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Whether mudstone is rich in or free of organic matter has a great influence
on the occurrence of water. Comparing different types of water in organic-
rich and organic-free mudstones is helpful for further understanding the role
of water in hydrocarbon generation. Thermogravimetric analysis (TGA) and
differential thermal analysis (DTA) combined with mass spectrometry (MS) afford
the opportunity to identify the mass change, reactions and products of the
sample in a real-time monitored heating process. This study compared the
pyrolysis characteristics of an organic-rich mudstone (CN1) and an organic-
free mudstone (CW1) by using the TGA/DTA-MS method to estimate the
content of different types of H2O and CO2 in organic-rich mudstones. The
results show that the mass changes in CN1 and CW1 can be divided into
the three thermogravimetric (TG) stages of 0°C–200°C, 200°C–650°C, and
650°C–900°C, while the peak temperatures of H2O and CO2 obtained through
MS are different for CN1 and CW1. The differences in mineral components and
organic matter between CN1 and CW1 suggest that the MS peaks of H2O and
CO2 in CW1 are mainly influenced by clay and carbonate minerals, and that
those of CN1 are also influenced by organic matter. In addition, quantification
equations for CO2 and H2O contents from both the organic and inorganic origin
of the organic-rich mudstone can be established by using the MS peak area of
CO2 and H2O, mass loss in TGA and the mineral composition of the organic-
free mudstone. This work provides useful insights for further understanding the
hydrocarbon generation mechanism, as well as quantifying different types of
water in organic-rich mudstones.
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1 Introduction

In recent years, organic-inorganic interactions during
hydrocarbon generation and preservation in source rocks has
increasingly received attention (Ballice, 2005; Sert et al., 2009; Al-
Harahsheh et al., 2011; Yan et al., 2013; Pan et al., 2016; Zhu et al.,
2021; Gao et al., 2023), especially the role of water in petroleum
formation, which researchers have proven to be very important (Jurg
and Eisma, 1964; Hoering, 1984; Hunt et al., 1991; Lewan, 1997;
Lewan and Roy, 2011; Kuila et al., 2014). The water in mudstones
is present in different forms, such as adsorption water, interlayer
water, crystal water and structural water (Földvári, 1991). Mudstone
can be rich in organic matter or free of organic matter, which has a
great influence on the occurrence of water, such as interlayer water
acting as “water bridges” that bind montmorillonite and organic
matter together in organo-clay complexes (Mortland, 1970; Yariv
and Cross, 2001; Yariv, 2004; Cai et al., 2012). Thus, quantifying
the content of different types of water and understanding the
relationship between water and organic matter during the pyrolysis
process of organic-rich mudstones and organic-free mudstones
are helpful for further understanding the influence of water on
hydrocarbon generation.

At present, the common methods of water quantification in
rocks are Dean Stark, Retort, Thermogravimetric analysis (TGA),
Karl FischerTitration (KF), andNuclearmagnetic resonance (NMR)
(Coburn et al., 1989; Larsen et al., 2005; Sondergeld et al., 2010;
Handwerger, Keller, and Vaughn, 2011; Li et al., 2018). However, all
these methods have limitations in quantifying water in organic-
rich mudstones. The Dean Stark method can only quantify the
free water and adsorption water of rocks, but cannot separate
the two types of water. The Retort method can quantify the total
water of the rock, but it cannot quantify the different types of
water respectively. The TGA quantifies the water by measuring
the weight loss of samples during pyrolysis, so it is only suitable
for some pure minerals. The KF method is not suitable for rocks
containing carbonate minerals because the carbonate will react
with the Karl Fischer reagent, which will affect the quantitative
results of water. The NMR method uses the nuclear magnetic
signal of the water on the T1-T2 diagram to quantify the water
content, however, it is also unable to quantify the different types of
occurrences of water.

To sum up, quantifying the different types of water in organic-
rich mudstones is still difficult. As samples in thermogravimetric
analysis (TGA) undergo continuous mass changes and those
in differential thermal analysis (DTA) undergo exothermic or
endothermic changes in a specific atmosphere (Coats and Redfern,
1963; Yariv and Cross, 2001), mass spectrometry (MS) can identify
compounds generated from the pyrolysis of samples (Steck et al.,
1970; Maher et al., 2015), TGA and DTA combined with MS
(TGA/DTA-MS) can identify the mass change, reactions and
products of samples in a real-timemonitored heating process.These
thermal analysis methods have been widely used in research on
minerals, organic matter and various rocks (Marshall et al., 2002;
Kaljuvee et al., 2011; Tiwari and Deo, 2012a; 2012b; Pan et al., 2015;
Labus and Lempart, 2018; Labus and Matyasik, 2019; Klaja et al.,
2020). In addition, previous TGA/DTA-MS studies on the water
quantification or identification mostly focused on the minerals or
organic-free mudstones, and the pyrolysis mostly focused on the

influence of minerals or heating rate on the pyrolysis of source rocks
(Földvári, 1991; Xie et al., 2001; Sert et al., 2009; Handwerger et al.,
2011; Liu et al., 2013; Liu et al., 2014; Kuligiewicz and Derkowski,
2017; Klaja et al., 2020; da Silva Favero et al., 2019). However,
water quantification in organic-rich mudstones is still difficult, and
the interactions between water and organic matter in organic-rich
mudstones during such pyrolysis processes have undergone little
discussion.

This study collected an organic-rich mudstone and an organic-
free mudstone from Dongying Sag in Bohai Bay Basin, China,
and used the TGA/DTA-MS test to compare the differences
between organic-rich and organic-free mudstones during pyrolysis,
especially the difference of water.Then we explored a useful method
to quantify the different types of occurrences of water, and analyzed
the interaction betweenwater and organicmatter in the organic-rich
mudstone. This work can provide a scientific basis for the further
study of the hydrocarbon generation mechanism and the petroleum
resource evaluation.

2 Material and methods

2.1 Material

The samples studied in this work are from the Dongying
Sag of the Jiyang Depression in Bohai Bay Basin (Figure 1).
Dongying Sag is an important petroleum sag with the exploration
area of approximately 5,850 km2 (Zhang et al., 2009; Du et al.,
2019). The sag is formed during the Cenozoic faulting, and
is connected to the Qingtuozi Uplift in the east, the Luxi
Uplift in the south, Chenjiazhuang Uplift in the north, and the
Qingcheng-Fanlinjia-Binxian Uplift in the west (Figure 1B). The
Cenozoic stratigraphy of the Dongying Sag comprises Paleogene,
Neogene, and Quaternary strata. The Paleogene is dominated
by lacustrine deposits, and is the main source rock formation
that develops the Kongdian, Shahejie, and Dongying layers from
bottom upward (Feng et al., 2013; Li et al., 2016; Bai et al., 2018;
Zeng et al., 2018).

In this research, two mudstone samples were obtained from
distinct wells with two comparative lithologies. A black mudstone,
labeled CN1, was collected from well N38 at a depth of 3,324.64 m
in the Shahejie Formation, representing an organic-rich mudstone.
Conversely, a red mudstone, labeled CW1, was collected from well
W46 at a depth of 3,788.59 m within the Kongdian Formatio,
representing an organic-free mudstone. The categorization of
‘organic-free’ and ‘organic-rich’ is mainly identified by total organic
carbon (TOC) content (Ju et al., 2014). In our study, the organic-
free samples are generally characterized by TOC levels below
0.1%, and the TOC of organic-rich samples are predominantly
exceeding 1%.

2.2 Methods

2.2.1 Sample preparation
Samples were initially crushed using an agate mortar and

screened through a 100 mesh (<0.15 mm) sieve. To meticulously
control sample moisture content and to eliminate potential

Frontiers in Earth Science 02 frontiersin.org

https://doi.org/10.3389/feart.2024.1421404
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org


Du et al. 10.3389/feart.2024.1421404

FIGURE 1
(A) Study area location in the Jiyang Depression, Bohai Bay Basin, China. The red dot denotes the study area, the Dongying Sag (B) Tectonic setting of
the Dongying Sag, modified after Zhang et al.

variations from ambient humidity, a crucial step entailed subjecting
the crushed samples to a 24-h drying cycle at 105°C within
an electric thermostatic oven. This specific temperature was
deliberately chosen to effectively remove adsorption water, which
includes both pore water and water physically bounded to mineral
surfaces, without causing significant alteration to the structure or
composition of the samples, especially in light of the presence of
swelling clay minerals like smectite. It is noteworthy that 105°C
is a commonly adopted temperature in similar studies; alternative
temperatures ranging from 100°C to 120°C have also been employed
by various researchers (ASTM D1974, 2007; Földvári, 1991; Nutting,
1943; Pan et al., 2015; Pérez-Rodríguez et al., 2006; Tiwari and
Deo, 2012a; Tiwari and Deo, 2012b), affirming the appropriateness
of our chosen parameter. Following this thorough drying procedure,
the samples were stored in a desiccator to preserve their dry
condition until further analysis.

In addition, the <2 μm clay fraction was prepared. First, the
crushed sample were placed in an ultrasonic tank and vibrated
at a frequency of 40 Hz for 3 h to make a dispersed suspension.
Then, the clay component with a particle size of less than 2 μm was
extracted from the suspension according to Stokes’ law. Finally, the
clay component was centrifuged at 7,200 rpm, then dried at 60°C
and stored in a desiccator.”

2.2.2 Rock-Eval pyrolysis
TheRock-Eval VI pyrolysis apparatus (RE6, Vinci Technologies,

Nanterre, France) was used to obtain the basic organic parameters
of the two samples. The testing includes following processes: First,
preheated the instrument to a constant temperature of 300°C, then
put 100 mg of the sample into the pyrolysis device, keep it at 300°C
for 2.5 min in a heliumatmosphere to obtain free hydrocarbons (S1).
Then, samples were heated from 300°C to 650°C with a heating rate
of 25°C/min, obtaining parameters of pyrolysis hydrocarbons (S2),
CO2 content (S3), and the temperature of maximum hydrocarbon
generation (Tmax). The total organic carbon (TOC) value was
calculated based on S1, S2, and S3.

2.2.3 Elemental analysis
The elemental analysis of the carbon, hydrogen and nitrogen

(CHN) of samples were performed using the elemental analyzer
Vario EL III of Elementar. 20 mg of each sample was placed into the
analyzer, which functions at an operational temperature of 850°C,
employing aThermal Conductivity Detector (TCD) for the analysis.
This experiment could yield the content of elements C, H, and N,
with an analytical precision of 0.3%.

2.2.4 X-ray diffraction
The mineral composition was determined by X-ray diffraction

(XRD) analysis using a Rigaku D/max-III X-ray diffractometer
(PANalytical, Amelo, Netherlands). The XRD experiment was
conducted in condition of 20 mA and 40 kV with the CuKα
radiation setting at 1.5 Å, the scattering slit at 1°, and the
receiving slit at 0.3 mm.Whole rock mineralogy was determined on
random slides of the whole rock sample, and clay mineralogy was
determined on oriented slides (air dried, ethylene glycol saturated,
and heating to 550°C) of the clay fraction (Li et al., 2016; Moore and
Reynolds, 1997).

2.2.5 TGA/DTA-MS
The TGA/DTA-MS experiment was performed using a

thermogravimetric instrument (Netzsch STA 449 F3 Jupiter)
coupled with a mass spectrometer (Netzsch QMS 403 D Aeolos).
Put 20 mg of the sample into the thermogravimetric instrument.
Then samples were heated from room temperature to 900°C
in an argon atmosphere with a heating rate of 10°C/min. The
outlet of the thermogravimetric instrument was connected to
the mass spectrometer through a capillary column, which was
heated to 210°C to prevent gas condensation. Gases formed in the
thermogravimetric instrument were simultaneously purged in the
mass spectrometer by argon flow (20 mL min-1) through the hot
capillary column.
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TABLE 1 Mineral compositions of samples CN1 and CW1.

Minerals Mass/%

CN1 CW1

Whole rock minerals

Clay mineral 26 32

Quartz 22 28

Potassium feldspar 1 14

Plagioclase 2 17

Calcite 36 5

Dolomite 9

Anhydrite 1 2

Gypsum

Siderite 1

Pyrite 2 2

Clay minerals

I-Sm 30 47

Illite 51 47

Kaolinite 13 2

Chlorite 6 4

3 Results

3.1 Basic geochemical characteristics

The dominant mineral phases of CN1 and CW1 identified
are quartz, calcite, feldspar, and clay minerals (Table 1). Both
samples have relatively high clay mineral content, and CN1 contains
36% calcite. The illite-smectite mixed layer (I-Sm) and illite
content account for the largest proportion of the clay fraction of
CN1 and CW1 (Table 1).

The Rock-Eval VI pyrolysis results show that the TOC
content of CN1 and CW1 are 2.21% and 0.07%, revealing that
CN1 is rich in organic matter and CW1 contains almost no
organic matter (Table 2). The other pyrolysis parameters (e.g., S1,
S2, and Tmax) all reflect that CW1 contains almost no organicmatter.
The elemental analysis shows the carbon content of CN1 is far larger
than CW1, and the hydrogen content of the two samples is similar.

3.2 TGA and DTA results

According to TGA, three main stages of mass loss occur during
pyrolysis of CN1 (Figure 2A). In the first stage (temperature range:
35°C–200°C), the sample mass lost only 0.08%, and there was a
weak endothermic peak with a peak temperature of 112°C. In the
second stage (temperature range: 200°C–650°C), the sample mass
loss is 5.81%, and there were two endothermic peaks with peak

TABLE 2 Elemental analysis and pyrolysis analysis of samples
CN1 and CW1.

Samples CN1 CW1

Element analysis

Carbon total/% 7.69 0.54

Hydrogen/% 0.66 0.64

Nitrogen/% <0.3 <0.3

Pyrolysis analysis

TOC org./% 2.21 0.07

T max/°C 437

S1/mg g-1 1.99 0

S2/mg g-1 10.93 0

S3/mg g-1 0.35 0.29

temperatures of 460°C and 520°C. In the third stage (temperature
range: 650°C–900°C), the sample mass lost 17.78%, and there was
one large endothermic peak with a peak temperature of 824°C.
After 830°C, the sample mass did not change. In conclusion, the
order of the amount of mass loss is stage 3 > stage 2 > stage 1, one
endothermic peak occurred in stage 1, one occurred in stage 3, but
two occurred in stage 2.

SampleCW1also has threemass loss stages, and the temperature
ranges of the three stages are similar to those of CN1 (Figure 2B).
In the first stage (temperature range: 35°C–200°C), the sample
mass lost only 0.18%, and there was an endothermic peak with
a peak temperature of 110°C; in the second stage (temperature
range: 200°C–650°C); the sample mass lost 3.29%, and there was
one endothermic peak with a peak temperature of 570°C; in the
third stage (temperature range: 650°C–900°C), the sample mass lost
1.88%, and therewas one endothermic peakwith a peak temperature
of 725°C. The mass loss in stage 2 was the largest among the
three stages, and there was one endothermic peak in each of the
three stages.

3.3 MS characteristics

The MS results show that CN1 has abundant organic gas
signals but CW1 has few organic gas signals (Figure 3), which
is associated with the sample feature that CN1 is rich in
organic matter and CW1 has little organic matter. The organic
products of CN1 mostly appear in the temperature range of
200°C–500°C, and their MS peak temperatures are approximately
350°C (Figure 3A).

For inorganic compositions generated during the pyrolysis
process, only H2O and CO2 have strong MS signals (Figure 3).
CN1 has three MS peaks of H2O and three MS peaks of CO2:
H2O peaks occur at 101°C, 380°C, and 487°C, and CO2 peaks
occur at 380°C, 574°C, and 792°C respectively (Figure 3A). Besides,
CW1 has two MS peaks of H2O and two MS peaks of CO2:
H2O peaks occur at 123°C and 540°C, and CO2 peaks occur at
708°C and 833°C (Figure 3B).
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FIGURE 2
TG, DTG and DTA curves of the pyrolysis process of mudstones: (A) sample CN1, (B) sample CW1.

4 Discussion

4.1 TGA and DTA differences between CN1
and CW1

According to the TGA and DTA results, both CN1 and
CW1 have three thermogravimetric (TG) stages. As previous
studies also showed the three significant mass loss stages of
mudstones in different areas (Williams andAhmad, 2000; Labus and
Matyasik, 2019; Klaja et al., 2020), it seems that the characteristic of
3 TG stages would be a general feature of mudstones. Additionally,
there were also three obvious differences between CN1 and CW1.
The mass loss amount was significantly different between the two
samples.The total mass loss was approximately 24% in CN1 but was
only approximately 5% in CW1.The largest mass loss was in stage 3
in CN1 but in stage 2 in CW1. The numbers of endothermic peaks
were also different: CN1 had four peaks, but CW1 had three peaks.

The temperatures of the endothermic peaks in the three mass loss
stages were all different between CN1 and CW1. All these thermal
differencesmay have been caused by the content and type ofmineral
components of the two samples.

4.2 H2O and CO2 types analysis by MS of
CN1 and CW1

There are different types of water in mudstones, and they have
different locations, bonding types, removal temperatures, quantities,
etc (Pérez-Rodríguez et al., 2006). According to the mineral types
in the two samples, the water can be divided into four types in
this paper: adsorption water, interlayer water, crystal water and
structural water (Table 3). The adsorption water is mainly located
in rock pores and external surfaces in the form of H2O and the
dehydration temperature is in the range of 40°C–100°C. Most
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FIGURE 3
Mass spectrometry signals of organic gas, H2O and CO2 generated from the pyrolysis process of (A) sample CN1 and (B) sample CW1 (TOG: total
organic gas).

interlayer water is in the form of H2O and little is in the form of
OH, which would be free water in the interlayer or be adsorbed
in the interlayer surface by van der Waals forces or H-bonding.
The dehydration temperature range of interlayer water is wide, as
montmorillonites largely release interlayer water at 122°C, the I-Sm
releases interlayer water at 119°C. There are two kinds of crystal
water. One type is named normal crystal water in form of H2O, and
the dehydration temperature is within the range of 200°C–500°C,
and gypsum dehydrates the last 1/2 H2O (crystal water) at 250°C
(Taylor, 1997); the other type is defective crystal water, which is in
form of H2O or OH and has a large dehydration temperature, and it
usually appears in the normally anhydrousminerals (NAMs) crystal
lattice; for example, feldspars have three kinds of defective crystal
water that type I-H2O crystal water could release before 600°C, but
the crystal water types I-OH and II-OH need higher temperatures
(Johnson and Rossman, 2004). Structural water is in the form

of OH in the mineral structure, and only when the molecular
structure is destroyed can thewater be released.Thedehydroxylation
temperature is very high compared to that in the other three types
of water; for example, the structural water of kaolinite is generally
removed in the temperature range of 500°C–600°C (Bellotto et al.,
1995), and the dehydroxylation temperature of montmorillonite is
in the range of 500°C–1,000°C (Grenne-Kelly, 1957; Xie et al., 2001).

For sample CN1, the MS peak of H2O at 101°C is very small,
which indicates free water or little interlayer water (Figure 3A).
Although sample CN1 contains 26% clay minerals, little interlayer
water is released in the first H2O peak range. This suggests that
the interlayer water may be released in the other two water peak
regions in the temperature range of 200°C–650°C. The second MS
peak of H2O at 380°C is consistent with the MS peak of organic
products with a peak temperature of approximately 350°C. Previous
studies have shown that interlayer water acts as a “water bridge”
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TABLE 3 Types of water in mudstones (partially modified from Földvári).

Water type Form of water Bonding type Temperature of
water removal

adsorption water in form of H2O bound on external surfaces or
pores by van der Waals forces

<100°C

interlayer water Mainly in form of H2O, some
OH (primarily on AlO4

tetrahedron)

free water or physically
adsorbed water bonding by
van der Waals force or

H-bonding

<300°C

crystal water

normal crystal water in form of H2Omolecules coordinate H-bonding around
cations

<600°C

defective crystal water in form of H2O or OH H can enter the NAMs
(nominal anhydrous minerals)
lattice in the form of defects

wide temperature range

structural water in form of OH ionic-covalent bonding high temperature, normally
>500°C

binding montmorillonite and organic matter together in organo-
clay complexes (Mortland, 1970; Yariv and Cross, 2001; Yariv, 2004),
and only after interlayer organic matter is expelled can the interlayer
water be desorbed (Cai et al., 2012). For the mudstone with large
organic matter and clay minerals, some soluble organic matter
would stay in the interlayer of silicate minerals (Cai et al., 2007;
Pillot et al., 2014; Sarkar et al., 2018).Thus, the water peak of CN1 at
380°C could be contributed by interlayer water.The thirdMS peak of
H2O at 487°C can be attributed to crystal-structural water because
the peak temperature is high.

In addition, as sample CW1 is almost pure inorganic rock and
there are large clay minerals, especially manymontmorillonites, and
the sample preprocessing has removed the adsorption water, the
first MS peak of H2O in CW1 at 123°C should represent interlayer
water, and the second MS peak of H2O at 540°C may contain both
crystal water and structural water. This H2O peak is defined as
crystal-structural water (Figure 3B).

As different carbonate minerals need different pyrolysis
temperatures to produce CO2 (Pillot et al., 2014), the three MS
peaks of CO2 in CN1 are the mixed peak of CO2 produced by
both organic matter and carbonate minerals (Figure 3A). Because
different carbonate minerals need different pyrolysis temperatures
(Pillot et al., 2014), and CN1 has abundant carbonate minerals such
as 2% siderite, 9% dolomite and 36% calcite, the CO2 peak at 380°C
could be produced by the siderite and organic matter adsorbed in
the clay minerals; the CO2 peak at 574°C could be contributed by
the dolomite and the organic matter released from the adsorption
by “water bridge” (Cai et al., 2012); the CO2 peak at 792°C could be
generated from the calcite, as well as some residual organic carbon,
which could react with the oxygen in the crystal structure of the
montmorillonite that may produce CO2 in such high temperature
(Xie et al., 2001). In addition, the calcite content is much larger
than that of the other two carbonate minerals, that would make the
CO2 peak at 792°C be significantly higher than the other two CO2
peaks. While the two CO2 peaks of CW1 might initially suggest the
involvement of both dolomite and calcite.The former one has a large
area, and the temperature range is 500°C–800°C; the latter is much

smaller and has a temperature range of 800°C–900°C (Figure 3B).
Nonetheless, given that XRD analysis reveals an absence of dolomite
and siderite in CW1, it becomes evident that both CO2 peaks are
attributed solely to the calcite present.

4.3 Quantification of organic/inorganic
H2O and CO2

Comparing the TGA, DTA andMS results of CW1 andCN1, the
two samples both produceH2O in the first and secondTG stages, but
CN1 also generates organic gas in the second TG stage; the CO2 in
CW1 and CN1 are mainly released in the third TG stage (Figure 4).
The dehydration of adsorption water, interlayer water and crystal-
structural water and the generation of CO2 from the pyrolysis of
carbonate minerals correspond exactly to the DTA peaks (Figure 4).

The total area of the H2O peak is 834 for CW1 and is 873 for
CN1, revealing that the H2O contents generated during pyrolysis of
both samples are similar (Figure 5). However, in the first TG stage,
the H2O peak area is 82 for CW1, which is much larger than the
H2O peak area of 36 for CN1. This difference may be the reason
that CW1 dehydrated adsorption water and interlayer water, while
CN1 released adsorption water only in the first TG stage. In the
second TG stage, the H2O peak area is 837 for CN1, which is greater
than the H2O peak area of 752 for CW1. Because the contents of
clay minerals and feldspars are 26% and 3% for CN1 and 32% and
31% for CW1 (Table 1), the total H2O peak area for CW1 should be
greater than that for CN1; however, it is opposite in reality. These
results also reveal that much interlayer water in CN1 dehydrated in
stage 2 but not in stage 1.

As sample CW1 is similar to a pure inorganic rock, it is
reasonable to use theMSpeak area ofCO2 and the carbonatemineral
content and mass loss of CW1 and CN1 to quantify the CO2 in CN1
from a mineral origin, as shown in Eq. (1):

mCW1×ContCO2(CW1)

AreaCO2(CW1)
=
mCN1 ×ContCO2(CN1)_mineral

AreaCO2(CN1)(inorganic)
(1)

Frontiers in Earth Science 07 frontiersin.org

https://doi.org/10.3389/feart.2024.1421404
https://https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org


Du et al. 10.3389/feart.2024.1421404

FIGURE 4
Comprehensive comparison of TGA, DTA and MS characteristics of (A) sample CN1 and (B) sample CW1.

FIGURE 5
Correlation between mass loss and MS peak area in (A) sample CN1 and (B) sample CW1 (Weight represents the mass loss of CN1 and CW1 in the 3 TG
stages; MS Area represents the integral area of MS peaks for H2O, CO2 or TOG).
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where ContCO2(CW1) and ContCO2(CN1)_mineral are the theoretical
contents of CO2 for CW1 and CN1 generated from carbonate
minerals, AreaCO2(CW1) and AreaCO2(CN1)(inorganic) are the peak areas
of CO2 generated from carbonate minerals in CN1 and CW1, and
mCN1 andmCW1 are the sample masses in the test.

According to the three chemical formulas (cf 1, cf 2, cf 3),
ContCO2(CW1) and ContCO2(CN1)_mineral can be calculated by Eq. (2):

ContCO2(CW1),ContCO2(CN1)_mineral = calcite× 44%+ dolomite

×27.5%+ siderite× 47.7%
(2)

CaCO3→ CaO+CO2 (cf1)

FeCO3→ FeO+CO2 (cf2)

CaMg(CO3)2→ CaO+MgO+ 2CO2 (cf3)

The CO2 content in CN1 from organic and inorganic origin can
be quantified by combining the peak area of CO2 from a mineral
origin with the TGA data, as shown by (Eqs 3, 4):

MassCO2(CN1)(inorganic) =Mass(stage3,CN1) ×
AreaCO2(CN1)(inorganic)

AreaCO2(CN1)
(3)

MassCO2(CN1)(organic) =Mass(stage3,CN1) ×(1−
AreaCO2(CN1)(inorganic)

AreaCO2(CN1)
) (4)

where the parameterMass(stage3,CN1) is the mass lossin the third TG
stage of CN1.

The mass loss and peak area of H2O in CW1 can be used to
quantify the H2Omass of CN1 according to Eq. (5):

mCW1 ×MassH2O(CW1)

AreaH2O(CW1)
=
mCN1 ×MassH2O(CN1)

AreaH2O(CN1)
(5)

where MassH2O(CN1) and MassH2O(CW1) are the mass of H2O
in sample CN1 and CW1 respectively, and the MassH2O(CW1)
here is equal to the mass loss in the first and second TG
stages of CW1.

According to the calculation results (Table 4), the CO2 peak
area in CN1 contributed by carbonate minerals is approximately
2,569, and the mass content is approximately 11.78%; the total
CO2 peak area in CN1 is approximately 3,878, the area with an
organic origin is approximately 1,309, and the corresponding mass
content is approximately 6%. The H2Omass generated from CN1 is
approximately 3.63%, the adsorption water is approximately 0.08%,
and the interlayer water and crystal-structural water of CN1 are
approximately 2.55% in total.

5 Conclusion

In this paper, we used simultaneous thermal analysis coupled
with mass spectrometry (TGA/DTA-MS) to investigate the
pyrolysis differences of organic-rich (CN1) and organic-free (CW1)
mudstones. By comparing the mineral composition difference and
the pyrolysis products H2O and CO2 between CN1 and CW1, we
identified the different types of water in the organic-rich mudstone,
learned the relationship between water and organic matter in the

TABLE 4 Calculation of the mass of CO2 and H2O in sample CN1 from
organic and inorganic origins.

Samples CN1 CW1

Calculation data

Carbonate mineral

calcite 36% 5%

dolomite 9% 0

siderite 2% 0

AreaH2O 873 834

AreaCO2 3,878 273

Mass

stage1 0.08% 0.18%

stage2 5.81% 3.29%

stage3 17.78% 1.88%

Calculation results

ContCO2(CW1) 2.20%

ContCO2(CN1)_mineral 20.70%

Area
CO2(CN1) (inorganic)

2,569

Mass CO2(CN1)

inorganic 11.78%

organic 6.00%

Mass H2O(CN1) 3.63%

mudstone, and then established the quantitative equation of the
H2O, CO2 content for the organic-rich mudstone. The conclusions
can be achieved as follows.

(1) The thermogravimetric changes in CN1 and CW1 all can
be divided into 3 TG stages of 0°C–200°C, 200°C–650°C,
and 650°C–900°C. The 3 TG stages would also be a general
characteristic of mudstones.

(2) The H2O and CO2 of CN1 and CW1 are different in each of
the three TGA stages and have differentMS peak temperatures.
The water in CN1 and CW1 is divided into three types:
adsorption water, interlayer water, crystal-structure water. The
interlayer water of CN1 owns higher MS peak temperature
than that of CW1, and the CO2 of CN1 in the third TG stage
has higher MS temperature than CW1, that is attributed to the
influence of organic matter.

(3) The peak area of MS for CO2 and H2O, the mass loss recorded
by TGA, and the mineral composition of CN1 and CW1
collectively facilitate the establishment of a quantification
equation for determining the CO2 and H2O contents in CN1.
This equation is designed to quantify H2O and CO2 of both
organic and inorganic origin in organic-rich mudstones.

(4) This work provides useful insights on further understanding
the hydrocarbon generationmechanism, as well as quantifying
different types of water in organic-rich mudstones. As
the water can promote organic matter to generate more
hydrocarbons in source rocks, the quantification method of
different types of water can be significant on improving
petroleum resource evaluation.
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