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Abstract: The black rock series in the Qiongzhusi Formation
contains important geochemical information about the early
Cambrian tectonic and ecological environment of the southwestern Yangtze Block. In this paper, major, trace, and rare
earth element data are presented in an attempt to reveal the
sediment source during the deposition of the early Cambrian
Qiongzhusi Formation and to reconstruct the sedimentary
tectonic environment and weathering intensity during that
time. The basin primarily received continental clastic material with neutral-acidic igneous rocks from a stable source
and with a moderate level of maturity during the depositional period of the Qiongzhusi Formation. Furthermore,
the strata were weakly inﬂuenced by submarine hydrothermal ﬂuids during diagenesis. The reconstruction of the
sedimentary environment and weathering intensity shows
that P2O5 enrichment and water body stratiﬁcation occurred
due to the eﬀects of upwelling ocean currents during the
depositional period of the Qiongzhusi Formation. The combination of upwelling and bottom-water hydrothermal ﬂuids
led to environmental changes in the study area, from dry
and hot to moist and warm. Last, the reconstruction of
the tectonic environment of the Qiongzhusi Formation
indicates that deposition occurred in continental slope
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and marginal marine environments associated with a
continental arc tectonic system. These ﬁndings provide
an essential basis for the comprehensive reconstruction
of the early Cambrian sedimentary environment of the
Yangtze Block.
Keywords: geochemistry, black rock series, Cambrian,
depositional environment, Yangtze Block, South China

1 Introduction
The early Cambrian was a very important period of geological history [1–4] because Ediacaran fauna disappeared at the end of the Neoproterozoic and an important
biological diversiﬁcation event called the Cambrian explosion occurred during this epoch, during which skeletal
animals emerged [4–7]. This diversiﬁcation event produced considerable organic matter, leading to the formation of high-quality oil and gas deposits, and this organic
matter was preserved in various sedimentary environments and paleoclimates at that time [7–10]. Therefore,
it is of great geological interest to study the sedimentary
and climatic environment of black rock series with oil- and
gas-rich beds.
In southwestern China, the Yangtze Block has large
amounts of preserved sedimentary rocks that formed over
several periods in diﬀerent environments [8–10]. The
widespread lower Cambrian black rock series in the
Upper Yangtze region was deposited in a shallow-shelf
setting and thus provides a very important window for
documenting the early Cambrian sedimentary-tectonicecological environment of South China [8,11–14]. However, some key issues regarding the early Cambrian
marine sedimentary environment along the southwestern
margin of the Yangtze Block still remain unclear; for
example, how was hot, phosphorus-rich water released
from the seaﬂoor along the southwestern margin of the
early Cambrian Yangtze Block? How did this release
aﬀect the enrichment of elements? How did the upwelling
current aﬀect the environment?
This work is licensed under the Creative Commons Attribution 4.0 International

Geochemistry of the black rock series

In this paper, we present a systematic analysis on
the geochemistry of the black rock series in the lower
Cambrian Qiongzhusi Formation to understand the constraints on the provenance of sedimentary rocks and the
sedimentary, ecological, and tectonic environment. Our
studies provide basic data for understanding the sedimentary and tectonic evolution along the southwestern
margin of the Yangtze Block during the early Cambrian,
and thus they provide an essential basis for the comprehensive reconstruction of the early Cambrian sedimentary and tectonic environment of the Yangtze Block.

2 Geologic setting
The Yangtze Block in eastern China is separated from the
North China Craton to the north by the Qinling–Dabie
orogen, from the Cathaysia block to the southeast by
the Jiangnan orogen, and from the Songpan–Ganzi complex to the west by the Longmenshan fault zone [15,16]
(Figure 1a). It is generally believed that the Yangtze
Block is underlain by an Archean cratonic basement
and that the block collided with the Cathaysia block
during the Neoproterozoic, together forming part of the
Rodinia supercontinent [17]. Throughout the Paleozoic,
the Yangtze Block was a stable passive continental margin
that was subject to extensive platform-style marine sedimentation (Figure 1b).
The research area is located in the eastern segment
of the Meigu-Jinyang depression in the western Yangtze
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Block (approximately the Sichuan basin) (Figure 1b). The
black rock series of the Qiongzhusi Formation is widespread in the Sichuan basin and constitutes a set of
hypoxic deposits with an extremely subtle phase transition [19–21]. The seawater depth on the passive continental margin of the Paleo-Tethys Ocean increased
rapidly from southeast to northwest, which led to a gradual increase in the continental shelf area, resulting in a
degree of deepening of the seawater and an increase in
the extent of eroded bedrock surface. As a result of a
transgression, a zone in which photosynthesis could
occur arose, which led to a gradual decrease in the photosynthesis in the lower part of the water column and a
continuous increase in oxygen consumption in the water
[22,23]. Therefore, rising sea levels led to an increased
oxygen-deﬁcient environment in the lower part of the
water column. In addition, the rising sea level entrained
terrestrial plant debris, transported this terrestrial plant
material out to sea, increased the amount of available
organic matter, and led to the ﬂourishing of large
amounts of plankton, which increased the organic matter
contents in the sediments [33]. Nutrients were brought
to the surface, biological productivity was high, and
oxygen consumption increased because of the inﬂuence
of upwelling oceanic currents in the continental slope
zone. These processes resulted in the formation of a
reductive sedimentary environment and the formation
of the early Cambrian black rock series in the study
area [37].
The paleogeographic environment of the study area
featured the following settings from NW to SE: shore,

Figure 1: Distributions of the Precambrian basement and tectonic divisions of South China. The boundary between South China and
Indochina follows [17]. GGF-Guangzhou-Guiyang basement fault; HHF-Hetai-Hepu fault (a); the lithofacies paleogeography of the Cambrian
Qiongzhusi Formation in the Sichuan basin (b) (Figure 1b modiﬁed after [18]).
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inner shelf, outer shelf, and shelf margin and deep-water
basin [24,25]. Source rocks with extremely stable distributions developed in the facies of the shelf and shelf
margin, representing the second set of regional source
rocks with good hydrocarbon generation ability in the
region [26]. All these characteristics show that the southwestern Sichuan basin was completely inundated by
the sea during the early Cambrian. The study area was
located in a semi-restricted and semi-open deep-water
shelf setting and was connected to the western Hubei
deep-water shelf to the east [27]. Therefore, the sedimentary facies of the Upper Yangtze region in the early Cambrian from west to east were the Kangdian ancient land,
shore, shallow shelf, southern Sichuan deep-water shelf,
shallow-water shelf (Dingshan underwater highland),
eastern Sichuan-western Hubei deep-water shelf, slope,
and deep-water basin. The southern Sichuan basin
was located on the eastern, western, and northern sides
of the shallow-water shelf surrounding a deep-water

environment (the ancient South China Ocean) with poor
connectivity to the outer sea (Figure 2).
The lithology is characterized by a set of littoral to
shallow-facies clastic rocks and carbonate deposits that
represent the cyclic characteristics of a marine advance,
regression, and advance. The Cambrian strata can be
divided into the lower Maidiping Formation, Qiongzhusi
Formation, Canglangpu Formation, Longwangmiao Formation, middle Douposi Formation, and middle-upper
Edaoshui Formation [28–30]. The Cambrian strata cover
the Sinian Dengying Formation in a disconformable contact
and are the overlying Ordovician Hongshiya Formation
(Figure 3), and the contact with the overlying Canglangpu
Formation of the Cambrian system is conformable in the
measured section in the research area. The beginning of
the Cambrian is characterized by dolomite to ﬁne sandstone, and the primary lithologies are calcareous and dolomitic siltstone, dolomitic ﬁne sandstone, and mudstone.
The lithofacies of the Cambrian Qiongzhusi Formation

Figure 2: Geological structure map showing the location of the section.

Geochemistry of the black rock series



169

Figure 3: Stratigraphic, lithologic, and structural setting of the Qiongzhusi Formation in the Mabian area.

alternate between the littoral facies and the shallow-sea
facies. The early and late periods were tidal ﬂat facies environments, and the middle period featured a shallow-sea shelf

environment. The above results indicate that the Cambrian
Qiongzhusi Formation is dominated by siliciclastic sedimentary rocks and that carbonate material was involved
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in the depositional process. Based on the division of sedimentary facies from the bottom to the top, a process of
water body deepening and then shallowing occurred.

3 Sampling and analytical methods
Ten samples were collected from throughout the Cambrian
Qiongzhusi Formation from a section in the Mabian area
along the southwestern margin of the Yangtze Block
(Figure 2). Sample D0505 represents the black mudstone
in the Cambrian Qiongzhusi Formation which was deposited
in the deeper waters of the eastern side (Figure 3), and it was
primarily examined for comparison with the section data.
None of the collected samples was aﬀected by weathering,
alteration, etc. All the samples are black mudstone or
sandstone.
A geochemical analysis of all the samples was conducted at the Sichuan Metallurgical Geological Rocks and
Minerals Analytic Center, Chengdu, China. All the analysis results were referenced to the DZG20-01 standard,
and the analyses were completed using a Thermo Electron
Corporation ICAP QC inductively coupled plasma-mass
spectrometer (ICP-MS) and Thermo ICAP 6300 inductively
coupled plasma-atomic emission spectroscope (ICP-AES)
instruments, with volumetric and plasma emission spectrometry being performed at a room temperature of 23°C and a
humidity of 62% [30,31].
SiO2, Al2O3, Fe2O3, CaO, MgO, K2O, Na2O, P2O5, TiO2,
MnO, and other major element oxides were analyzed using
the same procedure as that reported by Kimura [9] for ICPAES. The uncertainty of the analysis was usually less than
5%. The trace element contents were measured by ICP-MS.
The analytical method is similar to that of Jones et al. [34].
HF + HNO3 (HF:HNO3 = 1:2) was used to dissolve the samples in a microwave furnace. The detection limit of the elements was 0.1 – n × 10–12 (n = 1–9) [32].

4 Results
4.1 Petrography
The petrographic characteristics indicate that the section
comprises a large number of silty to ﬁne sandstones with
a small amount of glutenite and that the proportion of
sand in the lithology gradually decreases toward the southeast. These characteristics suggest that the sedimentary
environment changes from deep-water shelf sediments
in the lower part (phosphorous argillaceous siltstone) to

shallow-water shelf sediments in the upper part (silty mudstone and lithic quartz sandstone) (Figure 3). Under the
microscope, the samples exhibit uneven distributions of
dolomite metacrysts, quartz metacrysts, collophanite,
iron, and metal minerals in the lower Formation and an
uneven distributions of silt and sand in the matrix of the
upper Formation. The rocks have undergone post-diagenetic dolomitization. Markers of a reducing environment
(collophanite and pyrite) can also be clearly observed in
the Qiongzhusi Formation, which indicates that the
study area was a large-scale hypoxic environment during
the early Cambrian period. In this study, the results of the
corresponding organic carbon content measurements (total
organic carbon (TOC) = 0.32–5.4, with an average of 1.07,
unpublished data) show that the organic matter contents in
the strata are very high, which is beneﬁcial for oil and gas
formation. Four lithofacies can be identiﬁed in the Qiongzhusi shale: phosphorite sand dolomite, silty mudstone, siltstone, and quartzose sandstone (Figure 3).
Phosphorite sand dolomite is dark-colored and has
high hardness; this lithofacies has high dolomite contents, and the dolomite metacrysts are subhedral rhombohedrum and subhedral-xenomorphic granular with an
irregular distribution. Some microcrystalline dolomites
are unevenly distributed as metasomatic residue, indicating that the crystalloblastesis was incomplete and
that the metamorphic grade is epizonal. The lithofacies
is rich in collophane, which is primarily present as
chaotic and irregular occurrences. In this lithofacies,
pyrite is common and primarily framboidal. This lithofacies is primarily developed in the lower and middle
Qiongzhusi Formation (Figure 3).
Silty mudstone is laminated and has a dark color.
Clay minerals are predominant along with minor amounts
of quartz. A small amount of collophane detritus is irregularly distributed. This lithofacies is primarily developed in
the middle-upper Qiongzhusi Formation (Figure 3).
Calcareous siltstone is laminated and has a grayish
black color. The silt grains are primarily quartz with
minor feldspar. The calcite matrix is characterized by a
heterogeneous distribution of grain morphologies.
Dolomitic siltstone is dark-colored. The silt grains are
largely quartz and tightly compacted, with a grain size
ranging from 10 to 60 µm. The distribution of the iron and
argillaceous matrix is chaotic.

4.2 Major and trace elements
The results of the major element analysis (Table 1) show
that the SiO2 contents are 50.94–65.06 wt%, with an
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All the elements tested here were measured against standard values.
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1.51
76.7
9.09
24.2
2.94
30.2
29.6
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Table 1: Major (wt%) and trace element (ppm) analysis results for the Qiongzhusi Formation in the Mabian region
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average of 59.77 wt%; the Al2O3 contents are 11.48–15.95
wt%, with an average of 13.66 wt%; the Fe2O3 contents
are 0.54–2.94 wt%, with an average of 1.62 wt%; the
FeO contents are 1.18–4.36 wt%, with an average of
2.93 wt%; the MnO contents are 0.0048–0.095 wt%,
with an average of 0.07 wt%; the contents of CuO are
0.0010–0.062 wt%, with an average of 0.0037 wt%; and
the TiO2 contents are 0.48–0.84 wt%, with an average of
0.72 wt%.
The analyses show that the average Ba, Sr, U, Th, As,
V, Co, Ni, and Zn contents are 622, 66.6, 4.70, 9.40, 20.49,
276, 11.65, 46.30, and 71.41 ppm, respectively (Table 1).

4.3 Rare earth elements
The rare earth element (REE) data are shown in Table 2.
The ΣREE contents of the sedimentary rocks in the study
area range from 98.88 to 393 ppm, with an average of
199 ppm, which is slightly lower than that of PostArchean Australian Shale (PAAS) (212 ppm). These values
also coincide with the gradual decrease in REE abundance in the sedimentary rocks according to the shale,
sandstone, and limestone sequence [33–36]. All these
samples are characterized by Σlight REE (ΣLREE)/Σheavy
REE (ΣHREE) ratios >1 and La/Yb ratios >11.8 (Table 2).
These samples are clearly enriched in LREEs and depleted
in HREEs (Figure 8; Table 2).

5 Discussion
5.1 Analysis of sediment sources
5.1.1 Major elemental constraints
Bhatia and Crook [37] found that the major elemental
compositions diﬀer markedly among the siliciclastic rocks
deposited in various tectonic environments, which is also
true among the limestones [33]. Therefore, the major elemental results are used to determine the sources of the
sediments of this study. The ratios of w (SiO2)/w (Al2O3)
in the analyzed samples range from 3.19 to 5.19, with an
average of 4.29, which is slightly higher than that of the
continental crustal average (3.6) [38], indicating that the
sediments were primarily derived from continental clastic
material [2–5]. The w (Al)/w (Al + Fe + Mn) ratios of the
samples range between 0.62 and 0.72, with an average of

0.68, again indicating a continental sediment source
[40–50]. Consequently, the sediments were sourced primarily from continental siliciclastics, and the ferromanganese input from hydrothermal ﬂuids released from the
seaﬂoor was very limited. Additionally, the ratios of w
(Si)/w (Si + Al + Fe) range from 0.73 to 0.81, with an
average of 0.78, indicating that the sediments were primarily derived from clastic material, not aﬀected by biological activity [26,50–52]. The log(SiO2/Al2O3) vs log
(TFe2O3/K2O) diagram (Figure 4a) indicates that the sediments in this area are composed primarily of sandstones
and minor shales, implying that the sediments were not
transported for a long distance and sorted and that they
have a moderate level of maturity. An analysis employing
the discriminant functions F1–F4 by Roser and Korsch
[53] (Figure 4c and d) showed that the primary provenance of this area is a quartzite sediment source, with
very limited input from a felsic igneous source. The
results show that there was a relatively stable material
source during the depositional period of the Qiongzhusi
Formation and that the mineral maturity of the parent
rock was moderate. The Zr–TiO2 diagram (Figure 4b)
shows that the source region was largely detritus from
neutral igneous rocks, resulting in high Ti contents;
therefore, the source region was inﬂuenced by magmatism and was not a pure siliciclastic rock area.
The major elemental analysis indicates that the early
Cambrian Qiongzhusi Formation in this area is primarily
composed of a set of continental clastic materials with a
stable provenance, moderate level of mineral maturity,
and limited inputs from neutral-felsic igneous rocks and
submarine hydrothermal ﬂuids. The diagenesis process
was not aﬀected by obvious biological activity.

5.1.2 Trace elemental constraints
Studies on sediments show that the ratios of metal
minerals with diﬀerent characteristics can be used to identify sediments of diﬀerent origins [33,40,43,45,54,55]. Our
samples display high concentrations of ﬁve main low-temperature metallogenic elements, namely, Zn, Pb, As, Ag,
and Sb, which were 1.0, 1.3, 11, 6.1, and 5.2 times higher,
respectively, than the standard crustal values [38]. The
enrichments in these elements may be related to enrichments in organic matter [24]. The average Ba and Zn contents in the samples are 1.46 and 1.02 times higher, respectively, than those of the standard crustal values, indicating
a weak hydrothermal inﬂuence [56]. The Ba/Sr ratios of the
samples range from 5.0 to 20, with an average of 11, indicating the inﬂuence of submarine hydrothermal ﬂuids

Carbonaceous sandstone
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Table 2: The REE (ppm) analysis and calculation results for the Qiongzhusi Formation in the Mabian region

96.3
68.2
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Figure 4: Source region discrimination based on principal element analysis (the discriminant function formulas are as follows: F1 = –1.773TiO2 +
0.607Al2O3 + 0.76TFe2O3 – 1.5MgO + 0.616CaO + 0.509Na2O – 1.224K2O – 9.09; F2 = 0.445TiO2 + 0.07Al2O3 – 0.25TFe2O3 – 1.142MgO +
0.438CaO + 4.75Na2O + 1.426K2O – 6.861; F3 = 30.638TiO2/Al2O3 – 12.541TFe2O3/Al2O3 + 7.329MgO/Al2O3 + 12.031Na2O/Al2O3 + 35.402K2O/
Al2O3 – 6.382; F4 = 36.500TiO2/Al2O3 – 10.879TFe2O3/Al2O3 + 30.875MgO/Al2O3 – 5.404Na2O/Al2O3 + 11.112K2O/Al2O3 – 3.89) (a and b), the
distinguishing criteria are in accordance with [27]; (c and d), the distinguishing criteria are in accordance with [53].

during the deposition [57,58]. High contents of Ba, As, and
U are also an important indicator of submarine hydrothermal deposition [59,60]. The Ba, As, and U contents
of the samples are 1.46, 11.38, and 1.74 times higher,
respectively, than those of the upper continental crust
(UCC). These ﬁndings show that the Qiongzhusi Formation
was inﬂuenced by submarine hydrothermal ﬂuids during
the deposition.
The Co/Zn ratios of the samples are between 0.035
and 0.31, with an average of 0.20, showing that this area
experienced weak hydrothermal deposition [56]. In this
paper, all the samples plot in the hydrothermal deposition ﬁeld with the covariation relation of Co/Zn–(Cu + Co +
Ni) (Figure 5a), suggesting that the Qiongzhusi Formation
in the Mabian area was signiﬁcantly aﬀected by hydrothermal activity [48]. Studies reveal that Cr is primarily

derived from terrestrial clastic material [35,36] and has no
obvious correlation with Zr because deposition and accumulation will occur without the transfer of elements such
as Zr under the inﬂuence of hydrothermal ﬂuids [61]. Our
analyses of the Qiongzhusi samples do not have a correlation between Cr and Zr (Figure 5b), indicative of a likely
inﬂuence of hydrothermal activity on the seaﬂoor. The
Co–Ni–Zn ternary diagram (Figure 6) also shows that
the sample collection area was aﬀected by hydrothermal
activity during the deposition of the Qiongzhusi Formation, and the low ratios of Th/Sc (0.54–0.99, with an
average of 0.74; the UCC has a ratio of 1) and Th/U
(0.36–6.97, with an average of 3.70; the UCC has a ratio
of 3.8) indicate that the deposition of the Qiongzhusi
Formation coincided with the extensional rift period
in the Yangtze Block [28,58,62]. Many scholars believe
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that the formation of extensional rifts in the crust is an
important factor in generating anomalies within the elemental geochemical system in sediments [26,35,52,63].
This ﬁnding clearly shows that the sediments in the
Mabian area were inﬂuenced by seaﬂoor tectonics during
this period. The source region had not undergone multiple rounds of sedimentary recycling, as shown in
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Figure 5c and d. Thus, the chemical composition changes
directly reﬂect the composition of the elements in the
source region. Consequently, as shown in Figure 5e and f,
the clastic material in the Qiongzhusi Formation was
primarily derived from a continental sediment and inﬂuenced by a neutral-acidic igneous source associated with
active tectonism, and the maturity was moderate.

Figure 5: Trace element analysis of sediment sources. (a) Co/Zn–Co + Ni + Cu covariant graph; (b) Cr–Zr covariant graph (the c and d base
map comes from ref. [56]); (c) Th–Th/U covariant graph; (d) Zr/Sc–Th/Sc covariant graph (the e and f base map comes from ref. [64]);
(e) Rb–K covariant graph (the base map comes from ref. [65]); and (f) La/Sc–Co/Th covariant graph (the base map comes from ref. [59]).
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Figure 6: Co–Ni–Zn triangular chart (the base map comes from
ref. [48]).

5.1.3 Rare earth element analysis
In general, the geochemical properties of REEs are relatively stable and rarely aﬀected by various epigenetic

processes; therefore, they can be used to indicate the
depositional environment and material sources of sediments [62,66]. Chondrites are used to standardize the
REEs in this paper. Additionally, Ce, Eu, and Pr anomalies are calculated via weighted average methods relative
to adjacent elements [20]. The total REE values of the
samples (an average of 199.19 ppm) in the study area
are slightly lower than those in the PAAS (211.78 ppm)
[67,68]. This ﬁnding indicates that the black rock series
in the Qiongzhusi Formation is primarily continental,
although it may have been inﬂuenced by seawater or
hydrothermal ﬂuids during the deposition process [35].
The ΣLREE/ΣHREE ratios range from 1.0 to 3.17, with an
average of 1.80, which shows a relative enrichment in
LREEs. Standardizing the pattern relative to chondrites
(Figure 8c) clearly shows a right-dipping pattern, which
is basically consistent with the UCC and PAAS standards
and shows that the source region of the sediments was
largely a continental clastic source. However, the Eu
and Ce anomalies were primarily inﬂuenced by seaﬂoor
hydrothermal ﬂuids, which is consistent with the results
of the major and trace element analysis, while the negative Eu anomalies (0.22–0.51, with an average of 0.31) and

Figure 7: Rare earth element analysis of sediment sources. (a) Ce–La covariant graph (the base map comes from ref. [21,73]); (b) Ce/La–La/
Yb covariant graph (the base map comes from ref. [72]); (c) Hf–La/Th covariant graph (the base map comes from ref. [65]); and (d) ΣREE–La/
Yb covariant graph (the base map comes from ref. [73]).

Geochemistry of the black rock series
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the positive Ce anomalies (0.75–2.84, with an average of
1.62) were mostly controlled by the inﬂuence of the continental source region and the seaﬂoor reducing environment. These conditions also illustrate that the black rock
series of the early Cambrian Qiongzhusi Formation in the
study area had both hydrothermal and normal seawater
involvement [62]. Based on the La–Ce and La/Yb–Ce/La
diagrams, the samples in this area are all from areas with
a given inﬂuence from submarine hydrothermal ﬂuids and
submarine basalt (Figure 7a and b). The material composition of the source region can be determined from the
La/Th–Hf and La/Yb–ΣREE diagrams (Figure 7c and d).
The samples largely plot within the sedimentary rock
and felsic-basic mixture rock. This ﬁnding also coincides
with the uplift of the Kangdian ancient land to the west at
that time [8,11,24,69,70].

5.2 Sedimentary environment
5.2.1 Identiﬁcation of reducing and oxidizing
environments
The spider diagrams of the major and trace elements
show that the samples are weakly enriched in MgO,
TiO2, and P2O5 and depleted in Na2O (Figure 8a), which
reﬂects the eﬀect of the enrichment of organic inputs on
the samples during diagenesis [74]. The high contents of
P2O5 and ΣREE indicate that the enrichment of organic
inputs here may have been aﬀected by an upwelling
ocean current [11,12,69,75]. Phosphate is a biochemical
deposit that occurs in dry climates, and a high abundance of phosphate is consistent with the early tidal
facies of the Qiongzhusi Formation in this area, which
is rich in colloidal phosphate rock. In addition, the area
of greatest phosphate ore enrichment should have been
located in the lagoon area behind the tidal shoal, which is
consistent with the location of the main phosphate oreproducing areas in the Mabian area [76,77]. The trace
element compositions show obvious positive anomalies
for V and Ni, slight positive anomalies for Sc and Cr,
obvious negative anomalies for Sr and Hf, and slight
negative anomalies for Zr and Nb, which reﬂect the inﬂuence of the source region on the samples [52,67,78]. The
Al, Ti, and Th contents of the samples are very similar to
those of the UCC, indicating that they were supplied from
continental clastic material [79,80] (Figure 8a and b). The
negative Sr anomaly in these samples is derived from the
continental source region [81]. During the diagenesis
stage, the disturbance by submarine hydrothermal ﬂuids

Figure 8: (a) Upper continental crust (UCC)-normalized major elements of the samples from the Shashi Formation; (b) UCC-normalized trace element spidergrams of samples from the Shashi
Formation. The normalized values of UCC are from ref. [38];
(c) chondrite-normalized REE patterns of the samples from the
Shashi Formation. The normalized chondrite values are from ref.
[38]; and PAAS, PM, ACM, OIA, and CIA are from ref. [37]. The
symbols in a and b are the same as those in c.

aﬀected the elemental compositions and resulted in the
substitution of V and other elements in the marine facies.
Last, the changes led to some anomalies in the major and
trace elements of the Qiongzhusi Formation. Previous
studies have suggested that trace elements, such as Mo,
V, U, and Mn, can be used to distinguish the redox conditions of marine sediments because they are sensitive
indicators of paleoceanographic processes [40,82–84].
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Hatch and Leventhal [85] and Jones and Manning [34]
asserted that the redox environment can be distinguished
based on these indicator elements, and they proposed a
comprehensive criterion (Table 3). We calculate that the
V/(V Ni) (0.64–0.96, average of 0.76) and V/Sc ratios
(7.1–106, average of 19) indicate an anaerobic environment; the V/Cr ratios (1.2–23, average of 4.0) indicate an
oxygen-poor environment; and the Ni/Co (2.62–13.928,
average of 4.5), U/Th (0.14–2.78, average of 0.53), and
δU ratios (0.60–1.79, average of 0.98) indicate an oxygenenriched environment. However, these values are located
near the oxygen-poor environment ﬁeld and do not vary
signiﬁcantly. Our observations show an enrichment in U,
V, and Mn and a lack of enrichment in Ni and Cu, which
indicates that the anoxic sedimentary environment was
caused by the stratiﬁcation of seawater and slow O2 regeneration in deep water [80,86]. This ﬁnding also indicates
that the water body in the Mabian area may have been
impacted by upwelling ocean currents, which promoted
marine productivity, and the anoxic reducing environment
was conducive to the preservation of organic matter. The
curve of the redox parameters over time shows that the
redox environment was clearly aﬀected by the climate
because the chemical index of alteration (CIA), chemical
index of weathering (CIW), and plagioclase index of alteration (PIA) values decreased as the climate became hot and
dry. The redox parameters in the proﬁle initially tend to
reﬂect an oxidizing environment, and when the climate
became warm and humid, the redox parameters tend to
reﬂect a reducing environment. However, P2O5, which is
aﬀected by upwelling ocean currents, increased in abundance. The increase in the P2O5 content indicates the formation of the upwelling ocean current. Subsequently, the
climate became warm and humid, and the sedimentary

environment became reducing. Consequently, the deposition
of the Qiongzhusi Formation in the Mabian area was clearly
inﬂuenced by upwelling ocean currents. In addition, upwelling ocean currents played a vital role in the paleoclimatic
environment of the region (Figure 9).

5.2.2 Reconstruction of the degree of weathering of the
deposits
The paleoclimate can be reconstructed by using the CIA,
CIW, and PIA [50,74,87,88] as well as the trace element
ratios of Sr/Cu and Rb/Sr [51,78,88,89]. The chemical
compositions of sedimentary clastic rocks are commonly
aﬀected by weathering and diagenesis, which may
obscure the elemental characteristics of the original compositions [87,90,91]. The CIA is a chemical index that is
used to determine the degree of chemical weathering in
the source region (CIA = [Al2O3/(Al2O3 + CaO* + Na2O +
K2O] × 100), principal components are mole fractions,
CaO* is only the CaO in silicate and represents the mole
fraction of CaO of the whole rock minus the CaO of chemically deposited rock). Based on this equation, the CIA
values (52–72, average of 60) of the sampled sequence
correspond to weak to moderate weathering. Furthermore, the other calculated indices, CIW (63–98, average
of 80) and PIA (50–97, average of 71.92), show that the
overall degree of weathering is moderate. These results
are consistent with the general trend in the sedimentary
proﬁle from tidal facies to continental shelf facies and the
accumulation of colloid phosphate deposits in the early
strata. The chemical weathering degree and potassium
metasomatism were characterized using the A–CN–K
ternary diagram in addition to the CIA, CIW, and PIA

Table 3: Trace element depositional environment discrimination
Anoxic environment
Type

Anaerobic

V/(V + Ni)
V/Cr
V/Sc
Ni/Co
U/Th
Au [ppm]
δU
Paleogeographic environment
Paleontology
Benthonic animal
Biodisturbance

>0.50
>4.25

Note: δU = 2 × U/(U + Th/3).

Oxygen-enriched environment

Oxygen poor

0.46–0.60
2.00–4.25
>7.90
>7.00
5.00–7.00
>1.25
0.75–1.25
>12.0
5.00–12.00
>1
Low energy, viscous ﬂow, limit, upwelling
Lack
Soft organism development
Non
Absence–usual

<0.46
<2.00
<7.90
<5.00
<0.75
<5.00
<1
High energy, circulation unimpeded
Thriving
Intense

Geochemistry of the black rock series
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Figure 9: Variation curves of the weathering index and the redox index in the Qiongzhusi proﬁle.

[74,87,90]. Based on the results, plagioclase was dominant
during the early stage of chemical weathering (Figure 10),
Ca and Na disappeared rapidly, and the weathering product was illite. Montmorillonite and kaolinite are characterized by an evolutionary trend line parallel to the A–CN
line. After the disappearance of plagioclase, biotite, potassium feldspar, and illite began to be weathered and K was
released from these minerals during the moderate weathering stage. In the late stage of chemical weathering, the
secondary clay was characterized by kaolinite, gibbsite,
and chlorite, and the combination of weathering products
was close to point A [74]. After correction for K metasomatism, the samples mostly plot within the moderately
weathered and strongly weathered areas (only two samples, PM0506 and PM0508, plot in the primary weathering

Figure 10: CIA weathering degree recovery (base map comes from
ref. [78]).

zone). These results further indicate that the climate gradually shifted from dry and hot to moist and warm during
this time (Figure 10). Nesbitt and Young [91] found that
the CIA primarily exhibits moderate to strong weathering
in tropical and subtropical regions, and the Cambrian
Yangtze Block was located in a low-latitude tropical climate based on global paleogeography. The Sr/Cu ratios of
samples are 0.68–12 (average of 3.8), indicating a humid
climate [41,92]. However, the Rb/Sr ratios of the samples
are 0.73–5.2 (average of 2.1), which are much higher than
that of the PAAS [36], indicating warm and humid climate
conditions [28,29,58,88]. Therefore, the depositional environment of the Cambrian Qiongzhusi Formation in the
Mabian area was characterized by warm and humid climatic conditions, which were conducive to the Formation
of organic matter.
The X-ray diﬀraction (XRD) analysis of previous studies on the drill core samples from the Qiongzhusi
Formation [93] shows that the sediments are primarily
composed of quartz and clay minerals. The average
quartz content of the Qiongzhusi Formation is 34 vol%
and can be as high as 44.5 vol%, and the clay mineral
content of the Qiongzhusi Formation ranges from 6.7 to
64.2 vol%. X-ray ﬂuorescence (XRF) analysis shows that
the most abundant clay mineral in the Qiongzhusi Formation is illite, accounting for 68.3 vol%, followed by
chlorite and illite-smectite mixed-layer minerals, and
that the least abundant clay mineral is kaolinite. The
above results also supported the sedimentary weathering
intensity analysis, suggesting that the Qiongzhusi Formation is generally more than moderately weathered.
The above analysis indicates that the Cambrian
Qiongzhusi Formation in the Mabian area formed in a
warm and humid environment with weakly oxidizing to
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weakly reducing water conditions associated with water
stratiﬁcation, which likely indicate the eﬀect of upwelling
ocean currents. The analysis of the samples from the
study section and the ratios of elements show that the
entire process consisted of the gradual deepening of
the seawater and the relatively special nature of the
Qiongzhusi Formation in the Mabian area because of its
geographical location. The sedimentary facies show that
this area was located in a transitional zone between
coastal facies and shallow marine facies. When the transgression occurred, the sedimentary facies transitioned to
shallow marine facies, and when the regression occurred,
the sedimentary facies transitioned to shoreline marine
facies, which resulted in changes in the geochemical
properties of the sediments [13,37,40,81].

5.2.3 Sedimentary-tectonic environment
The samples mostly plot within the island arc and active
continental margin ﬁelds (Figure 11). Samples with moderate quartz contents, which represent complex active
margins and island arc environments, may also reﬂect
regional material sources (which are deposited in extensional basins) related to strike-slip faults and are generally associated with relatively complex active structures
[53]. This scenario is also similar to the Kangdian continental background. The Al2O3/[Al2O3 + Fe2O3] ratios of
the samples in this study are between 0.833 and 0.963,
with an average of 0.90, indicating that most of the samples were deposited in a continental margin environment
[94]. Banerjee and Prosun [95] proposed that the tectonic
environment during deposition can be determined by
using the relationship among TFe2O3, MgO, TiO2, Al2O3,
and SiO2. In the diagram (Figure 11a and b), most of the
data plot within the island arc tectonic area. This area
primarily reﬂects high Ti contents, which are inﬂuenced
by hydrothermal ﬂuids in the source region analysis. The
log(K2O/Na2O) vs SiO2 diagram (Figure 11c) also points to
a continental margin facies, which is primarily associated
with island arcs and tectonically active areas [53,96].
The TFe2O3/TiO2 and Al2O3/Al2O3 + Fe2O3 (Figure 11d)
bivariate plans also indicate that the samples were
deposited in a continental margin depositional environment. The MnO/TiO2 ratios are mostly within the range
of 0.07–0.31, with an average of 0.108, which is clearly
less than the threshold value of 0.5, indicating that the
depositional area was located in a continental slope and
marginal marine environment [89].
The Qiongzhusi Formation was deposited in a turbulent continental margin facies zone associated with an

island arc, and these conditions had an important eﬀect
on the elemental changes during the depositional period
of the Qiongzhusi Formation.
The samples in this study plot from the continental
arc and active continental margin ﬁelds in the discriminant diagrams of Th–Co–Zr/10 (Figure 12a) and Th–Sc–Zr/
10 (Figure 12b) are consistent with the results of the major
element discriminant diagram (Figure 11c), although a
large number of points are located in the low Zr/10
region. This result is largely due to the decrease in Zr
content that occurs during diagenesis [39,40,45] in the
marine environment. If the diagenetic interference from
Zr is excluded, most of the points plot within the active
continental margin ﬁeld. The La/Y–Sc/Cr and La–Th diagrams (Figure 12c and d) further conﬁrm that the Qiongzhusi Formation in the Mabian area was likely deposited
in a relatively active continental margin. The diagram
also indicates a turbulent environment during the
depositional period and the disturbance of the seaﬂoor
by the water body.
REE-based tectonic discrimination mostly focuses on
the continental arc, island arc, active continental margin,
and passive continental margin environments. The points
mostly plot within the continental arc ﬁeld (Figure 13),
which further shows that the area was inﬂuenced by a
continental arc during the deposition of the Qiongzhusi
Formation. This inﬂuence was especially prominent
during the transgressive period of the Qiongzhusi Formation deposition. An oceanic plate was subducting
beneath the continent at this time, and the Kangdian
ancient land to the west of the Mabian area was the
site of plate collision [12,13,20]. Consequently, the elemental geochemistry of the Qiongzhusi Formation in
this area reﬂects continental arc and continental margin
characteristics. This result also coincides with the overall
geological background. The related REE and trace element diagrams are also consistent with the abovementioned ternary diagram (Figure 12).

5.3 Sedimentary environment analysis
The black rock series of the lower Cambrian Qiongzhusi
Formation in southern China is primarily a product
of tectonic activity, hydrothermal activity, and anoxic
conditions [13,21,71]. The presence of Fe-rich and magnesium-rich deep-sea sediments usually indicates a tectonic setting involving lithospheric extension [62,93,86].
Chen et al. [75] concluded that the lithospheric extension associated with the early Cambrian Qiongzhusi
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Figure 11: Identiﬁcation of sedimentary tectonic environment by principal elements. (a) TFe2O3 + MgO–TiO2 structural discrimination;
(b) TFe2O3 + MgO–Al2O3/SiO2 structural discrimination (a, b the base map comes from ref. [97]); (c) SiO2–log(K2O/Na2O) structural
discrimination (the base map comes from ref. [96]); and (d) Al2O3/(Al2O3 + TFe2O3)–TFe2O3/TiO2 structural discrimination (the base map
comes from ref. [94]). The diagrams are as follows: (A) oceanic island arc; (B) continental island arc; (C) active continental margin; and
(D) passive continental margin.

Formation can be characterized as curtain extension
(that is, the extension was rapid during the early stage
and then slowed). During the Sinian and Cambrian, a
large number of paleohydrothermal vents developed in
the deep- and shallow-sea areas of the Mabian area
[99,100]. Many stages of submarine volcanic eruptions
and intrusions occurred along large deep faults [70,98,101],
and material from deep heat sources mixed with surface
water, groundwater, and seawater to form hot brines at
various temperatures, leading to hydrothermal circulation
and hydrothermal activity [102,103]. During the process of

active hot brine circulation, elements in the basic and ultrabasic rocks of the Proterozoic Wuling Formation were dissolved in large quantities, and an ore-bearing hot brine
formed. This process resulted in the syndepositional enrichment of some metal elements in the black rock series of the
Cambrian Qiongzhusi Formation. Additionally, due to the
eﬀect of upwelling ocean currents, large amounts of nutrients were brought to the stagnant slope of the platform
margin, resulting in the proliferation of abundant algae
and plankton in the surface water and the Formation of
large amounts of collophane deposits in this area. The
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Figure 12: Identiﬁcation of the sedimentary tectonic environment of the trace elements. The diagrams are the same as those in Figure 11a–d;
the base map comes from ref. [97].

high biological productivity and the abundance of biological organisms sinking after death provided abundant
organic matter to the seabed, and the decomposition of
the organismal remains consumed a large amount of dissolved oxygen. Oxygen regeneration in the deep water was
slow at that time, and the high degree of dissolved oxygen
consumption along the slope led to water stratiﬁcation and
an anoxic reducing environment. This environment was
favorable for the preservation of organic matter in the black
rock series. Therefore, a large amount of organic matter and
phosphorus precipitated from the water column in the
Mabian area during that time (Figure 14).

6 Conclusions
Figure 13: La–Th–Sc structural discrimination. The diagrams are the
same as those in Figure 10; the base map comes from ref. [98].

1) The early Cambrian Qiongzhusi Formation was primarily deposited during a transgressive period; the
lithofacies transitioned from tidal facies to shallow-
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Figure 14: Environment of the Qiongzhusi Formation in the Mabian area.

sea shelf facies, and the types of sediment deposited
gradually changed from ﬁne clastics to muddy sediments according to ﬁeld observations and laboratory
analysis.
2) The sediment source region was thoroughly reconstructed, and the results indicated that the Qiongzhusi
Formation received continental clastic material with
neutral-acidic igneous rocks from a stable source and
moderate maturity based on the analysis of major elements, trace elements, and REEs. Bioenrichment
resulted in a substantial loss of Na2O, and the inﬂuence of submarine hydrothermal ﬂuids produced a
large amount of Ti, V, and Ni enrichment during
diagenesis.
3) A reconstruction of the paleosedimentary environment and depositional weathering intensity indicated
that the depositional environment of the Qiongzhusi
Formation consisted of a deep water body with anoxic
conditions due to the stratiﬁcation of the water body
caused by upwelling in the Mabian area. However, an
estimation of the weathering intensity via the CIA,
CIW, and PIA showed that the climate of the Mabian
area gradually changed from dry and hot to moist
and warm during the deposition of the Qiongzhusi
Formation. This change was also caused by the impact
of a large amount of cold water from upwelling ocean
currents on the regional climate.
4) The Yangtze Block experienced uplift and denudation in response to the Tongwan movement at the end
of the Sinian during the deposition of the early Cambrian
Qiongzhusi Formation. Additionally, a large-scale

transgression occurred, and uplifted and subsided
paleogeomorphology and extensional faults developed. In the context of this regional structure, the
geochemical analysis primarily indicates that the
whole area was in a continental slope and marginal
marine environment associated with a continental
arc tectonic system during the depositional period
of the Qiongzhusi Formation, which is consistent
with the petrological analysis of that section. In
addition, the area was inﬂuenced by the Kangdian
ancient land to the west.
Based on the summary of the four factors above, the
lower Cambrian Qiongzhusi Formation in the Mabian
area is concluded to have been deposited oﬀshore under
a moist and warm environment and was aﬀected by submarine hydrothermal ﬂuids in a continental arc tectonic
system. This environment received a supply of neutralacidic igneous rocks from Kangdian ancient land debris.
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