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Abstract

Molecular nitrogen (N2) released from sedimentary rocks during metamorphism is an
important component of the biogeochemical nitrogen cycles. However, the importance and
variability of this metamorphic N> flux from rock nitrogen to Earth’s surface environment
remains largely unexplored. Here we present a comprehensive bulk rock C-N and N»
concentration dataset from the lower Cambrian shale across the Yangtze Block. The results
reveal a spatial trend of excess silicate-bound nitrogen in the lower Cambrian shale throughout
the Yangtze Block, which is interpreted as partial assimilation of ammonium (NH4") with high
concentrations of NH4" accumulating in the euxinic water column and in sediment pore waters
at shelf and slope environments during sedimentation. The remarkable spatial coupling
between silicate-bound nitrogen in bulk rock shale and N> concentration in modern shale
reservoirs indicates that the high proportion of silicate-bound nitrogen may act as an important
control on the formation of Nz-rich gas in shale reservoirs during metamorphism. These N»-
rich reservoir rocks may have affected the surface environment through tectonic movement
over Earth’s history. Our results therefore identify a novel linkage in the nitrogen cycle and
provide evidence for the importance of metamorphism on the return of rock nitrogen back to
the surface environment. We further reveal that the metamorphic N2 gas flux from the
geosphere to the atmosphere is dependent on environmental conditions during sediment
deposition.
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1. Introduction

1.1. Unanswered questions about metamorphic N2 gas release

Nitrogen (N) is one of the essential constituents of life and serves as a limiting nutrient
affecting biological evolution in the oceans on geological timescales (Anbar and Knoll, 2002;
Canfield et al., 2010; Stiiecken et al., 2016). In the form of molecular N, gas, nitrogen is the
most abundant constituent of the Earth's atmosphere. Another large nitrogen reservoir is the
continental crust, including ancient sedimentary rocks, which holds roughly half as much
nitrogen as the atmosphere (Johnson and Goldblatt, 2015). Most nitrogen in rocks is bound to
organic matter and minerals in the form of ammonium. The nitrogen reservoirs of the
atmosphere and geosphere are linked, because nitrogen can be buried in sediments along with
clays and biomass, and it can be released from rocks into surface environments during
weathering and metamorphism (Canfield et al., 2010; Stiieken et al., 2017; Houlton et al., 2018).
The geological nitrogen cycle thus shares similarities with the carbon cycle in that both are
strongly affected by the burial and post-depositional alteration of biomass; however, the
behavior of silicate- and organic-bound nitrogen relative to organic carbon during thermal
maturation of organic matter to natural gas is not well explored.

Molecular nitrogen is one of the most common non-hydrocarbon compounds in natural gas
reservoirs, and generally only a few percent (mostly < 4%) of Nz is present in most
conventional natural gas reservoirs around the world (Jenden et al., 1988; Dai, 1992). However,
high concentrations of N> have long been known in some conventional hydrocarbon reservoirs,
such as the North German Basin (greater than 90%, Littke et al., 1995), the Tarim Basin (up to
50%, Liu et al., 2012) and the Great Valley basin (up to 87%, Jenden et al., 1988). Recently,
widespread occurrence of N»-rich gas (up to 95%) in the lower Cambrian shale reservoirs on
the Yangtze Block (South China) was reported (Liu et al, 2016; Li et al., 2020; Gai et al., 2020).
Such Na-rich gas is worthless from a commercial point of view and therefore constitutes a
serious exploration risk in many petroliferous basins (Littke et al., 1995; Liu et al., 2012).
However, the large nitrogen quantities released from these sedimentary reservoirs may have
played a previously underestimated role in maintaining the atmospheric N2> budget. A recent
study revealed that the degassing flux of the crust and mantle is unbalanced with the transfer
of nitrogen from the ocean to the crust (Houlton et al., 2018). The maintenance of the
atmospheric nitrogen reservoir thus requires a transfer of additional nitrogen from crustal rocks
to the surface environment, and rock nitrogen weathering was identified as a considerable
atmospheric nitrogen input (Houlton et al., 2018). Here we propose that an another previously
neglected nitrogen source to the atmosphere is degassing of N2 from sedimentary reservoirs
independently from hydrocarbons. Further characterizing the origin of this N> gas from
sedimentary reservoirs is therefore of great significance for understanding the balance of the
Earth’s nitrogen budget.

Numerous studies have been conducted on the origin and enrichment mechanism of N>-rich
natural gas (e.g., Littke et al., 1995; Zhu et al., 2000; Liu et al., 2016). The N> generated from
sedimentary organic matter at high temperatures (i.e., high thermal maturity of organic matter)
and atmospheric nitrogen input are considered to be the two most important sources of N in
sedimentary reservoirs (Krooss et al., 1995; Boudou and Espitalié, 1995; Littke et al., 1995;
Huang et al., 2019; Gai et al., 2020). However, this model has shown limitations in explaining
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the differential accumulation of N> in the lower Paleozoic shale reservoirs in South China.
Compared with the unusually N»-rich gas from the lower Cambrian shale of the Yangtze Blcok,
the gas generated from another set of overmature marine shale of Ordovician—Silurian age in
the same region does not show a high content of N (Dai et al., 2014; Nie et al., 2021), even in
the areas where the two sets of shales have experienced similar tectonic deformation and
thermal maturity levels (Gai et al., 2020). Recent studies (Chen et al., 2019; Liu et al., 2020)
have reported the presence of excess silicate-bound nitrogen in the lower Cambrian shale on
the Yangtze Block, which coincides with the widespread N»-rich gas in the same shale reservoir.
In light of this potential linkage, the present study aimed (1) to investigate the degree and
distribution of excess silicate-bound nitrogen in lower Cambrian shale throughout the Yangtze
Block; (2) to decipher the origin and spatial variability of excess silicate-bound nitrogen in
lower Cambrian shale; and (3) to explore the possible links between excess silicate-bound
nitrogen in bulk rocks and N»-rich gas in the lower Cambrian shale reservoirs. We will use
nitrogen isotopes of bulk rocks to explore if the N2-gas enrichments may be linked to primary
biogeochemical processes during the time of sedimentation.

1.2.  An overview of nitrogen isotope fractionation pathways

Nitrogen isotopes (5'°N values) can provide valuable information about the redox state of the
ocean and have been widely used for reconstructing nitrogen cycling in modern and ancient
environments (reviewed by Stiieken et al., 2016). In the modern oceans, bioavailable nitrogen
enters the marine system mainly through biological fixation of atmospheric N> (N»-fixation)
with a small isotopic fractionation (& = 8"*Nproduct — 8'*Nreactant) 0f —1%o on average (range from
—2%o to +1%o). However, this fractionation can be as large as —4%o under Fe®'-rich or
thermophilic conditions (e.g., Zerkle et al., 2008; Zhang et al., 2014). When organisms die, the
organic N is converted to NH4" through ammonification with negligible isotopic fractionation.
Under oxic conditions, the NH4" released during organic matter degradation is rapidly oxidized
to nitrite (NO2") and subsequently to nitrate (NO3") through nitrification, also with negligible
fractionation because nitrification is typically rapid and quantitative (Sigman et al., 2009).
Assimilation of NOs3™ imparts an isotopic fractionation of —5%o0 to —10%o, but these
fractionations are generally not expressed because NO;~ assimilation typically goes to
completion (Altabet and Francois, 1994). Under anoxic conditions, denitrification and
anammox are two major pathways of N loss (NOs~, NH4" and NO; ™ are converted into gaseous
species NO; or N») from the ocean. The isotopic fractionation of both processes is around —5%o
to —30%eo in the water column, but negligible in the sediments (Sigman et al., 2009; Lam et al.,
2009; Lam and Kuypers, 2011). Incomplete assimilation of NH4" imparts large isotopic
fractionations of —4%o to —27%o, depending on ambient NH4" concentrations. The §'°N
composition of sedimentary rocks can therefore provide insights into the aqueous nitrogen
cycle during deposition.

2. Material and Methods

2.1. Geological setting and samples

The South China Craton is composed of the Yangtze and Cathaysia Blocks. The Yangtze
Block preserves marine sedimentary rocks spanning from the Neoproterozoic to the Ordovician.

3



Paleogeographic reconstructions suggest that three broad paleoenvironmental settings were
developed on the Yangtze Block during the Ediacaran to early Cambrian period, including
platform facies to the northwest, a transition zone in the central region and deep-water
slope/basin facies to the southeast (Steiner et al., 2007; Zhu et al., 2007; Fig. 1). During
Cambrian Stage 2 to early Stage 3, a major marine transgression resulted in the deposition of
organic-rich shales over the entire Yangtze Block (Zhu et al., 2003; Steiner et al., 2007; Jiang
et al., 2012). These widely distributed organic-rich shales are characterized by great thickness
(50-200 m) and a relatively high degree of thermal maturation, indicating a good gas-bearing
potential and shale gas exploitation prospects (Wang, 2018; Zhao et al., 2019; Li et al., 2020).

Our studied drill core samples (forty-two) for bulk rock C-N analysis were taken from the
CY 1 well, which is located in the eastern Guizhou Province, South China, and paleo-
geographically lies in the slope of the Yangtze Block. The CY 1 well preserves a relatively
continuous record from the late Ediacaran to Cambrian Series 2, and consists of the Liuchapo,
Jiumenchong and Bianmachong Fms., in ascending order. Twenty-four lower Cambrian shale
samples for X-ray diffraction (XRD) analysis were collected from different areas of the Yangtze
Block, including five core samples and nineteen outcrop samples. Natural gas samples for N>
concentration analysis were obtained from seventeen shale gas wells on the Yangtze Block (Fig.

1.
2.2. Analytical methods

Prior to bulk rock geochemical analysis, approximately 300-500 g of each bulk sample was
carefully trimmed to avoid veins and potential weathered surfaces, and remaining material was
powdered using an agate mortar.

Total organic carbon (TOC), total nitrogen (TN) and nitrogen isotopic analysis was
conducted at the State Key Laboratory of Biogeology and Environmental Geology (BGEG) of
the China University of Geosciences, Wuhan. Detailed descriptions of these methods can be
found in Du et al. (2021). Prior to analysis, sample powders were decarbonated using 3 mol/L
HCI at room temperature for 24 h. Residues were then rinsed with 18.2 MQ/cm deionized water
to remove the acid and subsequently dried at 45 °C overnight. TOC and TN concentrations
were measured on decarbonated samples using a Vario Macro Cube elemental analyzer
(Elementar, Hanau, Germany) at BGEG. The analytical uncertainties of TOC and TN contents
were better than 0.05 wt% based on replicate analyses of multiple samples. Nitrogen isotope
compositions were measured using a Flash HT 2000 Plus and continuous-flow Delta V
Advantage IRMS (Thermo Fisher Scientific) at BGEG. Briefly, 40-80 mg of decarbonated
samples were mixed with V20Os and sealed in a tin capsule and combusted at 1020 °C, and the
simultaneously generated CO: in the outflow gas mixture was absorbed by an alkali lime trap.
Nitrogen isotope results are reported using standard & notation in per mil (%o) deviations from
atmospheric N2 (8'°N = 0%o). Two international standards USGS40 (8'°N = —4.52%0) and
IAEA-N-2 (8'°N = +20.3%0) were used for 8'°N calibration and the standard deviation of
replicate analyses was better than 0.3%.

Chemical compositions of natural gas were measured using an Agilent 6890N gas
chromatograph (GC) equipped with a flame ionization detector and a thermal conductivity
detector, following the procedures described in Liu et al. (2016). The GC oven temperature was
initially set at 30 °C for 10 min and then ramped to 180 °C at a rate of 10 °C/min, and held at
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this temperature for 20-30 min. The average analytical precision was + 1%.

X-ray diffraction (XRD) analysis of shale powders was performed on a Bruker D8 Advance
X-ray diffractometer at 40 kV and 30 mA with Cu Ka radiation (A=1.5406 for CuKal).
Stepwise scanning measurements were performed at a rate of 4°/min in the range of 3—85° (20).
The relative mineral proportions were estimated based on the areas of their major peaks with
Lorentz polarization correction (Pecharsky and Zavalij, 2003).

3. Results

3.1. Bulk rock carbon and nitrogen data

The TOC, TN and 8'°N data from our samples (CY 1 well), paired with compilations from
the literatures, provide information from twenty-two sections across the Yangtze Block (Fig.
1), representing shallow to deep marine environments (Table S1), which span the entire
Fortunian to Cambrian Stage 3 (~540-515 Ma), including the target intervals of organic-rich
shales for early Cambrian shale gas exploration (~526—515 Ma; Gao et al., 2021). The organic-
rich shale deposited during this time period on the Yangtze Block exhibits high TOC values
(0.03-31.28 wt%, mean = 4.36 wt%; Fig. 4b), and is therefore considered to be a high-quality
source rock for conventional and unconventional hydrocarbons (Zou et al., 2015; Gao et al.,
2021). The correlation between TOC and TN of the lower Cambrian source rocks from platform
to slope environment yields a significant positive intercept on the TN-axis. This positive N-
intercept gradually rises from 665 ppm on the platform to 955 ppm on the shelf, with a
maximum on the slope (2046 ppm), but only a minor N-intercept (32 ppm) is observed in the
basinal environment (Fig. 3). The bulk rock TN/TOC ratios during the ~540-526 Ma interval
are mostly around 0.01 to 0.02. However, the TN/TOC ratios of samples from the shelf and
slope environments exhibit a positive shift toward high values of 0.03 to 0.50 during the ~526—
515 Ma (Fig 4c). The 8'°N values from the Cambrian Fortunian to early Stage 2 (~540-526
Ma) vary between +1%o and +9%o. Subsequently, a negative shift occurs at most sections (most
values vary between —2%o and +1%o) with very low 8'°N values below —4%o at the shelf and
slope sections during Cambrian Stage 2 (~526-521 Ma). Although the §'°N values increase to
different extents (from —2%o to +6.9%o, with most values are between 0%o and +3%o) at most
sections during Cambrian Stage 3 (~521-515 Ma), some anomalously negative 5'°N values (<
—2%o) are still recorded in the slope sections (Fig. 4d).

3.2. X-ray diffraction

The samples we measured from various sedimentary environments across the Yangtze Block
have similar mineralogical compositions. The X-ray diffraction results (Table S2) show that
the lower Cambrian shales are dominated by quartz (mostly in the range of 40—60%, mean =
51%) and clays (mainly between 20% to 40%, mean = 30%). The clay minerals are dominated
by illite and illite/smectite mixed-layer (I/S), and the illite + I/S contents range between 11%
and 46%, with a mean value of 27%. Furthermore, the illite + I/S contents in samples from
different sedimentary environments show limited variability.

3.3. Gas compositions

Gas composition data from twenty-six shale gas wells (seventeen from this study and nine
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from literatures, Fig. 1) across the Yangtze Block show highly variable N> concentrations
(0.03-97.45%; Table S3) in the lower Cambrian shale reservoirs. The N2 concentrations show
a similar spatial trend to the TN excess in the lower Cambrian shale across the Yangtze Block,
which gradually rises from the platform (27.90-45.16%, mean = 36.53%) to the shelf (25.00—
87.89%, mean = 62.06%) and slope (76.00-97.45%, mean = 89.25%), with the minimum in
the basin (0.03-29.20%, mean = 15.23%) setting.

4. Discussion

4.1 Evaluation of nitrogen isotope values

Sedimentary nitrogen budget and associated §'°N values may be modified by burial
diagenesis and metamorphic alteration (reviewed by Ader et al., 2016; Stiieken et al., 2016).
For instance, there is only a minor isotopic fractionation (< 1%o) imparted during diagenesis
under anoxic conditions (Altabet et al., 1999; Thunell et al., 2004). However, oxic diagenesis
can result in an increase in 8'°N values by ~ 4%o (e.g., Altabet et al., 1999; Freudenthal et al.,
2001). In terms of metamorphism, the alteration of §'°N values is negligible (< 1%o) below
greenschist facies, and minor (1 — 2%o) within the greenschist facies (reviewed by Ader et al.,
2016; Stiiecken et al., 2016). Hence, the 8'°N values in sedimentary rock requires careful
evaluation to ascertain whether the nitrogen isotopic data are reliable and record primary
marine signals.

Multiple lines of evidence argue against a significant secondary alteration of the §'°N values
in our samples from drill core CY 1. First, published Fe-speciation data throughout the Yangtze
Block suggest that the continental shelf and slope sediments were deposited under a persistently
anoxic water column conditions during Cambrian Stage 2 to Stage 3 (Li et al., 2017), and thus
the isotopic alteration during early diagenesis would have been minimal. Second, the thermal
maturity and H/C ratio of organic matter in the lower Cambrian black shale indicate that these
rocks are well below the greenschist facies (Ktibek et al., 2007), suggesting negligible isotopic
alteration during metamorphism. Third, the lack of correlation between §'°N values and TOC,
TN or C/N ratios (Fig. 2) suggest that even if some nitrogen was mobilized and redistributed
between organic matter, minerals and fluid phases during diagenesis and metamorphism, bulk
rock 8'°N values were probably not been significantly altered. Thus, the §!°N values recorded
in our samples likely represent near-primary compositions.

4.2 Excess silicate-bound nitrogen across the Yangtze Block

Sedimentary nitrogen mainly occurs in organic-bound (bound to kerogen) and silicate-bound
(mostly clay minerals) phases (Stiieken et al., 2017). In organic-rich sediments, most nitrogen
is initially organically bound because it was buried together with the biomass of living
organisms (Stiieken et al., 2017). During burial diagenesis of the sediments, ammonium (NH4")
can be liberated into sediment pore waters where it can reach mM concentrations (e.g.,
Boudreau and Canfield, 1988). The released NH4" can then adsorb to clay minerals (e.g., illite)
and become incorporated into their crystal lattice in substitution for K" (Miiller, 1977;
Schroeder and McLain, 1998). Diagenetic degradation of organic matter typically leads to
preferential loss of N over carbon, because N-rich compounds such as DNA and peptides are
degraded more rapidly (Abdulla et al., 2018). However, if organic matter is partially degraded
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by sulfate-reducing organisms during diagenesis or in the water column, then this can lead to
accumulation of NH4" in excess of organic carbon, because the latter is converted to CO; or
CH4 while NH4" stays behind (Stiiecken et al., 2016). Such an excess of silicate-bound
ammonium is commonly reflected in a positive TN-intercept of the linear regression of TN
versus TOC (e.g., Fulton et al., 2012; Chen et al., 2019). For example, sediments from the
modern Black Sea display an intercept of 575 ppm (Fulton et al., 2012), reflecting accumulation
of excess NHy4" in euxinic (anoxic and sulfidic) bottom waters, while open marine sediments
from the Atlantic Ocean have on average less than 50 ppm TN excess (Muzuka and Hillaire-
Marcel, 1999; Li and Bebout, 2005). The relatively high TN intercepts in some of our sample
sets are therefore a good indicator for the presence of a significant NH4" reservoir that
accumulated under anoxic conditions and got trapped in clay minerals. The TOC-TN
correlations for shales from platform to slope successions show a weak positive correlation
(Fig. 3), indicating perhaps variable loss of nitrogen from the organic fraction, which may have
weakened this correlation.

An alternative mechanism for positive TN-intercept is input of detrital clay minerals that are
enriched in N. However, in our case, the TN-intercepts increase from nearshore platform to
offshore slope, which is contrary to the trend expected from the distance from the continent,
indicating that the excess silicate-bound nitrogen was not sourced from terrestrial input. We
can also rule out that the excess TN in our samples was derived from diagenetic influx of NH4",
which was recently documented for organic-lean bentonites (Koehler et al., 2019). The
Cambrian strata investigated in this study are dominated by organic-rich shale and argillaceous
siltstone with higher TOC values than adjacent strata (e.g., Gao et al., 2021; Fig. 4b). Hence
there are no plausible source rocks for external NH4" input. Lastly, another possible
contribution to excess TN abundances in sedimentary rocks is biological production of
ammonium from nitrate during sediment deposition (DNRA, dissimilatory nitrate reduction to
ammonium), which can occur in sediments and in the water column (Serensen, 1978; Kartal et
al., 2007), preferably under ferruginous (anoxic and iron-rich) conditions (Michiels et al., 2017).
We cannot appraise the relative contribution of this metabolism, but in any case, it would
further support our conclusion of a significant ammonium reservoir that accumulated in anoxic
waters and led to excess amounts of trapped N in clays.

The high proportion of silicate-bound nitrogen fraction in the lower Cambrian shales is
further supported by the TN/TOC ratios of bulk rocks compared to kerogen extracts. Early
studies have shown that the TN/TOC ratio of coal or kerogen of similar thermal maturity is
mostly in the range of 0.01 to 0.02 (Littke et al., 1995; Jurisch et al., 2012; Gai et al., 2020).
Thus, the elevated bulk rock TN/TOC ratios (> 0.01-0.02; Figs. 3 and 4c) for the lower
Cambrian shales (platform to slope environment) indicate a significant contribution of silicate-
bound nitrogen. A recent study (Gai et al., 2020) has illustrated that the bulk rock TN/TOC
ratio of lower Cambrian shale (0.0787) was significantly higher than that of Ordovician—
Silurian shale (0.0463) and Mesoproterozoic shale (0.0466), but similar TN/TOC ratios were
found in their kerogen isolates (0.0188, 0.0162 and 0.0196, respectively), suggesting that the
lower Cambrian shale contains significantly higher silicate-bound nitrogen than those of the
other two shale formations. Paired with the significant positive TN-intercept observed in the
lower Cambrian shales and the absence of this intercept (~ 0 ppm) from shales across the
Ordovician—Silurian transition (e.g., Luo et al., 2016), our data thus provide evidence for higher
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silicate-bound nitrogen fraction in the lower Cambrian shale, and this was most likely derived
from a relatively high dissolved ammonium concentration in anoxic pore waters during
diagenesis.

4.3 Origin of excess silicate-bound nitrogen

Our C-N dataset thus provide indirect evidence for anoxic pore waters across the Cambrian
Yangtze Block. This scenario is supported by the redox landscape (Fig. 4a) of the early
Cambrian ocean (~540-515 Ma), which has been well documented in previous studies (e.g. Jin
etal., 2016; Li et al., 2017; Liu et al., 2020). During the Cambrian Stage 2 to early Stage 3, the
widespread euxinic waters were dynamically maintained on the shelf and slope environment
with a shallow chemocline and intermittent photic zone euxinia. Such euxinic conditions
should have been conducive to ammonium accumulation, similar to the modern Black Sea
(Brewer and Murray, 1973). This excess amount of NH4" is further supported by the
anomalously negative 8'°N values (< —2%o), which are mostly observed in samples from the
shelf and slope environment throughout Cambrian Stage 2 — 3 (Fig. 4d). During Cambrian
Stage 3, a shift of §!°N to more positive values recorded in the shallow platform environment
likely indicates increased nitrate availability in more oxic shallow waters (Liu et al., 2020). The
negative 8'°N signals observed during this time period have previously been interpreted as
partial NH4 " assimilation by organisms, leading to incomplete utilization of NH4" (Wang et al.,
2018; Chen et al., 2019; Liu et al., 2020). For this to occur, the NH4" concentration in the water
column may have reached ~30 uM, below which the isotopic fractionation is not well expressed
(Hoch et al., 1992). But it could easily have been higher within sedimentary pore waters, where
modern anoxic sediments show millimolar levels (e.g., Boudreau and Canfield 1988). The
excess NHs " in the anoxic pore waters could then be captured by clay minerals, resulting in the
significant positive N-intercepts observed at the shelf and slope facies (Fig. 5a). Indeed, our X-
ray diffraction (XRD) results (Table S2) of the lower Cambrian shale across the Yangtze Block
show a high abundance (11-46%, mean = 27%; Fig. 5a) of illite + I/S (illite/smectite mixed-
layer), which has been shown to take up NH4" into their crystal lattice (Schroeder and McLain,
1998; Koehler et al., 2019).

In contrast, the negligible positive N-intercept and strong TOC—TN correlations in sediments
from the basinal environment (Fig. 3) suggests that NHs" may not have accumulated
significantly in anoxic basinal environments. The lack of excess silicate-bound nitrogen in the
basinal environment could perhaps be attributed to the lower illitic clay contents in shales
deposited in these settings relative to shelf and slope environment. However, this scenario is
not supported by the available XRD data of the lower Cambrian shale (Table S2), which shows
that the basinal samples (26 = 3%) have similar illite + I/S contents to the shelf (29 = 9%) or
slope (26 + 8%) samples. Furthermore, an investigation of positive N-intercept between
different lithologies in the lower Cambrian strata suggests a limited role of clay content in the
excess silicate-bound nitrogen. Alternatively, the low proportion of silicate-bound nitrogen in
the basinal environment may reflect the limited accumulation of NH4" in pore waters, which is
linked to the extent of organic matter remineralization during diagenesis. Unlike extensive
euxinic conditions in shelf and slope environments, the basinal environments remained largely
ferruginous throughout Cambrian Stage 2 — 3 (e.g., Jin et al., 2016; Li et al., 2017; Liu et al.,
2020), possibly due to limited sulfate supply in deep waters (Feng et al., 2014). In this case,
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organic matter remineralization and sulfate reduction would have been weakened, thus
reducing the release of NH4" from organic matter into pore waters. In addition, due to the lower
deposition rate in the basinal environment, even if some NH4" was released during the organic
matter remineralization, it would be expected to have occurred in the water column or at the
surface sediment, thus preventing NH4" accumulation in the pore waters. The degradation of
organic matter in the water column may have resulted in preferential loss of nitrogen against
carbon (Knauer et al., 1979), lowering the TN/TOC ratios in the sediment as we observed in
basinal samples (Fig. 4c).

In terms of the Ordovician—Silurian organic-rich shales, which generally have similar
mineralogical compositions and thermal maturity levels to the lower Cambrian shales (Wang,
2018; Gai et al., 2020; Nie et al., 2021). A recent compilation of §'°N data suggests a
widespread limitation of fixed nitrogen in the late Ordovician-early Silurian ocean, with no
evidence of partial NH4" assimilation (Koehler et al., 2019). This suggests that the
concentration of NH4" in the water column and pore waters may not have accumulated to high
levels during this period, leading to the absence of positive TN-intercept in Ordovician—
Silurian shales. The significant differences in silicate-bound nitrogen abundance and §'°N
records between Ordovician—Silurian and lower Cambrian shales further support our view that
the marine nitrogen cycle in the early Cambrian ocean may have controlled the excess silicate-
bound nitrogen in the lower Cambrian shales.

4.4 Metamorphic N: flux from rocks to gas reservoir and surface

environments

During burial diagenesis and catagenesis, carbon and nitrogen in sedimentary rocks would
be lost and converted into hydrocarbons and nitrogen gases, respectively, through thermal and
chemical degradation (Behar et al., 2000; Boudou et al., 2008; Gai et al., 2020). Previous
studies have suggested several possible sources of N> in the lower Cambrian shale reservoirs
on the Yangtze Block, including atmospheric nitrogen (Huang et al., 2019; Wang et al., 2020)
and decomposition of sedimentary organic matter and/or clay minerals (Liu et al., 2016; Gai et
al., 2020). The atmospheric origin seems unlikely, because another set of Ordovician—Silurian
organic-rich shales on the Yangtze Block does not show a high concentration of N2 (lower than
2.2% on average; Dai et al., 2014). Indeed, early pyrolytic studies have shown that thermal
degradation of nitrogen species in sedimentary rocks plays an important role in N»
accumulation in natural gas reservoirs; specifically, it was found that N> is mainly generated at
the final stage of gas generation after methane generation is practically exhausted (Krooss et
al., 1995; Littke et al., 1995; Heim et al., 2012; Jurisch et al., 2012). Importantly, the inorganic,
clay-bound nitrogen is liberated prior to organic nitrogen and converted to N2 due to its lower
thermal stability during thermal degradation (Jurisch and Krooss, 2008; Jurisch et al., 2012).

A recent pyrolysis experiment further illustrated that the N> generation from different
nitrogen species in shales is primarily controlled by the thermal maturity levels. N2 gas is
mainly derived from the inorganic silicate-bound nitrogen in the stage of equivalent vitrinite
reflectance (EqVRo0) < 3.4%, whereas the N> generated from organic nitrogen increases rapidly
at higher thermal maturity levels with a maximum N yields at EQVRo =4.9% (Gai et al., 2020).
Although the thermal maturity of the lower Cambrian shale is generally higher than that of the
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Ordovician—Silurian shale (EqVRo values are between 2.0% and 3.0%; review by Nie et al.,
2021), its EqVRo values are mostly in the range of 2.0-3.5% (Tian et al., 2015; Liu et al., 2016;
Xia et al., 2018), suggesting that the conversion of silicate-bound nitrogen during thermal
degradation may have played a major role in the formation of high concentration of N in the
lower Cambrian shale reservoirs and that the contribution from organic nitrogen may have been
limited. The co-variation between the TN-intercept in bulk rocks and N> concentrations in the
shale reservoirs (Fig. 5b) further supports that the high abundance of silicate-bound nitrogen
in the lower Cambrian shale is likely to be the internal driving factor of N> enrichment in shale
reservoirs. This scenario is probably responsible for the differential accumulation of N> in the
overmature lower Cambrian shale and Ordovician—Silurian shale across the Yangtze Block,
because the former displays significantly higher proportions of silicate-bound nitrogen than the
latter.

The preservation conditions of shale gas may have played an important role in the
enrichment of N> in the lower Cambrian shale reservoirs as an external factor. On microscopic
scales especially in local shale reservoirs with fractures and high permeability, the late-
generated N> would replace methane in the fractures, resulting in the discharge of methane and
reducing its partial pressure, thereby promoting the desorption of methane from the surface of
nanopores within organic matter (adsorbed gas) and further discharging methane out of the
reservoir (Bustin et al., 2016; Li and Elsworth, 2019). On macroscopic scales, the lower
Cambrian N»-rich shale gas on the Yangtze Block mostly occurs in regions where deep-seated
faults extend to the surface (Su et al., 2019; Wu et al., 2019). In this case, the activity of faults
over geologic time may have led to the loss of early generated methane, such that the shale
reservoir could be recharged by the late-generated N»-rich gas after the fault was sealed (Gai
et al., 2020). Indeed, previous investigations have shown that high concentrations of N are
generally accompanied by an extremely low overall gas content (< 0.5 m3/t) in the lower
Cambrian shale reservoirs (Liu et al., 2016; Huang et al., 2019; Wang et al., 2020), suggesting
that these shale reservoirs may have experienced long-term methane escape.

In summary, the specific marine redox and biogeochemical nitrogen cycles appear to have
resulted in an unusually high abundance of silicate-bound nitrogen in the lower Cambrian shale,
which created a higher N2 generation potential at a certain thermal maturity level (e.g., EQVRo
< 3.4%). The high N fraction and the complex geological history would have promoted the
desorption and outward loss of methane to various extents, and therefore led to the
accumulation of Nz in ultra-tight shale reservoirs. These Na-rich sedimentary reservoirs could
have been either exposed to the surface through tectonic uplift or communicated with the
surface environment through large-scale faults over long-term geological timescales. The
release of this gas could represent a significant nitrogen source flux into the atmosphere that
has previously been overlooked.

A previous estimate of the metamorphic nitrogen flux from sedimentary rocks deposited on
continental shelves used the corresponding flux of CO: from organic carbon metamorphism as
a starting point, divided this value by the average C/N ratio of 10 of unmetamorphosed
sediments, and then assumed that nitrogen is degassed 1.5-3 times as fast as carbon, based on
the observation that C/N ratios increase by a factor of 1.5-3 in greenschist-to-granulite
metamorphic rocks (see Stiieken et al., 2016, and references therein). The total nitrogen flux
derived from this calculation was thus 0.8-3 x 10! mol/yr, which is similar to the total amount
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of N buried in marine sediments today and therefore a significant factor in the balance of the
global geological N cycle. The atmosphere currently holds 2.87 x 10?° mol N (Johnson and
Goldblatt, 2015), meaning that the residence time of N in the atmosphere with respect to its
major long-term sources and sinks is on the order of one billion years. Perturbing the
atmospheric reservoir is therefore difficult on short timescales; however, it is conceivable that
an enhanced N-flux from the metamorphism of clays could have persisted for hundreds of
millions of years in the early and late Proterozoic, when productivity was elevated (Crockford
et al., 2018) and euxinic conditions are thought to have been more prevalent than today (e.g.,
Reinhard et al. 2013). The effects may be quantifiable in future studies with more detailed
information on the thickness, extent and burial history of source rocks from those time periods.

5. Conclusions

Our comprehensive C-N geochemical study of the lower Cambrian shale across the Yangtze
Block indicates a spatial trend of excess silicate-bound nitrogen throughout the Yangtze Block,
with high abundance at the shelf and slope settings. The anomalously negative §'°N values (<
—2%o) provide evidence for widespread partial assimilation of NH4" in these environments,
where the NH4" concentrations may have accumulated to high levels in the water column and
sedimentary pore waters. This excess NH4" was likely trapped by clay minerals due to the high
abundance of illitic clays (illite + illite/smectite mixed-layer) in the lower Cambrian shale,
resulting in the observed positive TN-intercepts. Further, the silicate-bound nitrogen in bulk
rock shale and the N> concentration in shale reservoir are highly synchronized in spatial
variability, indicating that the high proportion of silicate-bound nitrogen in lower Cambrian
shale may have played a key role in the formation of N»-rich gas in shale reservoirs. Our work
may thus help refine exploration strategies for natural gas reservoirs in the future. Furthermore,
we reveal that the metamorphic N> gas flux from the geosphere to the atmosphere is dependent
on environmental conditions during sediment deposition, because the anoxic conditions that
lead to the accumulation of ammonium in clay minerals may develop into a previously
unrecognized source of N> gas into the atmosphere once those sediments undergo burial
metamorphism. Ocean redox conditions of the past may therefore set the pace for atmospheric
evolution over subsequent 100-Myr-timescales. These effects should be taken into account in
future time-resolve estimates of fluxes in the geological nitrogen cycle.
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Figure 1. Tectonic setting and simplified Paleogeographic map of the Yangtze Block during
the early Cambrian (modified after Jiang et al., 2012).
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Figure 3. Cross plots of TOC versus TN from platform (a), shelf (b), slope (c) and basin (d)
successions across the Yangtze Block. The data includes only samples from the intervals of
lower Cambrian shale target (~526—515 Ma). The orange dots represent the data from this study
and the blue dots represent the compiled data from the Yangtze Block. The positive intercept
on the TN axis indicates the average excess silicate-bound nitrogen concentration. The dotted
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lines represent the TN/TOC ratios (0.01 to 0.02) of coal or kerogen.
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Figure 4. (a) Schematic evolution of ocean redox conditions in South China based on iron
speciation data (Jin et al., 2016; Li et al., 2017; Liu et al., 2020, and references therein). (b)
Long term TOC variations from Fortunian to Cambrian Stage 3 (~540-515 Ma) in South China.
(c) Long term TN/TOC variations from Fortunian to Cambrian Stage 3 in South China. (d)
Long term §'°N variations from Fortunian to Cambrian Stage 3 in South China. The pink area
indicates the Cambrian shale gas target (~526—515 Ma) in South China.
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Figure 5. (a) Schematic diagram of the marine nitrogen cycle during Cambrian Stage 2 to early
Stage 3 in South China, and the donut chart represents the average mineral composition (n =
24) of the lower Cambrian shales across the Yangtze Block. (b) Box and whisker plots of
positive TN-intercept values in bulk rock shale and the N> concentrations in shale reservoir
from different paleogeographic environments on the Yangtze Block.
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