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A robust stratigraphic framework for the Meso-Neoproterozoic transition is necessary for a better understanding
of evolutionary and environmental changes during this critical geological time interval. Given the limited
availability of radiometric and biostratigraphic data from late Mesoproterozoic to early Neoproterozoic strata,
chemostratigraphic correlations have been used to build this framework. To contribute to Proterozoic chemo-
stratigraphy, here we report new carbonate carbon isotope data from the Hunjiang Group in the Baishan area of
Jilin Province in North China. The carbon isotope data (average 3.00 %o + 1.15 %o, 1 SD), together with existing
detrital zircon constraints and microfossils, confirm a late Mesoproterozoic to early Neoproterozoic age of the
Hunjiang Group. Using the dynamic time warping algorithm, we then constructed a global chemostratigraphic
framework for the Meso-Neoproterozoic transition based on 613Ccarb data from the North China, Sao Francisco,
and Congo cratons. This exercise confirms the generally narrow range of 613Ccarb fluctuations in the late Mes-
oproterozoic but also substantiates a negative 5'°Ceqyp, excursion of notable magnitude (~9 %o) and of potential
global extent at ca. 1 Ga. This negative excursion, known as the Majiatun excursion, likely marks the Meso-

Neoproterozoic transition and the onset of the dynamic carbon cycle in the Neoproterozoic Era.

1. Introduction

The Earth experienced critical biological and environmental changes
at the Meso-Neoproterozoic transition, including important evolu-
tionary innovations in early eukaryotes (Xiao and Tang, 2018), the rise
of eukaryotes to ecological dominance (Brocks et al., 2017; Zumberge
et al., 2020; Brocks et al., 2023), changes in macronutrient supply
(Reinhard et al., 2017; Kang et al., 2023), and a transition from euxinic
to ferruginous mid-depth oceans (Guilbaud et al., 2015). To understand
these global changes and their underlying mechanisms, a robust tem-
poral framework for this critical interval is imperative. However, the
dearth of radiometric dates and index fossils from late Mesoproterozoic
to early Neoproterozoic strata has hindered the application of chrono-
and biostratigraphic correlations. Although several taxa have been

proposed as potential index fossils, including Cerebrosphaera (Cornet
et al., 2019) and Trachyhystrichosphaera aimika (Pang et al., 2020), their
applicability is limited because they are rarely preserved in carbonate
rocks, which constitute a significant portion of the late Mesoproterozoic
to early Neoproterozoic sedimentary record. Conversely, carbonate
carbon isotope (5*3Cearb) chemostratigraphy has long been validated as
a useful tool for stratigraphic correlation of Precambrian carbonate
rocks (Knoll and Walter, 1992; Halverson et al., 2005). However, as
carbonate carbon isotope compositions can be influenced by local bio-
logical, sedimentary, and diagenetic processes (Higgins et al., 2018;
Geyman and Maloof, 2019; Xiao et al., 2020; Geyman and Maloof, 2021;
Trower et al., 2024), a comprehensive assessment of global carbon
isotope signals requires chemostratigraphic data from multiple localities
worldwide to provide a reliable basis for building a solid correlative
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Fig. 1. Geological maps. (A) Paleogeographic reconstruction of the Rodinia supercontinent at ~1.0 Ga. Modified from Evans (2021). Locations of late Meso-
proterozoic to early Neoproterozoic sections mentioned in this paper are marked as 1-6. (B) Simplified geological map of China showing the location of the Baishan
region (red rectangle) in the North China Craton. Localities of late Mesoproterozoic to early Neoproterozoic sections are marked as 1 (Baishan), 3 (Dalian), and 4
(Huaibei). (C) Geological map of the Baishan region showing the sample location of the Hunjiang Group (red star). Modified from Zheng et al. (2023). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

framework. In addition, conventional chemostratigraphic frameworks
rely on visual interpretive correlations (Halverson et al., 2005), which
may introduce subjectivity and potential bias. To mitigate these issues,
the application of a dynamic time warping algorithm on carbon isotope
chemostratigraphic correlations can be used to achieve stratigraphic
correlations with statistical significance and reproducibility (Hay et al.,
2019).

Late Mesoproterozoic to early Neoproterozoic strata exposed along
the southeastern margin of the North China Craton (NCC) are crucial for
illuminating the global picture of the Meso-Neoproterozoic transition,
thanks to their minimal degree of metamorphic alteration, extensive
stratigraphic coverage, and exceptional preservation of both macro- and
microfossils (Yin, 1985; Dong et al., 2008; Xiao et al., 2014; Tang et al.,
2015; Tang et al., 2020; Li et al., 2023). Carbonate carbon isotope data
have been previously reported from late Mesoproterozoic to early
Neoproterozoic sequences in several localities of NCC, including the

Huaibei Group on the southern margin (Xiao et al.,, 2014), and the
Wuxingshan (= Wuhangshan) and Jinxian groups and Sangwon Super-
group on the eastern margin (Park et al., 2016; Zhang et al., 2021).
These data are important in establishing a comprehensive stratigraphic
framework for the Meso-Neoproterozoic transition. Conversely, while
the late Mesoproterozoic to early Neoproterozoic sequences (e.g., the
Hunjiang Group) in the northeastern part of North China are impressive
due to their significant thickness of carbonates and well-preserved mi-
crofossils in siliciclastics (Yin, 1987; Gao et al., 1995; Qiao et al., 1995;
Zheng et al., 2023), there is a scarcity of chemostratigraphic data in this
region, resulting in incomplete coverage of chemostratigraphic se-
quences in the NCC.

To address the knowledge gap of Meso-Neoproterozoic chemo-
stratigraphy in the northeastern part of North China, in this study we
obtained new §'3Ceqrp, data from the Hunjiang Group in the Baishan area
of southern Jilin Province. After integrating the Baishan data with
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Fig. 2. Lithostratigraphic columns, chronostratigraphic constraints, and §'3C_., profiles of late Mesoproterozoic to early Neoproterozoic carbonate sequences from
the North China, Sao Francisco, and Congo cratons. The chemostratigraphic data, from left to right, are from Zhang et al. (2021), Park et al. (2016), this study, Xiao
et al. (2014), Alvarenga et al. (2019), and Delpomdor and Préat (2013). The gray band marks the ca. 1.0 Ga Majiatun negative 613Ccaﬂ, excursion in the NCC and its
likely correlatives in the Sao Francisco and Congo cratons (see details in the discussion). 8'3Cearp values marked as red open circles are not included in the DTW
analysis since they are separated from the rest of the strata within the sequence by major depositional gaps. AM-authigenic monazite; AX—authigenic xenotime;
By-baddeleyite; DZ—detrital zircon; Kfs-K-feldspar; Zr-magmatic zircon. Two age constraints from the Shijia Formation in the Huaibei area and the Jangsusan
Formation in the Pyongnam area are marked with a question mark because they represent the youngest detrital zircon ages each based on only two zircon grains (see
main text for discussion). References for radiometric ages: (1) He et al. (2017); (2) Zhang et al. (2016); (3) Yang et al. (2012); (4) Zhao et al. (2020); (5) Peng et al.
(2011); (6) Hu et al. (2012); (7) Wen et al. (2020); (8) Su et al. (2021); (9) Zhu et al. (2019); (10) Zhang et al. (2022); (11) Lan et al. (2022); (12) Fu et al. (2015); (13)
Azmy et al. (2008); (14) Rodrigues et al. (2012); (15) Francois et al. (2023); (16) Delpomdor et al. (2013b). 8'3Ceay, data are included in Data files S1 and S2. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

existing 5'3C.ary data and radiometric dates from multiple areas in the
NCC, we used the dynamic time warping algorithm (Hay et al., 2019) to
build a relatively complete 5!°C record for the Meso-Neoproterozoic
transition in the NCC. Finally, using the same algorithm, we correlated
the NCC record with previously published §'3C data and geo-
chronometric constraints from the Sao Francisco and Congo cratons to
attempt a global chemostratigraphic correlative framework for the late
Mesoproterozoic to early Neoproterozoic Era (Fig. 1).

2. Stratigraphic settings and sample localities

The NCC, which was stabilized around 1.9 Ga (Kusky and Li, 2003;
Zhao et al., 2003; Zhai et al., 2015), is one of the most extensively
examined cratons globally. Multiple Proterozoic sedimentary basins
developed on the NCC from ca. 1.9 Ga to ca. 0.9 Ga (Zhai et al., 2015). At
ca. 1.1 Ga, siliciclastic and carbonate sediments started to accumulate in
the Xuhuai rift system along the southeastern margin of the NCC (Meng
etal., 2011; Su et al., 2020; Sun et al., 2020). The Xuhuai rift system was
later offset by the Triassic-Jurassic strike-slip Tan-Lu fault (Xu et al.,

1987; Zhu et al., 2005), and the late Mesoproterozoic to early Neo-
proterozoic sedimentary strata are now distributed in the Baishan,
Pyongnam, Dalian, Huaibei, Huainan, and Jiaolai areas (Fig. 1A-B).
Available radiometric ages indicate that Meso-Neoproterozoic suc-
cessions in the NCC discussed in this paper are ~1000 Ma in age or
slightly older (Fig. 2). In the Huaibei area, for example, in-situ carbonate
U-Pb dating of the Weiji Formation of the Huaibei Group gave ages of
1036 + 45 Ma and 1010 + 36 Ma (Lan et al., 2022), whereas the up-
permost sediments of the group are attributed to the Tonian period
(Yang et al., 2012; Zhang et al., 2016; He et al., 2017) (Fig. 2). Ages of
magmatic intrusions in Meso-Neoproterozoic successions in the NCC
typically fall within the range of 1000 and 900 Ma (Fig. 2), providing
minimum constraints on depositional age. The youngest detrital zircons
from these successions are mostly >1000 Ma, although those from the
Xingmincun Formation in the Dalian (Yang et al., 2012), the Shijia
Formation in the Huaibei area (He et al.,, 2017), and the Jangsusan
Formation in the Pyongnam area (Hu et al., 2012) can be younger, in the
range of 900-1000 Ma, suggesting an early Tonian age (Fig. 2). How-
ever, the Xingmincun Formation is at the very top of the Meso-
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Fig. 3. Field and petrographic photographs of the Wanlong and Badaojiang formations in the Baishan region. (A) Transmitted light photomicrograph of Alizarin Red
S or ARS-stained limey dolostone of the uppermost Wanlong Formation. (B) Transmitted light photomicrograph of ARS-stained silty limestone of the upper Wanlong
Formation, under cross-polarized light. (C) Molar tooth structures (red arrows) from the Wanlong Formation in outcrop view. (D-E) Transmitted light photomi-
crograph of molar tooth structures under cross-polarized light. (F) Transmitted light photomicrograph of ARS-stained limestone of the Badaojiang Formation. Un-
stained crystals are dolomite rhombs. (G-I) Stromatolites in the Badaojiang Formation. (G) Field photograph of stromatolite (red arrows). Yellow dashed lines denote
boundaries between columnar stromatolites and matrix sediment. (H) Transmitted light photomicrograph at lower magnification to better illustrate laminae in
stromatolitic limestone. (I) Transmitted light photomicrograph of ARS-stained stromatolitic limestone. Yellow dashed lines denote stromatolitic laminae that are
better discernable on hand samples. All transmitted light photomicrographs were taken under plane-polarized light except otherwise noted. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

Neoproterozoic succession, and the Shijia and Jangsusan ages are based
on only two zircon grains (Hu et al., 2012; He et al., 2017), raising
caution about these latter age constraints because of possible lead loss.

The sampled Baishan section is located in southern Jilin Province.
Here, a sedimentary sequence of late Mesoproterozoic to early Neo-
proterozoic age sits unconformably above the metamorphic basement of
the Mesoproterozoic Laoling Group and below the phosphatic
conglomerate of the early Cambrian Shuidong Formation (Bureau of
Geology and Mineral Resources of Jilin Province, 1988) (Figs. 1C and 2).
The sequence consists of, in ascending order, the Baifangzi Formation,
the Xihe Group, and the Hunjiang Group. The Xihe Group, including the
Diaoyutai, Nanfen, and Qiaotou formations, is dominated by quartz
sandstone, silty shale, and shale. The Hunjiang Group, which conform-
ably overlies the Xihe Group and is divided into the Wanlong, Badao-
jiang, and Qinggouzi formations in ascending order, is dominated by
limestone, silty limestone, dolomitic limestone, and black shale. Mi-
crofossils characteristic of late Mesoproterozoic to early Neoproterozoic
age, including Trachyhystrichosphaera aimika and Proterocladus antiquus,
have been reported from the Qinggouzi Formation (Zheng et al., 2023).
In this study, we focused on carbonate strata of the upper Wanlong
Formation and lower Badaojiang Formation, which outcrop in the
Baishan section. In the Wanlong Formation, the sampled interval tran-
sitions from silty/sandy to dolomitic limestone (carbonate mudstones)
(Figs. 2 and 3A-E). Molar tooth structures, which are composed of ho-
mogenous microsparitic calcite and show evidence of pre-compaction
cementation, are pervasive in the silty carbonate mudstones

(Fig. 3C-E). In the Badaojiang Formation, the sampled interval consists
of lime mudstone and stromatolitic boundstones (Figs. 2 and 3F-I).
Stromatolites in the Badaojiang Formation consist of dark- and light-
colored laminae, with the former typically composed of rhombic dolo-
mite crystals (Fig. 3G-H).

The depositional ages of the Xihe and the Hunjiang groups are
loosely constrained (Fig. 2). Detrital zircon data place a maximum
depositional age of 1147.3 + 9.08 Ma on the Qiaotou Formation, and
1137.4 + 9.84 Ma on the Wanlong Formation (Wen et al., 2020).
Additionally, the youngest detrital zircons from the Diaoyutai Forma-
tion in the Dalian area to the south yield an age of 1056 + 22 Ma (Yang
et al., 2012), and a diabase sill intruding the Qiaotou Formation of the
Xihe Group that underlies the Wuxingshan Group in the Dalian area has
been dated at 947.8 + 7.4 Ma (Zhao et al., 2020). Thus, the sampled
interval of this study can be broadly constrained between late Meso-
proterozoic to early Neoproterozoic based on available biostratigraphic
and radiometric data.

3. Methods

In this study, 85 carbonate samples were collected from the Wanlong
and Badaojiang formations of the Hunjinag Group at the Taipinghu
Outcrop, Baishan, Jilin, China (41°54'24.24'N, 126°18'09.26"EF)
(Fig. 1C). Standard petrographic thin sections were made and examined
on a Zeiss Axioscope Al microscope with an Axiocam 512 digital cam-
era, and an Olympus SZ16 microscope with a DP27 digital camera at
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Virginia Tech. Guided by petrographic observations, powders for
geochemical analyses were taken from freshly cut carbonate samples
using a Dremel microdrill.

3.1. Geochemical Analysis

Carbonate 5'3C and 5'0 measurements were conducted at Virginia
Tech on an Isoprime 100 Isotope Ratio Mass Spectrometer coupled to a
MultiFlowGEO headspace analyzer. For each sample, 0.4-0.6 mg of
powder was treated overnight with glacial phosphoric acid at 70 °C. The
evolved CO; was then analyzed on the mass spectrometer. Sample car-
bon and oxygen isotope compositions were normalized to the Vienna
Pee Dee belemnite (VPDB) scale. IAEA-CO-1 (8'3C = 2.492 + 0.030 %o,
8'80 = —2.4 + 0.1 %o), IAEA-CO-9 (5"3C = —47.321 + 0.030 %s, 5'%0 =
—15.6 + 0.2 %), and NIST NBS-18 (8'C = —5.014 + 0.035 %o, 5'%0 =
—23.2 4 0.1 %o) were used as carbon and oxygen isotope standards. The
precision of carbonate carbon isotope analysis was 0.14 %o (1 SD), based
on repeated measurements of IAEA-CO-1 (n = 8), IAEA-CO-9 (n = 8),
and NIST NBS-18 (n = 8). The precision of carbonate oxygen isotope
analysis was 0.49 %o (1 SD), based on repeated measurements of IAEA-
CO-1 (n = 8), IAEA-CO-9 (n = 8), and NIST NBS-18 (n = 8).

Elemental concentrations of Mg, Ca, Mn, and Sr were analyzed at
Virginia Tech on an inductively coupled plasma mass spectrometer (ICP-
MS). For each sample, approximately 0.1 g of powder was dissolved in
glacial acetic acid. After complete digestion, samples were centrifuged,
and the supernatant was separated. The supernatant was dried down

and redissolved in 1 % acetic acid, which was then analyzed for major
and trace element concentrations on a Thermo Electron iCAP-RQ ICP-
MS per Standard Method 3125-B (American Public Health Association
et al., 1998). The precision for Mg, Ca, Mn, and Sr concentrations is
better than 5 %.

3.2. Dynamic Time Warping

Dynamic time warping (DTW) is a dynamic programming technique
widely used to compare and align time-series datasets. In geosciences,
DTW has been applied to the alignments of paleoclimate records
(Lisiecki and Lisiecki, 2002; Hagen and Harper, 2023), secular paleo-
magnetic variations (Hagen et al., 2020), and carbon isotope chemo-
stratigraphy (Hay et al., 2019; Hagen et al., 2024; Hagen and Creveling,
2024). In this study, the algorithm by Hay et al. (2019) was used to align
chemostratigraphic data from the North China, Sao Francisco, and
Congo cratons.

To align a candidate sequence (yy,) to a target sequence (x,), an n X
m cost matrix containing all feasible pairings between data points from
these two sequences is constructed. The value of each element in the cost
matrix is determined by calculating the squared difference between a
data point in the target sequence and its corresponding data point in the
candidate sequence. The goal is to find an optimal path that matches
each index (m) from the candidate sequence to an index (n) in the target
sequence while minimizing the sum of the cost matrix across all m (Hay
et al., 2019). This algorithm employs two stratigraphically significant
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parameters to determine the optimal alignment: the edge and g pa-
rameters. The edge parameter regulates the extent of overlap between
the two sequences, with a higher edge value promoting a stronger de-
gree of overlap (Sakoe and Chiba, 1978; Hay et al., 2019). The g
parameter characterizes the similarity in sediment accumulation rates
between the two sections during the shared depositional interval, where
a value of g greater than one penalizes stretching and/or squeezing of
the candidate sequence (Sakoe and Chiba, 1978; Hay et al., 2019). Once
the two sequences are aligned, the cross-correlation at zero lag of the
overlapped interval, which equals the Pearson correlation coefficient, is
calculated when the overlap is >10 %. The statistical significance (p-
value) of the correlation is then evaluated by the t-test statistic. In this
study, alignments were calculated for all combinations of edge values
ranging from 0.01 to 0.25 with increments of 0.01 and g values ranging
from 0.98 to 1.01 with increments of 0.01. When comparing two sec-
tions, we explored two distinct scenarios. In each scenario, one section
was designated as the target sequence while the other served as the
candidate sequence. The alignment with the highest cross-correlation
value, after considering geologic constraints (e.g., radiometric dates,
depositional hiatuses, see sections 5.3 and 5.4 for details), was adapted
to build the stratigraphic framework.

In this study, late Mesoproterozoic to early Neoproterozoic 613Ccarb
data from Dalian of Liaoning Province (Zhang et al., 2021), Pyongnam of
North Korea (Park et al., 2016), Baishan of Jilin Province (this study),
and Huaibei of Anhui and Jiangsu provinces (Xiao et al., 2014) were
chosen for DTW analysis to construct a composite chemostratigraphic
sequence for the NCC, which is then aligned with 5'3Cear, data from the
Sao Francisco Craton (Alvarenga et al., 2019) and the Congo Craton
(Delpomdor and Préat, 2013) using DTW to obtain a global

chemostratigraphic sequence. To improve the accuracy of alignments,
the uppermost parts of the Dalian, Huaibei, and Congo sequences (i.e.,
the Xingmincun, Jinshanzhai, Gouhou, Blle, and Blla formations/
groups; see red open circles in Fig. 2), which are separated from the rest
of the strata within the sequence by major depositional gaps, were
removed before DTW analysis. Throughout the analysis, a sequential
correlation approach was employed. Each new sequence is correlated
with the aggregated sequence resulting from the previous correlation
step (e.g., the Pyongnam and Dalian sections can be aligned and merged
first, then the Huaibei section can be correlated with the newly aggre-
gated dataset that combines the Pyongnam and Dalian data).

4. Results

Geochemical data tables are provided in the supplementary material.
The 8'3Cearp, values of the Wanlong and Badaojiang formations at the
Baishan section are consistently positive and fall between 0 and 5 %o
(average 3.0 & 1.2 %o, 1 SD; Figs. 2, 4 and 5). From the Wanlong to the
Badaojiang Formation, the §'3Cc,y, values show a small-scale increasing
and then decreasing trend. The variation in 5'3Cearp is decoupled from
that of 880, which is mostly between —4 %o and — 8 %o in the
Wanlong Formation and between —8 %o and — 21 %o in the Badaojiang
Formation. For the Wanlong and Badaojiang formations, carbonate
contents and Mg/Ca ratios are consistent with the carbonate mineralogy
of the units. Mn/Sr ratios (average 1.1 &+ 1.0, 1 SD) are relatively low
throughout the measured section.

Late Mesoproterozoic to early Neoproterozoic 5'3Ccarp, chemostrati-
graphic records from North China, Sao Francisco, and Congo cratons
(Fig. 2) were correlated using DTW. The alignment between the
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Fig. 6. Chemostratigraphic correlations among sections from NCC (A), and with sections from Sao Francisco and Congo cratons (B), using dynamic time warping
(DTW). When comparing two sequences, the blue-colored sequence is the candidate sequence and the tan-colored sequence is the target sequence. After each
sequential alignment, the data from the target and candidate sequences are combined, and the combined sequence serves as the target sequence for the next round of
alignment. The numbers above and below the arrows are cross-correlation values and p values of the alignments, respectively. See Fig. 2. caption for sources of
radiometric ages. Arrows with a thin solid line represent ages within the target strata. Arrows with a thin dashed line represent ages above or below the target strata.
8'3Cearp data are included in Data files S1 and S2. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

Pyongnam and Dalian sequences yielded a maximum cross-correlation
value of 0.93 (p < 1le-10, g = 0.98, edge = 0.08; Fig. 6A). Subse-
quently, the alignment between the Huaibei sequence and the newly
merged dataset containing the Pyongnam and Dalian data produced a
maximum cross-correlation value of 0.82 (p < 1e-10, g = 0.98, edge =
0.11; Fig. 6A). Next, the addition of the Baishan data yielded a maximum
cross-correlation value of 0.92 (p < le-6, g = 0.98, edge = 0.04;
Fig. 6A). Finally, for the correlation between the North China Craton and
Sao Francisco Craton (the Vazante Group), an alignment with a cross-
correlation value of 0.74 (p < 1le-10, g = 1.0, edge = 0.22, Fig. 6B)
was selected (see discussion in section 5.4). For the alignment between
the North China Craton and Congo Craton (the Mbuji-Mayi Supergroup),
the cross-correlation value was not calculated because the overlap is less
than 10 % (Fig. 6B).

5. Discussion
5.1. Evidence for primary marine signals

Based on the available petrographic, paleontological, and
geochemical data, we argue that 5'%Cear, values from the Baishan
sequence reflect primary oceanic signals. First, the sampled carbonates
are mostly micritic limestones, with only minor dolomitization in some
samples (Fig. 3B, F, and G). Additionally, molar tooth structures, which
consist of homogenous calcite microspar thought to have precipitated
during early diagenesis from porewater in direct connection with
seawater (Kriscautzky et al., 2022), are abundant in the Wanlong For-
mation. The exceptional fossil preservation in the Qinggouzi Formation
(Zheng et al., 2023), which overlies the Badaojiang Formation, also
suggests low degrees of thermal maturity and diagenetic alteration.
Second, although there is a weak correlation between 613C6arb values
and Mg/Ca ratios (Fig. 5A-B), Slgccarb fluctuations, which can be driven
by dolomitization (Bold et al., 2020), do not coincide with the litho-
logical shift and the Mg/Ca change observed at the middle of the
Wanlong Formation (Fig. 4). Hence, 613Ccarb values are not primarily
controlled by carbonate mineralogy. Instead, the higher §'3Ce,y, values
of dolomitic limestone in the upper Wanlong Formation and lower
513Ccarb values of limestone in the Badaojiang Formation may reflect
secular changes of oceanic signals. Third, as diagenesis tends to enrich
Mn but deplete Sr (Brand and Veizer, 1980; Swart, 2015), the low Mn/Sr
ratios (<2) of the Baishan samples suggest minimal diagenetic alter-
ations (Kaufman and Knoll, 1995) (Fig. 4). This assessment is consistent
with the weak correlation between 613Ccarb values and Mn/Sr ratios
(Fig. 5C). Fourth, although slsocaﬂ, exhibits large variations, 613Ccarb
remains in a relatively narrow range, resulting in a rather weak corre-
lation between 613Ccarb and slsocarb (Fig. 5D, R = 0.44 for Wanlong
samples, R = —0.0027 for Badaojiang samples), and indicating that
8'3Cearp, is better buffered against diagenetic alteration than is 5'80carb
(Brand and Veizer, 1981; Lau and Hardisty, 2022). While additional
diagenetic evaluation of published late Mesoproterozoic to early Neo-
proterozoic 613C6arb data from North China, Sao Francisco, and Congo
cratons is beyond the scope of this paper, previous petrographic, pale-
ontological, and geochemical (i.e., Slgocarb, 875r/86Sr, Mn/Sr, Fe/Sr,
REE + Y) evidence suggests the preservation of primary oceanic signals
(Delpomdor et al., 2013a; Xiao et al., 2014; Park et al., 2016; Alvarenga
et al., 2019; Zhang et al., 2021).

5.2. Age constraints of the Baishan succession

The new chemostratigraphic data from the Baishan sequence, com-
bined with existing geochronological and paleontological data, suggest a
late Mesoproterozoic to early Neoproterozoic age of the Hunjiang
Group. The late Mesoproterozoic to early Neoproterozoic 8'>Ceayp, record
is characterized by consistently positive values with moderate variation
(mostly between 0 %o and 5 %) (Xiao et al., 2014). Therefore, 613Cwb
values (average 3.00 + 1.15 %o, 1 SD) recorded in the Wanlong and
Badaojiang formations are consistent with a late Mesoproterozoic to
early Neoproterozoic age (Fig. 4). This inference is also supported by
detrital zircon data (1147.3 £+ 9.08 Ma) from the underlying Qiaotou
Formation (Wen et al., 2020) and the occurrence of Trachyhystrichos-
phaera aimika and Proterocladus antiquus from the overlying Qinggouzi
Formation (Zheng et al., 2023); a bipartite network analysis of micro-
fossil assemblages indicates that the Qinggouzi Formation is best
correlated with the early Tonian Gouhou Formation from the Huaibei
Group (Zheng et al., 2023).

5.3. The carbon isotope record of the NCC

The new carbon isotope data from the Baishan strata were integrated
with existing data from Pyongnam (Park et al., 2016), Dalian (Zhang
et al., 2021), and Huaibei (Xiao et al., 2014) areas in the NCC for
stratigraphic correlation using DTW (Figs. 2 and 6A). To initiate this
process, we aligned and then merged the Pyongnam and Dalian data
because both capture a ca. -5 %o excursion at the top of the section. The
alignment with the highest cross-correlation value (0.93) was selected.
This choice is supported by the alignment of radiometric dates within
this framework and the absence of unrealistically large depositional
gaps in the merged chemostratigraphic sequence (i.e., data points
remained evenly distributed), given there is no evidence for large un-
conformities in the aligned sections. In the next step, the Huaibei
sequence was correlated with and incorporated into the newly merged
dataset containing the Pyongnam and Dalian data. Here again, we opted
for the alignment with the highest cross-correlation value (0.82),
following the same rationale as in the initial integration. As a result, the
~5 %o decreasing trend at the uppermost portion of the Huaibei
sequence was aligned with the descending limb of the negative excur-
sion identified in the Pyongnam and Dalian sequences. Based on the in-
situ U-Pb dating of early diagenetic microspar samples from the Weiji
Formation (1010 + 36 Ma) (Lan et al., 2022), this negative excursion
likely occurred at ca. 1.0 Ga. Finally, the Baishan sequence was inte-
grated into the dataset. The results show that this negative excursion is
not captured in our data, which come from the upper Wanlong and
lower Badaojiang formations. Instead, this negative excursion would
likely postdate the lower Badaojiang Formation. Thus, the upper
Badaojiang Formation should be a focus for future exploration of this
excursion in the Jilin area to better constrain the correlation between
the Baishan section and other sections in the NCC.

It is important to acknowledge that while we chose the alignment
with the highest cross-correlation value (0.92) for this integration, un-
certainties persist due to the dearth of radiometric dates and distinct
isotopic features in the Baishan sequence. As this correlation predicts
that the negative excursion would postdate the Wanlong Formation and
the lower Badaojiang Formation, the upper Badaojiang Formation
should be a focus for future exploration of this excursion in the Jilin area
to better constrain the correlation between the Baishan section and other
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Fig. 7. Alternative alignments between the Huaibei and Dalian sequences (A) and between the assembled North China sequence and the Sao Francisco sequence (B
and C). (A and B) These two alignments imply large depositional gaps in the Huaibei sequence and the assembled North China sequence. (C) This alignment fails to
match the negative excursion in the two sequences. 8'3Cqrp, data are included in Data file S2.

sections in the NCC. Other orders of sequential correlation have also
been tested but failed to produce meaningful alignments (see, for
example, Fig. 7A for aligning the Dalian and Huaibei sequences first).
This newly established, statistically significant integration unveils two
distinct phases of the late Mesoproterozoic to early Neoproterozoic
8'3Cearb record in the NCC (Fig. 6): an interval marked by relatively
moderate 8'3C variations with consistently positive values extending
over approximately 50 million years, followed by a moderate negative
excursion at the Mesoproterozoic and Neoproterozoic boundary (ca. 1
Ga).

5.4. A tentative global stratigraphic framework for the Meso-
Neoproterozoic transition

To construct a global stratigraphic framework for the Meso-
Neoproterozoic transition, we compared the newly integrated 613Ccarb
record of the NCC with §'3Cc,r, data from the Sao Francisco and Congo
cratons (Figs. 2 and 6B). Specifically, data from the Vazante Group
(Alvarenga et al., 2019) deposited near the western border of the Sao
Francisco Craton and the Mbuji-Mayi Supergroup (Delpomdor and
Préat, 2013) deposited on the Congo Craton were used for this exercise.
Both units have been assigned an late Mesoproterozoic to early Neo-
proterozoic age based on available radiometric dates, paleontological
evidence, and carbon and strontium isotope data (Delpomdor et al.,
2013a; Delpomdor and Préat, 2013; Baludikay et al., 2016; Alvarenga
et al., 2019; Caxito et al., 2019; Francois et al., 2023). Previous research
suggested a Neoproterozoic paleogeographic connection between the
NCC and the Sao Francisco and Congo cratons on the basis of similar
sediment provenance (Sun et al., 2020; Sun et al., 2022) and igneous
dikes of similar lithology and ages (Peng et al., 2011; Cederberg et al.,
2016; de Oliveira Chaves et al., 2019). However, paleomagnetic data
present a different view, showing that the NCC and the Sao Francisco
and Congo cratons were unlikely to have been paleogeographically

connected during this interval (Zhao et al., 2020; Evans, 2021). Given
that the paleomagnetic data provide more direct evidence of paleogeo-
graphic location, and that sediment provenance and magmatic data do
not necessarily demand unique paleogeographic reconstructions, we
argue that the compilation of 613Ccarb data from these three cratons
would likely give a global rather than local or regional picture of the late
Mesoproterozoic to early Neoproterozoic chemostratigraphy.

In contrast to the relatively straightforward alignments within the
NCC, the cross-basin comparison of data from the three cratons presents
greater challenges due to the potential influence on the 613Ccarb record
by local or regional processes in different cratons. When conducting
chemostratigraphic alignment between the NCC and the Sao Francisco
Craton, data were first normalized (i.e., subtracting the mean from the
raw data and then divided by the standard deviation) because the
Vazante Group has consistently lower 5'3C values compared with that of
the NCC. Normalization was necessary because the overall lower 5'3C
values could be driven by local or regional processes during or after
deposition. For instance, cross-shelf seawater 5'3C gradients, due to the
influx of remineralized organic carbon from intertidal creeks, have been
observed in the modern Great Bahama Bank (Geyman and Maloof,
2021). Additionally, the formation of authigenic carbonate during early
diagenesis can decrease the 5'°C values of bulk samples (Schrag et al.,
2013). Given the available radiometric dates, however, it is likely that
the negative carbon isotope excursions recorded in both cratons may
represent global signatures. To facilitate their correlation, we selected
an alignment with a cross-correlation value of 0.74 (Fig. 6B), and while
alignments with higher cross-correlation values were available, they
either resulted in large depositional hiatuses that were not supported by
sedimentary evidence (Fig. 7B) or failed to accurately match the ex-
cursions (Fig. 7C).

For the chemostratigraphic correlation between the NCC and the
Congo Craton, we propose that the most negative §'3C values within an
up-section increasing trend in the lower Mbuji-Mayi Supergroup
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Fig. 8. Compilation of carbonate carbon isotope data for the Neoproterozoic Era. Modified after Cox et al. (2016). The ca. 1.0 Ga negative excursion (Majiatun
excursion) identified in this study is likely the oldest negative excursion in the Neoproterozoic Era. 8'3Cqrp data are included in Data files S1-S3.

(specifically, the Blla — BIIc subgroups) capture the rising limb of the ca.
1.0 Ga negative excursion. Previous research suggested that the negative
values within the Blla — Bllc subgroups corresponded to the Bitter
Springs Anomaly (Delpomdor and Préat, 2013). However, available
radiometric dates indicate that the Blla — Bllc subgroups are older than
1006 + 13 Ma (Francois et al., 2023), thus predating the ca. 810 Ma
Bitter Springs event (Macdonald et al., 2010; Cohen et al., 2017; Hal-
verson et al., 2018). To accurately align the negative excursions, we used
an edge value of 0.005, a selection driven by the limited overlap be-
tween the two 8'3Cearp profiles. Additionally, the cross-correlation value
was not calculated for this alignment, because that the overlap between
the records was less than 10 % (Fig. 6B).

By consolidating data from these three cratons, we have established a
tentative chemostratigraphic framework for the Meso-Neoproterozoic
transition (Figs. 2, 6, and 8). This framework reaffirms the moderate
variability of the late Mesorpoterozoic 5!°C record, but also underscores
the possibility that the ca. 1.0 Ga negative 5'3Ceqrp, excursion, previously
described as the Majiatun excursion from the Dalian region in the NCC
(Zhang et al., 2021), could potentially be a global signal, given the
presence of this excursion across multiple cratons. We note, however,
that DTW can could force the correlation of local excursions as it is
designed to mathematically align chemostratigraphic signals (Hagen
and Creveling, 2024). Thus, while existing age constraints are consistent
with our favored alignment, future investigations are needed to obtain
higher-resolution radiometric dates across these three cratons to further
confirm that this excursion is a globally synchronous event. If
confirmed, the Majiatun excursion would represent a negative excursion
right at the Meso-Neoproterozoic transition and marks the onset of
Neoproterozoic carbon cycle volatility (Fig. 8). Given that the Majiatun
excursion occurs at the Mesoproterozoic and Neoproterozoic boundary,
it also holds the potential to serve as an important and useful marker of
the beginning of the Neoproterozoic Era.

6. Conclusions

Available radiometric, paleontological, and chemostratigraphic data
suggest that the Hunjiang Group at the Baishan area in North China is

10

late Mesoproterozoic to early Neoproterozoic in age. Integrating new
and existing 8'3C .y, chemostratigraphic data from the North China, Sao
Francisco, and Congo cratons, we constructed a chemostratigraphic
framework for the Meso-Neoproterozoic transition, using the dynamic
time warping algorithm. The framework confirmed the moderate vari-
ability of the 8'3Cearb record in the late Mesoproterozoic and suggested
the ca. 1.0 Ga Majiatun excursion as a potential global §'3Ceqr, che-
mostratigraphic feature, which is a different event from the Bitter
Springs Anomaly. This excursion likely marks the onset of the Neo-
proterozoic Era and the beginning of a more dynamic carbon cycle.
Supplementary data to this article can be found online at https://doi.
org/10.1016/j.palaeo.2024.112505.
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