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The variation in mineral composition will affect the rock brittleness, thus the change of
mineral assemblages during diagenesis has a potential control on the brittleness of
mudstones. In this study, thin section, X-ray diffraction (XRD), and Scanning Electron
Microscope (SEM) analyses were used to investigate compositional and microscopic
features of mudstones. With the enhancement of diagenesis, three mineral assemblages
were divided due to the diagenetic evolution of minerals. Quartz, feldspar, dolomite,
chlorite, and illite were regarded as brittle minerals and (quartz + feldspar + dolomite + illite
+ chlorite)/(detrital mineral + carbonate + clay mineral) was defined as the brittleness
evaluation index The mudstone brittleness changed slightly during early diagenesis but
increased gradually with enhancement of diagenesis in the late diagenesis stage. Quartz
and feldspar were scattered above the clay matrix and the contact of grains was limited,
therefore, the contribution of detrital minerals to the brittleness was affected by the
properties of clay minerals. The diagenetic transformation of clay minerals resulted in
the reduction of ductile components (smectite/I-Sm and kaolinite) and increase of brittle
components (illite and chlorite), leading to the enhancement of integral rigidity of the
mudstones. Meanwhile, the improved crystallization of carbonate in late diagenesis stage
enlarged the carbonate grains which resulted in rigid contact between grains. These
results highlighted the influence of diagenesis on mudstone brittleness. Therefore, for
evaluation of mudstone brittleness, attention should be paid to the diagenesis process
besides mineral composition.
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1 INTRODUCTION

Detrital minerals, carbonates, and clay minerals are the main components of mudstones and the various
properties of these components have significant effects onmudstone brittleness. Themudstone brittleness
was always considered to be affected by the mineral composition (Jarvie et al., 2007). According to the
mechanical properties, minerals inmudstone could be divided into brittle and ductile components. Brittle
components consisted of quartz and carbonate (Jin et al., 2015; Rybacki et al., 2016; Ye et al., 2020). The
methods of evaluating mudstone brittleness were usually based on the brittle mineral content. Jarvie et al.
(2007) defined the quartz content as the main factor controlling the brittleness modulus of a shale, and
quartz/(quartz + carbonate + clay minerals) was adopted to quantitatively calculate the brittleness (Jarvie
et al., 2007). In addition to quartz, Nelson (1985) considered feldspar and dolomite were also the brittle
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components and another evaluation method was proposed. An
increase in quartz, feldspar, and dolomite was believed to
enhance mudstone brittleness and to promote the development
of fractures (Rybacki et al., 2016; Iqbal et al., 2018). Conversely, the
increase in the relatively ductile clay minerals would reduce the
brittleness of mudstones (Rybacki et al., 2016; Wang, 2016).
However, recent studies have shown that the content of brittle
minerals was not linearly correlated to mudstone brittleness, and
ascribed this phenomenon to the influence of diagenesis (Xiong
et al., 2018). Therefore, investigating the effects of mineralogical
composition on brittleness during progressive diagenesis may allow
a better understanding of mudstone brittleness.

Minerals are not in chemical equilibrium with pore water at
the time of deposition. During progressive burial, the increase of
temperature and pressure lead to the diagenetic changes of

minerals which allow them to approach equilibrium with the
diagenetic environment (Bjørlykke and Jahren, 2012). Detrital
minerals (e.g., quartz and feldspar) are chemically stable and
barely change during diagenesis. Clay minerals, however, are
chemically active and sensitive to the surrounding conditions, in
this way, the clay mineral transformations resulted from the
changes in the diagenetic environment are widespread. Kaolinite
is stable at 70–100°C but will transform into illite at higher
temperatures if there is a supply of potassium (Mantovani and
Becerro, 2010). Meanwhile, smectite illitization and chloritization
are important diagenetic processes of mudstones in most
sedimentary basins around the world (Velde and Vasseur,
1992; Pelayo et al., 2016). The smectite and kaolinite can
adsorb water in the surface or interlayer space, while illite and
chlorite contain minor water molecules. The water content and
activity have been proved to control the deformability of clay
minerals (Fouché et al., 2004), which means that the higher water
activity can result in poor mechanical properties (Wen et al.,
2015). Therefore, mineral transformations can result in variations
of physicochemical properties, such as the brittleness of the
mudstones.

For carbonate in Dongying Depression, dissolution-
recrystallization and dolomitization of calcite that are occurred
during diagenesis could enlarge the grain size and promote the
formation of calcite cement (Zeng et al., 2018). In this way, the
cohesiveness between mineral grains is enhanced, resulting in
transformation of mechanical properties of mudstones from
plasticity to brittleness (Bjørlykke and Høeg, 1997). In
addition, the diagenetic conditions (e.g., temperature, pressure,
pH, ion types and concentration) are changing constantly during
burial diagenesis. Since diagenetic transformation facilitates

TABLE 1 | Information of samples collected in Dongying Depression.

Formation Amount Depth (m) Well

Shahejie
Formation (Es)

First
member
(Es1)

9 1,255.00–1,295.00 Y16

Second
member
(Es2)

34 1958.00–2,773.61 S142

Third
member
(Es3)

26 2,867.80–3,848.11 F8/FS1/
L673/N38/
N872/S142

Fourth
member
(Es4)

89 3,397.80–5,647.24 F8/FS1/FS2/
L673/NY1

Kongdian Formation (Ek) 10 4,112.44–4,206.30 W46

FIGURE 1 | Geographic locations (A) and stratigraphic column of Dongying Depression (B).
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FIGURE 2 |Mineralogical characteristics of mudstones in Dongying Depression. (A) Triangular chart of three components in bulk mineralogy; (B) Composition of
bulk mineralogy and clay minerals; (C) Evolution of bulk mineralogy.

FIGURE 3 | Photomicrographs of various microstructures in samples collected from Dongying Depression. (A)massive mudstone. (B) laminated mudstone with
clay- and detrital-rich laminae. (C) laminated mudstone with clay- and OM-rich laminae. (D) cryptocrystalline calcite. (E)microcrystalline calcite. (F) fine-grained calcite.
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minerals approach equilibrium with diagenetic conditions,
specific mineralogical assemblages are formed corresponding
to the diagenetic environment (Du et al., 2019). The changes
of mineralogical assemblages would inevitably lead to variations
in mechanical properties of mudstones. Therefore, investigating
the variations of mineralogical assemblages in different diagenetic
stages is of great importance for understanding the control of
diagenesis on mudstone brittleness.

In this study, mudstones collected from the subsurface of
the Dongying Depression (Bohai Bay Basin, NE China) were
studied by thin section, X-ray diffraction (XRD) and scanning
electron microscopy (SEM) analyses. We investigated the
effects of diagenesis on variations in mineralogical
assemblages and established a brittleness evaluation index
(BEI) with which to monitor changes in brittleness during
progressive diagenesis. Correlations between mineralogical
components and brittleness were established, and the
influence of diagenesis and mineral assemblages on
mudstone brittleness were discussed. The study will
contribute to the design of mudstone fracture schemes and
to the selection of appropriate injection fluids during shale oil
or gas development projects.

2 MATERIALS AND METHODS

A total of 168 mudstones from 10 wells (Table 1) in the Dongying
Depression were collected (Figure 1). The samples were

recovered from depths of 1,255.00–5,647.24 m and covered the
Shahejie Formation (Es) and Kongdian Formation (Ek) (Table 1).

2.1 Thin Section
Samples from well N38 were selected for thin section analysis.
The samples were embedded in epoxy resin and sectioned
perpendicular to the lamination; the sections were polished
using abrasive powder until they reached a thickness of 30 μm.
The mineralogical structure and optical properties were then
investigated using a ZEISS Axio Imager microscope-photometer
under transmitted and reflected white light with magnification of
×50–500.

2.2 X-Ray Diffraction
A Dmax-RA diffractometer was used for XRD analysis which
were conducted at 20 mA and 40 kV with CuKα radiation. The
bulk mineralogy was analysed using randomly oriented powder
samples which were scanned from 3 to 40°2θ. The clay mineral
composition of the samples was analysed with oriented slides and
multiple treatments: samples were air-dried, glycol-saturated, and
heated to 550 °C. The oriented slides were scanned from 3 to
40°2θ at 2°2θ/min with a step width of 0.02°2θ.

2.3 Scanning Electron Microscopy
Samples from wells NY1 and N38 were selected for SEM analysis
using a FEI Quanta 200 Scanning Electron Microscope. Prior to
SEM analysis, samples were coated with carbon to improve their
conductivity, and sample morphology was then analysed at

FIGURE 4 | SEM Photographs of mudstone from Dongying Depression. Abbreviations for the minerals are labeled (Q: Quartz; Cc: Calcite; Fs: Feldspar; Ak:
Ankerite; I: illite; Ch: Chlorite) (A) Quartz crystals fill in the pores (NY1 well, 3,297.03 m). (B) Calcite partial dissolves and feldspar exists in the pores (NY1 well,
3,306.62 m). (C) Calcite dissolves, authigenous dolomite and small quartz crystals distribute in the pores (NY1 well, 3,312.61 m). (D) Dolomite (NY1 well, 3,475.96 m);
(E) Recrystallized calcite (NY1 well, 3,316.55 m). (F) Illite with schistose arrangement (S142 well, 2,677.64 m). (G) Illite with schistose arrangement (HK1 well,
3,969.69 m). (H) Chlorite is arranged as laminations (HK1 well, 4,019.16 m).
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various magnifications to determine the evolution of crystal shape
during diagenesis.

3 RESULTS

3.1 Mineral Composition
XRD analysis showed that the mudstones mainly consisted of
detrital minerals, clay minerals, and carbonates (Figure 2A).
Detrital minerals included quartz, K-feldspar, and plagioclase.
The quartz content varied little (Figure 2C) with maximum and
average values of 48 and 23%, respectively. The maximum value
of the plagioclase content was 34% with an average of 10%. Only
small amount of K-feldspar was present in the samples with an
average of 2% (Figure 2C). The content of carbonates (calcite and
dolomite) varied with depth (Figure 2C). The proportion of
calcite (average 18%) fell gradually with increasing depth while
dolomite (average 10%) increased progressively (Figure 2C). Clay
minerals had an average content of 31%. Smectite/I-Sm (37%)
and illite (53%) were the two main components of the clay
minerals, accounting for 90% of the total clay content, while
kaolinite and chlorite were present in small proportions
(Figure 2B).

3.2 Microscopic Characteristics
The depositional fabric of mudstones was either massive or
laminated microstructure. Detrital minerals (e.g., quartz and
feldspar) were poorly rounded and dispersed within clay
matrix (Figure 3A). Under SEM, except for some small quartz
particles within pore spaces, no well-crystallized quartz and
feldspar were observed (Figure 4A). In samples with a massive
microstructure, clay minerals were present as matrix, on which
the organic matter (OM) particles were distributed dispersedly
(Figure 3A). In laminated mudstone, clay-mineral rich laminae
alternated with OM- or detrital-rich laminae (Figures 3B,C).
Illite showed a schistose morphology (Figure 4F) and chlorite
typically took the form of rosettes or laminations (Figure 4H). As
burial depths increased, the crystallinity of illite improved
progressively (Figures 4F,G).

Two kinds of carbonate were recorded by microscope
observations. The first was cryptocrystalline calcite which was
distributed as discontinuously banded or lenticular structures.
The particles were poorly crystallized and turbid with poor
brightness (Figure 3D). SEM observations showed that this
kind of calcite particles were partially dissolved and coexisted
with feldspar particles (Figure 4B). The other was sparry
carbonate (calcite and dolomite) with large and clear grains

FIGURE 5 | Variations of mineral contents and mineral assemblages with increasing depth.
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under polarizing microscope (Figure 3F), which showed typical
crystal morphology and grew among cryptocrystalline calcites.
With increasing depth, we could find the enlargement of crystal
particles and formation of sparry calcite and dolomite (Figures

4C–E). Meanwhile, the morphology grew from small crystals into
regular and large crystals with enhancement of diagenesis
(Figures 4C–E).

4 DISCUSSION

4.1 Diagenetic Stages and Mineralogical
Assemblages
Detrital minerals in the mudstones were composed of quartz and
feldspar with large grains. There was no evident relationship
between the content of detrital minerals and burial depth
(Figure 2C). Under SEM, only small quartz particles were
observed in pores (Figure 4). Previous studies have shown
that most of the detrital minerals in mudstones in the
Dongying Depression were of terrigenous origin (Zeng et al.,
2018). Due to their low chemical activity and relatively stable
nature, quartz and feldspar were not significantly affected by the
external environment during burial diagenesis.

Cryptocrystalline calcite was in general present at depths
above 3,000 m. The mineral grains were micritic under optical
microscope and no impurities were found in the calcite lamina
(Figure 3E). Well-ordered crystals were hard to find by SEM
(Figure 4B). The formation of this kind of calcite was generally
considered to result from changes of the microenvironment lake
by sedimentation of plankton during the high salinity period
(Bennett et al., 2012). Cryptocrystalline calcite was little changed
during diagenesis, but sparry calcite and dolomite began to
appear at burial depths greater than 3,000 m and took the
form of clean and bright grains. These grains distributed as
lenses and veins within laminae that contained abundant

FIGURE 6 | Evolution of BEI in different diagenetic stage.

FIGURE 7 | Correlations of BEI with quartz (A), carbonate (B), dolomite (C), clay (D), illite (E), smectite/I-Sm (F). (circle: samples in early diagenesis stage; solid
circle: samples in late diagenesis stage).
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carbonate (Figure 3F). Moreover, the dissolution of
cryptocrystalline calcite was accompanied by the formation of
calcite and dolomite crystals (Figures 4B–E). Previous studies
have confirmed that primary depositional calcite could be
partially dissolved by organic acids, and then recrystallized to
form sparry calcite (Wang et al., 2005). In the presence of
sufficient Fe and Mg, calcite might then be transformed into
dolomite (Krajewski and Wozny, 2009).

Due to large adsorption capacity, clay minerals always
associate and flocculate with OM, presenting laminated
distributions. Therefore, clay minerals in mudstones initially
came from the flocculation deposition during the deposition
period (Zeng et al., 2018). Clay minerals were chemically
active and prone to transformation, such as smectite
illitization and chloritization (Velde and Vasseur, 1992; Pelayo
et al., 2016). Further analyses of SEM and XRD revealed that the
morphology of illite was mainly composed of schistose aggregates
and the crystallinity improved gradually with increasing depth.
Furthermore, the illite content was negatively correlated with that
of smectite/I-Sm. Chlorite presented in the form of rosette
aggregates that appeared in large amounts below 3,700 m.
These phenomena proved the existence of transformations
among different components of clay minerals.

Driven by thermal dynamics and kinetics, the dissolution-
precipitation reaction of minerals would take place and form
mineral assemblages that equilibrate with certain temperature
and pressure (Bjørlykke and Jahren, 2012). In present study, clay
minerals and carbonate had experienced an obvious diagenetic
process, resulting in significant variation in content and mineral
assemblages (Figure 5). For diagenetic minerals, the increase of
content had a corresponding relationship with the improvement
of grain size and crystallinity. Therefore, the variation of mineral
assemblages could not only reflect the changes of mineral
composition, but also characterized the diagenesis.

According to the evolution of mineral content and
microscopic characteristics, three mineral assemblages were
recognised:

1) Above 3,000 m, clay minerals mainly consisted of smectite
and kaolinite, with a minor amount of illite and chlorite.
Although the amount of carbonate was high, the thin section
and SEM showed that the carbonate was mainly
cryptocrystalline calcite, which had not undergone
diagenetic transformation. The content of detrital minerals
was high, forming a smectite-kaolinite-cryptocrystalline
calcite-detrital mineral assemblage (Figure 4).

2) With increasing depth, transformation of smectite into illite
led to a reduction of smectite/I-Sm and an increase of illite.
Meanwhile, microcrystalline calcite and dolomite were
formed through recrystallization and dolomitization of
calcite. The diagenesis resulted in an illite-microcrystalline
calcite-dolomite-detrital mineral assemblage.

3) Subsequently, a large amount of chlorite appeared due to
chloritization of smectite, and clay minerals were dominated
by illite and chlorite. The recrystallization of calcite further
improved and fine-grained calcite and dolomite appeared.
The mineral assemblage turned into illite-chlorite-fine
grained calcite-dolomite-detrital mineral.

4.2 Control of Diagenesis on Mudstones
Brittleness
4.2.1 The Influence ofMineral Properties on Brittleness
Quartz and feldspar were in general regarded as brittle minerals
(Jarvie et al., 2007). Due to the high brittleness, quartz and
feldspar were prone to produce cracks under external force,
therefore previous researches hold that the higher content of
detrital minerals, the better the brittleness of rock (Rybacki et al.,
2016). Detrital minerals in mudstones in the Dongying
Depression were mainly of terrigenous origin (Zeng et al.,
2018). The grains were distributed upon argillaceous matrix
and the contact between grains was limited (Figure 3A).
Therefore, the effects of detrital minerals on brittleness were
also controlled by cementation. In addition, Si that released from
crystal structures of clay minerals during smectite illitization

FIGURE 8 | The variations of δTOC (A) and BEI (B), as well as their correlation in three wells in Jiyang Depression with different crude output (C).
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would crystallize into quartz which could act as cement to
enhance the rock strength (Metwally and Chesnokov, 2012).
Meanwhile, carbonate cementation also promoted the
formation of solid rock framework. Therefore, the influence of
detrital minerals on brittleness in different diagenetic stages
required further analysis.

The clay minerals were traditional considered as plastic
components mainly because they would expand and deform
through hydration during hydraulic fracturing of mudstones
or shale. However, the hydration ability of different clay
minerals varies greatly. The expandable smectite which has
high cation exchange capacity shows strong water adsorption
ability and could adsorb water in interlayer and on external
surface. Therefore, the smectite is liable to hydrate and deform
plastically. Similarly, kaolinite also shows high hydration capacity
and becomes plastic after hydration. However, although illite and
smectite are both 2:1 phyllosilicate, illite is not expandable due to
the high affinity of interlayer potassium to the structural layers.
Therefore, illite does not readily hydrate and deform plastically.
The same is true for chlorite. The interlayer space of chlorite is
filled with a brucite-like sheet, which determines that chlorite is
non-expandable and shows weak hydration. Therefore, smectite/
I-Sm and kaolinite were considered as ductile components while
illite and chlorite were brittle components. Thus, the varying
proportions of different clay minerals would affect the mudstone
brittleness. In addition, as clay minerals were matrix of
mudstones, the properties of clay minerals would affect the
contributions of quartz and feldspar to mudstone brittleness.
Therefore, in order to evaluate the mudstone brittleness more
accurately, the evolution of clay minerals should be taken into
account when analysing the effects of clay minerals.

For carbonate, both calcite and dolomite belong to brittle
minerals. However, the crystallinity varied considerably during
diagenesis. When cryptocrystalline carbonate was dominated, the
mineral grains were small and there was no carbonate
cementation (Figure 3D), contributing little to the brittleness.
While when carbonate presented as microcrystalline or fine-
grained particles, the rigid contact between mineral grains was
enhanced and the formation of carbonate cement enabled brittle
minerals (e.g., quartz and feldspar) to form rock framework.
Therefore, investigating the control of carbonate on brittleness
required attention to the microscopic characteristics besides the
composition.

4.2.2 Control of Mineral Assemblage and Diagenesis
on Brittleness
The mineralogy and microscopic characteristics revealed that
diagenesis altered the content and properties of minerals, forming
different mineral assemblages corresponding to diagenetic
environment. Therefore, the brittleness of mudstone was
definitely affected by diagenesis and mineral assemblages. In
order to investigate the control of diagenesis and mineral
assemblages on mudstone brittleness, a BEI was established
using brittle mineral content. Based on the mineral properties,
quartz, feldspar, dolomite, illite, and chlorite were chosen as the
brittle components to calculate the BEI. Therefore, a new
expression of mudstone brittleness was proposed:

BEI � WQFDIC

WTot

Where the WQFDIC is the weight of quartz, feldspar, dolomite,
illite, and chlorite, WTot is the weight of total minerals. The illite
and chlorite content has been converted into relative contents in
bulk mineralogy (e.g., illite content � clay mineral content×illite
proportion in clay). With the enhancement of diagenesis, the
variation of brittleness showed two-stage characteristics
(Figure 6). Brittleness was basically unchanged above 3,000 m,
before increasing steadily below 3,000 m. This trend indicated
that evolution of brittleness varied in different diagenetic stages,
and the brittleness was enhanced significantly in late
diagenetic stage.

In order to further determine the effects of diagenesis on
brittleness, the different contribution of each mineral to
brittleness in different diagenetic stages was compared by
analysing the correlation between each mineral component
and BEI. The results showed that although quartz was brittle,
its contribution to brittleness varied in different stages
(Figure 7A). In the early diagenesis stage, which was
corresponding to smectite-kaolinite-cryptocrystalline calcite-
detrital mineral assemblage, the BEI was reduced progressively
although quartz content was high. Although the content of
detrital minerals was relatively high, they were distributed in
the argillaceous matrix and the grains were matrix-supported,
resulting in viscous or plastic mechanical properties of rock.
Furthermore, the argillaceous matrix was mainly composed of
smectite/I-Sm and kaolinite, which were ductile. These two
reasons became the main factors limiting the increase of
brittleness and led to the negative correlation of quartz
content and BEI. In the late diagenetic stages with illite-
microcrystalline calcite-dolomite-detrital mineral and illite-
chlorite-fine grained calcite-dolomite-detrital mineral
assemblages, quartz content and BEI showed a significant
positive correlation, indicating that diagenesis enhanced the
contribution of quartz to brittleness. In this period, the Si that
released from crystal structure of clay minerals during smectite
illitization promoted the formation of quartz (Metwally and
Chesnokov, 2012; Cai et al., 2018). The neo-formed quartz
could act as cement to connect mineral grains, thus enhancing
the brittleness of rock framework (Akinbinu, 2015). The
correlation of feldspar with BEI was similar to that of quartz
with BEI (Supplementary Figure S1).

Similar relationship also occurred between carbonate and BEI.
Carbonate was negatively correlated with BEI in early diagenesis,
followed by a positive correlation between them in late diagenesis
(Figure 7B). However, different correlations between dolomite
and brittleness were observed, in which weak and high positive
correlations occurred in early and late diagenesis, respectively
(Figure 7C). In the case of same mineral composition, the coarser
the grains, the better the mudstone brittleness. In early diagenesis,
carbonate was mainly composed of cryptocrystalline calcite with
poor automorphism and tiny grains, exhibiting obvious plasticity.
With the enhancement of diagenesis, cryptocrystalline calcite
partially dissolved under the effects of organic acid, and then
recrystallized to microcrystalline and fine-grained calcite or
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converted into dolomite in case of presence of Fe and Mg (Wang
et al., 2005; Krajewski and Wozny, 2009). In this circumstance,
crystallization was improved and mineral grains became larger
(Figures 4C–E). Meanwhile, the carbonate cementation
strengthened the cohesiveness between mineral grains,
resulting in transformation of mechanical properties from
plasticity to brittleness (Luan et al., 2014). Therefore, there
was a two-stage correlation between carbonate and BEI.
Dolomite appeared in large quantities and the crystallization
improved gradually only in the late diagenesis, leading to the
overall positive correlation with brittleness.

Previous studies considered that the increase of clay minerals
would reduce the brittleness due to the plasticity of clay minerals
(Rybacki et al., 2016; Iqbal et al., 2018). This study, however,
found that clay minerals have no correlation with BEI in the
whole diagenetic period (Figure 7D). This indicated that when
using mineral components to analyse brittleness, clay minerals
cannot be simply regarded as ductile components. Noteworthy
was that illite was well positively correlated with BEI (Figure 7E).
The illite content were low in early diagenesis stage but high in
late diagenesis stage (Figure 7E), and the same is true of BEI
(Figure 6). The positive correlation between illite and BEI
highlighted the contribution of clay mineral transformation to
the increase of mudstone brittleness. The negative correlation
between smectite/I-Sm with BEI also confirmed that smectite
illitization affected the brittleness of mudstones (Figure 7F).
During diagenesis, conversions between clay mineral
components took place due to variation of diagenetic
environment (Li et al., 2016). Mudstones are mainly composed
of clay minerals, which serve as the matrix and adhesion agent.
The transformation of ductile components (e.g., smectite) into
brittle components (e.g., illite) would enhance the integral rigidity
of the mudstones. Therefore, the diagenesis of clay minerals
should be taken into account when investigate the
contribution of clay minerals to brittleness of mudstones.

4.3 Comparison of BEI Between Mudstones
With Different Crude Output
Samples from three wells in Jiyang Depression with different
crude output were collected to compare the BEI values. XYS9 well
is a commercial oil flow well with daily crude output of 38.5 t/d,
while L67 and L69 are stripper wells with daily oil production of
2.09 t/d and 0.19 t/d, respectively. Zhu et al. (2019) used the
δTOC, which equalled to the difference of TOC between the raw
and organic solvent extracted mudstones, to characterize the
mobile oil content in mudstones. Here the δTOC of these
three wells varied slightly (Figure 8A). Therefore, the amount
of mobile oil content measured under laboratory conditions was
not the main control for the different crude output in these three
wells. The brittleness of the mudstones affects the hydraulic
fracturing effect, which determined whether oil or gas could
be successfully extracted. Therefore, brittleness of the
mudstones from these three well was evaluated using the BEI
parameter. The BEI varied obviously with the variation trend of
BEIXYS9> BEIL67 > BEIL69 (Figure 8B). Further analysis of the
relation between δTOC and the BEI showed different

characteristics in these three wells (Figure 8C). A positive
correlation between δTOC and BEI was found in well XYS9:
δTOC was low when the brittleness of mudstones was low
(BEI<0.5), while the brittle mudstones (BEI>0.5) corresponded
to high δTOC. The match of high brittleness and oil content
ensured the successful extraction of oil and the formation of
industrial oil flow in XYS9 well. While in L67 and L69 wells,
although δTOC also had high values, the low brittleness of the
mudstones (BEI<0.5) may result in the poor fracturing effect,
which inhibited the oil yield of these two wells. Therefore, the
effective matching of oil content and brittleness was the key to
determine the crude output in the productions process.

5 CONCLUSION

Three mineral assemblages were recognised in mudstones during
diagenesis due to the variations of diagenetic environment, thus
two diagenetic stages were divided. Above 3,000 m, the early
diagenesis corresponded to smectite-kaolinite-cryptocrystalline
calcite-detrital mineral assemblage, while below 3,000 m was the
late diagenesis, forming illite-microcrystalline calcite-dolomite-
detrital mineral and illite-chlorite-fine grained calcite-dolomite-
detrital mineral assemblages. Based on the variations of brittle
components (e.g., quartz, feldspar, dolomite, illite, and chlorite), a
BEI was established to evaluate the mudstone brittleness.
According to BEI, the variation of mudstone brittleness
showed two-staged characteristics. The mudstone brittleness
changed slightly during early diagenesis but increased
gradually with enhancement of diagenesis in the late
diagenesis stage.

The contribution of brittle minerals to the mudstone brittleness
was controlled by diagenesis to some extent. In early diagenesis,
quartz and feldspar were scattered above the clay matrix which were
mainly composed of ductile components (e.g., smectite/I-Sm and
kaolinite). Meanwhile, carbonates were mainly cryptocrystalline,
resulting in a failure to form a tightly compacted rock
framework. In late diagenesis, clay minerals transformation was
noteworthy. In this process, the replacement of brittle illite and
chlorite for ductile components and the formation of quartz cement
enhanced the integral rigidity of themudstones. The recrystallization
and dolomitization of cryptocrystalline calcite formed
microcrystalline or sparry calcite and dolomite. The enhancement
of crystallinity resulted in the rigid contact between carbonate grains.
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