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The “Cambrian explosion” is one of the most fascinating episodes of diversification in the history of 
life; however, its relationship to the oxygenation of the oceans and atmosphere around the Ediacaran–
Cambrian transition is not fully understood. Marine inventories of redox-sensitive trace elements reflect 
the relative balance of oxidative weathering on land and deposition in anoxic water masses, and can be 
used to explore the evolution of oceanic and atmospheric redox conditions. For this study, we conducted 
a series of geochemical analyses on the upper Lantian, Piyuancun, and Hetang formations in the Chunye-1 
well, part of the lower Yangtze Block in western Zhejiang. Iron speciation results indicate that the 
entire studied interval was deposited under anoxic conditions, with three intervals of persistent euxinia 
occurring in the uppermost Lantian Fm., the lower Hetang Formation (Fm.), and the upper Hetang Fm. 
Molybdenum (Mo) and uranium (U) contents and Mo/TOC and U/TOC ratios from the anoxic/euxinic 
intervals of the Chunye-1 well, combined with published data from the sections in the middle and 
upper Yangtze Block, suggest that the oceanic Mo reservoir declined consistently from the Ediacaran 
to Cambrian Stage 3, while the size of the oceanic U reservoir remained relatively constant. Both metals 
were depleted in the ocean in lower Cambrian Stage 4, before increasing markedly at the end of Stage 4. 
The lack of an apparent increase in the size of the marine Mo and U reservoir from the upper Ediacaran 
to Cambrian Stage 3 suggests that oxic water masses did not expand until Cambrian Stage 4. The increase 
in marine Mo and U availability in the upper Hetang Fm. may have been due to the expansion of oxic 
water masses in the oceans, associated with oxygenation of the atmosphere during Cambrian Stage 4. 
This expansion of oxic waters in the global ocean postdates the main phase of Cambrian diversification, 
suggesting that pervasive oxygenation of the ocean on a large scale was not the primary control on 
animal diversity following the Ediacaran–Cambrian transition.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

The major diversification of animal life known as the Cambrian 
explosion commenced at the end of the Ediacaran Period, but did 
not reach its peak until Stage 3 of Cambrian Series 2 (Shu et 
al., 2014). This remarkable escalation of biological complexity has 
long inspired hypotheses about the potential intrinsic or extrinsic 
catalysts driving early animal evolution (Erwin et al., 2011). Envi-
ronmental free oxygen is essential for the maintenance of many 
metabolic and physiological processes in metazoans (Zhang et al., 
2014), and low atmospheric oxygen content has often been viewed 
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as a barrier to the evolution of large, metabolically active animals 
(Erwin et al., 2011). Existing studies have found some evidence for 
oxygenation events in Cambrian Series 1–2 (Wang et al., 2012a;
Chen et al., 2015), but the temporal relationship between Cam-
brian oxygenation and the Cambrian biological explosion remains 
controversial (Chen et al., 2015; Sperling et al., 2015).

The Yangtze Block is an important region for exploring the evo-
lution of oceanic redox conditions around the Ediacaran–Cambrian 
transition. Several approaches to constraining redox conditions, in-
cluding iron speciation (Canfield et al., 2008; Chang et al., 2010;
Wang et al., 2012a; Feng et al., 2014), pyrite framboid size dis-
tribution (Chang et al., 2012), trace element geochemistry (Guo 
et al., 2007; Chang et al., 2012), nitrogen isotopes (Cremonese 
et al., 2013), selenium isotopes (Wen et al., 2014), Mo isotopes
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(Chen et al., 2015), sulfur isotopes (Wang et al., 2012a; Feng et 
al., 2014), and organic biomarkers (Yamada et al., 2014), have been 
applied to the Ediacaran and Cambrian successions of the middle 
and upper Yangtze Block.

The ocean overlying the middle and upper Yangtze Block was 
predominantly ferruginous from the end-Ediacaran through Cam-
brian Epoch 1 (ca. 551 ∼ 521 Ma), with sporadic euxinia in mid-
depth water-masses (Canfield et al., 2008; Feng et al., 2014). The 
water column was increasingly oxygenated beginning in Cambrian 
Stage 3 (Wang et al., 2012a; Chen et al., 2015). Compared to the 
middle and upper Yangtze Block, geochemical studies of the lower 
Yangtze Block are relatively scarce (Yuan et al., 2014), but previous 
studies have indicated that redox conditions around the Ediacaran–
Cambrian transition were heterogeneous (Feng et al., 2014). To bet-
ter understand the expansion of oxygenated waters on the Yangtze 
Block during the Ediacaran–Cambrian transition, additional studies 
of lower Yangtze Block deposits are needed.

Furthermore, the magnitude of redox-sensitive metal enrich-
ments in localized, persistently ferruginous or euxinic environ-
ments is expected to scale with the size of the regional or global 
oceanic trace element reservoir (Lyons et al., 2014). When the re-
dox conditions of bottom-water masses can be independently con-
strained, the magnitude of molybdenum (Mo) and uranium (U) 
enrichments in the sediments can be used to infer the size of 
the oceanic reservoirs of dissolved Mo and U, which are likely to 
depend on the regional or global atmospheric and oceanic redox 
structure (Scott et al., 2008; Partin et al., 2013; Lyons et al., 2014).

In this study, we examine a core from the Chunye-1 well, on the 
lower Yangtze Block, which is characterized by a continuous sed-
imentary succession spanning from the upper Ediacaran through 
Cambrian Stage 4. We collected a set of samples ranging from 
the upper Lantian Fm. through the entire Piyuancun and Hetang 
Fms., and performed a suite of geochemical measurements, in-
cluding pyrite sulfur (Spy), total organic content (TOC), carbon iso-
topic composition of kerogen (δ13Ckero) and carbonate (δ13Ccarb), 
iron speciation, and major and trace elements. We used these 
proxies to explore the temporal evolution of redox conditions at 
the Chunye-1 well, as well as the size of the oceanic Mo and U 
reservoir, with the aim of better understanding the relationship 
between atmospheric and oceanic oxygenation and the Cambrian 
explosion.

2. Geological setting

The Chunye-1 well is located near the village of Hengyan, 
in Chun’an County, Zhejiang Province, China (118◦35′29.72′′E, 
29◦25′19.44′′S, Fig. 1a, b). The well was originally drilled for shale 
gas exploration, to a total depth of 804.81 m. The recovered core 
consists of the Lantian, Piyuancun, Hetang, Dachenling and Yangli-
ugang Fms., in ascending order (GBA, 1971). With the exception of 
an anthracite layer in the Hetang Fm., core recovery was greater 
than 95%. No erosional unconformities are apparent between the 
lowermost horizons recovered from the Lantian Fm. and the top of 
the Hetang Fm., suggesting continuous deposition over the interval 
considered in this study.

The Lantian Fm. consists mainly of white to light-grey, medium-
to thick-bedded sandy dolostone. The middle and lower parts of 
the Piyuancun Fm. are composed of grey to black, medium- to 
thick-bedded cherts interbedded with sandy dolostone and sand-
stone, while the upper part of the Piyuancun Fm. is composed 
of grey to black, medium-bedded limestone. The Hetang Fm. con-
sists primarily of black, thin-bedded carbonaceous mudstones, 
shales, and anthracite, interbedded with lenticular limestones and 
phosphorites. The Hetang Fm. is conformable with the overlying 
Dachenling Fm., which consists mainly of limestone.

During the Ediacaran–Cambrian transition, depositional envi-
ronments on the Yangtze Block ranged from shallow-water plat-
form carbonates and phosphorites to deep slope and basin en-
vironments (Jiang et al., 2012, Fig. 1a). Previous studies have 
suggested that the western Zhejiang area was a gulf (termed the 
Qiantang Gulf, Fig. 1b), which was bounded by the Jiangnan Old-
land along its western margin and the Cathaysian Oldland along 
its southeastern margin (Xue and Yu, 1979; Huang and Zhang, 
1988). The basement underlying the Qiantang Gulf was cut by 
a set of northeast–southwest striking faults, dividing it into four 
fault blocks, called the Changxing–Hangzhou, Anji–Kaihua, Tonglu–
Jiande and Zhuji–Quxian blocks (Huang and Zhang, 1988). Of these, 
the Anji–Kaihua Block has the thickest package of sedimentary 
cover, and preserves the most complete sedimentary succession 
(Xue and Yu, 1979; Huang and Zhang, 1988), which was primar-
ily derived from the Jiangnan Oldland (Fig. 1b). The Chunye-1 well 
is located in the southwestern part of the Anji–Kaihua fault block 
(Fig. 1b).

3. Sampling and methods

A total of 160 samples were collected from a 340 m interval 
within the Chunye-1 well and were analyzed for this study. Our 
sampling interval ranged from the upper Lantian Fm. (38.48 m be-
low the base of the Piyuancun Fm.) to the uppermost Hetang Fm. 
All samples were crushed into small pieces (diameter ∼2 mm) by 
hammer. Pieces of the crushed samples were then chosen for pul-
verization, carefully avoiding carbonate and pyrite veins, fracture 
fills, and nodules. The selected pieces (>50 g) were powdered us-
ing a SPEX 8515 Shatterbox with a ceramic puck.

The samples were treated by multi-acid digestion (HNO3–HF–
HCl) techniques for inductively coupled plasma mass spectroscopy 
(ICP-MS; Xiang et al., 2016). Major and trace elements were ana-
lyzed on a quadrupole ICP-MS instrument at the Beijing Research 
Institute of Uranium Geology, China National Nuclear Corporation. 
The analytical precision, monitored by the GSR-1, GSR-2, and GSR-3 
standards, is better than 5%.

A sequential kerogen extraction procedure, similar to that used 
by Xiang et al. (2016), was applied to all 160 samples in this 
study. TOC of the organic residues was measured using an Ele-
mental Analyzer (FLASH EA 2000) at the State Key Laboratory of 
Palaeobiology and Stratigraphy of the Nanjing Institute of Geology 
and Palaeontology, Chinese Academy of Sciences (NIGPAS). Organic 
carbon content of the digestion residue was then scaled to orig-
inal mass of the pre-digestion sample. The organic residues were 
mixed with CuO wire and added to a quartz tube, then combusted 
at 500 ◦C for 1 h and at 850 ◦C for an additional 3 h. Isotopic ra-
tios were analyzed using cryogenically purified CO2 in a Finnigan 
MAT-253 mass spectrometer at NIGPAS, and reported relative to 
Vienna Peedee Belmnite (V-PDB). Analytical precision for δ13Ckero
is better than ±0.06�.

Carbon (δ13Ccarb) and oxygen (δ18Ocarb) isotopes of carbonates 
in the Lantian Fm. were also analyzed at NIGPAS. For each of the 
21 samples, ∼1–2 g of powder was collected using a dental drill, 
with care taken to avoid visible diagenetic features. An aliquot of 
80 to 100 μg of sample powder was reacted with orthophospho-
ric acid for 150–200 s at 72 ◦C in a Kiel IV carbonate device. The 
evolved CO2 gas was analyzed for δ13C and δ18O using a MAT-253 
mass spectrometer. Isotopic values are reported relative to the V-
PDB standard, with an analytical precision better than ±0.05� for 
δ13Ccarb and ±0.1� for δ18Ocarb values.

The mass fractions of carbonate-associated iron phases (Fecarb), 
iron oxides (Feoxide), and magnetite-associated iron phases (Femag) 
were measured following the procedure of Poulton and Canfield, 
(2005). The contents of Fecarb, Feoxide, and Femag were analyzed 
on an inductively coupled plasma optical emission spectrometer 
(ICP-OES) at NIGPAS, with an analytical precision better than 3%. 
Pyrite was extracted following the chromium reduction method
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Fig. 1. a) Reconstruction paleogeography of the Yangtze Cathaysia Blocks during the Late Ediacaran and Cambrian Stage 1 (Modified from Jiang et al., 2012); Published 
stratigraphic sections include: 1 – Shatan, 2 – Three Gorges area, 3 – Yangjiaping, 4 – Songtao, 5 – Yuanjia, 6 – Taoying, 7 – Wuhe, 8 – Weng’an, 9 – Dingtai, 10 – 
Huangjiawan Ni–Mo ore layer, 11 – Xiaotan, and 12 – Chengjiang; b) detailed Paleogeographic map of Qiantang Gulf during the late Ediacaran to Cambrian Stage 4 (Modified 
from Xue and Yu, 1979; Huang and Zhang, 1988); c) geological sketch map of Chunye-1 well (Modified from GBA, 1971).
(Canfield et al., 1986), with Ag2S-precipitation used to determine 
the mass fraction of pyrite sulfur (Spy) and pyrite iron (Fepy). 
Highly reactive iron (FeHR) was calculated as the sum of Fecarb, 
Feoxide, Femag, and Fepy.

4. Results

Measured δ13Ccarb values from the upper Lantian Fm. range 
from −3.2� to +1.7�, with the corresponding oxygen isotope 
values ranging from −18.3� to −3.7�. The range of δ13Ckero val-
ues over the whole analyzed interval was −34.0� to −23.8�. 
Generally, δ13Ckero values from the Lantian Fm. (−30.8� to 
−23.8�) are more enriched than those from the overlying Piyuan-
cun and Hetang Fms. (−34.0� to −27.5�, Fig. 2, Table S1).

TOC values in the Lantian Fm. (0.02% to 1.37%, mean = 0.27%) 
are typically one to two orders of magnitude lower than those 
in the overlying Piyuancun Fm. (0.09% to 6.90%, mean = 1.71%, 
Fig. 3, Table S1) and Hetang Fm. (0.03% to 31.28%, mean = 4.15%, 
Fig. 3, Table S1). Spy values in the Htang Fm. (0.32% to 37.31%, 
mean = 2.69%, Fig. 2, Table S1) are generally higher than those in 
the Lantian Fm. (0.10% to 3.38%, mean = 1.25%, Fig. 2, Table S1) 
and Piyuancun Fm. (0.03% and 3.88%, mean = 0.85%, Fig. 2, Ta-
ble S1).

Apart from two extremely high values (38.50% and 10.50%), to-
tal iron content within the Chunye-1 well is fairly low, ranging 
from 0.14% to 7.53%, with an average value of 1.91%. Like TOC and 
Spy, FeT values in the Hetang Fm. (2.67%, Fig. 2, Table S2) are gen-
erally higher than those in the Lantian Fm. (1.30%, Fig. 2, Table S2) 
and Piyuancun Fm. (1.4%, Fig. 2, Table S2). Fepy is the predomi-
nant form of highly reactive iron, with an average value of 1.55%. 
The other three forms of highly reactive iron (Fecarb, Feoxide, Femag) 
generally contribute <0.5% of the mass of each sample. All cal-
culated FeHR/FeT ratios in our sampled intervals are high, with an 
average of 0.86. More than half (87 out of 160) of the samples have 
a Fepy/FeHR ratio greater than 0.8 (Fig. 2, Table S2).
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Fig. 2. Stratigraphic distributions of δ13Ccarb, δ13Ckero, Spy, FeT, FeHR/FeT, and Fepy/FeHR in the Chunye-1 well.
The Mo and U content of samples from the Chunye-1 well can 
be divided into two end-members. The low trace element end-
member ranges stratigraphically from the lowest recovered mate-
rial at 747.11 m to 461.41 m; the high trace element end-member 
ranges from 459.11 m to 407.76 m after a short transition inter-
val. Molybdenum content in the low trace element interval ranges 
from 0.2 ppm to 50.7 ppm, with a mean of 3.0 ppm. Values in 
the high trace element interval range from 1.6 ppm to 451.0 ppm, 
with a mean value of 101.4 ppm. Uranium content in the low trace 
element interval ranges from 0.1 ppm to 63.8 ppm, with a mean 
value of 2.5 ppm, in contrast with U content in the high trace el-
ement interval, which ranged from 0.9 ppm to 233.0 ppm, with a 
mean value of 61.9 ppm (Fig. 3, Table S2).

5. Discussion

5.1. Stratigraphic correlation

5.1.1. Lithostratigraphic and biostratigraphic constraints
Previous studies have suggested that the Lantian Fm. in the 

lower Yangtze Block can be correlated with the Doushantuo Fm. 
in the Yangtze Gorges area of eastern Guizhou and western Hunan 
(Wang et al., 2014). The large negative isotope excursions in the 
upper Lantian Fm. (Excursion A, Figs. 2, 5) may be equivalent to 
Excursion N3 seen in the Ediacaran Doushantuo Fm. in the Three 
Gorges area (Jiang et al., 2007). Thus, the upper Lantian Fm. in the 
Chunye-1 well may be time-equivalent to the middle and upper 
Doushantuo Fm. in the middle-upper Yangtze Block.

Slope and basin depositional environments around South China 
are typically characterized by a scarcity of the small shelly fauna 
(SSF) and trace fossils, which could otherwise be used to an-
chor the Ediacaran–Cambrian boundary (ECB, Steiner et al., 2007); 
the ECB is usually located within a chert unit (Yang et al., 2008;
Wang et al., 2012b). The ECB is characterized by a marked nega-
tive carbon isotope excursion at many locations around the world, 
although the magnitude of this shift is usually smaller in slope-
basin sections (∼1–3�) than in platform sections (>5�, Jiang et 
al., 2012; Wang et al., 2012a; Guo et al., 2013). This study ten-
tatively anchors the ECB in the Chunye-1 well to a local δ13Ckero
minimum in the chert units of the lower Piyuancun Fm. (Excur-
sion B, Figs. 2, 5).

Previous studies have found that chert deposition in deep wa-
ter environments of the Yangtze Block persisted until the lower-
middle Meishucunian (time equivalent to the early-to-middle Cam-
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Fig. 3. Stratigraphic distributions of TOC, Mo, U, Mo/TOC, and U/TOC in the Chunye-1 well.
brian Series 1, Wang et al., 2012b), suggesting that the siliceous 
Piyuancun Fm. in the Chunye-1 well is quite stratigraphically con-
densed. A unique 12.9 m thick limestone unit, seen in the up-
permost Piyuancun Fm. of the Chunye-1 well (∼614.36 m to 
601.46 m), may be also exposed in the Yekengwu section, in the 
Anji area (Fig. 1b). This section contains a single 6 m thick lime-
stone unit, situated above 70 m of chert beds, and below the 
lowermost mudstone beds of the Hetang Fm. (Yang et al., 2008). 
The trilobite Hupeidiscus orientalis, a characteristic marker of the 
early Canglangpuian Stage (time equivalent to Stage 4 of Cam-
brian Series 2, Kouchinsky et al., 2012), has been recognized in 
this unit (Yang et al., 2008), and if we accept that these limestones 
are correlative, the Piyuancun Fm. in the Chunye-1 well represents 
a relatively long interval of time, ranging from the late Ediacaran 
through Cambrian Stages 1–3.

Traditionally, the Hetang Fm. of the lower Yangtze Block has 
been regarded as early Cambrian (Series 1–2, Yang et al., 2008). 
One recent study suggests that the carbonaceous mudstones and 
shales of the Hetang Fm., which overlie cherts and limestones 
at the Yekengwu section, may have been deposited during the 
Canglangpuian Stage (Yang et al., 2008). Biostratigraphic control at 
the Wujialing section in the Jiangshan area (Fig. 1b), which repre-
sents a relatively shallow environment, suggests that deposition of 
the Hetang Fm. began in the late Qiongzhusian (Fig. 1b, Stage 3 
of Cambrian Series 2, Yang et al., 2008) and terminated in the 
Canglangpuian (Steiner et al., 2007; Yang et al., 2008). As described 
above, the limestone unit in the uppermost Piyuancun Fm. may 
also belong to the Canglangpuian Stage. Thus, we may reasonably 
infer that the basal Hetang Fm. in the Chunye-1 well dates to the 
late Qiongzhusian (late Cambrian Stage 3, Kouchinsky et al., 2012) 
at the earliest, and the upper Hetang Fm. very likely represents the 
Canglangpuian stage (Cambrian Stage 4).

5.1.2. Chemostratigraphic correlation of carbon isotopes
The marine reservoir of dissolved inorganic carbon (DIC) is 

well-mixed over time scales of 100 kyr, allowing for correlation 
between contemporaneous sections based on excursions in the or-
ganic and carbonate carbon isotope curves (Wang et al., 2012a), 
provided that carbon isotopes have not been diagenetically altered. 
Out of 21 samples from the Lantian Fm., 17 yield δ18Ocarb val-
ues >−5� (Table S1), and the ratio of Mn/Sr in the Lantian Fm. 
ranges from 1.5 to 3.5 (Table S1), both suggesting only minor dia-
genetic alteration of δ13Ccarb (Kaufman and Knoll, 1995). There is 
no significant correlation between TOC content and δ13Ckero in the 
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Fig. 4. Crossplot of TOC versus δ13Ckero in the Chunye-1 well.

Chunye-1 well (R2 = 0.05, Fig. 4), and Tmax results (497 ◦C) also 
indicate only minor alteration of δ13Ckero due to burial (Sansjofre 
et al., 2011). Additionally, published H/C ratios of kerogen from 
the neighboring Diben section also suggest minimal diagenetic al-
teration (Fig. 1b, Yuan et al., 2014).

As discussed above, the large negative excursions observed in 
both δ13Ccarb and δ13Ckero (Excursion A, Fig. 5) in the Chunye-1 
well may be correlative with those seen in the Ediacaran-aged 
Doushantuo Fm. Considering that the magnitude of the carbon 
isotope shift is generally smaller in slope-basin sections than in 
platform sections during the whole of Cambrian Series 1–2 (Jiang 
et al., 2012; Wang et al., 2012a; Guo et al., 2013), the nadir in 
δ13Ckero within the Piyuancun Fm. (Excursion B) can be accepted 
as the ECB, and correlated with other negative excursions observed 
at the ECB worldwide, such as at the Xiaotan section (Cremonese 
et al., 2013), the Longbizui section (Wang et al., 2012a), and sec-
tions in Siberia (Kouchinsky et al., 2012) and Morocco (Maloof et 
al., 2010, Fig. 5).

Following Excursion B, δ13Ckero values display an oscillatory 
but generally increasing trend, with several local maxima (Excur-
sion C, D, and E, Fig. 5). Due to the difference in sedimentation rate 
between the Chunye-1 well and the Xiaotan section, the shapes 
of their carbon isotope curves are not completely identical. The 
Chunye-1 well notably lacks a stable interval of high δ13C val-
ues following Excursion E. Under the constraint that the limestone 
interval in the uppermost Piyuancun Fm. is younger than Cam-
brian Stage 3, we may conclude that positive Excursions C to E 
are related to those observed between the basal Cambrian Excur-
sion (BACE, Landing et al., 2013) and the distinct local maximum 
within the lower SSF3 interval (designated as ZHUCE, Landing et 
al., 2013) at the Xiaotan section. Although Excursions C, D, and 
E in the Chunye-1 well cannot be correlated with those in the 
Xiaotan section on a one-to-one basis, we may tentatively corre-
lated them with this interval of positive excursions seen in the 
Zhongyicun and Dahai Members at the Xiaotan section (Cremonese 
et al., 2013, Fig. 5). These positive excursions also appear in the 
Longbizui section (Excursion P3, P4, Wang et al., 2012a, Fig. 5), 
in Siberia (Excursion Z and I, Kouchinsky et al., 2012, Fig. 5), in 
Fig. 5. Stratigraphic correlation of carbon isotope between Xiaotan section (Cremonese et al., 2013), Longbizui section (Wang et al., 2012a), Chunye-1 well (this study), 
Lena–Aldan and Uchur–Maya Regions, Siberian (Kouchinsky et al., 2012), and western Anti-Atlas margin, Morocco (Maloof et al., 2010). SSF represents small shelly fauna. 
BACE, ZHUCE, and SHICE represent carbon isotope excursion at the basal Cambrian, within the lower SSF3 interval, and at the Nemakit–Daldynian–Tommotian boundary, 
respectively.
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Morocco (positive excursion between 541.00 Ma and 525.343 Ma, 
Maloof et al., 2010, Fig. 5) and elsewhere.

After Excursion E, a negative shift (Excursion F, Fig. 5) in 
δ13Ckero in the Chunye-1 well is likely correlative with the nega-
tive shift observed at the SHICE event at the Xiaotan and Longbizui 
sections, as well as in Siberia and Morocco (Fig. 5).

5.2. Evolution of redox conditions

The ratio of highly reactive iron (FeHR) to total iron (FeT) has 
been proposed as a way to differentiate between oxic and anoxic 
bottom water environments, with a FeHR/FeT ratio of >0.38 used as 
a criterion for identifying anoxic bottom water conditions (Raiswell 
and Canfield, 1998). The proportion of this highly reactive iron 
pool that is in the form of pyrite (Fepy/FeHR) has been used as 
a proxy for the availability of sulfide in the depositional environ-
ment. A combination of FeHR/FeT > 0.38 and Fepy/FeHR ratio >0.8 
typically indicates euxinic bottom water, while a FeHR/FeT > 0.38 
coinciding with Fepy/FeHR < 0.8 may indicate bottom water that 
was anoxic, but did not contain sulfide (termed ferruginous condi-
tions, Poulton and Canfield, 2005).

When examining iron-poor, carbonate-rich sediments, a recent 
study (Clarkson et al., 2014) suggests that a total iron content 
of >0.5% provides a minimum suitable basis for employing Fe-
based redox proxies. Previous studies have also supported use of 
the iron speciation proxy in chert deposits, including around the 
ECB (Canfield et al., 2008; Chang et al., 2010), where it agrees 
well with independent lines of evidence for anoxia, such as the 
size distribution of pyrite framboids (Chang et al., 2012). All but 
5 of the carbonate samples from the Chunye-1 well had FeT con-
tent >0.5% (Fig. 2, Table S2), suggesting that iron-speciation based 
proxies are a valid approach to understanding redox conditions. 
When we screened out those data with FeT < 0.5%, the remaining 
samples had FeHR/FeT ratios greater than 0.38, suggesting persis-
tently anoxic bottom-water conditions throughout the entire stud-
ied interval (Fig. 2), ranging from the late Ediacaran to Cambrian 
Stage 4.

The Fepy/FeHR ratio in more than half of the samples (81 out 
of 143) was greater than 0.8, suggesting that they were deposited 
under euxinic conditions (Fig. 2). These samples are concentrated 
in three euxinic intervals, allowing us to divide the studied core 
into six intervals based on the Fepy/FeHR ratios. Interval 2 (the up-
permost Lantian Fm., ∼734.81 m to 708.63 m), Interval 4 (lower 
Hetang Fm., ∼594.46 m to 528.81 m), and Interval 6 (upper Hetang 
Fm., ∼466.21 m to 407.76 m) were deposited under nearly persis-
tent euxinic conditions (Fig. 2). Two sample points with anoma-
lously high Spy contents (>10%) at 588.51 m and 586.65 m may 
not represent the primary signal. After we screen them out, the 
highest Spy content (>2%) in the Chunye-1 well is observed in 
these three euxinic intervals (Interval 2, 4, and 6, Fig. 2), and Inter-
val 4 displays the highest Spy content in the whole section, with an 
average value of 2.63% (Fig. 2, Table S1). In contrast, Interval 1 (the 
upper Lantian Fm., ∼747.11 m to 737.01 m), Interval 3 (Piyuancun 
Fm., ∼707.21 m to 596.26 m), and Interval 5 (middle Hetang Fm., 
∼521.61 m to 468.91 m) were deposited mainly under ferruginous 
conditions, with only intermittent euxinia (Fig. 2).

Bottom water-masses during the end-Ediacaran and Cambrian 
Stages 1–2 at the Chunye-1 well appear to have been predomi-
nantly ferruginous, which is consistent with previous studies in 
South China (Canfield et al., 2008; Wang et al., 2012a; Feng et 
al., 2014). Euxinic conditions observed within the uppermost Lan-
tian Fm. may be synchronous with the euxinic interval seen in the 
Miaohe Member of the Doushantuo Fm., in the Three Gorges re-
gion of South China (Scott et al., 2008).
5.3. Drivers of the redox conditions

The relative fluxes of dissolved oxygen, reactive Fe, oceanic 
SO2−

4 , and organic matter (OM) to the sedimentary environment 
exert control over the development of local redox conditions. Aer-
obic respiration of organic carbon will consume the dissolved oxy-
gen pool below the pycnocline, and if the organic carbon flux 
exceeds the dissolved oxygen supply, anoxia will develop and OM 
biodegradation will continue through anaerobic pathways. In an 
anaerobic setting, alternative electron acceptors will dominate bac-
terial OM respiration in a predictable order based on their energy 
yield: NO−

3 , then Fe3+ , SO2−
4 , and ultimately CO2 (methanogene-

sis, Johnston et al., 2010). TOC can be viewed as the residue of 
the primary productivity flux after the losses due to various het-
erotrophic respiration processes, thermal maturation, and oxidative 
weathering have been subtracted (Algeo et al., 2013).

The average values of TOC in Intervals 4, 5, and 6 were 1.58%, 
2.37%, and 7.89%, respectively. The average value of Spy in Interval 
4 (2.63%) was somewhat higher than that in Interval 5 (1.67%) and 
Interval 6 (1.96%). Thus, a difference in the rate of OM consump-
tion by bacterial sulfate reduction (BSR) cannot completely explain 
the large differences in TOC between Intervals 4, 5, and 6. A possi-
ble rise in atmospheric oxygen content during Interval 6 (discussed 
below) would have enhanced aerobic consumption of OM in the 
surface mixed layer; if this was the case, primary productivity dur-
ing Interval 6 may have been much greater than that of Intervals 4 
and 5. This potential increase in primary productivity during In-
terval 6 corresponds with a striking increase in Mo contents. This 
may reflect the important role that oceanic Mo availability plays in 
nitrogenase expression and NO−

3 assimilation by eukaryotes (Anbar 
and Knoll, 2002). Relatively low dissolved Mo content in the sur-
face ocean could inhibit nitrogen fixation, or even the utilization 
of available dissolved nitrate, limiting productivity to low levels.

Meanwhile, about half of the measured TOC values in Inter-
vals 4 and 5 were >1%, suggesting that primary productivity was 
not extremely low during this interval (Algeo et al., 2013). The 
oxygenation of the atmosphere in the Ediacaran (Sahoo et al., 
2012; Anbar and Knoll, 2002) may have allowed for higher river-
ine Mo input relative to that of the mid-Proterozoic. As oceanic 
phosphorus appears to have been abundant during this interval 
(Shields-Zhou and Zhu, 2013), these Mo inputs would have allowed 
for a certain amount of primary productivity in the surface ocean 
around the site of the Chunye-1 Well.

The transition from authigenic sediments (carbonates and 
cherts) to siliciclastic sediments in Interval 4 likely represents an 
increasing flux of terrigenous material, including Al and SO2−

4 . 
The absence of euxinic conditions during Interval 5 may be due 
to sulfate rather than OM limitation, as evidenced by the fact 
that Al content decreased as TOC increased and bottom water 
masses transitioned from euxinic to ferruginous conditions. Al-
though terrigenous input continued to decrease through Interval 6, 
as indicated by the lower Al content (Kurzweil et al., 2015), the 
riverine input of SO2−

4 may have increased, due to enhanced ox-
idative weathering, allowing euxinic conditions to recur.

Some extremely low TOC values (<0.1%) in Interval 4 corre-
spond with evidence for euxinic bottom waters, and low TOC/Spy
ratios (<1). This may be due to the low primary productivity 
regime, and the absence of refractory terrestrial OM during the 
Cambrian (Raiswell and Berner, 1986). Furthermore, the anoma-
lously low observed TOC/Spy values may reflect real differences 
in the deposition of euxinic shales between Cambrian and mod-
ern environments. In the modern ocean, pyrite develops in shales 
when the flux of organic matter exceeds the amount of oxygen 
available for decomposition; the abundance of oxygen in most 
modern marine environments mean that euxinic shales rarely form 
under low productivity regimes. In Cambrian environments where 
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Fig. 6. Summary of U, U/TOC, Mo, and Mo/TOC results over Ediacaran–Cambrian time. For plotting U contents and U/TOC ratios, we screen out these shale/mudstone samples 
with FeHR/FeT < 0.38 or DOP (degree of pyritization) <0.4. For plotting Mo contents and Mo/TOC ratios, we screen out these shale/mudstone samples with FeHR/FeT < 0.38 
or Fepy/FeHR < 0.8 or DOP < 0.8. These blue circles represent published data from Guo et al. (2007); Scott et al. (2008); Dahl et al. (2010); Sahoo et al. (2012); Xu et al.
(2012); Feng et al. (2014); Jin et al. (2016). These red circles represent results from Hetang Fm. in this study. The Age data and stratigraphic correlation framework followed 
Scott et al. (2008); Sahoo et al. (2012); Jin et al. (2016). (For interpretation of the colors in this figure, the reader is referred to the web version of this article.)
sulfate was present, such as that represented by Interval 4 in the 
Chunye-1 well, sulfate would likely be the dominant electron ac-
ceptor used in organic matter decomposition, leading to an inverse 
relationship between the amount of pyrite formed and the amount 
of OM preserved. In our dataset, TOC and Spy are essentially un-
correlated in Interval 4, and the amount of residual organic carbon 
reaching the sediments (i.e., TOC) appears to have been fairly low. 
While diagenetic TOC loss may also be responsible for TOC/Spy
values <1, there is no evidence that this differentially affected 
Intervals 4 and 6, or that it explains the observed patterns in ele-
ment/TOC ratios.

5.4. Evolution of oceanic Mo and U reservoir size

Under pervasively anoxic or euxinic conditions, authigenic trace 
element enrichments and trace element/TOC ratios in shales and 
mudstones likely reflect the size of oceanic trace element reser-
voirs, which are themselves likely to be a function of the local or 
global redox landscape (Algeo and Lyons, 2006; Scott et al., 2008;
Partin et al., 2013; Lyons et al., 2014). The size of the oceanic 
Mo and U reservoirs during the Ediacaran–Cambrian transition was 
most likely controlled by the flux of trace metals to the oceans via 
oxidative continental weathering relative to the flux of these re-
dox sensitive elements to the sediments in anoxic or euxinic sinks 
(Scott et al., 2008; Takahashi et al., 2014; Sperling et al., 2015).

Molybdenum is concentrated in shales and mudstones most ef-
fectively under euxinic conditions (Tribovillard et al., 2006); only 
those intervals identified as euxinic based on iron speciation prox-
ies (Intervals 2, 4 and 6) will be considered when assessing the 
evolution of the marine Mo reservoir. The average values of bulk 
Mo content within Intervals 2, 4, and 6 were 2.2 ppm, 0.7 ppm, 
and 91.0 ppm, respectively. The average values of the Mo/TOC ra-
tio within Intervals 2, 4, and 6 were 17.1 ppm/wt.%, 3.7 ppm/wt.%, 
and 26.4 ppm/wt.%, respectively (Table S2, Fig. 3).
Due to the lithological difference between Interval 2 and In-
tervals 4 and 6, it is difficult to directly compare Mo/TOC across 
all of the euxinic units in the Chunye-1 well. Previous studies 
have shown that the average Mo/TOC value of euxinic mudstones 
in the Miaohe Member of the Ediacaran Doushantuo Fm. (Mem-
ber IV, time equivalent to the upper Lantian Fm. in the Chunye-1 
well) reached 35.9 ppm/wt.% (Scott et al., 2008; Fig. 6; Table S3). 
Based on the stratigraphic correlation framework established by 
Jin et al. (2016), euxinic shales and mudstones deposited during 
Cambrian Stage 2 at the Songtao section (Jin et al., 2016; Fig. 6; 
Table S3) have average and maximum Mo/TOC values much lower 
than those of the Miaohe Member, indicating that the oceanic 
Mo reservoir during Stage 2 was generally lower than that during 
the Ediacaran. Average and maximum Mo/TOC values in Cambrian 
Stage 2 are greater than those seen at the Cambrian Stage 3 (Fig. 6; 
Table S3), suggesting a further drop in the Mo reservoir from Cam-
brian Stage 2 to Stage 3. This may be related to the unusual sul-
fide and organic-rich Ni–Mo ore layer deposited late in Cambrian 
Stage 2 (521 ± 5 Ma, Xu et al., 2011), where the maximum value 
of Mo/TOC ratio reached 6960.8 ppm/wt.%, with an average value 
of 4339.6 ppm/wt.% (Dahl et al., 2010; Fig. 6; Table S3).

Based on published sections from throughout the Yangtze Block 
(Fig. 1, Fig. 6; Table S3), the average Mo/TOC ratio during Cam-
brian Stages 2–3 was much lower than that of the Phanerozoic 
(“Stage 3” sensu Scott et al., 2008, ∼27 ppm/wt.%), while aver-
age Mo/TOC values during Interval 6 (26.4 ppm/wt.%) were similar 
to the average Phanerozoic value (Scott et al., 2008). In addition 
to the size of the global oceanic reservoir, the value of trace ele-
ment/TOC ratios may be a function of the degree of restriction of 
the subchemoclinal water mass (Algeo and Lyons, 2006). However, 
considering that the Yangtze Block sections are distributed over an 
area of several thousands of kilometers (Fig. 1), we may reason-
ably infer that changes in Mo/TOC values reflect the regional or 
global oceanic Mo reservoir, rather than a change in the degree 
of water mass restriction. Mo/TOC values show consistent tempo-
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ral evolution across platform, marginal, and slope/basin sections 
across the South China Block, further suggesting communication 
with the open ocean. Furthermore, Mo/TOC values decrease from 
Cambrian Stages 2–3 (Fig. 6; Table S3) to Intervals 4–5. If this 
represents an increase in the degree of restriction that was sub-
sequently reversed in Interval 6, then one would expect Mo/TOC 
ratios in Interval 6 to resemble those of Cambrian Stages 2–3. The 
fact that maximum Mo/TOC ratios are higher in Interval 6 than 
anywhere else in the Chunye-1 well or the broader South China 
Block indicates that some increase in Mo availability has occurred, 
even if the signal has been modulated by possible restriction ef-
fects.

Due to the persistently anoxic conditions over the studied in-
terval, we may reconstruct the evolution of the oceanic U reservoir 
from the late Ediacaran to Cambrian Stage 4. The average val-
ues of bulk U content in Intervals 1 through 6 were 0.7 ppm, 
1 ppm, 4.4 ppm, 0.4 ppm, 0.8 ppm, and 61.9 ppm, respec-
tively. The average values of the U/TOC ratio from Interval 1 to 
6 were 6.9 ppm/wt.%, 9.9 ppm/wt.%, 3.1 ppm/wt.%, 2.4 ppm/wt.%, 
0.7 ppm/wt.% and 15.0 ppm/wt.%, respectively (Table S2).

Trace element-TOC ratios have been most extensively studied in 
shales, and should only be applied to carbonates and cherts with 
great caution. Based on our stratigraphic correlations, the entire 
Piyuancun Fm. (Interval 3) in the Chunye-1 well was deposited 
from the upper Ediacaran to Cambrian Stage 3. The average U/TOC 
ratio of the Piyuancun Fm. is quite similar to that observed in 
synchronous anoxic shale and mudstone deposits of the middle–
upper Yangtze Block, such as the Weng’an Section (Jin et al., 2016; 
Fig. 6; Table S3), the Xiaotan section (Jin et al., 2016; Fig. 6; Ta-
ble S3), the Shatan section (Guo et al., 2007; Fig. 6; Table S3), 
the Dingtai section (Xu et al., 2012; Fig. 6; Table S3), and the 
Songtao section (Guo et al., 2007; Fig. 6; Table S3). Average and 
maximum U/TOC values from the upper Ediacaran to Cambrian 
Stage 3 around the whole of the Yangtze Block are quite simi-
lar to those seen in the Ediacaran-aged Doushantuo Fm. (Sahoo 
et al., 2012; Fig. 6; Table S3), suggesting that the oceanic U reser-
voir may have remained relatively static between the deposition 
of the Doushantuo Fm. and Cambrian Stage 3. Like other sections 
in the middle-upper Yangtze Block, the U/TOC ratios of the chert 
intervals in the Chunye-1 well show only minor fluctuations, sug-
gesting that the oceanic U reservoir remained relatively constant 
from the upper Ediacaran to Cambrian Stage 3. However, absolute 
values of U/TOC during the upper Ediacaran to Cambrian Stage 3 
are much smaller than those associated with the ‘Stage 4’ identi-
fied by Partin et al. (2013, 18.9 ppm/wt.%), indicating that the U 
reservoir during this time-interval remained smaller than that of 
the modern ocean.

Bulk U content and U/TOC ratios in Intervals 4 and 5 show ex-
tremely low values, followed by a marked rise in Interval 6 (Fig. 3), 
to values near the average modern level (Partin et al., 2013). Since 
even suboxic marine environments can serve as a U sink, this likely 
reflects widespread marine oxygenation. Unlike Mo/TOC, which de-
creases from the Ediacaran through Cambrian Stages 2–3 before 
rising in Interval 6 (Fig. 6; Table S3), U/TOC does not show any 
substantial increase across the South China Block until Interval 6. 
The fact that these proxies are decoupled further supports our in-
ference that they reflect marine trace element reservoirs, rather 
than the degree of basinal restriction. The later increase in U/TOC 
ratios likely reflects prolonged uranium drawdown in suboxic sink 
areas.

These redox sensitive element proxies suggest that the size 
of the marine Mo and U reservoir did not increase substantially 
from the upper Ediacaran to Cambrian Stage 3. If we assume 
that the global riverine U flux after ∼2.2 Ga was relatively con-
stant and similar to modern values (Partin et al., 2013), our re-
sults suggest no major increase in oceanic or atmospheric oxygen 
from the upper Ediacaran to Cambrian Stage 3. U-based prox-
ies from sections spanning the entire Yangtze Block consistently 
suggest that a Modern-level oceanic U reservoir was never es-
tablished before Cambrian Stage 4. This indicates a greater ex-
tent of anoxic water masses, much slower oxidative weathering, 
or both, a finding which conflicts with inferences of near-modern 
oceanic oxygen levels before Cambrian Stage 4 (Chen et al., 2015;
Jin et al., 2016).

If the extremely low Mo and U content reflects a global marine 
reservoir signal, then the depletion of oceanic Mo and U in Interval 
4 could reflect either a decrease in the riverine flux of Mo and U to 
the oceans, an increase in the area of anoxic sinks, or potentially 
both (Partin et al., 2013). There is no evidence for a decrease in 
atmospheric oxygen content during Cambrian Stage 4, and previ-
ous studies have shown that some parts of slope-basin environ-
ments were oxic during Cambrian Stage 3 (Wang et al., 2012a;
Chen et al., 2015).

The most likely explanation for a drop in oceanic Mo and U 
content may be the expansion of euxinic water-masses, due to en-
hanced biological sulfate reduction. The mechanism by which this 
is occurred is suggested by the relatively high Spy corresponding 
with low TOC in Interval 4. Jin et al. (2016) argued outer shelf and 
slope environments of the Yangtze Block may have had a limited 
seawater sulfate reservoir, maintaining ferruginous rather than eu-
xinic conditions in the absence of oxygen. An increase in the flux 
of sulfate to the distal environments of the lower Yangtze Block 
would have had the effect of promoting euxinia (and trace metal 
sequestration), while increasing the efficiency with which a lim-
ited flux of organic matter was degraded. This increase in sulfate 
availability could potentially have been an early manifestation of 
an enhancement of continental weathering.

The extremely low bulk Mo and U content within Interval 4 
indicates little to no authigenic precipitation, and the absolute val-
ues of the Mo/TOC and U/TOC ratios are close to those observed 
before the First Great Oxidation Event (Mo/TOC = 2.8 ppm/wt.%, 
Scott et al., 2008; U/TOC = 2.5 ppm/wt.%, Partin et al., 2013) 
suggesting substantial depletion of marine trace element inven-
tories. Recent modeling studies have suggested that if more than 
6% of the global ocean became euxinic, most dissolved Mo would 
precipitate into sediments, resulting in global depletion of Mo in 
seawater (Takahashi et al., 2014). Considering that the oceanic 
Mo reservoir consistently decreased from the late Ediacaran to 
Cambrian Stage 3, and that the oceanic U reservoir appears to 
have been generally low before Cambrian Stage 3, even a rel-
atively small increase in the extent of anoxic and euxinic wa-
ter masses during Cambrian Stage 4 might have depleted the 
oceanic Mo and U reservoirs to very low levels. Although it is 
difficult to quantitatively evaluate the exact degree of anoxic and 
euxinic water-mass expansion within Interval 4, we may infer 
that the total area of the seafloor overlain by anoxic and eux-
inic water-masses expanded rather than contracted in this interval. 
This supports previous arguments that oceanic redox conditions 
around South China were highly heterogeneous (Feng et al., 2014;
Sperling et al., 2015).

The marked increase in oceanic Mo and U reservoir size within 
Interval 6 could reflect either a rise in the riverine flux of these 
metals to the oceans, a decrease in the area of anoxic/euxinic sinks, 
or potentially both (Partin et al., 2013). Unlike Mo and S, the rate 
of U release from rocks is only weakly affected by increasing at-
mospheric oxygenation after ∼2.2 Ga (Anbar et al., 2007). Thus, 
the global riverine U flux in the Cambrian Period was essentially 
decoupled from the partial pressure of atmospheric oxygen (Partin 
et al., 2013); increasing U content of the sediments thus likely re-
flects a decrease in the area of anoxic/suboxic sinks.

Mo deposition occurs most efficiently under euxinic conditions, 
and a replacement of euxinia by ferruginous or oxic conditions 
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could lead to the expansion of the oceanic Mo reservoir. However, 
U precipitation commences at the Fe(II)–Fe(III) redox boundary 
(under suboxic conditions). Only the expansion of well-oxygenated 
waters during Interval 6 could drive a decrease in the area of ma-
rine U sinks and the observed increase of the oceanic U reservoir 
(Tribovillard et al., 2006; Partin et al., 2013). The simultaneous ex-
pansion of both the Mo and U reservoirs during Interval 6 can only 
be explained via oxygenation of large areas of the ocean.

Oxygenation of the oceanic surface mixed layer is direct linked 
to the partial pressure of oxygen in the atmosphere, via exchange 
and equilibration processes (Johnston et al., 2010). Oxygenation of 
the atmosphere will increase the riverine flux of SO2−

4 and Mo 
(Anbar et al., 2007; Scott et al., 2008), and could have driven both 
a recurrence of euxinic conditions and an increase in the oceanic 
Mo reservoir during Interval 6. Clearly this expansion of the oxic 
ocean did not affect all areas of the Qiantang Gulf, as our study 
site remained pervasively euxinic in Interval 6, but the proportion 
of oxic water masses likely increased regionally, and possibly even 
globally (Scott et al., 2008).

5.5. Implications for the Cambrian explosion

The third and most intense phase of Cambrian diversification, 
which involved all three supraphylogenetic clades of the Eubilate-
ria, occurred during Cambrian Stage 3 (Shu et al., 2014). As our 
iron speciation results from the Chunye-1 well indicate persistent 
bottom-water anoxia from the upper Ediacaran through Cambrian 
Stage 4, it would have been difficult for benthic metazoans to 
flourish at this location, an inference that is consistent with the 
scarcity of metazoan fossils in northwestern Zhejiang (Xue and Yu, 
1979).

Mo- and U-based proxies also suggest that oceanic water 
masses did not experience substantial oxygenation until Cam-
brian Stage 4. Although we cannot exclude the possibility that 
the centimeters-thick Ni–Mo ore layer may represent an increase 
in the oceanic Mo and U reservoir, many previous studies have 
attributed this abrupt and transient event to the extremely low 
sedimentation rate at the time of deposition (Lehmann et al., 
2007). Apart from this transient increase in trace element con-
tent, we observe no other evidence for an increasing reservoir of 
oceanic Mo and U until after the main phase of Cambrian diversi-
fication (Cambrian Stage 3).

Previous studies have suggested that Cambrian metazoans re-
quired oxygen levels above 10% of the present atmospheric level, 
but not much more than that (Sperling et al., 2015). Although we 
find no evidence for pervasive oxygenation of the oceans on a large 
scale from the upper Ediacaran to Cambrian Stage 3, we cannot ex-
clude the possibility that local or intermittent oxygenation events 
(Jin et al., 2016), possibly associated with regressions (Feng et al., 
2014) or major storms (Sun and Chen, 1988), may have allowed 
for the limited development of conditions favorable to metazoans 
in shallow water. Alternatively, after an initial atmospheric oxy-
genation during the Ediacaran (Sahoo et al., 2012), atmospheric 
and oceanic oxygen content may no longer have played a critical 
role in controlling the pace of Cambrian diversification (Sperling 
et al., 2015). Other environmental factors, such as the ecosystem 
engineering, and intrinsic factors, such as the genomic and devel-
opmental controls, may have played a more important role in the 
main phase of Cambrian explosion (Erwin et al., 2011).

6. Conclusions

Bottom water masses during the deposition of the Lantian, 
Piyuancun, and Hetang formations of the Chunye-1 well were per-
sistently anoxic, with several euxinic intervals observed. Euxinic 
conditions prevailed during deposition of the uppermost Lantian 
Fm., as well as the lower and upper Hetang Fm. The size of the 
oceanic Mo and U reservoir did not increase from the upper Edi-
acaran to Cambrian Stage 3, and was in fact gradually depleted 
at the beginning of Cambrian Stage 4, before increasing markedly 
at the end of Cambrian Stage 4. The depletion of oceanic Mo and 
U during Cambrian Stage 4 may be due to the spatial expansion 
of anoxic and euxinic water-masses. The subsequent increase in 
the oceanic Mo and U reservoir in the uppermost Hetang Fm. 
likely represents increasing oxygenation of the atmosphere and the 
oceanic water mass. This crucial oxygenation event appears to have 
occurred after, rather than during, the peak of diversification in 
Cambrian Stage 3, suggesting that the pervasive oxygenation of the 
atmospheric–oceanic system on a large scale may not have played 
a critical role in the main phase of Cambrian diversification.
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