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Nearly all extant animal phyla ﬁrst appeared during the Ediacaran-Cambrian transition. A revolution in primary
producer ecology and marine productivity has been proposed as a bottom-up ecological driver for this rapid
diversiﬁcation of metazoans. However, the control(s) driving the evolution of primary producers and primary
productivity around the Ediacaran-Cambrian transition, and their potential relationship to the Cambrian
Explosion, are not fully understood. In this study, we measured the nitrogen content and the nitrogen isotopic
composition of kerogen in the Piyuancun and Hetang Formations, using samples collected from the Chunye-1
well, on the Lower Yangtze Block in western Zhejiang. Our isotope results suggest that nitrate was the dominant
N source fueling primary productivity during deposition of the entire Piyuancun Formation and lower Hetang
Formation, with only a minor contribution from N2 ﬁxation. Quantitative reconstructions of paleoproductivity
based on organic carbon and pyrite content and sedimentation rate indicate that productivity either stayed the
same or increased during the transition from the Piyuancun Formation to the overlying Hetang Formation. Thus,
ﬁxed N availability was not the ultimate factor limiting primary productivity during the Ediacaran-Cambrian
transition. Combining our data with published nitrogen isotope records from the Early-Middle Ediacaran to
Cambrian Stage 4 suggests that NO3− was the dominant N species fueling phytoplanktonic productivity during
the broad Cambrian Explosion interval, from its earliest roots in the Ediacaran through the main episode in
Cambrian Stage 3. Eukaryotes lack the ability to ﬁx nitrogen, and preferentially assimilate nitrate. The NO3−dominated euphotic zone from the Early-Middle Ediacaran to Cambrian Stage 3 may have promoted the radiation of relatively large eukaryote phytoplankton, which may have been an important driver of early animal
diversiﬁcation.

1. Introduction
The astonishing evolutionary burst in animal diversity known as the
Cambrian Explosion was rooted in the Ediacaran, but did not reach its
peak until Stage 3 of Cambrian Series 2 (Erwin et al., 2011; Na and
Kiessling, 2015; Zhu et al., 2017). By that time, a complex ecological
structure, with food webs resembling those of the later Phanerozoic,
had been established (Mángano and Buatois, 2014). Photosynthesis by
phytoplankton would be the ultimate source of the food and oxygen
fueling this rise in animal diversity (Knoll and Nowak, 2017). The
evolution of primary producers, and changes in the rate of primary
productivity around the Ediacaran-Cambrian transition, may have
played an important role in the explosive diversiﬁcation of animals

(Knoll, 2017).
The rate of photosynthesis is governed by the availability and
stoichiometry of nutrient elements, such as nitrogen and phosphorus
(Moore et al., 2013). There is persistent controversy over whether nitrogen can act as the ultimate limiting nutrient over geologic timescales, particularly during intervals of widespread marine anoxia
(Falkowski, 1997; Tyrrell, 1999; Saltzman, 2005); the behavior of
marine nitrogen may have been a key element in the expansion of
animal diversity. Sedimentary organic N isotopes typically reﬂect the
availability, type, and isotopic composition of ﬁxed N in the euphotic
zone, and the δ15N of sedimentary kerogen may be a reliable proxy for
the δ15N of primary-producer biomass (Beaumont and Robert, 1999;
Godfrey and Falkowski, 2009). Previous nitrogen isotope studies of the
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3. Sampling and methods

Ediacaran-Cambrian interval in South China have focused mainly on
the relatively shallow-water sediments of the upper and middle Yangtze
Block (Cremonese et al., 2013, 2014; Ader et al., 2014; Kikumoto et al.,
2014; Wang et al., 2013, 2015, 2017; Hammarlund et al., 2017; Zhang
et al., 2017).
In order to understand the environmental controls on the evolution
of primary productivity and primary producer diversity during the
Ediacaran-Cambrian transition, we studied nitrogen isotopes in the
basinal sediments of the lower Yangtze Block, by examining a core from
the Chunye-1 well. This core represents a continuous sedimentary
succession spanning from the Late Ediacaran through Cambrian Stage
4, and we were able to sample the entirety of the Piyuancun and Hetang
Formations. Measurements of total nitrogen content (TN) and the nitrogen isotope composition of kerogen (δ15Nkero) were used to explore
the temporal evolution and controls on primary productivity, with the
aim of better understanding the relationship between bottom-up ecological drivers of eukaryote evolution and the Cambrian Explosion.

A total of 132 samples were collected from a 300 m interval of the
Chunye-1 well, spanning from the basal Piyuancun Formation to the
uppermost Hetang Formation. These samples were broken into small
pieces (diameter ∼2 mm) by hammer. Individual pieces were then selected for pulverization, avoiding carbonate and pyrite fracture ﬁlls,
veins, and nodules. The pieces (> 50 g) were powdered using a SPEX
8515 Shatterbox with a ceramic insert.
Total nitrogen content and the nitrogen isotope composition of organic residues were both measured using a modiﬁed elemental analysisisotope ratio mass spectrometry (EA-IRMS) procedure (CEEA1112 CNS
Analyzer, interfaced with a DELTA plus XL mass spectrometer), at the
Guangzhou Institute of Geochemistry, Chinese Academy of Sciences.
The details of this method and the analytical system, are described in Li
and Jia (2011).
Powdered samples were digested with heated 6 N HCl, then a mixture of 6 N HCl and 40% HF, followed by a ﬁnal treatment with 6 N HCl,
to remove carbonate and silicates. After the residue was rinsed in distilled water and concentrated by centrifugation, kerogen was separated
from secondary ﬂuoride precipitates by heavy liquid separation, using
ZnBr with a density of 2.0 g/cm3 (Cai et al., 2009; Kump et al., 2011).
The measured C/N ratios of kerogen samples were scaled to the TOC
content of the bulk sample, to calculate the abundance of kerogenbound nitrogen. Nitrogen isotope measurements were corrected for a
procedural N2 blank, and reference gases were calibrated with the 3point method, relative to IAEA standards Urea 1 (δ15N = 0.4‰), Urea 2
(δ15N = 20.1‰), and N3 (δ15N = 5.0‰). Results are reported in
standard delta notation, relative to atmospheric air. Reproducibility
was ± 0.5‰ for δ15N.

2. Geologic 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″N, Fig. 1a–c). 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 Yangliugang formations, in ascending order (GBA, 1971). With the exception of an anthracite layer in the Hetang Formation, core recovery was greater than
95%. No erosional unconformities are apparent between the lowermost
horizons recovered from the Lantian Formation and the top of the
Hetang Formation, suggesting continuous deposition over the interval
considered in this study.
The Lantian Formation consists mainly of white to light-grey,
medium- to thick-bedded sandy dolostone. The lower and middle
Piyuancun Formation are composed of grey to black, medium- to thickbedded cherts, interbedded with sandy dolostone and sandstone, while
the upper part of the Piyuancun Formation is composed of grey to
black, medium-bedded limestone. The Hetang Formation consists primarily of black, thin-bedded carbonaceous mudstones, shales, and anthracite, interbedded with lenticular limestones and phosphorites. The
Hetang Formation is conformable with the overlying Dachenling
Formation, which consists mainly of limestone.
During the Ediacaran-Cambrian transition, depositional environments on the Yangtze Block ranged from shallow-water platform carbonates and phosphorites to deep slope and basin environments (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 Oldland 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, referred to (from NW to SE) as the ChangxingHangzhou, Anji-Kaihua, Tonglu-Jiande, and Zhuji-Quxian blocks
(Huang and Zhang, 1988). Of these, the Anji-Kaihua Block has the
thickest sedimentary cover, and preserves the most complete sedimentary succession (Xue and Yu, 1979; Huang and Zhang, 1988). These
sediments were primarily derived from the Jiangnan Oldland, which
was subaerially exposed to the west (Fig. 1b). The Chunye-1 well is
located in the southwestern part of the Anji-Kaihua fault block
(Fig. 1b).
Lithostratigraphic and chemostratigraphic correlation suggests that
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. The basal Hetang Fm. in the Chunye-1 well dates to the late
Qiongzhusian (late Cambrian Stage 3) at the earliest, and the upper
Hetang Fm. very likely represents the Canglangpuian stage (Cambrian
Stage 4, Xiang et al., 2017).

4. Results and discussion
4.1. Carbon and nitrogen measurements
Kerogen δ15N values are generally > 1‰ throughout the entirety of
the Piyuancun Formation, with sporadic samples yielding values
of < 1‰. The Hetang Formation can be divided into two intervals (the
lower Hetang Formation and middle-upper Hetang Formation) based on
δ15Nkero values. In the lower Hetang Formation (594.46 m–563.29 m),
δ15Nkero values are mainly > 1‰, while those in the middle-upper
Hetang Formation (559.44 m–407.76 m) are typically < 1‰. (Table S1,
Fig. 2). The C/N ratios of kerogen (C/N)kero in the Chunye-1 well were
generally high, ﬂuctuating between 33 and 630. Like δ15Nkero values,
average (C/N)kero ratios were higher in the Piyuancun Formation and
lower Hetang Formation (305) than in the middle-upper Hetang Formation (213, Fig. 2, Table S1).
The majority of variability in δ15Nkero is seen in samples with low
organic carbon (Fig. 3a) and nitrogen (Fig. 3b) content, with δ15Nkero
values converging in the −2 to +1‰ range in more organic rich
samples. The average molar H/C ratios of kerogen from the Piyuancun
and Hetang Formations in the neighboring Diben section (∼25 km
southwest; Fig. 1b), were 0.33 and 0.30 respectively (Yuan et al., 2014).
Thus, our studied interval may also be at prehnite-pumpellyite facies,
where partitioning of nitrogen between organic and mineral phases
typically results in < 2‰ of fractionation (Stüeken et al., 2017). Although the C/N ratios of kerogen in Chunye-1 well were generally
higher than 100, they show little correlation with δ15Nkero (Fig. 3c,
R2 = 0.15), suggesting that δ15Nkero has not been strongly inﬂuenced
by thermal maturation processes or the addition of 15N-enriched ﬂuids
during metasomatism (Kump et al., 2011).
In modern low-oxygen, organic-rich oceanic water masses, little
diﬀerence in δ15N composition is observed between sinking particles
and surface sediments, allowing the eﬀect of biodegradation on the
δ15N of organic matter to be ignored when interpreting δ15N data
(Robinson et al., 2012). Iron speciation and redox sensitive trace metal
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Fig. 1. a) Reconstructed paleogeography of the Yangtze Block during the Late Ediacaran and Cambrian Stage 1 (Modiﬁed from Jiang et al., 2012); published
stratigraphic sections include: 1–Jijiawan-Wuhe, 2–Three Gorges drill core, 3–Yangjiaping, 4–Sancha, 5–Lantian drill core, 6–Huanglian, 7–Longbizui, 8–YanwutanLijiatuo, 9–Yuanjia, 10–Maoshi-Zhongnan, 11-Nangao, 12–Xiaotan, and 13–Chengjiang; b) detailed paleogeographic map of the Qiantang Gulf during the Late
Ediacaran to Cambrian Stage 4 (Modiﬁed from Xue and Yu, 1979; Huang and Zhang, 1988); c) geologic map of the area surrounding the Chunye-1 well (Modiﬁed
from GBA, 1971).

2001), which reﬂects the isotopic fractionation associated with water
column denitriﬁcation. The δ15N of nitrogen ﬁxed by marine diazotrophs using Mo-based nitrogenases usually falls between −2‰ and
+1‰ (Zhang et al., 2014; Stüeken et al., 2015), reﬂecting the isotopic
composition of atmospheric nitrogen (0‰). Diazotrophs using alternative, V- and Fe-based nitrogenases can fractionate nitrogen by −6‰
to −8‰ relative to the atmosphere, with a wide range of isotopic
variability (Zhang et al., 2014; Stüeken et al., 2015). Thus, we interpret
the nitrogen isotope values seen in the Piyuancun Formation and lower
Hetang Formation to reﬂect a photic-zone nitrogen cycle dominated by
dissolved NO3−, but also including a minor component of N ﬁxed directly from the atmosphere (Junium and Arthur, 2007; Koehler et al.,
2017). Similar, slightly positive δ15N values (with an average value of
1.3‰) have been reported from the Late Ediacaran-through Cambrian
Stages 1–3 across South China (Cremonese et al., 2013, 2014; Kikumoto

proxies indicate that conditions were consistently anoxic during deposition of the Piyuancun and Hetang Formations in the Chunye-1 well
(Fig. 2, Xiang et al., 2017), and thus the eﬀects of biodegradation on our
measured δ15N are likely to be very small.

4.2. Evolution of N sources fueling primary productivity
An aerobic nitrogen cycle, involving nitriﬁcation, denitriﬁcation,
and microbial N ﬁxation was already in place prior to the
Neoproterozoic (Stüeken et al., 2015; Zerkle et al., 2017). Measured
δ15Nkero values in the Piyuancun Formation and lower Hetang Formation (707.21 m–563.29 m) ranged from −2.6‰ to 4.8‰, with an
average value of 2.2 ± 1.3‰. With the exception of a few outliers,
δ15Nkero values were generally > 1‰, though lower than the mean
value of modern oceanic δ15NNO3− (∼5‰, Sigman and Casciotti,
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Fig. 2. Stratigraphic distribution of TOC content, the (C/N)kero ratio, δ15Nkero, the FeHR/FeT ratio, the Fepy/FeHR ratio, Mo content, and P content in the Chunye-1
well. Note that Mo and P content are presented on a logarithmic scale.

driven the observed increase in nitrogen ﬁxation by lowering oceanic N:
P ratios below the Redﬁeldian 16:1, and requiring N2 ﬁxation to restore
the balance (Tyrrell, 1999), while promoting deepwater anoxia through
the export of organic carbon. Trace element data indicate the regional
or global expansion of oxic waters during deposition of the upper Hetang Formation (466.21 m–407.76 m, Xiang et al., 2017). As more of
the ocean became oxic, it may have accumulated a larger standing reservoir of dissolved trace metals, including cofactors such as Mo necessary for N ﬁxation (Xiang et al., 2017), and further promoting diazotrophy.

et al., 2014; Hammarlund et al., 2017), indicating a similar mix of nitrogen sources to the euphotic zone.
Measured δ15Nkero values in the middle and upper Hetang
Formation (559.44 m–407.76 m) range from −2.0‰ to 3.1‰, with an
average value of 0 ± 1.0‰. This small range of variability in δ15Nkero,
centered around 0‰, suggests that the N fueling primary producers was
sourced mainly from microbial N2 ﬁxation, using Mo-based nitrogenase
enzymes. The marked decrease in average (C/N)kero ratios, from 305 in
the Piyuancun Formation and lower Hetang Formation, to 213 in the
middle-upper Hetang Formation, is consistent with the ecological replacement of nitrate-assimilating phytoplankton by diazotrophs with
lower C/N ratios (Kunimitsu et al., 2009).
Alternative V- and Fe-based nitrogenases are predicted to become
active when the concentration of dissolved Mo drops to below 1 nM
(Glass et al., 2010; Stüeken et al., 2015). The oceanic Mo reservoir
appears to have been low during deposition of the middle Hetang
Formation (559.44 m and 528.81 m), with little to no trace element
enrichment in sediments despite the expansion of sulﬁdic water masses
(Xiang et al., 2017). Nevertheless, Mo ﬂuxes remained high enough for
Mo-based nitrogenases to operate in the surface mixed layer (Anbar and
Knoll, 2002). This may be due to redox stratiﬁcation, maintained by
high organic export (Ader et al., 2016), and enhanced riverine Mo input
as continental oxidative weathering after the Neoproterozoic Oxygenation Event (NOE, Knoll and Nowak, 2017; Scott et al., 2008).
Iron speciation and trace element proxies suggest that the Hetang
Formation was deposited under alternatively ferruginous and euxinic
conditions, and that anoxic water masses expanded during deposition of
the lower and middle Hetang Formation (594.46 m–468.91 m, Xiang
et al., 2017), possibly due to enhanced export production. The acceleration of N2 ﬁxation in the euphotic zone thus occurred slightly later
than this expansion of anoxic deepwater. Both processes may be rooted
in the gradual increase in global tectonic activity and weathering of the
continental crust from 525 Ma (Squire et al., 2006), and consequent
increase in the riverine ﬂux of P and other nutrients. This could have

4.3. Quantitative reconstruction of primary productivity
While primary productivity in the photic zone is the ultimate source
of organic carbon in marine sediments, the proportion of primary
productivity that is ultimately preserved is a function of several variables. Both sinking organic matter in the water column and organic
carbon buried in sediments are subject to multiple preservation eﬀects,
governed by heterotrophic respiration, sedimentation rate, and thermal
maturation (Algeo et al., 2013). Average TOC values in the Piyuancun
and Hetang Formations are 1.77% and 4.14%, respectively, while
average Spy values are 0.88% and 2.71%, respectively. Raiswell and
Canﬁeld (2012) determined that the precipitation of 1 mol of pyrite
consumes ∼4 mol of organic matter; assuming some loss of dissolved
H2S under euxinic conditions, and the sequestration of sulﬁde by other
metal cations, we calculate that the precipitation of 1 g of Spy represents
the decomposition of at least 0.75 g of organic carbon. This relationship
can be used to calculate an ‘original’ TOC value for use in paleoproductivity equations (Table S2).
The sedimentation rate, which aﬀects the amount of time in which
deposited organic carbon is exposed to heterotrophic respiration, is
another key control on carbon preservation, even in anoxic environments where the majority of respiration is likely to be anaerobic
(Schoepfer et al., 2015); at high sedimentation rates, a greater
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Fig. 3. Cross plots of organic geochemical measurements in the Chunye-1 well: a) TOC versus δ15Nkero; b) N content versus δ15Nkero; c) (C/N)kero ratio versus δ15Nkero.

China during Cambrian Series 1 (Jiang et al., 2012). An increase in
sedimentation rate occurs concurrently with the near-total disappearance of marine chemical sediments after Cambrian Stage 2 (Zhu
et al., 2003), with sedimentation increasingly dominated by terrigenous
components. Seawater 87Sr/86Sr ratios increased rapidly, to reach their
maximum value over the past 900 Ma, since Cambrian Stage 3 (Maloof
et al., 2010), which may reﬂect a globally-signiﬁcant interval of enhanced continental denudation (Peters and Gaines, 2012; Squire et al.,
2006).
With TOC and sedimentation rate values, we can begin to estimate
paleoproductivity – due to the inherent uncertainties in these estimates
(as high as 100%, Schoepfer et al. 2015), we will apply a variety of
equations, and look for common trends and patterns. The equations
used for calculating paleoproductivity and their derivation are described in detail in Schoepfer et al. (2015), as well as Felix (2014) and
references therein; speciﬁcally, we will applying the equations of
Müller and Suess (1979) and Stein (1986), which Felix (2014) found to
be among the most reliable for reconstructing primary productivity.
Some of these approaches attempt to subsume the various preservational eﬀects within large datasets from a broad range of environments,
establishing empirical relationships between primary productivity in
the upper water column and the organic carbon accumulation rate
(OCAR). Other approaches attempt to explicitly model the eﬀects of

proportion of produced carbon is likely to be preserved. Regional
stratigraphic constraints (Xiang et al., 2017) imply that the 110.95 mthick Piyuancun Formation spans from the Late Ediacaran (∼551 Ma)
to the end of Cambrian Stage 3 (∼514 Ma), thus representing at least
37 Myr. In contrast, the entire 186.7 m-thick Hetang Formation was
likely deposited during Cambrian Stage 4, in less than 5 Myr. Thus,
applying a typical density for sedimentary rocks (2.5 g cm−3), the mass
accumulation
rate
(MAR)
of
the
Piyuancun
Formation
(∼0.75 g cm−2 kyr−1, Table S2) may have been an order of magnitude
lower
than
that
of
the
overlying
Hetang
Formation
(∼9.34 g cm−2 kyr−1, Table S2).
While this major increase in sedimentation rate may appear surprising, similar changes are observed across the Yangtze Block during
the Ediacaran-Cambrian transition, coinciding with the transition from
carbonate/phosphorite or chert units to mudstone/shale units. This is
seen in the Xiaotan section on the shallow-water platform (Cremonese
et al., 2013), in the Three Gorges transitional zone (Kikumoto et al.,
2014), and in the Longbizui slope-basin section (Wang et al., 2012). A
consistent decrease in the seawater 87Sr/86Sr ratio from 543 and
521 Ma (Maloof et al., 2010) may suggest weakened continental
weathering (Peters and Gaines, 2012). At the same time, sea level was
rising globally from the base of Cambrian (Haq and Schutter, 2008),
resulting in highly-condensed sedimentary successions across South
72
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Fig. 4. Stratigraphic distribution of reconstructed paleoproductivity, using Eqs. (18), (21) and (23) from Schoepfer et al. (2015), as well as the equations of Müller
and Suess (1979) and Stein (1986), in the forms presented by Felix (2014). A water depth of 500 m. was assumed for the Stein (1986) technique. Solid symbols
represent primary productivity as calculated from measured TOC; hollow circles show the results of the same equations using a reconstructed original TOC value
calculated as (TOC + 0.75Spy). Highlighted area show the range of long-term regionally averaged productivity rates seen in the modern ocean (Longhurst et al.,
1995).

nitrogen isotope values in the lower to middle Hetang Formation,
suggesting that this does not represent a period in which nitrogen
availability limited productivity to low values.
The range of paleoproductivity values calculated from the OCAR
overlaps considerably with the range of values seen in the modern
ocean.
The
Piyuancun
Formation
shows
values
of
∼104 mg C cm−2 kyr−1, increasing by approximately an order of
magnitude to reach values of around 105 mg C cm−2 kyr−1 in the upper
Hetang Formation (Fig. 4). Some of this increase is likely attributable to
enhanced carbon preservation at high sedimentation rates, which these
equations do not explicitly correct for. However, in combination with
the TOC and sedimentation rate-based equations discussed above, it
seems apparent that, at a minimum, primary productivity remained
relatively constant over the studied interval, and may have increased
considerably, especially in the upper Hetang Formation. As discussed
above, this trend does not appear to be tied to changes in the nitrogen
cycle.
In addition to organic carbon, phosphorus is a major component of
organic matter that can be used to reconstruct paleoproductivity
(Schoepfer et al., 2015), though uncertainty surrounding the controls
on P preservation means that this relationship can only be empirical.
Paleoproductivity values calculated from the phosphorus accumulation

carbon degradation in the water column and at the sediment water
interface, and thus yield higher initial productivity values for the same
TOC content at lower sedimentation rates (Felix, 2014 and references
therein; Schoepfer et al. 2015).
Reconstructions using the latter approach (i.e., speciﬁcally accounting for sedimentation rate) yield quite high values for productivity in the Piyuancun Formation (> 105 mg C cm−2 kyr−1; Fig. 4);
due to the low sedimentation rate, it is assumed that the preserved TOC
represents only a minute fraction of original primary productivity.
Calculated productivity dips slightly in the lower and middle Hetang
Formation, to values of ∼105 mg C cm−2 kyr−1, before returning to
higher values in the organic-rich upper Hetang Formation. In general,
these calculated values are quite high, with only the lower and middle
Hetang Formation yielding values that overlap with long-term regional
productivity averages from the modern world (Longhurst et al., 1995).
While the highest values are not inherently unrealistic (similar productivity values have been observed in upwelling zones such as the
California
Current,
see
www.science.oregonstate.edu/ocean.
productivity/), they likely represent an overcorrection for the low sedimentation rates seen in this system, especially in the Piyuancun
Formation. Nevertheless, it is notable that even with this correction, we
observe no decrease in productivity corresponding with the decline in
73
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Fig. 5. Distribution of δ15N values in sedimentary organic matter from the a) Early-Middle Ediacaran, b) Late Ediacaran and Cambrian Stage 1–3, and c) Cambrian
Stage 4. Age data and stratigraphic correlation framework follow Steiner et al. (2007), Jiang et al. (2012), and Kouchinsky et al. (2012). Gray highlighted region
shows the δ15N values associated with N ﬁxation using Mo-based nitrogenases; purple vertical line indicates the approximate δ15N value of modern marine nitrate.

transitioned into a mode dominated by N2 ﬁxation during deposition of
the middle and upper Hetang Formation. Notably, this apparent transition in the nitrogen cycle does not correspond with a substantial decrease in calculated productivity, regardless of which method is used,
and with some approaches corresponds with a modest increase in calculated productivity. Organic-rich shale and mudstone deposition corresponding with low (< 1‰) δ15N values was widespread in South
China during Cambrian Stages 1–4 (Cremonese et al., 2013, 2014;
Kikumoto et al., 2014; Wang et al., 2015; Zhang et al., 2017), suggesting that these low nitrogen isotope values do not reﬂect an ecological response to increasing nitrogen limitation.
The lack of a relationship between increased nitrogen ﬁxation and
calculated productivity indicates that ﬁxed N was likely not the ultimate limiting nutrient during the Ediacaran-Cambrian transition in
South China (Falkowski, 1997; Tyrrell, 1999; Michiels et al., 2017).
This may be related to the pervasive anoxia that characterized the

rate (PAR) using Eq. (23) in Schoepfer et al. (2015) are quite low in the
Piyuancun Formation (< 104 mg C cm−2 kyr−1; Fig. 4), though they
increase substantially in the Hetang Formation, to values comparable to
modern marine environments (Fig. 4). While the low values in the
Piyuancun Formation might be attributable to low dissolved P concentrations (see below) rather than low productivity per se, these estimates are consistent with TOC-based calculations in that they show no
notable decrease in productivity associated with the transition toward
lower nitrogen isotope values in the middle and upper Hetang Formation.
4.4. Nutrient limitation of primary productivity
As described above (Section 4.2), the predominant nitrogen source
fueling phytoplankton productivity during deposition of the Piyuancun
Formation and lower Hetang Formation was nitrate. The system
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eukaryote-dominated biological pump would promote faster sinking
and slower remineralization of organic matter (Lenton et al., 2014).
Iron speciation data suggest that pO2 during the Cambrian Explosion
was no higher than 10% of the present-day level (Sperling et al., 2015).
An increase in eukaryotic plankton, and thus carbon burial, would have
accelerated the accumulation of free oxygen in the ocean, creating new
niche space for the evolution of metazoans (Butterﬁeld, 2011; Zhang
et al., 2014). Meanwhile, reorganization of nutrient cycles in response
to this ecological engineering would promote energy transfer to higher
tropic levels (Brocks et al., 2017). Thus, the NO3−-dominated euphotic
zone from the Early-Middle Ediacaran through Cambrian Stage 3 may
have facilitated the radiation of relatively large eukaryote phytoplankton, which may have been an important component of early animal diversiﬁcation.
The observed δ15N near 0‰ during Cambrian Stage 4 may indicate
a decrease in the relative importance of eukaryotes in the primary
producer community relative to nitrogen-ﬁxing prokaryotes. The resurgence of a prokaryote-dominated phytoplankton community in the
middle to upper Hetang Formation (Cambrian Stage 4) suggests that the
replacement of cyanobacteria by eukaryotes was not a unidirectional
process during the Neoproterozoic–to-Cambrian transition (Brocks
et al., 2017). High primary productivity among picoplankton
(0.2–2 μm, Butterﬁeld, 2009) could potentially support large suspension feeders, and the complex pelagic food webs that developed during
the Cambrian Explosion (Vinther et al., 2014). Consumption of prokaryotic plankton by suspension feeders would promote the eﬀective
burial of organic carbon, and a net increase in atmospheric oxygen, as
inferred from Mo- and U-based proxies (Xiang et al., 2017).

waters of the South China Ocean from the Late Ediacaran through
Cambrian Stage 3 (Canﬁeld et al., 2008). While anoxic conditions in the
modern world are often associated with eﬃcient recycling of sedimentary phosphorus (Van Cappellen and Ingalls, 1994), persistently
ferruginous conditions may have promoted eﬀective sequestration of P
by adsorption in iron-bearing phases (Reinhard et al., 2017; Laakso and
Schrag, 2017), which would diminish P concentrations in the euphotic
zone and suppress primary productivity. Phosphorite horizons and
nodules have been observed in other areas of the Qiantang Gulf, such as
the Jiangshan district, and on the Upper Yangtze platform, at the
Xiaotan section (Cremonese et al., 2013), supporting the inference that
phosphate was accumulating in authigenic deposits during Cambrian
Stages 1–3.
Some paleoproductivity reconstructions show an increase in productivity in the Hetang Formation, or speciﬁcally in the upper Hetang
Formation. (Fig. 4). Such an increase would likely require an increase in
the weathering ﬂux of P. At the same time, the expansion of euxinic
water masses in response to increasing biological oxygen demand
would promote P regeneration (Brocks et al., 2017), allowing the accumulation of a substantial oceanic dissolved phosphate reservoir. A
net increase in the oceanic P reservoir would not only promote the
ﬂourishing of the primary producer community, it would also require
an expansion of nitrogen ﬁxation in order to maintain Redﬁeldian nutrient ratios in the photic zone. This may have provided an ecological
advantage to cyanobacteria relative to eukaryotic algae, as the former
would be able to take advantage of the surplus of available P by ﬁxing
atmospheric N2 (Tyrrell, 1999). While there is no substantial change in
the P content of Chunye-1 deposits across this transition (Fig. 2), this
may be due to the pervasive anoxia of the depositional environment,
which was not favorable to phosphate accumulation regardless of the
oceanic phosphate concentration.

5. Conclusions
Striking changes in the sources of nitrogen to the primary producer
community occurred between the Late Ediacaran and Cambrian Stage
4, in the Chunye-1 well and across the Yangtze Block. Primary production during deposition of the Piyuancun Formation and lower
Hetang Formation was fueled by dissolved NO3−, with only a minor
contribution from N2 ﬁxation, whereas the predominant N source for
phytoplankton during deposition of the middle and upper Hetang
Formation was N2 ﬁxation. However, primary productivity during
Hetang Formation deposition was similar to, or up to an order of
magnitude higher than, productivity during deposition of the underlying Piyuancun Formation. Thus, a supply of dissolved nitrate was not
in itself a suﬃcient condition for the ﬂourishing of phytoplankton, and
the subsequent transition to a mode dominated by N ﬁxation did not
dramatically suppress primary productivity. This suggests that phosphorus or other terrigenous nutrients, rather than nitrogen, may have
been the ultimate limiting nutrient during the Ediacaran-Cambrian
transition.
Our δ15Nkero results, in combination with published nitrogen isotope
data, record a consistent decrease in average δ15N values, from ∼5.1‰
in the Early-Middle Ediacaran, through ∼1.1‰ during the Late
Ediacaran and Cambrian Stages 1–3, and ﬁnally to 0.4‰ in Cambrian
Stage 4. Eukaryotes lack the capacity for biological N2 ﬁxation, and
preferentially assimilate nitrate from the ambient environment. Thus,
the NO3−-dominated euphotic zone of the Early-Middle Eadiacaran
may have facilitated the development of a eukaryote-dominated phytoplankton community. This community was already established well
before the onset of the Cambrian Explosion, and persisted through the
peak interval of biological diversiﬁcation. Thus, while ecological engineering by eukaryotic primary producers was not a proximal cause of
the Cambrian Explosion, it may have played an important role in the
early diversiﬁcation of metazoans.

4.5. Evolution of primary producers and implications for the Cambrian
Explosion
Eukaryotes lack the capacity for biological N2 ﬁxation, and preferentially assimilate nitrate from the ambient environment; prokaryotes preferentially assimilate ammonium, and some are able to directly ﬁx N2 in biologically usable species (Anbar and Knoll, 2002;
Fawcett et al., 2011; Stüeken et al., 2016; Van Oostende et al., 2017).
The apparent dominance of NO3− in the euphotic zone from the Late
Ediacaran through Cambrian Stages 1–3 would promote the ﬂourishing
of a eukaryote dominated phytoplankton community. This is supported
by additional lines of evidence, including organic biomarkers
(Kunimitsu et al., 2009, Hall et al., 2011), scanning electron microscopy
(Guo et al., 2008; Shi et al., 2014; Xu and Li, 2015), and palynological
data (Bhattacharya and Dutta, 2015), all of which indicate that eukaryotic algae were the predominant primary producers in this interval.
Biomarker data indicate the emergence of eukaryotic algae prior to
the base of the Ediacaran (Brocks et al., 2017). A compilation of published nitrogen isotope measurements from South China, spanning from
the Early-Middle Ediacaran to Cambrian Stage 4 (Fig. 5; Table S3;
Cremonese et al., 2013, 2014; Ader et al., 2014; Kikumoto et al., 2014;
Wang et al., 2013, 2015, 2017; Hammarlund et al., 2017; Zhang et al.,
2017), shows a consistent decrease in average δ15N values from ∼5.1‰
in the Early-Middle Ediacaran, through ∼1.1‰ during the Late Ediacaran and Cambrian Stages 1–3, and ﬁnally to 0.4‰ in Cambrian Stage
4 (Fig. 5, Table S3). This suggests that NO3− was the dominant N source
fueling phytoplanktonic productivity during the broad Cambrian Explosion interval, from its earliest roots in the Ediacaran (Zhu et al.,
2017) through the main episode in Cambrian Stage 3; given their preference for nitrate, eukaryotes may have been the most abundant primary producers in this interval.
Due to the larger cell size and higher proportion of degradationresistant biomolecules in eukaryotic phytoplankton relative to cyanobacteria (Butterﬁeld, 2009; Lenton et al., 2014; Brocks et al., 2017), a
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