Marine and Petroleum Geology 157 (2023) 106509

Contents lists available at ScienceDirect

Marine and Petroleum Geology

journal homepage: www.elsevier.com/locate/marpetgeo

A new age, provenance and tectono-sedimentary setting of the middle

Dengying Formation of the
Block, South China

Zhidong Gu™’, Xing Jian ", Guixia

terminal Ediacaran in the western Yangtze

Liu®

2 Research Institute of Petroleum Exploration and Development, PetroChina, Beijing, 100083, China
Y State Key Laboratory of Marine Environmental Science, College of Ocean and Earth Sciences, Xiamen University, Xiamen, 361102, China

ARTICLE INFO

Keywords:

Zircon U-Pb age
Provenance
Tectono-sedimentary setting
Ediacaran

Dengying Formation
Yangtze Block

ABSTRACT

The widespread terminal Ediacaran Dengying Formation in the western Yangtze Block, South China, is domi-
nated by thick marine dolomite successions deposited in shallow-water platform environments. However, a
distinctive succession of mixed clastic and carbonate rocks occurs widely in the middle Dengying Formation,
representing sedimentary environment variations. The absolute age of the mixed sedimentary succession is
poorly constrained, and tectonic and sedimentary settings remain controversial. In this study, we report a new
zircon U-Pb age of 547.3 + 4.8 Ma from a volcanic ash bed intercalated within a mudstone succession (ca.
40-100 cm thick) in the middle Dengying Formation in the western Yangtze Block. This age is consistent with
previously published ages of the middle Dengying Formation or its equivalents in the Yangtze Block and in other
blocks worldwide. Field investigations show that the mudstone succession overlies above an unconformity
resulted from the lower Dengying Formation weathering and shows a deepening upwards depositional succession
representing a period of transgression. Mineralogical analyses show that the mudstones are composed of clay
minerals (ca. 68.7%, illite and illite/smectite mixed layers), quartz (24.2%) and minor K-feldspar, indicating a
high compositional maturity. Redox sensitive element results (e.g., Mo and U) indicate an increasing anoxic
setting upwards. Both elemental geochemical and Lu-Hf-O isotopic analyses suggest that the siliciclastic sedi-
ments were moderately weathered (average CIA = 71) and were derived from felsic-intermediate rocks, such as
granites and granodiorites (or geochemically-equivalent rocks). We suggest that the mixed sedimentary suc-
cession represents as a short-lived, regionally-correlated sea level change event, rather than a tectonic uplift
event. Our geochemical data reveal that the mudstone succession accumulated most likely in a passive margin
setting, supporting the proposition that the Yangtze Block was located on the periphery of the Gondwana su-
percontinent during the Ediacaran Period.

1. Introduction

Formation, i.e., 551.1 4+ 0.7 Ma (Condon et al., 2005). Furthermore, the
boundary of the Ediacaran and Cambrian is recently constrained at

The Ediacaran System spans a remarkable stratigraphic interval in
the Earth history between the termination of global Cryogenian glacia-
tion and the beginning of the Cambrian biological radiation (Knoll et al.,
2004, 2006). It occurs widely in the Yangtze Block, South China, con-
sisting of the Doushantuo Formation and the overlying Dengying For-
mation (Zhu et al., 2007; Zhou et al., 2019). The Doushantuo Formation
has been well constrained between 635.2 + 0.6 Ma and 551.1 £+ 0.7 Ma
from basal and topmost ash beds in the type Yangtze Gorges area
(Condon et al., 2005). The base of the Dengying Formation is approxi-
mately constrained by accepting the age of the topmost Doushantuo
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538.8 Ma from ash beds in southern Namibia integrating with
biostratigraphic and chemostratigraphic data (Linnemann et al., 2019),
more than 2 Myr younger than previously dated age of 541.00 + 0.81
Ma from the Ara Group in Oman (Bowring et al., 2007). In this case, the
Dengying Formation may be regarded to occupy a short-lived duration
of ca. 12.3 Ma, between 551.1 + 0.7 Ma and 538.8 Ma.

The Dengying Formation has received considerable attention due to
the development of biostratigraphy, chemostratigraphy, and geochro-
nology in the Yangtze Block (Zhou et al., 2019), and recent discovery of
the Anyue gas field in the Sichuan Basin (Zou et al., 2014; Xu et al.,
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Fig. 1. Simplified paleogeographic map, local geological map and integrated stratigraphic column for the Ediacaran Dengying Formation in the western Yangtze
Block, South China. (a) Simplified regional paleogeographic map of the Yangtze Block during the Ediacaran Dengying Formation interval, showing platform, slope
and basin facies, respectively. This map also marks the locality of the Sichuan Basin with black dash line, the study site with red square, and the Anyue gas field with
yellow polygon. (b) Sketch geological map of the study area showing distribution of Ediacaran-Ordovician strata and the location of the measured Laoya section with
red square. (c) Integrated lithostratigraphy, 8'C chemostratigraphy and geochronology from the Laoya section (547.3 + 4.8 Ma) corresponding to Fig. 1b, with a
basal age (551.1 + 0.7 Ma, Condon et al., 2005) and a top age (538.8 Ma, Linnemann et al., 2019) for the Dengying Formation. Lithostratigraphic and §!°C data are

modified after Deng et al. (2015).

2020). The Dengying Formation is dominated by thick marine carbonate
successions deposited in shallow-water platform environments (Zhu
et al., 2003, 2007). However, a distinctive succession of mixed clastic
and carbonate rocks occurs widely in the middle Dengying Formation
above a regional unconformity, representing sedimentary environment
variations. Yang et al. (2017a) reported two SIMS zircon U-Pb ages of
553.6 + 2.7 Ma and 546.3 + 2.7 Ma, from ash beds in the Jiucheng
Member of the middle Dengying Formation at the Yinchangpo section in
eastern Yunan Province. Cui et al. (2016) yielded a LA-ICP-MS zircon
U-Pb age of 548 + 8 Ma for detrital zircons from the Gaojiashan
Member of the middle Dengying Formation at the Gaojiashan section in
southern Shaanxi Province. Yang et al. (2017b) reported a CA-ID-TIMS
zircon U-Pb age of 545.76 + 0.66 Ma from an ash bed in the Lower
Liuchapo Formation in a deep-water setting at the Longbizui section in
western Hunan Province.

Furthermore, different viewpoints have been proposed to explain the
formation of the mixed sedimentary succession, i.e., tectonic uplift (Cao
et al., 1989; Xue et al., 2001; Xing et al., 2015; Feng et al., 2017; Yang

et al., 2017b; He et al., 2023), tectonic subsidence increase (Duda et al.,
2016), extensional rifting (Wei et al., 2015; Zhou et al., 2017; Zi et al.,
2017), and sea-level change (Zhu et al., 2007; Cui et al., 2019; Deng
et al., 2020; Gu et al., 2021, 2023). Therefore, the absolute age of the
mixed sedimentary succession in the middle Dengying Formation is
poorly constrained, and tectonic and sedimentary settings remain
controversial.

In this contribution, we performed an integrated study of miner-
alogy, whole-rock geochemistry, zircon U-Pb dating, and Hf-O isotopic
elements for a mudstone succession within the middle Dengying For-
mation at the Laoya section of Leshan City in the western Yangtze Block.
The mudstone succession was systematically sampled, where a volcanic
ash bed was collected and dated using the SHRIMP method. Also,
mineralogy and elemental geochemistry of mudstone samples were
carried out to interpret the paleoweathering and paleoredox conditions,
provenance, as well as tectonic and sedimentary settings. This study
would throw insights into the geochronological framework of the Den-
gying Formation and regional tectonic setting during the Ediacaran
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zircon U-Pb dating.
Period.

2. Geological setting

The Yangtze Block is located in the northwestern South China
Craton, which separates with the Cathaysia Block southeastward by the
Jiangnan orogen (Zhao and Cawood, 2012). The Ediacaran was depos-
ited above the glacial tillite of the Cryogenian Nantuo Formation on a
passive margin setting (Jiang et al., 2007, 2011; Zhou and Xiao, 2007;
Zhou et al., 2018, 2019) following extensive continental rifting during
the Neoproterozoic in the Yangtze Block (Wang and Li, 2003; Yang et al.,
2017a; Domeier, 2018). Overall, the Ediacaran in the Yangtze Block was
deposited in a shallow-water carbonate platform surrounded by
deep-water slope-basin deposition (Jiang et al., 2007, 2011; Gu et al.,
2021, 2023). The early Ediacaran Doushantuo Formation comprises a
succession of carbonate, shale, and phosphatic shale in its type area
(Condon, et al., 2005).

The terminal Ediacaran Dengying Formation is dominated by thick
carbonate rocks in shallow-water settings, and thin cherts as well as
black shales in deep-water settings (Fig. 1a) (Zhu et al., 2003, 2007;
Vernhet et al., 2006; Yang et al., 2017b). In the shallow-water platform
setting, the Dengying Formation is lithostratigraphically divided into
three parts set apart by the middle mixed sedimentary rocks including
siliciclastic rocks, volcanic rocks, carbonate rocks and cherts (Zhu et al.,
2003; Yang et al., 2017a). The three parts, in ascending order, have been
referred to as the Hamajing, Shibantan and Baimatuo members in the
Yangtze Gorges area (Zhao et al., 1985; Zhu et al., 2003, 2007; Chen
et al., 2014), the Donglongtan, Jiucheng and Baiyangshao members in
eastern Yunnan Province (Zhu et al., 2007), and the Algal dolomite,
Gaojiashan and Beiwan members in southern Shaanxi Province (Ding
et al., 1992; Yang et al., 2017a). The lower and middle parts are sepa-
rated by a widely erosional unconformity (Zhu et al., 2003, 2007). The
other common stratigraphic division involves four members for the
Dengying Formation in the Sichuan Basin according to the microbial
content and lithostratigraphic features (Yang et al., 2014; Zhou et al.,
2016; Hu et al., 2018). In this division, the middle mixed sedimentary
rocks are referred to as the Member 3, and the lower and upper parts are
called the Members 1-2 and Member 4, respectively (Yang et al., 2014).
Abundant fossils have been discovered in the middle Dengying Forma-
tion, such as the Gaojiashan biota in southern Shaanxi Province, the
Xilingxia biota in the Yangtze Gorges, and the Jiangchuan biota in
eastern Yunnan Province (Chen et al., 2014; Yang et al., 2017a; Cui
et al., 2019). Thus, the Shibantan Member (Yangtze Gorges), the Gao-
jiashan Member (South Shaanxi), the Jiucheng Member (East Yunnan)
and the Member 3 (Sichuan Basin) of the Dengying Formation can be
considered as the isochronous interval.

The Laoya section is located in northeastern Ebian County of Leshan
City (Fig. 1b), southwestern Sichuan Province, in the western Yangtze
Block. The Dengying Formation (ca. 812-m-thick) at this section is well
exposed and was carefully measured (Fig. 1c and Deng et al., 2015). It is
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Fig. 2. Field outcrop photographs from the Member
3 of the Ediacaran Dengying Formation at the Laoya
section, northeastern Ebian County of Leshan City. (a)
The Member 3, consisted of 40-100 cm thick mud-
stones, overlies unconformably above the Member 2
with a distinct erosional unconformity. The pink
square denotes the site in Fig. 2b and the hammer is
ca. 30 cm for scale. (b) Enlarged field photo showing
the details of the Member 3 and distribution of
collected samples. The lithostratigraphic column
comprises, from base to top, light grey mudstone
(Layer A, Sample GPS808-1~8), dark tuffaceous
mudstone (Layer B, Sample GPS808-9~18), and black
mudstone (Layer C, Sample GPS808-19~28). Sample
GPS808-29 was collected from a volcanic ash bed for

composed of four members: Members 1 and 2 (ca. 602-m-thick) are
dominated by thick dolomites with an erosional unconformity surface at
the top (Fig. 2a); Member 3 (ca. 40-100 cm thick) comprises, from base
to top, light grey mudstone (Layer A, ca. 50-cm-thick), dark tuffaceous
mudstone (Layer B, ca. 30-cm-thick), and black mudstone (Layer C, ca.
20-cm-thick) (Fig. 2b); Member 4 is dominated by thick dolomites (ca.
210-m-thick), which is unconformably overlain by the Cambrian
Maidiping Formation (Fig. 1c).

3. Samples and methods
3.1. Samples

A total of 28 samples were collected from the Member 3 mudstones
(ca. 1-m-thick) for major, trace and rare earth element analyses,
including 8 samples from Layer A (GPS808-1~808-8), 10 samples from
Layer B (GPS808-9~808-18) and 10 samples from Layer C (GPS808-
19~808-28) (Fig. 2b). Two samples (GPS808-29-1~808-29-2) were
collected from the Layer B for clay X-ray diffraction (XRD) analysis. A
volcanic ash-rich sample (GPS808-29) was collected approximately 80
cm above the base of the Member 3 (Fig. 2b) for zircon U-Pb dating and
Hf-O isotopic analyses.

3.2. Methods

3.2.1. X-ray diffraction (XRD)

Bulk-rock mineralogical and clay mineralogical compositions were
analyzed for selected samples through the X-ray diffraction (XRD)
method. The XRD analyses were performed using a D/max-2500 and
TTR Power X-ray diffractometer at Key Laboratory of Oil and Gas Res-
ervoirs, PetroChina. For bulk-rock XRD analysis, the samples were first
powdered to 200 mesh in an agate mortar and the rock powders were
then scanned in the X-ray diffractometer. For clay mineral XRD analysis,
loose samples were soaked in deionized water, and then were dispersed
using an ultrasonic oscillator. Clay flocculation was avoided by adding
sodium hexametaphosphate. The particles <2 pm were separated ac-
cording to the Stoke’s law. The separated clay particles were made to
oriented mounts. Air-dried, ethylene glycol-saturated and heated
mounts were successively scanned in the X-ray diffractometer. An MDI
jade software was used for data smoothing, peak value extraction and
phase identification and semi-quantitative compositions were deter-
mined. XRD data are listed in Table S1 in the supplementary Appendix
A.

3.2.2. Major, trace and rare earth element analyses

Whole-rock major and trace elements were analyzed by using an X-
ray fluorescence spectrometer (XRF) and an Inductively Coupled Plasma
Mass Spectrometer (ICP-MS), respectively, at the Analytical Laboratory,
Beijing Research Institute of Uranium Geology. The Loss on ignition
(LOI) data were obtained through measuring weight loss after heating
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Fig. 3. Chemical classification diagram for discriminating siliciclastic sediments by their logarithmic ratios of SiO5/Al;03 vs. Fe;03/K0 after Herron (1988). The

Post-Archean Australian Shale (PAAS) data are from Taylor and McLennan (1985).

sample powders at 980 °C. Major element compositions were obtained
based on well-mixed glass disks which were made by high-temperature
fusion of samples powders and lithium metaborate flux. Sample powders
were completely dissolved by H~HNO3-HClO4 mixture acid solutions
and diluted with 1% HNOs3 for trace and rare earth element determi-
nation. Detailed methods were described by Gu et al. (2023).
Whole-rock major, trace and rare earth element analyses are listed in
Tables S2-S3 in the supplementary Appendix A.

3.2.3. Zircon separation and CL imaging

Zircon grains were separated from concentrates of the sample pro-
cessed by conventional magnetic and density techniques. The zircon
grains, together with the zircon standard TEMORA (reference age of
417 Ma), were mounted in an epoxy-resin mount, which was then pol-
ished until the crystal interiors were exposed. All zircons were docu-
mented with transmitted and reflected light micrographs as well as
cathodoluminescence (CL) images to reveal their internal structures,
and the mount was vacuum-coated with gold for SHRIMP analysis (Zhou

et al., 2018).

3.2.4. Zircon U-Pb-O isotopic analyses

Zircon U-Pb-O isotopic analyses were performed using the SHRIMP
Il at the Beijing SHRIMP Center, Institute of Geology, Chinese Academy
of Geological Sciences, following procedures described by Compston
et al. (1992). U-Th-Pb isotopic ratios were determined relative to the
TEMORA standard zircon with 2°°Pb/2%8U = 0.0668 corresponding to
417 Ma, and the absolute abundances were calibrated to the standard
zircon SL13 (Ye et al., 2007). The data were processed using the Squid v.
1.02 and Isoplot/Ex v. 2.49 programs, and common Pb was corrected
against measured 2°Pb. Uncertainties in ages are reported at 1o level,
and the weighted mean ages are quoted at 95% confidence level.
Detailed methods were described by Gu et al. (2014), Zhou et al. (2018)
and Li et al. (2021). For the O isotopic compositions of the dated zircons,
analyses of in-house zircon standard TEMORA-2 (5'"®0ysmow = +8.20
+ 0.02%0; Black et al., 2004) embedded in each epoxy mount are
interspersed with every three or four unknown sample measurements.

Fig. 4. Major and trace element geochemical results
of all the analyzed samples. All the element data were
normalized by the Upper Continental Crust (UCC)
compositions. The UCC data are from Rudnick and
Gao (2014). LILEs: large ion lithophile elements;
REEs: rare earth elements; TTEs: transition trace ele-
ments; HFSEs: high field strength elements. Note that
the Layer A samples are comparatively rich in Ca, Mg,
P, Y and REEs, whereas the Layers B-C samples are
rich in Pb, U and V.
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Fig. 5. (a) Chondrite-normalized REE patterns of the analyzed samples. (b) Binary plots between Eu/Eu* (Eu anomaly values) and Gd,)/Yby ratios (chondrite-
normalized element ratios). The data of chondrite, UCC and PAAS are from McDonough and Sun (1995), Rudnick and Gao (2014), and Taylor and McLennan (1985),
respectively. The results show that the Layer A samples indicate enrichment of REEs and obviously negative Ce anomalies.

Analytical uncertainties of each unknown sample analysis combine the
internal run errors (s.e., typically 0.1-0.4%o) and the reproducibility of
the standard zircon analyses (2 s.d. after the instrumental drift correc-
tion). 5'%0 data are corrected to VSMOW via the UWG-2 standard.
Zircon U-Pb and O isotopic data are given in Tables S4 and S5 in the
supplementary Appendix A.

3.2.5. Zircon Lu-Hf isotopic analyses

After U-Pb dating, zircon Lu-Hf isotopic analyses was performed
using a GeoLas 193 nm laser ablation system attached to a Neptune
(Plus) MC-ICP-MS at MiDeR-NJU. Standard =zircon Mud Tank
(}76H£/Y77Hf = 0.282507 + 6; Woodhead and Hergt, 2005) and 91500
were used to monitor accuracy and precision of Hf isotopic ratios with
respect to the Lu/Hf ratios. The measured 7®Hf/!”7Hf ratios and 7®Lu
decay constant of 1.867 x 107 !! year™! were used to calculate initial
176Hf/177Hf ratios. The chondritic values of ”Lu/””Hf = 0.0336 =+ 1
and 7°Hf/V77Hf = 0.282785 + 11 (20) were used for calculations of EHf
values. Detailed methods were described by Li et al. (2018, 2021).
Zircon Lu-Hf isotopic data are given in Table S6 in the supplementary
Appendix A.

4. Results
4.1. Mineral compositions
The bulk-rock XRD analysis results indicate that the Layer B samples

are composed of clay minerals (64.8%-72.6%) and quartz (23.1%—
25.3%), with subordinate K-feldspar, pyrite and gypsum. The clay

minerals therein are predominated by illite and illite/smectite mixed
layers.

4.2. Major, trace and rare earth elements

All the analyzed samples have relatively high Al and K and low Si and
Fe contents. In the binary diagram of Log (Si02/Al203) and Log (FexO3/
K20), the Layer A samples fall into the “shale” field, whereas the Layers
B and C samples fall into the fields close to “Wacke” (Fig. 3). Samples
from the Layer A indicate comparatively higher abundances of Ca and P
than those from the Layers B and C and all the samples show depletion in
Na relative to Upper Continental Crust (UCC) compositions (Fig. 4).
Furthermore, all the samples are depleted in Sr but are rich in Cs. The
samples from Layers B and C indicate relative enrichment of U and V,
whereas the samples from Layer A display comparative enrichment of
rare earth elements (REEs) and Y (Fig. 4). The REEs concentrations were
normalized to the standard chondrite compositions (Fig. 5a) and the
results indicate that all the samples have clear patterns of light REEs
enrichment and negative Ce and Eu anomalies. Samples from the Layers
B and C show fairly uniform REE patterns with relatively flat heavy
REEs, whereas Layer A samples have higher total concentrations of REEs
(most ranging 600-1100 ppm, Fig. 6a) and higher Gd,)/Yb(, ratios
(chondrite-normalized rare earth element ratios, most >2.0, Fig. 5b).

4.3. Zircon U-Pb ages

Most of the analyzed zircon grains are euhedral and prismatic in
morphology, and 100-300 pm in length with aspect ratios from 2 to 4.

Fig. 6. Binary diagrams between concentrations of REEs and Al/Si (a), Th/Sc and Al/Si (b). The enrichment of REEs in the Layer A samples is due to relatively high
clay mineral compositions. All the samples have similar Th/Sc ratio values, implying similar parent-rock compositions (i.e., dominated by felsic rocks). The UCC and
PAAS data are from Rudnick and Gao (2014), and Taylor and McLennan (1985), respectively.
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Fig. 7. SHRIMP zircon U-Pb concordia plot with a weighted mean 2°6Pb/238U
age of 547.3 + 4.8 Ma (MSWD = 1.8, n = 17) at 95% confidence level from
sample GPS808-29 collected in a volcanic ash bed. Ellipse and error line of data
points represent 26 uncertainty. MSWD-mean square weighted deviation.

Fig. 8. The E€Hf (t)-Age and EHf (t)-5'%0 plots showing continent-derived
source features. (a) The EHf values plotted against age (Ma). Grains with
discordant ages have been omitted. DM-depleted mantle, CHUR-chondritic
uniform reservoir. (b) The EHf (t)- §'%0 (%o, VSMOW) values with concor-
dant ages.

Marine and Petroleum Geology 157 (2023) 106509

Most zircon grains show oscillatory zoning according to CL images. A
total of 27 spots were conducted on 27 zircon grains. Except 4 sets of
data with high U content (704-1361 ppm), a datum with high
232Th/238Y ratio (0.95), and 6 data with larger discordant, others are
considered to be reliable. U and Th contents of the remaining 16 data are
between 96 and 537 ppm, 55 and 279 ppm, respectively, with Th/U
ratios of 0.39-0.77, suggestive of magmatic origin. The age calculation
was based on these 16 grains, and their 2°°Pb,/238U ages range from 533
+ 8 Ma to 560 + 6.7 Ma, yielding a weighted mean 2°°Pb/238U age of
547.3 + 4.8 Ma (16, n = 16, MSWD = 1.8) (Fig. 7). This mean age is
interpreted to be the crystallization age of the zircons and is also the best
estimate of the deposition age for the Member 3 in the middle Dengying
Formation.

4.4. Zircon O and Hf isotopic results

O and Hf isotopic data were collected from dated zircon grains of the
sample GPS808-29 with concordant ages in order to determine the
provenance of the volcanic zircon grains. A total of 11 spots were
analyzed for Hf isotopes, and yielded the eHf(t) values between —4.03
and 1.09, with a mean value of —1.44 (Fig. 8a). A total of 13 spots were
analyzed for 5180 isotopes, and yielded the values between 6.83%o and
9.17%o, with a mean value of 7.63%o (Fig. 8b).

5. Discussion
5.1. Stratigraphic correlation for the middle Dengying Formation

Since the discovery of the Anyue giant gas field in the central Sichuan
Basin in 2011, stratigraphic studies of the Dengying Formation have
gained significant advancement (Deng et al., 2015; Gu et al., 2023). Due
to the distinct features and widespread occurrence of mixed sedimentary
rocks within the middle of thick carbonate successions in the Ediacaran
Dengying Formation, the mixed sedimentary record has been widely
used for stratigraphic subdivision and correlation for the Dengying
Formation in the Yangtze Block, South China. In terms of datable vol-
canic ash beds intercalated sparsely within the mixed succession, some
researchers attempted to gain depositional ages for the Laoya section
using different methods. For example, Deng et al. (2015) first published
a zircon U-Pb age of 543 + 12 Ma with the SHRIMP method, but they
did not provide the details related to the age. In addition, the age error of
12 Ma is much larger than a standard age error (one percent for an
Ediacaran age, ca. 5 Ma). Moreover, Zi et al. (2017) provided a zircon
U-Pb age of 539.6 + 1.4 Ma from the same ash bed using the LA-ICP-MS
method, which was thought to correlate with the Ediacaran-Cambrian
boundary age (ca. 541 + 1 Ma) in the Yangtze Block. However, we
note that the lithostratigraphic succession (ca. 200-m-thick) above the
Member 3 mixed succession has unique characteristics of the Dengying
Member 4, and the Ediacaran Dengying Formation and Cambrian
Maidiping Formation boundary can be readily recognized (Fig. 1c).
Hence, if the mixed succession in the middle Dengying Formation is
considered as the Ediacaran-Cambrian boundary, the ca. 200-m-thick
dolomites of the Dengying Member 4 would be absent, which is incon-
sistent with the lithostratigrapic framework in the vicinity of the
Sichuan Basin. In this study, the newly obtained age of 547.3 + 4.8 Ma is
between the recalibrated Dengying Formation age ranges (ca. 551.1 +
0.7 Ma to ca. 538.8 Ma), which is a reliable and precise age from the
point of data qualities and lithostratigraphic successions.

On the other hand, the age of 547.3 + 4.8 Ma obtained in this study is
consistent with other ages reported for the Yangtze Block and locations
around the world (Fig. 9). A few radiometric ages from the middle
Dengying Formation or its equivalents in the Yangtze Block have been
reported. For instance, Yang et al. (2017a) reported a SIMS zircon U-Pb
age of 546.3 + 2.7 Ma from an ash bed in the middle Jiucheng Member
in eastern Yunnan Province. Moreover, Yang et al. (2017b) provided a
CA-ID-TIMS zircon U-Pb age of 545.76 + 0.66 Ma from an ash bed of the
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Fig. 9. Stratigraphic correlation of the middle Dengying Formation and its equivalents in the Yangtze Block, Oman as well as Namibia constrained by both U-Pb ages
and carbon isotopic data. The age of 547.3 + 4.8 Ma in southwestern Sichuan (this paper) is consistent with the age of 546.3 + 2.7 Ma (Yang et al., 2017a) in eastern
Yunnan, the maximum depositional age of 548.3 + 8 Ma (Cui et al., 2016) in southern Shaanxi, and is also identical to the age of 547.36 + 0.23 Ma in Namibia and
the age of 546.72 + 0.21 Ma in Oman (Bowring et al., 2007). The 8'3C curve presents similar trend from slightly positive to minorly negative values across the
Member 3 of the middle Dengying Formation and its equivalents worldwide. See Fig. 1a for locations.

Lower Liuchapo Formation in a deep-water setting in western Hunan
Province. Cui et al. (2016) yielded a LA-ICP-MS zircon U-Pb age of 548
+ 8 Ma from detrital zircons in the Gaojiashan Member in southern
Shaanxi Province to constrain the maximum depositional age. From the
ordinal relationship of these ages, the age of 547.3 + 4.8 Ma in south-
western Sichuan denotes the base of the middle Dengying Formation,
the age of 546.3 + 2.7 Ma from eastern Yunnan (Yang et al., 2017a)
indicates the middle of the mixed sedimentary succession, and the age of
545.76 + 0.66 Ma from western Hunan (Yang et al., 2017b) may
represent the top of the middle Dengying Formation. These age results
are consistent with the sample localities in the stratigraphic successions
from the middle Dengying Formation. Taking into account synchronous
ages worldwide, Grotzinger et al. (1995) reported a zircon U-Pb age of
548.8 £ 0.23 Ma from an ash bed in the Hoogland Member of the Kuibis
Subgroup, Nama Group, in southern Namibia, which was further refined
to 547.36 + 0.23 Ma by Bowring et al. (2007) using the CA-TIMS
method. In addition, Bowring et al. (2007) reported a U-Pb age of
546.72 + 0.21 Ma from an ash bed in the lowermost Ara Group, Sul-
tanate of Oman. Similarly, there is also an unconformity occurred be-
tween the Ara Group and underlying the Buah Formation (Bowring
et al., 2007). Thus, the ages (547.3 + 4.8 Ma, 546.3 + 2.7 Ma) for the
middle Dengying Formation in the Yangtze Block, South China, is
identical to the age (547.36 + 0.23 Ma) in Namibia and the age (546.72
+ 0.21 Ma) in Oman (Fig. 9), providing a tie-point for the stratigraphic

correlation between South China, Oman and Namibia.

The carbon isotopic record from the Ediacaran has been proven to be
effective in constraining and correlating the Ediacaran stratigraphy
(Jiang et al., 2007; Zhu et al., 2007; Zhou et al., 2019). The §13C curve of
the Dengying Formation at the Laoya section (Deng et al., 2015, Fig. 1c)
shows overall positive values between two distinct 5'>C negative ex-
cursions, i.e., the DOUNCE at the topmost Doushantuo Formation and
the BACE at the lowermost Cambrian, respectively. However, there is a
5'3C variation from a slightly positive to minorly negative shift occurred
close to the Dengying Member 3. The §'3C values increase upward
monotonically from about 0.863%., approximately 33 m below the
Member 3, to a peak of nearly +2.148%o, about 3 m above the Member 3;
values then decrease continuously to about —0.473%o, approximately
14 m above the Member 3. Upward at this section, 5'3C values remain
positive through the Member 4 with a variation from an increase to a
decrease. Furthermore, this 513C variation correlates well with other
regions in the Yangtze Block and other continents worldwide (Fig. 9).
For example, Cui et al. (2019) reported §!3C data with a positive
excursion from the Gaojiashan Member in southern Shaanxi Province;
the 8'3C curve from the Kuibis Subgroup in Namibia also shows a pos-
itive excursion and the age of 547.36 + 0.23 Ma occurs in the falling
limb of the positive excursion (Bowring et al., 2007); the 8'3C curve
from the Ara Group in Oman presents a similar variation trend with the
age of 546.72 + 0.21 Ma occurred just above the zero crossing after the
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Fig. 10. Weathering intensity and maturity analysis results of the analyzed samples. (a) A-CN-K ternary diagram (modified from Fu et al. (2022)); (b) A-CNK-FM
ternary diagram (modified from McLennan et al. (1993)); (c) binary plots between ICV and CIA values; (d) binary plots between Th/U and Th concentration
(modified from McLennan et al. (1993)). The UCC and PAAS data are from Rudnick and Gao (2014), and Taylor and McLennan (1985), respectively. Note that most
of these samples are mature and moderately weathered from felsic parent-rocks. The low Th/U ratios of samples from the Layers B and C are due to U enrichment,
rather than supply from mafic parent-rocks. The chemical weathering intensity classification based on CIA values is from Jian et al. (2013). CIA = Al,03/(Al;03 +
K20 + Naz0 + Ca0) x 100 (In the CIA calculation, all variables represent the molar amounts of major-element oxide, and the CaO represents its fraction in silicate
minerals only without contributions of CaO from carbonate and phosphate minerals); ICV—=(Fe,O3 + K20 + NayO + CaO + MgO + MnO + TiO,)/Al;03.

end of the positive excursion (Bowring et al., 2007). In this study, the
age of 547.3 + 4.8 Ma just occurs below the positive §'3C excursion
(Fig. 9). All these results demonstrate that the carbon isotopic variation
from slightly positive shift to minorly negative shift took place on the
scale of ca.1 Myr or less.

Consequently, the §!3C isotopic excursion in the middle Dengying
Formation and its equivalents between South China, Oman and Namibia
can be well correlated. These consistent geochronological results and
chemostratigraphic trends indicate that the Late Neoproterozoic §'3C
fluctuations might represent globally synchronous variations in
seawater chemistry. Besides, the extensive occurrence of thin volcanic
ash beds interbedded within the mixed sedimentary succession reveals a
minor volcanic event in the Yangtze Block. Based on the §'80 and eHf(t)
results from the dated volcanic zircon grains (Fig. 8), it might be spec-
ulated that the volcanic ash was derived from continent, and the origin
needs further investigations.

5.2. Maturity, paleoweathering and paleoredox conditions

To better understand the formation environment and accumulation
process of the Member 3 mixed sedimentary rocks, here compositional

maturity, paleoweathering and paleoredox conditions are interpreted
based on the high-resolution major and trace element data. The
compositional maturity and chemical weathering intensity of these
analyzed samples are indicated using the Index of Compositional Vari-
ability (ICV; Cox et al., 1995) and the Chemical Index of Alteration (CIA;
Nesbitt and Young, 1982), respectively. Representative redox-sensitive
metal elements, such as Mo and U, are employed as indicators for
paleoredox environments.

The results indicate that all the Layer B tuffaceous mudstone and
Layer C black mudstone samples are compositionally mature, whereas
the Layer A shows quite variable maturity (ICV ranging 0.5-2, Fig. 10c).
The ICV data support our interpretation that the Layer A of the Member
3 at the investigated outcrop is composed of paleosoils, as a part of
paleoweathering section, rather than mature siliciclastic sedimentary
rocks. This is also reinforced by the high REEs concentrations (Fig. 5a)
which might be due to the weathering of the underlying carbonate rocks.
Several case studies on modern carbonate rock weathering and pedo-
genesis demonstrates that enrichment of REEs is a common phenome-
non attributed to clay mineral and REEs-rich phosphate mineral residues
(Song et al., 2006; Xu and Han, 2009; Chen and Yang, 2010). This
inference is also proven by the high correlations between REEs and Al/Si
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Fig. 11. Representative redox-sensitive metal proxy data of the analyzed
samples. Both Mo/Al and U/Al ratios indicate the Layer C was deposited under
relatively anoxic environments. The PAAS data are from Taylor and
McLennan (1985).

ratios (Fig. 6a) and high P2O5 concentrations (Fig. 4).

Both geochemical indicators and mineralogical analysis data
demonstrate that the paleosoil and overlying fine-grain sedimentary
rocks experienced moderate weathering (Fig. 10c) and were in the initial
stage of K-feldspar weathering (Fig. 10a). This implies that the study
area was most likely under relatively temperate climate (tend to be
warm and humid) conditions during the formation duration of the
Member 3. Note that although Th/U ratios to some extent may indicate
weathering degrees (McLennan et al., 1993; Carpentier et al., 2013),
here the fairly low Th/U ratios for the Layers B and C mudstones
(Fig. 10d) are due to anoxia-related U enrichment, rather than mild
weathering intensity. Our new results are consistent with previous pa-
leoclimatic analyses on the terminal Ediacaran South China based on
lithofacies and geochemical interpretations of the Dengying Formation
(e.g., Zhai et al., 2018; Xiao et al., 2020; Lan et al., 2022), which favor a
warm and humid climate for the region at that time.

The low Mo and U concentrations in the Layer A paleosoils and
comparatively high Mo and U concentrations in the overlying mud-
stones (Fig. 11) reveal sharp changes in sedimentary environments for
the Member 3. We favor that the Layers B and C deposits accumulated
under relatively anoxic, deep-water conditions. The anoxia conditions
have been widely recognized for the Member 3 in the western Yangtze
block (e.g., Cui et al., 2019; Jin et al., 2021). The deep-water sedimen-
tary environments may be attributed to regional transgression or local
climate fluctuations. Previous studies also proposed that both significant
sea-level rise and warm-humid climate facilitated accumulation of the
siliciclastic deposits during that time (Lan et al., 2022).

5.3. Provenance

Multiple geochemical proxies are applied to interpret provenance for
the Member 3 siliciclastic deposits (Fig. 12). All the trace and rare earth
elements-based binary and ternary plot results indicate that the Layers B
and C are composed of PAAS-like sediments (Fig. 5b) and these sedi-
ments were derived from source terranes with dominant felsic rocks.
Continent-sourced felsic signatures are also reinforced by the major
element data. Both the A-CN-K and A-CNK-FM ternary plots (Fig. 10a
and b) reveal that parent-rocks are dominated by granite, granodiorite
or geochemically-equivalent rocks. Furthermore, although the redox
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conditions show certain variations between the Layer B tuffaceous
mudstone and Layer C black mudstone (Fig. 11), their parent-rocks
(Fig. 12) and element-inferred source tectonic setting (Fig. 13) are
seemingly indistinguishable. Furthermore, the binary plots of EHf(t)-
Age and EHf(1)-5'80 indicate that the volcanic ash materials were
derived from continent sources (Fig. 8). Since paleocurrent and other
provenance indicator data (such as detrital zircon U-Pb ages) are not
available for this outcrop, we cannot determine specific source terranes
for the Member 3 sediments. The Zr/Sc ratios display these sediments
did not experience evident recycling (Fig. 12d). According to previous
paleogeographical studies and relevant illustrated configurations (e.g.,
Fig. 1; Qietal., 2018; Liu et al., 2021; Lan et al., 2022), we infer that the
source terranes for the analyzed siliciclastic sediments were nearby
paleocontinents to the west, rather than the distant cratons (e.g., India,
Australia and Antarctic; Cawood et al.,, 2018) in the supercontinent
Gondwana.

5.4. Tectonic and sedimentary settings

The Ediacaran comprised an essential transitional period from the
Neoproterozoic to the Paleozoic times (Knoll et al., 2004), when global
tectonic and sedimentary environments also experienced a significant
transition from the Rodinia supercontinent cycle to the Gondwana su-
percontinent cycle (Dalziel, 1997; Merdith et al., 2017; Cawood et al.,
2018). Although different paleogeographic positions for the South China
Craton during the Ediacaran Period have been proposed by previous
investigators, there is a general agreement that it was located in the
northern margin of Gondwana facing to the Proto-Tethys Ocean, close to
the Australia continent (Yang et al., 2004; Jing et al., 2015) or the India
continent (Jiang et al., 2003; Cocks and Torsvik, 2013; Yao et al., 2014).
In other words, the western Yangtze Block was adjacent to the
Proto-Tethys Ocean during the Ediacaran. Furthermore, lithostrati-
graphically the Ediacaran ca. 800-1500 m thick carbonate-dominated
successions and absence of major tectonic events and intermediate to
intense igneous activities collectively favored a view that the Ediacaran
(including the Doushantuo and Dengying Formations) was generally
deposited in a passive margin setting in the western Yangtze Block
(Jiang et al., 2007, 2011; Zhou and Xiao, 2007; Gamper et al., 2015;
Yang et al., 2017b; Zhou et al., 2018, 2019; Gu et al., 2021), and it
formed an extensive shallow-water carbonate-dominated platform
throughout the western Yangtze Block (Chen, et al., 2014; Jiang et al.,
2007; Gu et al., 2021, 2023, Fig. 1a). Considering the Ediacaran plat-
form in the Yangtze Block, Gu et al. (2023) suggested that it experienced
a sedimentary evolution from a mixed carbonate-siliciclastic ramp of the
Doushantuo Formation to a rimmed carbonate platform of the Dengying
Formation. Also, the Ediacaran lithostratigraphic successions at the
Laoya section effectively support the above suggestions.

To determine the tectonic setting of fine-grained siliciclastic sedi-
mentary rocks, some geochemical indicators, REE patterns, and
discriminating diagrams based on major, trace and rare earth elements
have been proposed (e.g., Roser and Korsch, 1986, 1988; Nesbitt et al.,
1997; Roser, 2000). In the A-CN-K diagram, all of the mudstone samples
have similar ratios and cluster tightly on the A-K axis, probably indi-
cating steady state conditions of sources without evident tectonic uplift
(Nesbitt et al., 1997; Roser, 2000). The overall chondrite-normalized
REE pattern, including LREE enrichment, flat HREE, the accordant
negative Eu-anomaly and similar to PAAS, is an indicative of sediments
deposited in a passive margin setting (McLennan, 1989). Additionally,
on the major element discriminant diagrams of K;0/Nay0-SiO, and
Si02/Al,03-K20/Nay0 (Fig. 13a and b), all mudstone samples fall into
the field of passive margin. Similarly, in the trace element ternary dia-
gram of Th—Co—Zr/10, most of the studied mudstones occupy the passive
margin field (Fig. 13c). These geochemical results are also coincident
with regional tectonic setting analyses as depicted above.

The Dengying Formation at the Laoya section represents typical
sedimentary features within the western Yangtze Block, i.e., the middle
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Fig. 12. Parent-rock interpretations by major and
trace element geochemical data. (a) TiO, vs. Zr
(modified from Hayashi et al. (1997)); (b) TiOy vs.
Al,0O3 (modified from Schieber (1992)); (¢) Th vs. Sc
(modified from Totten et al. (2000)); (d) Th/Sc vs.
Zr/Sc (after McLennan et al. (1993)); (e) V-Ni-Th*10
ternary diagram (after Bracciali et al. (2007)); (f)
Si05/10-K20 + NapO-TiO+MgO + FeO* ternary
diagram (modified from Kroonenberg (1994)); the
PCT therein is a primary igneous source composition
line, using the gabbro to granite averages. The UCC
and PAAS data are from Rudnick and Gao (2014), and
Taylor and McLennan (1985), respectively.

Fig. 13. Tectonic setting interpretations by major and trace element geochemical data. (a) K;O/NayO vs. SiO, (modified from Roser and Korsch (1986)); (b)
Si0,/Al,03 vs. K;0/NayO (modified from Roser and Korsch (1986)); (¢) Th-Co-Zr/10 ternary diagram (after Bhatia and Crook (1986)). OIAr: Oceanic island arc;
CIAr: Continental island arc; ACM: Active continental margin; PM: Passive margin; ARC: Oceanic island arc.

thin mixed sedimentary rocks set apart the lower and upper thick Dengying Formation (Zhu et al., 2003, 2007). The duration of the un-

dolomite rocks. Especially, the unconformity at the base of the middle conformity could be very short, ca. 1 Myr or less (Gu et al., 2021), and its
Dengying Formation occurs widely throughout the western Yangtze origin remains controversial. A view considered that it was formed due
Block, which represents a hiatus between the lower and middle to a tectonic uplift event, such as the Tongwan movement (Yang et al.,

10
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Table 1
Representative element ratios and proxy values of the analyzed samples.

Beds Samples Si0,/A1,05 CIA Icv Th/Sc Th/U U/Al Mo/Al SREEs Eu/Eu* Gdny/Ybey

Layer A GPS808-1 2.42 71.8 0.76 1.08 4.17 0.41 0.05 923 0.56 2.38
GPS808-2 2.57 71.6 1.88 0.82 3.30 0.45 0.05 593 0.57 1.99
GPS808-3 2.47 71.6 1.45 1.01 4.04 0.38 0.07 714 0.52 2.90
GPS808-4 2.51 71.7 0.80 1.24 4.15 0.43 0.06 922 0.58 2.57
GPS808-5 2.45 72.1 0.78 1.25 3.72 0.41 0.10 792 0.56 2.44
GPS808-6 2.50 71.8 0.82 1.16 3.59 0.45 0.06 874 0.60 2.32
GPS808-7 2.33 71.5 1.01 1.06 3.55 0.46 0.08 957 0.61 2.70
GPS808-8 2.37 71.6 0.81 1.10 3.59 0.45 0.10 1071 0.59 2.61

Layer B GPS808-9 3.14 70.8 0.72 1.03 1.08 1.49 0.20 319 0.59 1.26
GPS808-10 3.17 70.9 0.70 1.05 1.10 1.42 0.11 304 0.57 1.06
GPS808-11 3.16 71.1 0.74 1.32 1.63 1.17 0.16 263 0.61 1.14
GPS808-12 3.19 71.5 0.75 1.28 1.67 1.12 0.15 258 0.61 1.23
GPS808-13 3.19 71.4 0.76 1.17 1.50 1.23 0.14 270 0.58 1.27
GPS808-14 3.21 71.0 0.73 0.99 1.16 1.30 0.12 293 0.58 1.12
GPS808-15 3.14 71.0 0.72 0.94 1.32 1.06 0.18 290 0.59 1.35
GPS808-16 3.10 71.5 0.75 1.00 1.33 1.15 0.20 313 0.59 1.40
GPS808-17 3.20 70.3 0.88 0.98 1.65 0.90 0.15 258 0.62 1.18
GPS808-18 3.19 71.2 0.82 1.00 1.67 0.87 0.16 255 0.59 1.34

Layer C GPS808-19 3.39 67.2 0.74 1.16 0.63 2.91 0.42 278 0.58 1.16
GPS808-20 3.52 68.0 0.73 1.01 0.58 2.54 0.32 219 0.62 1.05
GPS808-21 3.57 67.7 0.71 1.04 0.59 2.44 0.35 186 0.61 1.01
GPS808-22 3.57 67.7 0.72 1.19 0.66 2.57 0.35 220 0.60 1.16
GPS808-23 3.50 66.6 0.74 1.01 0.58 2.66 0.30 282 0.60 1.51
GPS808-24 3.47 67.5 0.79 1.19 0.65 2.29 0.43 211 0.58 1.15
GPS808-25 3.45 68.8 0.72 0.94 0.54 2.54 0.27 252 0.57 1.20
GPS808-26 3.09 69.7 0.75 0.97 0.56 2.59 0.37 352 0.52 1.44
GPS808-27 3.27 69.6 0.74 0.98 0.58 2.45 0.24 305 0.55 1.36
GPS808-28 3.06 68.6 0.74 0.99 0.55 2.69 0.39 379 0.55 1.49

CIA = Al,03/(Al,03 + K20 + NayO + CaO*) x 100 (all variables represent the molar amounts of major-element oxide, and the CaO* represents its fraction in silicate
minerals only); ICV=(Fe;03 + K20 + Na0 + CaO + MgO + MnO + TiO;)/Al;03. Eu/Eu* = Eugy)/(Smy) x Gd(n))l/ 2 The unit of > REEs values is ppm. The units of the

U/Al and Mo/Al ratios are ppm/(wt.%).

2017b; He et al., 2023), and another view regarded it as being formed
due to the sea-level change (Zhu et al., 2007; Cui et al., 2019; Deng et al.,
2020; Gu et al., 2021). We preferred the sea-level change view in that
there is no distinguishable angle unconformity recognized in the seismic
data (Gu et al., 2021) and the relative fall of sea-level can produce
regression and related short-lived hiatus as well as erosional
unconformity.

Focusing on the mixed sedimentary succession above the unconfor-
mity, although the Member 3 is only ca. 1 m thick at the Laoya section, it
shows a complete transgressive and deepening sequence, which can be
correlated with other localities in the Yangtze Block (Zhu et al., 2003,
2007; Yang et al., 2017a; Cui et al., 2019; Deng et al., 2020). The trace
elemental indices (Table 1) and the diagram of U/Al versus Mo/Al
(Fig. 11) related to the redox conditions show a progressive anoxic trend
from base to top, indicating that a widespread transgressive event
occurred across the Yangtze Block during the Dengying Member 3
depositional time. This event resulted in the formation of a mixed
sedimentary succession as sea water reached emergent continent base-
ment. The sea level rise was a regional event in the Yangtze Block. For
some localities, the mixed sedimentary successions are up to 100 m with
the development of thin bedded cherts.

In summary, the overall Dengying Formation (ca. 551-539 Ma) in the
western Yangtze Block was deposited in a passive margin setting. After
the deposition of the lower Dengying Formation (ca. 551-548 Ma), a
large sea-level fall occurred throughout the western Yangtze Block
resulting in the formation of regional erosional unconformity (ca. 1 Myr
or less). Immediately followed by an extensive transgression, a mixed
sedimentary succession interbedded with thin volcanic ash layers
formed comprising the middle Dengying Formation (ca. 547-546 Ma),
indicating a progressive deepening anoxic event. In this process, sedi-
ments were derived from nearby felsic-intermediate source terranes and
experienced moderate weathering alternation. Finally, this transgressive
event led to a landward deposition of the Member 4 (ca. 546-539 Ma)
compared to the Member 2. The mixed lithostratigraphic succession
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with a minor volcanic event in the Yangtze Block can be well correlated
with other continents around the world.

6. Conclusions

The terminal Ediacaran Dengying Formation is widely distributed in
the western Yangtze Block, South China, characterized by thick dolo-
mites deposited in a shallow-water setting. A distinctive succession of
mixed sedimentary rocks occurs in the middle Dengying Formation,
however, the absolute age, tectonic and sedimentary environments
remain controversial. In this paper, we integrated mineralogy, whole-
rock geochemistry, zircon U-Pb-Hf-O isotopic element analyses for a
mudstone succession (ca. 1 m thick) from the middle Dengying Forma-
tion at the Laoya section in order to constrain the depositional age of the
middle Dengying Formation and to unravel its tectonic and sedimentary
settings.

(1) We obtained a new SHRIMP zircon U-Pb age of 547.3 + 4.8 Ma
from a volcanic ash within a mudstone succession in the middle
Dengying Formation, which is consistent with previously pub-
lished ages in the middle Dengying Formation or its equivalents
in the Yangtze Block and in other continents worldwide.

(2) The stratigraphic correlation and the 8'3C isotopic excursion for

the middle Dengying Formation and its equivalents between

South China, Oman and Namibia is approximately identical. This

consistency of geochronological results and chemostratigraphic

trends indicates that the Late Ediacaran 8'3C fluctuations reflect
global synchronous variations in seawater chemistry.

Mineralogical, geochemical and Lu-Hf-O isotopic analyses for the

Member 3 mudstones indicate that they are dominated by high

compositionally mature sediments under an increasing anoxic

setting. These sediments were derived from felsic-intermediate
rocks with moderate weathering intensity.

3
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(4) Regional geological analysis combining with the geochemical
data reveal that the Member 3 mudstone succession was accu-
mulated in a passive margin setting, reflecting an extensive and
short-lived transgression event.
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