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During the late Paleozoic ice age, tropical coastal depositions have been widely linked
to high-frequency sea-level variations, but their linkage with the associated climate
change was not fully understood. In the early Permian, two deglaciations occurred in
the late Sakmarian and late Artinskian, respectively. During the late Artinskian deglacial
warming and transgression, coal-bearing siliciclastic successions of the Liangshan
Formation were developed in South China. Three facies associations were recognized
from the Liangshan Formation successions in western South China and ascribed to
coastal alluvial plain, estuarine, and deltaic environments. Detailed analysis of
sedimentology, paleosol morphology, and sandstone petrology suggest a relatively
dry-to-wet climate shift and estuarine to deltaic facies transition in the lower Liangshan
Formation. This climate shift and facies transition can be temporally correlated based
on regional stratigraphic correlations, although precise age constraints are needed to
test this correlation. The estuarine interval of the lowest Liangshan Formation signified a
rapid transgression during the late Artinskian deglaciation and likely formed during a
relatively arid climate with locally small fluvial systems, which provided limited sediment
supply. The subsequent transition to and initiation of deltaic deposition was broadly
associated with the inferred climate shift and could be primarily resulted from a climate
wetting-induced great increase in sediment supply, irrespective of the deglacial sea-
level rise.
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INTRODUCTION

The late Paleozoic ice age (LPIA) is the longest icehouse climate period, with glaciations
developed in the Gondwana continents and lasted more than 70 Myr from the Carboniferous to
the Permian (Crowell, 1999; Isbell et al., 2003; Wopfner, 2013). This icehouse climate reached its
acme glaciation in the earliest Permian and then gradually demised through the Permian before
completely transferring into the Triassic greenhouse (Fielding et al., 2008; Montañez and
Poulsen, 2013). There were well-developed distinctive, repetitive stratal stacking successions in
the palaeotropical regions during the Pennsylvanian to early Permian (e.g., Wanless and
Shepard, 1936; Montañez and Poulsen, 2013; Fielding, 2021). Detailed studies on these
tropical cyclical strata revealed high-frequency eustatic sea-level variations driven by the
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glacial–interglacial cycles in the high latitudes (Wanless and
Shepard, 1936; Ross and Ross, 1985; Heckel, 1986; Smith and
Read, 2000; Rygel et al., 2008; Belt et al., 2011; Fielding and
Frank, 2015, 2020). These cyclic sequences record changes in
paleosols and palaeofloras, reflecting associated climate
fluctuations in tropical regions (Tandon and Gibling, 1994;
Miller et al., 1996; Cecil et al., 2003; Olszewski and
Patzkowsky, 2003; Falcon-Lang, 2004; Dolby et al., 2011;
Eros et al., 2012; Rosenau et al., 2013).

The control of sea-level variations on the LPIA coastal
sedimentation has been widely documented (e.g., Wanless and
Shepard, 1936; Fielding, 2021). However, the role played by
climate on the sedimentary patterns has not been well
distinguished from those of sea-level fluctuations during the
LPIA (Fieldman et al., 2005), although long-term,
intermediate, and short-term dry-to-wet climate shifts have
been increasingly recognized (e.g., Miller et al., 1996; Cecil
et al., 2003; Olszewski and Patzkowsky, 2003; Falcon-Lang,
2004; Tabor and Poulsen, 2008; Eros et al., 2012). Cecil et al.
(2003) highlighted the potential primary control of short-term
climate changes on Pennsylvanian–early Permian cyclic
lithostratigraphy (e.g., Cecil, 1990; Miller et al., 1996).
Fieldman et al. (2005) advocated a dominant control of
intermediate climate changes on the fluvial sediment supply
and sequence architecture of the Pennsylvanian glacio-eustatic
sequences based on pedogenic fabrics and low-stand depositions.
All these studies focused on the Permo-Carboniferous records in
tropical Pangea but with few or no data coming from tropical
Tethys regions where the continuous marine successions are well
developed during the Permian icehouse-to-greenhouse transition
(e.g., Liu and Xu, 1994; Wang et al., 2013; Shen et al., 2019).

During the late early Permian main deglaciation (e.g., Fielding
et al., 2008), coal-bearing siliciclastic depositions were widely
developed in South China, named as the Liangshan Formation, in
association with the late Artinskian transgression (Wang et al.,
2013; Shen et al., 2019). To further understand the importance of
climate effects relative to that of sea-level changes on tropical
coastal sedimentation, we here conducted a detailed study on the
Liangshan Formation in western South China in terms of
sedimentology, mineralogy, and geochemistry. This study
reveals a significant control of the dry-to-wet climate shift on
the coastal strata architecture during the deglacial sea-level rise.

GEOLOGICAL SETTINGS AND STUDIED
SECTIONS

The South China Block is bounded by the Qinling–Dabie–Sulu
orogenic belt to the north (Meng, 2017) and by the
Jinshajiang–Ailaoshan orogenic belt to the west (Wu, 1998;
Zhang et al., 2013). It was formed by the Proterozoic
collisional assembly between the Yangtze and Cathaysia blocks
along the Jiangnan orogenic belt (Li et al., 2002; Wang and Li,
2003; Li et al., 2009; Shu et al., 2011). In South China, there were
mainly marine carbonate and shale sequences through the late
Neoproterozoic to early Paleozoic, and a regional unconformity
separates the early Paleozoic limestones and shales from the

overlying late Paleozoic marine carbonate-dominated
successions (Liu and Xu, 1994). During the late Paleozoic,
South China was located in tropical regions and achieved
relatively continuous sedimentary successions in stable
cratonic settings (Liu and Xu, 1994; Wang et al., 2018). For
the Pennsylvanian–early Permian interval, sequence stratigraphy,
lithofacies and carbon–oxygen isotopic analysis exhibited high-
frequency sea-level fluctuations and climate changes related to
the late Paleozoic glaciations (Buggisch et al., 2011; Wang et al.,
2013; Liu et al., 2017; Huang et al., 2018). In South China, the late
Pennsylvanian–early Permian strata are mainly composed of
carbonates with abundant benthic faunas, including the
Maping Formation in the western part and the Chuanshan
Formation in the eastern part (e.g., Shen et al., 2019). A major
seal-level fall occurred in the early Permian (possibly in the
Sakmarian) and produced an extensive sedimentary hiatus
through South China ((Liu and Xu, 1994; Wang et al., 2013;
Shen et al., 2019). Subsequently, a coal-bearing siliciclastic
sedimentary sequence of the Liangshan Formation was
developed, especially in the surrounding areas of paleo-uplifts,
and represents the basal part of the Yangsingian series of South
China (Shen et al., 2019). It grades upward into the thick
Kungurian limestones of the Chihsia Formation, the most
widely distributed carbonate deposits in South China (Liu and
Xu, 1994).

The Liangshan Formation is mainly composed of bauxites,
massive mudrocks, quartzose sandstones, shales, and coal
measures with or without a limestone interbed (Zhao and
Huang, 1931; Jin and Fang, 1985). Relative to the abundant
marine fossils in the carbonates of Chihsia and Maping
formations, the Liangshan Formation is characterized by
containing terrestrial sporo-pollens and plant fragments (e.g.,
Jin and Fang, 1985; Shi et al., 2014). Brachiopods are the most
abundant marine fauna in the Liangshan Formation (Lv, 1982; Jin
and Fang, 1985; Campi and Shi, 2007). The brachiopod
assemblages are of the Artinskian in age based on their
associated conodonts and thus provide an age constraint for
the Liangshan Formation (Campi and Shi, 2007; Shen et al.,
2019).

We carefully logged and sampled the successions of the
Liangshan Formation from four sections in Weining and
Pingtang regions in Guizhou province of western South
China (Figures 1, 2). The Xiuhe section is located in the
northeast of Weining city (Figure 1B) and contains a
siliciclastic succession of the Liangshan Formation with a
thickness of ~85 m (Figure 2A). The Caohai section is
located southwest of Weining city (Figure 1B) and
contains a ~26-m-thick succession of the Liangshan
Formation (Figure 2B). The Houpo section is located in
the south of Pingtang city (Figure 1C) and has a ~25-m-
thick succession of the Liangshan Formation (Figure 2C). The
Mapojiao section is located in the east of Pingtang city
(Figure 1C) and contains a coal-bearing succession of the
Liangshan Formation of about 21 m in thickness (Figure 2D).
The measured successions of the Liangshan Formation were
all formed in an overall coastal marine environment
(Figure 1A; Liu and Xu, 1994).
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FIGURE 1 | Locations of the studied sections (XS: Xiuhe section, CS: Caohai section, HS, Houpo section, and MS: Mapojiao section) in the paleogeographic
reconstruction for the deposition of early Permian Liangshan Formation in western South China (A, revised from Liu and Xu, 1994) and geologic maps in Weining and
Pingtang regions (B,C, after GZBGMR, 1987).

FIGURE 2 | Lithological columns of the logged successions from the top Maping through Liangshan to the basal Chihsia formations in the Xiuhe, Caohai, Houpo,
and Mapojiao sections, showing the sedimentary structures of the strata, and stratigraphic positions of each sample analyzed during this study.
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SAMPLES AND ANALYTICAL METHODS

Sampling was conducted at intervals with good exposure and
little alterations by present-day weathering. So, our sampling was
not even through the logged successions, especially for the Houpo
section where modern weathering is heavy. A total of 22 samples
were collected from the Liangshan Formation, including three
sandstone samples from the Xiuhe section, four sandstone
samples and two mudrock samples from the Caohai section,
and two mudrock samples from the Houpo section, and six
sandstone and five mudrock samples from the Mapojiao section.

The sandstone samples were thin-sectioned and observed
under a microscope. Their modal composition was determined
by Gazzi–Dickinson point-counting method (Dickinson, 1970;
Ingersoll et al., 1984). Detrital modes were characterized by the

types and proportions of framework grains such as quartz and
feldspar grains and lithic fragments (Dickinson, 1970). The
mudrock samples were analyzed using X-ray diffraction (XRD)
for mineralogical compositions and X-ray fluorescence (XRF) for
major element contents. Mineralogical analyses by X-ray
diffraction were performed with a PANalytical X’Pert Pro
model instrument at the State Key Laboratory of Geological
Process and Mineral Resources (GPMR), China University of
Geosciences (Wuhan). The analytical error reported is 5% for clay
minerals and 2% for non-clay minerals. The major elements were
measured using a PANalytical Axios X-ray fluorescence
spectrometer at ALS Chemex (Guangzhou, China). The
analytical uncertainty is 5% for LOI (loss on ignition) and 2%
for SiO2, Al2O3, CaO, Fe2O3T, Na2O, K2O, MgO, MnO, and
P2O5. The determination limit is 0.01% for the major elements.

FIGURE 3 |Outcrop photographs of the Liangshan Formation in the Xiuhe section and the facies interpretations. (A) Unconformable contact (red dotted line) of the
Liangshan Formation between the underlying Maping Formation (Hammer of ~30 cm, circled, for scale). (B) CAP facies associations at the lower Liangshan Formation,
showing reddish mudrocks of the coastal floodplain, erosionally based sandstone bodies of the coastal plain channel, mottled mudrocks, and dark gray mudrocks. A
remarkable color change from purplish red to dark gray was noted. (C) Close-up view of the blocky to prismatic ped structures, plant root traces, and calcareous
nodules of reddish mudrocks. (D) Close-up view of the reddish coarse-grained sandstone bed of the coastal plain channel, showing fining upward trend. (E) Mottled
mudrocks of coastal floodplain in arid climate covered by sandstones of the coastal plain channel and interbedded black mudrocks and sandstones of coastal floodplain
in a more humid climate (Hammer of ~30 cm, circled, for scale). (F) EST facies associations above the coastal plain mudrocks, and sandstones. The mudrocks,
sandstones, and carbonaceous shales of estuarine flat, tidal rhythmite, and estuarine mire are interbedded, and some intervals preserved estuarine channel sandstones.
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SEDIMENTOLOGY AND FACIES
INTERPRETATIONS FOR THE SAMPLED
SUCCESSIONS
Three facies associations were recognized, following Fielding and
Frank (2015), based on the relative abundances of mudrocks and
sandstones, sedimentary structures, thicknesses of sandstone
bodies and their vertical grain-size trends, and pedogenic
characters. These are attributed to coastal alluvial plain (CAP),
estuarine (EST), and deltaic (DEL) environments. The lithofacies
and interpreted facies are briefly outlined in the following.

Coastal Alluvial Plain Facies Association
The CAP facies association comprised three facies: coastal plain
channel, coastal plain floodplain, and coastal mire. These facies
were recognized in the lower part of the Xiuhe section.

The coastal plain channel comprised erosionally based, fine- to
coarse-grained sandstones (Figures 3B,D,E). Two sandstone
beds were observed from the lower Liangshan Formation in
Xiuhe section. The lower one was reddish in color with a
thickness of about 2.5 m and showed fining upward trends
from the basal coarse-grained sandstones to medium-grained
sandstones at the top. Its bottom contained angular mudrock
gravels, which tend to be diminished to the southwest, and had an
erosional contact with the underlying red mudrocks. Parallel
bedding, horizontal laminations, and cross-stratifications were
observed. The upper one was medium- to fine-grained quartzose
sandstone of about 1 m thickness. It had a distinct undulate
erosional base. There developed pervasively trough cross-bedding
andminor parallel bedding. This lithofacies was interpreted as the
product of coarse-grained deposition in river channels in a coastal
lowland plain. Considering their thickness, these sandstones
might not represent major distributary channels. The lower
coarse-grained sandstones might form in a weakly confined
channel related to abrupt floods, and the upper sandstones
likely represented a crevasse channel linked to a major
tributary channel (e.g., Fielding, 2021).

The coastal plain floodplain consisted of massive mudrock and
interbedded mudrocks and sandstones. The variety of colors of
mudrocks in these lithofacies was noted. Mudrocks at the bottom
with up to 10 m thickness displayed strong reddening and were
characterized by intense pedogenesis. There developed obvious
blocky to prismatic ped structures, calcareous nodules, vertical
cracks filled with pale gray sandstones, and extensive disruption
by in situ plant roots. The second mudrock unit in the Xiuhe
section was dominated by pale red colors with drab gray mottling
grading upward to the pale gray horizon at the top. Vertical
structures and large-scale slickensides developed in these mottled
mudrocks with carbonate nodules present in the lower part.
Further upward, there occurred gray mudrock beds of about
0.5 m thickness, which were interbedded with the overlying
medium-bedded, fine-grained sandstones. They show blocky
ped structures and mottling in the lower part. There was no
evidence of any grain-size trends, and tidal or storm surges were
observed in this lithofacies. The sandstone layers were only about
0.1–0.4 m thick and were somewhat lenticular (Figure 3B). Mud-
graded sediments probably fell from suspensions derived from

overbank flows in nearby channels and were subsequently altered
by pedogenic processes. Tabular sandstones were likely delivered
in gentle currents probably from the same source and represented
distal crevasse splay sheet-lite deposits.

The coastal mire comprised beds of carbonaceous shale and
impure coal of <0.5 m thickness, and abundant carbonized plant
fragments can be observed in coal. This facies was interpreted as
the deposition of the coastal mire that occupied floodplain
surfaces once sediment had filled open standing water areas.
The mire was obviously short-lived and immature according to
the thin and impure nature of these beds (Fielding and Frank,
2015).

Estuarine Facies Association
The EST Facies Association comprised five facies: estuarine
channel, estuarine bay fill, estuarine flat, tidal rhythmite, and
estuarine mire. These facies were recognized in the upper Xiuhe
section and the basal parts of the other three sections. In these
intervals, the estuarine lithofacies were closely associated and can
be distinguished from the underlying coastal alluvial plain or
overlying deltaic depositions.

The estuarine channel consisted of erosionally based
sandstone bodies of up to <2 m thickness (Figure 4A). These
bodies somewhat resembled the CAP channel bodies but were
thinner bedded with much finer, better sorted grains. They
commonly had siltstone partings and tough cross-bedding sets.
This lithofacies was interpreted as the product of the estuarine
channel, within the lower reaches of the fluvial–tidal transition
zone (Martinius and Gowland, 2011; Fielding and Frank, 2015).

The estuarine bay fill comprised a coarsening upward
mudrock-dominated succession, with a thickness <1 m,
passing from laminated mudrocks upward to fine-grained
sandstones (Figure 4A). The coarsening upward nature
suggested the filling of standing water by a prograding clastic
system. This lithofacies was interpreted as a record filling shallow
water estuarine bays. The estuarine flat comprised interlaminated
and interbedded mudrocks and fine-grained sandstones of up to
3 m thickness, associated with other EST lithofacies (Figures 3F,
4A,E). The mudrocks of this facies displayed dark gray to black
color. There was no evidence of channel forms observed for the
sandstone beds, which may have scour surfaces. It suggested a
formation in relatively flat-lying surfaces at times exposed and
others submerged. This lithofacies was interpreted as a product of
estuarine flats ranging from subtidal to supratidal, where a
relatively flat-lying surface was intermittently exposed or
drown (Fielding and Frank, 2015).

The tidal rhythmite comprised rhythmically laminated,
alternating mudrock and very-fine to fine-grained sandstone of
up to 2 m thickness (Figures 3F, 4E). The interlamination-
signified rhythmic character made it the most distinctive
facies. Abundant plant fragments and marine fossils (mainly
brachiopods) were observed in mudrocks. This lithofacies was
very similar to the so-called “tidal rhythmites” documented from
modern and ancient tidal settings (Nio and Yang, 1991; Fielding
and Frank, 2015). Therefore, it was interpreted as a subtidal to
intertidal deposition dominated by tidal dynamics. Changes in
current strength and direction were associated with the diurnal or
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semidiurnal tide. The estuarine mire comprised carbonaceous
shales and impure coal beds of about 1 m thickness (Figures 3F,
4E). Abundant plant fragments were present. This lithofacies was
interpreted as a product of estuarine mire, forming within
estuarine basins.

Deltaic Facies Association
The DEL Facies Association comprised four facies of prodelta to
distal delta front, proximal delta front, distributary channel, and
delta plain mire. These facies were mainly observed in Caohai,
Houpo, and Mapojiao sections.

The prodelta to distal delta front facies comprised laminated
mudrocks and thinly interbedded mudrocks and fine-grained
sandstone (Figures 4B,D,E). Sandstones were generally thinly
bedded and lenticular. Bioturbations were noted in some

mudrocks and are generally sporadic though locally abundant.
Current and wave-generated sedimentary structures were noted
in some sandstone bodies in Mapojiao section. This lithofacies
was interpreted as having formed on the distal delta front and the
prodelta environments, at or under a fair weather wave base. The
prodelta to distal delta front facies showed coarsening upward
trends grading upward into the proximal delta front sandstone
facies and formed as the initial phase of delta progradational
cycles.

The proximal delta front comprised typical coarsening upward
bodies of sharp fine-grained sandstones in a <5m-thick
succession. They were overlying prodelta to distal delta front
facies (Figures 4B,D,E). The currently generated sedimentary
structures dominated with a subordinate component of
combined flow and wave-generated structures. There was

FIGURE 4 | Outcrop photographs of the Liangshan Formation in the Caohai, Houpo, and Mapojiao sections and the facies interpretations. (A) EST facies
association at the basal part of Caohai succession, showing a coarsening upward sequence from estuarine bay mudrocks and sandstones to cross-laminated
sandstones of the estuarine channel (Pen of 15 cm for scale). (B) Delta distributary channel sandstones in the Caohai section showing lateral accretion macroform
overlying on planar bedded fine-grained quartzose sandstones of proximal delta front and mudrocks and siltstones of prodelta to distal delta front. (C) Close-up
view of trough cross-stratified sandstones of delta distributary channel in the Caohai section. (D) Typical coarsening upward sequence of delta progradation in the
Houpo section. (E) DEL and EST facies associations at the lower parts of the Mapojiao section. The distinctive interlamination mudrock and sandstone of tidal rhythmite
facies are overlain by interbedded mudrocks and sandstones of prodelta to distal front facies (notebook of ~20 cm, circled, for scale). (F) Close-up view of cross-
stratified fine-grained sandstones of proximal delta front and delta distributary channel facies in the Mapojiao section.
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considerable lateral facies variability with erosionally based
channel bodies inset into this lithofacies in places (Figure 4B).
The distributary channel consisted of erosionally based, fine-
grained sandstone bodies. They commonly preserved tough
cross-stratigraphy and wedge-shaped geometry with lateral
accretion macroform cross-sets (Figure 4B). Coarsening
upward sequences were noted in some bodies. Most part of
cross-stratigraphy showed unimodal paleocurrents directed
southwestward, and wave marks were observed on some
sandstone body’s surface. This facies was interpreted as the
deposits of the delta distributary channel, dominated by fluvial
currents with little wave influences. The river dispersed sediments
southwestward to the coastal settings. The delta plain mire
consisted of carbonaceous shale and impure coal beds of up to
~1 m thickness in Mapojiao section. This facies was associated

with distributary channel sandstones and interpreted to record
the peat deposition on the filled interdistributaries of the delta
plain (Fielding and Frank, 2015).

SANDSTONE COMPONENTS AND
MUDROCK MINERALOGY AND
GEOCHEMISTRY
Coarse sandstone samples from the lower channel sandstones of
the coastal alluvial plain in the lower Xiuhe section were rich in
matrix (22.4–29.5%) and contained framework components of
monocrystalline quartz (Q) grains (43.1–55.7%) and lithic
fragments (L, 21.9–27.4%). They were generally matrix-
supported in texture with quartz granules, and mud drapes

FIGURE 5 | Micrographs of sandstone samples from the Liangshan Formation. (A,B) Photomicrograph (cross-polarized light) of coarse-grained coastal plain
channel sandstones from lower Xiuhe section, presenting high contents of silt-grained matrix, generally matrix-supported texture, and poorly sorted subangular to
subrounded quartz grains (Q) and sedimentary lithic fragments (L, carbonate, mudrock, and siltstone) as framework components. (C) Photomicrograph (plane-polarized
light) of coarse-grained coastal plain sandstones from Xiuhe section, showing a specific ooid-like lithic fragment with different-colored concentric laminae (arrowed).
(D) Photomicrograph (cross-polarized light) of fine-grained coastal plain channel sandstones in lower Xiuhe section, showing well-sorted, subangular to subrounded
quartz grains and outsized quartz grains, which range from coarse-grained sand to granules in size. (E) Photomicrograph (cross-polarized light) of fine-grained deltaic
sandstones from the upper Caohai section. (F) Photomicrograph (cross-polarized light) of the fine-grained deltaic sandstones in the middle Mapojiao section. The deltaic
sandstones are dominated by generally well-sorted, subrounded quartz grains, which are sometimes coalesced together by diagenesis.
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occasionally observed and quartz grains were subangular to
subrounded in shape. The lithic fragments were dominant of
sedimentary origin with a few of metamorphic origin (quartz
schist, 0–4.9%), including cherts (2.8–5.7%), mudrock
(7.8–10.6%), and siltstone/very fine sandstone (7.7–12.4%)
(Supplementary Table S1). Specific components observed,
though in a very low concentration, were altered limestone
fragments and ooid-like concretions with concentric laminae
distinguished by different coloration (Figure 5). The upper

alluvial plain channel sandstones were primarily composed of
subangular to subrounded quartz grains. They were generally
well sorted, but outsized quartz grains were occasionally present
(Figure 5). The sampled deltaic sandstones were fine- to medium-
grained in size and show grain-supported structure. Their
framework components were dominated by quartz grains
(>95%; Figure 5) with a few cherty fragments. The quartz
grains were subrounded in shape and had a quite homogeneous
grain size. Also there were stable accessory mineral grains like
zircon and rutile. For both the alluvial channel and deltaic
sandstones, there were no feldspar (F) grains observed.
According to the Q-F-L petrographic classification of Garzanti
(2019), lower alluvial channel sandstone samples were litho-
quartzose sandstones, and upper alluvial plain channel and
deltaic sandstones were quartzose sandstones (Figure 6).

XRD analysis shows that the mudrock samples primarily
consisted of clay minerals and quartz grains (13–66% and
33–86%) with very few titanium bearing accessory minerals
like anatase (Figures 7A,B; Supplementary Table S2). No
feldspars were detected in the samples. Illite and kaolinite
dominated the detected clay minerals and have a broadly
negative correlation (r2 = 0.32). The analyzed mudrock
samples exhibited high and variable contents in SiO2

(51.84–75.72%) and Al2O3 (12.56–28.10%), and very low
contents in CaO and Na2O (0.01–0.08% and 0.06–0.18%,
respectively) (Supplementary Table S3). Relative to CaO and
Na2O, K2O had a high content of 2.35–5.84%, with K2O/Na2O
ratios of 16.8–53.1 much higher than those of the post-Archean
average shale (3.08, Taylor andMcLennan, 1985). The contents of
Fe2O3, MgO, and TiO2 were in the ranges of 1.39–6.03%,
0.65–1.48%, and 0.88–1.54%, respectively. The two mudrock
samples from the estuarine facies had Al2O3/TiO2 ratios of
24.1–26.5 higher than the corresponding ratios (12.2–18.2) of
samples from the overlying deltaic facies (Figure 7C).

FIGURE 6 | Q-F-L (quartz–feldspar–lithic fragment) petrographic
classification (Dickinson, 1970; Garzanti, 2016, 2019) of the sandstone
samples from the Liangshan Formation, noting the coastal plain coarse
sandstones with more lithic fragments.

FIGURE 7 | XRD spectra of mudrock samples of the Liangshan Formation from (A) estuarine and (B) deltaic environments. (C) Al2O3-TiO2 cross-plot for mudrock
samples of the Liangshan Formation. Noting the positive correlation (R2 = 0.77) of Al2O3 and TiO2 for the deltaic mudrock samples. Data for PAAS (post-Archean average
Australian shale) and UCC (upper continental crust) from Taylor and McLennan (1985) are also shown for comparison. Abbreviations: Il, illite; K, kaolinite; Q, quartz; A,
anatase.

Frontiers in Earth Science | www.frontiersin.org May 2022 | Volume 10 | Article 8880128

Liu et al. Coastal Deposition and Climate Change

http://dict.youdao.com/w/lithic%20quartz%20sandstone/
http://dict.youdao.com/w/lithic%20quartz%20sandstone/
https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles


DISCUSSIONS

Climate Shift in the Lower Liangshan
Formation
There were distinct stratigraphic trends in pedogenic features,
sandstone petrography, and lithofacies through the coastal alluvial
plain intervals in the lower Liangshan Formation. The reddened
interval near the basal Liangshan Formation of the Xiuhe sectionwas
interpreted as having formed during a period of drier climate, which
led to better drainage of the alluvial landscape. The reddening, which
appeared to be predominantly primary, rather than diagenetic, and
the development of desiccation cracks and the pedogenic fabrics all
suggested that the water table was lowered some distance below the
ground surface for a significant time (e.g., Fielding and Frank, 2015).
Wedge-shaped peds, carbonate nodules of different sizes, and
coalesced nodule beds formed within the red mudrock matrix.
These characters indicated a polygenic paleosol, described as
vertic calcisol (Mack et al., 1993). The mottled mudrocks
overlying the flood channel coarse-medium sandstones also
showed pedogenic characters with mottled horizons, suggesting
waterlogging conditions during periodic water table rise. This
paleosol was described as gleyed calcic vertisol (Mack et al.,
1993). The associated reddish flood coarse sandstones were rich
in the silty matrix. They contain high contents of mudrock and
siltstone fragments, sometimes in stretched shapes, in addition to
subangular, poorly sorted quartzes. Such petrographic characters
along with the tabular geometry indicate a rapid deposition and
short-distance transportation fromproximal sources. The occasional
occurrences of carbonate fragments and ooid-like lithic fragments
are consistent with this interpretation. Considering the erosional
contact of the coarse flood sandstones with the coastal plain

paleosols, these fragments are likely derived from the previously
formed paleosols with carbonate nodules and ooid-like concretions
(Mujal et al., 2018). The gray mudrocks above or below crevasse
channel sandstones showed gleysol characters with irregular patches
of brown or red in a graymatrix, indicative of pedogenic alteration in
a consistently low redox condition (Mack et al., 1993). The associated
crevasse channel sandstones showed lateral accretion features with a
distinct erosional base and a lenticular geometry. Their model
compositions were dominated by well-sorted, subrounded quartz
grains. These characters likely indicate relatively long-distance
transportation from a distal source by a large fluvial system
(Fieldman et al., 2005; Fielding and Frank, 2015).

This stratigraphic upward transition from a thick, high-
chroma paleosol to a thinner, low-chroma paleosol in the
lower Xiuhe section could indicate more poorly drained
conditions (e.g., Fieldman et al., 2005; Mack et al., 1993; Mujal
et al., 2018; Miller et al., 1996). Such changes in the pedogenic
drainage would indicate rising water tables relative to the ground
surfaces and can be ascribed to sea-level rising, climate humidity,
or both two (e.g., Fieldman et al., 2005; Miller et al., 1996; Joeckel,
1995). Although successions of the Liangshan Formation were
considered to form during an overall transgressive event (e.g.,
Shen et al., 2019), which tends to raise water tables in the coastal
landscapes, relative sea-level variation is complex with multiple
rise and fall fluctuations (Wu et al., 2016) and cannot directly be
applied to the coastal alluvial plain environments. On the other
hand, an arid–semiarid climate is indicated by the pedogenic
carbonate nodules and calcic paleosol characters and
subsequently changed to more humid or wet conditions as
suggested by the low-chroma paleosols without pedogenic
carbonate and mire deposition (Figures 3B,E,F). A relatively

FIGURE 8 | Evolution and interpretation of the estuarine to deltaic facies transition in the lower Liangshan Formation. (A) Estuary to delta evolution model revised
from Boyd et al. (1992), and the black arrow indicates the inferred estuarine to deltaic facies transition in the lower Liangshan Formation. (B) Sedimentary facies
architecture of the lower Liangshan Formation based on the Caohai, Houpo, and Mapojiao successions. (C) Sedimentary facies architecture of the lower Liangshan
Formation based on the Xiuhe succession. (D) Assumed relatively arid-to-humid climate shift recorded in the lower Liangshan Formation of the Xiuhe section.
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dry climate for the lower part of the CAP interval is consistent
with the rapid deposition of flood-induced weakly confined
channel sandstones, which contain abundant locally derived
detritus and indicate that only small local drainage networks
developed over the shelf (Fieldman et al., 2005). Also for the
upper part of the CAP interval, a more humid or relatively wet
climate was supported by the well-confined crevasse channel
sandstones, which were dominated by well-sorted quartzes
transported by relatively large drainage networks from distal
source areas (Cecil et al., 2003; Fieldman et al., 2005).
Therefore, a relatively arid to seasonally humid climate shift
likely occurred during the deposition of the lower Liangshan
Formation (Figures 8C,D).

Potential Climate Controls on the Coastal
Sedimentary Architecture
Facies analysis of the lower Liangshan Formation of Caohai,
Houpo, and Mapojiao sections showed a consistently distinct
transition from estuarine to deltaic depositions (Figure 2). Both
deltaic and estuarine sandstones are well-sorted and quartzose.
The associated mudrocks are dominated by clay minerals and
quartz in mineral composition. These petrological and
geochemical characteristics suggested high textural and
compositional maturities for these sediments and denoted
effective hydraulic sorting and possibly long-term sedimentary
recycling. It was noted that the estuarine mudrocks tend to have
much higher Al2O3/TiO2 ratios than the deltaic mudrocks
(Figure 7C). Different Al2O3/TiO2 ratios might suggest
different source rocks as both Al and Ti are immobile
elements during chemical weathering and can be used to track
sedimentary provenance (e.g., Young and Nesbitt, 1998; Yang
et al., 2012). Considering the stable tectonic background and
rapid facies transition, the higher Al2O3/TiO2 ratios of estuarine
mudrocks might plausibly result from the enrichment of marine-
derived Al-bearing clay materials relative to the deltaic mudrocks,
which are primarily of fluvial origin, supporting the facies
interpretation. It is interesting to note that both this estuarine-
to-deltaic facies transition and the relatively dry-to-wet climate
shift occurred during the deposition of the lower Liangshan
Formation. Despite the poor age constraints on these two
events, they can be temporally correlated in terms of regional
stratigraphic correlations (GZBGMR, 1987; Liu and Xu, 1994)
and probably have a genetic linkage.

The coastal sedimentations were largely controlled by
sediment supply and sea-level variation, which determine the
shoreline migration. Estuaries are common transgressive
depositional systems developed when the rise in sea level
overtakes the sediment supply (Boyd et al., 1992). The
development of estuarine facies at the bottom of the
Liangshan Formation, as recorded in the Caohai, Houpo, and
Mapojiao sections, supports the view that the Liang Formation
represents an overall transgressive sequence (e.g., Shen et al.,
2019). The evolution from estuarine to the deltaic environment
can be determined by the sediment supply and relative sea-level
variation (Boyd et al., 1992; Figure 8A). Deltaic sequences of the
Holocene age began to accumulate within a restricted time range

(Stanley andWarne, 1994), from 8,500–6500 BP (before present),
and are generally underlain by estuaries, especially in the river
mouth depositional systems of Changjiang, Song Hong, and the
Kiso River (Hori and Saito, 2007). These estuarine depositions
have been ascribed to the early Holocene rapid deglacial sea-level
rise (Hori and Saito, 2007). The subsequent deltaic progradations
likely initiated as the rate of fluvial sediment input overtook the
sea-level rise along the coasts (Stanley and Warne, 1994).
Following the calculations of Hori and Saito (2007), the delta
initiation was associated with accelerated sediment accumulation,
suggesting the enhancement of sediment supply. For the Ganges
and the Brahmaputra River, however, their initial delta growth
began 2000–3000 years earlier than the global average because of
immense sediment discharge (Goodbred and Kuehl, 2000). With
sufficient sediment supply, it maintained relative shoreline
stability on the coasts of the Ganges and the Brahmaputra
River during the early Holocene rapid sea-level rise. However,
during the current sea-level rise, the Mississippi Delta was
inevitably drowning because of insufficient sediment supply, as
demonstrated by Blum and Roberts (2009). From this point of
view, a large sediment supply is critical to promoting delta
progradation during a sea-level rise (e.g., Blum and Roberts,
2009). For the Pennsylvanian to early Permian period, it has been
proposed that tropical coastal successions are genetically related
to climate changes in addition to the eustatic sea level (e.g., Cecil,
1990; Miller et al., 1996; Fieldman et al., 2005). Especially, the
deposition of siliciclastic intervals was interpreted as resulting
from seasonally humid climate conditions, which tend to
promote fluvial transportation (e.g., Allen et al., 2011).
According to the studied successions of the lower Liangshan
Formation, the estuarine to deltaic transition is characterized by
an increase in sandstone proportion and possibly an increase in
the sediment accumulation rate. Therefore, this increased
sediment supply could be likely related to the enlarged fluvial
networks in a more seasonally humid climate relative to the
subarid conditions, which tend to limit sediment supply for the
estuarine deposition period.

CONCLUSION

Four successions of the late Artinskian Liangshan Formation
were studied in Xiuhe, Caohai, Houpo, and Mapojiao sections in
western South China. Three facies associations were recognized
and are corresponding to coastal alluvial plain, estuarine, and
deltaic environments, respectively. The lower Liangshan
Formation of the Xiuhe section was interpreted to be
deposited in coastal alluvial plain facies association. Paleosols
changed stratigraphically upward from calcic to gleyed
morphologies throughout this interval. Associated channel
sandstones changed from poorly sorted, coarse-grained
lithic–quartzose sandstones to relatively well-sorted, fine-/
medium-grained quartzose sandstones. Sandstone petrography
and paleosol morphology suggest a relatively dry-to-wet climate
shift during the deposition of the lower Liangshan Formation. In
the lower Liangshan Formation of Mapojiao, Houpo, and Caohai
sections, there archived estuarine and overlying deltaic
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successions. Sandstone bodies of both these two facies
associations were highly quartzose and displayed high textural
and compositional maturities, denoting effective hydraulic
sorting and extremely weathered source landscapes. Estuarine
mudrocks had relatively higher Al2O3/TiO2 ratios than those of
deltaic facies, indicating important incorporation of marine clay
materials. The estuaries were formed corresponding to the rapid
transgression related to the late Artinskian deglaciation and
contained marine-derived clay materials with insufficient
fluvial sediment supply. The deficiency in sediment supply
likely resulted from the arid climate and associated locally
small fluvial networks in the coastal plain. The subsequent
initiation of deltaic deposition can be primarily interpreted in
terms of increased sediment supply, which is sufficient to
undertake the sea-level rise-induced accommodation. The
increase in sediment supply could be promoted by the climate
shift to relatively humid conditions with expanded fluvial
systems. This climate control on the coastal sedimentary
architecture can be tested in the future by high-resolution
stratigraphic correlation and high-precision dating works.
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