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ABSTRACT

The enrichment and development of shale oil are significantly influenced by the evolution of clay
minerals. In this paper, the mineralogy and clay mineral crystallinity of shale samples from Wells X1, X2
and X3 in the Gulong Sag are characterized by X-ray diffraction analysis (XRD) and field emission
scanning electron microscopy (FE-SEM). Geochemical parameters, including total organic carbon (TOC)
and rock-eval pyrolysis, were also evaluated. The results reveal that illite in the shale primarily exists in
the matrix, originating mainly from the transformation of smectite and I/S mixed layer. Chlorite in pores
is predominantly formed through fluid precipitation and crystallization. The study area exhibits
abnormal evolution of illite and I/S mixed layers, as well as the phenomenon of rapid chlorite growth
under overpressure condition. The abnormal evolution of illite and I/S mixed layer may attribute to the
inhibition of the conversion reaction from I/S mixed layer to illite. Chlorite's rapid growth occurs through
the nucleation mechanism. Furthermore, through the analysis of clay and organic matter correlation,
coupled with overpressure and hydrocarbon-rich section considerations, it is observed that chlorite may
play a significant role in the storage and generation of S;. This study contributes to a better under-
standing of the relationship between clay mineral evolution and shale reservoir overpressure, offering
valuable insights for the accurate assessment of shale oil.
© 2024 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
4.0)).

1. Introduction

et al.,, 2022; Li et al.,, 2022b; He et al.,, 2023). The abundant clay
mineral content in the Gulong Shale implies a significant role

The attention of scientific inquiry has consistently been drawn
to clay minerals as a pivotal constituent in shale samples, owing to
their integral role in the investigation of characteristics and evo-
lution during diagenesis within the realm of shale oil and gas (Sun
et al,, 2023). Currently, in the middle part of the Qingshankou
(Kaqn) Formation in the Gulong Sag of the Songliao Basin, the
extraction of shale oil from clay-rich shale has proven successful,
yielding a daily oil production of 228 bbl and daily gas production of
456,120 scf (Sun et al., 2021). Notably, the clay mineral content of
Gulong Shale is generally more than 30%, predominantly featuring
illite, I/S mixed layer, chlorite, and kaolinite as the main types (Hou
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played by these minerals in shaping the reservoir properties (Galan
and Ferrell, 2013; Chang et al., 2022). Furthermore, clay minerals
exhibit diverse geometric characteristics (pore shape, pore size,
specific surface area, crystal shape, crystal structure, etc.)
(Aringhieri, 2004; Tan et al., 2014; Ji et al., 2014; Worden et al.,
2020) and oil-bearing properties (wettability and adsorption)
(Schmatz et al., 2015; Shi et al., 2023), influencing the hydrocarbon
content and storage capacity of shale reservoirs (Anderson, 1986;
Miwa et al., 2000; Singh et al., 2021; He et al., 2023). Given these
significant influences, a comprehensive investigation into the
evolution of clay minerals during diagenesis is essential to gain a
deeper understanding of the properties of the Gulong Shale.

The evolution of clay minerals is primarily governed by tem-
perature, time, diagenetic fluid, and pressure (Perry and Hower,
1972; Berger et al,, 1995). Temperature and time are the funda-
mental factors among all the factors that influence the type and rate
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of clay mineral evolution (Inoue et al., 1992; Macquaker et al., 2014;
Derkowski and Kuligiewicz, 2022). For example, the illitization
reaction can be described either by a single-step or a two-step re-
action process depending mainly on temperature—time history
(Meunier and Velde, 2004). Generally speaking, the higher the
temperature, the more it promotes the process of illitization. In
addition, temperature changes the fluid activity which also controls
clay evolution (Komadel and Madejovd, 2013; Khalifa et al., 2020).

Pressure, in particular, stands out as one of the more complex
controlling factors during diagenesis. On one hand, it directly im-
pacts the structural integrity of clay minerals, potentially causing
crystal deformation and the formation of defects. Studies by (La,
1993; Seredin et al., 2018) have shown that high-pressure condi-
tions can induce various phenomena in kaolinite, including frac-
tures, bending, deformation, rolling of layers, glide, and rotation of
sheets. Moreover, pressure can also promote the preferred orien-
tation of clay minerals, resulting in a more ordered crystal struc-
ture, as observed in instances where illite grows perpendicular to
the effective stress (Li et al., 2022c). On the other hand, pressure
indirectly influences the crystal properties of mineral phases by
affecting phase transformation. This pressure-induced effect has
multiple facets. Firstly, pressure can suppress the transformation of
hydrated clay minerals by inhibiting the release of interlayer water.
This has been evidenced in the Junggar and Yinggehai basins,
where the conversion of smectite to illite has stagnated in the
overpressure section (Duan et al., 2018; Li et al., 2022c). Secondly,
pressure can alter the activation energy of mineral phase trans-
formation reactions, as demonstrated in laboratory experiments
showing a decrease in activation energy for the transformation of
feldspar to illite with increasing pressure (Huang et al., 2009).
Lastly, pressure can influence clay mineral growth indirectly by
controlling ion concentrations in pore fluids. Overpressure fluid
activity redistributes temperature and pressure, thereby altering
the chemical composition of pore fluids and impeding fluid ex-
change. This hinders the entry of K*, Fe3*, and acidic fluids into
shale formations (Duan et al., 2018; Li et al., 2022c). Additionally,
overpressure inhibits the generation of organic acids, resulting in a
decrease in K* and Fe** concentrations in fluids (Tingay et al.,
2013). Therefore, pressure factors seem to be very important in
the study of clay mineral evolution processes.

Globally, a comprehensive assessment reveals that approxi-
mately 180 sedimentary basins develop overpressure system, with
160 of these basins exhibiting a close association between over-
pressure and the distribution of oil and gas (Jiang et al., 2016; Hunt,
1990). Among them, overpressure-related oil and gas fields
constitute approximately 30% of the total global oil and gas fields
(Zha et al., 2002). Various factors could control the overpressure
generation and distribution include rapid sediment deposition,
disequilibrium compaction, tectonic activity, clay transformation
and hydrocarbon generation (Bethke, 1986; Luo et al., 2007; Liu
et al,, 2021; Li et al., 2022c). It is worth noting that the effect be-
tween pressure and the evolution of clay mineral and organic
matter (OM) is not unidirectional. The dehydration of clay and
hydrocarbon generation of OM can cause formation overpressure
and these overpressure-forming factors can in turn be affected by
overpressure (Hao et al.,, 2000). Previous studies have demon-
strated clay minerals can accelerate the hydrocarbon generation
process and promote the yield of low molecular hydrocarbons (Bu
et al.,, 2017; Yuan et al., 2013; Cai et al., 2022). The products of the
thermal evolution of OM, such as H™, also affect the evolution of
clay minerals (Hazen et al., 2013; Berthonneau et al., 2016). In
organic-rich shales under overpressure, the interaction between
clay mineral, OM and pressure, clay-OM-pressure interactions are
an important part of diagenesis.

The Kyqn in Gulong Sag is characterized by notable overpressure
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conditions and is enriched with shale oil reserves (He et al. 2022,
2023; Wang et al.,, 2019). The existence of overpressure in Gulong
Shale has been extensively reported (Shen et al., 2009; Lei et al.,
2012; Jiang et al., 2013; Hou et al.,, 2022). Due to the increasing
burial depth and enhanced compaction, the Gulong Sag experi-
enced significant overpressure development within the K>gn (Shen
et al., 2009). The AC well logging data analysis of more than a
thousand exploration wells in the Gulong Sag has revealed that the
pressure in the vertical direction gradually increases with depth,
with the Kyqn section exhibiting the highest-pressure levels (Lei
et al, 2012). Previous studies have indicated that the over-
pressure in the Kyqn of the Gulong Sag first formed during the
deposition of the second and third member of the Lower Creta-
ceous and exhibits multiple generations (Jiang et al., 2013).
Currently, the formation is believed to be in its fourth evolutionary
stage (Fu et al., 2007). However, the effect of overpressure on clay
minerals evolution has been rarely discussed. Within this context,
attaining a nuanced comprehension of clay minerals as well as
hydrocarbon indicators under overpressure hold significant impli-
cations for shale oil exploration and development in the Gulong
Sag.

This paper presents a case study conducted in the Gulong Sag
within the Songliao Basin to meticulously assess the impacts of
overpressure on clay mineral diagenesis. Through the coupled
analysis of clay evolution and overpressure zones of Wells X1, X2
and X3, we have established the mechanism of clay mineral growth
and transformation in the study area and evaluated the role of
overpressure in this process. Through this integrated approach, we
elucidate the mechanisms governing clay mineral growth and
transformation within the study area, while concurrently evalu-
ating the role played by overpressure in these processes. Addi-
tionally, by examining the correlation between clay minerals and
organic matter (OM) and considering the interplay between over-
pressure and hydrocarbon-rich sections, we delve into the recip-
rocal effects of overpressure on hydrocarbon accumulation and the
evolution of clay minerals.

2. Geological settings

Songliao Basin, which can be subdivided into six first-order
tectonic units, is located in northeastern part of China (Fig. 1(a)).
Gulong Sag is situated in the west of the central depression in the
basin (Fig. 1(a)). This basin, considered a giant continental rift basin,
has undergone significant geological events, including Middle to
Late Jurassic mantle upwelling, Early Cretaceous rifting, Late
Cretaceous post-rift thermal subsidence, and Campanian to early
Paleocene structural inversion (Li et al., 2021). During the sedi-
mentary period of the Kyqn in Gulong Sag, the Songliao Basin's
structure reached a state of stability (Fig. 1 (b)). The lake basin had a
massive size with a considerable water depth exceeding 30 m (Liu
et al., 2019). Depositional environments included continental salt-
water, semi-deep freshwater, and deep lake facies. The primary li-
thology of the three wells (the Gulong Shale) are mainly composed
of laminated shales with a few thin silty interlayers, occasionally
interspersed with thin interlayers or lenses of siltstone and lime-
stone (Fig. 2). Shale with a high clay content was stably distributed
regionally in the lake basin, as supplies from onshore sources were
transported for long distances and had little impact on the interior
of the lake basin (Liu et al., 2019; Zhao and Zhang, 2020). The R,
values of Gulong Shales are between 0.8% and 1.5% in the central
depression zone, mainly within the oil window (Fig. 1 (c¢)). Based on
the sedimentary cycles, lithological characteristics, mineral com-
positions, and total organic carbon (TOC) contents, the strata from
the First Member (K»qn?) to the lower part of the Second Member
(K2qn?) in the K»qn can be further divided into nine layers (Q;—Qo)



Y. Kang, K-Q. Liu, R.-K. Zhu et al.

Petroleum Science 21 (2024) 3867—3883

Elevation, km

@ (b) JAmmmmmmmmmmmm = = GulongSag ------—--———-——-- a,
Well X1
A
QR
Kon ]

Mudstone

Silty
mudstone

]

Siltstone

=

Basin
boundary

Shale

Muddy
siltstone

i

Fine
siltstone

I

a %
)
a2\
& o

structure unit

i

Second-order Well

structure unit

Rs, %

location

Pressure
coefficient

(e) stratum - | e
I Sedimentary
5 ) £ i :
€ P g Lithology facies
3 510 |a
[2) -
23753
2320
2325
2330
2335
2340
2345
2350 |-
2355
2360
2365
2370
o 2375 Semi deep lake|
& 2380
£ 5385 E—
3 el
5 {2395
2 2400 ==
2405
° g £ Q9 | 24104
Well X1 g e
g | 2420
§ | 3 2425
s | 2 @8 2450
© 2435
o S 2440
> Q7 | 2445
= 2450 Semi deep lake
3 -Deep lake
Q6
2465
2470
Q5 | 2475
2480 ;
Qa |22 Semi deep lake
e 2490
S 2495
X' [ Q3 2500
oot Semi deep lake;
Q2 2515 -Deep lake
2520
2525 i
a1 |22 Semi deep lake

Fig. 1. (a) Location map of the study area; (b) structural cross section across the Gulong Sag (Feng et al., 2010). (c) The R, contour map of the K,qn; (d) the pressure coefficient

contour map of Kiqn' (Zhao and Zhang, 2020).

from bottom to top, with a cumulative thickness of 100—150 m (He
et al,, 2023; Sun et al., 2021).

The pressure distribution characteristics of Kxqn in the Gulong
Sag exhibit a gradual decrease from the center region to the edge of
the Sag (Fig. 1(d)). The pressure decreases rapidly along the
southwest direction and slowly along the northeast direction
(Fig. 1(d)). Well X1 is located in the northeast part of the Gulong
Sag, with a pressure coefficient greater than 1.5. Similarly, Well X2,
positioned in the central part of the Sag, also displays a pressure
coefficient exceeding 1.5. In contrast, Well X3, located in the
western depression, experiences a rapid decline in formation
pressure, resulting in a smaller pressure coefficient ranging from
1.2 to 1.3. According to the classification of Jin et al. (2023), Wells X1
and X2 belong to abnormally high pressure well, while X3 belongs
to the normal to low abnormally high pressure well.

Beyond disparities in horizontal pressure distribution, varia-
tions in vertical pressure characteristics are evident, as illustrated
by the AC logging curves of the three wells (Fig. 2). AC logging can
reflect the characteristics of formation pressure, where higher AC
values correspond greater formation pressure (Li et al., 2022c¢). The
AC velocity values of Well X1 and Well X2 increase with the
increasing depth and the AC logging curves form a box-shaped with
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high values in the Q1—Q4 oil layers (Fig. 2). By considering the
normal compaction incorporating cementation and clay mineral
transformation effects, it is found that the AC logging curves of
wells X1 and X2 are both above the normal compaction trend,
indicating overpressure development, whereas the AC logging
curve of well X3 roughly matches the normal compaction trend
(Fig. 2). This observation suggests a continuous increase in over-
pressure with depth in Wells X1 and X2 (Li et al., 2022c). The AC
velocity of the Well X3 shows little change with depth, demon-
strating that the formation pressure condition varies little vertically
(Fig. 2).

3. Sample preparation and methods
3.1. Samples

To better investigate the influence of pressure on the evolution
of clay minerals and eliminate incidental factors, this study selected
a total of 115 core samples of Kyqn shale from two overpressure
wells (Wells X1 and X2) and one well exhibiting normal to slightly
overpressure well (Well X3). Typical drill-core photos and micro-
texture in thin sections are shown in Fig. 3. The selected shale
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Fig. 2. AC logging curves of Wells X1 and X2 show high values and exhibit a distinct box-shaped character (double arrow), while the AC values between the Q1—Q4 oil layers and
the Q5—Q9 oil layers in Well X3 did not exhibit significant differences. The AC logging curves of Wells X1 and X2 are both above the normal compaction trend, whereas the AC
logging curve of well X3 roughly matches the normal compaction trend. The normal compaction trend is calculated based on Li et al. (2022a), considering cementation and clay

mineral transformation effects.

samples of these three wells have similar maturity values
(Ro = 1.2%—1.4%) (Fig. 1(b)), burial history and thermal history (Hou
et al., 2022). To comprehensively characterize these samples,
various analytical techniques were employed, including X-ray
diffraction (XRD), total organic carbon (TOC) determination, Rock-
Eval pyrolysis, and field emission-scanning electron microscopy
(FE-SEM). In the XRD experiment, in order to study the crystalli-
zation characteristics of clay minerals in overpressure wells, mea-
surements were conducted on the crystallinity of illite and chlorite
in shale samples of Wells X1, X2 and X3.

3.2. Methods

3.2.1. X-ray diffraction analysis (XRD)

XRD analysis of shale samples were acquired for both whole-
rock (bulk) and clay fractions (<2 pm). A TTR-type X-ray diffrac-
tometer manufactured by Rigaku, Japan was used for the experi-
ment. Samples were pre-processed by being crushed to a 200-mesh
powder. Whole-rock XRD patterns were collected from 5° to 45°
with a step size of 0.02° and a scanning speed of 2°/min using Cu-
Ko radiation (A = 1.5418 A, the scattering slit was 1° with a
receiving slit of 0.3 mm) with a 40 kV applied voltage and 40 mA
current. Prior to XRD analysis of the clay minerals, carbonates and
OM were removed with 0.3 M acetic acid and 10% hydrogen
peroxide (H»0), respectively. Clay fractions were obtained by
suspension precipitation and then transferred to silicon wafers to
prepare oriented samples. The identification and quantitative of
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clay minerals were conducted by using slides with multiple treat-
ments, namely, air drying (25 °C) (N sheet), ethylene glycol satu-
ration (E sheet), and heating (550 °C) (T sheet), Then, XRD data
were collected from 2.5° to 30° 2. The identification and quanti-
tative assessment of the relative abundance (in weight percent, wt
%) of various mineral phases on Jade 6.0 software platform by
Pearson VII fitting function.

Clay mineral ‘crystallinity’ is a term used to describe the general
change in the degree of ordering in the crystallographic c* direction
of phyllosilicate minerals, as detected by differences in the line
broadening of basal X-ray diffraction (XRD) reflections (Kiibler,
1966; Kiibler and Goy-Eggenberger, 2001; Warr and Cox, 2016).
Crystallinity of illite (Kiibler index) and chlorite (Arkai index) are
the measures of the full width at half maximum (FWHM) of the
diffraction peak 10 A and 7 A respectively by Pearson VII fitting
function on the software Jade 6.0 software platform (Kiibler, 1966;
Arkai, 1991). The XRD patterns are obtained from the same machine
and each measured step are performed in 3 times with the good-
ness of fit above 95% for each FWHM measurement.

3.2.2. Field emission scanning electron microscopy (FE-SEM)

All shale samples were cut into relatively flat 10 x 10 x 5 mm
squares and manually polished with 800 mesh, 1000 mesh, and
2000 mesh sandpaper, respectively. To ensure a smooth surface, the
circumferences of the samples were further polished using a Leica
argon ion polishing instrument before carbon plating. The
morphology, occurrence, dissolution, and pore characteristics of
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Fig. 3. Selected cores and thin section photos characterizing Gulong Shales. (a) A laminated shale core from Well X1 (2520.75—2021.10 m) with very thin silty (light color) and
calcareous lenses (red arrow). (b) A thin section (plane-polarized light) characterizing laminated shales from Well X1 (2413.10 m). Arrows indicating calcite cement (yellow arrow),
ostracod shells (red arrow) and organic matter enrichment bands (white arrow). (¢) The crossed polarized light of (b). (d) A thin section characterizing laminated shales from Well

X3 (2394.10 m) with oriented calcite lenses (red arrows).

minerals and OM was imaged at a temperature and humidity of
22 °C and 40 %, respectively. FE-SEM observation was performed
using an FEI Helios Nano-Lab 650. FE-SEM imaging was operated
with a chamber pressure of 8—10 mbar, a working distance of
3—15 mm, a voltage of 5—15 kV. EDS was operated with the working
distance of 8—10 mm, the voltage of 10—20 kV, and a detection
depth of 1-5 um. EDS spectra were subsequently employed to
determine mineral types within the samples.

3.2.3. Total organic carbon (TOC) determination and rock-eval
pyrolysis

Before conducting the tests, the carbonate content present in
samples with particle sizes less than 200 mesh was removed
through treatment with dilute hydrochloric acid. TOC analysis was
performed according to GB/T 19145-2003. Solid residues were
analyzed with the LECO CS-230 carbon and sulfur analyzer, and the
measured TOC contents of the solid residues were converted to the
TOC contents of corresponding shale samples. Following the
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national standard GBJT 18602, pyrolysis was performed under
normal temperature and pressure using a Rock-Eval 6 pyrolyzer at a
constant temperature of 300 °C for 3 min for Sy and a programmed
temperature increase in 25 °C/min from 300 to 650 °C for Sp.

4. Results
4.1. Bulk-rock and clay mineralogy

Bulk-rock XRD analysis of the shale samples in this study reveals
that the predominant non-clay components are quartz and feld-
spar, with minor amounts of carbonate (calcite, dolomite, siderite,
and apatite) and pyrite (Fig. 4). The quartz content ranges from
20.3% to 42.5%, with an average of 30.5%. Feldspar, predominantly
plagioclase, constitutes an average content of 10.9%, the lower part
of the Kqn! has the least content of feldspar. The carbonate content
exhibits variability (with an average of 5.0%) and includes varying
amounts of calcite (with an average of 1.3%), dolomite (with an
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Fig. 4. The mineral content of K;qn' for Wells X1, X2, and X3 in the Gulong Sag.

average of 0.8%), and ankerite (with an average of 2.8%). Siderite is
not present in Wells X1 and X2 and occurs only in small quantities
in X3. The clay mineral content in the selected shale samples ranges
from 23.9% to 64.7%, with an average of 47.2%, indicating a clay-rich
composition for all samples.

The clay minerals of the shale in Gulong Sag are mainly
composed of illite ranging from 19.2% to 46.8% (with average
32.6%), I/S mixed layer ranging from 8.3% to 19.8% (with average
13.4%), and chlorite ranging from 1.5% to 11.2% (with average 4.8%).
Additionally, a minor quantity of discrete kaolinite was found in the
shale samples from Well X1. With the increasing depth, the relative

content of illite in the Wells X1 and X2 first increases and then
decreases, while the relative content of the I/S mixed layer follows
an inverse trend, first decreasing and then increasing (Fig. 5).
Chlorite, on the other hand, continuously increases with depth and
shows a rapid increase in the lower section of the formation (Fig. 5).

The clay minerals evolution sequence of the Well X3 is quite
different from that of the Wells X1 and X2. In Well X3, the content
of I/S mixed layer decreases with depth, while illite content con-
tinues to increase, and chlorite content remains relatively un-
changed. The variations observed in the evolution sequences of clay
minerals can potentially be attributed to differences in ion supply
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Fig. 5. The contents of illite, I/S, chlorite and of shale for Wells X1, X2 and X3 in the Gulong Sag.
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resulting from variations in formation pressure conditions. In most
of the shale samples, the percentage of illite (I%) in the I/S mixed
layer of the three wells is consistently above 90%, with only a few
samples below this threshold (see in Appendix table 1).

4.2. Crystallinity characteristics of illite and chlorite under
overpressure

In the overpressured wells, the Arkai index exhibits a decrease
with depth in the Q5—Q9 oil layer and increases with depth in the
Q1—Q4 oil layers (Fig. 6). The Kiibler index slightly increases with
depth in the Q5—Q9 oil layers and remains unchanged in the Q1-Q4
oil layers (Fig. 6). There is an obvious pressure difference between
the Q1—Q4 oil reservoir and the Q5—Q9 oil reservoir in the over-
pressured well (Fig. 2). In Well X3, the crystallinity of illite de-
creases with depth, while the crystallinity of chlorite remains
relatively constant with depth (Fig. 6). At the bottom of the interval,
chlorite is either absent or present in such low amounts that it
cannot be detected by XRD.

Therefore, the variation trend of crystallinity with depth in the
upper and lower sections may be related to the formation pressure
factor.

4.3. Occurrence of clay mineral

The Gulong Shale is characterized by the presence of three
dominant clay minerals: I/S mixed layer, illite, and chlorite, with no
observed occurrences of discrete smectite. The matrix in the
described sample is mainly composed of illite and I/S mixed layer
phases (Fig. 7(a)). Notably, illite and I/S mixed layer minerals sur-
rounding feldspar or quartz grains exhibit significant flexural
deformation (Fig. 7(b)), suggesting that these structural alterations
may be attributed to compaction. The compaction process has
resulted in the loss of the minerals' original crystal habit, leading to
indistinct boundaries and preferential orientation. Chlorite pre-
dominantly occupies the pore spaces and manifests as platy or
radiating aggregates, often accompanied by authigenic quartz
(Fig. 7(c)). Some discrete boundary chlorite particles are present
within the matrix and exhibit preferential orientation, indicating
that they may be derived from terrestrial debris and preserved over
time (Fig. 7(d)). In addition, the shale in the study area exhibits

Well X2

02 03 04 06 07 08 09 10
L L L L L
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occurrences of other minerals such as feldspar and mica, under-
going transformation into clay minerals. Fibrous illite and residual
feldspar are observed within some independent outlines, poten-
tially indicating the transformation from feldspar to illite (Fig. 7(c)).
The tangential distribution of plastic minerals around these inde-
pendent outlines, induced by compression, suggests the past
presence of rigid particles. In addition, the phenomenon of mica
particles transforming into illite and chlorite has also been
observed, which is manifested by the appearance of distinct
cleavage and fibrousization at the edges of mica particles (Fig. 7(e)).
Furthermore, occurrences of chlorite and biotite bands alternately
distributed within the particles are observed (Fig. 7(f)). The
occurrence of dissolution processes is commonly observed in the
feldspar and carbonate within the study area, with the surfaces of
feldspar and carbonate exhibiting widespread development of
dissolution pores (Fig. 7(g), (h)). The study area also exhibits
abundant occurrences of chlorite filling in rhombic-shaped pores,
along with residual carbonate minerals that are likely products of
carbonate dissolution subsequently followed by authigenic chlorite
precipitation filling the void spaces (Fig. 7(i), (j)). These rhombic-
shaped chlorite precipitates also exhibit filling of OM, which may
have played a role in promoting the formation of such chlorite
(Fig. 7()).

There is a close relationship between OM and clay minerals in
the study area, and they often occur together. The interaction be-
tween illite and OM are commonly found in forming illite-OM
complex (Fig. 8(a)). Chlorite and OM exhibit two main associated
states: chlorite filling OM pores produced by thermal evolution
(Fig. 8(b)), and OM filling intergranular pores of chlorite (Fig. 8(c),
(d)). Notably, the observed frequency of chlorite and OM associa-
tion surpasses that of chlorite occurring independently, suggesting
a potentially more intricate and interconnected relationship be-
tween chlorite and OM.

4.4. TOC and pyrolysis data

In Well X1, the average TOC content is 2.25%, while the average
S; content is 3.57 mg/g and the average S; content is 4.56 mg/g. For
Well X2, the average TOC content is 2.4%, while the average Sq
content is 2.95 mg/g and the average S, content is 4.43 mg/g. The
Well X3 with an average TOC content of 1.98%, S content averaging
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Fig. 6. Crystallinity characteristics of chlorite (Arkai index) and illite (Kiibler index) in overpressured Wells X1, X2 and normal pressured well X3 shale.

3873



Y. Kang, K-Q. Liu, R.-K. Zhu et al.

Petroleum Science 21 (2024) 3867—3883

ps. eV

1

5.6V

d;: Plagioclase

dy: lllite

H

f,: Biotite
Element

Lower Fe content
than chiorite

J»- Chlorite f"

Jjo: Calcite 0

Higher Fe content
than bitite

e Moo

Fe
20 |
10
uﬂJl
12 3 4 5 7 8 8
keV

5

Fig. 7. Typical FE-SEM and EDS images of Gulong Shales. (a) The oriented chlorite particles potentially originate from detrital material (from Well X1—2435.0 m). (b) The manifested
image of black box area in (a), the oriented illite or I/S mixed layers within the matrix, displaying compression-induced deformation along the edge of rigid grains. (c) Chlorite filling
the pores, enclosing fine quartz grains, and the presence of multiple orientations of authigenic chlorite may indicate the presence of multiple chlorite nuclei (from Well
X1-2425.10 m). (d) Partially replaced detrital plagioclase grain (white dash) filled with plagioclase remnants (red dash) (d;) and illite (d;) with fibrous texture (from Well
X1-2435.0 m). (e) Illite as a potential replacement for plastic mica grains with apparent cleavage (white dash box) and edge fibrillation (red dash box) (from Well X1-2320.1m). (f)
The biotite particle (f,) is intercalated with chlorite veins (f;), which are believed to have originated from the transformation of biotite (from Well X2—2276.2 m). (g) The feldspars
are widely developed dissolution pores, some of which are filled by clays or pyrite, the authigenic illite fills the pore adjacent to the dissolved feldspar particles (from Well
X1-2469.2 m). (h) Carbonate developed dissolution pore (from Well X1-2401.1 m). (i) Extensively developed rhombic pores filled by chlorite (from Well X1-2421.08m). (j) The
rhombic pore filled by chlorite (j1), authigenic quartz grains and remnant calcite particle (jz) and OM and the dissolution pore may be induced by the evolution of OM; Kf: K-feldspar,

Pl: plagioclase, Ca: calcite, Qtz: quartz, Chl: chlorite.

2.16 mg/g and S; content averaging 3.97 mg/g. Overall, Well X1 and
X2 has higher OM abundance compared to the Well X3. Further-
more, the OM abundance of three wells demonstrates different
depth distributions, with Well X1 and X2 displaying high content of
OM in the oil layers of Q1—Q4, while Well X3 shows high content of
OM in the oil layers of Q8—Q9 (Fig. 9). Differences in hydrocarbon
distribution between Well X1, X2 and X3 may be related to for-
mation pressure distribution.

5. Discussions

Clay minerals in Gulong Shale may form by three distinct
mechanisms: 1) Post-depositional preservation mechanism: This
mechanism involves the preservation of older rocks or soils con-
taining clay minerals through deposition after mechanical weath-
ering (Chamley, 1989; Bétard et al., 2009). Clay mineral formed by
through this mechanism exhibit distinct orientation and rounding
as a result of long-distance transportation and compaction during
burial process (Fig. 7(a)) (Aldega, 2005). 2) Solid-state trans-
formation mechanism (SST): In this mechanism, precursor phases
such as mica or feldspar converted to clay minerals by ion exchange
with pore fluids without destroying the contour of the precursor
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minerals (Altaner and Ylagan, 1997; Kogure and Banfield, 2000).
Clay minerals formed through SST can be recognized by the rem-
nants and the particle morphology of their parental phase
(Fig. 7(d), (e) (f)) (Altuhafi et al.,, 2013; Rafiei et al., 2020). 3),
Dissolution-crystallization mechanism (DC): Clay minerals can be
formed by the dissolution of adjacent minerals such as feldspar or
from transported fluids (Fig. 7(g)) (Tosca et al., 2010; Lanson et al.,
2002; Huang et al., 1986). Clay mineral formed through DC mech-
anism can be distinguished by the authigenic crystal shape such as
illite with a hairy or fibrous texture and chlorite with radial or
acicular texture (Fig. 7(c), (g), (i), (j) and Fig. 8) (Geng et al., 2017;
Worden et al., 2020). The latter two types of clay minerals are very
common in the shales of the study area and are easily recognized
under FE-SEM (Figs. 7 and 8).

5.1. Mechanisms for the abnormal evolution of illite and I/S mixed
layer

Illite and I/S mixed layers primarily occur within the matrix and
are often subjected to compressional deformation, lacking distinct
authigenic shapes (Fig. 7(a), (d)). This type of illite is probably
detrital or derived from the transformation of smectite during early
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Fig. 8. The FE-SEM image of clay minerals and OM. (a) Complexes formed by flocculent illite and OM (from Well X3—2452.4 m). (b) chlorite and authigenic quartz fill secondary
pores of solid OM (from Well X1—2464.1 m). (c) relationship between authigenic chlorite and OM (from Well X3—2452.4 m). (d) The manifested image of white dash box area in (c),

OM fills the intergranular pores of chlorite (from Well X1-2449.1 m).
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Fig. 9. Comprehensive geochemical evaluation (TOC, Sy, S») of Wells X1, X2 and X3. The dashed line indicates the relatively high value range of the geochemical parameters. Data of

Well X3 from (He et al., 2023).

diagenesis. In addition, some illite with residual feldspar and mica
cleavage may have formed through the SST mechanism (Fig. 7(d),
(e)). Moreover, a small amount of illite or I/S mixed layers with
fibrous structures fill in the pore (Fig. 7 g), which is potentially
formed by DC mechanism in the late diagenesis.

In general, as the depth increases, the content of illite tends to
increase while the content of I/S mixed-layer decreases (Li et al.,
2022c), as illustrated by Well X3 (Fig. 5). However, an abnormal
evolution of illite and I/S mixed layer emerges in overpressured
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wells, where the illite content in Q1—Q4 oil layers progressively
decreases with increasing depth while the content of illite-smectite
mixed-layer minerals increases with depth (Fig. 5). According to the
studies conducted by Sun et al. (2021) and He et al. (2023), sig-
nificant smectite presence has been observed in the shallow for-
mations of the Gulong Sag. However, in the K>qn of the Gulong Sag,
the smectite completely disappears. The abundant smectite un-
dergoes extensive transformation into illite and I/S mixed layer in
the deeper formations. This transformation process, where
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smectite and I/S mixed layer are converted into illite, is considered
to be the primary reaction occurring in the Gulong Shale. The
abnormal evolution of illite and I/S mixed layer in overpressured
well may be attributed to a hindered transformation of smectite
and I/S mixed-layer to illite.

The abnormal evolution mechanisms in overpressured wells can
be elucidated through correlation analysis between feldspar and
illite in different oil layers. Feldspar often serves as one of the major
parent materials for illite formation, providing ions through
dissolution or pseudomorphic replacement, such as the absorption
of K™ during the transformation from smectite or I/S mixed layers
to illite (Altaner and Ylagan, 1997). A negative correlation between
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Fig. 10. Clay mineral content versus feldspar content. (a) The relationship between
feldspar and clay content of Wells X1, X2 and X3. (b) Relationship between feldspar
and illite in Q5—Q9 oil layers of Wells X1 and X2. (c) Relationship between feldspar and
illite in Q1—Q4 oil layers of Wells X1 and X2.
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the content of feldspar and clay minerals in Gulong Shale, com-
bined with observations under FE-SEM (Fig. 7), supports that
feldspar is the parent material for the formation of clay minerals
(Fig. 10(a)). Previous studies have shown that feldspar and car-
bonate dissolution increase under overpressure conditions due to
three main reasons: 1) Under overpressure, the activation energy of
feldspar and carbonate dissolution decreases, leading to enhanced
solubility in diagenesis fluids (Huang et al., 2009). 2) Overpressure
can restrain the thermal evolution and generation of OM thereby
prolonging the contact time between organic acids and rocks, thus
increasing feldspar and carbonate dissolution rates (Tingay et al.,
2013). 3) The multi-episodic hot fluid activity caused by the over-
pressure increased the mobility and temperature of the fluid and
the dissolution of feldspar and carbonate was enhanced (Duan
et al., 2018). These findings indicate that feldspar and carbonate
are more prone to dissolution under overpressure. In the studied
shale area, extensive feldspar and carbonate dissolution has
occurred, resulting in the development of numerous dissolution
pores (Fig. 7(d), (g)).

It is evident that a negative correlation between feldspar and
illite in the Q5—Q9 oil layers can be found (Fig. 10 (b)), while no
significant correlation is observed in the Q1—Q4 oil layers (Fig. 10
(c)). The negative correlation in the Q5—Q9 oil layers suggests the
presence of a direct or indirect transformation from feldspar to
illite. In contrast, no correlation between feldspar and illite in the
Q1—Q4 oil layer can be used as evidence that illite growth is
inhibited in the Q1—Q4 oil layer.

The crystallinity of illite and chlorite reflects the crystal domain
size and the degree of crystal order. During diagenesis, the degree
of illite and chlorite crystallinity can be influenced by nucleation
and ripening process of crystals (Meunier et al., 2004). Eberl and
Velde (1989) proposed a nucleation growth mechanism, suggest-
ing that numerous stacking faults within illite crystals may arise as
new particles nucleate on existing illite layers, leading to an in-
crease in the Kiibler index. A subtle elevation in the Kiibler index
value is observed in the Q5—Q9 oil layers, coinciding with a gradual
increase in illite content. This observation implies that the nucle-
ation and growth of illite contribute to the decrease in crystallinity
in these layers. Conversely, the nearly unchanged Kiibler index in
the Q1—Q4 oil layers indicates potential suppression of illite growth
during this stage.

As previously mentioned, an increase in pressure leads to a
decrease in the activation energy for feldspar dissolution and
transformation into illite, which promotes the formation of illite.
The substantial decrease in feldspar content with depth in the
overpressure section and the widespread development of feldspar
dissolution pores further indicate that feldspar dissolution is
ongoing. Therefore, the stagnation of illite formation cannot be
attributed to insufficient material. Instead, overpressure may
inhibit illite formation by reducing fluid activity and increasing the
stability of interlayer water in I/S mixed layers. When the dehy-
dration of I/S mixed layers, the main reactants of illite formation, is
prevented, the relative content of illite decreases with depth, while
the relative content of I/S increases.

5.2. The mechanism of rapid growth of chlorite

Under FE-SEM, a large amount of chlorite observed filling in
feldspar dissolution pores, intergranular pores, and OM pores ex-
hibits distinct authigenic morphologies, depicting that the chlorite
formed by the DC mechanism (Figs. 7(c)—Fig. 8(b)—(d)). A small
portion exhibits displacing feldspar or mica features (Fig. 7(f)),
which is likely formed by the SST mechanism involving the trans-
formation of feldspar and mica. Additionally, a small proportion of
chlorite exhibits a discrete edge distribution within the shale
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matrix, showing orientational characteristics (Fig. 7(a)), which may
originate from post-depositional preservation mechanism.

In Wells X1 and X2, the content of chlorite exhibits a gradual
increase in the Q5—Q9 oil layers but a rapid increase in the Q1—Q4
oil layers. However, there is no apparent increase in chlorite con-
tent in Well X3 (Fig. 5). The authigenic chlorite within the pores
does not undergo significant compaction deformation. It is plau-
sible that the majority of the formation pressure is borne by the
pore fluid under overpressure conditions (Boles and Franks, 1979;
Taylor et al., 2015), thereby preserving the authigenic morphology
of chlorite. At the same time, the slight deformation also indicates
that the chlorite in the pores may have formed at a relatively late
stage of diagenesis.

The main dissolution minerals in Gulong Shale are feldspar and
calcite (Fig. 7(g), (h)). Due to the negative correlation between
feldspar, carbonate, and chlorite, feldspar and carbonate may serve
as the parental materials for chlorite formation (Fig. 11(a), (b)). The
enhanced dissolution of feldspar and carbonate under overpressure
conditions has been previously discussed. Notably, Fe-carbonate
are particularly susceptible to dissolution under overpressure. The
high-pressure experimental results have demonstrated that the
stability of Fe-carbonate dramatically decreases with increasing Fe
content (Dubrawski, 1991; Bataleva et al., 2020). Therefore, Fe-
carbonate, such as siderite, is highly prone to dissolution under
overpressure conditions, which could be used to explain the lack of
development of siderite in Wells X1 and X2 while the relatively
high content siderite in Well X3. The substantial dissolution of
feldspar and Fe-carbonate releases a significant amount of Fe>* and
Mg?* into the fluid, which accelerates the growth rate of chlorite in
the Q1—Q4 oil layers. In the Gulong Sag, chlorite, ankerite, and
pyrite are typical authigenic minerals that require the consumption
of Fe?* and Mg?* from fluids for their formation. chlorite tends to
form in neutral or alkaline fluids (Mosser-Ruck et al., 2010), while
pyrite tends to develop in acidic conditions (Liang et al., 2024). As
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for the formation of ankerite calcite can transform into ankerite
under acidic conditions (pH = 5) (You et al., 2018). Considering the
differences in the fluid environments for the growth of chlorite,
pyrite, and ankerite, there may be a competitive growth relation-
ship among them. The negative correlation among the three
diagenetic minerals (chlorite, pyrite and ankerite) can prove this
point (Fig. 11(c), (d)). The dissolution of feldspar and carbonate
consumes a significant amount of H*, resulting in a shift in fluid
properties toward a neutral or alkaline fluid. This creates favorable
ion concentration and pH conditions for the abundant generation
of chlorite under overpressure.

An increase of domain size and a decrease of lattice distortion
with increasing grade (temperature) may be decisive factors
affecting chlorite crystallinity (Arkai, 1991). In the Q5—Q9 oil layers
of the overpressured wells, the observed decrease in the Arkai in-
dex of chlorite may be attributed to the increasing temperature
with depth. During this stage, chlorite is likely to primarily increase
the crystal domain size and degree of crystal order through the
ripening mechanism. In the Q1—Q4 layers, the presence of over-
pressure induces in the dissolution of feldspar and carbonate,
generating a large number of ions that promote rapid nucleation
and growth of chlorite. This leads to a decrease in the average
domain size of chlorite and an increase in lattice distortion, causing
the Arkai index to increase with depth in the bottom section of
Koqn.

5.3. The diagenetic evolution of Gulong Sag

By integrating geochemical data (R,), clay mineral composition
(illite percent in I/S mixed layer), and the burial and thermal history
of Well X1, a comprehensive division scheme was proposed to
characterize the diagenetic stages of Gulong Shales under over-
pressure (Fig. 12). The shale in the Kyqn of the Gulong Sag was
found to be in the middle diagenetic stage. As the study of He et al.
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Fig. 12. Diagenetic evolution of the shale of K,qn in

(2023), the relationships observed between overpressure, gas-oil
ratio, and R, value in the formation indicate a strong correlation.
The lighter density of generated oil and gas compared to kerogen
leads to volumetric expansion within the source, resulting in
overpressure. This overpressure phenomenon serves as the pri-
mary driving force for oil and gas displacement (Sun et al., 2021).
During the hydrocarbon generation stage, the accumulation of
overpressure may occur due to the blocked outflows of oil and gas
caused by capillary pressure and adsorption force. The self-sealing
and accumulation of hydrocarbons can be attributed to the in-situ
preservation under overpressure conditions in the study area (Jia
et al.,, 2021; He et al., 2023).

With the expulsion of organic acids and the accumulation of
pressure, the dissolution of cement gradually intensifies.
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the Gulong Sag. Revised from (He et al., 2023).

Simultaneously, the inhibition of smectite and I/S mixed layer
dehydration also increases with overpressure accumulation. The
greater the formation pressure, the stronger the inhibition of the
conversion reaction from smectite or I/S mixed layers to illite,
resulting in an anomalous evolution characterized by decreasing
illite content and increasing I/S mixed layers with increasing depth.
Additionally, due to the nearly halted growth of illite crystals in the
overpressure zone, the crystal domain size and degree of order may
not exhibit significant changes. The presence of sufficient dissolved
pore space and a suitable fluid environment in the overpressure
zone promotes rapid chlorite crystallization. Through the obser-
vation of multiple nucleation phenomena of chlorite crystals in
scanning electron microscopy, the rapid growth of chlorite may be
attributed to a mechanism of rapid nucleation. This rapid
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Fig. 13. Plot of TOC and pyrolysis data versus clay mineral intersections for Well X1. There is no significant correlation between (TOC, Sy, S) and illite or I/S, and there is a positive

correlation with chlorite.

nucleation leads to a swift increase in chlorite content, accompa-
nied by a decrease of domain size and an increase of lattice
distortion. Based on the diagenetic evolution diagram, a clear as-
sociation between overpressure, clay evolution, and hydrocarbon
accumulation in the Kaqn of the Gulong Sag can be observed.

5.4. The petroleum geological significance

As discussed above, the generation of oil and gas promotes the
formation of overpressure, exerting an influence on the evolution of
clay minerals. Consequently, a potentially close correlation be-
tween organic matter (OM) and clay minerals might exist. Unlike
illite and I/S, chlorite appears to exhibit a positive correlation with
OM (TOC, Sy, Sp) content (Fig. 13). Despite occupying a limited
portion of the clay mineral content, chlorite demonstrates a high
frequency of coexistence with OM, as observed under SEM (Fig. 8).
This suggests a potential diagenetic relationship between OM
evolution and chlorite formation (Chang et al., 2022). The organic
acids produced during the process of hydrocarbon generation and
migration promote the formation of dissolved pores. Those dis-
solved pores provide space for the formation of chlorite, and the
Fe?* generated by dissolution acts as an important source material
for chlorite. Therefore, the occurrence of dissolved pores is often
associated with the presence of OM. Additionally, the formation of
chlorite prevents the precipitation of cementing minerals like
quartz, preserving the connectivity of the pores and allowing
subsequently generated migrated hydrocarbons to fill the inter-
crystallite pores of chlorite (Fig. 8) (Worden et al., 2020). This
phenomenon is evidenced by the observation of chlorite growth
within OM pores and the pyrobitumen filling the intercrystallite
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pores of chlorite under SEM (Fig. 8(d)).

Illite and I/S mixed layer develop no noticeable pores due to the
effect of compaction, thus hindering hydrocarbon charging. Previ-
ous calculations of oil saturation for the qun1 in Wells X1, X2, and
X3 have shown that the oil saturation of Wells X1 and X2 is over
40%, whereas the oil saturation of Well X1 is only 31.7% (Li et al.,
2022b) (Fig. 14(a)). Both Wells X1 and X2 have higher chlorite
content than Well X3 (Fig. 14(b)), which is consistent with the
observed relationship between chlorite content and oil saturation.
The positive effect of chlorite on the accumulation and migration of
hydrocarbon may be due to the rapid growth of chlorite in Wells X1
and X2, protecting the shale pores and preventing the destruction
of pores caused by mineral cementation such as quartz.

The difference of TOC and S; content of shale in Wells X1, X2 and
X3 is not significant, while the S; contents of shale in Well X1 and
Well X2 are higher than those in Well X3 (Fig. 14(c)—(e)). This is due
to the fact that overpressure is part of the result of free hydrocarbon
production from OM, and a considerable number of hydrocarbons
can accumulate by the pressure seals (Liu et al., 2017). In addition,
overpressure has a protective effect on porosity, and many basins
have reported that a highly porous zone forms in high-pressure
zones (Liu et al., 2017; O'Neill et al., 2018), providing pore space
for free hydrocarbons to accumulate.

Through the examination of the interplay between over-
pressure, clay minerals, and hydrocarbon indicators, a consistent
pattern emerges. In the presence of overpressure, there tends to be
an anomalous evolution of illite and I/S mixed layer, a rapid surge in
chlorite content, and elevated hydrocarbon levels. The spatial dis-
tribution of hydrocarbons appears to be intricately linked to the
prevalence of overpressure. As a result, the exploration focus might
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align with the overpressure units, as discerned from the distinct

such as platy or radiating aggregates, signifying its origin
clay mineral evolution characteristics.

from fluid precipitation and crystallization. A small portion
of illite and chlorite originates from terrigenous detritus with

. discrete particle boundaries present within the matrix and
6. Conclusions exhibit preferential orientation. Some clay minerals manifest
. . through the appearance of distinct cleavage and fibrousiza-
Based on the study of clay mineral growth and transformation tion at the edges of mica particles, formed through the
characteristics, hydrocarbon and formation pressure distribution transformation of feldspar and mica via the SST mechanism.
characteristics, _and the cou.plmg relationship between the (2) The abnormal evolution of illite and I/S mixed layer is caused
abnormal evolutlop of clay mmgrals, hydrqcarbon—enrlched and by overpressure by increasing the stability of interlayer water
overpressured section, the following conclusions can be drawn. of smectite and 1/S mixed layers. Illite nucleation growth
lightly prevails in Q5— il layers, with I/S mixed layer

(1) Illite within the shale of the Qingshankou Formation in the Zn% fte?ldspp‘:lrilssreac(tlfntggozve:tsi/relgsydiretctly/(s)r indflicilg/ets
Gulong Sag predominantly resides in the matrix, arising from illite. In the Q1—Q4 oil layers, illite growth is inhibited, and

the alteration of smectite and I/S mixed layer. Chlorite is the Kiibler index remains nearly unchanged.

primarily found in the pores, exhibiting a euhedral shape
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(3) The rapid growth of chlorite in the Q1—Q4 sections of

. . N[00 000O0 000000

overpressured wells can be attributed to the increased Il IS e
supply of ions. Overpressure promotes the dissolution of
feldspar and Fe-carbonate and leads to a pore fluid pH
tending towards neutrality or alkalinity, facilitating the

abundant formation of chlorite. The decrease in the Arkai b N in oo © i~ oo oo

index of chlorite in the Q5—Q9 oil layers may be attributed Sl RS Fvnreelgaa

to the increasing crystal domain size and degree of crystal BI85
order through the ripening mechanism. Conversely, in the
Q1—Q4 layers, the increase in the Arkai index of chlorite
leads to a decrease in the average domain size of chlorite
and an increase in lattice distortion by nucleation

mechanism. X|SEIISIISEIIIERIS
(4) The formation of chlorite is closely related to the generation
of hydrocarbon, and there is a positive correlation between
their content. Overpressure, abnormal evolution of illite
and I/S, and oil and gas enrichment zones often correspond

to each other, which can be considered factors in oil and gas RN oL B8BILTEH wunw

. =} PlooaN M I NI TN O OSSR

exploration and development. TSR RRLLLLLLLree
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Well X1
Depth
2397.2
2401.1
2403
2405
24131
2415
24171
2419.1
2420
24211
2425.1
2429
24332
2441
2451.2

The illite content (I%) in I/S mixed layer of wells X1, X2 and X3.
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