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Abstract

Following the Cambrian Explosion, a significant extinction event occurred during the Cambrian Stage 4, with the extinc-
tion rate second only to that experienced in the end-Permian. To figure out the variation of N supply and elucidate the com-
bined effect of O2 and N availability on the extinction event, this study presents the first set of high-resolution N isotope data
from two shallow-water Cambrian Stage 4 drilling sections on the eastern Yangtze Platform. The results indicate that the sec-
tions are characterized by highly negative d15N signatures during the lowermost and uppermost Cambrian Stage 4, which are
indicative of strong NH4

+ assimilation in an anoxic shallow ocean. During the rest of the Cambrian Stage 4, both of the study
sections show stable d15N values close to 0. This phenomenon can be best explained by enhanced N2 fixation in an oxic shal-
low ocean characterized by strong N limitation, resembling the low-latitude oligotrophic regions in the modern ocean. The
oligotrophic environment was likely caused by enhanced denitrification/anammox as well as elevated P input associated with
eustatic changes, and may have been widespread in the global shallow ocean during the Cambrian Stage 4. Our results lend
new support to the traditional view that anoxia contributed to the mass extinction event. More importantly, it is emphasized
that the oligotrophic environment may have played an important role in the prolonged decline of metazoan diversity during
this stage.
� 2019 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

During the latest Ediacaran to Cambrian Stage 3,
Earth’s biosphere witnessed an abrupt diversification of
bilateral lineages and the sudden appearance of most pre-
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sent animal phyla (Knoll and Carroll, 1999; Morris, 2000;
Shu et al., 2014; Zhang and Shu, 2014; Zhang et al.,
2017). This extraordinary biological evolutionary event is
termed the ‘‘Cambrian explosion” (Cloud, 1948). Subse-
quently however, the Cambrian evolutionary fauna experi-
enced a significant extinction event during the Cambrian
Stage 4, with the extinction rate second only to that experi-
enced in the end-Permian (Benton, 1995; Li et al., 2007;
Zhu et al., 2018).

The extinction event was mainly attributed to anoxic
events associated with large-amplitude eustatic changes or
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global volcanic activities in previous studies (Zhuravlev and
Wood, 1996; Montañez et al., 2000; Zhu et al., 2004; Hough
et al., 2010; Jourdan et al., 2014). However, recent iron spe-
ciation and pyrite morphology works indicated that the
shallow ocean was dominantly oxic or suboxic during the
Cambrian Stage 4 (Faggetter et al., 2017; Li et al., 2017).
This excludes anoxia as the sole cause for the prolonged
substantial decline of metazoan diversity throughout this
stage and calls for further investigations on the impact of
other metabolically important environmental factors (Li
et al., 2007).

Except for O2, nutrient and food availability has long
been considered as a possible driving force for early animal
evolution during the Ediacaran–Cambrian transition (Cook
and Shergold, 1984; Brasier, 1992; Cook, 1992). Recent
geobiological works lent new support to this view, demon-
strating that early animal communities were likely more
food limited than generally appreciated (Leys and Kahn,
2018; Sperling and Stockey, 2018). Primary producers pro-
vide fundamental food sources for animals, and their pro-
ductivity is closely associated with nutrient availability in
the ocean. Nitrogen, phosphorous, and iron are the major
nutrient elements limiting biological productivity in the
modern ocean. About 30% of the ocean’s surface area is
characterized by high-macronutrient, Fe-limited systems,
while most of the remaining low-latitude systems are N-
limited or in places co-limited by N and P (Moore et al.,
2013). In the redox-stratified ocean during the early Cam-
brian, N limitation could be more common as a result of
significant N loss through denitrification or anammox as
well as low N:P ratios caused by enhanced P supply to
the shallow ocean, aggravating the controlling effect of N
availability on biological development (Zhuravlev and
Wood, 1996; Ader et al., 2016; Jin et al., 2016; Li et al.,
2017).

The N isotopic composition of marine sediments can not
only provide clues about ocean redox structure but also
reveal the availability of different N species, such as NH4

+

and NO3
�, in the water column in the geologic history

(Sigman et al., 2009; Stüeken et al., 2016). Therefore, nitro-
gen isotopic signatures hold great potential to provide a
more complete understanding of environmental influences
on biotic radiation and extinction events during the early
Cambrian. In view of this, extensive nitrogen isotopic stud-
ies were carried out in recent years and the results indicated
that the variation of fixed nitrogen supply was likely a
major cause of episodic animal radiations and declines dur-
ing the Ediacaran–Cambrian transition (Cremonese et al.,
2013, 2014; Cai et al., 2015; Wang et al., 2015, 2018a).
However, due to a lack of nitrogen isotope data, little
remains known about the oceanic nitrogen cycle during
the Cambrian Stage 4.

To figure out the variation of N supply and elucidate the
combined effect of O2 and N availability on the extinction
event during the Cambrian Stage 4, this work presents the
first set of high-resolution N isotope data from two
shallow-water Cambrian Stage 4 drilling sections in Well
K2 and Well WN2 on the eastern Yangtze Platform.
Underground burial has protected the sections from surface
weathering and facilitated preservation of primary
geochemical records. The completeness of the sections
(Chang et al., 2017) offers an opportunity for tracking the
evolution of biogeochemical processes in the shallow ocean
throughout the Cambrian Stage 4. The results supplement
important information concerning the nitrogen cycle and
variation of N availability in the ocean, and provide new
insights on the cause of the extinction event during this
stage.

2. GEOLOGICAL SETTING

During the early Cambrian, South China was an iso-
lated craton located at middle latitudes of the Northern
Hemisphere (Fig. 1A; Li et al., 2008). It comprised the
Yangtze and Cathaysia tectonic blocks that were sutured
together during the mid-Neoproterozoic (Fig. 1A; Wang
and Li, 2003). During the Ediacaran–Cambrian transition,
the Yangtze Block gradually evolved from a rift to a passive
continental margin basin under extensional tectonic move-
ment (Wang and Li, 2003). A variety of sedimentary succes-
sions deposited across the Yangtze Block during the
Cambrian Series 2, spanning from shore to basin facies
(Yang et al., 2005). The study area in this work was located
on the eastern Yangtze Block (Fig. 1A). The paleogeogra-
phy of this area was characterized by a central–lateral
uplifted region with depressions to its north and south
(Fig. 1B; Lu and Ji, 2013). Sedimentary successions in this
area can be roughly divided into two facies zones: platform
to shelf edge facies zone and outer shelf to slope facies zone
(Fig. 1B). The platform to shelf edge facies zone is charac-
terized by limestone and dolostone interbedded with mud-
stone, while the outer shelf to slope facies zone is
represented by limestone, carbonaceous mudstone, and
siliceous mudstone. The abundance of carbonaceous and
siliceous mudstone increases from the outer shelf to slope
areas.

Well K2 is located close to Kunshan City, within the
platform facies zone during the Cambrian Stage 4
(Fig. 1B). Rock units in the drilling section include the
uppermost Dengying, Mufushan, and lowermost Paotais-
han formations (Fig. 2A). The Dengying Formation com-
prises mainly dolostone and interbedded chert, and is
unconformably overlain by the Mufushan Formation com-
prising mainly limestone and argillaceous limestone, with
thin (several cm thickness) calcareous–dolomitic mudstone
interlayers. The upper part of the Mufushan Formation
has a higher dolomite content than the lower part, with a
black carbonaceous mudstone unit of �10 m thickness in
its middle part. The Paotaishan Formation conformably
overlies the Mufushan Formation and comprises mainly
light gray to reddish dolostone. The lower boundary of
the formation is the traditional Lower–Middle Cambrian
boundary. Paleontological records (Zhang and Zhou,
1985) and inorganic C isotope curves (Chang et al., 2017)
indicate that the sedimentary age of the Mufushan Forma-
tion spanned from the late Cambrian Stage 3 to latest Cam-
brian Stage 4.

Well WN2 is located southeast of Xuancheng City,
within the outer-shelf facies zone during the Cambrian
Stage 4 (Fig. 1B). Rock units in the well section include



Fig. 1. (A) Early Cambrian global paleogeography (modified from Li et al., 2008). South China consisted of Yangtze and Cathaysia blocks.
The study area was on the eastern Yangtze Block. (B) Paleogeography of the eastern Yangtze Block during Cambrian Series 2 (modified from
Lu and Ji, 2013).
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the uppermost Xijianshan Formation, Hetang, Dachenling,
and lowermost Yangliugang formations (Fig. 2B). The
Hetang Formation comprises mainly siliceous mudstone
with interbedded calcareous mudstone, and is conformably
overlain by the Dachenling Formation. The Dachenling
Formation is characterized by alternating limestone and
mudstone units. The lithologies of these units include lime-
stone, argillaceous limestone, calcareous mudstone, and
siliceous mudstone. The Dachenling Formation is con-
formably overlain by the Yangliugang Formation, which
comprises mainly limestone and siliceous mudstone. The
lower boundary of the Yangliugang Formation is the tradi-
tional Lower–Middle Cambrian boundary (Chu et al.,
2016). Paleontological records of adjacent areas (Zhu
et al., 2005) and inorganic C isotope plots (Chang et al.,
2017) indicate that the sedimentary age of the Dachenling
Formation spanned the early–latest Cambrian Stage 4.

3. SAMPLES AND METHODS

Sampling locations are shown on the lithological col-
umns of wells K2 and WN2 in Fig. 2. A total of 79 samples
were taken from the Well K2 section, including 7 from the
Paotaishan Formation and 72 from the Mufushan Forma-
tion (Fig. 2A). The depth of the samples ranges from
280.0 m to 555.7 m. A total of 111 samples were taken from
the Well WN2 section, including 26 from the Yangliugang
Formation, 41 from the Dachenling Formation, and 44
from the Hetang Formation (Fig. 2B). The depth of the
samples ranges from 429.6 m to 625. 3 m. Fresh interiors
of selected samples were chipped and ground (200 mesh)
prior to geochemical analyses.

Nitrogen isotopic analyses were undertaken with a
Thermo Finnigan Elemental Delta V Advantage mass spec-
trometer coupled to a Thermo 1112 Flash Elemental Ana-
lyzer via a Thermo ConfloIII Interface, at the Third
Institute of Oceanography, State Oceanic Administration,
Xiamen, China. Powdered samples were decalcified over-
night in 6 M HCl, and the solutions centrifuged to remove
chloride residues. The residue was dried at 60 �C overnight
and re-ground. 10–100 mg samples were weighed for N iso-
topic analyses, and d values are reported relative to air, with
analytical errors better than ± 0.3‰. Acetanilide 1 (Indiana
University: d15N = +1.18‰) was used as the nitrogen stable
isotope standards. The results were not blank-corrected
because the amount of blank nitrogen was negligible com-
pared to the sample sizes and the blank correction was
expected to be within the measurement errors. Total nitro-
gen (TN) contents were obtained during isotopic measure-
ments from the nitrogen plot area.

Organic C isotopic analyses were undertaken with a Fin-
nigan MAT 253 isotope ratio mass spectrometer at the
Experimental Research Center, SINOPEC Petroleum
Exploration and Development Research Institution, Wuxi,
China. Powdered samples were treated with hot 2 M HCl
for 2 h to remove carbonates. Residues were dried at room
temperature then heated with CuO in an evacuated quartz
glass tube at 650 �C for 5 h to convert organic carbon to
CO2. The CO2 was collected and purified on a cryogenic
vacuum line. The analytical results are expressed in the
standard d notation with respect to the PDB standard, with
a standard deviation of ±0.2‰. GB04407 (China national
standards: d13Corg = �22.43‰) was used as the carbon
stable isotope standards. The results were not blank-
corrected because the amount of blank carbon was negligi-
ble compared to the sample sizes and the blank correction
was expected to be within the measurement errors.

Total organic carbon (TOC) analyses were carried out
on a Vario EL3 element analyzer at the Ministry of Educa-
tion Key Laboratory of Surficial Geochemistry, Depart-
ment of Earth Sciences, Nanjing University, Nanjing,
China. Approximately 2 g of powdered sample was treated
with 2 M HCl for 48 h to remove carbonates. The solution
was then centrifuged at 4500 rpm for 15 min, after which



Fig. 2. Lithological columns of the Well K2 section (A) and Well WN2 section (B). E and X in the Era column of (B) represent Ediacaran and
Xijianshan Formation, respectively.
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the solid residue was mixed with deionized water. Centrifu-
gation was repeated �6 times until the pH of the solution
reached �7. The solid residue was then dried at 60 �C for
24 h and re-ground in an agate mortar. Samples of 20–
50 mg were used for TOC analyses. Analytical uncertainties
were estimated to be less than 5%.

4. RESULTS

TOC and TN contents, atomic C/N ratios, as well as
organic C and N isotopic compositions are presented in
Tables 1 and 2 and Figs. 3 and 4. TOC data for carbonate
samples are from Chang et al. (2017).

4.1. Well K2 section

TOC contents in the section displays an overall decreas-
ing upward trend. Argillaceous limestone units in the lower
and middle parts of the Mufushan Formation have TOC
contents as high as 7.3 and 2.6 wt.%, respectively; while
in the rest of the section, TOC contents are generally <1
wt.% (Fig. 3). TN contents of bulk samples in the section
vary from 0.003 to 0.111 wt.%, with high TN contents
occurring in argillaceous limestone units in the Mufushan
Formation (Table 1).

C/N ratios range from 5.4 to 113.4, with an average of
38.5 (Table 1). The ratios decrease from >100 to <20 from
the lower to middle parts of the Mufushan Formation, and
remain constant in the upper part. An increase in ratios
occurs at the boundary between the Mufushan and Paotais-
han formations (Fig. 3).

In the lower part of the Mufushan Formation (560–
480 m), organic C isotopic compositions display an overall
positive excursion, with d13Corg values increasing from
about �34‰ to �26‰, before decreasing to about �32‰
(Fig. 3). In the rest of the section, d13Corg values mostly



Table 1
Analytical results of d13Corg, d

15N, TOC and TN of samples from the Well K2 section.

Samples Lithology Depth (m) TOC (wt. %) TN (wt. %) C/N d13Corg (‰) d15N (‰)

Paotaishan formation

K2-01 Dolostone 280.0 0.0 0.003 15.7 �28.8
K2-02 Dolostone 282.1 0.0 0.004 10.0 �30.2
K2-04 Dolostone 289.0 0.0 0.004 8.4 �29.9
K2-05 Dolostone 290.9 0.1 0.009 7.6 �30.9
K2-07 Dolostone 294.7 0.3 0.009 33.9 �30.6 3.6
K2-08 Dolostone 297.5 0.1 0.003 42.0 �30.3 5.0
K2-09 Dolostone 299.1 0.4 0.006 87.5 �29.6 3.2
Mufushan formation

K2-11 Limestone 303.8 0.4 0.008 64.8 �30.0 3.6
K2-13 Limestone 307.3 0.5 0.009 62.6 �30.4 5.1
K2-14 Limestone 310.4 0.2 0.008 28.5 �30.6 �5.6
K2-15 Limestone 312.3 0.6 0.020 33.6 �30.4 �4.8
K2-16 Limestone 314.6 0.6 0.025 26.8 �30.3 �1.2
K2-17 Limestone 315.9 1.5 0.043 40.4 �30.8 �3.9
K2-18 Limestone 319.1 0.3 0.009 33.9 �29.6 �2.7
K2-19 Limestone 320.2 0.3 0.011 29.6 �29.5 �1.9
K2-20 Limestone 323.6 0.1 0.010 16.7 �29.6 �2.1
K2-21 Limestone 328.6 0.2 0.013 15.1 �30.2 �0.7
K2-22 Limestone 334.6 0.5 0.039 14.7 �30.4 �1.2
K2-23 Limestone 339.7 0.2 0.017 12.1 �30.3 2.5
K2-24 Limestone 344.0 0.1 0.014 10.8 �30.0 1.6
K2-25 Limestone 348.4 0.3 0.039 7.5 �30.7 0.8
K2-26 Limestone 353.8 0.4 0.071 5.9 �31.0 �0.2
K2-27 Limestone 361.5 0.2 0.033 6.6 �30.9 �1.5
K2-28 Limestone 365.8 0.3 0.043 7.4 �31.0 �0.9
K2-29 Limestone 374.0 0.2 0.054 5.4 –32.1 0.1
K2-30 Limestone 379.4 0.2 0.038 6.7 –32.0 0.5
K2-31 Limestone 384.6 0.2 0.028 7.5 �31.6 0.8
K2-32 Limestone 389.8 0.3 0.046 7.8 –32.1 1.1
K2-33 Limestone 394.5 0.3 0.035 8.5 –32.4 2.9
K2-34 Limestone 399.3 0.3 0.043 8.2 –32.2 2.3
K2-35 Limestone 404.3 0.2 0.031 9.3 –33.0 0.4
K2-36 Limestone 408.5 0.3 0.047 7.2 –33.8 1.1
K2-37 Limestone 412.8 0.5 0.085 6.4 –33.5 1.3
K2-38 Limestone 417.7 0.4 0.060 7.2 –32.8 6.0
K2-39 Limestone 423.5 0.5 0.072 7.4 �31.8 3.3
K2-40 Limestone 427.5 0.5 0.073 8.5 �31.6 0.1
K2-41 Limestone 432.5 0.6 0.101 6.8 �31.3 �1.7
K2-42 Calcareous mudstone 436.9 0.9 0.104 10.6 �31.2 �3.0
K2-43 Argillaceous limestone 439.3 1.2 0.088 15.3 �31.6 �3.6
K2-44 Argillaceous limestone 442.3 1.5 0.088 19.6 �31.7 �4.4
K2-45 Argillaceous limestone 445.1 1.8 0.076 28.3 �30.8 0.5
K2-46 Argillaceous limestone 447.3 1.6 0.078 24.0 �30.7 �0.4
K2-47 Argillaceous limestone 450.0 2.3 0.111 24.1 �30.8 0.1
K2-48 Argillaceous limestone 455.1 2.4 0.080 34.7 �29.7 0.3
K2-49 Limestone 459.4 0.4 0.017 25.4 �30.2 �0.5
K2-50 Argillaceous limestone 463.8 1.9 0.081 26.8 �30.9 0.4
K2-51 Limestone 468.5 0.7 0.098 8.0 �31.8 �0.5
K2-53 Argillaceous limestone 477.7 1.9 0.067 33.6 –32.1 �2.2
K2-54 Argillaceous limestone 483.6 2.6 0.089 34.3 �36.2 �1.2
K2-55 Limestone 487.8 0.4 0.008 53.4 �29.5 3.0
K2-56 Limestone 493.0 0.1 0.002 48.4 �29.7 �0.7
K2-57 Calcareous mudstone 497.1 1.3 0.033 44.7 –33.8 �2.7
K2-58 Limestone 501.2 0.2 0.004 61.1 �30.0 1.4
K2-59 Limestone 504.4 0.3 0.007 42.5 �30.5 �1.5
K2-60 Limestone 506.3 0.3 0.006 53.1 �30.7 �2.3
K2-61 Limestone 507.4 0.5 0.010 58.9 �30.6 �0.2
K2-62 Limestone 509.4 0.4 0.010 48.9 �28.2 �0.8
K2-63 Limestone 511.1 1.0 0.019 62.1 �28.0 �1.9
K2-65 Limestone 515.1 0.5 0.007 79.3 �27.5 �5.4

(continued on next page)
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Table 1 (continued)

Samples Lithology Depth (m) TOC (wt. %) TN (wt. %) C/N d13Corg (‰) d15N (‰)

K2-66 Calcareous mudstone 517.0 2.7 0.038 82.1 �26.4 �4.1
K2-67 Limestone 518.9 0.3 0.006 57.1 �28.3 �2.9
K2-68 Limestone 521.0 0.3 0.004 82.0 �25.9 �4.7
K2-69 Calcareous mudstone 523.2 1.7 0.030 64.4 �29.2 �2.0
K2-70 Limestone 525.3 1.0 0.024 46.8 �27.0 �2.9
K2-71 Limestone 527.3 1.5 0.026 64.8 �29.0 �1.5
K2-72 Limestone 529.4 1.0 0.025 48.3 �29.4 �0.4
K2-73 Argillaceous limestone 531.1 2.1 0.055 45.1 �29.1 �1.8
K2-74 Argillaceous limestone 533.2 3.6 0.058 73.4 �30.2 �1.6
K2-75 Argillaceous limestone 535.2 7.0 0.096 85.5 –32.9 �1.9
K2-76 Argillaceous limestone 537.3 3.5 0.039 105.0 �28.4 �2.7
K2-77 Limestone 539.2 0.5 0.010 63.8 �29.2 �2.0
K2-78 Argillaceous limestone 542.9 4.5 0.062 84.6 –32.8 �1.3
K2-79 Argillaceous limestone 545.3 4.4 0.059 86.8 –32.4 �0.3
K2-80 Argillaceous limestone 546.8 5.1 0.089 67.4 �30.5 �2.0
K2-81 Argillaceous limestone 548.2 7.3 0.075 113.4 �28.8 �1.1
K2-82 Argillaceous limestone 550.2 3.9 0.050 90.4 �30.3 �3.0
K2-83 Limestone 552.3 0.9 0.013 81.9 �30.2 �0.3
K2-84 Argillaceous limestone 554.5 2.5 0.042 68.1 �30.0 0.0
K2-85 Argillaceous limestone 555.7 2.1 0.034 72.8 �29.6 0.3
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fluctuate between �32‰ and �30‰, except for a negative
excursion around 410 m with the lowest d13Corg value of
�33.8‰ (Fig. 3; Table 1).

The N isotopic compositions display a negative excur-
sion in the lower part of the Mufushan Formation, overlap-
ping with the depth range of the negative d13Corg excursion
(Fig. 3). d15N values decrease from near 0‰ to �6‰,
before increasing to about +3‰. Two additional negative
d15N excursions occur in the middle (440–480 m) and at
the top (340–310 m) of the Mufushan Formation, with
d15N values as low as �6‰ (Fig. 3). In the rest of the for-
mation, d15N values mostly fluctuate between �2‰ and
+1‰. In contrast, the Paotaishan Formation has stable
positive d15N values of >+3‰.

4.2. Well WN2 section

TOC and TN contents in the section range from 0.1 to
7.5 wt.% and 0.002 to 0.15 wt.%, respectively. Values gen-
erally vary with lithology, with values high in mudstone
and low in limestone. C/N atomic ratios range from 8.7
to 112.1, with an average of 50.6 (Table 1). Low C/N ratios
are associated with high TN contents in the upper Hetang
and lower Yangliugang formations (Fig. 4).

In the upper Hetang Formation (630–540 m), d13Corg

values increase upwards from �30‰ to �28‰ (Fig. 4).
The Dachenling Formation is characterized by several neg-
ative d13Corg excursions in the mudstone units. d13Corg val-
ues remain stable at �28‰ to �27‰ in the limestone units.
In the Yangliugang Formation, d13Corg values fluctuate
slightly around �30‰ in the mudstone unit, and increase
to about �29‰ in the overlying limestone unit (Fig. 4).

The d15N plot shows several positive excursions in the
upper Hetang Formation, with values rising to >+2‰
(Fig. 4). In the rest of the formation, values vary mostly
between �1‰ and 0‰, except for an abrupt negative excur-
sion at 580.1–562.9 m. The bottom and top of the Dachen-
ling Formation are characterized by strong negative N
isotopic excursions, with d15N values decreasing to
<�3‰. In the rest of the Dachenling and Yangliugang for-
mations, d15N values mostly fluctuate between �2‰ and
+1‰ (Fig. 4).

5. DISCUSSION

5.1. Preservation of primary isotopic signatures

Breakdown and volatilization of organic molecules dur-
ing diagenetic and metaporphic processes can lead to enrich-
ment of 13C in the remaining organic matter and significant
alteration of primary d13Corg signatures can produce a linear
d13Corg–TOC in sedimentary rocks (Hayes et al., 1983). The
lack of evident correlations between d13Corg and TOC in the
sections indicates that carbon isotope signatures of the study
sections may have not been significantly altered during dia-
genetic processes (Figs. 5A and 6A; e.g., Bekker et al., 2008;
Ader et al., 2009). An overall covariation of d13Corg and
d13Ccarb values (Fig. 7) as well as d13Corg data (�34‰ to
�26‰) comparable to the Cambrian sedimentary succes-
sions reported in previous studies also lend support to lim-
ited late-stage alteration of carbon isotope signatures in
the study sections (Bekker et al., 2008; Jiang et al., 2012;
Cremonese et al., 2013; Guo et al., 2013).

Nitrogen in sedimentary rocks generally occurs in two
forms, as organic-bound nitrogen with broadly uniform
C/N ratios, or inorganic clay-bound nitrogen devoid of car-
bon (Ader et al., 2016; Stüeken et al., 2016). Both of the
study sections are characterized by strong linear TN–TOC
correlations, reflecting a major nitrogen source from pri-
mary organic matter (Figs. 5B and 6B; Calvert, 2004).
Notably, the upper part (320–435 m) of the Mufushan For-
mation in Well K2 section shows distinctively high TN con-
tents versus TOC contents (Fig. 5B). Metasomatic addition
of N through NH4

+-enriched fluids during diagenesis could
result in enrichment of N in sedimentary rocks (e.g.,
Bebout, 1997; Schimmelmann et al., 2009; Stüeken et al.,



Table 2
Analytical results of d13Corg, d

15N, TOC and TN of samples from the Well WN2 section.

Samples Lithology Depth (m) TOC (wt. %) TN (wt. %) C/N d15N (‰) d13Corg (‰)

Yangliugang formation

DC-01 Argillaceous limestone 420.6 3.3 0.060 65.0 �0.1 �29.4
DC-02 Limestone 422.0 0.9 0.015 72.4 0.1 �29.4
DC-03 Argillaceous limestone 424.8 3.2 0.079 46.5 �1.0 �29.4
DC-05 Argillaceous limestone 426.9 2.2 0.028 89.8 �1.1 �29.0
DC-06 Limestone 428.7 0.1 0.002 35.4 �0.5 �28.3
DC-07 Limestone 430.2 0.8 0.012 74.3 �0.1 �29.1
DC-08 Limestone 431.7 0.4 0.008 57.4 0.2 �28.4
DC-09 Limestone 432.7 2.3 0.056 47.1 �0.1 �28.4
DC-10 Limestone 434.1 0.5 0.008 69.0 0.1 �28.9
DC-11 Calcareous mudstone 436.0 4.5 0.147 36.1 0.9 �29.0
DC-12 Limestone 437.0 1.7 0.030 65.5 1.7 �29.4
DC-13 Limestone 438.4 1.6 0.030 60.8 1.1 �29.4
DC-16 Limestone 443.3 1.3 0.040 39.6 0.1 �28.9
DC-17 Siliceous mudstone 444.1 3.3 0.088 43.5 �0.2 �29.8
DC-18 Calcareous mudstone 446.6 4.4 0.090 56.8 �0.6 �29.6
DC-19 Calcareous mudstone 448.0 3.2 0.077 49.3 2.0 �29.8
DC-22 Calcareous mudstone 452.5 3.2 0.093 40.7 0.0 �29.8
DC-23 Siliceous mudstone 454.0 3.3 0.128 29.6 �0.8 �29.8
DC-24 Siliceous mudstone 455.4 4.0 0.146 31.8 1.2 �29.8
DC-25 Siliceous mudstone 457.0 2.5 0.122 24.0 1.0 �29.8
DC-26 Siliceous mudstone 458.4 2.1 0.120 20.6 0.4 �29.7
DC-27 Siliceous mudstone 459.8 2.9 0.126 26.8 3.5 �29.8
DC-28 Siliceous mudstone 461.3 3.4 0.107 37.2 1.0 �29.8
DC-29 Siliceous mudstone 462.8 3.9 0.138 33.2 �2.1 �29.8
DC-30 Siliceous mudstone 464.2 3.4 0.132 30.5 0.5 �30.0
DC-31 Siliceous mudstone 465.8 2.5 0.116 25.2 �0.2 �30.0
Dachenling formation

DC-32 Calcareous mudstone 467.6 4.5 0.127 41.5 �2.5 �30.1
DC-33 Limestone 469.0 0.5 0.011 58.3 �1.6 �30.2
DC-34 Argillaceous limestone 470.5 2.7 0.045 70.3 �2.8 �29.7
DC-35 Argillaceous limestone 472.0 2.9 0.045 74.6 �2.8 �29.8
DC-36 Limestone 473.5 0.5 0.015 38.9 �0.3 �28.8
DC-37 Limestone 474.7 0.6 0.006 108.6 1.4 �28.5
DC-38 Limestone 476.0 1.0 0.011 112.1 0.4 �28.4
DC-39 Limestone 477.5 0.8 0.025 38.3 3.4 �27.9
DC-43 Limestone 481.2 0.9 0.033 31.9 �0.2 �27.3
DC-44 Argillaceous limestone 482.5 3.4 0.058 68.6 0.7 �26.9
DC-45 Limestone 483.7 0.4 0.013 31.8 �0.3 �28.4
DC-46 Limestone 484.7 0.5 0.016 36.9 0.0 �29.2
DC-49 Calcareous mudstone 487.7 3.1 0.092 39.6 �0.7 �29.7
DC-50 Siliceous mudstone 489.2 3.0 0.080 44.1 0.6 �29.7
DC-51 Calcareous mudstone 490.7 0.9 0.024 41.9 0.7 �29.7
DC-53 Calcareous mudstone 492.7 2.3 0.053 50.1 2.9 �29.5
DC-54 Calcareous mudstone 494.0 1.7 0.043 46.4 �0.1 �29.5
DC-55 Calcareous mudstone 495.3 2.4 0.047 59.4 0.7 �29.3
DC-56 Calcareous mudstone 496.3 3.6 0.069 60.0 �0.2 �29.4
DC-57 Calcareous mudstone 497.5 3.1 0.064 55.3 �0.3 �29.2
DC-58 Limestone 498.8 0.5 0.016 32.7 �0.3 �27.9
DC-61 Siliceous mudstone 502.5 5.6 0.109 59.4 �0.3 �28.0
DC-63 Limestone 505.0 0.2 0.011 26.0 0.2 �26.9
DC-68 Limestone 512.2 0.5 0.012 47.6 �1.5 �27.4
DC-70 Limestone 514.2 0.4 0.009 46.1 �1.9 �28.3
DC-71 Limestone 515.5 0.4 0.012 38.2 �0.1 �28.1
DC-72 Limestone 517.0 0.9 0.028 38.4 3.1 �28.3
DC-73 Siliceous mudstone 518.5 4.6 0.121 44.5 1.4 �29.2
DC-74 Siliceous mudstone 520.0 3.7 0.090 47.6 0.8 �29.5
DC-75 Limestone 521.4 0.5 0.011 53.2 0.1 �27.7
DC-76 Limestone 522.9 0.5 0.012 51.4 �1.9 �27.2
DC-77 Limestone 524.2 0.6 0.017 41.1 �1.0 �26.7
DC-79 Limestone 526.2 0.3 0.008 46.9 �1.3 �26.9

(continued on next page)
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Table 2 (continued)

Samples Lithology Depth (m) TOC (wt. %) TN (wt. %) C/N d15N (‰) d13Corg (‰)

DC-81 Limestone 528.0 0.8 0.014 62.2 �0.8 �28.7
DC-82 Limestone 529.4 0.3 0.006 65.6 �3.1 �31.0
DC-83 Argillaceous limestone 530.8 2.9 0.041 81.5 �2.9 �31.0
DC-84 Argillaceous limestone 532.3 3.2 0.054 68.4 �3.2 �30.5
DC-86 Calcareous mudstone 535.1 3.8 0.074 60.5 �4.9 �30.9
DC-87 Calcareous mudstone 536.7 3.6 0.062 67.3 �3.0 �30.7
DC-88 Limestone 538.2 0.4 0.006 84.2 �0.9 �28.7
DC-89 Limestone 539.5 1.0 0.011 105.3 �0.7 �28.8
Hetang formation

HT-001 Siliceous mudstone 541.0 7.5 0.131 66.7 �0.5 �28.0
HT-002 Siliceous mudstone 543.1 5.5 0.089 71.9 2.8 �28.4
HT-003 Siliceous mudstone 545.0 4.7 0.075 72.9 4.2 �28.4
HT-004 Siliceous mudstone 546.9 4.7 0.081 67.3 �0.9 �28.7
HT-005 Siliceous mudstone 548.9 4.1 0.061 78.3 �1.0 �28.6
HT-006 Siliceous mudstone 550.4 3.2 0.084 44.3 0.6 �29.0
HT-007 Siliceous mudstone 551.9 3.2 0.069 53.4 1.3 �29.2
HT-008 Siliceous mudstone 553.9 3.1 0.084 43.5 0.7 �29.1
HT-009 Siliceous mudstone 554.8 3.5 0.082 49.4 1.3 �29.2
HT-010 Siliceous mudstone 556.8 3.5 0.065 63.7 2.4 �28.9
HT-011 Siliceous mudstone 558.8 3.6 0.062 67.5 1.7 �29.1
HT-014 Siliceous mudstone 562.9 2.2 0.108 23.9 �1.5 �29.2
HT-015 Siliceous mudstone 564.8 1.7 0.129 15.5 �1.6 �28.9
HT-016 Siliceous mudstone 566.7 1.0 0.118 9.7 �1.3 �28.7
HT-017 Siliceous mudstone 568.3 1.5 0.123 14.4 �1.3 �28.9
HT-018 Siliceous mudstone 569.8 1.3 0.127 11.6 �1.2 �29.2
HT-019 Siliceous mudstone 570.8 0.9 0.114 8.7 �0.6 �28.7
HT-020 Siliceous mudstone 572.8 1.8 0.119 18.1 �1.1 �29.0
HT-021 Siliceous mudstone 574.7 2.4 0.119 23.5 �1.6 �28.9
HT-022 Siliceous mudstone 576.7 2.0 0.099 23.3 �1.6 �29.0
HT-023 Siliceous mudstone 578.4 2.4 0.102 27.0 �2.2 �29.1
HT-024 Siliceous mudstone 580.1 2.7 0.106 30.1 �1.7 �29.2
HT-025 Siliceous mudstone 582.2 3.2 0.102 36.3 3.1 �29.3
HT-026 Siliceous mudstone 584.2 2.8 0.114 28.8 1.8 �29.2
HT-027 Siliceous mudstone 586.0 3.9 0.109 42.1 2.3 �29.3
HT-028 Siliceous mudstone 587.8 4.0 0.091 50.9 0.0 �29.5
HT-029 Siliceous mudstone 589.8 3.6 0.088 47.2 2.9 �29.3
HT-030 Siliceous mudstone 591.7 3.3 0.073 52.6 1.3 �29.7
HT-031 Siliceous mudstone 593.8 4.8 0.085 65.7 �0.5 �29.6
HT-032 Siliceous mudstone 595.2 3.6 0.075 56.0 �0.4 �29.5
HT-033 Siliceous mudstone 596.8 2.7 0.092 34.8 �0.8 �29.4
HT-034 Siliceous mudstone 598.7 4.2 0.082 60.0 �0.1 �29.5
HT-035 Siliceous mudstone 600.5 3.6 0.074 57.4 �0.9 �29.6
HT-036 Siliceous mudstone 602.7 5.6 0.083 79.6 �0.5 �29.8
HT-038 Siliceous mudstone 606.4 5.8 0.088 77.5 �0.3 �29.8
HT-040 Siliceous mudstone 610.0 5.5 0.093 68.7 1.2 �29.9
HT-041 Siliceous mudstone 611.9 3.1 0.056 65.2 0.7 �29.9
HT-042 Siliceous mudstone 613.4 4.0 0.073 64.0 �0.1 �30.0
HT-043 Siliceous mudstone 615.1 5.3 0.082 75.8 0.4 �30.2
HT-044 Siliceous mudstone 617.0 3.3 0.078 49.7 1.6 �29.9
HT-045 Siliceous mudstone 618.7 3.3 0.072 53.5 2.4 �30.0
HT-046 Siliceous mudstone 620.5 4.9 0.085 67.3 1.1 �30.2
HT-048 Siliceous mudstone 624.2 4.9 0.102 55.7 1.9 �30.1
HT-049 Siliceous mudstone 625.3 5.1 0.107 55.2 �1.0 �30.1
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2017). However, the Mufushan Formation is overall lack of
veins, implying limited impact of late-stage fluid activities
and metasomatic alteration (Chang et al., 2017).
Alternatively, different correlation gradients for the upper
part and the rest of the Mufushan Formation were likely
associated with different primary producers or sedimentary
environments (Cremonese et al., 2013). In comparison, the
deviating data points are distributed roughly in parallel to
the linearly correlated data points (circled by dotted lines)
in the TN-TOC cross plot of Well WN2 section (Fig. 6B).
Comparatively high TN contents in the samples can be
attributed to higher contents of inorganic N bound in clay
minerals (Cremonese et al., 2013; Kikumoto et al., 2014;
Wang et al., 2015). The deviating data points in the TN-
TOC cross plots of Well WN2 section which appear to have
much higher nitrogen contents than expected from their



Fig. 3. Chemostratigraphic column of the Well K2 section. ED, DY, MC, and PTC represent Ediacaran, Dengying Formation, middle
Cambrian, and Paotaishan Formation, respectively.
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TOC values. The lack of strong correlations between TOC
contents and C/N ratios in the sections indicates limited loss
of organic nitrogen during diagenesis and metamorphism
(Figs. 5C and 6C; Cremonese et al., 2013; Kikumoto et
al., 2014; Wang et al., 2015; Wang et al., 2018b).

The potential for diagenetic and metamorphic alteration
is a major challenge in nitrogen isotope studies of ancient
rocks (reviewed by Robinson et al., 2012; Ader et al.,
2016; Stüeken et al., 2016). Diagenetic effects on nitrogen
isotope differ markedly between anoxic and oxic deposi-
tional environments. Under oxic conditions, d15N values
of bulk sediments can increase by up to �4‰ as a result
of isotopic fractionations during NH4

+ release and partial
oxidation in pore waters (Altabet et al., 1999;
Freudenthal et al., 2001; Lehmann et al., 2002;
Prokopenko et al., 2006; Möbius, 2013). Positive d15N val-
ues > +2‰ in sedimentary rocks may more or less have
been altered and elevated during oxic digenesis (Stüeken
et al., 2017). However, most samples in the study sections
show d15N values < +2‰, reflecting overall limited alter-
ation of primary d15N signatures through oxic digenesis.
Under anoxic conditions, more than half of the organic
nitrogen can be converted to clay-bound NH4

+, with small
isotopic fractionations of <1‰ (Müller, 1977; Altabet
et al., 1999; Lehmann et al., 2002; Thunell et al., 2004).

In addition, preferential volatilization of isotopically
light NH3 or N2 during metamorphism can result in ele-
vated d15N values of bulk sediments (Ader et al., 2014).
The degree of d15N alteration is closely related to the meta-
morphic grade of sedimentary rocks, normally <1‰ below
greenschist facies, within 1–2‰ for greenschist facies,
within 3–4‰ for amphibolite facies, and up to 6–10‰ for
upper amphibolite conditions (reviewed by Ader et al.,
2016). Lithological and mineralogical characteristics of
the study sections indicate that the strata underwent
insignificant metamorphism in the geologic history, imply-
ing minor metamorphic alteration on the d15N signature
of our samples (Chang et al., 2016, 2017, 2018).

As diagenetic and metamorphic alterations are bound to
the loss of C and/or N from sedimentary organic matter,
plots of d15N–TN, d15N–TOC, and d15N–C/N were com-
monly used to evaluate the preservation of primary d15N
signatures (Cremonese et al., 2013, 2014; Ader et al.,
2014; Wang et al., 2015, 2018a; Wang et al., 2018b). For
example, a decrease in N content is often coupled to
increasing d15N values at metamorphic grades higher than
greenschist facies, indicative of significant alteration of
d15N during metamorphism (Ader et al., 2014, 2016). The
lack of evident correlations in the d15N–TN (Figs. 5D
and 6D), d15N–TOC (Figs. 5E and 6E), and d15N–C/N
(Figs. 5F and 6F) plots also demonstrate that primary N
isotopic compositions have not been modified significantly.
Therefore, the d15N signatures are likely to reflect oceanic
biogeochemical processes during the Cambrian Stage 4.



Fig. 4. Chemostratigraphic column of the Well WN2 section.

Fig. 5. Data plots for Well K2 section: (A) d13Corg–TOC; (B) TN–TOC; (C) TOC–C/N; (D) d15N–TN; (E) d15N–TOC; (F) d15N–C/N.
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Fig. 6. Data plots for Well WN2 section: (A) d13Corg–TOC; (B) TN–TOC; (C) TOC–C/N; (D) d15N–TN; (E) d15N–TOC; (F) d15N–C/N.
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5.2. Stratigraphic correlation

Secular variations of seawater C isotopic signatures are
controlled by changes in the long-term input of carbon to
the ocean and its partitioning into organic and inorganic
reservoirs (Kump and Arthur, 1999; Zhu et al., 2004).
Extensive C isotopic studies have established regional and
global chemostratigraphic frameworks that can be used
for stratigraphic correlation during the Ediacaran–Cam-
brian transition (Brasier et al., 1994; Zhu et al., 2006,
2018; Maloof et al., 2010).

The generalized d13Ccarb curve through the Cambrian
proposed in Zhu et al. (2006) was commonly referred to
in previous chemostratigraphic correlation works, espe-
cially those concerning the Cambrian strata in South China
and Australia (Guo et al., 2010; Wang et al., 2011; Li et al.,
2013; Ishikawa et al., 2014; Faggetter et al., 2016; Chang
et al., 2017; Betts et al., 2018). According to the curve,
one positive and two negative carbon isotope excursions
occurred during the Cambrian Stage 4, i.e., the MIngxinsi
Carbon Isotope Excursion (MICE) during the early Cam-
brian Stage 4, the Archaeocyathid Extinction Carbon iso-
tope Excursion (AECE) during the middle Cambrian
Stage 4, and the Redlichiid–Olenellid Extinction Carbon
isotope Excursion (ROECE) during the terminal Cambrian
Stage 4.

Lately, a revised Cambrian stratigraphic scheme was
proposed and the AECE was suggested as a marker to iden-
tify the base of the Cambrian Stage 4 (Zhu et al., 2018). In
this case, the Cambrian Epoch 2 is divided into an early
stage characterized by diversification of animals and a late
stage characterized by mass extinctions (Zhu et al., 2018).
The upper boundary can be identified by the ROECE,
which has been reported from both the Gondwana and
Laurentia continents (Montañez et al., 2000; Zhu et al.,
2004; Guo et al., 2010; Wang et al., 2011; Faggetter et al.,
2016), and occurs at the base of the Wuliuan Stage (Stage
5) on the newly ratified stratotype section for the base of
the Miaolingian Series (Cambrian Series 3) and Wuliuan
Stage (IUGS E-Bulletin#144; Zhao et al., 2007; Zhu
et al., 2018).

The MICE, AECE, and ROECE were identified on the
d13Ccarb curve of the Mufushan Formation in Well K2,
while the AECE and ROECE were identified on the
d13Ccarb curve of the Dachenling Formation in Well WN2
in Chang et al. (2017). The former is constrained by the
occurrence of Hupeidiscus fengdongensis at �500 m and
Redlichia murakamii at �360 m in the Well K2 section
(Zhang and Zhou, 1985; Zhu et al., 2004, 2018; Zuo
et al., 2008; Chang et al., 2017); whereas the latter is sup-
ported by occurrences of Redlichia (Pteroredlichia) chinen-
sis across the whole Dachenling Formation in adjacent
areas (Dongzhi area; Zhu et al., 2004, 2005; Kouchinsky
et al., 2012; Chang et al., 2017). A lack of carbonate-
bearing strata precludes the possibility of obtaining d13Ccarb

data for the Hetang Formation in Well WN2 (Fig. 2B).
However, the d13Corg plot of Well WN2 includes a positive
excursion from the upper Hetang Formation to the bottom



Fig. 7. Carbon isotope stratigraphic correlations in the Well K2 and WN2 sections: (A) d13Ccarb plot of the Well K2 section; (B) d13Corg plot
of the Well K2 section; (C) d13Ccarb plot of the Well WN2 section; (D) d13Corg plot of the Well WN2 section. The generalized C isotope curve
was modified from Zhu et al. (2006).
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of the Dachenling Formation (Fig. 4). According to the
generalized Cambrian C isotope curve (Zhu et al., 2006,
2018), this excursion can be tentatively correlated with the
MICE. This correlation is supported by the occurrence of
Hupeidiscus orientalis in the upper Hetang Formation at
Anji, Zhejing Province (Fig. 1B; Yang et al., 2008; Zhu
et al., 2018).

Taking the AECE as the marker for the base of the
Cambrian Stage 4, the stratigraphic correlation result of
the study sections can be summarized in Fig. 7. The strata
of the Cambrian Stage 4 cover the middle to the top part of
the Mufushan Formation in Well K2, and the whole
Dachenling Formation in Well WN2. Overall, both Well
K2 and WN2 sections can be divided into five intervals
based on carbon isotope stratigraphy (Fig. 7). Intervals 1,
2, and 4 correspond to MICE, AECE, and ROECE C iso-
tope excursion events, respectively; intervals 3 and 5 corre-
spond to the stages before and after ROECE, respectively.
Nitrogen cycling during different intervals are discussed
below on the basis of N isotopic signatures.

5.3. Explanation of nitrogen isotopic signatures

5.3.1. Interval 1

In Interval 1, the Well K2 section is characterized by a
significant negative d15N excursion overlapping with a
strong positive carbon isotope excursion (Fig. 8A, B).
d15N values of <�4‰ can result from either nitrogen fixa-
tion with V- or Fe-based nitrogenase enzymes or anaerobic
assimilation of NH4

+ (Kappler et al., 2005; Crowe et al.,
2008; Higgins et al., 2012; Zhang et al., 2014; Stüeken
et al., 2016). However, the former requires a lack of Mo-
based nitrogenase enzymes in diazotrophs, countering the
expanded Mo reservoir during this stage (Xiang et al.,
2017). Therefore, the negative d15N excursion was likely
caused by enhanced assimilation of NH4

+ in an anoxic water
column. High TOC contents during this interval supports
that the anoxia might be associated with high primary pro-
ductivity and increased oxygen consumption during degra-
dation of organic matter (Fig. 3). With the decrease of TOC
contents, d15N values increase from <�4‰ to >+3‰,
reflecting enhanced denitrification/anammox and re-
oxygenation of the water column (Ader et al., 2014, 2016;
Stüeken et al., 2016; Wang et al., 2018a). With the increase
of TOC contents, d15N values decrease to <+1‰ at the top
of Interval 1 (Figs. 3 and 8A), indicating that anoxia might
have expanded again due to increased oxygen consumption.

During Interval 1, the Well WN2 section displays several
positive d15N excursions (Fig. 8C). Iron speciation and
trace element analysis results reflected a stratified ocean
redox structure and expanded oxygenation toward the
anoxic deep ocean during this stage (Jin et al., 2016; Li
et al., 2017; Xiang et al., 2017). Therefore, the positive
d15N excursions with peak d15N values of >+2‰ were
likely associated with enhanced denitrification/anammox
caused by increased oxygenation of the water column



Fig. 8. d15N, d13Ccarb, and d13Corg profiles of the Well K2 and WN2 sections: (A) d15N profile of the Well K2 section; (B) d13Corg profile of the
Well K2 section; (C) d15N profile of the Well WN2 section; (D) d13Corg profile of the Well WN2 section.
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(Wang et al., 2015, 2018a). In contrast, the low d15N values
likely reflect an anaerobic nitrogen cycle with active NH4

+

assimilation, and quantitative consumption of NO3
� by

chemocline denitrification/anammox (Higgins et al., 2012;
Stüeken, 2013).

5.3.2. Intervals 2 and 3

In Interval 2, both Well K2 and WN2 sections are char-
acterized by a strong negative d15N excursion as well as
negative d13Ccarb and d13Corg excursions (Fig. 8). According
to the stratigraphic correlation result, the N and C isotope
excursions coincide with a major transgression and a wide-
spread anoxic event (i.e., the Sinsk event) that has been
identified across the Siberian and Yangtze platforms
(Zhuravlev and Wood, 1996). This is consistent with the
lithological transition from limestone to black shale during
Interval 2 in both of the sections (Figs. 3, 4 and 8). There-
fore, the negative d15N excursion was most likely caused by
anaerobic assimilation of NH4

+ associated with widespread
anoxia in the shallow ocean (Higgins et al., 2012).

The subsequent increase in d15N values during the Inter-
vals 2–3 transition reflect enhanced denitrification/anam-
mox and increased O2 availability in the water column
(Fig. 8A and C). This process coincides with the lithological
transition from black shale to limestone, which can be
attributed to the regression of the ocean following the
transgression. Therefore, the increasing d15N values were
likely caused by re-oxygenation of the water column associ-
ated with the regression. The d15N values increase up to >
+3‰ in both Well K2 and WN2 sections, demonstrating
that a dominantly oxic water column finally developed
across the shallow ocean during this process (Ader et al.,
2016; Stüeken et al., 2016). This is consistent with the iron
speciation data reported in Li et al. (2017).

In Interval 3, both Well K2 and WN2 sections are dom-
inated by d15N values ranging from �2‰ to +1‰ (Fig. 8A,
C). This d15N signature can result from one of the three sce-
narios: (1) a completely oxic ocean with all denitrification
restricted to sediments; (2) a nitrogen cycle with quantita-
tive denitrification across the redox gradient in the water
column; (3) N2 fixation as the primary nitrogen source for
the local biota (Stüeken, 2013; Ader et al., 2014, 2016).
The first scenario is inconsistent with an anoxic deep ocean
reflected by iron speciation data during this stage
(Xiang et al., 2017), while the second scenario contradicts
with an oxic shallow ocean revealed by the nitrogen
isotope signatures in this study. Therefore, it is highly plau-
sible that the d15N values ranging from �2‰ to +1‰ are
reflective of an aerobic nitrogen cycle dominated by N2

fixation.
Notably, two positive d15N excursions co-occur with

negative d13Ccarb and d13Corg excursions as well as litholog-



Fig. 9. Diagram showing (A) evolutionary events (modified after Wang et al., 2018a); (B) nitrogen isotope signatures from terminal Ediacaran
to early Cambrian Stage 5; (C) sequence-stratigraphic division and sea-level changes (modified after Mei et al., 2007). Nitrogen isotope data of
the Xiaotan section was cited from Cremonese et al. (2013).
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ical changes from limestone to black shale in Interval 3 in
Well WN2 section, while no corresponding isotopic and
lithological variations can be identified in the Well K2 sec-
tion. This phenomenon can be well explained by small-scale
transgression–regression processes. During the transgres-
sion, the chemocline would have risen as a result of
upwelled anoxic deep water or enhanced oxygen consump-
tion by degradation of organic matter (Zhuravlev and
Wood, 1996). As a result, denitrification/anammox would
have been intensified in the dominantly oxic water column,
leading to higher d15N values in the remaining N species
(Cremonese et al., 2013; Higgins et al., 2012; Stüeken
et al., 2016).

5.3.3. Intervals 4 and 5

In Interval 4, a strong negative d15N excursion occurs
with negative d13Ccarb and d13Corg excursions in both sec-
tions, resembling those of Interval 2 (Fig. 8). Similarly,
the negative d15N excursion can be attributed to enhanced
anoxia in the shallow ocean.
An increase in d15N values occurs during the Intervals
4–5 transition in both sections (Fig. 8A, C), reflecting re-
oxygenation of the water column. d15N values in the Well
K2 section are maintained at values above +3‰ in Interval
5, reflecting the development of a stable oxic water column
(Ader et al., 2014, 2016; Stüeken et al., 2016). In contrast,
d15N, d13Corg, and d13Ccarb values in Well WN2 remain
low in Interval 5 (Figs. 4 and 8C, D). The N and C isotopic
gradients collectively reflect enhanced redox stratification
of the ocean during this stage (Jiang et al., 2007; Stüeken,
2013; Wang et al., 2014, 2016), which was possibly associ-
ated with the eruption of the Kalkarindji Large Igneous
Province of northern Australia (Hough et al., 2010;
Jourdan et al., 2014).

5.4. Implications for ocean chemistry during the Cambrian

Stage 4

The major metazoan extinction during the Cambrian
Stage 4 has been attributed to anoxic events associated with



Fig. 10. Schematic model of the evolution of the nitrogen cycle and
oceanic redox structure in the shallow ocean during Cambrian
Stage 4: (A) Transgressive stage during early Cambrian Stage 4.
Photic anoxia occurred as a result of intense transgression and
NO3

� was quantitatively consumed through denitrification or
anammox. Assimilation of 15N-depleted NH4

+ by primary produc-
ers enhanced in the anoxic water column. Large amounts of P was
transported to the shallow ocean; (B) Regressive stage during early
Cambrian Stage 4. The water column in the shallow ocean was re-
oxidized as a result of regression. The oxidation of NH4

+ produced
NO3

� or NO2
�, which then reacted with the remaining NH4

+ in the
anoxic water through denitrification or anammox, leading to
significant N loss from the ocean and enrichment of 15N in the
remaining nitrogen reservoir; (C) Oligotrophic stage during Cam-
brian Stage 4. Significant N loss and P input resulted in low N:P
ratios and severe N limitation in the shallow ocean. N2 fixation by
diazotroph enhanced to complement the N supply to the ocean.
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large-amplitude eustatic changes or global volcanic activi-
ties in previous studies (Zhuravlev and Wood, 1996;
Hough et al., 2010; Jourdan et al., 2014; Nielsen and
Schovsbo, 2015; Zhu et al., 2018). Nitrogen isotope data
in this study demonstrated widespread anaerobic assimila-
tion of NH4

+ in the shallow ocean during the early and ter-
minal Cambrian Stage 4, lending new support to a possible
link between anoxia and the extinction event. On the other
hand, however, both the nitrogen isotope data in this study
and iron speciation results reported in Li et al. (2017) indi-
cated that the shallow ocean was dominantly oxic for the
rest of the Cambrian Stage 4, arguing against anoxia as
the sole cause for the prolonged substantial decline of meta-
zoan diversity throughout this stage.
Interestingly, nitrogen isotope signatures in this study
indicated that the oxic shallow ocean was characterized
by a nitrogen cycle with strong N2 fixation. Due to high
energy cost of breaking N–N chemical bonds, nitrogen fix-
ation normally increases only when concentrations of other
nitrogen species, such as NH4

+ or NO3
�, are inadequate in

the water column (Tyrrell, 1999; Kikumoto et al., 2014;
Wang et al., 2019). For example, in the low-latitude olig-
otrophic oceans such as the North Atlantic Ocean, N2 fix-
ation makes a major contribution to the nitrogen budget,
in response to N depletion in the water column (Montoya
et al., 2002, 2004). As a result, near-surface organic matter
in the ocean is characterized by low d15N values close to 0,
similar to those of the Cambrian Stage 4 strata studied in
this work. Therefore, the nitrogen isotope signatures are
likely indicative of an oligotrophic environment in the shal-
low ocean during most of the Cambrian Stage 4. Notably,
complication of nitrogen isotope data from sediments
across the modern ocean demonstrated that d15N values
close to 0 are quite rare, even in the low-latitude olig-
otrophic oceans dominated by N2 fixation (Tesdal et al.,
2013; Wang et al., 2019). The major cause behind
the increase of d15N at the seafloor is likely the loss of
15N-depleted components through oxic diagenesis in these
settings (Tesdal et al., 2013). Preservation of primary
d15N values in the study sections may be associated with
high sedimentation rates that slowed down diagenetic alter-
ation (Robinson et al., 2012), evidenced by increased terres-
trial input during this stage (Montañez et al., 2000). More
importantly, the impact of oxic diagenesis on sedimentary
d15N records may have weakened significantly during the
early Cambrian due to low oxygen levels in the ocean and
atmosphere (10–40% present atmospheric level; Sperling
et al., 2015).

In an oligotrophic ocean, low N concentrations can limit
the growth rate of individual cells and the total biomass will
also be restricted to a low level (Moore et al., 2013). Fur-
thermore, eukaryotes preferentially assimilate NO3

� over
NH4

+ compared with prokaryotes (Fawcett et al., 2011).
For example, in the oligotrophic Sargasso Sea, the eukary-
otes are more reliant on the external NO3

� supply from the
deep ocean, whereas the prokaryotes rely mostly on the
recycled NH4

+ in the surface ocean (Fawcett et al., 2011).
As a result, the development of eukaryotes will be more
severely hindered in an oligotrophic ocean. Eukaryotes
serve as an essential food source for metazoans at higher
tropic levels in the food chain (e.g., Brocks et al., 2017;
Wang et al., 2018a). Therefore, the sustained N-limited
oligotrophic environment could have significantly ham-
pered the development of eukaryotes in the shallow ocean,
which in turn contributed to the prolonged substantial
decline of metazoan diversity during the Cambrian Stage 4.

An important concern about the oligotrophy–extinction
scenario is whether the oligotrophic environment was
restricted to the studied area or occurred globally in the
shallow ocean. To answer this question, it is essential to fig-
ure out the mechanism for the development of prolonged
oligotrophy during the Cambrian Stage 4.

During the Cambrian Stages 1–3, several pulses of
expanded NO3

� reservoirs were revealed by positive N iso-
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tope signatures in the shallow ocean, coinciding with the
radiation of animals (Fig. 9A and B; Wang et al., 2018a).
Nitrogen isotope signatures in this study were also consis-
tent with increased NO3

� supply from expanded oxygena-
tion toward the anoxic deep ocean during the late
Cambrian Stage 3. However, at the start of the Cambrian
Stage 4, anaerobic assimilation of NH4

+ became prevalent
in the shallow ocean, implying that NO3

� in the water col-
umn had been quantitatively consumed through denitrifica-
tion or anammox (Fig. 10A and 11A). This anoxic event
has been identified across the Siberian and Yangtze plat-
forms as well as in Canada and Australia (Zhuravlev and
Wood, 1996; Dilliard et al., 2007; Hall, 2012), and was
likely caused by a major transgressive event during this
stage (Fig. 9C; Zhuravlev and Wood, 1996; Mei et al.,
2007).

Subsequent oxygenation of the shallow ocean during the
regression was characterized by increasing nitrogen isotope
signatures reflective of intense denitrification/anammox
(Figs. 9A and 10B). During this process, significant
amounts of N would have lost from the ocean through
the release of N2 or N2O to the atmosphere, contributing
to N limitation and enhanced N2 fixation (Ganeshram
et al., 2000, 2002; Horikawa et al., 2006). In addition, large
amounts of P would have been released through denitrifica-
tion and anammox processes (Moore et al., 2013). Com-
bined with strong input of P through upwelling during
the transgressive stage (Fig. 10A; Zhuravlev and Wood,
1996), N:P ratios of the water column would have reached
a level much lower than the Redfield ratio (i.e., 16:1), aggra-
vating N limitation in the shallow ocean (Figs. 9A and
10C). Similar processes have been used in previous studies
to explain the development of N-limited environments dur-
ing the Cretaceous oceanic anoxic events and early Triassic
(Kuypers et al., 2004; Grasby et al., 2016).

Compared with the Cambrian Stages 1–3, the Cambrian
Stage 4 was characterized by more frequent eustatic fluctu-
ations (Fig. 9C). During small-scale transgression–regres
sion cycles, the introduction of anoxic deep water and
enhanced O2 consumption through degradation of organic
matter would lead to increased chemocline in the shallow
ocean (Fig. 10C). As a result, denitrification/anammox
would have enhanced in the water column. Large amounts
of N would have been released to the atmosphere during
this process, resulting in decreased N:P ratios and aggra-
vated N limitation in the seawater. Therefore, frequent
eustatic fluctuations could have facilitated the persistence
of the oligotrophic environment in the shallow ocean dur-
ing the Cambrian Stage 4. This scenario is consistent with
the variations of lithology and N isotope signatures in the
Well WN2 section (see Section 5.3.2 for detailed
discussion).

In summary, it is suggested that the oligotrophic envi-
ronment in the shallow ocean initially resulted from the
major anoxic event during the early Cambrian 4 and was
maintained through frequent eustatic fluctuations in the
rest of the Cambrian Stage 4. Both the anoxic event and
eustatic fluctuations have been identified to be a global phe-
nomenon in previous studies (Zhuravlev and Wood, 1996;
Dilliard et al., 2007; Mei et al., 2007; Hall, 2012; Peng
et al., 2012; Nielsen and Schovsbo, 2015; Zhu et al.,
2018). Therefore, it is reasonable to conclude that the olig-
otrophic environment was widespread in the global shallow
ocean during the Cambrian Stage 4 and played an impor-
tant role in the prolonged substantial decline of metazoan
diversity during this stage. Further nitrogen isotope studies
in other areas will help to test the scenario and lead to a bet-
ter understanding of the possible link between the variation
of nitrogen supply and the biotic crisis event.

6. CONCLUSIONS

Nitrogen isotopic signatures of the Well K2 and WN2
sections revealed important information about the biogeo-
chemical cycle during the Cambrian Stage 4.

During the early and terminal Cambrian Stage 4, the
shallow ocean was characterized by highly negative d15N
values, indicative of anaerobic assimilation of NH4

+ in the
water column. The results lend new support to the tradi-
tional view that expanded anoxia contributed to the extinc-
tion of metazoan during the Cambrian Stage 4.

More importantly, the nitrogen isotopic signatures
demonstrated that oligotrophic environment characterized
by strong N limitation prevailed in the shallow ocean dur-
ing the Cambrian Stage 4. The oligotrophic environment
was likely caused by aggravated N loss as well as enhanced
P input during eustatic changes, and may have been widely
distributed in the global shallow ocean. The adverse envi-
ronment could have hindered the development of eukary-
otes, which in turn led to the breakdown of the entire
food chain and contributed to the prolonged substantial
decline of metazoan diversity during this stage.
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Montañez I. P., Osleger D. A., Banner J. L., Mack L. E. and
Musgrove M. (2000) Evolution of the Sr and C isotope
composition of Cambrian Oceans. GSA Today 10, 1–7.

Montoya J., Carpenter E. and Capone D. (2002) Nitrogen fixation
and nitrogen isotope abundance in zooplankton of the olig-
otrophic North Atlantic. Limnol. Oceanogr. 47, 1617–1628.

Montoya J. P., Holl C. M., Zehr J. P., Andrew H., Villareal T. A.
and Capone D. G. (2004) High rates of N2 fixation by
unicellular diazotrophs in the oligotrophic Pacific Ocean.
Nature 430, 1027–1032.

Moore C. M., Mills M. M., Arrigo K. R., Berman-Frank I., Bopp
L., Boyd P. W., Galbraith E. D., Geider R. J., Guieu C.,
Jaccard S. L., Jickells T. D., La Roche J., Lenton T. M.,
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