a continuous sequence of
multi-source, fine-grained sediments deposited in an alkaline lake
environment, including near-source clastic materials, chemical
sediments, and peripheral volcanic materials (Guo et al., 2021;
Tang et al., 2021b; Zhi et al., 2019). During the depositional period
of the Fengcheng Fm, the runoff from the northern and western
margins carried sediments into the sag and formed two deltas
(Fig. 1c). The western delta is dominated by siliciclastic deposits,
including sandy conglomerate, sandstone and siltstone, while the
northern delta is mainly composed of volcanic materials (Wang
et al., 2022). The center of the sag was mainly a semi-deep to deep
lake environment, where thick shale and calcareous shale are the
dominant lithologies and volcanic materials are less developed
(Fig. 1c, 2a). In Well MY1, the bottom of the Fengcheng Fm contains
multiple layers of basalt and tuff. The central part mainly com-
prises interbeds of shale and calcareous shale, with a high carbon-
ate content and containing alkaline minerals. The top part is
coarse-grained and the dominant lithologies are siltstone and
sandstone (Fig. 2a). The Fengcheng Fm developed a set of delta-
lacustrine deposits within a stable sedimentary environment with-
out obvious seismic interruption of the sedimentation. Thus, this
sedimentary sequence preserves a complete paleoclimatic and
paleoenvironmental record of a late Paleozoic terrestrial high-
latitude lake basin (Gao et al.,, 2020; Huang et al., 2021; Wang
et al., 2022).

3. Methodology
3.1. Samples and stratigraphic data

Natural Gamma Ray (GR) logging has been widely used in
astrochronological research (e.g., Falahatkhah et al, 2021; Jin
et al,, 2019; Wang et al., 2020a). Natural GR activity is determined
by the sedimentary concentration of radioactive minerals (U, Th,
K), which reflects variations in the mud and organic matter con-
tent. GR activity is generally higher in mudstones and lower in
sandstones and carbonates. Variations in the mud and organic
matter content may be driven by astronomically-forced climate
change, and thus GR logging is widely regarded as providing valu-
able sedimentary information and is one of the most sensitive indi-
cators for retrieving astronomically-forced climatic signals (Li
et al,, 2019a). Well MY1 is located within the sedimentary center
of Mahu Sag; it was drilled through the entire Fengcheng Fm and
contains a thick sedimentary sequence. A GR log for the depth
interval of 4520-4860 m within the shale sediments of Well
MY1 (Fig. 2a), covering the whole of the Fengcheng Fm, was used
for astrochronological analysis (Fig. 2a). The stratigraphic resolu-
tion of the GR series is 0.125 m.

We collected 90 core samples from the Fengcheng Fm of Well
MY1 for organic carbon isotope analysis which was conducted
according to the China National Standard (GB/T 18340.2-2010).
The sample depths ranged from 4577.67 m to 4754.8 m, with the
average sampling interval of 1.99 m. The lithology of this interval
is dominated by shale and calcareous shale. After grinding to pass
a 200-mesh sieve, sample powders were heated in a water bath
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Fig. 1. Overview of the study area. (a) shows the location of Junggar basin at ca. 300 Ma Paleogeographic map. The base map is from https://portal.gplates.org/. (b) Location of

Mahu sag in Junggar Basin. (c) Structural division of Mahu Sag and its periphery.

with 3 mol/L HCI to remove inorganic carbon, and then rinsed to
neutrality for carbon isotope analysis. The carbon isotope composi-
tion was measured using a Thermo Scientific (thermoelectric)
FLASH HT EA-MAT 253 IRMS, and the carbon isotopes were sepa-
rated and determined by gas chromatography-mass spectrometry.
The standard materials are IAEA-600 Caffeine and USG24 Graphite,
and the results are expressed according to the Pee Dee Belemnite
(PDB) standard. A parallel sample was added every 10 samples,
and the uncertainty of the analysis was within 0.2 %.. Sample pre-
treatment and analysis were conducted in the State Key Laboratory
of Petroleum Resources and Prospecting, China University of Petro-
leum (Beijing).

3.2. Time series analysis

Periodic components in the GR log were detected using wavelet
analysis (Torrence and Compo, 1998). Then, 80 m Locally Weighted
Scatterplot Smoothing (LOESS) was conducted to remove the long-
term trend (Fig. 2a). To determine the power of the periodic com-
ponents, the 27 multi-taper method (MTM) was used to conduct
power spectrum analysis (Thomson, 1982). Robust red noise anal-
ysis was conducted to identify any significant frequencies (Mann
and Lees, 1996). The Correlation Coefficient (COCO) were applied
to estimate the optimum sedimentation rate (Li et al., 2018a).
According to the study of Huang et al. (2021) in Fengcheng Fm,
the sedimentation rate evaluated by COCO ranging from 0.1 to
20 cm/Kyr with a step of 0.1 cm/Kyr, and 5000 Monte Carlo simu-
lations were conducted. In order to validate the results of COCO,

TimeOpt analysis was used to test sedimentation rates repeatedly
(Meyers, 2015). The sedimentation rate test ranges from 5 to
20 cm/Kyr with a step of 0.1 cm/Kyr, and 5000Monte Carlo simu-
lations were conducted. Evolutionary Fast Flourier Transform anal-
ysis was applied to characterize the temporal evolution of periodic
components of the GR series (Kodama and Hinnov, 2015). A Gaus-
sian filter was used to obtain the target astronomical cycle of the
data series (Paillard et al., 1996), and the filter bandwidth set to
0.002469 + 0.0002 (long eccentricity), 0.0064 ~ 0.0126 (short
eccentricity), 0.0282 + 0.0056 (obliquity) and 0.0524 + 0.0155 (pre-
cession). The above numerical analyses were performed using Acy-
cle 2.3 software (Li et al., 2019b).

3.3. Astronomical parameters for the early Permian (~300 Ma)

The current astronomical solution only covers the Mesozoic (0-
249 Ma), and no comprehensive astronomical solution has been
proposed beyond 250 Ma (Fang et al., 2017). However, due to Jupi-
ter’s stable orbit and huge mass, the 405-kyr-long eccentricity per-
iod is stable over most of geological time (Laskar et al., 2004, 2011).
Thus, the long and short eccentricity cycles were determined using
the La2004 orbital solution (Laskar et al., 2004). The target oblig-
uity and precession periods and their uncertainties at 300 Ma were
estimated according to Waltham (2015). The parameters show that
the theoretical ratios of the long eccentricity, short eccentricity,
obliquity, and precession cycles are approximately 21:6:1.8:1 at
300 Ma (Table 1).
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Fig. 2. Stratigraphy, lithology, and data series of well MY1. (a) Stratigraphy, lithology, and original gamma ray (GR) series. The sudden change at 4520 m of the GR series
derive from the twice measurements of the upper-part and lower-part data. (b) Detrended GR series and organic carbon isotope series. The orange line is the 80 m ‘Lowess’
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Table 1
Astronomical parameters at 300 Ma and cyclicities in GR series.
Term Target periodicity (kyr) GR series cyclicity in GR series cyclicity
(By Laskar et al., 2004; depth domain (m) in time domain (kyr)
Waltham, 2015)
Long eccentricity 405 40.48 405
Short eccentricity 125 11.49 117
95
Obliquity 35.5+29 3.59 37.2
Precession 21.7 £ 1.1 2.07 22.4
20.6 + 0.97
17.8 £ 0.77 174
17.66 £ 0.76 16.4
Ratio 21:6:1.8: 1 21:6:1.9: 1.1
Sedimentation rate (cm/kyr) / 10
4. Results such as bacteria and algae, with additional contributions from pol-
len and the detritus of terrestrial plants (Cao et al., 2020; Guo et al.,
4.1. Organic carbon isotopes 2021). Photosynthetic carbon sequestration by primary producers

can reflect changes in the carbon cycle (Hayes et al., 1999; Kump
The organic matter in the Fengcheng Fm is mainly type I, (Jiang ~ and Arthur, 1999). Thus, stratigraphic changes in §'*Corg within
etal., 2022), indicating that the source is mainly primary producers the Fengcheng Fm may reflect changes in the environment,
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including the biota. The 8'3C, record shows frequent changes
within the range of —27.87 %0 to —29.48 %o (Fig. 2b). Two negative
carbon isotope excursions (NCIEs) are evident in the profile. NCIE 1
is within the depth interval of 4697-4708 m, with the initial value
of —26.36 %0 and amplitude of 3.12 %.. The amplitude of NCIE 1 is
larger than that of NCIE 2 and it corresponds to the minimum value
within the entire §'3C,q profile. NCIE 2 is within the depth interval
of 4621-4644 m, within which §'3C,,, decreases gradually, with
frequent fluctuations superimposed, from the initial value of
—25.3 %o before attaining the final value of —28.1 %e.

4.2. Astrochronological analysis

The wavelet transform shows a continuous ~ 40 m periodicity
throughout the GR record (Fig. 3b), implying a relatively uniform
sedimentation rate. In addition, the power spectrum analysis
results indicate multiple spectral peaks that exceed the 95 % confi-
dence level (Fig. 3c); these dominant peaks have the following
wavelengths (in meters): 40.48, 14.93, 11.49, 3.59, 2.07 and 1.56,
and they correspond to the signals identified in the wavelet
transform.

The results of COCO analysis reveal the strongest correlation
from 9.6 to 10.1 cm/kyr, with a significance level < 0.01 for the null
hypothesis (Fig. 3d; Ho: no astronomical forcing). The TimeOpt
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result indicates that the optimum sedimentation rate is 9.9 cm/
kyr (Fig. 3e). The agreement between the COCO and TimeOpt
results suggests that the sedimentation rate of the GR series
is ~ 10 cm/kyr, which agrees with the results of Huang et al.
(2021). Consequently, the 40.48 m wavelength peak most likely
represents the 405-kyr long eccentricity signal. In the GR series,
the wavelength ratios of 40.48, 11.49 m, 3.59 m, and 2.07 m are
21:6:1.9:1.1, respectively, which is in excellent agreement with
the target astronomical ratios for 300 Ma (Table 1). These results
are convincing evidence for the presence of Milankovitch cycles
in the sedimentary record of the Fengcheng Fm.

The 405-kyr long eccentricity cycle is regarded as the most
stable astronomical cycle in the Phanerozoic and hence it can be
used as a ‘metronome’ to establish a time scale for Phanerozoic
strata (Laskar et al., 2004, 2011). Based on the interpretation of
the average sedimentation rate and astronomical cycles, the fre-
quency component centered at 1/40.48 m~! was extracted using
a Gaussian band-pass filter. This signal was then calibrated to the
405-kyr long eccentricity cycle. The power spectrum of the cali-
brated GR series provides strong evidence of astronomical cycles
with periodicities of 405 kyr, 117 kyr (short eccentricity), 37.2
kyr (obliquity), and 22.4 kyr, 17.4 kyr, and 16.4 kyr (precession)
(Fig. 4c). The evolutionary Fast Fourier Transform results show that
periodic signals are continuous within the time domain (Fig. 4c).
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= e 20% median-smoothed
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Fig. 3. (a) Detrended GR series. (b) Wavelet transform of GR series. The white shaded area shows cyclicities with wavelengths of ~ 40 m, ~14 m and ~ 4 m. Edge effects
become apparent in the area outside of the white line. (c) 2t MTM power spectra of selected GR series. Robust AR (1) model and different confidence levels show the
significant peaks, which are marked with the inverse of frequency. (d) COCO analysis: Correlation coefficient (upper), null hypothesis and Hy significance level (middle; Ho: no
astronomical forcing), and number of contributing astronomical parameters (bottom). The sedimentation rate test from 0.1 to 20 cm/kyr with steps of 0.1 cm/kyr. (e) TimeOpt
analysis: Pearson correlation coefficient for the precession amplitude envelope fit (rﬁnvelope), spectral power fit (rfmwer)' and combined envelope and spectral power fit (r?,pt). Ho:
no astronomical forcing. The sedimentation rate tested from 5 to 20 cm/kyr with a test step of 0.1 cm/kyr. The Monte Carlo simulations number of both COCO and TimeOpt were
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by dashed line.
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The spectral signal characteristics match those of the theoretical
astronomical period (Waltham, 2015; Table 1), which further sup-
ports our interpretation of the astronomical forcing of sedimenta-
tion. Consequently, we were able to obtain a floating astronomical
time scale (ATS) for the studied stratigraphic interval using the
405-kyr calibration result (Fig. 4a). This floating time scale reveals
nine long eccentricity cycles within the depth interval of 4520-
4860 m, with the duration of ~ 3.43 Myr. The late Paleozoic astro-
nomical cycles were established via depth-time tuning of the 405-
kyr long eccentricity cycle (Fig. 4b). The results of power spectrum
analysis in the time domain suggest that the following periodic
components are recorded in the Fengcheng Fm: the short eccen-
tricity period (~117 kyr), obliquity (37.2 kyr), and the precession
periods of 22.4 kyr, 17.4 kyr, and 16.4 kyr (Fig. 4c, Table 1).

5. Discussion
5.1. Age constraints

Multiple zircon U-Pb dating studies have been conducted on the
Late Paleozoic strata in Mahu Sag (Liu et al., 2019; Wang et al.,
2020b; Wang et al., 2022). The U-Pb chronology of Well X201, close
to Well MY1, was used to fix our floating time scale (Fig. 5, green
point; Wang et al., 2022). Well X201 is close to the northern delta
which is composed of an extensive set of tuff, basalt and tuffaceous
clastic rocks. However, it is difficult to achieve a complete litholog-
ical correlation between wells X201 and MY1, and therefore in this
study we used the combination of GR logging curve characteristics
combined with the lithology and grain size to align the two wells.
Under the constraint of sub-member boundaries, we observed
three typical features in the GR log for Well X201 within the depth
interval of 4863-4890 m, which are correlative with the depth
interval of 4840-4910 m in GR log for Well MY1 (Fig. 5a, b). More-
over, these intervals have similar lithological and grain-size char-
acteristics: finer-tuff-coarser-mud. Consequently, we consider
that the depth intervals of 4926-4944 m in Well X201 and

4895.69-4911.36 in Well MY1 contain the same tuff layer
(Fig. 5a, b). Based on the alignment of this layer, the age anchor
for Well MY1 was fixed at the boundary of the tuff layer
(4895.69 m). The basalt layer above this anchor was formed by a
brief eruption and its effect on the floating time scale needs to be
removed (Fig. 5b, blue dashed line). The age anchor is located
23.14 m below the basalt, and the spacing is roughly estimated
to be half the thickness of a 405 kyr cycle. Consequently, the posi-
tion of the age anchor in the time domain was determined, which
in turn fixed the floating time scale (Fig. 5¢). The ATS contains nine
long eccentricity cycles within the depth interval of 4520-4860 m
of the Fengcheng Fm in Well MY1, with the duration of 300.59-
297.16 Ma (£1.3 Myr). The uncertainty is derived from the error
bar of the zircon U-Pb age and the inaccuracy of the age anchor
position in Well MY1, where the former is much larger than the
latter.

5.2. Astronomical constraint on the Carboniferous-Permian Boundary

The CPB is defined as the conodont first appearance datum of
the isolated-nodular morphotype of Streptognathodus “wabaunsen-
sis” (Aretz et al., 2020; Cohen et al., 2021; Davydov et al., 1998).
Previous attempts to constrain the CPB were based mainly on bios-
tratigraphic and radioisotope ages. Dunn (2001) conducted a sys-
tematic study of the biostratigraphy of the Aidaralash Creek
stratotype in northern Kazakhstan, and characterized the biologi-
cal context of the CPB. Ramezani et al. (2007) obtained numerous
high-precision U-Pb zircon ages that constrained the position and
age of the CPB in the southern Urals (298.9 + 0.4 Ma), and the latest
GTS2020 time scale reduced the age error (298.9 + 0.15 Ma; Aretz
et al., 2020). Michel et al. (2015) revised the chronostratigraphy of
the Lodéve Basin, in southern France, based on U-Pb zircon ages of
tuff beds and constrained the age of the CPB. Previous studies in
the Junggar Basin have tended to define the unconformity between
the marine basement and the terrestrial Jiamuhe Fm as the CPB
(e.g., Buckman et al., 2004; He et al., 2018). However, several recent
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studies have suggested that the CPB is located within the continu-
ous sequence of deposits overlying the unconformity (e.g., Gao
et al,, 2020; Huang et al., 2021). Wang et al. (2022) reported that
the depositional age of the Fengcheng Fm was ~ 300 Ma, implying
it was the first stratum deposited after the Carboniferous. The pre-
sent study provides a more precise chronological constraint on the
CPB in the Junggar Basin and it revises the chronostratigraphic
attribution of the Fengcheng Fm. The ATS constrains the Fengcheng
Fm to the Gzhelian-Asselian, and preliminarily constrains the CPB
to the depth of 4698.83 m in Well MY1. The deposits of the Feng-
cheng Fm straddle the CPB and provide a valuable record of climate
change across the Carboniferous-Permian transition (Fig. 5).

5.3. Carbon isotope responses at the Carboniferous-Permian Boundary

Several carbonate platforms in China, such as the Yangtze plat-
form (e.g., the Kongshan and Zhongdian profiles) contain a NCIE at
the transition between the Gzhelian and Asseian (e.g., the Kong-
shan profile, Fig. 6d; Buggisch et al., 2011). These NCIEs were inter-
preted as the effect of meteoric diagenetic alteration on the
exposed carbonate platforms caused by a maximum in ice sheet
extent and sea-level decrease (Aretz et al., 2020; Buggisch et al.,
2011). However, several studies have suggested that the global cli-
mate warmed and that glaciers melted in the late Gzhelian, while
in the early Asselian the climate cooled and the Gondwana Glacier
expanded, causing global sea-level regression (Durante, 1995;
Phillips and Peppers, 1984; Montafiez and Poulsen, 2013). How-
ever, this is inconsistent with the foregoing diagenetic explanation.
In contrast, Haq and Schutter (2008) suggested that the global sea
level was at a high level during the transition between the Car-
boniferous and Permian. The Naging succession in south China,
which is considered to have been deposited within a deep-ocean
carbonate environment, also shows a sharp NCIE (Fig. 6e,
Buggisch et al., 2011). It has been attributed to the effect of sea-
level changes on deep ocean circulation, which in turn altered
the 8'3C of the deep ocean. Consequently, the NCIE in the carbonate
platforms of south China may not have been the result of changes
in sub-aerial diagenesis and further research is needed to confirm
their origin.

A similar negative carbon excursion has been observed in ter-
restrial carbon isotope profiles, implying that the NCIE may be of
global extent. Lu et al. (2021) reported a 8'3Coy NCIE from the
Gzhelian to Asselian in the terrestrial Shimenzhai profile
(Fig. 6¢). The NCIE is interpreted to represent a change in the iso-
topic composition of atmospheric CO, caused by the combined
effects of the movement of the North China Plate, Tarim Plate vol-
canism, and the Skagerrak-Centered Large Igneous Province. The
3'3Corg profile of Well MY1 in the Fengcheng Fm also records a
NCIE close to the CPB, identified by the ATS (Fig. 6b, NCIE 1), and
Wang et al. (2022) reported a similar NCIE in an integrated 8'3Ccar
profile of the Fengcheng Fm (Fig. 6a). There is no correlation
between the carbon and oxygen isotope records in the Fengcheng
Fm (Wang et al., 2022), which suggests that the carbon isotope
profile is a primary signal of the carbon cycle with minimal diage-
netic modification. Photosynthetic carbon sequestration by pri-
mary producers would preferentially fix atmospheric '2C,
resulting in carbon isotope fractionation (Hayes et al., 1999;
Kump and Arthur, 1999). The organic matter of the Fengcheng
Fm is mainly type II,, which is derived from a mixture of aquatic
algae and terrestrial plants, and the carbon isotope record reflects
changes in atmospheric CO, composition (Jiang et al., 2022; Ding
et al., 2017). Thermal degradation of organic matter can lead to a
decrease in the total organic carbon content, causing an enrich-
ment of the §'3C of the residual organic carbon (Hayes et al.,
1999); however, this process would not affect the trends of §'3Corg
records (Des et al., 1992). Although differences in timing and mag-
nitude may exist, the §'3Corg and 8'3Cea, excursions in the Feng-
cheng Fm appear to record the same event. After compiling all
the 5'3C,,q profiles, the existence of a global NCIE from the Gzhe-
lian to the Asselian was confirmed, which is characterized by a
continuous negative excursion following a brief positive excursion,
after which the §'3C composition became heavier. This NCIE is reli-
able evidence for constraining the position of the CPB. The coupled
negative excursions of 8'3C,yp, and 3'3C,,; may represent a change
in the isotopic composition of atmospheric CO,. Thus, NCIE 1 is
likely to be the result of volcanic activity releasing mantle-
derived CO, into the atmosphere, which is consistent with the
interpretation of Lu et al. (2021). Our ATS-based estimate of the
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duration of NCIE 1 is 425.23 kyr, representing the impact of vol-
canic activity on the carbon cycle.

Although ocean-atmosphere interactions link the terrestrial
and marine carbon cycles, the corresponding carbon isotope sig-
nals can be substantially different depending on various factors
(Diefendorf and Freimuth, 2017; Nordt et al., 2016). In some stud-
ies, the carbon isotopic composition organic carbon and terrestrial
plant biomarkers has been shown to vary between rainy and dry
seasons (Marwick et al., 2014; Ponton et al., 2014). This appears
that the fractionation of 3'3C,, in these regions are mainly regu-
lated by local water availability, while the influence of global
pCO, seems less significant. During plant carbonization caused
by wildfire events, the cellulose degrades earlier than lignin in
wood, which results in a decrease in the overall 5'3C value
(Czimczik et al., 2002). The thermal metamorphic stage of Coalifi-
cation during diagenesis can lead to an increase the §'>C composi-
tion of decaying plants by about 0.5 % (Fang et al., 2014). In
Fengcheng Fm, Changes in the source of the organic matter may
have a limited effect on the 813C0rg record of the Fengcheng Fm.
This negative carbon isotope excursion has the consistent ampli-
tude of ~ 5 %0 in the Fengcheng Fm, Kongshan succession, and Naq-
ing succession. However, the amplitude of this excursion in the
Shimenzhai profile is smaller (3 %0), which may be the result of
various local factors affecting organic carbon burial. In addition,
an inadequate sampling density would lead to a low-resolution
or degraded 5'3C signal (Fig. 6¢, d, f), increasing the difficulty of
global correlation. Hence, higher resolution C-isotope profiles are
needed to further investigate the NCIE.

5.4. Constraining the Carboniferous—-Permian Boundary in Well MY1

In this study of Well MY1 in the Fengcheng Fm we have con-
strained the CPB to the depth of 4698.83 m, and assigned an abso-
lute age using our ATS, while the depth of 4697.28 m is indicated
by the carbon isotope stratigraphy. The depth offset of these two

estimates is 1.55 m (Fig. 7). And determining the exact position
of the CPB in the Junggar Basin requires further investigation.
The uncertainty of the stratigraphic position of the CPB is the result
of three factors: the astronomical time scale, the age anchor, and
the NCIE.

Astronomical cycles have been shown to influence Earth’s cli-
mate via their control on ice sheet expansion and contraction,
eustatic fluctuations, land-ocean water exchange, and the migra-
tion of climate zones (Li et al., 2018b; Lisiecki and Raymo, 2005;
Liu et al., 2015; Wang et al., 2004). The origin of the astronomical
signal in the GR series of the Fengcheng Fm likely to be the astro-
nomical forcing of shifts in climatic zones, which led to periodic
changes in regional monsoon intensity and runoff to the Junggar
Basin, which turn controlled the input of clay minerals. Ice sheets
are a potential amplifier of the astronomical forcing of climate
change at high latitudes, resulting in a more prominent astronom-
ical signal in the GR record (Fang et al., 2017). The low Hy signifi-
cance level in the COCO results and the agreement between the
sedimentation rate estimated in this study with that of Huang
et al. (2021) indicate that astronomical signals are accurately pre-
served within the GR log of Well MY1.

The age anchor is based on the U-Pb age of tuff at the depth of
4923.7 m in Well X201 (Wang et al., 2022). The U-Pb age is derived
from 32 zircon grains, almost all of which were euhedral and semi-
euhedral crystals with obvious oscillating rings, indicating their
magmatic origin. These features demonstrate the reliability of this
U-Pb age. The anchor was precisely transferred from Well X201 to
Well MY1 based on the comparison of the subdivision boundaries
of the Fengcheng Fm, the GR logs, and the lithological boundaries
of the two wells. Based on the U-Pb age and its uncertainty, and
the time-depth conversion relationship, the CPB was constrained
to the depth range of 4563.5-4821.9 m (Fig. 7).

Two NCIEs are evident in the 613Corg profile within the above-
mentioned interval (Fig. 7c). NCIE 1 has the same characteristics
as those of previously reported profiles and is consistent with the
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8'3Cear, profile (Fig. 6). NCIE 2 has frequent fluctuations with
numerous single sample negative excursions, indicating that the
event was likely caused by changes in the source of sedimentary
organic matter. Within the depth interval of 4563.5-4821.9 m
the probability of the presence of the CPB at each depth follows a
normal distribution, which is the same as that of the U-Pb age
uncertainty. Probabilistically, NCIE 1 is more likely to be the NCIE
corresponding to the CPB. In NCIE 1, the upper and lower sampling
depths of the maximum negative excursion point are 4694.84 m
and 4698.82 m, respectively, constraining the CPB to float within
the range of 3.98 m. Previous studies have found that paleoclimate
proxies have different responses and sensitivities to astronomical
forcing (Li et al., 2019b; Ma and Li, 2020). Based on a study of Oli-
gocene deep-sea deposits, Zachos et al. (2001) found a lag between
astronomical forcing and ocean carbon burial. Compared with the
theoretical astronomical period (La2004 time scale), the 405-kyr
periodicity extracted from the deep-sea carbon isotope record
has the phase lag of ~ 10 %-15 %, which may be attributed to
the long residence time of carbon in the ocean (~10° yr). The rel-
atively uniform lithology during NCIE 1 implies a stable lacustrine
environment and a uniform carbon burial process. In such a lake
environment, a similar lag should exist in lake carbon burial. Here,
we assign the maximum uncertainty of 50 kyr based on the max-
imum ocean carbon burial lag. Considering the carbon burial lag
effect in lakes and the floating limit of the CPB, we finally con-
strained the CPB in Well MY1 to the depth range of 4694.84-
4703.56 m (Fig. 7). The CPB delimited by the ATS (4698.83 m)
was taken as a preliminary estimate.

6. Conclusions

In this study of the Late Paleozoic Fengcheng Fm in the Junggar
Basin we have determined the response of terrestrial carbon iso-
topes to the Carboniferous-Permian Boundary, which confirms

the global synchrony of this response. Our results provide new evi-
dence for the stratigraphic delimitation of the Carboniferous—Per-
mian Boundary in terrestrial environments, and they provide a
basis for subsequent stratigraphic correlation and comparison.
Our main conclusions are as follows:

(1) The high-resolution astronomical time scale indicates nine
405-kyr long eccentricity cycles within the depth interval
of 4520-4860 m in Well MY1 of the Fengcheng Fm, with
the duration of 300.59-297.16 Ma (+1.3 Ma). This new
chronostratigraphic frame constrains the Fengcheng Fm to
the Gzhelian-Asselian and provides a revised chronostrati-
graphic attribution of the terrestrial strata in the Junggar
Basin. The Carboniferous-Permian Boundary is confirmed
to exist in the Fengcheng Fm deposits.

(2) Comparison of carbon isotope profiles revealed a negative
carbon isotope excursion at the transition between the
Gzhelian and Asselian, characterized by a continuous nega-
tive excursion following a short positive excursion, after
which the §'3C composition became heavier. This event is
evident in both the §'3Cory and §'3Ce,yp, profiles and it has
the duration of 425.23 kyr. This event represents a change
in the atmospheric CO, isotope composition and it can be
used to delimit the CPB.

(3) The accuracy of the astronomical time scale, the age anchor,
and the NCIE are verified, allowing the position of the CPB in
MY1 to be determined. Based on the sampling interval of the
813Cearp profile, the CPB was determined to be floating within
the depth interval 3.98 m. A maximum uncertainty of 50 kyr
was assigned based on the lag in ocean carbon burial. Based
on the various uncertainties, the CPB is constrained to the
depth interval of 4694.84-4703.56 m in Well MY1, and its
position as determined by ATS (4698.83 m) is taken as a pre-
liminary estimate.
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