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In conventional sequence stratigraphy research, owing to the limitation of the
resolution of seismic data, strata can only be divided into third order sequences
at most on the seismic profile. In this study, the vertical fourth order sequence is
divided using the high vertical resolutions of gamma ray (GR), uranium (U), thorium
(Th), and potassium (K) curves in the logging curves, and the sequence divided in the
depth system is then accurately superimposed on the seismic profile through one
dimensional forward modelling. Subsequently, through three dimensional Fourier
transform technology, the dip angle and azimuth information of the seismic data in
the entire region are scanned to obtain the horizons. Through the progradation and
retrogradation characteristics of sediments in the Wheeler system, guided by the
sequence framework, the horizontal interpretation of the fourth order sequence
system tract is conducted in the entire region. Finally, through attribute optimisation,
the root mean square amplitude attribute, with the highest degree of coincidence
with well data, is selected to study the evolution characteristics of sedimentary
microfacies in different periods in the four system tracts. Notably, the strata of Qixia
Formation in the study area can be divided into two-fourth order sequences, wherein
SQ1 comprised transgressive systems tract 1 (TST1) and high stand systems tract 1
(HST1), and SQ2 comprised TST2 and HST2. With the change in the relative sea level
cycle, the strata of Qixia Formation in the study area are developed by overlapping
the sedimentary microfacies of the interbank depression, interbank sea, and
intraplatform shoal from bottom to top.
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1 Introduction

In recent years, many studies have been conducted on the
sedimentary facies and reservoir prediction of Qixia Formation in
the Sichuan Basin. For example, DAI Danshen suggested that the gas
producing beds of the Permian system were concentrated in areas with
dense fractures. With in-depth study, gas reservoirs with huge
geological reserves were also found in the dolomite reservoirs of
the shoal area. Since then, the study on the sedimentation and
sequence of the Sichuan Basin has begun. For example,
FengZengzhao stated that the Sichuan Basin, as a whole, belongs to
the carbonate platform facies (Feng et al., 1996). On this basis,
Huangxianping et al. further identified the marginal shoals, and
considered that the marginal shoals were closely distributed in an
arc along the basin margin from West Sichuan to South Sichuan
(Huang et al., 2004). On this basis, Chenzonggqing further identified
the inner shoal and the gentle slope of the inner platform in the basin
(Chen, 2007). Thus far, the beach facies gas reservoir of Qixia
Formation in the Sichuan Basin has been well established, which is
mainly located in the platform margin beach and intraplatform shoal
facies zone.

However, most of the previous studies described the overall
phenomenon and did not conduct a detailed investigation of
sedimentary microfacies in local specific areas under the high-
precision sequence framework (Huang, et al, 2014; Jiang et al,
2014; Dai et al, 2017; Xiao et al., 2020; Li et al, 2021; Zhang,
et al,, 2022¢c). Among the controlling factors of the gas bearing
reservoir of Qixia Formation, beach facies sedimentation is the
material basis for reservoir development, the carrier of primary
pores and soluble minerals, and will affect all diagenetic
transformation after sedimentation (Hu et al., 2018). Therefore, the
detailed description of sedimentary microfacies in the study area is of
great significance for oil and gas reservoir prediction, exploration, and
development.

Based on previous studies (Jorgson, 1981; Sheu and Burke, 1982;
Sheu, 1990; Mei et al., 2007; Elisa et al., 2011; Zhang, et al., 2014;
Zhang, et al., 2019) and the newly obtained drilling cores and logging
and seismic data, combined with new mining achievements in the
Permian strata in recent years, we conduct a detailed sequence and
sedimentary analysis of the Gaomo block in the middle of Sichuan
Basin. We aim to reveal the relationship between the distribution of
sedimentary facies and relative sea level change cycles of Qixia
Formation in the study area, and study the distribution law of
beach facies in Qixia Formation.

2 Geological setting
2.1 Geological background of the study area

The lower Permian in the Sichuan Basin comprises the Liangshan
Formation, whereas the Middle Permian comprises the Qixia and
Maokou formations (Li H et al., 2019; Fan et al., 2020; Li, 2022). Before
the Permian sedimentation, the late Caledonian structure in the
Sichuan Basin mainly comprised vertical uplift, forming a pattern
of great uplift and depression. The overall sedimentation is high in the
southwest and low in the north and east. In the early Hercynian
period, namely, the early Soochow movement, the largescale uplift and
palaeouplift of the Sichuan Basin were flattened’, resulting in
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“peneplanarisation” (Li R et al, 2019). After these two periods of

uplift, denudation, and planation, the Permian sedimentary
environment gradually developed with high and low sedimentation
in southwest and northeast Sichuan Basin, respectively. In the early
Permian, the Sichuan Basin sank completely due to the Yunnan
movement, and the ancient land was completely submerged. The
large-area transgressive systems tract ensured that the middle and
lower Permian covered the upper part of the Carboniferous, Silurian,
and Ordovician. In the early stage (Liangshan formation period), the
sediments are thin coal bearing terrigenous clastic rock, shale, and
aluminous mudstone deposited on the upper part of the weathering
crust. Subsequently (during the Qixia Formation), the large-scale
transgressive systems tract occurred, mainly developing stable
shallow water carbonate basin sediments (Li, 2018), namely, the
marine carbonate platform. Finally, the platform margin beach
high zone and the high band in the platform shown in Figure 1A
are formed in the high sedimentary parts of the basin (western and

eastern Sichuan).

2.2 Lithological characteristics

The Qixia Formation in the study area is generally characterised by
marine carbonate basin sedimentation (Wu et al., 2010). The lithology
mainly comprises limestone and dolomite. The dolomite layer is thin
and shows superimposed distribution. It is composed of P,q'b, P;q'a
and P;q* members from bottom to top. The sequence boundary marks
are the physical manifestation of the rise and fall of relative sea level
during sedimentation (Wu et al., 2013). The lithology and lithofacies
transition surface indicate the absence and mutation of lithology and
lithofacies in the vertical sequence, and obvious abrupt signs of the
lithology and sedimentary environment are observed above and below
the boundary (Wen et al., 2020). As the lithology and lithofacies near
the top and bottom of Qixia Formation are obviously different from
those of the overlying Maokou Formation and the underlying
Liangshan Formation (as shown in Figure 2), the top and bottom
interfaces of Qixia Formation are considered to be the lithology and
lithofacies conversion surfaces. Additionally, the bottom of Qixia
Formation acts as an unconformity interface, eroding the strata of
Liangshan and Meitan formations in some areas; thus, the top and
bottom interfaces of Qixia Formation are considered as sequence
boundaries.

Figure 2 shows the statistical lithologic distribution map at the top
and bottom interfaces of Qixia Formation according to the logging
data (Zhang, et al., 2022a; Li H et al., 2022). The first transgressive
systems tract occurred during the q;b sub member period. Its lithology
mainly comprises argillaceous limestone, siliceous limestone, and dark
grey limestone. Chert blocks are also observed in some areas, and this
lithology is characteristic of deep-water open platform subfacies. The
underlying Liangshan formation and other strata mainly include shale
(LiJ et al., 2022; Wu et al., 2022), sandstone (Abraham-A et al., 2022;
Xia et al, 2022), and other lithology, showing the lithological
characteristics of coastal swamp subfacies.

The second member of the Qixia Formation is basically in the late
stage of high stand systems tract, and the lithology mainly comprises
light grey and greyish brown limestone, belonging to shallow open
platform (Zhang et al., 2020). A new transgressive systems tract started
during the Maokou Formation, subsequently followed by sea level rise.
The lithology mainly comprises dark grey and black grey limestone,
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Geological background of Qixia Formation and location map of the study area in the (A) Sichuan Basin and (B) Qixia structure map.

argillaceous limestone, and others, which is characteristic of a deep-
water reduction environment. Thus, it belongs to the deep-water open
platform subfacies.

3 Materials and methods

3.1 Data

The study area is located in the Moxi Gaoshiti area (Figure 1A).
The terrain of the entire area is high in the south and low in the north.
It is located in the central Sichuan uplift zone, adjacent to the high
band in the platform. The study area is approximately 2844.65 km?.

3.2 Methods

The three dimensional seismic data volume not only contains
the waveform, frequency, amplitude, and other information, but
also contains the dip and azimuth information, which is of great
significance for studying the sequence geology. Through the three
dimensional Fourier transform technology, the seismic data of the
target layer in the whole area are scanned, and the dip guide body
under different parameters is compared. We then calculated the
horizon body, and selected the horizon body that can best reflect
the logging sequence interpretation scheme according to its
coincidence with the event axis and the previously divided
sequence and system tract boundaries; this was followed by the
levelling in the Wheeler system. The levelled horizon body is then
converted from the traditional time system to the relative
geological age. This can satisfactorily show the progradation
and retrogradation characteristics of sediments in the same
geological age, and can explain the cyclic changes in the
relative sea level.

In this study, firstly, by establishing the sequence stratigraphic
framework, four well connection frame lines covering the whole area
are established through the existing well locations in the study area.
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Through the calculation of the steering cube, horizon cube, and
Wheeler system conversion, and combined with the well logging
sequence division scheme, the system tracts of well connection
frame lines are divided and mutually verified. Subsequently, as a
guide, the main survey lines and liaison lines are interpreted to
realise the fourth order sequence division on the seismic profile.
Thereafter, we studied the evolution of sedimentary microfacies in
each system tract.

3.2.1 Establishment of the sequence stratigraphic
framework
3.2.1.1 Single well division sequence boundary

Owing to its high vertical resolution (Liu et al., 2020), the
logging curve can sensitively reflect the stratification and cyclicity
of the strata (Serra, 1984; Li, | et al., 2022; Zhang, et al., 2022b),
and plays an important role in sequence division. According to
previous research, the maximum flooding surface is characterised
by high gamma ray (GR) values (Ji et al., 2012), namely, high GR
values in transgressive systems tract and low GR values in high
stand systems tract. As the GR logging curve can approximately
reflect the vertical change of shale content, the higher the shale
content, the stronger the is radioactivity, and the higher is the GR
value. During the transgressive systems tract, owing to the
deepening of the water body, the hydrodynamic force became
weaker, which was more conducive to the formation of
argillaceous sediments. During the high stand systems tract,
dropped, the
strengthened, and the shallow and warm environment was

the sea level hydrodynamic force was
more conducive to the deposition of carbonate rocks, and was
not conducive to the deposition of mudstone.

Simultaneously, uranium (U), thorium (Th), and potassium
(K) of natural GR spectrometry logging also play an important role
in sequence boundary identification and system tract division
because of their high sensitivity to formation lithology; namely,
they have high K values, low U values, and high Th values at the
maximum flooding surface. According to previous research results,

a corresponding relationship was observed between the U content
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Lithological characteristics of underground Qixia Formation and surrounding rock in the study area.

and organic carbon content. The organic carbon content is
controlled by the depth of the water body. Generally, U can be
used as a characterisation parameter of the palaeo sedimentary
environment (Chao et al,, 2021). The organic carbon content is
denoted by 8 ’C because it can effectively indicate the changes in
the ancient sea level and is not easily affected by late diagenesis; &
C data is commonly used to verify the accuracy of sequence
division. Simultaneously, K in sedimentary rocks is mainly
positively correlated with the mass fraction of clay and
potassium salt. A high K value is observed during the
transgressive systems tract, especially at the maximum flooding
surface; thus, the K value can be used to reflect the change in the
relative sea level.

Th/U and Th/K ratio curves can also reflect the changes in the
relative sea level. The Th/U ratio can indicate the oxidation or
reduction degree of the palaeoenvironment. High Th/U values
indicate the presence of oxidation conditions in the stratum. With
the decrease in the relative sea level, the U content decreases,
corresponding to a high-level system. Similarly, low Th/U values
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can reflect the increase in the relative sea level, and the stratum is
deposited in a reduction environment, corresponding to the
transgressive systems tract. Th/K can also reflect the change of
water depth. High Th/K values indicate that this period has
experienced weathering, corresponding to the high-level system
period, and that the relative sea level decreased. Low Th/K values
indicate that this period was dominated by a reducing environment,
the base level decreased, and was in a transgressive systems tract
period.

According to the afore mentioned carbonate sequence division
principles, and combined with the classic sequence stratigraphy theory
of Vail (Vail and Mithum, 1979), the strata of Qixia Formation in the
study area are divided into two-fourth order sequences (SQ1 and SQ2)
by considering the example of the Gaoshi 2 well. This division was
mainly based on GR curves, combined with U, Th, and K values, and
Th/U and Th/K ratio curves. SQ1 comprises transgressive systems
tract 1 (TST1) and high stand systems tract 1 (HSTI), and
SQ2 comprises transgressive systems tract 2 (TST2) and high stand
systems tract 2 (HST2).
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Figure 3A shows that during the TST1 period, the relative sea level
rose, the water body deepened, and the shale content increased. The
logging curve showed high GR values, increased clay and potassium
salt content, high K values, high Th values, and decreased organic
carbon and U content. The logging curve showed the characteristics of
low U, low Th/U, and low Th/K values, and obvious mutation points
were observed on the maximum flooding surface.

During the HST1 period, the relative sea level decreased, the water
body became shallower, the content of argillaceous matter decreased,
the content of clay and potassium salt decreased, the content of
organic carbon and uranium increased, and some areas were even
exposed to the water surface. This period showed the characteristics of
low GR, low K, low Th, high U, high Th/U, and high Th/K values on
the logging curve. Similarly, the characteristics of TST2 and
HST2 were similar to those of TST1 and HSTI; thus, they have
not been described further.
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3.2.1.2 Division of the well connection sequence

According to the aforementioned sequence division principles, the
12 wells in the entire area are divided into system tracts. Subsequently,
by selecting representative well locations, combined with the
understanding of the stratigraphy of the whole region, four well
connection frame lines were established in the study area; namely,
Gaoshi3-Gaoshi2-Gaoshil8 (®),Gaoshi7-Gaoshil08-Gaoshi 20 (@)
well connection lines in the east-west direction, and Moxil3-Gaoshi2-
Gaoshil1-Gaoshi8-Gaoshil08 (®) and Moxi 8- Gaoshil8-
Gaoshil08- Gaoshill0 (@) well connection lines in the north-
south direction. Thus, they can be used to guide the sequence
interpretation in the entire region as well as the mutual
verification. The Moxil3-Gaoshi2-Gaoshill-Gaoshi8-Gaoshil08
(®) well connection line is shown below as an example.

As shown in Figure 3B, vertically, all wells generally show the
following characteristics: the well section of the high stand systems
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Seismic calibration profile of the Gaoshi 2 well of the Qixia Formation.

tract is thicker than that of the low stand system (except for wells
Gaoshi 108 and Gaoshi 8 near the seaward side), indicating that the
sea level changes experienced twice by the study area are a result of
rapid transgressive systems tract and slow regression. The reason
for the absence of a low stand system in the Vail classic sequence
stratigraphy is that this period is considered to be dominated by a
rapid transgressive systems tract (Mei, 2010), and the sea level
increased rapidly. The deep water environment hindered the
deposition of carbonate rocks in the low stand system and
formed sedimentary discontinuities. However, Gaoshi
108 and Gaoshi 8 are located near the seaward side, resulting in
thick sediments in the TST1 period.

Laterally, during TST1, the sediments in study area were thick

wells

in the southeast and thin in the northwest, indicating that the main
sedimentary position during TST1 was southeast of the study area,
and the lithology mainly comprised dark grey limestone,
argillaceous limestone, and siliceous limestone. In HSTI1, the
sedimentary thickness in the northwest is much greater than
that in the southeast. In particular, the sedimentary thickness
was the largest at well Gaoshill, namely, the northwest region
was the main sedimentary part in HST1, and the lithology mainly
comprised dolomitic limestone and light limestone. Similarly, in
the TST2 period, the sediments were thick in the northwest and
thin in the southeast. The sedimentary parts were more
concentrated in the north of the study area, and the lithology
was mainly brown limestone and dark grey limestone. During high
stand systems tract 2, the sediments were still mainly thick in the
northwest and thin in the southeast. The main sedimentary area

Frontiers in Earth Science

06

was in the west. The lithology mainly comprises grey limestone and
dolomitic limestone.

3.2.1.3 Well seismic joint calibration

Through the one dimensional forward modelling method, the
density and acoustic curves are used to obtain synthetic seismic
records. This provided time significance to the depth data of the
logging curve (Li, 2017) to study the distribution and waveform
characteristics of the divided sequence on the seismic profile, and
then conduct the horizontal prediction of the sequence in the whole
region.

As shown in Figure 4, considering well Gaoshi 2 as an example,
through the comparison between synthetic seismic records and
seismic traces near the well, Longtan Formation, as the marker coal
seam, is characterized by strong amplitude, low frequency, and
strong continuous wave peak reflection, which is continuously
reflected in the whole area. The bottom of Maokou Formation
(Qixiading) shows moderately strong amplitude wave peak
reflection, and a bifurcation phenomenon is observed near the
Gaoshi 2 well. The two reflection events with medium amplitudes
on the left begin to merge into a medium strong reflection axis with
greater amplitude. We considered that this mainly occurs because
the Maokou Formation (Qixiading) is the sequence boundary, and
the existence of a local unconformity leads to such seismic
reflection characteristics. The bottom of Qixia Formation is
characterised by low frequency trough reflection. As the bottom
boundary of the sequence, it shows continuous reflection
characteristics in the whole region.
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(A) Calculation and tracking model of the horizon; and Comparison of lower levels with different parameters; (B) FFF111_
by 333 algorithms (the horizon volume passes through the layer); (C) PCA111_
with the event axis is inadequate); (D) PCA111_ 11: horizons calculated by the algorithm (poor continuity of horizons); and (E) PCA111_

calculated by 662 algorithms (the best coincidence effect).

The thickness of the target layer of Qixia Formation in the

whole area is small. In conventional sequence stratigraphy
research, owing to the limitation of resolution, the strata can
only be divided into third order sequences on the seismic
profile. However, with the help of the high vertical resolution of
the logging curve, the strata can be divided into fourth order
sequences. Although their waveform characteristics are not
the
characteristics of the fourth order sequences can be roughly
divided according to the logging curve. As shown in the
Figure 4, the reflection amplitudes of TST1 and HST1 are weak,

but their continuity is good. The reflection amplitudes of TST2 and

obvious, distribution range and overall waveform

HST2 are strong, but their continuity is poor.

3.2.2 The principle of predicting the planar
distribution of the system tract
3.2.2.1 Steering cube

Every seismic sampling point contains dip and azimuth
information in the direction of the main survey line and
connecting survey line. As shown in Figure 5A, the role of the dip
angle guider is to scan the information in the line and trace directions

Frontiers in Earth Science

. the horizon volume calculated

: the horizon volume calculated by 333 algorithms (the degree of coincidence

: horizon volume

of each sampling point in the three dimensional range using the three
dimensional Fourier transform technology. This is done to generate a
guider containing the dip angle and azimuth angle, automatically track
the pre-calculated dip field from the starting position, and integrate
the sampling points with similar dip angle information to track the
seismic reflection.

3.2.2.2 Horizon cube

According to the previously calculated steering cube, the Qixia
Formation interval is calculated with various parameters. The
horizon cube of different interpretation schemes (as shown in
Figure 5 by ¢, d. e) are compared with the coincidence degree
between the horizon body and the event axis. We found that the
PCA111_662 parameter is the best. Here, PCA is the main
component analysis algorithm; FFT represents the fast Fourier
algorithm; 111 represents the calculation step size, namely, every
other sampling point is scanned in the direction of the line, trace,
and time; 662 is the median filtering parameter, namely, every six
sampling points are filtered in the direction of the line and trace,
and every two sampling points are filtered in the direction of time
to ensure the best coincidence effect of the horizon. Thus,
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PCAI111 is finally selected and _662 is used as the calculation  canbe considered as a guide to conduct the system interpretation of
parameter of the horizon body. the main survey line and connecting survey line in the whole
region. We then calculated the Gaoshi3-Gaoshi2-Gaoshil8

3.2.3 Establishing the sequence framework of the (®),Gaoshi7-Gaoshi108-Gaoshi 20 (@), Moxil3-Gaoshi2-
whole region Gaoshill-Gaoshi8-Gaoshil08 ((®), and Moxi 8- Gaoshil8-
Through the calculation of the four well connection frame line ~ Gaoshil08-  Gaoshill0 (®) well frames, respectively.
horizons covering the whole region, the subsequent Wheeler = Subsequently, we considered the Moxil3-Gaoshi2-Gaoshill-
conversion-interpretation system can be employed. This system  Gaoshi8-Gaoshil08 (D) well frame as an example, As shown in
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FIGURE 7

Time thickness diagram of each system tract (A) Time thickness diagram of TST1; (B) Time thickness diagram of HST1; (C) Time thickness diagram of

TST2; (D) Time thickness diagram of HST2.

Figure 6A, and calculated its horizons for subsequent sequence
stratigraphic analysis, as shown below.

3.2.4 Frame wheeler tract interpretation

Wheeler domain transformation is conducted for each horizon,
and the time series is transformed into a relative geological time series,
namely, the Wheeler domain. According to the levelled horizon cube
converted by the Wheeler system, the distribution form of sediments
can be clearly displayed. With the help of its progradation and
retrogradation characteristics, the system interpretation and relative
sea level change analysis can be conducted (Yan, 2019).

Obvious progradation and retrogradation features can be found
in the Wheeler system layout of the Moxil3-Gaoshi2-Gaoshill-
Gaoshi8-Gaoshil08 (@) well connection line. As shown in
Figure 6B, during the TSTI period, the relative sea level rose
rapidly, and the sediments were retrograded and migrated from
the sea to the shore. During the HST1 period, the relative sea level
decreased slowly, and the sediments migrated to the sea, showing
the characteristics of progradation at the maximum flooding
surface. During the TST2 period, the sea water subsequently
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rose rapidly, the sediments retrograded to the shore and were
mainly deposited in the shore direction, and the transgressive
systems tract stopped at the maximum flooding surface. During
the HST2 period, the sea level subsequently decreased slowly, and
the sediments migrated to the sea.

3.2.5 Well seismic joint correlation interpretation
system tract boundary

The interpreted system tracts are projected onto the seismic profile
(as shown in Figure 6C), and the boundaries of each system tract are
traced according to the interpretation scope of the system tracts, which
are TST1, HST1, TST2, and HST2 from bottom to top. According to
the logging curve, lithology interpretation data, and other information,
combined with author’s understanding of the study area, the fourth
order sequence division of a single well is conducted for 12 wells in the
study area (as shown in Figure 6A), and the sequence framework of
connected wells is then established on this basis. Finally, the system
tract interpretation results from the seismic profile are used for the
joint comparison of the well seismic data with the system tract of
logging interpretation. We found that the result of the Wheeler system
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Comprehensive histogram of well Gaoshi 18 in Gaomo block of the Qixia Formation, Sichuan Basin.

interpretation (Figure 3B) is basically consistent with that of the
logging interpretation (Figure 6C).

3.2.6 Planar distribution characteristics of system
tracts

According to the sequence boundary traced by the frame line,
the system tracts of the main survey line and the connecting survey
line are interpreted for the whole region. Thereafter, the thickness
map of the whole region is drawn for the sequence top boundary
interpreted by TST1, HST1, TST2, and HST2 to study the main
distribution range and palacogeomorphology of each system tract.
In the Figure 7, the cold colour indicates that the system tract is a
major sedimentary area with a large sedimentary thickness, and
that it was in the low part of the palaecogeomorphology before
deposition. In contrast, the warm colour indicates that the
sedimentary the pre-sedimentary
palaeogeomorphology is high. In the next period of relative sea

thickness is small and
level change, the intraplatform shoal reservoir could easily be
developed in the high part of the palaeogeomorphology.

Owing to the limitation of various factors, when the relative sea
level changes, the production rates of carbonate rocks differ in
different parts, which also results in different main depositional
areas of each system tract. During the TST1 period, seawater influx
from the southwest direction occurred to result in the transgressive
systems tract. At this stage, the main sedimentary area is southeast
of the study area (as shown in Figure 7A); During HSTI, the

relative sea level began to decline after a short rise, mainly in the
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middle part of the study area (see Figure 7B). During the

TST2 period, when the relative sea level rose, seawater
subsequently flowed in from the southwest to result in the
transgressive systems tract. At this stage, the main sedimentary
area was northwest of the study area (as shown in Figure 7C).
During HST2, the relative sea level rose briefly and then fell
thereafter. The main sedimentary area is northern of the study

area (as shown in Figure 7D).

4 Results and discussion
4.1 Sedimentary facies analysis of a single well

System tracts are the aggregation of a series of contemporaneous
sedimentary systems. With the change in the relative sea level, the
sedimentary microfacies of different system tracts and even the same
system tract are different. Owing to the high vertical resolution of logging
data and complete data, the sedimentary microfacies of each well in the
study area are divided according to the interpreted lithology and
sedimentary environment in combination with logging, drilling, core
and other data. This facilitates the subsequent study of the evolution
process of sedimentary facies in the same geological age (Li, H et al,, 2019).

As the lithology and lithofacies of well Gaoshi 18 change more
obviously, the sedimentary microfacies of a single well are divided by
considering the example of well Gaoshi 18. As shown in Figure 8,
from bottom to top, the sedimentary mode of well Gaoshi 18 is as
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FIGURE 9

Comeparison chart of attribute optimisation slices during HST1 in the study area: (A) instantaneous amplitude attribute; (B) instantaneous frequency
attribute; (C) instantaneous phase attribute; (D) dessert attribute; (E) curvature attribute; and (F) root mean square amplitude attribute.
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follows: the sedimentary microfacies of deep-water interbank
depression, interbank sea, and intraplatform shoal overlap each
other. Among them, the deep-water interbank depression is
marked by the discovery of brachiopods and dragonfly mud
crystal bioclastic sediments. The lithology mainly comprises dark
grey chert nodule limestone. The logging curve shows low density,
low acoustic wave time difference, and high GR; thus, it belongs to
the poor reservoir facies zone. The dark grey chert nodule limestone

Frontiers in Earth Science
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indicates that the sedimentary environment was the deep water
reduction environment. The relatively high interbank sea mainly
comprises argillaceous limestone. At this time, the sea water depth
was still deep and the hydrodynamic force was weak. There are more
argillaceous sediments when the limestone was produced. With the
gradual decrease of the relative sea level and the gradual
enhancement of hydrodynamic force, the shallow environment
was conducive to the survival of reef building organisms and the
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FIGURE 11

(A) log curve and sedimentary microfacies interpretation diagram of representative well location in SQ1 period; (B) Typical root mean square amplitude
attribute slice and corresponding sedimentary microfacies interpretation during TST1.

formation of carbonate rocks. The microfacies of the inner platform
beach mainly comprise meso-crystalline dolomite, saddle dolomite,
greyish brown limestone, grey limestone, and other light coloured
limestone. The logging curve of dolomite shows the characteristics of
high density, high acoustic time difference, and low GR. It is a good
oil and gas reservoir facies zone (Hu et al., 2010). The light colour
indicates that it was deposited in a shallow water oxidation
environment. With the cyclic change of relative sea level, the
sedimentary microfacies of the interbank depression, interbank
sea, and intraplatform shoal also overlap with each other.

4.2 Optimisation of seismic attributes and
division of sedimentary facies

Different seismic attributes have different sensitivities to
sedimentary facies, and seismic attributes do not have clear
geological significance (Chen and Sidney, 1997; Liu et al, 2009
Deng and Chen, 2021). Therefore, the
optimisation of different attributes are of great significance for the

identification and
detailed interpretation of sedimentary microfacies in the study area.
By calculating various seismic attributes (Ngene et al, 2022),
combined with thin section, core, drilling, and other data and
results of previous studies, the seismic attributes that can best
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reflect the sedimentary microfacies in the study area are optimised.
Considering the example of the HST1 period, six conventional seismic
attributes are calculated.

According to the interpretation and core drilling, a dolomite reservoir
was encountered in wells Moxi 8, Moxil3, Gaoshi 2, Gaoshi 11, and
Gaoshi 18 during the HST1 period (as shown in Figure 11A. The single
well sedimentary facies was interpreted as the sedimentary microfacies of
the inner platform beach. As shown in Figure 9, the prediction results of
instantaneous amplitude, instantaneous frequency, instantaneous phase,
and dessert attributes were poor, and the curvature attributes were in good
agreement. The root mean square amplitude attribute has the best
prediction effect. Among them, the sedimentary microfacies of the
intraplatform beach have high root mean square amplitude, which is
in the warm region, and the sedimentary microfacies of the inter beach sea
have low root mean square amplitude, which is in the cold region.

4.3 Qualitative and optimal division of
sedimentary microfacies using attribute slice

Through qualitative analysis and optimisation of seismic

attributes, reasonable seismic attributes are determined.

22 attribute slices are cut from each of the four system tracts.
Combined with logging data, the slices with the highest degree of
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Typical root mean square amplitude attribute slice and corresponding sedimentary microfacies interpretation in HST1.

coincidence with the well divided sedimentary facies are selected to
study the distribution rules of the sedimentary microfacies in
different periods. The well locations of dolomite reservoirs
drilled in the study area mainly include Moxi 13, Moxi 8,
Gaoshi 18, Gaoshi 2, and Gaoshi 11. As the root mean square
attribute is one that can reflect the continuity of the stratum, the
more stable the local layer, the more uniform is the lithology, the
greater the is root mean square amplitude, and the smaller is the
reverse. Additionally, the sedimentary microfacies divided in
combination with the root mean square amplitude attribute slice
have a high degree of coincidence with the lithology and
sedimentary facies divided by the well data. Therefore, the
sedimentary evolution process of each system tract is studied
along with the logging data (Figure 10).

4.3.1 Study on the sedimentary microfacies of TST1

According to the lithology statistics of 12 wells in the study area,
during TST1, dark grey chert nodule limestone (such as in Gaoshi 18),
siliceous limestone (such as in Gaoshi 19), argillaceous limestone
(such as in Moxi 8), and grey limestone (Moxi 13) are mainly used.
Among them, the first three lithologies are dark in colour and high in
density, as they are the product of deep water sedimentation, and are
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classified as the sedimentary microfacies of interbank depressions.
Alternatively, the grey limestone area, which is light in colour and was
deposited in relatively shallow water, is classified as the sedimentary
microfacies of interbank seas. As the sedimentary microfacies in the
interbank depression are located below the wave base (with weak
hydrodynamic force and high shale content), together with chert and
siliceous sediments, the overall sedimentary lithology of the facies zone
is complex. Thus, the root mean square amplitude attribute is low.
However, the intertidal marine microfacies dominated by grey
limestone have high root mean square amplitude owing to their
single lithology and stable sedimentation. Subsequently, we selected
the appropriate threshold value, combined the distribution
characteristics of sedimentary facies determined by well data, and
divided the sedimentary microfacies on the plane attribute slice.

As shown in Figure 11B, the interbank depression microfacies are
mainly developed during TST1. When seawater flows in from the
southwest, the interbank depression was formed in relatively low
places with the deepening of the water body. As it is located below the
wave base, the hydrodynamic force is weak, which is conducive to the
deposition of fine grained argillaceous sediments. Therefore, the
lithology mainly comprises argillaceous limestone, and the logging
curve shows low density, low acoustic wave time difference, and high
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(A) Log curve and sedimentary microfacies interpretation diagram of representative well location in SQ2 period;;(B)log curve of surface well location and

sedimentary microfacies interpretation diagram in SQ2 period.

GR, indicating that the sediments belong to poor reservoir facies zone,
as shown in Figure 11A. Conversely, the inter beach marine
sedimentary microfacies granular shoals are formed at relatively
high positions, forming grey limestone bands distributed in the
southwest-northeast direction, as shown in Figures 11A-D. The
direction of extension is consistent with that of the transgressive
systems tract, and the sediments are more concentrated in area C of
the central region, thereby laying a foundation for the formation of
intraplatform shoals during HST1.

4.3.2 Study on the sedimentary microfacies of HST1

During the HST1 period, the lithology mainly comprised argillaceous
limestone, grey limestone, calcareous dolomite, and dolomite. The area
containing the distribution of calcareous dolomite and dolomite is
classified as intraplatform shoal sedimentary microfacies, and that
containing argillaceous limestone and limestone is classified as
interbank sea microfacies. Similarly, the lithology of the inner platform
beach area containing dolomite is more uniform and has high root mean
square amplitude. The sedimentary facies of the interbank sea were
deposited in a deeper water body and have more complex lithology,
and belong to the area of low root mean square amplitude. Based on the
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sedimentary facies preliminarily divided by well data, the following
divisions are made on attribute slices, as shown below.

As shown in Figure 12, during the HST1 period, the relative sea level
began to decline after a short rise. In the TST1 period, the interbank
depression began to gradually evolve into interbank sea microfacies. The
original interbank sea zones, with higher structures, gradually evolved into
intraplatform shoals. Their root mean square amplitudes are high. The
logging curves indicate that they have the characteristics of high density,
high acoustic time difference, and low GR. They are good oil and gas
reservoir facies zones, which are mainly distributed in the central and
western regions of the study area. For example, the interbank sea zone a
evolved into two intraplatform shoal facies zones D and @, and the zone
B is preserved well and perfectly transited to the intraplatform shoal ®.
The differentiation of the C band is the most obvious. Along the
regression direction, intraplatform shoal bands @, ®, and ® were
formed with thick middle and slender sides, and band D evolved into
intraplatform shoals @, ®, and ®. Among them, well Moxi 18 has been
drilled in beach ®, and wells Gaoshi 18, Gaoshi 11 and Gaoshi 2 have
been drilled in beach ®. The well data show that the dolomite reservoir,
and the remaining areas @, @, @, ®, @, ®, and @ are the

development facies zones of the predicted intraplatform beach.
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FIGURE 14
Typical root mean square amplitude attribute slice and corresponding sedimentary microfacies interpretation in HST2.
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FIGURE 15

Evolution diagram of sedimentary microfacies in each fourth order sequence: (A) evolution diagram of the sedimentary microfacies in the SQ1 period
(interbank sea microfacies in TST1 period gradually evolved into intraplatform shoal microfacies in the HST1 period); (B) evolution map of the interbank sea to
intraplatform beach in the SQ2 period (interbank sea microfacies in the TST2 period gradually evolved into intraplatform beach microfacies in the

HST2 period).

Frontiers in Earth Science 15 frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2023.1101242

Liu et al.

4.3.3 Study on the sedimentary microfacies of TST2

As shown in Figure 13A, during TST2, the sea level rose again,
forming a depositional system dominated by interbank depressions
and interbank seas. As TST1 and HST1 belong to deep-water open
platform subfacies, and TST2 and HST2 belong to shallow-water
open platform subfacies, compared to the interbank sea strip
formed in the TST1 period, because the water body is shallower,
the interbank sea microfacies can form more easily. Thus, the
interbank sea distribution area at this stage progressively became
wider. The distribution characteristics in the southwest-northeast
direction are consistent with the direction of the transgressive
systems tract, mainly forming four interbank sea strips e, f, g,
and h, As shown in Figure 13B.

4.3.4 Study on the sedimentary microfacies of HST2
As shown in Figure 14, during the HST2 period, the relative sea
level began to decline, forming the inter beach sea and intra
platform beach depositional systems. The interbank sea zone at
the high part of the structure in the TST2 period subsequently
evolved into the intraplatform shoal microfacies, and still extended
in the southwest-northeast direction e. Strip G is basically
transformed into inner Taiwan shoals and @; a portion of
the high part of the sea strip between beach f is transformed into
inner Taiwan shoals @ and ®; and strip h is evolved into inner
Taiwan shoals and ®. Among them, the well location of MX
13 has been drilled for intraplatform shoal system @, that of
Gaoshi 3 has been drilled for beach body @, and that of Gaoshi
18 well location has been drilled for beach body ®. The
interpretation results indicate the presence of a dolomite
reservoir, and the remaining areas @, @, and ® are the
predicted intraplatform shoal development facies zones.

4.4 Evolution analysis of sedimentary
microfacies

To study the sedimentary evolution process between and within
the fourth order sequences, the interbank sea microfacies at the top
of TST1 and the intraplatform shoal microfacies at the top of HST1,
TST2, and HST2 are superimposed (as shown in Figure 15)
Through that the
microfacies and intraplatform shoal microfacies are highly

comparison, we found interbank sea
consistent.

During the Qixia Formation, with the rise of sea level, a large
number of marine organisms began to multiply, and the study area
changed from a terrigenous clastic sedimentary environment to
carbonate open platform sedimentary environment. In the
SQ1 period, the water body was relatively deep, and the whole
area was a relatively deep-water open platform, which can be
divided into TST1 and HSTI. During the TST1 period, the
interbank depressions are mainly developed, and the interbank
sea microfacies are locally high, as shown in Figure 15A. With the
decrease in sea level, the interbank sea microfacies with high terrain
during the TST1 period gradually evolved into intraplatform shoal
microfacies. During SQ2, the water level decreased on the whole,
and resulted in the formation of a shallow water open platform
subfacies, which can be divided into TST2 and HST2. The sea level
in TST2 began to rise again and developed interbank depressions
and interbank sea microfacies, as shown in Figure 15B. As the
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entirety of the water body was shallow, the interbank sea
microfacies during TST2 were more widely distributed. With the
decrease in the relative sea level, some interbank sea microfacies
began to evolve into intraplatform shoal microfacies. Its
distribution is also wider than that of the HST1 period.

5 Conclusion

(1) According to the carbonate sequence division principle, the Qixia
Formation in the study area is divided into one-third order sequence
and two-fourth order sequences: SQ1 and SQ2. SQ1 comprises
TST1 and HST1, and SQ2 comprises TST2 and HST2. Owing to
the two rapid transgressive systems tracts, the relative sea level rose
rapidly, and the deep water environment hindered the deposition of
carbonate rocks during the low stand system, forming sedimentary
discontinuities; thus, the low stand system was missing.

(2) The Qixia Formation in the study area generally comprises the
open platform sedimentary facies, which can be further divided
into deep water open platform subfacies and shallow water
open platform subfacies according to the water depth. From
bottom to top, it is composed of inter beach depression
microfacies, inter beach sea microfacies, and intraplatform
beach microfacies. The dolomite reservoir with good
porosity and permeability is located in the beach facies zone
within the platform.

(3) The change in the sedimentary microfacies in the study area
corresponds to the change in the relative sea level, and the
favourable reservoir facies will also migrate accordingly. In the
low stand system, the interbank depressions in the lower part of
the structure will evolve into interbank seas in the high stand
systems tract with the decrease in sea level, whereas the interbank
seas in the higher part of the structure will also partially evolve
into intraplatform shoal microfacies. With the changes in multi-
stage relative sea level, the spatial distribution of the intraplatform
beach facies zone will also migrate.
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