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ARTICLE INFO ABSTRACT

Editor: H Falcon-Lang The Early Devonian witnessed a major phase in the terrestrialization of land by plants. Understanding the im-
plications for organic matter formation and accumulation during this interval is key to understanding global
carbon burial. Existing research on the Early Devonian primarily focuses on marine carbonate records that do not
permit evaluation of the mechanisms of terrestrial organic carbon burial, particularly in the early stages of plant
colonization. Here, we examine facies associations, environmental evolution, and organic carbon burial within
the late Pragian aged Posongchong Formation at the Zhichang section in Wenshan, Yunnan Province, China, a
formation previously noted for recording the early radiation of land plants in coastal settings. Sedimentological
and geochemical data include: (1) Paleosalinity proxies (B* and B/Ga) and sedimentary structures that indicate
fluviolacustrine Facies Association (FA A), tidal flat (FA B), and shallow marine (FA C) facies developed in the
study area, with two pulses of deepening separated by shallowing; (2) Total Organic Carbon (TOC) and kerogen
maceral analyses that reveal an increase in terrestrial organic carbon content derived from terrestrial higher
plants and phytoplankton; and (3) Organic matter preserved in coaly and carbonaceous shales that is mainly
derived from continental higher plants that grew in a restricted, stable freshwater-brackish lagoon and floodplain
environment. The land plant radiation recorded by the Posongchong Formation occurred within a stable coastal
plain that provided a suitable setting for the supply and preservation of organic carbon in this early terrestrial
ecosystem, in turn influencing the development of global terrestrial carbon burial.
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1. Introduction et al., 2016; Chen et al., 2021). Recently, increasing attention has been

paid to the relationship between global environmental changes and

The Early Devonian is a key interval in geological history that wit-
nessed significant changes in climate, ocean chemistry, and sea levels (e.
g., Saltzman, 2002; Buggisch and Mann, 2004; Buggisch and Joachim-
ski, 2006; Joachimski et al., 2009; Babek et al., 2018a, 2018b; Slavik and
Hladil, 2020; Weinerova et al., 2020). During this time, the terrestrial
landscape was colonized by vascular plants (e.g., Algeo and Scheckler,
1998; Gensel and Edwards, 2001; Cascales-Minana et al., 2017), a pro-
cess that, along with changing paleogeographies (e.g., Wu et al., 1997),
had a profound impact on global biogeochemical cycles (e.g., Matkowski
and Racki, 2009; Lenton et al., 2012, 2018; Husson et al., 2016; Xue
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biological events during the Early Devonian (e.g., Slavik and Hladil,
2020; Chen et al., 2021; Fryda et al., 2021). However, most of these
studies have focused on marine carbonate records from North America,
Europe, and Australia (e.g., Saltzman, 2002; Buggisch and Joachimski,
2006; Buggisch et al., 2008; Weinerova et al., 2020), while contempo-
raneous data from China remain limited, especially those on organic
matter accumulation and burial in clastic and terrestrial sedimentary
systems.

The enrichment of organic matter in sediments is a complex and
nonlinear geological process, influenced by the interaction of multiple
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factors such as paleosalinity, primary productivity and terrigenous input
(Carroll and Bohacs, 1999; Sageman et al., 2003; Zhang et al., 2018).
Some studies of the Early Devonian suggest that the colonization of
terrestrial landscapes by vascular plants played a crucial role in organic
carbon burial (Algeo and Scheckler, 1998; Algeo et al., 2001). For
example, Chen et al. (2021) argued that the physiological activities of
vascular plants increased the rate and intensity of continental weath-
ering (Sandberg et al., 1988; Algeo and Scheckler, 1998; Algeo et al.,
2001). Terrestrialization by plants is also implicated in marine anoxia
and black shale development through changing surface runoff and
element cycling in the terrestrial environment (Algeo and Scheckler,
1998; Xue et al., 2022, 2023a, 2023b), thereby accelerating organic
carbon burial in sediments (Joachimski et al., 2002; Joachimski and
Buggisch, 2002; Morris et al., 2015). However, recent studies suggest
that the development of early vascular plants was related to the trans-
formation of river or coastal landform and morphology, e.g. by
increasing river landscape stability and driving the extensive develop-
ment of meandering rivers, and creating soils with roots (Davies and
Gibling, 2010; Gibling and Davies, 2012; McMahon and Davies, 2018).
These changes in terrestrial environments stimulated the accumulation
of organic matter (Xue et al., 2016, 2022).
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The Lower Devonian Posongchong Formation, exposed in the Wen-
shan area of Yunnan Province, represents a typical transitional facies
sequence from the Early Devonian of South China. It preserves a rich
fossil record, a comprehensive sedimentary history, a diverse range of
sedimentary environments, and a relatively stable geological structure
(see Hao and Xue, 2013 for summary), making it an ideal location for
studying sedimentary evolution during the Early Devonian. Addition-
ally, the Early Devonian was a significant period of radiation among
vascular plants (Bateman et al., 1998; Gensel and Edwards, 2001;
Gerienne et al., 2016; Cascales-Minana et al., 2017; Xue et al., 2018,
2023a, 2023b), and the evolution of plant life during this time is crucial
for understanding changes in climate, sedimentary environments, and
carbon burial (e.g., Algeo et al., 2001; Xue et al., 2022). The relationship
between regional sedimentary events and global or regional climate and
environmental changes in the Early Devonian is not well understood —
hence the motivation for this study. Here, we examine transitional facies
sediments from the Zhichang section, located in the Wenshan area of the
South China Plate. We utilize outcrop sequences, sedimentary struc-
tures, bioturbation features, and paleosalinity indexes to identify facies
associations and sea level changes, and to explore the sedimentary
controls on the preservation and burial of organic carbon in Earth's Early
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Devonian surficial environments.
2. Geological setting

The South China Plate is located along the eastern margin of the
Paleo-Tethys Ocean and is composed of the Yangtze Block, Cathaysia
Block and Jiangnan Orogenic Belt (e.g., Shu et al., 2021; Fig. 1a, b). The
Qinling-Dabie-Sulu Orogenic belt is separated from the North China
Plate to the north. The Longmenshan-Hengduanshan fault is connected
with the Tibetan Plateau to the west, and the Southeast Asian Block is in
contact with the Changning-Majang fault to the southwest. The West
Pacific tectonic region lies to the southeast (Shu et al., 2021; Fig. 1b).
The studied section records deposition in a low paleolatitude area of the
southern South China Plate (Fig. 1a). During the Caledonian orogeny, in
the Silurian, this area experienced widespread uplift and denudation,
leading to an angular unconformity between Devonian sequences and
underlying strata (Wang et al., 2024). The basement consists of Prote-
rozoic metamorphic rocks (gneiss, quartzite, schist), and the sediment
for the Devonian sediments is mainly sourced from the Vietnam Oldland
as well as the Ailaoshan metamorphic series (Burrett et al., 2014; Lai
et al., 2014; Xia et al., 2016). Large-scale transgression during the Pra-
gian (Early Devonian) led to significant changes in paleogeography and
paleoenvironments. A narrow bay formed between the Vietnam Oldland
and the Maguan Oldland, creating a coastal plain and shallow marine
environment (Wu, 2001; Liao and Ruan, 2003; Rong et al., 2003; Hao
and Xue, 2013; Fig. 1b).

The Zhichang section, located southeast of Wenshan in Yunnan
Province, serves as the standard section of the Lower Devonian in
southern Yunnan and is well exposed (Fig. 1b, c¢). The stratigraphic
sequence, from oldest to youngest, includes the Lower-Middle Ordovi-
cian Meitan Formation, the Lower Devonian Posongchong, Pojiao, and
Daliantang Formations, the Middle-Upper Devonian Pozheluo, Liujiang,
and Wuzhishan Formation (Jin et al., 2005; Hao and Xue, 2013; Qie
etal., 2019a, 2021a, 2021b; Wang et al., 2024). Jin et al. (2005) divided
the Posongchong Formation into 3 beds, and these were later refined
into 9 beds by Hao and Xue (2013). Our detailed study divides this strata
into 26 beds (C2-C27) from bottom to top, with bed C1 marking the top
of the underlying Meitan Formation. The contact between the quartz
sandstone of the Meitan Formation and the Posongchong Formation is
unconformable, while the Posongchong / Pojiao contact appears
conformable (Jin et al., 2005; Hao and Xue, 2013). The age of the
Posongchong Formation is constrained by the marine faunas of the
overlying Pojiao Formation, including the late Pragian-early Emsian
brachiopod assemblages (Euryspirifer-Dicoelostrophia), corals (Xystri-
phylloides nobilis) and Siphonophrentis angusta fauna, all of which indicate
a late Pragian (or latest) Pragian to earliest Emsian age for the Pojiao
Formation (Jin et al., 2005; Hao and Xue, 2013; Lu and Chen, 2016).
Additionally, the Posongchong Formation is associated with the spore
assemblages Apiculiretusispora plicata - Dibolisporites emsiensis (PE), Ver-
rucosporites polygonalis (Wang, 1994), which correlate with the Pragian
of the Old Red Sandstone Continent (Streel, 1967; Streel et al., 1987;
Richardson and McGregor, 1986; Steemans, 1989). Wang (1994) placed
the Posongchong Formation within the PE (polygonalus-emsiensis) spore
assemblage zone, just below the AS (annulatus-sextantii) zone of
Richardson and McGregor (1986), further supporting a late Pragian age
(Cascales-Minana et al., 2017). This conclusion is corroborated by the
associated fish fossil assemblages (Fang et al., 1994; Zhu et al., 1994).

3. Material and methods

For this study, fresh samples were collected from exposed strata of
the Lower Devonian Posongchong Formation at the Zhichang section in
Wenshan. The target strata were re-logged and sampled with high pre-
cision following earlier work by Jin et al. (2005) and Hao and Xue
(2013), who divided the Posongchong Formation into 3 beds and 9 beds
respectively. Through detailed lithological analysis we divided the
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Posongchong Formation into 26 beds (C2-C27) from bottom to top (bed
C1 marks the top of the underlying Meitan Formation). Lithologies, bed
numbers and thicknesses, as well as physical and biogenic sedimentary
structures were documented, along with the characteristics of bed con-
tacts, textures, fabrics, and colors. Additional notable features, such as
ferruginous nodules, rootlets, and carbonaceous debris, were also
recorded. A subset of these fresh samples was selected for further
geochemical and petrological analysis.

A total of 43 mudstone samples were collected from the Posongchong
Formation at Zhichang and were divided into two parts. One part was
crushed into particles of 1 mm diameter for kerogen enrichment. The
remaining samples were pulverized into a powder with diameters of
about 200-mesh and divided into 4 parts, and analyzed for major ele-
ments, trace elements, total organic carbon and total sulfur at the State
Key Laboratory for Fine Exploration and Intelligent Development of Coal
Resources. The total sulfur (TS) analysis was carried out using an Eltra
carbon-sulfur analyzer (Eltra CS-i), according to the Chinese National
Standard (GB/T19145-2003), with a detection limit of 30 pg/g and
absolute analysis error of 5 %. Major elements analysis was carried out
using an X-ray fluorescence spectrometer (PW2404). The spectrometer
was calibrated before use with standards of CRMs (GBW7427), and
analytic precision was within 5 %. Trace elements analysis was under-
taken with an iCAP-Q inductively coupled plasma mass spectrometer
(ICP-MS) and Milestone Ethos UP microwave digestion instrument, ac-
cording to China national standard (GB/T 14506.29-2010, GB/T
14506.30-2010), with analytic precision within 5 %. In situ preparation
of polished section and rock thin section and identification of micro-
scopic composition were completed in the State Key Laboratory for Fine
Exploration and Intelligent Development of Coal Resources, in accor-
dance with the Chinese National standard (SY/T5368-2003; SY/
T5368-2016). Kerogen enrichment and identifications were conducted
at the Research Institute of Petroleum Exploration and Development of
China according to the Chinese National standard (SY/ T5125-2014),
with no less than 300 effective points per sample analyzed. The mineral
types were identified under a microscope (LEICA DM4500P LED), ac-
cording to the principles of Syvitski (1991). Grain-size analysis of clastic
rock samples was performed using an image analyzer that determined
the edges of individual particles.

The lithofacies of the outcrops in the study area are classified based
on sedimentary characteristics, following the method proposed by
Fielding et al. (2022) for lithofacies characteristics and facies associa-
tions. The key characteristics of the lithofacies defined in this study
(such as lithology, thickness, physical and biogenic sedimentary struc-
tures, and other features) are summarized in Supplementary Table 2 and
Fig. 2. The Bioturbation Index (BI) was used to quantify the sedimentary
structural changes induced by biological activities and the degree of
bioturbation (Taylor and Goldring, 1993), enabling the reconstruction
of paleo-ecological conditions and the paleoenvironmental state at the
time of deposition. The paleosalinity index, determined through
geochemical analysis, was used for quantitative analysis of paleo-
salinity, which further supports the interpretation of sedimentary facies.
Fluviolacustrine, tidal flat, shallow marine and other coastal terms
(coastal plain, shoreface, offshore shelf) and hydrographical datums
(Extreme High Water Level, Mean High Water Level, Mean Low Water
Level) are based on “Graphic Definition of Coastal Terms” (Finkl and
Makowski, 2019) and “Coastal Geology” (Morales, 2022).

Water salinity is a critical factor in determining sedimentary envi-
ronments under a humid climate, influencing the transition from con-
tinental to transitional and marine facies. Typically, water salinity
changes from freshwater to brackish and then to saltwater, seawards.
Boron (B) is enriched in marine argillaceous sediments, where it is
adsorbed onto clay minerals by substituting H,O and OH™ ions on the
surface of a—AlyO3 (Keren and Mezuman, 1981). Higher pH and lower
temperatures generally enhance the adsorption affinity of clay minerals
for B. Notably, boron can substitute for silicon and aluminum in the
tetrahedral coordination of the muscovite structure within the illite
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lattice (Harder, 1970). Therefore, the B content of illite (with illite
content >70 %) is considered a reliable proxy for paleosalinity. If the
rock contains other mineral impurities, the theoretical potassium con-
tent of 8.5 % in illite can be used to convert the boron content into that of
pure illite, a process known as corrected boron content (B*), which is
calculated using the formula: (B* = B x 8.5 / %K50) (e.g., Walker and
Price, 1963, Walker, 1968; Ye et al., 2016). The corrected boron content
ranges from 300 to 400 ppm in normal marine environments, 200-300
ppm in brackish environments, and less than 200 ppm in freshwater
environments (Ye et al., 2016). Gallium (Ga) is abundant in freshwater
sediments and is predominantly concentrated in aluminum-containing
minerals, such as clay minerals. Since Ga®t replaces structural sites
typically occupied by Al%™, its migration and precipitation are primarily
controlled by the chemical properties of aluminum (e.g., Hawkins and
Roy, 1963; Wang et al., 2011; Breiter et al., 2013). During diagenesis, Ga
remains a relatively immobile element, incorporated into the structures
of resistant minerals (Panahi et al., 2000). Under alkaline pore water
conditions, Ga adsorbed onto clay minerals tends to be immobile. Due to
the differing behaviors of B and Ga in sedimentary entrainment pro-
cesses, the ratio of B/Ga has been effectively used to indicate the pale-
osalinity of water bodies and to distinguish between marine and
terrestrial facies (Potter et al., 1963; Chen et al., 1997; Yuri et al., 2008).
However, controlled by sediment type and provenance differences, the
B/Ga ratio thresholds for salinity in various water bodies can vary across
different regions and time periods (e.g., Wang et al., 1979; Qian and Shi,
1982; Wei and Algeo, 2020). Based on the established B/Ga ratio
boundaries for freshwater, brackish water, and seawater, and incorpo-
rating sedimentary and fossil evidence from the study area, we deter-
mined that the B/Ga ratio boundaries for the Early Devonian in the study
area are as follows: freshwater (<3), brackish water (3-6), and seawater
(>6) (Wei and Algeo, 2020; Fig. S1).

4. Results and analysis
4.1. Paleosalinity

The concentrations / values of B, Ga, B*, and B/Ga are shown in
Supplementary Table 1. The B values vary from 53.75 to 116.54 pg/g (x
= 91.22 pg/g), while B* values vary from 118.96 to 412.64 pg/g (x =
217.89 pg/g). The Ga the B* values vary from 10.15 to 27.50 pg/g (x =
18.55 pg/g), and B/Ga ratios vary from 2.23 to 9.38 pg/g (x = 5.16 pg/
g)-

The B value in beds C2, C3, C12, and C13 are relatively high, varying
from 101.26 to 116.54 pg/g (x = 108.37 pg/g), while Ga values vary
from 12.09 to 27.50 pg/g (x = 22.31 pg/g). The vertical trends of B and
Ga values are similar, indicating that the two elements are likely to share
similar occurrence states, and the B/Ga ratio can be used as proxy for
paleosalinity changes (correlation coefficient r = +0.358, n = 39). The
trend of B* values is consistent with that of the B/Ga ratio, demon-
strating a strong correlation between the two as a result of paleosalinity

changes (correlation coefficient r = +0.728, n = 39). High TOC values
are observed in beds C2-C3 (x = 0.79 %), C12-C13 (x = 0.66 %), C18
(= 0.68 %) and C24-C26 (x = 1.99 %), which align with Ga values at
those levels (correlation index r = +0.678, n = 39). In contrast, the TOC
values show an inverse relationship with the B/Ga ratio (correlation
coefficient r = —0.424, n = 39), suggesting that higher levels of TOC
accumulated in freshwater sedimentary environments, with a strong
affinity for clay minerals (Fig. S2).

Based on the above analysis, the environmental conditions indicated
by the B/Ga ratio and B* values are consistent with the sedimentary
background of the Posongchong Formation in the study area, suggesting
an overall sea-level fall from bottom to top. In the lower part of the
Posongchong Formation (beds C2-C15), the B/Ga ratio ranges from 3 to
6, indicating a brackish environment. In the middle part of the Pos-
ongchong Formation (beds C15 and C16), the B/Ga ratio exceeds 6,
indicating that the water body was brackish, with salinity close to that of
seawater, which suggests a sea-level rise or transgression occurred
during this interval. In the upper part of the Posongchong Formation
(beds C17-C20), the B/Ga ratio again falls to between 3 and 6, indicating
a return to brackish conditions. However, the B* values for beds C17-
C20 are below 200 pg/g, and based on in situ fossil stem evidence, the
environment of deposition is interpreted as being freshwater but with
some influence of seawater. For beds C21-C28 in the upper part of the
Posongchong Formation, the B/Ga ratio remains between 3 and 6,
indicating a moderately saline brackish water body, similar to that
recorded in beds C2-C15. Based on these findings, it can be concluded
that the overall environment of deposition for the Posongchong For-
mation was brackish, with the middle and lower parts affected by sea
level rise that resulted in salinities close to, or even indistinguishable
from, those of seawater. Subsequently, as sea level fell, the environment
became brackish once more.

4.2. TOC signatures and kerogen macerals

Results of the kerogen maceral and TOC analyses are shown in
Fig. S1 and Supplementary Table 1. The TOC content varies from 0.04 %
to 3.21 % (x = 0.73 %) by weight. The sapropelinite content varies from
6.6 % to 82.7 % (X = 34.9 %). The vitrinite content varies from 4 % to
38.1 % (x = 21.8 %) and comprises telinite and collinite. The exinite
content varies from 10.4 % to 38.4 % (x = 23.4 %), the main compo-
nents of which are sporopollenite, cutinite and suberinite. Inertinite
content varies from 1.7 % to 46.9 % (x= 20.0 %) and is entirely frag-
mental fusinite.

Kerogen types provide qualitative information about organic matter
sources (Meyers and Ishiwatari, 1993a, 1993b). In this study, we use the
TI values to evaluate kerogen types. The TI values in beds C17-C19 and
C23-C26 are less than 0, indicating type III kerogen, and organic matter
is derived principally from terrestrial higher plants. In beds C15 and
C16, the TI values are all between 80.3 and 83.8, indicating type I
kerogen, with the organic matter composed mainly of algae and aquatic
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phytoplankton that was primarily produced in situ in lake and marine
settings. In beds C2-C13, the TI values are all between 0 and 40, indi-
cating type II; and II; kerogen, which generally indicates that organic
matter was derived from a mixture of higher plant debris and lower
aquatic organisms (Moldowan et al., 1985; Mao et al., 2010). Based on
these analyses, we infer that the organic matter in the succession was
mainly derived from terrestrial higher plants, followed by mixed sources
including algae and lower aquatic organisms.

4.3. Facies analysis

The sedimentary facies recorded in the Posongchong Formation are
hereby classified into three facies associations (FAs), each representing a
distinct, genetically related set of depositional environments. These
settings range from coastal plain/fluviolacustrine (FA A), tidal flat (FA
B), and shallow marine (FA C).

4.3.1. Facies Association A: Coastal plain/Fluviolacustrine

Description: Facies Association A comprises three facies (Supple-
mentary Table 2). FA Al is primarily characterized by interlaminated
and thinly interbedded argillaceous and fine-grained sandstones, which
exhibit a fining-upward sequence, preserving a diverse array of hori-
zontal lamination and wave ripple cross bedding, with sets generally less
than 2 m thick. Sharp basal contacts are usually filled with mudstone
clasts, and covered with small amounts of plant debris, with sparse to
non-existent bioturbation intensity (BI = 0-1) (Fig. 3). FA A2 comprises
mainly interbedded mudstone and siltstone, with sandstone units that
are coarsening-upward or sharply bounded, and small-scale cross
bedding, ripple cross lamination, and interlamination structures. The
interlayer intervals are typically less than 2 m thick and contain plant
debris, with well-preserved stems, abundant rooting structures, in situ
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plant stems, and marine fossils (Lingula. sp.) (Fig. 3a, b, c). FA A3 con-
sists primarily of fissile laminated, organic-rich shale, claystone, and
siltstone, often containing siderite nodules (Fig. 3e). The interlayer in-
tervals are typically less than 1 m thick and exhibit horizontal lamina-
tion (Fig. 3f) and are rich in plant fossil stems and in situ sporangia, as
well as marine fossils such as placoderm fish and Lingula. sp. brachio-
pods. The bioturbation intensity and diversity are moderate (BI = 0-4)
(Fig. 3d, e, ).

Interpretation: The characteristics of sedimentary structures and
the accompanying paleosalinity proxies suggest that FA A represents a
tidal-influenced coastal plain environment, predominantly character-
ized by freshwater conditions (Fig. 3f) but with marine influence evi-
dence by placoderms and lingulid brachiopods. FA Al is interpreted to
record a primarily fluvial channel, possibly affected by tidal processes.
This interpretation is supported by the sedimentary structures, the
presence of basement erosion surfaces, overlying coarse sediments, and
fining-upward facies sequences (Fig. 3f). The underlying argillaceous
clastic sandstone was likely deposited by strong currents during periods
of high fluvial discharge (Dalrymple et al., 2015; Gugliotta et al., 2016;
van Cappelle et al., 2018). The overlying thinly bedded sandstone,
which contains fragmented axes and isolated sporangia, records fluvial
and high-energy deposits (Fig. 3b). The rich rhythmic stratification
(rhythmic bedding) and the presence of brachiopods (Lingula sp.) in the
sandstone strongly suggest a tidal influence (Figure 3a;). The low in-
tensity of bioturbation may be a function of fluctuations in salinity
(MacEachern et al., 2005; Buatois et al., 2012), a hypothesis supported
by geochemical evidence. The preferential occurrence of biological
traces in FA A likely records saltwater intrusion during periods of low
river discharge (Gugliotta et al., 2016; Jablonski and Dalrymple, 2016;
Collins et al., 2020).

FA A2 and FA A3 are interpreted as floodplain deposits, ranging from
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Fig. 3. Examples of Facies Association A (see Supplementary Table 2): a) Parallel bedding in sandstone; a;) Cross lamination; b) Carbonaceous shale; b;) Plant
sporangia; b,) Plant stem in mudstone from bed C18; c) Parallel bedding in sandstone; c;) Plant stem in sandstone from bed C18; d) Plant stem and Lingula in
sandstone from bed C17; e) Parallel bedding in sandstone and Fe nodule in shale from bed C17; e;) Plant stem in siltstone from bed C17; f) Stratigraphy of the
Zhichang section beds C17-C20 including lithology and facies associations, sedimentary structures, fossils, accessory symbols and paleosalinity. Abbreviations: B =
Bed; FA = Facies Association; PS = Paleosalinity; BI = Bioturbation intensity; Lev. = Levee; Fu. C. = Fluvial Channel.
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environments proximal to channel margins to more distal locations not
influenced by active channel processes. In these areas, sediments were
initially deposited by a gradually weakening high-energy sheet flow of
water. FA A2 occurs successively in a coarsening-upward depositional
sequence, suggesting episodic progradation into an adjacent flooded
depression. These conditions result in sandstone bodies with distinct
boundary characteristics, which, with the decrease in flow energy,
transition to low-energy flow and suspension deposits. Therefore, FA A2
is interpreted as recording levee deposits (Fielding et al., 1993;
Michaelsen and Henderson, 2000; Ray and Chakraborty, 2002). FA A3,
characterized by coarsening-upward sequences and fine-grained, later-
ally extensive parallel bedded sandstones, closely resembles crevasse
splay deposits (Farrell, 1987; Tye and Coleman, 1989; Jorgensen and
Fielding, 1996; Fig. 3c). During flood events, sediments would have
been rapidly buried, with plants growing near channel margins in
localized areas (Hao and Xue, 2013; Xue et al., 2018; Fig. 3e). In sum-
mary, the FA A facies association represents fluvial-dominated fluvio-
lacustrine deposits with tidal influences.

4.3.2. Facies Association B: Tidal flat

Facies Association B comprises three facies: subtidal (FA B1), inter-
tidal (FA B2) and supratidal (FA B3) deposits (Supplementary Table 2).

Facies Association B1: Supratidal

Description: FA Bl primarily consists of mudstone, claystone and
siltstone with a high organic matter content, and geochemical evidence
suggests this facies was deposited in a freshwater or brackish environ-
ment (Fig. 4f, 5f). The mudstones and siltstones contain a significant
number of in-situ plant stem fossils, such as Zosterophyllum and Dis-
tichophylum sp. (Hao and Xue, 2013; Xue et al., 2018; Fig. 4b, e). Layered
or blocky yellow to purplish-red siltstone and claystones, which exhibit
root traces at the top, contain small amounts of plant debris. These
layers also feature visible downward plant roots and rhizomes, with
horizontal lamination and small wave-ripple bedding, and the bio-
turbation intensity is generally low (BI = 0-1) (Fig. 4d, f).

Interpretation: The characteristics of FA Bl suggest that the accu-
mulation of laminated mudstones with root traces is typically associated
with low-energy suspension sedimentation in a supratidal zone
(Tanavsuu-Milkeviciene and Plink-Bjorklund, 2009; Dalrymple, 2010).
The supratidal zone is located higher in the tidal flat setting and this
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environment is only inundated by a combination of high astronomical
and meteorological tides, such as river floods or storm surges (Finkl and
Makowski, 2019). The laminated mudstones with plant root traces and
bioturbation are typical of supratidal deposits (Dalrymple, 2010; Des-
jardins et al., 2012; Longhitano et al., 2012). The presence of wave-
ripple and flaser bedding likely reflects variations in tidal energy
within the supratidal zone (Fig. 4d).

Facies Association B2: Intertidal

Description:FA B2 primarily consists of mudstone, shaly coal, silt-
stone, and fine sandstone, with a small amount of plant debris (Figs. 4, 5,
7). The sedimentary structures include lenticular bedding, flaser
bedding, wave-ripple bedding, and herringbone cross-lamination, which
are often disrupted by bioturbation and overlain by mudstone. Thin
rhythmic interlayers of mudstone and fine-grained sandstone are only
partially preserved, with bioturbation intensity and diversity generally
moderate (BI = 0-2) (Figs. 4a, d, f; Fig. 5f). The shaly coal exhibits
lamellar and lenticular bedding, with abundant vitrinite, bituminite,
and numerous pyrite framboids visible under the microscope (Fig. 5b).
The sandstone contains a small amount of plant fossil debris and is
poorly sorted, with glauconite minerals present (Figs. 4c, 5e). The
layered or blocky mudstone and siltstone have a high organic matter
content but few in-situ plant fossils (Fig. 5a).

Interpretation: The characteristics of FA B2 suggest accumulation
of tidal bedding and laminated mudstone and sandstones within the
intertidal zone (Tanavsuu-Milkeviciene and Plink-Bjorklund, 2009;
Dalrymple, 2010; Desjardins et al., 2012; Eide et al., 2016). Intertidal
flats are low-relief sandy or muddy areas that are alternately exposed
and inundated by astronomical tides (Finkl and Makowski, 2019). The
tidal bedding in FA B2 is primarily represented by flaser bedding,
lenticular bedding, and wave-ripple bedding in sand/mudstone se-
quences, indicating deposition in a mixed flat environment (Dalrymple,
2010; Longhitano et al., 2012; Fig. 4a). The presence of rhythmic
layering suggests deposition during successive high tides, possibly
associated with a meteorological event (Fig. 4a, 7b). The moderate
bioturbation intensity indicates the influence of high-energy zones in the
intertidal zone (Shen et al., 2023). Tidal inundation and exposure are
further evidenced by herringbone cross lamination and the presence of
small amounts of plant debris, with red argillaceous interlayers (possibly
evaporitic) in the siltstone/sandstone sequences, suggesting deposition
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Fig. 4. Examples of Facies Association B (see Supplementary Table 2): a) Lenticular bedding, wave lamination, and bioturbation; b) Plant stem in mudstone from bed
C9; ¢) Lenticular bedding; c¢;) Plant debris in siltstone from bed C7; c2) Glauconite, microstructure characteristics of sandstone in bed C7; d) Flaster lamination and
wave-ripple lamination; d;) Microstructure characteristics of sandstone in bed C6; e) Plant stem in mudstone from bed C6; f) Stratigraphy of the Zhichang section
beds C5-C11 including lithology and facies associations, sedimentary structures, fossils, accessory symbols and paleosalinity. Abbreviations: om = Organic matter; B
= Bed; FA = Facies Association; PS = Paleosalinity; BI = Bioturbation intensity; Supra. = Supratidal.
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Fig. 5. Examples of Facies Association B (see Supplementary Table 2): a) Shale sequence and tonstein; a;) Plant debris in mudstone; b) Shaly coal in bed C25; b;)
Organic matter microstructure characteristics; ¢) Plant debris in mudstone from bed C24; c;) fossil fragment; d) Plant stem in mudstone from bed C24; e) Plant stem
in sandstone from bed C23; e;) Glauconite microstructure characteristics of sandstone in bed C23; e;) Organic matter microstructure characteristics of sandstone in
bed C23; f) Stratigraphy of the Zhichang section beds C23-C27 including lithology and facies associations, sedimentary structures, fossils, accessory symbols and
paleosalinity. Abbreviations: B = Bed; FA = Facies Association; PS = Paleosalinity; BI = Bioturbation intensity; Su. = Supratidal; Fr. = Freshwater.

in a mudflat (Fig. 7b). The upper part of the mudflat may have been
occupied by plants, and the interaction of seawater and freshwater could
have formed salt marshes (Dalrymple, 2010). The lower part of the
mudflat may have formed a depression, which was periodically flooded
by saltwater and eventually formed a lagoon.

Facies Association B3: Subtidal

Description:FA B3 primarily consists of gray-black mudstone, silt-
stone and fine-grained sandstone with little to no organic matter. The
sedimentary structures are characterized by parallel laminations, and
the paleosalinity index indicates that the water body was of medium
salinity (Figs. 6, 7). The deposits are composed of centimeter- to
decimeter-scale, very fine to fine-grained sandstone beds that exhibit
parallel lamination, wave bedding, and lenticular bedding, embedded
within thicker mudstone intervals (Figs. 6, 7). Muddy clasts and plant

#lenticular bedding
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stems are occasionally found within some layers. Fossil content includes
brachiopods (Lingula sp.), placoderm fish fragments, and crinoid re-
mains in some layers (Figs. 6a, c; Fig. 7e).

Interpretation: The characteristics of FA B3 suggest that accumu-
lation of lenticular bedding and parallel laminated fine-grained depo-
sition occurred in the subtidal zone (Dalrymple, 2010; Desjardins et al.,
2012). The subtidal zone remains continuously submerged and is
generally unaffected by astronomical tides (Morales, 2022). The pres-
ence of Lingula brachiopods, placoderm fish fragments, and crinoid re-
mains indicate a saline, seawater environment prevailed at the time of
deposition (Figs. 6a, c; Fig. 7e). The wave and lenticular bedding of
sandstone, along with fossil fragments, suggests high-energy conditions,
likely influenced by tidal currents and waves (Buatois et al., 2012;
Rodriguez et al., 2018). Additionally, the sedimentary features may also
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Fig. 6. Examples of Facies Association B (see Supplementary Table 2): a—c) Shale, siltstone and mudstone hand sample; a;) Placoderm fish skeletal fragments
(Placodermi); b,) Plant stem in shale from bed C2; b,) Rhizome fragment in shale from bed C2; ¢;) Crinoid trace fossil; ) Stratigraphy of the Zhichang section beds C2-
C3 including lithology and facies associations, sedimentary structures, fossils, accessory symbols and paleosalinity. Abbreviations: B = Bed; FA = Facies Association;

PS = Paleosalinity; BI = Bioturbation intensity.
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Fig. 7. Examples of Facies Associations B and C (see Supplementary Table 2): a) Mudstone hand sample; b) Herringbone cross lamination; c¢) Plant debris in shale
from bed C14; d) Horizontal lamination in mudstone from bed C15; e) Lenticular bedding in mudstone from bed C13; e;) Placoderm fish skeletal fragments (Pla-
codermi) and Lingula fossils; e,) Plant stem and muddy clasts; e3) Placoderm fragments; f) Stratigraphy of the Zhichang section beds C12-C16 including lithology and
facies associations, sedimentary structures, fossils, accessory symbols and paleosalinity. Abbreviations: B = Bed; FA = Facies Association; PS = Paleosalinity; BI =

Bioturbation intensity; m. = Marine; s. = Shelf.

reflect storm-driven deposition (Fiirsich and Oschmann, 1993). Taken
together, these lines of evidence point to a subtidal, high-energy envi-
ronment influenced by tidal currents and wave activity.

4.3.3. Facies Association C: Shallow marine / offshore shelf

Description: FA C primarily consists of gray-green thick siltstone,
argillaceous siltstone, and fine sandstone, with a distinct light gray
massive argillaceous limestone layer approximately one meter thick in
the middle (Fig. 7a). The siltstone is characterized by wavy cross
bedding, lenticular bedding, and other sedimentary structures, but lacks
plant fragments. It contains small amounts of organic matter, with
abundant bioturbation seen on bedding surfaces. Notable fossil evidence
includes the presence of brachiopods (Lingula sp.), and geochemical data
indicate a saline environment (Fig. 7d).

Interpretation: FA C shows no evidence of proximal sources of
coarse-grained sediments, nor signs of wave-disturbed sedimentary
structures, and is therefore interpreted as primarily recording shelf
conditions below the fair-weather wave base (Morales, 2022). The
characteristics of FA C suggest sediment accumulation in a shallow
marine environment, with the presence of marine fossils, argillaceous
limestone, and evidence of normal salinity (Fielding et al., 2022). The
animal fossil fragments and bidirectional cross bedding indicate a high-
energy offshore environment, influenced by waves or tides (Buatois
et al., 2012; Rodriguez et al., 2018). These features are interpreted to
record offshore shelf environments situated between the storm-wave
base and fair-weather wave base (MacEachern and Bann, 2008; Field-
ing et al., 2022).

4.4. Sea level change

High-resolution lithofacies analysis reveals that the facies associa-
tions FA A to FA C primarily represent coastal plain/fluviolacustrine,
tidal flat, and shallow marine environments. These sediments accumu-
lated between the fair-weather wave base and the maximum high-water
surface during normal weather conditions. Due to the limited avail-
ability of biostratigraphic data, the sea level curves in this study are
based on lithological (microfacies) evidence rather than time-based
stratigraphy. These findings were then used to reconstruct a compre-
hensive long-term curve of relative sea-level change in the studied

section during the Early Devonian (Fig. 8).

The paleo-environment and paleo-water depth curves, based on
facies analysis, reveal two distinct transgressive and regressive cycles
during late Pragian-early Emsian (Fig. 8h). The first transgression
occurred in the early Pragian, when seawater from the western part of
the basin rapidly intruded into the eastern Yunnan region, forming a bay
in the study area (Wu et al., 1997). In beds C2 and C3 at the base of the
Posongchong Formation, subtidal (FA C) sediments, along with fish
fossils, support the interpretation of a transgressive event in the South
China Sea. The first regression is recorded by beds C4 and C5, with the
depositional environment gradually shifting from subtidal (FA B3) to
intertidal (FA B2). A second transgression occurred in the late part of the
late Pragian, and is recorded in beds C14-C16 in the middle of the
Posongchong Formation. Facies evidence supports a rapid and brief
transgression, with the previous intertidal and subtidal environments
replaced by a shallow marine environment. This led to a sharp rise in the
relative sea level, reaching the maximum depths seen in the study sec-
tion at that level. A second regression is recorded by bed C17 in the
middle part of the Posongchong Formation and this continued into the
late Pragian. Comparing the vertical evolution of the depositional
environment and long-term sea-level fluctuations of the Posongchong
Formation in the Wenshan area with the sea-level curves proposed by
Wu et al. (1997) and Ma et al. (2009) reveals that the paleo-water depth
in the study area closely mirrors relative sea-level changes in the wider
region. This further supports the consistency of the study area's sea-level
changes with the global sea-level characteristics during the same period.

5. Discussion
5.1. Shaly coal accumulation and controlling factors

Peat mires are typically found in fluvio-lacustrine, deltaic, and
coastal plain environments, where complex interactions between tidal
and fluvial processes occur (Lv and Chen, 2014; Lv et al., 2022, 2025;
Shao et al., 2022; Shen et al., 2024; Zhang et al., 2024). The preservation
and degradation of organic matter in peats is influenced by the energy
levels of these interactions, including tidal, river, and wave actions,
which control the migration, erosion of organic matter, and the supply
of terrigenous sediments (Omodeo-Sale et al., 2017). Facies analysis
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Fig. 8. Depositional environments recorded in the lower part of the Lower Devonian succession in the Zhichang section, showing vertical stacking patterns, cor-
relation of formation boundaries, and available absolute age data. Figure includes facies associations, palaeosalinity, water depth, TOC signatures, kerogen macerals
and B/Ga salinity proxy information for the Posongchong Formation (Wei and Algeo, 2020). Abbreviations: P = Period; S. = Stage; Ord. = Ordovician; F. = For-
mation; Mt. = Meitan; Sam. No. = Sample number; Water s. =Water salinity; D. e. = Depositional environment; Flv. = Fluviolacustrine; s. = Shelf.

indicates that the coal seam at the top of the Posongchong Formation in
the study area formed in a supratidal mire environment, which was
significantly influenced by tidal and river dynamics. This environment
led to the formation of lenticular shaly coal with a glassy luster,
approximately 10 cm thick (Fig. 5b). Under microscopic examination,
the shaly coal consists primarily of gelocollinite and clastic organic
macerals (vitrodetrinite and liptodetrinite), with no inertinite present.
The coal also contains high concentrations of pyrite framboids and clay
minerals (Figure 5b;). These organic materials are often interspersed
with argillaceous materials and organic debris, with alternating layers of
gelocollinite and clay. This suggests rapid flocculation and deposition of
organic matter under acidic conditions (Fig. 5b).

Previous studies have suggested that primary productivity and the
subsequent regulation of organic matter are the most important factors
controlling the accumulation and preservation of peat (Diessel, 1992;
Banerjee et al., 1996; Bohacs and Suter, 1997; Wadsworth et al., 2002;
Shao et al., 2022). Many plant fossils and paleontological remains,
including ferns, placoderm fish and Lingula sp. brachiopod marine fossils
and other plankton, have been identified in the late Pragian strata,
indicating the importance of accumulation in peat under specific

conditions. Crustal subsidence and sea-level fluctuations are key factors
controlling changes in accommodation space, influencing peat accu-
mulation (Shao et al., 2022; Shen et al., 2023). During the late Pragian-
early Emsian, the South China Plate experienced relatively stable tec-
tonic conditions, and sedimentation rates likely remained steady over
short periods (Wu et al., 1997). According to global sea-level curves for
the Early Devonian, two significant transgressions and regressions
occurred during the late Pragian-early Emsian, and the sedimentary
sequence of the Posongchong Formation reflects the influence of these
sea-level changes. The late Pragian-early Emsian climate was warm and
humid, creating an ideal environment for the formation of shaly coal at
the top of the Posongchong Formation (Slavik et al., 2016; Slavik and
Hladil, 2020). This accumulation occurred during a period of falling sea
levels, but was strongly influenced by tidal actions, leading to the
development of a broad, flat coastal plain where peat mires began to
form. During deposition, temporary subsidence and sea-level changes
reached a balance. However, this equilibrium between accommodation
space and peat accumulation could not be sustained over extended time
intervals, eventually leading to the formation of the shaly coal of the
Posongchong Formation (Fig. 9).



L. Yin et al.

Palaeogeography, Palaeoclimatology, Palaeoecology 674 (2025) 113039

Posongchong Formation
(Early Devonian)

Rhyniophytes

I @ o

Zosterophylls

= NG

| Supratit;al

Fluvial channel, foodplain, and mire

Fluviolacustrine

Coastal plain

Freshwater

Tidlglufalgidal [ Subtidal (Shallow marine)| =1 Fluvial channel  [S] Mire
udstone iltstone
IShoreface Offshore shelf E' Mudst Siltst
Brackish <= Placoderm

Fig. 9. Schematic diagram showing the organic matter accumulation models for the Posongchong Formation. Abbreviations: EHW = Extreme High Water Level;

MHW = Mean High Water Level; MLW = Mean Low Water Level.
5.2. Drivers of Early Devonian terrestrial organic carbon burial

Facies analysis reveals that organic carbon accumulation occurs in

supratidal, subtidal, intertidal lagoon, and fluviolacustrine environ-
ments (Figs. 8, 9). The results indicate that the average organic carbon
content is highest in sediments deposited in intertidal lagoon
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environments (X = 2.5 %), followed by the fluviolacustrine environ-
ments (x = 1.8 %) and the subtidal zone (x = 1.1 %). Among these
environments, the intertidal lagoon environment exhibits significantly
higher organic carbon content compared to other aquatic environments
(Supplementary Table 1; Fig. 8j).

In the study area, the relatively stable coastal environment and the
initial stages of plant terrestrialization played a crucial role in organic
matter accumulation (Figs. 9, 10). Total Organic Carbon (TOC) provides
valuable insights into the sedimentary environment (Tissot and Welte,
1984; Meyers and Ishiwatari, 1993a, 1993b). In the study area, organic
matter is mainly derived from terrestrial higher plants, followed by
algae and lower aquatic organisms (Fig. 10a, b). Organic matter in
marine environments may be more resistant to degradation, leading to
higher TOC preservation after subsequent exposure. By correlating sea
level changes with organic matter content, the results further suggest
that environments of differing salinities exhibit varying organic matter
concentrations. Specifically, the organic matter content in sediments
that accumulated in freshwater and brackish water environments is
significantly higher than those in marine environments (Fig. 8). Notably,
closed-water environments appear to be particularly favorable for
organic carbon enrichment.

It is believed that the transport of suspended debris from coastal
plains to the basin plays a significant role in the rapid accumulation of
organic matter (Milliman and Syvitski, 1992). Intertidal lagoons, char-
acterized by relatively still waters, provide a reducing environment
where the complex interaction between tidal currents and rivers occurs
over extended periods (Slattery et al., 2006). This environment allows
for the accumulation of sediments, which are more conducive to the
preservation of organic matter in earlier sediments. The upper part of
the intertidal zone, a typical saltmarsh environment with higher terrain
and low salinity, is less affected by seawater and wet conditions, thereby
favoring the preservation of organic matter (Gonneea et al., 2019; Byrd
and Kelly, 2006; Kirwan et al., 2013). In the subtidal zone, the relatively
high organic matter content can be attributed to the deeper water and
higher salinity conditions during the early stages of sedimentation,
which facilitated the burial and preservation of both sediments and
organic matter brought in by terrigenous inputs.

The highest TOC values and preponderance of type III kerogen from
terrestrial plants sources at the top of the Posongchong Formation
correspond to intervals of higher water levels, indicating that the change
of sea level is conducive to the enrichment of organic matter (Fig. 10a, b,
c). This sea level change event has been recorded in many parts of the
world. In Europe and America, the rise and the fall of sea level appears to
have been synchronous with that in South China (Wu et al., 1997; Ma
et al., 2009; Fig. 10d, €). We compiled a low latitude composite 5'3C
curve for the Early Devonian period, using the late Pragian-early Emsian
database of South China (Zhang et al., 2021; Chen et al., 2024) and
Europe (Buggisch and Mann, 2004). This record suggests that the sea
level changes, and the onset of terrestrial organic carbon burial were
synchronous at that time. However, some scholars question whether the
lower organic carbon content in Early Devonian strata reflects terrestrial
carbon burial (Edwards et al., 1979; Xue et al., 2022). To address this
issue, we examine it from the perspective of historical context and plant
terrestrialization (Fig. 10h). The Early Devonian was a time of clade
explosion in plants, dominated by vascular plants with relatively un-
developed xylems, making them more prone to degradation and less
likely to preserve organic matter (Gensel and Edwards, 2001; Qie et al.,
2019b, 2021a, 2021b; Xue et al., 2022, 2023a, 2023b). Plants absorb
CO5, from the atmosphere through photosynthesis and convert inorganic
carbon into organic compounds for storage in the plant body. This trend
is supported by changes in the organic carbon isotopes of plants (Zhang
et al., 2021), global inorganic carbon isotope records and pCO, data
(Buggisch and Mann, 2004; Foster et al., 2017; Lenton et al., 2018; Chen
et al., 2024; Fig. 10g, h). The emergence and diversification of land
plants significantly increased the production of organic carbon and thus
the terrestrialization of the land surface by plants undoubtedly
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promoted the formation and expansion of the terrestrial carbon pool
(Cascales-Minana, 2016; Qie et al., 2019b; Xue et al., 2022; Xue et al.,
2023a, 2023b). Based on the above considerations, we argue that the
Early Devonian Posongchong Formation serves as a typical example of
early terrestrial carbon burial, which holds significant implications for
understanding the processes of plant terrestrialization.

6. Conclusions

(1) Paleosalinity indices (B* and B/Ga) indicate that deposition of
the Posongchong Formation occurred in a range of freshwater,
brackish, and saltwater environments. Based on the characteris-
tics of paleosalinity and sedimentary structures, fluviolacustrine
(FA A), tidal flat (FA B), and shallow marine (FA C) facie asso-
ciations have been identified in the Posongchong Formation. Sea
level changes based on these facies associations reveal two epi-
sodes of sea level rise. This further supports the consistency of the
study area's sea level record with global patterns during the same
period.

Total Organic Carbon (TOC) and kerogen maceral analyses
indicate an increase in terrestrial organic carbon content sourced
from terrestrial higher plants and phytoplankton; The highest
TOC values and preponderance of type III kerogen in the Pos-
ongchong Formation correspond to intervals of higher water
levels, indicating that the change of sea level is conducive to the
enrichment of organic matter. At the same time, the formation of
shaly coal and carbonaceous shales in a stable coastal environ-
ment further indicates the influence of higher terrestrial plants on
organic matter accumulation.

(2

—
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