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ABSTRACT

High content of molecular nitrogen (N5) is one of the natural gas exploration risks in petroliferous basins where
black shales act as source rocks of either hydrocarbon gas or molecular nitrogen. In this study, two overmature
and one low-maturity shale samples and their kerogens were investigated to determine the generation char-
acteristics of molecular nitrogen as well as methane and the differences in the release processes of inorganic
nitrogen fixed in ammonium-bearing minerals and organic nitrogen bound in kerogen. The results illustrate that
with increasing pyrolysis temperature, the yield of methane first increases and then decreases with an inflection
temperature of 650 °C (EQVRo = 3.4%), whereas the yield of molecular nitrogen shows a continuous increase
throughout the pyrolysis experiment. The molecular nitrogen during the stage of methane generation (i.e.,
EqVRo < 3.4%) is more preferentially derived from the inorganic nitrogen in ammonium-bearing minerals,
whereas the significant generation of molecular nitrogen from organic nitrogen in kerogen commences only after
the methane generation potential is exhausted (EQVRo > 3.4%). The results also reveal that at the experimental
maxima of thermal maturity (EQVRo = 4.9%), the generation potential of inorganic molecular nitrogen (mg/g
Ninorg) is much lower than that of organic molecular nitrogen (mg/g No), indicating that in our experiments the
organic nitrogen in kerogen is more easily to be converted into molecular nitrogen than the inorganic nitrogen in
ammonium-bearing minerals. All these results indicate that molecular nitrogen content in shale gas may change
dramatically during thermal evolution, and source rocks with exceptionally high maturity and high abundance
of organic nitrogen likely lead to a high molecular nitrogen risk, particularly in regions of poor preservation
conditions of shale gas, which may be the main reasons for the high molecular nitrogen content in the Lower
Cambrian shale gas in South China.

1. Introduction

contents of carbon and nitrogen in sediments may be highly variable
(Boyd, 2001; Jurisch et al., 2012; Leithold et al., 2016; Stiieken et al.,

During past decades, various studies have investigated the geolo-
gical carbon and nitrogen cycle from the atmosphere to deep strata
(Falkowski, 1997; Kump and Arthur, 1999; Marty and Dauphas, 2003;
Deutsch et al., 2007; Lam et al., 2009; Canfield et al., 2010; Maloof
et al., 2010; Busigny et al., 2013; Stiieken et al., 2016; Wang et al.,
2018; Mettam et al., 2019). Sedimentary rocks are an important carbon
and nitrogen pool (Brandes et al., 2007; Algeo et al., 2008; Stiieken
et al., 2016; Wang et al., 2015, 2018), and the carbon and nitrogen
elements are derived from both organic and inorganic contributions
(Boyd, 2001; Leithold et al., 2016; Stiieken et al., 2017). The miner-
alization of C and N during early diagenesis is controlled by the nature
of biomass, microbial activity, oxygen availability, temperature/
thermal stress, sedimentation rate, and fluid-rock interactions; thus, the

2017). Thermal and chemical degradation processes lead to the loss of
carbon and nitrogen in sedimentary rocks as diagenesis and catagenesis
proceed (Behar et al., 2000; Kelemen et al., 1998, 2006; Boudou et al.,
2008; Jurisch et al., 2012). One of the main ways to release carbon and
nitrogen from sedimentary rocks is by the formation of gases, which is
also one of the important processes in carbon and nitrogen cycle
(Falkowski, 1997; Deutsch et al., 2007; Canfield et al., 2010; Stiieken
et al., 2016; Wang et al., 2018).

Molecular nitrogen is one of the most common non-hydrocarbons in
natural gas (Jenden et al., 1988; Dai, 1992; Littke et al., 1995; Zhu
et al., 2000; Kotarba and Nagao, 2008, 2014; Liu et al., 2012). Although
most conventional natural gases contain only a few percent of mole-
cular nitrogen (N5), No-rich natural gas in reservoir rocks is also known
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in many basins around the world (Krooss et al., 1995; Littke et al., 1995;
Zhu et al., 2000; Chen and Zhu, 2003; Dai et al., 2005; Mingram et al.,
2005; Liu et al., 2012). Previous studies have suggested several possible
origins of molecular nitrogen in natural gas, including decomposition of
sedimentary organic matter and/or minerals, primordial nitrogen from
deep mantle, and radiogenic, atmospheric and magmatic processes (e.g.
Maksimov, 1975; Allegre et al., 1987; Gold and Held, 1987; Andersen
et al., 1993; Baxby et al., 1994; Krooss et al., 1995, 2005; Zhu et al.,
2000; Dai et al., 2005; Mingram et al., 2005; Liu et al., 2012; Kotarba
et al., 2014). Among the above sources, thermal degradation is one of
the most common process for N, accumulation in natural gas pools,
which has been experimentally confirmed by many authors (Boudou
and Espitalié, 1995, 2008; Krooss et al., 1995; Littke et al., 1995; Behar
et al., 2000; Kelemen et al., 2006; Heim et al., 2012; Jurisch and Krooss,
2008, 2012). In addition, some post-genetic processes may also lead to
the relative enrichment of molecular nitrogen in natural gas. They in-
clude the thermochemcial sulfate reduction (TSR) reactions (Liu et al.,
2012; Jenden et al., 2015), the loss of early generated methane due to
tectonic activity (Su et al., 2019; Wu et al., 2019), and the competitive
adsorption/desorption between molecular nitrogen via reducing the
partial pressure of methane in shales or coals (Bustin et al., 2016; Zhang
et al., 2017; Li and Elsworth, 2019; Ghalandari et al., 2020).

Molecular nitrogen, though worthless from a commercial point of
view, is probably a key to an improved understanding of the formation
mechanisms, longevity and compositional evolution of natural gas ac-
cumulations on the geologic time scale, and therefore is a valuable
study object for geoscientists (Krooss et al., 1995; 2005; Mingram et al.,
2005; Kotarba et al., 2014). Moreover, high molecular nitrogen content
reduces the methane concentration in natural gas and is bound to pose a
serious risk in natural gas exploration (Littke et al., 1995). Recently, a
high content of molecular nitrogen has been encountered in some
overmature Lower Cambrian shale gas in southeastern Chongqing and
northern Guizhou, China (Liu et al., 2016); Jiao et al. (2017b). Liu
et al., 2016 reported that these high contents of molecular nitrogen is
mainly of thermal origin in terms of their nitrogen isotopic composi-
tion. However, the Lower Silurian shales, another set of overmature
Lower Paleozoic shale strata in the same area, has not exhibited a high
content of molecular nitrogen (Dai et al., 2014). Therefore, the me-
chanism, timing, and potential of molecular nitrogen generation in
Lower Paleozoic shale gas in the Upper Yangtze region still requires
further investigation.

In this study, one Lower Cambrian shale sample and one Lower
Silurian shale sample that display similar thermal maturity, organic
matter abundance, and kerogen type but different nitrogen content and
species were selected from two wells in the Upper Yangtze region to
investigate their release characteristics of organic nitrogen in kerogen
and inorganic nitrogen in ammonium-bearing minerals. In addition,
nitrogen release from a low-maturity shale sample from the
Mesoproterozoic was also studied for comparison with the two over-
mature Lower Paleozoic shales. This study may help to evaluate the
molecular nitrogen generation potential of organic-rich shale during
thermal maturation and to understand the risk of high content of mo-
lecular nitrogen in overmature shale gas.

2. Geological setting

The Sichuan Basin, which is located in the Yangtze platform, is one
of the main natural gas province in China. Marine shales were widely
developed during the early Paleozoic in Sichuan Basin and its periph-
eral areas, including the Lower Silurian to Upper Ordovician and the
Lower Cambrian shales. The Lower Silurian Longmaxi Formation has
become the most important marine shale gas-producing layer in China
(Zou et al., 2010, 2015; Zeng et al., 2012; Tian et al., 2013; Dai et al.,
2014) and consists of black shales and silty shales in its lower section
where graptolite fossils are abundant (Liang et al., 2012). Kerogen types
of the organic matter in the black shales of the Longmaxi Formation is
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dominated by types I and II, with equivalent vitrinite reflectance
(EqVRo) values in the range of 2.0-3.5% (Zou et al., 2010; Tian et al.,
2013; Dai et al., 2016; Pan et al., 2016). The total organic carbon (TOC)
contents of the Longmaxi shales are lower in the southwestern areas of
the Sichuan Basin, ranging from 0.5 to 1.0%, but become higher in the
eastern part of the basin, ranging from 1.0 to 4.0% (Tian et al., 2013).

Black shale formed during early Cambrian in the Upper Yangtze
region is named the Niutitang Formation or the Jiumenchong
Formation in Guizhou Province, the Qiongzhusi Formation in the
Sichuan Basin, and the Shuijingtuo Formation in northeastern
Chongqing (Zeng et al., 2012; Tian et al., 2015; Liu et al., 2016b; Li
et al., 2017). The Lower Cambrian shales are more organic-rich but
display higher thermal maturity levels than the Lower Silurian shales,
having EqVRo values mostly greater than 3.0% (Nie et al., 2011; Hao
et al., 2013; Tan et al., 2014; Tian et al., 2015; Li et al., 2017). Lower
Cambrian shales are considered to have good shale gas potential due to
their wide distribution, large thickness, and high TOC content (e.g., Zou
et al., 2010, 2015; Tan et al., 2013; Tian et al., 2013, 2015; Dai et al.,
2014; Liu et al., 2016b; Li et al., 2017). However, only few industrial
shale gas plays have been discovered in the Lower Cambrian shales in
Sichuan Basin and its surrounding areas. Furthermore, the Lower
Cambrian shale gas is often rich in molecular nitrogen, leading to a very
low content of hydrocarbon gases such as methane (Liu et al., 2016b;
Jiao et al., 2017).

3. Samples and methods
3.1. Samples

Sixteen core samples of Lower Silurian Longmaxi shale and sixteen
Low Cambrian Shuijingtuo shale were collected from wells YC4 and
YC2 in southeastern and northeastern Chongqing, respectively (Fig. 1;
Table 1). Based on the quantity of core samples and their geochemical
characteristics, one typical Longmaxi shale sample at the depth of
745.8 m of Well YC4 and one Low Cambrian Shuijingtuo shale sample
at the depth of 1101.9 m of YC2 were selected for pyrolysis experiments
and named YC4R and YC2R, respectively (Table 1).

For a comparative purpose, a low-maturity black shale sample,
named J7R, was also collected from the outcrop of the Mesoproterozoic
Xiamaling Formation in Hebei Province, China. In addition, a vitrinite-
rich coal sample with a vitrinite reflectance (VRo) value of 0.56% was
also pyrolyzed under the same conditions as the shales to determine the
VRo values at different pyrolysis temperatures.

3.2. Organic geochemistry, minerology, and nitrogen structure
characteristics

The three selected raw shale samples YC2R, YC4R, and J7R were
first crushed into powders (100 mesh) and then treated with hydro-
chloric and hydrofluoric acids (HCl and HF) to obtain the kerogen
samples YC2K, YC4K, and J7K, respectively.

The TOC contents of the shale samples were measured with a Leco
CS230 Carbon/Sulfur analyzer after carbonate removal by diluted hy-
drochloric acid treatment, and the TOC values of kerogen samples was
measured directly with the same instruments as for shale samples.

Elemental nitrogen contents of shales and kerogens were performed
using a Vario EL III instrument (Elementar Analysensysteme GmbH).
The temperatures of the oxidation oven and reduction furnace were
950 °C and 600 °C, respectively. Acetanilide and a standard sediment
sample (AEB 2151) were used to calibrate the measurement results.
Measurements were repeated at least three times for each sample and
the relative error is smaller than 5%.

Pyrobitumen reflectances of the three raw shale samples and vi-
trinite reflectances of the vitrinite-rich original and pyrolyzed coal
samples at different pyrolysis temperatures were measured using a 3Y-
Leica DMR XP microscopy equipped with a microphotometer. The
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Fig. 1. Schematic maps showing the sampling locations. (a) Geographical location of the Yangtze Platform and the Yanliao Basin; (b) The tectonic subdivisions of the
Yanshan Basin and the sampling location of Xiamaling shale (modified from Luo et al., 2016); (c) Simplified geological map of the Yangtze Platform (modified from

Yin et al., 2018), and the location of well YC2 and well YC4 in Chongqing.

random reflectance was measured in oil immersion (n 1.518) at
546 nm using a 50 X /0.85 objective lens and the reported values were
determined by averaging 50 measurements on pyrobitumen or vitrinite
particles.

X-ray diffraction (XRD) analysis of shale powders was carried out 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 contents of main minerals were estimated semi-quantitatively
based on the areas of their major peaks with Lorentz polarization cor-
rection (Pecharsky and Zavalij, 2003).

Nondestructive X-ray photoelectron spectroscopy (XPS), which of-
fers an approach to monitor maturity-related changes in the chemical
character of nitrogen (Boudou et al., 2008), was performed on both
shale and kerogen samples. The XPS analysis procedure has been well
illustrated in Boudou et al. (2008) and Liu et al. (2016a). Briefly,
powdered samples were pressure-mounted onto conducting indium
foils. XPS measurements were performed using a K-Alpha X-ray

photoelectron spectrometer (Thermo Fisher Scientific, UK) with a
monochromatic Al K X-ray source (excitation energy = 1468.6 eV).
Spectra were collected from 0 to 1350 eV using an X-ray spot size of
400 pym with a pass energy of 100 eV for wide scans and 30 eV for
individual elements. Binding energies were corrected relative to the
carbon 1s signal at 284.8 eV. Binding energy values were determined
with a precision of + 0.1 eV. The XPS data analysis was completed
using Avantage software (Thermo Scientific™, version 5.934). After
deducting the background contribution, the N 1s spectra were curve-
fitted with the minimum number of mixed Gaussian-Lorentzian com-
ponent profiles. Chemical-structural assignments of N 1s XPS subpeaks
including N-6, N-5, N-Q1, N-Q2, and N-X were first guided by known
binding energies of nitrogen in model compounds and purified sub-
strates (NIST XPS database, Boudou et al., 2008), and then their peak
intensity and peak position were further optimized with Avantage
software to best fit the measured N 1s XPS spectra (Liu et al., 2016a).
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Table 1

TOC and total nitrogen contents of the shale samples collected from well YC2 and well YC4.
Well  Depth Formation Lithology TOC (Wt.%) Ny (mg/g) Well Depth Formation Lithology TOC (Wt.%) Ny (g/g)
YC2 941.4 Shuijingtuo Formation Black shale  2.89 2.46 YC4  645.5 Longmaxi Formation Black shale  1.35 1.35
YC2 956.6 Shuijingtuo Formation Black shale 2.94 2.17 YC4 649.7  Longmaxi Formation Black shale 1.45 1.44
YC2 1004.2  Shuijingtuo Formation Black shale 2.53 1.91 YC4 652.5 Longmaxi Formation Black shale 1.35 1.45
YC2 1014.2  Shuijingtuo Formation Black shale  1.84 1.57 YC4  659.6 Longmaxi Formation Black shale  3.15 1.17
YC2 1023.9  Shuijingtuo Formation Black shale 1.80 2.15 YC4 665.7  Longmaxi Formation Black shale 1.59 1.53
YC2 1047.7  Shuijingtuo Formation Black shale 2.37 1.89 YC4 676.6  Longmaxi Formation Black shale 2.19 1.55
YC2 1055.8  Shuijingtuo Formation Black shale  2.39 1.66 YC4  683.5 Longmaxi Formation Black shale  2.82 1.87
YC2 1078.9  Shuijingtuo Formation Black shale 3.79 2.81 YC4 690.0 Longmaxi Formation Black shale 1.17 1.27
YC2 1086.9  Shuijingtuo Formation Black shale 2.54 1.63 YC4 698.4  Longmaxi Formation Black shale 1.78 1.48
YC2 1091.2  Shuijingtuo Formation Black shale 2.31 1.71 YC4 709.5 Longmaxi Formation Black shale 1.62 1.47
®YC2 1101.9 Shuijingtuo Formation Black shale 3.19 2.51 YC4 717.6  Longmaxi Formation Black shale 1.37 1.44
YC2 1109.7  Shuijingtuo Formation Black shale 2.07 1.67 YC4 727.8  Longmaxi Formation Black shale 2.57 1.59
YC2 1115.7  Shuijingtuo Formation Black shale 1.69 1.63 "YC4 745.8 Longmaxi Formation Black shale 3.35 1.55
YC2 1130.9  Shuijingtuo Formation Black shale 2.40 2.02 YC4 755.6  Longmaxi Formation Black shale 4.33 1.37
YC2 1134.4  Shuijingtuo Formation Black shale 2.57 2.17 YC4 757.4  Longmaxi Formation Black shale 3.69 0.97
YC2 1147.7  Shuijingtuo Formation Black shale 1.38 1.58 YC4 761.3  Longmaxi Formation Black shale 4.51 1.74

2 Niop: total nitrogen content of shale sample.
b Shale samples used for pyrolysis experiments.

3.3. Pyrolysis experiment and product analysis

Anhydrous pyrolysis experiments on the three selected shale sam-
ples and their corresponding kerogen samples were carried out under
vacuum in a programmed muffle furnace. Procedures of such kind of
experimental have been described in Chen and Xiao (2014). Briefly, a
certain amount of shale samples (0.5-5.0 g) or kerogen samples
(0.2-1.0 g), which were pre-dried for 24 h at 60 °C in a vacuum oven,
were loaded into a series of quartz tubes (with an inner diameter of
30 mm and a volume of 100.9 mL). Each tube was evacuated for 5 min
to displace the residual air in the tube and then sealed with oxyhy-
drogen flame (Fig. 2a).

The three shale samples, three kerogen samples and vitrinite-rich
coal were simultaneously heated in the furnace from room temperature
to a preset temperature at a heating rate of 200 °C/h and then hold for
24 h. The pyrolysis temperatures of overmature shale samples YC2R
and YC4R and their kerogen counterparts were set within the range
600-900 °C with 25 or 50 °C intervals, whereas those for the low-ma-
turity shale sample J7R and its kerogen counterpart, along with the
vitrinite-rich coal samples, were set within the range of 300-900 °C.
Once the designed pyrolysis temperature and time were reached, the
furnace was opened, and the quartz tubes were removed after their
temperatures dropped below 100 °C. Every heating run was performed
on a new batch of powdered samples. During experiments, the accuracy
of temperature measurements was better than = 0.5 °C.

The yields of methane and molecular nitrogen generated from
shales and kerogens were measured with an Agilent 7890 A gas chro-
matography (GC). The gas collecting device and analytical procedure

VACUUM METER

three-way valve, )

Standard gas

are similar to those adopted by Pan et al. (2006) and shown in Fig. 2b.
When valve A is opened and valves B, C, and D are shut down, the
whole device was evacuated to an internal pressure of less than
1 x 1072 Pa. After the entire device was evacuated, a thin top of the
tube was crushed by a plier to release the pyrolytic gas into the va-
cuumed system (Fig. 2b). After 60 s, gas components fill the whole
system except the segment between valves B and C. When valve B is
opened, a specific amount of gas was automatically introduced into the
GC system.

The GC is equipped with one flame ionization detector (FID) and
two thermal conductivity detector (TCD) for analyzing gas hydro-
carbons and nonhydrocarbons, and high-purity helium (99.9999%) was
used as carrier gas. The oven temperature for gas analysis was initially
held at 70 °C for 6 min, ramped from 70 to 180 °C at 15 °C/min, and
then held at 180 °C for 4 min. A test with external standard gases in-
dicated that this device has a relative error of less than 0.5% for me-
thane and of less than 4.0% for molecular nitrogen.

After the gas components were analyzed, the solid residues at each
temperature point were recovered and subjected to analyses of TOC
content, nitrogen content and XPS.

4. Results and discussion
4.1. Organic geochemistry and mineralogy

In general, Longmaxi shales collected from well YC4 had a TOC
range of 1.2-4.5% with total nitrogen content (N,) ranging from 1.0 to
1.9 mg/g shale, whereas the range of TOC and N, contents of Lower
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Fig. 2. Schematic diagram showing the quartz tube pyrolysis system for sealing quartz tubes (a) and gas analysis (b, modified from Pan et al., 2006).
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Fig. 3. Nitrogen content versus total organic carbon (TOC) content for the three
shales and their kerogen samples. The N/TOC ratios for coal or kerogen samples
are mainly between 0.01 and 0.02, and N/TOC ratios greater than 0.02 indicate
the presence of inorganic nitrogen.

Cambrian shales collected from well YC2 are 1.4-3.8% and 1.6-2.8 mg/
g shale, respectively (Table 1; Fig. 3). The black shales from the two
wells have similar TOC contents but distinct N, contents, which is
beneficial to their comparative study of nitrogen release during pyr-
olysis.

The two selected shales for pyrolysis experiments, i.e., the Lower
Cambrian shale sample YC2R and the Lower Silurian shale sample
YCA4R, have respective TOC contents of 3.19% and 3.35% (Table 2). The
organic fraction of the Lower Paleozoic shales in the study area is
dominated by maceral assemblages of micrinite and pyrobitumen
formed by the cracking of retained oil in shales (Tian et al., 2013,
2015). The measured mean pyrobitumen reflectance values for samples
YC2R and YC4R are 2.85% and 3.04% (Table 2), respectively, in-
dicating that they have similar maturity levels and both are within the
stage of dry gas generation. The Mesoproterozoic Xiamaling sample J7R
has a TOC content of 3.26%, whose organic fraction is dominated by
bitumen, lamalginite, liptodetrinite, and amorphous organic matter
(AOM) (Zhang et al., 2007). This sample has a measured mean bitumen
reflectance of 0.74%, and the Tmax value from Rock-Eval pyrolysis is
437 °C, which corresponds to an EqVRo value of 0.71% based on the
equation of EQVRo = 0.018 X Tmax —7.16 (Jarvie et al., 2001), in-
dicating an early mature stage with respective to hydrocarbon gen-
eration (Table 2).

The mineralogical compositions of samples YC2R and YC4R are
dominated by quartz and clays (greater than 70%), and these two shales
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have similar amounts of feldspar and pyrite but the former has lower
quartz content (27.4%) and higher carbonate content (14.6%) than the
latter (40.9% and 5.5%, respectively). Sample J7R is also dominated by
quartz (51.8%) and clays (36.3%), and has a feldspar content and a
carbonate content of 9.3% and 2.6%, respectively.

Table 2 presents the nitrogen contents of the three shales and their
kerogens. Although the TOC contents of the three shale samples are
similar, their Ny, are quite different. Sample YC2R has a Ny, value of
2.51 mg/g shale and a N;./TOC ratio of 0.0787; samples YC4R and J7R
have similar N, values (1.52-1.55 mg/g shale) and N,/TOC ratios
(0.0463-0.0466) (Table 2). The kerogen nitrogen (organic nitrogen,
Norg) contents range from 7.76 to 11.84 mg/g kerogen; however, the
kerogens have lower No./TOC ratios, which are in the range of
0.0162-0.0196, much lower than the shale samples (Table 2). Early
studies have illustrated that the nitrogen contents of coals or kerogens
(all the nitrogen is regarded as organic nitrogen) range mostly from 5 to
20 mg/g (Littke et al., 1995; Jurisch et al., 2012), and the N/TOC ratios
range mainly between 0.01 and 0.02 (Fig. 3). Thus, the greater N/
TOC values (0.0463-0.0787, Fig. 3) for the three shale samples indicate
significant contribution of inorganic nitrogen (Jurisch et al., 2012).
According to the difference between the Ny,/TOC ratios of shale sam-
ples and their kerogen N,,;/TOCy ratios, the Lower Cambrian shale
sample YC2R contains more inorganic nitrogen than the Lower Silurian
shale sample YC4R and the Mesoproterozoic Xiamaling shale sample
J7R (Table 2).

4.2. Pyrolysis temperature and vitrinite reflectance

Due to the limited amount of solid residues after pyrolysis experi-
ments of shale or kerogen samples, it is difficult to prepare polished
blocks to measure the pyrobitumen reflectance. Moreover, the con-
version of pyrobitumen reflectance to equivalent vitrinite reflectance
(EqVRo) is also a complex task due to the various conversion equations
proposed by different authors (Mastalerz et al., 2018). It is generally
accepted that the thermal maturity of sedimentary organic matter or
the rank of coal depends mainly on their thermal history (Waples, 1980;
Sweeney and Burnham, 1990), and therefore, the EqQVRo values of the
shale or kerogen samples are represented by the vitrinite reflectance
(VRo) values of the coal samples that have experienced the same pyr-
olysis procedure as shale or kerogen samples.

However, it is worthy to note that the measured VRo value of coal at
300 °C is 0.69%, smaller than the original EQVRo value of the Xiamaling
shale sample J7R (0.71%). This is caused by the smaller original Ro
value of coal sample (0.56%), and therefore the real EqQVRo value for
the Xiamaling shale J7R at 300 °C is 0.71% rather than 0.69%. Thus,
within the pyrolysis temperature range used in this study (Fig. 4), the
EqVRo values of overmature shale samples YC2R and YC4R and their
corresponding kerogen samples are in the range of 3.0-4.9%, whereas
they vary between 0.71 and 4.9% for the Xiamaling shale sample J7R
and its kerogen sample.

Table 2
Geochemical data of the three shales and their kerogens used for pyrolysis experiments.
Shale Kerogen
Formation Lithology Mean bitumen reflectance  TOC (wt. Niot (Mg/  Ninorg” (Mg/  Nio/TOC TOC,” (wt. Norg” (Mg/  Nirg/TOCy
(%) %) 2) 2) %) g)
YC2R Lower Cambrian Black shale 2.85 3.19 2.51 1.91 0.0787 YC2K 49.08 9.25 0.0188
Shuijingtuo Formation
YC4R Lower Silurian Black shale 3.04 3.35 1.55 1.01 0.0463 YC4K 47.82 7.76 0.0162
Longmaxi Formation
J7R Mesoproterozoic Black shale 0.74 3.26 1.52 0.88 0.0466 J7K 60.41 11.84 0.0196

Xiamaling Formation

@ Ninorg: inorganic nitrogen content of shale sample; The Niporg values were calculated by the following formula: Ninorg = Nior- Norg/TOCk X TOCgnale.

> TOC,: total organic carbon content of kerogen sample.
€ Norg: Organic nitrogen content of kerogen sample.
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Fig. 4. Changes of equivalent vitrinite reflectance (EqQVRo) values of shale
samples with pyrolysis temperatures. The EqQVRo values are equivalent to the
measured vitrinite reflectance (VRo) values of vitrinite-rich coal samples at
different pyrolysis temperatures except for the temperature of 300 °C at which
the measured VRo value is 0.69%, smaller than the real EqVRo value of 0.71%
for the Xiamaling shale sample (J7R) (see details in text).

4.3. Gas yields in pyrolysis experiments

4.3.1. Pyrolytic liberation of methane

Fig. 5 shows the yields of methane generated from the three shales
and their kerogen samples. The highest yield of methane is observed for
the low-maturity Xiamaling shale (J7R), while the amount of methane
generated from the two overmature shale samples YC2R and YC4R is
quite limited (Table 3). In addition, the methane yield of all shale
samples shows a decreasing trend (gray shadows in Fig. 5) after 650 °C
(EqVRo = 3.4%). Previous studies also observed such a decreasing
trend of methane yield at very high pyrolysis temperatures (Krooss
et al., 1995; Littke et al., 1995; Heim et al., 2012; Jurisch et al., 2012).
The decrease in the cumulative yield of methane during pyrolysis in-
dicates that methane is cracked in the experimental system, i.e., me-
thane decomposition into carbon and hydrogen (Reinoso, 1998;
Muradov and Veziroglu, 2005; Lee et al., 2008). Due to the strong C-H
bonds, noncatalytic thermal cracking of methane usually requires
temperatures higher than 1100 °C, but the required temperature can be
significantly reduced when catalyst is present (Muradov and Veziroglu,
2005; Lee et al., 2008), and carbonaceous materials usually play a
catalytic role in methane decomposition (Reinoso, 1998; Lee et al.,
2008). Given that kerogen contains a variety of complex carbonaceous
structures, they may have played a catalytic role in rupturing the C-H
bond of methane at very high pyrolysis temperatures, which is likely
one of the reasons why methane starts to decompose at 650 °C in the
present isothermal pyrolysis experiment.

4.3.2. Pyrolytic liberation of molecular nitrogen

In the present study, the measurable N, generation starts at 300 °C
for the low-maturity shale J7R and at 600 °C for the overmature Lower
Paleozoic shale samples; the N, yield of the three shale samples all
increased rapidly after 650 °C and continued to 900 °C (Fig. 5). This is
consistent with previous studies that the N, generation from shales or
coals may continue to pyrolysis temperatures as high as 1100-1200 °C
(Krooss et al., 1995; Littke et al., 1995; Heim et al., 2012; Jurisch et al.,
2012). Because the molecular nitrogen yield increases continuously
during pyrolysis and the methane yield decreases after 650 °C, the
difference between the molecular nitrogen and methane yields gradu-
ally narrow. At temperatures greater than 800 °C, the molecular
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Fig. 5. Comparison of methane and molecular nitrogen yields of low-maturity
shale J7R (a), overmature Lower Cambrian YC2R (b) and overmature Lower
Silurian YC4R (c) as well as their kerogen samples. The gray-shaded zone in-
dicates that the methane yield begins to decrease at temperatures above 650 °C,
and the red-shaded part indicates that the nitrogen yield is higher than the
methane yield above 800 °C. (For interpretation of the references to colour in
this figure legend, the reader is referred to the Web version of this article.)

nitrogen yields of the overmature shale samples YC2R and YC4R exceed
the methane yields (Fig. 5b and c). However, the methane yield of the
low-maturity Xiamaling shale J7R is always higher than the molecular
nitrogen yield, even above 800 °C (Fig. 5a).

Fig. 5 also reveals that the shale samples have much higher N,
yields than their kerogen samples when the N, yields are normalized to
TOC. Molecular nitrogen generated from shale samples during pyrolysis
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Table 3
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Yields of methane and molecular nitrogen generated from the shales and corresponding kerogen samples and the nitrogen and TOC contents in the solid residues after

pyrolysis experiments.

Temperature EqVRo CHy Ny N, Neot TOC  N;o/TOC CHy4 Ny Ny Norg TOCk  Norg/TOC
Q) (%) mg/g TOC mg/g TOC mg/g Ny, mg/gshale wt.% mg/g TOC, mg/g TOC, mg/g Nz mg/g kerogen wt.%

Sample J7R Sample J7K
300 0.71 0.91 1.68 36.06 1.52 3.26  0.047 1.25 0.27 13.80 11.84 60.24  0.020
350 0.93 7.56 2.06 44.11 1.52 2.98 0.051 6.44 0.26 13.29 12.06 60.83 0.020
400 1.18 30.61 2.10 45.10 1.49 2.81 0.053 21.40 0.32 16.28 12.61 61.04 0.021
450 1.51 70.25 2.61 56.08 1.52 2.78  0.055 55.50 0.42 21.18 11.88 62.22 0.019
500 1.95 109.40 2.96 63.59 1.31 2.83  0.046 90.25 0.57 29.25 11.66 62.88 0.019
550 2.55 136.23 3.02 64.86 1.07 2.83 0.038 132.24 0.65 33.25 11.34 62.03 0.018
600 3.03 162.84 3.68 78.95 0.85 2.88  0.030 154.23 0.98 49.79 11.09 61.50 0.018
625 3.26 164.72 4.08 87.50 0.80 2.83  0.028 154.08 1.01 51.50 10.58 59.84 0.018
650 3.42 163.75 4.63 99.34 0.68 2.83 0.024 152.10 1.30 66.32 9.81 59.32 0.017
675 3.74 163.49 4.91 105.26 0.70 2.81 0.025 145.47 1.60 81.38 9.28 58.81 0.016
700 3.83 155.58 5.06 108.55 0.64 2.65 0.024 141.12 1.77 90.32 8.98 58.08 0.015
725 4.14 145.44 5.52 118.42 0.61 276 0.022 133.51 2.10 107.27 8.24 57.61 0.014
750 4.18 121.77 6.20 132.89 0.56 2.52 0.022 107.41 2.70 137.72 8.02 55.17 0.015
775 4.39 106.65 7.18 153.95 0.61 2.44  0.025 94.55 3.64 185.69 7.64 55.39 0.014
800 4.48 96.03 8.10 173.68 0.49 2.27  0.022 82.59 4.57 233.27 6.94 54.62 0.013
850 4.67 76.23 10.49 225.00 0.45 1.90 0.024 63.39 6.88 351.16 6.35 53.74 0.012
900 4.88 53.50 12.58 269.74 0.41 1.74  0.024 38.40 8.87 452.31 5.95 53.91 0.011

Sample YC2R Sample YC2K
600 3.03 14.04 2.88 36.63 2.51 3.19 0.079 14.03 0.31 16.67 9.10 49.03 0.019
625 3.26 18.93 3.90 49.61 2.23 3.25  0.069 18.25 0.46 24.36 8.91 48.64 0.018
650 3.42 22.21 5.05 64.20 1.80 311 0.058 21.20 0.55 29.37 8.14 4835 0.017
675 3.74 22.14 5.35 67.96 1.62 296 0.055 21.10 1.08 57.30 8.12 47.94 0.017
700 3.83 21.24 6.11 77.69 1.58 2.86 0.055 19.71 1.36 72.39 7.26 47.74 0.015
725 4.14 19.00 5.92 75.26 1.41 2.68  0.053 15.88 1.53 81.43 7.20 47.96 0.015
750 4.18 16.79 7.17 91.18 1.33 2.55  0.052 14.19 2.47 131.31 7.10 47.50 0.015
775 4.39 16.39 7.52 95.62 1.25 2.18 0.057 10.85 2.62 139.26 6.24 47.19 0.013
800 4.48 12.33 9.09 115.54 1.18 226 0.052 9.41 4.12 218.47 5.98 45.93 0.013
850 4.67 9.81 10.82 137.45 1.05 1.94 0.054 7.40 5.77 306.12 5.51 45.31 0.012
900 4.88 8.64 13.01 165.34 0.94 1.66 0.057 5.39 7.74 410.83 5.22 45.27 0.012

Sample YC4R Sample YC4K
600 3.03 8.57 1.24 26.79 1.54 3.20 0.048 6.94 0.25 15.47 7.40 48.46  0.015
625 3.26 9.55 1.70 36.77 1.51 3.15 0.048 8.68 0.38 23.43 7.48 47.12 0.016
650 3.42 10.20 2.26 48.90 1.21 3.07 0.039 8.89 0.54 33.16 6.76 47.31 0.014
675 3.74 10.07 2.57 55.46 1.15 2.84  0.040 8.49 0.78 48.18 6.64 45.76  0.015
700 3.83 9.66 2.65 57.18 1.03 2.78  0.037 8.15 1.02 62.67 6.61 46.98 0.014
725 4.14 9.12 3.49 75.35 1.00 2.75 0.036 8.00 1.76 108.33 6.30 45.38 0.014
750 4.18 7.88 3.90 84.37 0.95 2.52  0.038 7.52 1.98 122.32 5.98 45.04 0.013
775 4.39 7.53 4.18 90.32 0.93 2.46  0.038 6.14 2.35 145.08 5.58 4529 0.012
800 4.48 6.60 5.10 110.14 0.90 2.30 0.039 5.62 3.07 189.14 5.31 44.43 0.012
850 4.67 4.92 6.43 138.92 0.82 213  0.038 4.19 4.43 273.20 4.89 45.04 0.011
900 4.88 3.23 8.14 175.83 0.74 1.96 0.038 2.64 5.96 367.27 4.19 44.02 0.010

comes from both organic nitrogen in kerogen and inorganic nitrogen in
minerals, whereas it is only generated from organic nitrogen in the case
of kerogen (Jurisch et al., 2012). Therefore, the difference in molecular
nitrogen yield (mg/g TOC) between shales and their corresponding
kerogen samples can reflect the contribution of inorganic nitrogen. In
the present study, the difference in N, yield between the Lower Cam-
brian shale sample (YC2R) and its kerogen (YC2K) is from 2.6 to
5.3 mg/g TOC, whereas the difference for the Lower Silurian shale
sample (YC4R) and its kerogen (YC4K) is only 0.8-2.2 mg/g TOC
during pyrolysis (Table 3). Therefore, the contribution of inorganic
nitrogen to the molecular nitrogen generation of Lower Cambrian shale
is greater than that of the Lower Silurian shale. This is consistent with
the fact that the inorganic nitrogen content of YC2R is significantly
higher than that of YC4R (Table 2).

Fig. 6 further compares the molecular nitrogen yields normalized to
specific nitrogen species among different samples. The total N, yields of
the low-maturity shale sample J7R increase slowly from 36.1 to
99.3 mg/g Ny, at 300-650 °C (Fig. 6a). A rapid growth of N, generation
for shale J7R is observed in the temperature range of 650-900 °C, and
the maximum N, yield is 269.7 mg/g N, at the highest pyrolysis
temperature. The N, yields of the two overmature shale samples YC2R
and YC4R also increase with increasing pyrolysis temperature. At
900 °C, the total N, yields of shale samples YC2R and YC4R are 165.3

and 175.8 mg/g Ny, (Table 3), respectively. Therefore, the N, gen-
eration potential of overmature shale samples is significantly lower
than that of the low-maturity shale sample, which indicates that a
certain fraction of molecular nitrogen has been generated and released
from the present overmature shales during their early maturation stage
(Littke et al., 1995).

The molecular nitrogen generation curves of the three kerogen
samples are quite similar at 650-900 °C, below which the cumulative
yield of molecular nitrogen for the low-maturity kerogen J7K increases
slowly with increasing temperature and is only 66.3 mg/g N at
650 °C (Fig. 6b). This indicates that the contribution of organic nitrogen
to N, generation is limited before EqQVRo evolves to 3.4%. At 900 °C, the
maximum N, yields of the kerogen samples J7K, YC2K, and YC4K are
452.3, 410.8, and 367.3 mg/g N, (Table 3), respectively. Based on the
experimental results, the amount of N, generated from inorganic ni-
trogen in shale samples was calculated by deducting the amount of N,
generated by kerogen (Fig. 6b) from the amount of N, generated by
shale (Fig. 6a) according to nitrogen mass balance of the shale samples
(Table 2). The results show that the N, generation from the inorganic
nitrogen fraction in all the three shales is relatively rapid before 650 °C
compared to the sluggish increase at further elevated temperatures
(Fig. 6¢); in addition, at temperatures greater than 700-725 °C, the
inorganic N, yields (mg/g Ninorg) become much lower than the organic
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N, yields (mg/g Nog), indicating the N, generated from shales at very
high maturity would be dominated by organic N, if the inorganic and
organic nitrogen contents are similar in shales.

4.4. Evolution of TOC and nitrogen contents during pyrolysis

4.4.1. Changes of nitrogen and TOC contents

Progressive maturation of organic matter up to metamorphism af-
fects the concentration of organic and inorganic nitrogen species in
different ways (Boudou et al., 2008; Jurisch et al., 2012). The changes
of nitrogen contents with pyrolysis temperatures in shale and kerogen
samples are plotted in Fig. 7. It is evident that the evolutional trends of
nitrogen content are distinct at different pyrolysis stages, which is true
of both the Ny, in shales and organic nitrogen in kerogens. The Ny
abundance of the low-maturity Xiamaling shale J7R shows no obvious
change at the early stage of pyrolysis (300-450 °C) and then decreases
rapidly from 1.52 to 0.68 mg/g shale at 450-650 °C. With increasing
pyrolysis temperature, the Ny, decreases continuously and becomes as
low as 0.41 mg/g shale at 900 °C (Fig. 7a). The Ny, values of the two
overmature shale samples YC2R and YC4R also decrease continuously
during pyrolysis. From 600 to 900 °C, the Ny, values of the Lower
Cambrian shale YC2R drop from 2.51 to 0.94 mg/g shale, while they
decrease from 1.54 to 0.74 mg/g shale for the Lower Silurian shale
YC4R (Fig. 7a).

In general, the changes of nitrogen content of kerogen samples are
similar to those of their shale samples. The nitrogen content of the
kerogen sample J7K does not change much before 600 °C, after which it
begins to decrease with increasing pyrolysis temperatures. The changes
of nitrogen contents with pyrolysis temperature for kerogens YC2K and
YC4K are similar to those of kerogen J7 K at the 600-900 °C (Fig. 7b).
For example, at the temperature range of 600-900 °C, the kerogen ni-
trogen content decreases from 11.09 to 5.95 mg/g kerogen for sample
J7K, from 9.10 to 5.22 mg/g kerogen for sample YC2K, and from 7.40
to 4.19 mg/g kerogen for sample YC4K (Fig. 7b; Table 3). One reason
for this similarity in the changes of nitrogen contents during pyrolysis

Temp (°C) 300 400 500
EqVRo(%) 071 118 195

600 700 800 900
3.03 383 448 4.88

for the three kerogen samples is likely that they contain species of or-
ganic nitrogen that have similar thermal stability. Based on mass bal-
ance, the inorganic nitrogen contents (Njyorg) in residual shale samples
after pyrolysis were also calculated, and their evolutional trends with
pyrolysis temperature are presented in Fig. 7c, illustrating that they are
similar to those of total nitrogen contents and display a rapid decrease
in 450-650 °C followed by a sluggish reduction in 650-900 °C.

The TOC contents of the low-maturity Xiamaling shale J7R decrease
quickly from 3.26 to 2.81% at the initial stage of pyrolysis (300-400 °C)
and then keep largely constant at the 450-650 °C, after which they
decrease again and finally lower to 1.74% at 900 °C (Table 3). The TOC
contents of the two overmature shale samples YC2R and YC4R decrease
continuously during pyrolysis. From 600 to 900 °C, the TOC contents of
Lower Cambrian shale YC2R drops from 3.19 to 1.66%, while they
decrease from 3.20 to 1.96% for the Lower Silurian shale YC4R
(Table 3).

The TOC content of kerogen sample J7K changes little at
300-600 °C and then decreases continuously with increasing pyrolysis
temperature. Similarly, the TOC contents of the kerogens YC2K and
YC4K also decrease continuously at 600-900 °C. For example, from 600
to 900 °C, the TOC values of kerogen J7K decrease from 61.50 to
53.91%, from 49.03 to 45.27% for the kerogen YC2K and from 48.46 to
44.02% for the kerogen YC4K (Table 3).

4.4.2. N/TOC ratios for different samples

Based on the analytical dataset, we also attempted to identify the
systematic variations in N/TOC ratios with pyrolysis temperature. Early
studies reveal that N/TOC ratios of coals and carbonaceous rocks range
between 0.01 and 0.02 (Littke et al., 1995; Boudou et al., 2008;
Mavridou et al., 2008; Heim et al., 2012), while those of shales range
from 0.01 to 0.39 and show only a slight dependence on depositional
environments (Jurisch et al., 2012). The relationships between N, and
TOC contents for our three shales at different pyrolysis temperatures
are shown in Fig. 8a. It is evident that the relationships between Ny
and TOC values for the low-maturity shale J7R are obviously distinct
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Fig. 7. Change in nitrogen contents for the three black shales and their kerogen samples during pyrolysis. (a) The changes of total nitrogen content in shales (Ni,) can
be divided into three stages: almost no change below 450 °C, a rapid decline from 450 to 650 °C and a slower decrease above 650 °C. The organic nitrogen content in
kerogen (Norg) fluctuates before 600 °C and then gradually decreases above 600 °C (b). The evolutional trends of inorganic nitrogen contents (Njnorg) are similar to
those of total nitrogen contents, showing a rapid decrease in 450-650 °C followed by a sluggish reduction in 650-900 °C (c).
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Fig. 9. N 1s XPS and C 1s XPS spectra with curve-fitted subpeaks for the Xiamaling shale sample J7R that contains ammonium illite (a and b) and its corresponding
kerogen sample J7K (c and d). The N 1s XPS spectra shale sample J7 R (b) features an N-Q2 subpeak at approximately 402.7 eV, unlike the kerogen J7 K spectra (d);
thus, the N-Q2 subpeak can reflect the characteristics of inorganic nitrogen in shales, which has been confirmed in previous studies (Daniels and Altaner, 1993;
Boudou et al., 2008). Organic nitrogen is usually reflected by subpeaks of N-6, N-5, N-Q1, and N-X XPS (b and d), which are pyridinic nitrogen, pyrrolic or pyridinic
nitrogen, quaternary nitrogen, and nitrogen oxide, respectively (see details in Boudou et al., 2008).

during different pyrolysis stages. At the initial pyrolysis stage
(EqQVRo = 0.7-1.5%), the TOC content of shale J7R decreases with
maturation but only minor changes are observed for N content,
leading to an increased Ny,,/TOC ratios at this stage (Table 3); however,
at the thermal evolution stage of EQVRo = 1.5-3.4%, the TOC values
change little but the N, values are reduced significantly, resulting in a
sharp increase in the N,/TOC ratios of shale J7R from 0.055 to 0.026
(Table 3); at late pyrolysis (EQVRo > 3.4%), both the TOC and Ny
contents of shale J7R both decrease, and therefore the N,.,/TOC ratios
are largely unchanged. In summary, the relations between Ny, and TOC
contents of the low-maturity shale J7R are divided into three stages
over the whole thermal evolution process (Fig. 8a). Because the ma-
turity of the other two shale samples YC2R and YC4R matched the late
stage of dry gas generation (EqQVRo = 3.0%), the relations between Ny,
and TOC contents of the two samples are similar to the relations in the
second and third stages of low-maturity sample J7R in the N-TOC
diagram, i.e., the N,/TOC ratios of YC2R and YC4R first decline ra-
pidly at the of pyrolysis temperatures of 600-650 °C and then keep
largely constant with minor changes (Table 3; Fig. 8a).

The N,/ TOC; ratios for the three kerogen samples during pyrolysis
are quite different from those of their corresponding shale samples
(Fig. 8b). One of the distinct characteristics is that both the low-ma-
turity kerogen J7K and the overmature kerogens YC2K and YC4K have
Norg/TOCy ratios in the range of 0.01-0.02 during the whole pyrolysis
experiments. For kerogen sample J7K, both the TOC and organic ni-
trogen contents slightly first increase and then decrease during pyr-
olysis (Fig. 8b). The N,/TOCj ratios of the kerogen sample J7K vary
around 0.02 at EQVRo = 0.7-1.5% and then decreases gradually with
increasing thermal maturity, approximately approaching to 0.01 at the
end of pyrolysis. Similarly, the N./TOCy ratios of kerogen samples
YC2K and YC4K also decrease gradually and approach to the value of
0.01 with increasing thermal maturity (Fig. 8b).

4.5. Evolution of nitrogen species during pyrolysis

4.5.1. Deconvolution of N 1s XPS spectra: subpeaks of inorganic and
organic N
Chemical-structural assignments of N 1s XPS spectra were guided
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by known binding energies of nitrogen in model compounds and pur-
ified substrates (Pels et al., 1995; Casanovas et al., 1996; Gammon
et al., 2003; Boudou et al., 2008). The chemical speciation of organic
nitrogen (N,r) within organic matter changes with time and matura-
tion during burial. Progressive thermal evolution of organic matter
involves phases of enhanced elimination of N and ultimately pro-
duces graphite containing only traces of nitrogen (Boudou et al., 2008).
Organic nitrogen species are usually identified by subpeaks of N-6, N-5,
N-Q1, and N-X XPS (Fig. 9), corresponding to pyridinic nitrogen, pyr-
rolic or pyridinic nitrogen, quaternary nitrogen, and nitrogen oxide,
respectively (Pels et al., 1995; Casanovas et al., 1996; Gammon et al.,
2003; Boudou et al., 2008). Ammonium salts, such as ammonium illite
and ammonium feldspar, are typical forms of inorganic nitrogen
(Boudou et al., 2008; Dai et al., 2018). The N 1s XPS evidence for an
ammonium is the subpeak N-Q2, which occurs at a relatively high
binding energy and has been corroborated by previous studies (Buckley
et al., 1995; Gong et al., 1999; Boudou et al., 2008).

No K 2p XPS peaks in the binding energy range of 293.7-296.7 eV
are identified in our kerogen samples (Fig. 9¢), indicating that there are
no mineral-hosted ammonium. The N 1s XPS spectra of the shale
sample J7R feature a N-Q2 Lorentzian-Gaussian subpeak at approxi-
mately 402.7 eV, which, however, is not identified in the spectra of
kerogen J7K (Fig. 9 b, d). Previous studies have suggested that the N-Q2
subpeak reflects the ammonium in illite, which has been confirmed by
XRD (Daniels and Altaner, 1993; Boudou et al., 2008). Therefore,
subpeak N-Q2 can be used to investigate the changes in inorganic ni-
trogen content in shales during pyrolysis, whereas subpeaks N-6, N-5,
N-Q1, and N-X indicate the structural characteristics of organic nitrogen
(Boudou et al., 2008).

4.5.2. Inorganic nitrogen: changes in subpeak N-Q2

N 1s XPS spectra with curve-fitted subpeaks for the low-maturity
shale J7R during pyrolysis process are shown in Fig. 10. One obvious
feature is that the subpeak N-Q2 does not change significantly before
450 °C (Fig. 10b); however, its relative intensity declines rapidly from
450 to 650 °C (Fig. 10c) and then remains largely constant at further
elevated temperatures (Fig. 10d).

Semi-quantitative XPS analysis shows that the relative intensity of
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Fig. 10. N 1s XPS spectra with curve-fitted subpeaks for the low-maturity shale
J7R in pyrolysis experiments. The relative intensity of the N-Q2 subpeak de-
clines rapidly from 450 to 650 °C, indicating that inorganic nitrogen in shale is
released in large quantities at this stage. An evident decrease in the relative
intensity for subpeaks N-6 and N-5 and a significant increase in the N-Q1
subpeak at temperatures above 650 °C indicate that organic nitrogen has been
released in large amounts.

the N-Q2 subpeak of the Lower Cambrian shale YC2R is obviously
higher than the intensities of other subpeaks (Fig. 11a), but the N-Q2
subpeak of the Lower Silurian shale YC4R is not the highest peak of
among the XPS subpeaks (Fig. 11d), which is consistent with the fact
that the inorganic nitrogen content of shale YC2R is greater than that of
shale YC4R (Table 2). Like the Xiamaling shale J7R, the relative in-
tensities of the N-Q2 subpeak of the Lower Cambrian shale YC2R and
the Lower Silurian shale YC4R were significantly reduced at 650 °C,
after which they are only lowered in a minor extent (Fig. 11). In
summary, the inorganic nitrogen in our shale samples is mainly re-
leased at temperatures before 650 °C, no matter the original content of
inorganic nitrogen is high or low (Figs. 10 and 11).
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4.5.3. Organic nitrogen: subpeaks N-6, N-5, N-Q1, and N-X

Subpeaks N-6, N-5, N-Q1, and N-X of the organic nitrogen corre-
spond to nitrogen with mean binding energies of 398.8 eV, 400.3 eV,
401.6 eV, and 403.7 eV, respectively, when the maximum of the C 1s
envelope is calibrated to 284.8 eV in this study. In the process of pyr-
olysis, the relative intensities of various subpeaks of organic nitrogen in
Xiamaling shale keep largely constant below 450 °C (Fig. 10b), then
followed by a reduction at higher temperatures (Fig. 10c); an evident
decrease in subpeaks N-6 and N-5 is especially noticed, while the N-Q1
subpeak significantly increases in intensity after 650 °C (Fig. 10d).
These observations indicate that the significant release of organic ni-
trogen begins at an EqVRo value of 3.4% and increases with increasing
thermal maturity.

The chemical structures of organic nitrogen in overmature shale
samples YC2R and YC4R vary quite similarly during pyrolysis. For ex-
ample, except the relative intensity of the N-X subpeak decreases to a
certain extent, the subpeaks N-6, N-5, and N-Q1 of shale YC4R and
YC2R do not change much at 650 °C (Fig. 11 b, e). When the pyrolysis
temperature reaches 850 °C, the subpeaks N-6, N-5, and N-X of shale
YCA4R and YC2R decrease strongly, whereas the subpeak N-Q1 increases
significantly (Fig. 11 c, ), which is consistent with the results of Boudou
et al. (2008) who attributed the increase of N-Q1 to either its selective
preservation inside aromatic carbon lattices or neoformation in con-
densed ring systems.

4.5.4. Implications for release order of nitrogen of different species

The aforementioned results show that the timing of nitrogen release
from different nitrogen structures is distinct during thermal evolution.
According to the XPS characteristics of the three shale samples, the
inorganic nitrogen, hosted mainly in ammonium minerals and re-
presented by the N-Q2 subpeak, is released earlier than the organic
nitrogen bound in kerogen (Figs. 10 and 11). In light of the results from
the present pyrolysis results, the major reduction of N-Q2 subpeak oc-
curs before 650 °C (Figs. 10 and 11), which is consistent with the
generation profile of inorganic molecular nitrogen (Fig. 6¢) and the
rapid reduction of N/TOC ratios of bulk shale samples in the EqQVRo
range of 1.5-3.4% (Fig. 8a), and may indicate that the molecular ni-
trogen generated within the hydrocarbon gas window (EqVRo <

3.4%) is likely mainly derived from the release of inorganic nitrogen
when the inorganic and organic nitrogen contents are comparable in
shales.

After the major release of inorganic nitrogen (e.g., EQVRo > 3.4%),
kerogen becomes increasingly aromatic, with smaller aromatic ring
structures condensing to form larger polyaromatic clusters (Beyssac
et al., 2002). At this time, the methane generation potential is ex-
hausted and the kerogen samples continued to release the reactive ni-
trogen species which is primarily located along the edge of condensed
and partially aromatic systems and characterized by the N-6 and N-5
subpeaks (Figs. 9-11). During this process, the yield of molecular ni-
trogen generated from kerogen samples (mg/g N,) increases rapidly
(Fig. 6b), indicating that the organic nitrogen in kerogen is mainly re-
leased as molecular nitrogen.

The above observations indicate that the molecular nitrogen asso-
ciated with the process of methane formation (EqVRo < 3.4%) is
preferentially derived from the inorganic nitrogen in ammonium-
bearing minerals (Fig. 6 b, c), and therefore the potential of molecular
nitrogen from a shale at this thermal maturity stage is mainly de-
termined by the content of inorganic nitrogen. At EQVRo > 3.4%, the
methane potential is exhausted and the organic nitrogen in kerogen
begins to be released in large quantity, leading to the rapid generation
of organic molecular nitrogen (Fig. 6b). Therefore, maturity level has a
profound influence on the yield of molecular nitrogen derived from
kerogen and exceptionally high maturity may increase the risk of mo-
lecular nitrogen. This is consistent with previous studies that natural
gas with a high content of molecular nitrogen (> 50%) in the Northern
German Basin is mainly derived from coal-bearing strata with Ro values
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Fig. 11. N 1s XPS spectra with curve-fitted subpeaks for the two overmature shale samples YC2R and YC4R in pyrolysis experiments.

greater than 3.5% and very high organic matter content (Krooss et al.,
1995). Similarly, the No-rich Lower Cambrian shale strata (greater than
90% on average, Jiao et al., 2017) in southern China are also organic-
rich (average TOC > 7%) and have EqVRo values greater than 4.0%
(Li et al., 2017). However, only a minor content of molecular nitrogen is
present in the Lower Silurian shales (average content is less than 2.2%,
see in Dai et al., 2014; Zhang et al., 2018), which have lower maturity
and lower TOC content than the Lower Cambrian shales (Zou et al.,
2010; Tian et al., 2013; Dai et al., 2014, 2016; Pan et al., 2016).
Therefore, source rocks with exceptionally high maturity and a high
abundance of organic nitrogen likely indicate high molecular nitrogen
risk. In addition, the preservation conditions of shale gas also have an
influence on its composition because high contents of molecular ni-
trogen in southern China were mostly encountered in regions where
deep-seated faults are extended to surface (Su et al., 2019; Wu et al.,
2019). In such cases, the early generated methane may be lost to var-
ious extents and the shale reservoirs would be recharged with the late-
generated No-rich gas at EQVRo > 3.4% stage. Moreover, the addition
of molecular nitrogen into the shale gas may accelerate methane des-
orption by reducing its partial pressure, especially when the shale re-
servoirs are characterized with fractures and have high permeability
(Bustin et al., 2016; Li and Elsworth, 2019), further leading to the re-
lative enrichment of molecular nitrogen. In summary, when the mole-
cular nitrogen risk is taken into account during overmature shale gas
exploration in regions of complex tectonic history, the upper limit of
shale maturity for successful shale gas exploration may need to be
specifically assessed in terms of the generation potential of molecular
nitrogen from different nitrogen species in shales.

5. Conclusions

Two overmature Lower Paleozoic black shales and one low-maturity
shale with similar kerogen type and TOC content but different nitrogen
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compositions were used to investigate the nitrogen release during
pyrolysis experiments. Based on the experimental results, the char-
acteristics of molecular nitrogen generation from different nitrogen
species and the molecular nitrogen risk of overmature Lower Paleozoic
black shales were tentatively discussed. The main conclusions are
summarized below.

(1) The maximum molecular nitrogen yields at EQVRo = 4.9%, nor-
malized to total nitrogen content (N,), of the two overmature
shales (EQVRo = 2.85-3.04%) vary between 165 and 176 mg/g
N, approximately 61-65% of those for the low-maturity shale
(EqQVRo 0.7%). This indicates that the overmature shales have
released nitrogen in geological history but still have great potential
of molecular nitrogen generation at higher thermal maturity levels.

(2) Thermal maturity is the main controlling factor for molecular ni-
trogen release from kerogen. The amount of molecular nitrogen
from kerogen is limited within methane generation stage
(EqVRo < 3.4%), but begins to increase rapidly at EQVRo values
greater than 3.4%, illustrating that the main formation stage of
molecular nitrogen from Type II marine kerogen is consistent with
type III kerogen (Krooss et al., 1995).
Different from the generation of molecular nitrogen from kerogen,
the molecular nitrogen generation from ammonium-bearing mi-
nerals in the present experimental conditions mainly occurs at
EqVRo values smaller than 3.4%, and it generation potential in the
EqVRo range of 3.4-4.9% becomes quite limited. In addition, at the
maximum experimental thermal maturity (EqQVRo 4.9%), the
inorganic molecular nitrogen yield (mg/g Ninorg) is much lower
than the organic molecular nitrogen yield (mg/g No,), which fur-
ther indicates that exceptionally high maturity and high abundance
of organic nitrogen are likely the main controls on the high content
of molecular nitrogen in Lower Cambrian shales in South China.

3
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Nomenclature

Niot total nitrogen content

Norg organic nitrogen content

Ninorg inorganic nitrogen content

TOC total organic carbon content of shale

TOC total organic carbon content of kerogen

VRo vitrinite reflectance measured from the vitrinite-rich coal
sample

EqVRo equivalent vitrinite reflectance

N-6 pyridinic nitrogen atom in an aromatic ring

N-5 pyrrolic nitrogen atom in a non-aromatic ring, or pyridinic
nitrogen atom in rings bearing oxygen-containing sub-
stituents

N-Q1 quaternary nitrogen, a nitrogen atom is bonded to three
carbon atoms within a condensed, partially aromatic system

N-Q2 inorganic nitrogen fixed in ammonium-bearing minerals

N-X nitrogen oxide
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