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cation model in Ediacaran-Cambrian transitional oceans
(Li et al., 2010; Feng et al., 2014; Chang et al., 2018).
Several of these studies used the method of non-tradi-
tional isotopic geochemistry and obtained similar con-
clusions; Mo isotopic data suggested that the redox-strati-
fied state may have lasted until the Early Cambrian (Wille
et al., 2008; Wen et al., 2011; Xu et al., 2012). Xiang et
al. (2017) reported that the expansion of oxic water in
the global ocean postdates the main phase of Cambrian
diversification (Cambrian Series 2, Stage 3), a result that
is in conflict with those of several previous studies. In
sum, the redox state of the ocean during the Ediacaran-
Cambrian transition remains unclear.

During the Ediacaran-Cambrian transition period, two
crucial episodes of marine phosphogenesis occurred
worldwide and formed many phosphate deposits in
Neoproterozoic and Cambrian (Cook and Shergold, 1984;
Cook, 1992; Kholodov and Butuzova, 2001). Previous
studies have shown that these phosphorus-bearing strata
were deposited after “Snowball Earth.” Planavsky et al.
(2010) suggested that the significantly elevated marine
phosphorus concentrations that followed “Snowball
Earth” glaciations would have caused widespread
phosphogenesis. Mi et al. (2010) indicated that the for-
mation of phosphorites was related to changes in the
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To explore the shallow marine redox state from the Ediacaran to the Cambrian (ca. 635–488.3 Ma) Yangtze Platform
in southern China, this study presents traditional rare-earth element (e.g., δCe, δEu, REE distribution pattern and Y/Ho),
enrichment factor, and paleoenvironment proxy data from the Kaiyang shelf from Nantuo to Loushanguan Formations.
Our data from a drill core from Kaiyang suggest the occurrence of a fluctuating redox state from the Ediacaran to the
Cambrian ocean, in which the fluctuating redox state of shallow water coexisted with eustatic change. We observe an
obvious oxygenation signal of seawater during Ediacaran-Cambrian transition and a distinctive redox state in Ediacaran
and Cambrian shallow seawater. We posit that the large-scale oxygenation of the atmospheric-oceanic system may have
played a critical role in the main phase of Cambrian Explosion, and a fluctuating redox state of shallow seawater existed
at the Cambrian stage.
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INTRODUCTION

The Ediacaran-Cambrian transition was a crucial pe-
riod in the history of the Earth. Many important geologi-
cal events, such as the oxygenation event (called
“Neoproterozoic oxygenation event”) (Shields-Zhou and
Och, 2011; Och and Shields-Zhou, 2012), occurred dur-
ing this period, and major changes in continental con-
figuration, global climate, and biological evolution and a
range of variations in the system of oceanic-atmospheric
chemical composition were observed (Amthor et al.,
2003; Berner et al., 2003; Landing, 2004; Guo et al., 2007;
Schroder and Grotzinger, 2007). Many studies in the past
decade focused on the redox state of the paleo-ocean en-
vironment in the Ediacaran-Cambrian transition. Several
of them suggested that oxygenated deep ocean water was
widespread during the Late Neoproterozoic and triggered
the evolution of the Ediacaran biota and Cambrian Ex-
plosion (Fike et al., 2006; Canfield et al., 2007; Scott et
al., 2008). On the contrary, recent studies conducted with
Fe-Mo-C-S systematics point to a marine redox stratifi-
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Fig. 1.  Simplified paleogeographic map of the Yangtze Platform during the late Ediacaran to the earliest Cambrian (modified
from Lehmann et al.,2016, Jiang et al.,2011, respectively). The stars refer to core sections studied in the study.
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paleo-oceanic and ecological environment after “Snow-
ball Earth.” Therefore, phosphorites could contain exten-
sive geochemical information on coeval ocean chemistry
and can be used to reconstruct oceanic and biological
evolution at the geological time scale (Jiang et al., 2007;
Zhu et al., 2014). Meanwhile, carbonate is an important
indicator for the reconstruction of the paleo-oceano-
graphic environment because of its wide distribution in
geological history, and it can represent the paleo-oceano-
graphic chemical state.

In conclusion, the geochemical characteristics of car-
bonate and phosphorites are useful in the reconstruction
of the paleoenvironment. The current study aims to en-
hance geochemical information on carbonate and
phosphorites during the Ediacaran-Cambrian transition
and provide evidence for the reconstruction of the
paleoenvironment in southern China.

To ascertain the oceanic redox conditions during the
Ediacaran-Cambrian transition, this study investigated
trace elements, redox-sensitive elements (RSEs), and rare-
earth elements (REEs) present in phosphatic rock co-ex-
isting with dolostone in Kaiyang phosphorite deposit in
southern China. The results revealed an obvious oxygena-
tion signal of seawater and a fluctuating redox state of
shallow seawater during the Ediacaran-Cambrian stages.

GEOLOGICAL SETTING

The successions from late Ediacaran to early Cambrian
are well preserved in the Yangtze Platform and represent
different paleo-ocean gradient settings. Three distinct
facies regions, namely, a platform facies, transition belt,
and basin, can be distinguished from northwest to south-
east, as illustrated in Figs. 1a and 1b (Steiner et al., 2001;
Guo et al., 2007; Jiang et al., 2011; Lehmann et al., 2016).

A well-preserved stratigraphic succession, namely,
Kaiyang section (shelf, 27°10′30″ N–27°12′38″ N,
106°52′41″ E–106°54′08″ E), located near Yongwen Vil-
lage in Kaiyang County in northeastern Guizhou Prov-
ince was selected for this study. Paleo-geographically,
Kaiyang section is located on a carbonate platform re-
flecting shallow-water sedimentation, as documented by
Zhu et al. (2007). It comprises the Ediacaran Nantuo,
Doushantuo, and Dengying Formations and the Cambrian
Niutitang, Mingxinsi, Jingdingshan, Qingxudong, Gaotai,
Shilengshui, and Loushanguan Formations. The base of
the Kaiyang location investigated in this work contains
sandstone from the Ediacaran (Neoproterozoic) Nantuo
Formation, which is conformably overlain by the
Ediacaran Doushantuo Formation. Various rock types
exist in Doushantuo Formation, and these types include
phosphorite, siltstone, and dolomite. Dengying Forma-
tion is conformably overlain by Doushantuo Formation,
in which dolomite is the typical rock type. Dengying For-

mation is disconformably overlain by Cambrian Niutitang
Formation, and Liuchapo Formation has disappeared. This
condition means that the rapid transgression in the rock
sampled from Kaiyang occurred during Ediacaran-
Cambrian transition. Niutitang Formation contains dolo-
mite, carbonaceous shale, and silicate rocks. Mingxinsi,
Jingdingshan, and Gaotai Formations consist mainly of
clastic rocks, such as sandstone and sil tstone.
Qingxudong, Shilengshui, and Loushanguan Formations
are composed mainly of dolomite.

In accordance with the lithology of the study area, we
divided the profile into four intervals. Interval 1 contained
Nantuo Formation, Interval 2 contained Doushantuo and
Dengying Formations, Interval 3 comprised Niutitang,
Mingxingsi, and Jindingshan Formations, and Interval 4
was composed of Qingxudong, Gaotai, Shilengshui, and
Loushanguan Formations. The stratigraphic sequence is
described in Fig. 1c.

SAMPLES AND METHODS

Fresh samples were collected from drill hole ZK313
at the Kaiyang phosphorous deposit in southern China,
and the drilling depth was 1483.09 m. The formation
thickness from which the rock samples were obtained was
1028–1514 m (1028 m is the minimum value of total for-
mation thickness, and 1514 m is the maximum value of
total formation thickness). We divided the profile into four
intervals. Interval 1 (KY-472 to KY-490) contained sand-
stone. Interval 2 (KY-346 to KY-471) consisted of phos-
phorite, siltstone, and dolomite, among which dolomite
was the typical rock type. Interval 3 (KY-116 to KY-345)
contained dolomite, carbonaceous shale, and clastic rocks,
and Interval 4 (KY-2 to KY-115) consisted mainly of dolo-
mite. A total of 434 samples were analyzed for major and
trace elements. Prior to the geochemical analysis, each
sample was cleaned with distilled water, dried, and
crushed to 200 mesh.

The major and trace elements in the samples were
analyzed through X-ray fluorescence and inductively cou-
pled plasma mass spectrometry, respectively, at ALS
Chemex (Guangzhou) Co., Ltd. The analytical uncertainty
for the elemental concentrations was generally better than
5%.

The enrichment factors were calculated with the equa-
tion XEF = [(X/Al)sample/(X/Al)PAAS] (e.g., Tribovillard et
al., 2006, 2012; Algeo and Tribovillard, 2009). We chose
post-Archean Australian shale (PAAS) data, which were
obtained from the work of McLennan (2001), for normali-
zation. The Al concentration in our samples was low.
Therefore, we selected Zr for normalization (equation:
XEF = [(X/Zr)sample/(X/Zr)PAAS]).

Ce and Eu anomalies were calculated with the equa-
tions δCe = Cen/(Lan∗Prn)1/2 and δEu = Eun/(Sm2

n∗Tbn)
1/3,
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respectively, which were obtained from the work of Law-
rence and Kamber (2006). In the equations, the 
subscript n de-notes the normalization of concentrations 
against PAAS (McLennan, 1989).

RESULTS

Major and trace elements
The major and trace elements in the samples are shown 

in Supplementary Tables S1 and S2 and Fig. 2. Distinct 
elemental concentrations were observed in different in-

tervals in the study area. The samples from Nantuo For-
mation (Interval 1) contained highly variable Mn, Li, and
Co concentrations; the values ranged from 94 ppm to 310
ppm for Mn (mean 153 ± 96 ppm), from 6.5 ppm to 36.7
ppm for Li (mean 21.0 ± 11.2 ppm), and from 5.0 ppm to
15.1 ppm for Co (mean 8.5 ± 4.2 ppm). In this interval,
Fe, Mo, U, V, Ni, Cd, and Cu were relatively homogene-
ous and had mean concentrations of 3.4 ± 0.8%, 0.53 ±
0.23 ppm, 1.78 ± 0.13 ppm, 66.8 ± 14.3 ppm, 20.2 ± 6.5
ppm, 0.02 ppm, and 4.24 ± 1.06 ppm, respectively. The
sandstones from Interval 3 showed a similar change in

Fig. 2.  The concentrations of RSEs, Fe and Mn.
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element concentration as Interval 1. Black shale from
Interval 3 (Niutitang Formation) exhibited multi-element
enrichment, especially RSEs. High concentrations of V
(mean 426 ± 362 ppm), Ni (mean 134 ± 85 ppm), U (mean
33.0 ± 24.1 ppm), Mo (mean 65.4 ± 76.7 ppm), and Cu
(mean 60.1 ± 47.5 ppm) were found in this interval. In-
tervals 2 and 4 were dominated by carbonates, but their
element concentrations differed. The carbonates from

Interval 2 had a higher concentration of Mo (mean 4.87 ±
8.27 ppm) than the carbonates in Interval 4, but the con-
centrations of V (mean 5.20 ± 7.13 ppm), Ni (mean 1.86
± 2.02 ppm), U (mean 1.26 ± 3.90 ppm), Cu (mean 3.22
± 5.33 ppm), and Li (mean 1.93 ± 2.97 ppm) were lower
than those in interval 4 (mean 16.6 ± 13.1 ppm, 5.67 ±
4.82 ppm, 2.0 ± 2.1 ppm, 6.9 ± 6.7 ppm, 21.2 ± 27.8 ppm,
respectively).

Fig. 3.  REE patterns of the different strata of the Kaiyang.
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REEs
In the four intervals, the ∑REE values obviously

changed (mean 228 ppm, 117 ppm, 199 ppm, 48 ppm,
respectively), and the ∑REE values conformed to the
general rule of gradually decreasing from argillaceous
rock to clastic rock to carbonates (argillaceous rock: 205
ppm, clastic rock: 194 ppm, and carbonates: 58.9 ppm).

The REE distribution pattern in the study area (Fig.
3) could be roughly divided into three types as follows:
(1) HREE enrichment, left-leaning type (e.g., Nantuo,
Doushantuo, and Niutitang Formations); (2) flat type
[Dengying (several samples) and Qingxudong Forma-
tions];  and (3) MREE enrichment (Mingxinsi,
Jindingshan, and Gaotai Formations).

No significant Ce (mean of 0.99, 0.88, 0.99, and 1.00)
and Eu (mean of 1.08, 1.29, 1.00, and 0.95) anomalies
were observed in the four intervals. However, Dengying
and Niutitang Formations had a significant negative Ce
anomaly (0.31 and 0.50, respectively), and the carbon-
ates from Interval 2 showed a lower negative Ce anomaly
(mean 0.8) than those in Interval 4 (mean = 1). This re-
sult suggests that the paleoseawater in Interval 2 was more
oxidized than that in Interval 4. In Interval 2 (Doushantuo
Formation), a positive Eu anomaly (maximum of 1.90)
was observed. Interval 2 contained the highest Y/Ho ra-
tio (mean of 42.3), and Intervals 1, 3, and 4 were rela-
tively homogeneous with mean Y/Ho ratios of 26.4, 28.6,
and 28.4, respectively. The carbonates from Interval 2 had
a higher Y/Ho ratio (mean = 44.3) than those in Interval
4 (mean = 28.8).

DISCUSSION

Disturbance of detrital origin
We evaluated whether an element is controlled by de-

trital flux or the influence of burial and diagenesis after
deposition on REE partition type. Shields and Stille (2001)
suggested that the influence of burial and diagenesis af-
ter deposition on REE partition type can be detected us-
ing the negative correlation between Ce anomaly and DyN/
SmN (Fig. 4). If they have a negative correlation, then
REE cannot be used to trace the paleoenvironment.

We did not find a negative correlation between Ce
anomaly and DyN/SmN in the carbonates and phosphorites,
indicating that our REE geochemistry proxy recorded
primary information of ancient seawater.

To confirm whether an element is controlled by detri-
tal flux, we determined the correlation coefficient between
the given element and Al or Ti. A positive correlation in-
dicates that the element is disturbed by detrital materials
(Tribovillard et al., 2006). The Al concentration in our
samples was low; therefore, we selected Zr to trace the
influence of the detrital components. The correlation be-
tween redox-sensitive elements, total REE, and Zr are

described in Figs. 5 and 6. In our studied samples, an
absence of positive correlation was observed among
∑REE, Mo, U, V, Ni, Cu, and Zr from shales, carbonates,
and phosphorites. However, sandstone and shales were
affected by detrital components, indicating that elements
from carbonates and phosphorites can be used as proxies
for our study.

REE geochemistry in carbonates and phosphorites
Interpretation of the observed Ce and Eu anomalies  Ce
can exist in either Ce3+ or Ce4+ form depending on the
redox conditions. In modern oxygenated seawater, Ce3+

is oxidized to Ce4+ form through mediation by Mn ox-
ides and/or bacteria (Byrne and Sholkovitz, 1996;
Takahashi et al., 2000; Ohta and Kawabe., 2001; Tanaka
et al., 2010). Ce3+ adsorbed on Mn oxides and hydrox-
ides is preferentially oxidized to Ce4+, and Ce4+ is prefer-
entially adsorbed and sequestered by Mn oxides and hy-
droxides (Elderfield et al., 1981; Bau et al., 1996;
Tachikawa et al., 1999). The solubility of Ce3+ and Ce4+

differs, that is, Ce3+ is soluble, whereas Ce4+ is insoluble.
Thus, in the ocean system, Fe-Mn sediments show rela-
tive enrichment in Ce and positive Ce anomalies; hence,
oxygenated seawater exhibits corresponding negative Ce
anomalies (Bau et al., 1996). Byrne and Sholkovitz (1996)
suggested that the dissolved REE pattern exhibits strongly
negative Ce anomalies (approximately 0.06–0.16) in
modern fully oxygenated deep oceans, whereas Ce anoma-
lies are weak or even absent in suboxic and anoxic oceans
because of the reductive dissolution of settling Mn- and
Fe-rich particles (German et al., 1991). Thus, we can trace
the oxidation degree of oceans by using Ce anomalies.
Ce anomalies, which are useful tracers, have been used
to trace paleo-oceanic redox conditions (McArthur and
Walsh, 1984; Dulski, 1994; Webb and Kamber, 2000;
Shields and Stille, 2001; Nothdurft et al., 2004; Slack et

Fig. 4.  The correlation between Ce anomaly and DyN/SmN.
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al., 2007; Ling et al., 2013).
The variations of Y/Ho, δCe and δEu in the study area

are described in Fig. 7. In our study, we found negative
Ce anomalies in carbonates from Interval 2 (Dengying
Formation), and the minimum value existed in the Inter-
val 2–3 transition (upper Dengying Formation and lower
Niutitang Formation) (approximately 0.30–0.50). In
Doushantuo Formation, the δCe values of carbonates were
between 0.90 and 1.00 (mean of 0.93) and correlated with
the δCe values in the phosphorite bed. This result shows
that the redox state of shallow water during the
Doushantuo stage was anoxic. The δCe values decreased
systematically from the bottom to the top of Dengying

Formation. This decrement cannot be explained by the
change in the depositional depth of the carbonates but
suggests that shallow waters became increasingly oxy-
genated during this stage. The δCe values increased sys-
tematically (approximately 0.5–1.0) from the bottom to
the top of the Niutitang Formation, and this situation con-
tinued until Loushanguan Formation. This finding indi-
cates that the local water was oxidized gradually during
Interval 2–3 transition. In Interval 4, the δCe values of
carbonates were relatively homogeneous (0.89–1.22,
mean = 1.00), showing that the local water from which
the carbonates precipitated was relatively anoxic. Over-
all, the δCe values in Kaiyang area suggest that distinc-

Fig. 5.  The correlation between redox-sensitive elements and Zr.

Fig. 6.  The correlation of ∑REE and Zr. In our studied samples, carbonates and phosphorites were not affected by the detrital
components.
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tive shallow water existed in two intervals. The shallow
water in Interval 2 was oxidized gradually, but the shal-
low water in Interval 4 became anoxic. Hence, the redox
state of shallow seawater fluctuated.

In addition, Eu anomalies can be used to trace forma-
tions influenced by hydrothermal fluids. Many previous
studies have suggested that hydrothermal fluids have simi-
lar REE patterns and positive Eu anomalies in different
tectonic settings (e.g., Klinkhammer et al., 1994; Bau and
Dulski, 1999; Douville et al., 1999). Therefore, we ex-
amined the possible influence of hydrothermal fluids.

We observed positive Eu anomalies in the phospho-
rite bed in Interval 2 (Doushantuo Formation) (approxi-
mately 1.2–1.9), which may indicate the involvement of
hydrothermal fluids during its formation and the devel-
opment of phosphate deposits. The remaining areas with-
out positive Eu anomalies (~1.0) may be weakly or not
influenced by hydrothermal fluids.
Y/Ho ratio  Using previously established methods for the
determination of Y and other REEs, Zhang et al. (1994)
and Bau et al. (1996) showed that the oceanic distribu-
tions of Y closely resemble those of Ho because they have
similar physical and chemical properties, such as being
trivalent and having a similar ionic radius and
electronegativity. However, the geochemical behavior of

Y and Ho differs in various environments. Therefore, Y/
Ho is an important proxy to trace the paleoenvironment.
In an oxidized water environment, Ho shows preferential
sorption in Fe- and Mn-oxyhydroxides compared with Y;
it sinks to the seafloor and has an adsorption ratio that is
nearly twice as high (Nozaki et al., 1997). Therefore, a
high Y/Ho ratio (44–83) appears in an oxidized water
environment (Bau et al., 1997; Nozaki et al., 1997).

In an anoxic water environment, because of the pref-
erential sorption of Ho with respect to Y on Fe- and Mn-
oxyhydroxides that eventually dissolve in anoxic water,
an increase of Ho results in reduced water by as much as
twice for Y; in turn, this situation causes a decrease in the
Y/Ho value from 55 to 36 (Nozaki et al., 1997; Bau et
al., 1997). The Y/Ho ratio in terrigenous clastic have a
stable value (23–27), so terrigenous clastic can make the
Y/Ho ratio decrease (Nozaki et al., 1997). The Y/Ho ra-
tio (mass ratio) of PAAS is 27. Sediments or sedimentary
rocks have a higher Y/Ho ratio than this value; their value
is close to 44 (Y/Ho ratio of seawater), which indicates
the absence or presence of only a small amount of
terrigenous clastic contamination (Webb and Kamber,
2000).

In our study, we found the highest Y/Ho ratio in the
carbonates from Interval 2 (approximately 29–70, mean

Fig. 7.  Y/Ho, δCe and δEu of the Kaiyang Section. Yellow shadows refer to anomaly of Ce, Eu and Y/Ho in two carbonates
intervals. (The vertical broken blue lines represent for boundary of negative/positive anomalies.)
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= 44), which suggests oxidized shallow seawater in this
interval. In Interval 4, the Y/Ho ratio in the carbonates
was lower than that in Interval 2 (approximately 25–35,
mean = 29), which denotes relatively anoxic shallow
seawater.

The Y/Ho ratios in the phosphorites from Doushantuo
Formation (approximately 34–47, mean = 41, and only
one sample had a Y/Ho ratio greater than 44) indicate

that the local water from which the phosphorites precipi-
tated was anoxic relative to Dengying Formation. Conse-
quently, preferential sorption of Ho with respect to Y oc-
curred on Fe- and Mn-oxyhydroxides that eventually dis-
solved in the anoxic water, causing a decrease in the Y/
Ho value. The results of Y/Ho ratios were closely related
to δCe.

Fig. 8.  Enrichment Factor of the Kaiyang Section. Yellow shadows refer to two episodes of obvious elements enrichment, and the
pattern of them may be difference.
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REE distribution pattern  REE is an important tool that is
widely used in geochemical studies on ore deposits,
oceans, and hydrothermal processes. In an oxic environ-
ment, the seawater column exhibits LREE and HREE
depletion and HREE enrichment patterns of the left-lean-
ing type because of scavenging particles (i.e., Fe-Mn
oxyhydroxides or organic matter) (LREE > MREE >
HREE) (Sholkovitz et al., 1994; Bau et al., 1996). In an
anoxic water environment, the reduction and release of
Fe-Mn hydroxide can lead to the enrichment of LREE
and MREE in the bottom part of the water and HREE
depletion relative to LREE and MREE.

In our samples, the shale-normalized REE patterns of
phosphorite in Interval 2 (Doushantuo Formation) were
characterized by HREE depletion relative to modern
seawater (DyN/YbN value: average 1.08 ± 0.16, modern
seawater: 0.8) and showed no Ce anomaly. This charac-
teristic of Doushantuo phosphorite indicates that the ma-
rine depositional environment was anoxic.

The shale-normalized REE patterns of Interval 2–3
transition (Dengying and lower Niutitang Formations)
exhibited a similar REE pattern as modern seawater and
had negative Ce anomaly (approximately 0.3–0.7), sug-
gesting that the marine depositional environment became
increasingly oxygenated from Dengying Formation to the
lower Niutitang Formation.

After Niutitang Formation, the Ce anomaly of the over-
lying strata obviously decreased, and some strata even
had no Ce anomaly (approximately 0.99–1.27). All of
them showed the characteristics of HREE depletion, in-
dicating that the environment had become reductive.

The REE patterns of Interval 4 (Qingxudong,
Shilegnshui, and Loushanguan Formations) showed typi-
cal flat REE patterns of shale, indicating that the redox
state of the marine depositional environment has not
changed much.

RSEs
The enrichment factors of trace elements are crucial

indices for reconstructing paleoenvironmental conditions
(Fig. 8).

In our study, distinctive enriched models in carbon-
ates for RSEs (V, Ni, U, Mo, Cu, and Cd) and other ma-
jor/trace elements (Fe, Mn, Co, and Li) were observed in
the lower and upper parts of Kaiyang location, with rough
locations at 84.6–452.36 m (Interval 2, Doushantuo and
Dengying Formations) and 1089.50–1483.09 m (Interval
4, from Qingxudong Formation to Loushanguan Forma-
tion), respectively. In Interval 2, almost all of the ele-
ments, including V, Ni, U, Mo, Cu, Cd, Fe, Mn, Co, and
Li, showed a high level of enrichment, and the enrich-
ment factors in Dengying Formation were higher than
those in Niutitang Formation. In Interval 4, the enrich-
ment pattern changed and showed Mo, U, Cd, and Cu

enrichment in this area. However, V, Ni, Fe, Mn, Li, and
Co were not highly enriched.

Algeo and Tribovillard (2009) proposed that the pat-
terns of authigenic Mo-U covariation may prove useful
in the analysis of specific redox conditions and processes
in marine depositional systems. In our study, the samples
in Intervals 2 and 4 showed distinct MoEF-UEF patterns
(Fig. 9).

The samples in Interval 2 exhibited high MoEF-UEF
ratio patterns (Mo/U ratio: 173.00, MoEF: 7266, UEF: 13.5)
to low MoEF-UEF ratio patterns (Mo/U ratio: 0.25, MoEF:
2.6, UEF: 3.3). This result suggests that shallow seawater
in Interval 2 was oxidized gradually. The pattern in Inter-
val 4 changed from low MoEF-UEF ratio pattern (Mo/U
ratio: 0.19, MoEF: 1.2, UEF: 2.1) to high MoEF-UEF ratio
pattern (Mo/U ratio: 5.98, MoEF: 161.9, UEF: 8.7). These
values suggest that the shallow seawater in Interval 4 was
suboxic/anoxic.

Algeo and Tribovillard (2009) reported that in an open
marine system with expansive reducing bottom waters,
Moauth accumulation exceeds that of Uauth, and the
changed Mo/U ratio leads to a steep MoEF versus UEF
trend. The MoEF-UEF pattern of Interval 4 is consistent
with that in open marine conditions (Tribovillard et al.,
2012). This consistency might be the reason for the propo-
sition that the redox state of shallow seawater in Interval
4 was from oxic to anoxic.

Sr/Ba ratios
Sr/Ba ratios (Fig. 10) can trace eustatic changes (Sr/

Ba ratio > 1 indicates a marine environment, 0.6 < Sr/Ba
< 1 indicates a transition environment of land and sea,
and Sr/Ba < 1 indicates a terrestrial environment) (Wang
and Wu, 1983; Wang et al., 2017).

In our study, the Sr/Ba values in the strata changed

Fig. 9.  MoEF-UEF covariation patterns for carbonate samples
in interval 2 and interval 4.
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several times from Doushantuo to Dengying Formation
(mean = 0.7–3.4), from Niutitang to Mingxinsi Forma-
tion (mean = 1.0–0.10), from Mingxinsi to Jindingshan
Formation (mean = 0.13–2), from Qingxudong to Gaotai
Formation (mean = 7.36–0.1), and from Gaotai to
Loushanguan Formation (mean = 0.1–3.48). These find-
ings indicate that transgression/regression events may
have occurred in this area at that time.

The Sr and Ba concentrations in the phosphorite sam-
ples from Doushantuo Formation varied greatly from 78.4
ppm to 1210 ppm and from 40.0 ppm to 2950 ppm, re-
spectively. Sr and Ba exhibited higher abundance than Sr
and Ba in normal seawater. The higher abundance values
may be due to enrichment by various planktonic algae,
indicating that microorganisms may have been involved
in the formation of phosphorite in the study area.

The redox condition observed at Kaiyang location
varied repeatedly between anoxic and oxic conditions
during the sedimentation period from Interval 2 to Inter-
val 4. This situation may be attributed to the fluctuation

of the chemocline. In the study area, the enrichment fac-
tors of RSEs were coupled with the Sr/Ba ratio, which
may indicate that the transgression/regression movement
had a certain influence on the degree of enrichment. The
upwelling generated by the strong transgression would
have brought the reduced seawater from the bottom to
the surface, and this might have caused the surface
seawater to become increasingly reductive.

Implications for E-C transitional oceanic redox conditions
When the link between the foregoing geochemical data

and the inferred redox conditions from REE are combined,
the RSE enrichment factors in this study suggest that
Nantuo Formation to Loushanguan Formation at the
Kaiyang location might have undergone four intervals of
evolution during the sedimentary period. Interval 1 is rep-
resented by sandstone during Nantuo Formation. The sam-
ples showed low RSE enrichment factors, no Ce anomaly,
and low Y/Ho ratio (Fig. 11). The critical bioevents,
eustatic change, and δCe of the Kaiyang Section are de-

Fig. 10.  Sr/Ba ratio of the Kaiyang Section.
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scribed in Fig. 11.
Interval 2 is represented by carbonates and

phosphorites from Doushantuo Formation to Dengying
Formation. They exhibited a fluctuating redox state of
shallow water. The samples from Doushantuo Formation
had no Ce anomaly, moderate Y/Ho ratios, and low en-
richment factors. However, the samples from Dengying
Formation showed obvious Ce anomaly, high Y/Ho ra-
tios, high enrichment factors, and an oxidative MoEF-UEF
pattern. This condition reflects a change from anoxic to
oxidized shallow seawater. Tribovillard et al. (2006) sug-
gested that high RSE (e.g., V, Ni, U, Mo, and Cu) enrich-
ment factors reflect sediments that were deposited in an
anoxic/euxinic environment. However, in our study, all
of the enrichment factors observed (V, Ni, U, Mo, Cu,
Cd, Li, Fe, Mn, and Co) had high values. These changes
in the ocean were probably caused by rising amounts of
O2 in the environment. Transgression occurred in Inter-
val 2 along with an increase in sea level, and coastal oxi-
dation may have been input to seawater, thus making
seawater oxidized. This condition may indicate that these
carbonates were deposited in an oxic/suboxic platform in
shallow seawater, similar to modern seawater. It is con-

sistent with records of Mo isotopes (Kendall et al., 2015;
Wen et al., 2011, 2015) and near-zero δ56FeWR values (Fan
et al., 2016).

Interval 3 is represented by black shale and sandstones
from Niutitang to Jindingshan Formations. The samples
showed low enrichment factors, weak or no Ce anomaly,
and the lowest Y/Ho ratios. This condition represents a
typical anoxic environment from Niutitang Formation,
where black shale makes up the special deposits formed
by rapid transgression at the turn from Neoproterozoic to
Cambrian within the study area (Mei et al., 2007). Trans-
gression raised the oceanic redox interface and decreased
the O2 cycle of the atmosphere-ocean system. Therefore,
the water column was anoxic, even euxinic (black shale).
After this global “anoxic event,” regression occurred in
this interval, which is represented by argillutite and sand-
stone from Mingxinsi Formation to Jindingshan Forma-
tion. They chiefly formed two upward-shoaling
depositional successions (marine regression) from
argillutite of the shelf facies to sandstone of the littoral
facies, and the sea level dropped relative to Niutitang
Formation. Along with the sea level drop, the oceanic
redox interface also dropped, thereby increasing the O2

Fig. 11.  Critical bioevents, eustatic change and δCe of the Kaiyang Section. Yellow shadows refer to distinctive redox-state from
two carbonates intervals.
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cycle of the atmosphere-ocean system. Although oxygen
concentrations in the water column increased, they did
not attain a high level at that time.

Interval 4 is represented by carbonates from
Qingxudong to Loushanguan Formations. The samples
were characterized by high RSE (U and Mo) enrichment
factors but are different from those in Interval 2. Simi-
larly, weak or no Ce anomaly, low Y/Ho ratios, and a
reductive MoEF-UEF pattern were observed. The MoEF-
UEF pattern in this interval is consistent with that under
open marine conditions, which suggests that transgres-
sion enhanced the connectivity of the bottom anoxic wa-
ter with the surface water. Large amounts of trace ele-
ments in the bottom water entered the surface water with
the transgression, and the oceanic redox interface rose
and cut off the connection with the atmosphere. This made
the water column anoxic.

CONCLUSION

A preliminary ocean redox chemistry analysis was
conducted using traditional REE methods (e.g., δCe, δEu,
REE distribution pattern and Y/Ho) and the enrichment
factors of the strata series in the shelf of Kaiyang loca-
tion on the Ediacaran to the Cambrian Yangtze Platform.
In combination with previously published geochemical
data, our data suggest a fluctuant redox state of the
Ediacaran to the Cambrian ocean, in which a fluctuant
redox state of shallow water coexisted with eustatic
change. Our analysis of Kaiyang samples indicated that
seawater in the Ediacaran-Cambrian transition had δCe
values < 0.6, Y/Ho ratios > 44, and the REE pattern was
same as for modern seawater. This development in oce-
anic chemistry was likely similar to that of the modern
ocean. This crucial oxygenation event appears to have
occurred before the Cambrian stage, suggesting that large-
scale oxygenation of the atmospheric-oceanic system may
have played a critical role in the main phase of “Cambrian
Explosion” and that a fluctuating redox state of shallow
seawater existed during the Cambrian stage.
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