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Abstract

Reports of decimeter-scale eukaryotic fossils and oxygenation events in the Gaoyuzhuang
Formation (~1.56 Ga, North China Craton) have provided valuable insight into potential links between
life and the environment during the early Mesoproterozoic. However, the detailed nature of this
relationship remains unclear, partly due to limited basin-wide stratigraphic framework. Here, we
present high-resolution carbon isotope composition of carbonate and organic matter (§*3Cern and
8%3Corg) profiles from two fossil-hosting sections, representing shallow and deeper water settings, to
calibrate the timing of marine oxygenation and eukaryotic evolution, and to reveal coeval carbon cycle
dynamics. Our high-resolution data display a relative dynamic 63C.arp pattern with four perturbations
in the Gaoyuzhuang members IlI-IV and build up a causal link between oxygenation and eukaryotic
evolution during the second perturbation. The 8%3C..p values exhibit a narrow range, but a distinct
~2.5%o isotopic gradient exists between shallow and deeper water during the third perturbation. By
contrast, 63C,r, values reflect a more stable, but larger, isotopic gradient (~7%.), implying decoupling
of the carbon isotopic system. We propose that the §'*Cors compositions of shallow and deeper waters
were controlled by specific microbial communities in a redox-stratified water column and a larger
deep-ocean DOC reservoir, whereas 8§3Cerb sensitivity was buffered by a large DIC reservoir. Our
modeling also highlights that the coeval oxygenation events were able to drive the observed short-
term 8%3C.arp gradient during the third perturbation. Our findings reveal positive feedback between
eukaryotic evolution and environmental changes, with implications for understanding

Mesoproterozoic carbon cycle dynamics and paleo-redox conditions.

Key words: Mesoproterozoic, life-environment coevolution, carbon isotope, chemostratigraphy, North

China craton
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Highlights

® Two 8%C.mreference curves from fossil-hosting sections are established.

® A redox-stratified water column induced an ~7%o 83Cor gradient in the ocean.

® The sensitivity of shallow water §*Cc.r, was likely buffered by a large DIC pool.

® Remineralization of the deep-water DOC pool induced an ~2.5%o §3Cpc gradient.

® (O, concentrations at ~1.56 Ga drove the evolution of early large-scale eukaryotes.
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1. Introduction

The composition of inorganic (§Cern) and organic (8'3Corg) carbon isotopes in the ocean is
influenced by a variety of environmental factors, such as weathering, atmospheric CO, concentration,
the burial rates of carbonate minerals and organic carbon, and microbial processing (Hollander and
McKenzie, 1991; Romanek et al., 1992; Bartley and Kah, 2004; Oehlert et al., 2012). These factors could
influence the biological fixation of CO, by photosynthetic organisms, either directly by altering carbon
availability or indirectly through changes in ocean chemistry and nutrient cycling. Therefore,
reconstructing 6°C compositions in the ancient ocean can provide crucial insight into carbon cycle
dynamics and biogeochemical change over geological time (Kump and Arthur, 1999; Hotinski et al.,
2004; Ahm and Husson, 2022). Between the two intervals of significant carbon isotope instability
associated with planetary oxygenation in the Paleoproterozoic and Neoproterozoic (Hoffman et al.,
1998; Bekker and Kaufman, 2007; Bekker et al., 2008; Johnston et al., 2012), the §3Ccar, record during
the mid-Proterozoic (~1.8-0.8 Ga) has until recently been considered to reflect a state of long-term
stability, with values of ~-3%o to +3%0 documenting relative environmental and biospheric stasis over
this billion-year interval (e.g., Buick et al., 1995; Brasier and Lindsay, 1998; Bartley and Kah, 2004).
However, detailed studies of carbon isotope systematics during the Mesoproterozoic are rare, which
precludes a full understanding of the operation of the carbon cycle and potential links to

environmental and biological evolution during this immense interval of time.

Recent reports of decimeter-sized multicellular eukaryotes from Member Ill of the Gaoyuzhuang
Formation on the North China Craton (NCC), as well as geochemical analyses of oceanic redox changes,
have unveiled a more dynamic environmental and biological perspective during the early

Mesoproterozoic era (~1.56 Ga) than previously envisaged (e.g., Zhu et al., 2016; Zhang et al., 2018;
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Shang et al., 2019; Luo et al., 2021; Xu et al., 2023). However, although geochemical studies have

implicated enhanced environmental oxygenation as a driver for the evolution of the Gaoyuzhuang

macrofossils, their ultimate relationship remains ambiguous. This is because detailed geochemical

studies on precise fossil-bearing sections are largely absent, and a reliable stratigraphic correlation

between different study areas across the Yanliao basin during the Gaoyuzhuang period has not been

constructed. Furthermore, the operation of the oceanic carbon cycle at this time, which is closely

linked to the evolution of the marine ecosystem and surface environments, remains poorly constrained

(e.g., Guo et al., 2013; Luo et al., 2014).

To address these issues, we report two high-resolution carbon isotope profiles from members llI

and IV of the Gaoyuzhuang Formation, with a focus on both carbonate and organic carbon isotopes.

Importantly, our sections represent two macrofossil-bearing localities (the Qianxi and Kuancheng

sections), allowing us to calibrate the relationship between eukaryotic evolution and environmental

oxygenation. In addition, the two sections document shallow and deeper water facies, providing an

ideal platform to reconstruct the operation of the carbon cycle across this critical interval of biological

evolution, from both a temporal and spatial perspective.

2. Geological background and depositional setting

2.1 Geological background

After a prolonged period of extensional tectonic activity that formed a NE-trending rift basin in

the Yanliao area during the late Paleoproterozoic, the North China Craton became tectonically stable

during the Meso-Neoproterozoic, with widespread deposition of carbonates in a stable epicontinental

sea (Fig. 1A, B; Chu et al., 2007; Lu et al., 2008). The Gaoyuzhuang Formation is the first formation of
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the Mesoproterozoic Jixian Group, which has a regionally disconformable contact with the underlying

Dahongyu Formation, reflecting tectonic uplift in the late Paleoproterozoic, and is conformably

overlain by the widespread marine red beds of the Yangzhuang Formation (Lu et al., 2008; Zhu et al.,

2022).

The carbonate-dominated Gaoyuzhuang Formation is commonly divided into four lithological

members based on sedimentology and inferred shallowing-upward sequences of stratotype section in

Jixian area (Fig. 1C). In general, Member | is characterized by the basal conglomerate or ripple-marked

shoreface sandstones that transition into cherty dolomicrite, with intercalated clay-rich and

stromatolitic dolomicrite in the middle to upper parts. Member Il includes Mn-rich sediments,

dominantly consisting of thin, planar beds of Mn-rich dolomicrite and siltstones in the lower part,

followed by a transition to massive Mn-rich dolosparite in the upper part. The lower part of Member

Il records a regional marine transgression from shallow subtidal to deeper shelf conditions,

approaching or even below storm wave base. The upper part of Member lll, which is dominated by

massive bedded carbonates and columnar stromatolites, documents a marine regression and a return

to subtidal depositions. Member IV comprises thick, coarse-grained stromatolitic dolostone and an

overlying unit of dolomicrite with chert nodules. However, the sedimentary characteristics of different

Gaoyuzhuang localities have been influenced by rifting in the basin and the specific depositional setting

(Fig. 1D), which we describe in detail in the following section.

The geochronological framework for the Proterozoic sequence in the NCC has been well

established, although additional high-precision geochronology is required. For the Gaoyuzhuang

Formation, a tuff layer intercalated with sediments of the lower part of Member lll in the Jixian region

yielded a zircon U-Pb (LA-ICP-MS) age of 1577 £ 12 Ma (Li et al., 2010). Additionally, zircon U-Pb ages
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of 1560 + 5 Ma (LA-ICP-MS) and 1559 + 12 Ma (SHRIMP) have been reported from a tuff bed in the

upper part of Member Il in Yanging County (Li et al., 2010; Tian et al., 2015). A recently obtained tuff

U-Pb age of 1588.8 + 6.5 Ma from the upper part of Gaoyuzhuang member Il in the Qianxi section

specifically provides a constraint on the age of the Gaoyuzhuang macrofossils (Chen et al., 2024). These

ages suggest that deposition of Gaoyuzhuang Member Ill spanned ~15 million years.

A variety of eukaryotic fossils have been reported from the Gaoyuzhuang Formation, particularly

for Member llI (Fig. 1C). For example, the most striking decimeter-sized carbonaceous macrofossils

occur in the lower part of Gaoyuzhuang Member Il in the Qianxi section, displaying an unusual degree

of morphological complexity for the Mesoproterozoic eukaryotes (Zhu et al., 2016; Chen et al., 2023).

In addition, carbonaceous fragments of fossils, which preserve multicellular structures, have also been

found in the Kuancheng section (Zhu et al., 2016).

2.2 Depositional setting of the study sections
The sedimentary distribution of the Gaoyuzhuang Formation was controlled by the Yanliao fault-
depression basin, leading to a large variability in stratigraphic thickness of between ~80 to ~1990 m

(Zhu et al., 2022). Our researcb

The Qianxi and Jixian sections are considered to represent the accumulation center of the basin
during Gaoyuzhuang deposition, as they are characterized by the largest stratigraphic thickness of over
1500 m. The basal Gaoyuzhuang Formation in Qianxi is characterized by ~4 m of conglomerate, with
an unconformity above the ferruginous weathering crust of the upper Dahongyu Formation. Here,
Member Il is dominated by dolostones, with a series of sedimentary cycles controlled by coeval sea
level change. The lower part of Member Ill in here characterized by a medium - thin bedded dolomite
with a few greenish siltstone interbeds. These carbonate deposits alternately show storm-agitated
deformation structures and parallel bedding (Fig. 2A), showing that the depositional setting
transitioned between middle and outer subtidal environments, close to or above the storm-wave base.

The decimeter-sized macrofossils were discovered in two layers of dolostone at a depth of ~225m in
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the profile, roughly corresponding to the third sea level rise in the Gaoyuzhuang Formation (Fig. 2B).
The macro-carbonaceous fossils are highly compressed and covered by a thin bed of calcareous mud,
probably introduced by a large storm event (Zhu et al., 2016; Chen et al., 2023). The carbonates in
Gaoyuzhuang Member IV are dominated by the massive-bedded cherty and stromatolitic dolomites
with a well-developed teepee structure, indicating the depositional setting returned to shallow water
with long-term evaporation (Fig. 2C and D). Similarly, Member llI-1V of the Gaoyuzhuang Formation in
Jixian section cover about 900 m, although some intervals are covered. The boundary of Member I
and Member Il in the Jixian section is marked by a transition from thick-bedded Mn-rich carbonate to
medium-thickness limy dolostone. Above this, the lower part of Member Il preserves a ~2m interval
of nodule limestones, suggesting that the depositional setting was below the storm-wave base and
deeper than that of the Qianxi section. A 6§*C.n negative excursion, reaching to -3%o, has been
reported above the nodule limestone horizon (Zhang et al., 2018). At the boundary of Gaoyuzhuang
Member Ill and Member IV in the Jixian section, a set of molar-tooth structures and crystal fan are
observed, indicating a unique seawater chemistry at the time in this area (Fang et al., 2022; Liu et al.,
2023). Similar to the Qianxi section, the sedimentary facies of Member IV are featured by the thick

stromatolitic dolostones with chert nodules, indicating a sea-level fall.

Compared to the Qianxi and Jixian section, the sedimentation rate in the Kuancheng area was
much lower, with only ~400 m of sediments for Gaoyuzhuang members llI-IV. The basal Gaoyuzhuang
Formation conformably overlies thick-bedded sandstones of the upper Dahongyu Formation,
suggesting water depths in this area were deeper, which is also supported by the lithologies present
and higher organic matter contents (Fig. 3). The boundary between Member Il and Member Ill is
characterized by a transition from banded Mn-rich dolostone with ripple mark structures, to nodular
limey dolostone intercalated with limey mudstones and shales, indicating deepening of the water
depth, perhaps to below storm-wave base for the lower part of Member lll. Fossil fragments with
delicate multicellular structures have been found in thin-bedded dark grey muddy limestones from the
lower part of Member Il (Fig. 3B, ~0 m). Member IV in Kuancheng is composed of thick bedded to
massive cherty dolosparite, representing a sea level regression to a shallower environment, similar to

that seen in the Qianxi section.

In conclusion, Member Il of the Gaoyuzhuang Formation in the Qianxi section deposited in a
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relatively shallow shelf environment, mostly in a shallow-middle subtidal setting close to or above
storm-wave base. For the Kuancheng section, where the lower part of Member lll is charactered by
organic-rich, thin-bedded carbonates and shales, deposition occurred in a deeper, low-energy
environment, likely in a slope or basinal setting when the largest transgression occurred. Member IV
in both sections documents a shallower depositional setting, characterized by massive cherty and

stromatolitic dolostones.

3. Materials and methods

We collected 308 carbonate samples from Gaoyuzhuang members Il and IV in the Qianxi section,
covering approximately 1000 m of stratigraphy. Additionally, 30 samples were taken from the main
macrofossil-hosting horizon in the same area, which is ~70 cm thick. A further 340 samples were
collected from upper Member Il to the lower part of Member IV in the Kuancheng section, covering
approximately 400 m of stratigraphy. All samples were analyzed for §3Ccar, While 149 samples from
the Qianxi section and 106 samples from the Kuancheng section were additionally analyzed for total
organic carbon (TOC) concentrations and §*C,,. These data are supplemented by new TOC and 8§%Cor,
analyses of 92 carbonate samples with relatively high TOC contents from members Ill and IV of the

Jixian section, where 8%3C..i» Were previously reported by Luo et al. (2021).

All carbonate samples were cut to remove weathered surfaces and then powdered using an agate
mortar prior to analysis of 8%Ceam, 620, 8Corg and TOC contents. For 63Cca, and 60 analyses,
approximately 0.1 mg of whole rock powdered sample was reacted with 105% dry H3PO4 at 70°C on
the Kiel IV carbonate device to ensure complete conversion of carbonate to CO,. Carbon and oxygen
isotopic compositions of the liberated CO, were then measured using the MAT 253 mass spectrometer.

8%Cearp and 60 results were reported relative to the Vienna Pee Dee Belemnite (V-PDB) standard.
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The working standard used during the analyses was GBW-04405 (8§"Ccar, = 0.57 + 0.03%o, 610 = -8.49
+ 0.14%o), calibrated through NBS 19 and LSVEC. The external precisions (10) of working standards

during the measurements were <0.05%o for §33Ccarn and <0.1%o for 620.

For 63Corg and TOC analyses, about 1 g of sample powder was fully decarbonated using 3 N HCl
for over 12 h. The residues were then repeatedly rinsed with deionized water until a neutral pH was
achieved, after which the carbonate-free residues were dried at 70°C for 48 h. First, about 20mg
decalcified samples were weighed for TOC analyses using an Elementor Macro Cube element analyzer.
The working standard Sulphanilamide (TOC = 41.81 wt. %) was used to monitor the analytical
uncertainties. The analytical precision for wt. % is + 0.5%. Then about 0.5 - 40 mg of dried residues,
depending on measured TOC results, were placed in tin capsules and flash-combusted at 960 °C to
convert organic carbon to CO, using the Flash EA 2000, followed by isotopic compositions
measurements by the Delta V Advantage Isotope Ratio Mass Spectrometer. This process can generate
comparable CO; peak intensities between very low TOC samples and higher TOC samples, minimizing
uncertainty for the low TOC samples. Additionally, before each sample sequence, we conduct five
blank tests and five blank tin capsule tests to evaluate the impact of blank contamination. No
detectable CO; peaks were observed, indicating minimal interference from blanks or external
contamination. The 6 value of organic carbon isotope was reported relative to the VPDB standard. For
every 12 samples, there are two working standards GBW-04407 (83Corg = -22.43%0) and B215 (63Corg
=-28.85%o0) ,and calibrated using USGAS40 and USGS42, with a measurement precision (1c) of better

than 0.2%eo.
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4. Results

Paired carbon isotope and TOC analyses are shown in Figs. 4-5 and all data are presented in
Supplementary Tables. Carbonate samples from the Qianxi section have low TOC contents (<0.1 wt. %),
differing from samples from the Kuancheng section, which have TOC contents as high as 1.37 wt. %

(0.69 + 0.27 wt. %).

The 83Cem profile in the Qianxi section has a relatively narrow range of between -1.63%o to
0.60%., while the Kuancheng section shows more variability in frequency, with values ranging between
-2.33%0 and 0.08%o (Fig. 4). Despite this, both sections have similar average 8"Cc.r values (-0.78 +
0.46%o in Qianxi; -0.74 + 0.41%. in Kuancheng), with distinct trends in the data that can be matched
across both sections. Notably, in the Kuancheng section, a significant negative excursion is observed in
the lower part of Member Il (the third sedimentary cycle, ~52 to ~58 m), which may correspond to
the minor negative excursion between 220 to 425 m in the Qianxi section. Additionally, there are then
two distinct excursions to lighter 823Cer values in both sections within Member Il (from the base to
~78 m and ~80 to ~208 m in the Qianxi section, and at -82 to -52 m and -20 to 26 m in the Kuancheng
section). Both sections then show a slight negative excursion in the lower part of Member IV (~500 to
~740 m in Qianxi, and ~86 to ~183 m at Kuancheng), which is followed by a positive shift to ~0.60%. at
Qianxi and 0.08%o at Kuancheng in the upper part of Member IV. Intriguingly, these §3Ccr changes
generally coincide with sedimentary cycles, despite the approximately four times lower sedimentation
rate (based on the thickness of the sections) in the Kuancheng section, suggesting an environmental

control on the §3Ccarp dynamics.

While the ranges in §3Ccar are similar at both sites, the §3C,; compositions have a larger degree

of variability between sections, with values of -28.33 + 2.27%. in Qianxi, and -31.76 £ 3.29%o in
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Kuancheng (Fig. 4). The 6Cos compositions are stable in both areas, although minor and localized
fluctuations are observed. For example, lighter 6C,, values in the Qianxi area occur roughly
coincident with transitions to deeper water depths, characterized by enhanced input of muddy
sediments (at ~16 m, 88 m, 2°02m, 380 m, 451 m and 694 m). In addition, the low TOC samples from
the lower part of Member Ill (at -72 to -53.1 m) in the Kuancheng section have distinct positive §"Corg
values (> -30%o) relative to the other samples, although §*3Cc.r values are similar, while a small positive
excursion (from -35.5%o0 to -30.47%o) occurs from 59 to 87 m, coincident with a trend towards

increased 8%Cc.r compositions.

The main horizon bearing in situ macrofossils in the Qianxi section occurs at ~225 m (Fig. 4, red
arrow). At higher resolution, the §*Cc.rn profile for samples across this part of the section is generally
controlled by lithological changes related to water depth variability (Fig. 5). In particular, there are two
transitions to generally lighter 6'*Cc.r, and 63Corg values, corresponding to samples that have higher

TOC contents (Fig. 5).

5. Discussion

5.1 Evaluation of 6*3C signatures

5.1.1 Diagenetic alteration

Diagenesis can potentially overprint the primary geochemical signatures of carbonate through
interactions with diagenetic and post-diagenetic fluids, which commonly decrease carbonate oxygen
isotope values (Banner and Hanson, 1990; Brand and Veizer, 1981; Swart and Oehlert, 2018). Therefore,

to minimize potential effects of diagenetic alteration we exclude 23 samples (see supplementary table
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S2) with 80 values below -8%o from the following discussion. For the remaining samples, we
observe no significant correlation between either 80, vs. 8"Cearb OF 88 Ocar Vs. §3Corg for both the
Qianxi and Kuancheng sections (Fig. 6). Additionally, both sections display a similar 60 pattern,
characterized by an increasing trend from the base of the member Il and peaking in the middle to
upper part (Fig. 4). This trend supports the interpretation that the §*3Ccar, and §*0car, compositions of
these carbonate samples have not been significantly altered by meteoric waters or diagenetic fluids
(Kaufman and Knoll, 1995). In addition, samples from the Kuancheng section have lower §¥0c, and
8%3Corg values relative to those in Qianxi section. Despite these differences, both sections display a
similar range in 8Cen values. The low grade of metamorphism (prehnite-pumpellyite facies) and
relatively low degree of thermal alteration, further suggests that the §3C signatures in both carbonate
and organic matter dominantly reflect primary conditions (Chu et al., 2007; Luo et al., 2014). Thus,
post-depositional alteration is unlikely to have significantly impacted the secular patterns we observe,
particularly since 8*3C compositions tend to record the compositions of precursor dolomites (Banner

and Hanson, 1990).

5.1.2 Limited input of detrital organic matter

The influence of terrestrial organic matter on 6*Corgvalues would be expected to be minor during
the Mesoproterozoic, due to limited evidence for an extensive land biota (Selden and Edwards, 1989;
Retallack et al., 2021). However, since our samples are from a continental margin basin, it is important
to evaluate the potential impact of terrestrial organic matter input on the carbon isotope system,

particularly in the case of the shallower water Qianxi section.
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Carbonate samples from the Qianxi section show no correlation between Al contents and either
8"3Cear Or 6%3Corg, in addition to essentially no correlation between Al and TOC or TOC and &%C,r (Fig.
7 A-D). In addition, there is no distinct difference in the behavior of carbon isotopes between samples
with TOC below and above 0.05 wt. % (Fig. 4), suggesting no additional organic source for the more
TOC-rich shallow water carbonates. As such, detrital input of organic matter appears to have played a

negligible role in the §"3C, signatures in this area.

Our higher resolution investigation of the in-situ fossil-hosting horizon demonstrates a likely
weathering influence on the carbon isotope system on a relatively short-term time scale (Fig. 7 E-H).
Across this horizon, the samples show a weak negative correlation between Al and 8%Ccan (Fig. 7E),
potentially indicating that weathering may have enhanced the input of dissolved inorganic carbon
(DIC), bringing lighter 83C signals to the nearshore environment. Furthermore, these samples also
show a relatively strong positive correlation between TOC and Al contents when one sample with
abnormally high TOC is removed (R?=0.59, Fig. 7F). However, it remains important to identify whether
higher TOC contents reflect an exogenous source (such as erosion of organic-rich shale), or whether
this represents a preservation factor related to a higher input of clays or other siliciclastics. If the
organic matter was additionally sourced from weathering of continental shale, no significant
relationship should be apparent between Al and §Corg, or TOC and §3Corg, due to the lack of isotope
fractionation during weathering. However, the weak correlation between Al and §'*Corg (Fig. 7G), and
strong positive correlation between TOC and 8'3Cor (Fig. 7H), indicate that the 8*3C,, fractionations in
these samples were likely controlled by primary productivity rather than detrital organic carbon. As
such, an increased input of nutrients and oxidants during enhanced weathering likely induced higher

rates of primary productivity, potentially even the development of temporary anoxia, and resulting in
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lighter 8'3Corg values (Fig. 5). The higher clay mineral contents and sedimentation rates, in addition to
the enhanced potential for water column oxygen depletion, may also have aided the preservation of

the carbonaceous macrofossils.

Although samples from the deeper-water Kuancheng section have higher TOC contents than the
Qianxi section, these samples show essentially no correlation between Al and either §*Cear, Or 8"3Corg,
with weak correlations between Al vs. TOC and TOC vs. 63Coq (Fig. 7 I-L). This suggests no significant
influence from terrestrial organic matter, with 6*Co dominantly being controlled by productivity.
Although there is no significant difference in §*3C.., compositions between high and low TOC samples,
the different relationships between TOC and 8*3C, for these two groups (Fig. 7L) potentially indicates

that the 6%3C, fractionations were affected by different geochemical processes.

5.2 §C.as Chemostratigraphy in the early Mesoproterozoic ocean

The carbonate-carbon isotope record is widely used in stratigraphic correlation, particularly in the
Precambrian where biostratigraphy is not possible, as it may record synchronous carbon cycle
perturbations at the basinal or global scale (Knoll et al., 1986). In this study, we build upon our two
high-resolution carbon isotope profiles from the fossil-hosted sections of the Gaoyuzhuang Formation,
which currently provide the best 83Ccarp reference curves for shallow and deeper-water facies during

the early Mesoproterozoic.

The 8%C.ar, values for members lll and IV of the Gaoyuzhuang Formation are generally consistent
with typical 83Cer records for the mid-Proterozoic, during which values tend to vary within a narrow

range of ~-3%o to +3%o (Brasier and Lindsay, 1998; Buick et al., 1995; Guo et al., 2013). However, our
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detailed 63C..» data reveal several perturbations that are coincident, at least across the Yanliao basin
(Fig. 8). The integrated sedimentological and carbon isotope profiles for the four sections support four
8%3Ccarb perturbations through members Il (N1-N3) and IV (N4) of the Gaoyuzhuang Formation. These
carbon isotope excursions can be distinguished in almost all the sections through different sedimentary
facies, but to differing magnitudes, with the exception of the Jixian section which is affected by poor
exposure and the low sampling resolution. Notably, In addition to correlative 3*3Ccan the sedimentary
cycles are also comparable between the Qianxi and Kuancheng sections based on our detailed
observations of sedimentary characteristics. The sedimentary cycle of the Gaoyuzhuang Member llI
was influenced by a significant transgression event, recognized as the largest transgression event
during the Mesoproterozoic Jixian group in NCC. Our comprehensive field-based sedimentological
analyses allow this transgression event to be further subdivided into three and a half sedimentary
cycles, each of which comprises lithological change from thin bedded carbonate-dominated facies
intercalated with shales, to carbonaceous shale-dominated facies, and then to thick-bedded and
massive carbonate facies rich in chert nodules and bands as well as stromatolitic structures (Figs. 4, 8).

This further supports the reliability of the stratigraphy correlation.

Despite variability in the sedimentary facies, depositional rates and 6*Cc.n, the Qianxi section has
a relatively narrow range in §3Cear (0.6%o0 to -1.6%0), and as such, the §3Cem excursions are relatively
minor in magnitude (Fig. 8). This pattern resembles that of the Jixian section, where most 8Ccarb
values are relatively stable at ~-0.5%o, but with a significant negative excursion reaching below -3%o in
the lower part of Member lll. By contrast, in the deeper water settings represented by the Kuancheng
and Yanqing sections, a higher degree of fluctuation in 83C. occurs, with negative excursions

reaching values of ~-3.5%o.
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At the boundary between Member Il and Member l1I, the §*C.an, records for all sections transition
from values of ~0%o. down to values of ~-1.0 to -1.5%. (excursion N1), coincident with rising sea-level
across the boundary. The N2 excursion is associated with the largest transgression in the lower part of
Member Ill, where the depositional setting at Jixian, Kuancheng and Yanqing deepened to below
storm-wave base. This excursion is accompanied by elevated I/(Ca+Mg) ratios and an increase in the
isotopic composition of Mo in carbonates (6*Mocar), likely indicating a widespread water column
oxygenation event (Shang et al., 2019; Xu et al., 2023). The Gaoyuzhuang macrofossil assemblages are
founded shortly after the N2 excursion (Zhu et al., 2016). The third 6**C.ab anomaly (N3) represents
the most negative value observed through the succession, with values reaching -3%o in some areas
(Fig. 8A). This excursion is followed by a positive shift that steadily returns to ~-0.5%. in the upper part
of Member lll, coincident with a drop in sea level. Through the lower part of Member IV, §'3Cc.r values
decrease to as low as -1.49%o in the Qianxi section, -1.00%o in the Jixian section, and -1.36%o. in the

Kuancheng section (N4).

The higher resolution 6C.ar analyses for the fossil-hosting horizon at Qianxi clearly indicates a
coincident small, but distinct, negative 63Ccan excursion (Fig. 5), which suggests a possible link
between carbon cycle dynamics and early eukaryote evolution/preservation. In fact, the relationship
between sedimentary cycles, coeval sea-level changes and periodic changes in 8"3Ccarb and 8%3Corg
observed in both the fossil-hosting horizon and the section as a whole suggests a potential control

linked to orbital forcing. However, this suggestion requires further detailed study to evaluate.
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5.3 The carbon cycle in the early Mesoproterozoic ocean

5.3.1 Persistence of the 6'3C gradient across the basin

Reconstructing the 6'3C gradient of the ancient ocean may provide crucial insight into marine
biogeochemical cycling over geological timescales, as it is predominantly driven by marine organisms
and their influence on the carbon cycle (Kump, 1991; Surge et al., 1997; Hotinski et al., 2004; Shen et
al., 2005; Li et al., 2018). In the modern ocean, the §3C gradient is maintained at ~-2%. between the
surface and deep waters at a depth of ~1 km (oxygen minimum zone), which results from the combined
effect of the downward biological pump and the upward transport of carbon and nutrients through
upwelling (Kroopnick, 1974, 1985). Additionally, in anoxic settings like the Black Sea, the §%Ccarp
difference between surface and deep waters can reach ~-7%o, with an ~-4%o. difference in 6*Corg from
shallow-to-deep sediments, which are attributed to limited vertical circulation within the basin and
the contribution of organic matter from different types of microbial metabolism (Deuser, 1970; Fry et

al., 1991; Karl and Knauer, 1991).

Our high-resolution 63C..n chemostratigraphy of the Gaoyuzhuang Formation, combined with a
recently developed astronomical timescale, allows for the integration of four short-term 8Cear
perturbations from different environmental settings, with each 8%C.b perturbation spanning
approximately 1-2 million years (Fig. 9A, Liu et al., 2022). The narrow ranges in 6**Ccarb (<3%0) observed
in our samples align with previous 63Cemw records from Mesoproterozoic successions worldwide,
supporting the hypothesis of a large marine dissolved inorganic carbon reservoir in the Proterozoic
ocean, which buffered 83Cep, variability and the 63Cpic gradient in shallow water carbonates
(Grotzinger and Kasting, 1993; Bartley and Kah, 2004; Hotinski et al., 2004; Bekker et al., 2008; Luo et

al., 2014). Furthermore, the synchronous changes in §3C..r» perturbations across the basin suggest a
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good connection between the DIC reservoirs in shallow and deeper waters (Fig.8). However, lateral
8%3C.arp vVariations are observed during the N3 interval, with values of -1.56%e in the shallow carbonates
of the Qianxi section, ~-2.5%. in mid-depth carbonates from the Jixian and Kuancheng sections, and -
3.5%o in deeper water carbonates from the Kuancheng section. Such a gradient is significantly higher
than that reported for the Paleoproterozoic ocean at ~1.9 Ga (~0.5%o; Hotinski et al., 2004), but is
similar to a record for the early Cambrian ocean (~2.3%o; Li et al., 2018). While the effectiveness of the
biological pump would likely have been dampened by high pCO; and the large DIC flux during the early
Proterozoic (Hotinski et al., 2004), our 83Cen, data may reveal a potentially enhanced biological pump
effect during the N3 interval, along with a short-term reduction in the DIC reservoir, following a
transient oxygenation event and associated evolution the macroscopic photosynthetic organisms as

evidenced by the occurrence of the macroscopic fossils (Zhu et al., 2016).

Although the range in 6C.an is relatively narrow, with a similar average value across our study
sections, the difference in §3C, between the sections is noticeably larger and displays complex
isotopic behavior across different sedimentary facies (Fig. 9 B-E). Carbonate samples from the Qianxi
section, which were deposited in inter-subtidal environments, are characterized by heavier §3Cor,
values (ranging between ~-30%o and ~-25%o) and very low TOC contents (<0.01 wt. %). The 8"3Corg
values of most samples are relatively stable, with an average value of -27.97+ 0.97%., notwithstanding
a slight positive excursion during the N2 interval. On the other hand, the §**C,r; compositions in the
Jixian, Kuancheng and Yanging sections exhibit a negative excursion from ~-28%. to ~-35%. after the
N1 interval, followed by two slightly negative fluctuations during the N2 and N3 intervals. The largest
gradient in 8"3Cors of ~7%o0 between the shallow and deeper environments is significantly greater than

the isotopic effect possible by heterotrophic reworking (Galimov, 2004).
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Organic matter generated by photosynthetic organisms commonly induces smaller carbon
isotopic fractionation compared to anaerobic autotrophs (Hayes et al., 1999; Hollander and Smith,
2001). These isotopic offsets can be induced by the isotopic composition of the CO, the organisms
utilized, or changes in the partial pressure of CO; in the water column (Werne and Hollander, 2004).
Therefore, we propose a hypothesis to explain the observed ~7%o §"3C,r; gradient based on differences
in microbial metabolism and carbon cycling within a redox-stratified ocean (Fig. 10). Samples from the
shallow-water Qianxi section were mainly deposited above the chemocline, where cyanobacteria
would have been the dominant primary producers. These primary producers preferentially utilized
light 12C, thereby increasing the 3C/**C ratio in the carbon pool of the surface seawater and generating
free oxygen through oxygenic photosynthesis. The presence of sufficient oxidants in surface water
supported high organic carbon remineralization, preventing extensive organic carbon burial in the
shallow ocean, which is compatible with the very low TOC and relatively high 6C.y compositions
observed in Qianxi carbonates (Fig. 4). Furthermore, these oxygenated surface waters would have also
provided an ideal habitat to permit the evolution of the large Gaoyuzhuang eukaryotes (Zhu et al.,

2016).

By contrast, the samples from other study sections were mostly deposited below the chemocline
in anoxic settings. Anaerobic respiration of autotrophic organism would have been more intensive,
including methanotrophs that would generate very negative 6*Cor values (Gong and Hollander, 1997;
Hinrichs et al., 2000; Yoshinaga et al., 2014). In addition, organic matter remineralization was also more
limited in the anoxic setting, leading to higher TOC in the sediments. Upwelling of carbon and nutrients
from deep waters may have been limited from a long-term perspective, further enlarging the §Cor,

gradient between shallow and deeper waters and facilitating the deep-water DOC (dissolve organic
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carbon) accumulation over time. Our hypothesis thus supports the existence of a larger DOC reservoir
in the deep water than the shallow water, as proposed for the Paleoproterozoic and Neoproterozoic
ocean (e.g. Bekker et al., 2008; Ader et al., 2009; Jiang et al., 2010; Swanson-Hysell et al., 2010).
Although primary productivity in the Mesoproterozoic may have been lower than in later periods, the
combination of redox stratification, limited upwelling, and reduced remineralization efficiency likely
sustained an expanded deep-water DOC reservoir. However, whether the 63C,, gradient was globally
pervasive or just a regional signature within the Yanliao basin, and whether the deep-water DOC pool

was maintained throughout the whole of the mid-Proterozoic, requires further investigation.

5.3.2 Potential mechanism for short-term 6*3C perturbations

The short-term 8"3Cc.r perturbations can be attributed to several mechanisms, including changes
in organic carbon burial rate (Frank et al.,, 2003; Magaritz, 1989), water column stratification or
overturning (Bartley et al., 1998), the influence of methane hydrates (Dickens et al., 1995; Kennedy et
al., 2001), changes in primary productivity (Hoffman et al., 1998), or the oxidation of an oceanic organic
carbon pool (Rothman et al., 2003; Fike et al., 2006; McFadden et al., 2008). Understanding how these
factors interact with isotopic dynamics, particularly the relationship between 8%Ccarn and 83Corg, can

reveal more about the biogeochemical processes occurring within ancient marine environments.

In our study, four 6Cen perturbations are identified, which roughly correspond to 6%Corg
changes, although their behavior is different across the basin, reflecting their distinct environmental
setting and decoupling in §3C isotopic system. With the exception of the Qianxi section, all other

sections show a §3C,r negative shift from ~-28%o to ~-34%o during or shortly after the N1 perturbation
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(Fig.9). This pattern aligns with the start of a transgression event at the onset of Gaoyuzhuang Member
[ll, which marks the lithological boundary between members Il and Ill, and we propose that this shift
in carbon isotope values reflects marine redox stratification that may have been driven by rising sea-
level. Consequently, following this event, the Kuancheng and Yanging section would have been
situated below the chemocline, the mid-depth Jixian section may have been close to the chemocline,
and the Qianxi section would have remained above the chemocline, thus inducing an ~7%o 63Corg

gradient across the basin.

Following this, a pulsed negative §"3Cor excursion reaching -30.6%eo is evident at ~88 m in the
Qianxi section, but 63C, then rapidly returns to ~-26.17%o at ~131 m (Fig. 4). We hypothesize that
this could be due to short-term upwelling from deeper anoxic waters to oxic surface waters, bringing
a more negative isotopic signal to the shallow waters. Nutrients may also have been transported from
deeper water, therefore further fueling surface primary productivity and increasing §"3Corg values by
about 5%. during the N2 interval in the Qianxi section, which may have created a favorable ecosystem
for the evolution of the large eukaryotes. This process would have likely deepened the chemocline due
to more oxygen generation in surface waters, thereby temporarily enhancing the decomposition of
part of the DOC pool in the mid-depth Jixian section, leading to the observed more negative §3Corg

signature during the N2 interval in this section (Fig. 9C).

During the N3 interval, with the exception of the shallow water Qianxi section, a slight §"Corg
negative perturbation is observed in other study sections, followed by a positive shift that correlates
with 83Cer (Fig. 9). Specifically, 8*Ce.r values vary in magnitude during the negative excursion of the
N3 interval, with a difference of only ~-1.6%. in the shallow Qianxi section, as opposed to >-3%o in the

deeper sections, resulting in a ~2.5%o gradient between the shallow- and deep- water for the 83Ccarb.



468

469

470

471

472

473

474

475

476

477

478

479

480

481

482

483

484

485

486

487

488

489

Several mechanisms could account for this observed gradient. One possibility is that carbonate

platform weathering introduced heavier §3C signatures (~0%o) into nearshore areas, while upwelling

of 3C-depleted water from deep ocean in offshore area created a §3Cpic gradient from proximal to

distal environments (e.g. Melchin and Holmden, 2006; Shen et al., 2011). Alternatively, an enhanced

biological pump could have contributed to the vertical §82Cpic gradient. Oxygenic photosynthesis

preferentially removes *2C from surface DIC, enriching §*3Cpic in surface waters, while the export and

remineralization of organic matter at depth release organic carbon, depleting 83Cpc in deeper waters.

Beyond a potentially intensified biological pump, increased deep-water oxygenation and the

subsequent oxidation of the deep-water DOC pool could have led to further depletion of §3Cpc at

deep water, amplifying the surface-to-deep 6*3*Cpic gradient. During the N3 interval, persistently high

sea levels would not have favored extensive carbonate platform weathering, making this mechanism

less likely. While the biological pump may have played a role—supported by evidence of eukaryotic

activity—the overall primary productivity during the early Mesoproterozoic remains uncertain and

may have been buffered by the large DIC reservoir characteristic of this time. On the other hand,

multiple redox proxies indicate a significant oxygenation event in deep waters during this period,

including an increased 1/(Ca+Mg) ratios in carbonate and a heavier Mo, trend, both suggesting

intensified seafloor oxygenation ( e.g. Shang et al., 2019; Luo et al., 2021; Xu et al., 2023). Therefore,

while multiple factors may have contributed, the oxidation of the deep-water DOC pool likely played a

primary role in driving the observed 63C.., gradient during the N3 interval.

5.3.3 Oxygenation of the organic carbon pool in the early Mesoproterozoic ocean

Despite buffering of 8**Cc.r sighatures by high pCO, and a large oceanic DIC pool during the early

Mesoproterozoic (Grotzinger and Kasting, 1993; Bartley and Kah, 2004), our high-resolution carbon



490

491

492

493

494

495

496

497

498

499

500

501

502

503

504

505

506

507

508

509

510

011

isotope investigation of Member Il of the Gaoyuzhuang Formation reveals a relatively dynamic carbon
cycle. To investigate the 8'3Cpc gradient driven by the remineralization of the DOC pool in a strongly
redox-stratified ocean, we utilize a mass balance model that takes into account a large dissolved

organic carbon gradient between shallow and deeper waters.

The oceanic DIC reservoir in the modern ocean is estimated at approximately 3.2 x 10'® mol
(Holser et al., 1988). Given that it is estimated that pCO; levels during the early Mesoproterozoic were
10~100 times higher than the present level (Kasting, 1993), we assume the DIC reservoir during the
early Mesoproterozoic was at least 10 times larger than the modern reservoir size . This would have
resulted in significant buffering of 83Cc, changes (Bartley and Kah, 2004). On the other hand, the
DOC reservoir for the Neoproterozoic deep ocean has been estimated to be at least 10 times greater
than the modern DIC reservoir (Rothman et al., 2003), and we set a similar value for the
Mesoproterozoic deep ocean. During the Cretaceous period, the size of the deep-water carbon
reservoir was about 30 times larger than that of the shallow-water carbon reservoir (Kump, 1991).
Because of the longer residence time for deep oceanic DOC and very low primary productivity during
the Proterozoic (Rothman et al., 2003; Crockford et al., 2018), and also because TOC contents in deep
water sections were significantly higher than in shallow-water sediments, here we assume a steep
organic carbon gradient between the deep and shallow waters, with the size of the DOC reservoir in
the deep ocean being 100 times larger than in shallow waters. For the 8'*C composition of different
carbon reservoirs, at steady state, we assume the baseline §3Cc, composition to be -0.5%o and its
gradient across the water depth was strongly buffered by the large DIC reservoir in the ocean. By
contrast, the 8'3C,rs gradient is set at 10%o, with a value of -25%e. in shallow oxic waters controlled by

oxygenic photosynthesis, and a value of -35%o in deep-water sediments, consistent with our data. The
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estimates of carbon pool size and carbon isotopic composition for the early Mesoproterozoic ocean

are summarized in Table 1.

Although other impact factors could also influence the §Cpic compositions and gradient in the
water column (e.g., biological pump, upwelling, and pCO. changes), our mass-balance mixing model
highlights the significant impact of both DOC remineralization rates and gradients in the size and
isotopic composition of the DOC pool on §%Cpc differences during the early Mesoproterozoic (Fig. 11).
The 8%Cpic gradient remains highly buffered when the remineralization rate is limited, displaying little
8"3Cpic variation between shallow and deeper water. However, the high remineralization rates
substantially decrease the 6*3Cpc compositions, leading to a pronounced gradient across the water
depth. This suggests that a larger organic carbon remineralization flux can induce significant 83Cpic
differences, even in an ocean with a large DIC pool (Bartley and Kah, 2004). On the other hand, in
shallow waters, the §'3Cpic gradient remains negligible, even under high remineralization rates. This
suggests that the shallow water DIC reservoir is relatively stable, possibly due to the lower overall size
of the DOC pool and smaller differences between carbon isotopic systems (A3C) in these settings.
However, in deeper waters, the 6®Cpc composition is much more sensitive to changes in
remineralization rates, likely driven by the larger DOC reservoir and more negative 6*Cpoc values.
These results indicate that the carbon cycle in the deep Mesoproterozoic ocean would have been
particularly responsive to variability in DOC remineralization, which would have strongly influenced

the isotopic composition of the deep water DIC pool.

This differential response to the generation of a 83Ce, gradient between shallow and deeper
waters aligns well with 83Cc.n, data for the N3 interval (Fig. 9A). To achieve a §3Ccam gradient of ~2.5%o

between the shallow and deep-water reservoir, as observed in our data, approximately 8% of the DOC
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pool would need to be oxidized in the deep ocean (Fig. 11). Although sulfate might act as an oxidant
in deep-water environment, sulfate in the ocean sourced from weathering during the time remains
lower, in particular in the distal deeper water basin. Therefore, we prefer an oxygen-driven oxidation
model supplied from surface waters by oxygenic photosynthesis. Since the oxidation of 1 mol of carbon
requires 1 mol of O, the remineralization of 8% deep water DOC would consume 2.56 x 10 mol
oxygen (giving O is the main oxidant). This oxygen flux is equal to the amount of approximately 7% of
the present atmospheric oxygenation concentration (Keeling et al., 1993). The oxygen level during the
early Mesoproterozoic has been estimated using several geochemical proxies (e.g. Ce/Ce* anomalies
in shallow water carbonates and Cr isotopic fractionations in shales), providing a wide range of
variability and uncertainties, from less than 0.1% to 4~8% PAL ( Planavsky et al., 2014; Canfield et al.,
2018; Liu et al., 2021; Xie et al., 2023). This has led to considerable debate over whether low oxygen

levels limited the early evolution of eukaryotes (e.g., Planavsky et al., 2014; Canfield et al., 2018).

Our estimate suggests that environmental oxygenation may have supported the evolution of early
multicellular eukaryotes in the early Meosproterozoic ocean. The episodic oxygenation events may
have dropped the redox chemocline and helped to create more widespread and favorable conditions
for the growth and diversification of early eukaryotes by enhancing nutrient availability and increasing
organic carbon remineralization rates in shallow, oxic waters. These environmental changes likely
contributed to the enlargement of body size and the greater morphological complexity observed in

eukaryotic fossils from this time period.

Conclusions

Our high-resolution carbon isotope analyses across members Ill and IV of the Gaoyuzhuang
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Formation allow us to identify chemostratigraphic correlations between sections deposited across the
basin, and also provides new insight into the behavior of the carbon cycle in the early Mesoproterozoic
redox-stratified ocean. While §33C..r profiles exhibit a narrow range, we recognize four discrete 8™Cearb
perturbations. This chemostratigraphic framework combines the sedimentary cycles to calibrate the
chronological sequence of the macroscopic eukaryotic evolution and oxygenation events and to build

up reliable 8%3Ccarb curves for the shallow and deeper-water facies in the early Mesoproterozoic ocean.

Our 6'3C analyses also reveal a large 8"3Corg gradient (reaching ~7%o) across the basin, indicating
a decoupling in the carbon isotopic system between shallow and deep waters, likely influenced by
microbial communities in a redox-stratified ocean. Additionally, an ~2.5%o 8'3Ccarb gradient during the
N3 perturbation points to redox changes as the driving mechanism. Mass balance modeling simulates
the effect of a hypothetical oxygenation event leading to the remineralization of the deep-ocean DOC
reservoir. The result indicates approximately 8% of the deep-water DOC pool needed to be oxidized to
induce the observed 8§3C.b gradient, which would consume oxygen equivalent to about 7% of the
modern atmospheric O, concentration. Thus, our research not only provides insight into the dynamic
nature of the oceanic carbon cycle during the early Mesoproterozoic, but also offers strong evidence

of the positive impact of environmental oxygenation on early eukaryote evolution.
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803 Table

804  Table 1. Estimated carbon pool size and carbon isotopic composition for the early Mesoproterozoic

805 ocean.

Shallow water Deep water
DIC size 32 x 10 mol 32 x 10% mol
8%3Cpic -0.5%o -0.5%0
DOC size 0.32 x 10* mol 32 x 10* mol
8"Cpoc -25%o0 -35%o0
Present DIC size 32 x 10 mol*

Modern atmospheric O, 37 x 10 mol?
Mass balance formula 8BCocm = (6™Coico X Moico) + (6™Cpoco X Mbpocoxidzed)/(Mpico +

MDOC,oxidzed)

806 *1. Cited from (Holser et al., 1988); 2.Cited from (Keeling et al., 1993).
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Figure 1. Paleogeographic maps and cross-section showing the study sites, with generalized

stratigraphy of the Gaoyuzhuang Formation. A. Simplified paleogeographic map of the Yanliao area,

North China craton, during the early Mesoproterozoic (modified after Qiao and Gao, 2007). B. Detailed

paleogeographic and sedimentary facies of the study area (modified after Jin et al., 2022). The red

circles represent the location of the sections analyzed in this study; open circles indicate other sections

discussed in this paper. C. General stratigraphic column of the Gaoyuzhuang Formation with

sedimentary cycles, where the apex of the triangles represents deepening water depth. The

stratigraphic column refers to the stratotype section at Jixian. The age constraints are from the Jixian

section (Li et al., 2010) and the Yanging section (Tian et al., 2015). The fossil records are adopted from

Zhu et al. (2016) and Chen et al. (2023). D. Inferred sedimentary settings of the study sections during

deposition of Gaoyuzhuang Member Il



821

822  Figure 2. Lithologies and sedimentary structures in the Gaoyuzhuang Formation at the Qianxi section.
823  A. Storm-agitated deformation structures in the lower part of Member Ill. Yellow lines highlight the
824 hummocky cross-stratification and leaf-shaped calcareous structures associated with storm deposits.
825 B. Macrofossil hosting horizon. Red lines mark the two layers of muddy dolostones preserving the
826  Gaoyuzhuang macrofossils. C. Stromatolites of Gaoyuzhuang Member IV. D. Cherty concretions and

827  banded chert in the upper part of Gaoyuzhuang Member IV.
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Figure 3. Lithologies and sedimentary structures in the Gaoyuzhuang Formation at the Kuancheng

section. A. Mn-rich banded dolostone in the upper part of Member Il. The manganese is enriched in
silty bands. B. Eukaryotic fossil fragments preserved in organic-rich calcareous shales in the lower part
of Member Il (mark by red lines). C. Nodular limey dolostone intercalated with limey mudstones and
shales in the lower part of Member IIl. D. Medium — thin bedded limy dolostones with sedimentary

rhythm in lower Member Il .
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Figure 4. Carbon-oxygen isotope and TOC concentration profiles of the Qianxi and Kuancheng

sections. A3C represents the isotopic difference between 82Cear and 6%3Cors. Arrows denote fossil-

bearing horizons: red arrows mark in-situ, decimeter-sized macrofossils (Zhu et al., 2016); yellow

arrows denote macrofossil fragments preserved in the Kuancheng section (Zhu et al., 2016); and the

grey arrow indicates a centimeter-scale fossil (Chen et al., 2023). A detailed lithological overview and

high-resolution results for the middle fossil-bearing horizon in the Qianxi section (marked by a red
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arrow) are shown in Figure 3. The grey vertical dashed lines represent the average values for §Car,
8"Corg, and AC. Blue and yellow curves represent LOESS-smoothed lines. See Figure 1 for the

lithological key.
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Figure 5. Isotopic and geochemical profiles through the main macrofossil-hosting horizon in the
Qianxi section. The grey shading shows samples with relative higher TOC (>0.05 wt. %), and lower
8%3Ccarb and 6%3Cor. The red arrows mark the positions of fossil preservation. See Fig. 1 for lithological

key.
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Figure 6. Cross plots of 6®0cam vs. 63Cear, (left) and 8 0car, vs. 83Corg (right). Blue circles: Qianxi

samples; Orange circles: Kuancheng samples. San
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858  Figure 7. Evaluation of the influence of detrital inputs on the carbon isotope system of Gaoyuzhuang
859  carbonates. Qianxi section samples (A — D): A. Cross-plot of Al vs. §*Ccars, Where only a few samples
860  with high Al contents have the most negative §"*C..r values. B. Cross-plot of Al and TOC, showing a
861  very weak correlation. C. Cross-plot of Al vs. §"3Corg, showing no significant correlation. D. Cross-plot of
862  TOC vs. §Corg showing no significant correlation. In-situ fossil-hosting interval of the Qianxi section

863  (E - H): E. Slight correlation between Al and 8"C..w. F. Positive correlation between Al and TOC (one
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sample with abnormally high TOC was not considered in this evaluation). G. Weak correlation between
Al and 6C,r,. (H) Stronger correlation between TOC and §C,rs. Kuancheng section samples (I - L): I.
Very weak correlation between Al and 6%Ccan. J. Moderate positive correlation between Al and TOC,
with R?=0.33 for TOC >0.05 wt. % carbonates. K. No correlation between Al and §Cors. L. Two weak

correlations between TOC and 63C,r for low-TOC (<0.05 wt. %) and high-TOC (>0.05 wt. %) carbonates.
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Figure 8. 83C.. chemostratigraphy for Gaoyuzhuang members 111-1V on the North China Craton. A:
Data for Qianxi (a) and Kuancheng (c) were analyzed for this study, while data for the Jixian section (b)
are integrated from Zhang et al. (2018) and Luo et al. (2021), and data for the Yanqing section (d) are

from Shang et al. (2019). Shading areas denote correlation of the 8'3Cc, negative fluctuations and
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sedimentary cycles from study sections across different locations. Arrows mark the fossil-hosting

horizons (Zhu et al., 2016, Chen et al., 2023). Age constraints source from Li et al., 2010, Tian et al.,

2015 and Chen et al., 2024. B: Sedimentary facies of study sections during the deposition of

Gaoyuzhuang Member lll. See Fig. 1 for lithological key.
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Figure 9. Integrated 6"C.. curves and 8'3C, data for the four study sections. The astronomical
timescale calibration is from Liu et al. (2022). Yellow shading indicates the four 6*3Ccary perturbations.
Vertical black line indicates the long-term baseline of §*Ccar, composition (A, 8*3Cears = -0.5%o); vertical
dashed lines in blue indicate the average 6'*Corg value of the Member Il of shallow Qianxi section (B,
813Corg = -28%0) and black, orange and red dash line represent the average 6*Cor value of the Member
I of Jixian (C, 83Corg = -31.75%0), Kuancheng (D, 8*3Corg = -32.50%0) and Yanqing (E, 63 Corg = -32.50%o),

respectively.
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respectively.
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895  Figure 11. Output results of mass balance model calculation. The results indicate that approximately
896 8% DOC remineralization is required to generate a 2.5%o0 6'*Cpic gradient in the early Mesoproterozoic

897 ocean.



