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Preface

Natural gas hydrate and deep-water hydrocarbon have become hotspots of global oil and gas

exploration in recent years. Natural gas hydrate is an efficient and clean energy source with huge

resource potential, generally occurring within submarine sediments at a water depth of more than

300 meters, and also in permafrost areas. It is estimated that the global resource of natural gas

hydrate could reach up to the equivalent of 20 trillion tons of oil. The natural gas hydrate resources

in submarine sediments warrant more attention for their effective exploitation. The key issue is that

conventional geological theories and understanding cannot be applied to natural gas hydrate and

deep-water hydrocarbon exploration due to their complex exploration and development processes.

Therefore, innovative theories and technologies are needed to achieve the commercial exploitation

of natural gas hydrate and deep-water oil and gas under complex conditions. Various discoveries

and new methods, comprehensive laboratory experiments and field investigations, theoretical and

numerical simulations, and a more in-depth understanding of natural gas hydrate and deep-water

hydrocarbon accumulation are partly covered by the research results in this book.

Tao Jiang, Ming Su, and Zenggui Kuang

Editors
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Abstract: The late Eocene succession of the Dongying Depression forms a highly productive hy-
drocarbon source. However, due to lack of an unambiguous fine chronostratigraphic framework
for the late Eocene stratigraphy, it is challenging to understand the paleolake’s evolution and the
driven mechanism of lake-level variation, a limitation which hinders hydrocarbon exploration. In
this work, high-resolution gamma-ray logging data were analyzed to carry out the cyclostratigraphic
analysis of the third member (Es3) of the Shahejie Formation in the Dongying Depression. Significant
405-kyr eccentricity cycles were recognized based on time series analysis and statistical modeling of
estimated sedimentation rates. We abstracted ~57 m cycles of the GR data in the Es3 member, which
were comparable with the long eccentricity cycles (~405-kyr) of the La2004 astronomical solution,
yielding a 6.43 Myr long astronomical time scale (ATS) for the whole Es3 member. The calibrated
astronomical age of the third/fourth member of the Shahejie Formation boundary (41.21 Ma) was
adopted as an anchor point for tuning our astrochronology, which provided an absolute ATS ranging
from 34.78 ± 0.42 Ma to 41.21 ± 0.42 Ma in Es3. According to the ATS, sedimentary noise modeling
for the reconstruction of lake-level changes was performed through the late Eocene Es3. The lake-level
changes obtained based on sedimentary noise modeling and spectrum analysis reveal significant
~1.2 Myr cycles consistent with global sea level variations which were related to astronomical forcing.
Potential driven mechanisms of marine incursion and/or groundwater table modulation were linked
to explain the co-variation of global sea level changes and regional lake level changes. Our results
suggest global sea level fluctuations may have played an important role in driving the hydroclimate
and paleolake evolution of the late Eocene Dongying Depression.

Keywords: cyclostratigraphy; lake level; sedimentary noise modeling; Dongying Depression

1. Introduction

Cyclostratigraphy is an important branch of stratigraphy that deals with the sedi-
mentary record of astronomically forced paleoclimate change [1–4]. The identification
and deciphering of these sedimentary records improve our understanding of rates and
mechanisms of biological, chemical, and physical changes, paleoclimate variations and
key geological problems in Earth’s distant past [4–7]. Previous cyclostratigraphy stud-
ies have mainly focused on marine environments such as deep-water facies, carbonate
platforms and mixed and detrital marginal facies [8–10]. Terrestrial lake basins have re-
cently become a hotspot for intensive petroleum exploration, with continuous successful
discoveries [11–13]. Many terrestrial basins have therefore been used to conduct astronom-
ical dating and paleoclimate reconstruction, such as Piceance Creek Basin [14], Songliao
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Basin [15] and Bohaibay Basin [13,16–21]. The Bohai Bay Basin (BBB), located on the east-
ern part of the North China Block, is one of the largest hydrocarbon-bearing basins in
China, accounting for approximately one-third of the total hydrocarbon production of the
country [11]. The third member of the Shahejie Formation (Es3) forms the most productive
hydrocarbon source rock. Understanding the paleolake evolution and lake level fluctuation
history is vital for clarifying the development mechanism of source rock and further en-
hancing hydrocarbon exploration [22]. Therefore, it is both scientifically and economically
significant to fully understand the factors that influence the stratigraphic architecture and
paleolake evolution in these basins. Reconstruction of high-resolution lake-level changes
can better help us decipher these factors. Sedimentary noise modeling has been proven to
be a powerful tool for reconstructing the sea- and lake-level changes in both marine and
terrestrial lake basins [13,21,23,24]. Yet, lacking the accurate astrochronology constraints of
the entire Es3 member (previous studies only focused on lower and/or middle of the Es3),
the high-resolution lake level history has not been reconstructed [18–21].

Regarding the chronology and paleoclimate of the Paleogene Bohai Bay Basin, numer-
ous previous studies have been employed through various methods of cyclostratigraphy
and magnetostratigraphy and they have built multiple sets of chronostratigraphic frame-
works [13,16–21]. The initial research postulated the boundary between the Es3 member
and the fourth member of the Shahejie Formation (Es4) as 40,904 Ma [16]. Soon afterwards,
the boundary age between the Es3 and Es4 was recalibrated by Liu et al. (2018) [17] ac-
cording to the top age of the Chrons C18r of the GTS2012 [25], which yielded a new age of
42.47 Ma. However, updated GTS2020 determined the base age of Chron C19n as being
41.18 Ma, which resulted in the calibrated age being 42.47 Ma. This age is about 1.29 Ma
older than the previously defined 41.18 Ma rising new controversy. Meanwhile, new ATS
of the upper of Es4 and lower of Es3 was established based on high-resolution measure-
ments of magnetic susceptibility of Well Fanye-1 in the same year [18]. However, lacking
the accurate age anchor points was a constraint that caused these ATS to have various
degrees of discrepancy. Subsequently, Shi et al. (2019) [19] updated the ATS using new
acquired paleomagnetic data but lacked a statistically-based astronomical sedimentation
rate estimation to better constrain the ATS. Given this, multiple statistical methodologies
were employed to rebuild the ATS for Well Fanye-1 with an updated age model in GTS2020,
using the short eccentricity cycles(~100-kyr) tuning [20]. Terrestrial strata are characterized
by widely variable sedimentation rates and transient depositional or erosional hiatuses.
The ~100 kyr cycle is thought to be unstable, which could lead to significant errors in the
short-eccentricity tuning approach [21]. Synthesizing the above differences, the new ATS
and magnetostratigraphy of the middle-late Eocene was further calibrated using 405 Kyr
long eccentricity cycle tuning method developed by Ma et al. (2023) [21]. Compared with
previous ATS and GTS2020, the model shows minor error uncertainties indicating the ATS
of the Es4 and Es3

L is robust and reliable. Therefore, the ATS provided a basis for us to
construct a complete astronomical time framework for the entire Es3 member.

In this paper, a cyclostratigraphy study of the late Eocene (Bartonian to Priabonian)
terrestrial succession of Well S146 in the Dongying Depression is conducted using gamma-
ray series. The overall objective of the study is to (1) construct an absolute astronomical time
scale (ATS) for the late Eocene Es3 member in the Dongying Depression, Bohai Bay Basin in
eastern China; (2) reconstruct lake-level changes based on sedimentary noise modeling of
the tuned GR series; and (3) explore the potential driven mechanisms of million-year-scale
lake level variations.

2. Geological Background

The Dongying Depression is located in the southern part of the Jiyang subbasin of
the Bohai Bay Basin (BBB), which is one of the most petroliferous basins in China. The
Dongying Depression covers an area of approximately 5700 km2 which is bounded by the
Qingtuozi Uplift in the east, the Qingcheng and Binxian Uplift in the west, Chenjiazhuang
Uplift in the north, and Luxi and Guangrao Uplift in the south [26] (Figure 1). It is
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characterized by faulting in the north and overlapping in the south, forming landscape
with steep slope in the north and slow slope in the south. Additionally, several subunits
can be identified, including the northern steep slope zone, the central uplift zone, the
Minfeng sag, the Lijin sag, the Niuzhuang sag, the Boxing sag, and the southern gentle
slope zone [26,27] (Figure 1B).

Figure 1. (A) Location map of the Bohai Bay Basin showing the major tectonic elements. (B) Tectonic
map of the Dongying Depression showing locations of the studied Well S146.

The Depression, tectonically similar to the BBB, underwent several complex and
distinct phases of Mesozoic and Cenozoic continental rifting, differential subsidence and
down warping resulting in thick Paleogene synrift (65.0–24.6 Ma) and Neogene-Quaternary
post-rift (24.6 Ma to the present) successions. From bottom to top, Paleogene synrift strata
can be further divided into Kongdian (Ek), Shahejie (Es) and Dongying (Ed) formations. The
Paleogene synrift experienced three stages: (1) initial rifting with lake division into sub-lake
basin, (2) rift climax with lake expansion, and (3) weakened rifting with shrinkage of lake
basin, forming a complete sedimentary cycle of shallow lake facies, deep lake facies, and
successive fluvial and shallow lake facies [26]. The third member of the Shahejie Formation
(Es3) is subdivided into the lower (Es3

L), middle (Es3
M) and upper (Es3

U) units, and the
fourth member of the Shahejie Formation (Es4) is subdivided into the lower (Es4

L) and
upper (Es4

U) units (Figure 2).

3
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Figure 2. Generalized stratigraphic column of the Dongying Depression, modified from Feng et al.
(2013) [26]. The target interval is marked in the black bold line. Fm = Formation [16–21].

The boundaries of all above members and units identified in the Shahejie Formation
can be correlated and traced across the whole Depression. The Shahejie Formation was
mainly deposited in lacustrine setting during the synrift period. The Es3 and Es4 mem-
bers developed important Paleogene source rocks. The Es4

L is dominated by purple-red
mudstone with extensively developed salt rock and gypsum. The Es4

U is dominated by
gray and dark gray mudstone intercalated with carbonate, sandstone, and oil shale. The
Es3

L mainly consists of dark gray mudstone and taupe oil shale and is high-quality source
rock. The Es3

M comprises mudstone, argillaceous siltstone, and calcareous mudstone
interbedded with thin sandstone. The Es3

U is dominated by mudstone, and contains
argillaceous limestone [27,28]. Target well 146 is located in the south part of the Lijin sag,
which is the sag center of the Dongying Depression. The Es4

U and Es3
M of well 146 devel-

oped massive dark mudstone, interpreted as deep and semi-deep lacustrine deposits in
a stable tectonic setting. In seismic profiles, these are characterized by medium- to low-
amplitude continuous parallel reflections, which are typical features of a lake depositional
environment [26].

3. Materials and Methods

3.1. Gamma Ray Logging

In this study, cyclostratigraphic analysis was conducted on the gamma-ray (GR)
logging data from the S146 well which is situated in the depocenter of the Dongying
Depression where tectonic influences on sedimentation are lacking.

Gamma logging is a downhole measurement of the intensity of gamma rays emitted
by the decay of naturally occurring radionuclides in sedimentary rocks. GR data record
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variations in the content of radioactive isotope of uranium (U), thorium (Th), and potassium
(K) in the natural rocks. These three radioactive isotopes are sensitive to the variations
of clay minerals and organic matter which, in abundance, are sensitive to environmental
change [2]. Therefore, GR data preserve original signals related to climatic changes and
can be interpreted to develop a history of the climate changes [29]. GR has proven to be
one of the most efficient proxies reflecting the paleoclimatic changes in both marine and
continental strata [15]. In a warm and humid environment, generally accompanied by
intense chemical weathering and enhanced precipitation with higher eccentricity, more clay
minerals and organic matter are input to the lake basin, corresponding to the high value of
the GR logging curve. In contrast, the content of clay mineral is reduced, and the content of
sandstone and the inorganic carbonate increased under cool and arid environments with
lower eccentricity, which results in lower GR values. Many cyclostratigraphic studies based
on the GR proxy have demonstrated the potential of GR recording the Milankovitch signals
and proposed GR as a climatic proxy for identifying wet-arid climate change [15,30,31].
Meanwhile, an East Asian Lake hydrology study from four lake basins (Dongying Depres-
sion, Nanxiang Basin, Jianghan Basin, and Fushun Basin) in eastern China by Ma et al.
(2023) [21] also related the hydroclimate and lake level change recorded in GR data to astro-
nomical forcing. By reason of the foregoing, GR logging is reasonable for cyclostratigraphic
analysis and lake level reconstruction in this study.

Here, we present continuous GR logging data of the Shahejie Formation in S146
well, drilling from the Lijin sag located in the middle of Dongying Depression of the BBB.
The parameters for study: S146 borehole, from the base of Es3

L to the top of Es3
U with

depth ranging from 3736 to 2912 m (a thickness of 824 m). The GR data of the borehole
was acquired by continuous downhole measurements conducted by the Shengli Oilfield
Company of SINOPEC with an average sampling rate of 0.125 m.

3.2. Time Series Analyses Methods

Prior to performing spectrum analysis, a series of data preprocessing were carried out.
We applied linear interpolation on the GR data to ensure that the sampling intervals were
equal, because the raw sample interval of the GR data collected from the S146 borehole may
be unequal owing to unknown empty sampling. The raw GR data were detrended, adopting
the LOWESS method by subtracting a 30% (i.e., 247.2 m) weighted average to remove
low-frequency long-term trends prior to spectral analysis [32]. To preliminarily evaluate
the variations of sedimentation rates, we used a sliding-window evolutionary spectrum
method (fast Fourier transform spectra) to examine the changes in orbital cycle frequencies
related to varied sedimentation rates [33]. We employed the correlation coefficient (COCO)
approach to objectively identify the optimal sedimentation rates in order to more properly
assess the variations in sedimentation rates through the studied succession. The COCO
method was developed to estimate the correlation coefficient between the power spectra
of the sedimentary record in the depth domain and an astronomical solution in the time
domain. Based on this, various “test” sedimentation rates were computed to convert the
proxy series of sedimentary records from depth to time [34] (Li et al., 2018). The optimal
sedimentation rate corresponds to the one yielding the highest correlation coefficient.
Meanwhile, the evolutionary correlation coefficient (eCOCO), using a sliding-window
approach were performed to track variable sedimentation rates across the Gr series and to
relate power spectra of GR series to its associated astronomical solution [34]. Additionally,
a null hypothesis of no astronomical force is included with significance tested using Monte
Carlo simulation [34] (2000 simulations). Monte Carlo simulation is a broad class of
computational algorithms that relies on repeated random sampling and statistical analysis
to model the probability of various outcomes. Combined with estimated sedimentation
rate, a 2π multitaper (MTM) method of spectral analysis of both depth- and time-domain
GR series were carried out [35]. The robust red noise model proposed by Mann and Lees
(1996) [36] was performed to statistically assess the significance of peaks obtained by MTM
analyses at the mean, 90%, 95%, and 99% confidence levels. To identify which of these
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spectral peaks corresponds to the orbital eccentricity, obliquity, and precession, those peaks
detected above 95% confidence levels underwent additional analysis using the La2004
astronomical model. The MTM-identified long eccentricity cycles (405 kyr) and short
eccentricity cycles (100 kyr) were separated using Gaussian bandpass filtering and visual
interpretation. These isolated cycles were then counted and tuned to convert GR series
from the depth domain to the time domain. The 405 kyr long eccentricity cycle produced
by the gravitational effects of Jupiter and Venus on the Earth is the most stable astronomical
orbital period since the past 250 Ma, providing a “pendulum” for geological time timing
and serving as the main period for geological time calibration. Therefore, this paper uses
~405 kyr long eccentricity cycle to tune the astronomical age of the target interval, and
directly compares the filters with the eccentricity curve of La2004 (Laskar et al., 2004) to
establish a floating astronomical time scale (ATS).

3.3. Sedimentary Noise Modelling

The sedimentary noise model was originally proposed to reconstruct past sea level
change in marginal marine environments [23]. In recent years, more and more case stud-
ies have proven that the sedimentary noise model can also be used for restoring lake
level changes [13,21,24]. The sedimentary noise model comprises two complementary
approaches: dynamic noise after orbital tuning analysis (DYNOT) and lag-1 autocorrelation
coefficient (ρ1) analysis [23]. The DYNOT model calculated the ratio of non-orbital signal
variance versus the total variance via extracting noise recorded in water-depth related
proxies to indicate relative sea-level changes. The ρ1 model is an independent tool for
relative water-level reconstruction which is based on the lag-1 autocorrelation coefficient
of both tuned and untuned dataset. Generally, high water-level (sea- or lake-level) yields
a low sedimentary noise corresponding to a low DYNOT value and a high ρ1 value. In
contrast, lower water-level results in high sedimentary noise level, which yields a high
DYNOT value and a low ρ1value [13,21,23]. All abovementioned analyses were carried
out in Acycle v2.5 software [37].

4. Results

4.1. Time Series Analysis

The GR series of studied intervals of the Well S146 exhibits significant consistency
with lithological variations with high GR value corresponding to mudstone whereas low
GR values are dominated by fine sandstone and sandstone (Figure 3a). The MTM power
spectrum analysis of the untuned GR logging data in depth domain of the Es3 interval of
Well 146 in the Dongying Depression shows prominent periodic peaks, with confidence
levels more than 95%, at wavelengths including 57, 28.8, 14.3, 7.0, 5.4, 4.7, 2.9, 2.7 and 2.2 m
(Figure 4c).

The COCO analysis proposed by Li et al. (2018) was used to obtain the potential
optimal deposition rate. A total of 2000 Monte Carlo simulations with tested sedimentation
rates ranging from 0 to 25 cm/kyr were carried out to perform a null hypothesis test for
non-astronomical orbital period signals. The COCO analysis of untuned GR data from
the S146 borehole shows multiple peaks of sedimentation rate at 1.8, 4.0, 6.8, 9.4, 13.0, and
16.0 cm/kyr, with null hypothesis (H0) significance level no more than 0.01 (Figure 3c,e).
Among them, the most remarkable cluster of peaks is from 13.0 to 16.0 cm/kyr (with the
highest peak at 13.0 mc/kyr), which may indicate the potential mean sedimentation rate is
between 13.0 and 16.0 cm/kyr. Notably, the sedimentation rates band ranges from 13.0 to
16.0 cm/kyr is in line with a mean sedimentation rate of 16.8 (Es3) and 10 cm/kyr (Es3

L) in
the Dongying Depression as inferred by Liu et al. (2018) and Shi et al. (2018), respectively.

The eCOCO analysis of the same untuned GR series in Well S146 was performed
to track variable sedimentation rates across the studied interval. We ran 2000 Monte
Carlo simulations with tested sedimentation rates ranging from 0 to 25 cm/kyr and a
sliding step of 3 m and sliding window of 200 m. The results of the eCOCO reveal
sedimentation rates of 13.0–16.0 cm/kyr, producing a broader frequency band than those
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of 4.0–6.8 cm/kyr consistent with results of COCO analyses (Figure 3d). Moreover, the
correlation coefficient values for sedimentation rates of 13.0–16.0 cm/kyr are greater than
0.3 and typically substantially higher than those at sedimentation rates of 4.0–6.8 cm/kyr.
A sedimentation rate of 13.0–16.0 cm/kyr is relatively stable through the entire succession.
To further determine which of these two groups of peaks is the optical sedimentation rate,
we boldly assumed about 5.4 cm/kyr (the average value of 4.0–6.8 cm/kyr) as the mean
sedimentation rate and yielded the duration of the Es3 at 15.8 Ma which deviate from our
existing understanding [37]. Taken together, the estimated average sedimentation rate of
13.0 cm/kyr for Es3 member derived from COCO analysis is robust and consistent with
estimations of sedimentation rate produced by the eCOCO.

Figure 3. COCO analysis and eCOCO sedimentation rate map of the GR series in the Well S146
(2912–3736 m): (a) lithological column of the Well S146; (b) raw GR series of the Well S146; the
correlation coefficient (c) and evolutionary correlation coefficient (d) shown with sedimentation rate
curve (black line) based on 405-kyr tuning of the longest (∼57 m) statistically significant cycles in the
data; (e) null hypothesis test; and (f) evolutionary null hypothesis (H0) significance level.
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Figure 4. (a) Detrended and raw GR series of the Well S146 in depth domain; (b) filters with
wavelength of ~57 m and ~14.3 m; (c) 2π MTM power spectrum in depth domain shown with
background AR(1) model, and 90%, 95%, and 99% confidence levels; and (d) evolutionary power
spectra calculated using a 400-kyr running window.

The wavelength ratio of the clusters of 57, 14.3, 7.0-5.4-4.7, and 2.9-2.7-2.2 m
(ca. 57:14:5.4:2.7) identified in the MTM power spectrum of the untuned GR series of
Well S146 is near the ~20:5:2:1. Moreover, based on our objective sedimentation rate es-
timate by the COCO and eCOCO analysis, the estimated average sedimentation rate is
13.0 cm/kyr. This yields tentative durations of ~438 kyr for the~57 m cycle, ~110 kyr
for the ~14.3 m cycle, ~54-42-36 kyr for the ~7.0-5.4-4.7 cycles, and ~22-20-17 kyr for the
2.9-2.7-2.2 m cycles. These periodicities are broadly consistent with the expected ratio of
long-eccentricity (405 kyr), short-eccentricity (~100 kyr), obliquity (41 kyr) and precession
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(19–23 kyr), respectively. Therefore, the sedimentary strata can be linked to the above
astronomical forcing.

4.2. Astronomical Tuning

According to the above analysis of MTM, evolutionary spectrum, and the COCO
and eCOCO of S146 borehole, ~57 m sedimentary cycles were tied to the 405 kyr long-
eccentricity metronome. To extract the counterpart cycles from the GR series, we applied a
bandpass filter using a ~57 m wavelength (passband of 0.0175 ± 0.004375) obtaining about
16 long-eccentricity cycles (405-kyr). Meanwhile, cycles of ~14.3 m wavelength (passband
of 0.07 ± 0.0175) were band-pass filtered to isolate short eccentricity cycle (100 kyr) yielding
~64 cycles. Tuning ~57 m sedimentary cycles using the 405-kyr eccentricity tuning approach
allowed us to build a floating ATS for the Es3 member with duration of ~ 6.43 Ma (Figure 5).

Figure 5. (a) Tuned GR series of the Well S146 in time domain; (b) filters with cycles of 405 kyr and
100 kyr; (c) eccentricity curve and 405/100 kyr filters of La2004 [38]; (d) 2π MTM power spectrum in
time domain shown with background AR(1) model, and 90%, 95%, and 99% confidence levels; and
(e) evolutionary power spectra calculated using a 400-kyr running window.
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Based on this tuning method, the entire Es3 interval yields a mean sedimentation
rate of ~12.8 cm/kyr which compares well with those (13.0 cm/kyr) estimated with the
COCO/eCOCO analysis. The MTM power spectrum of the tuned GR series in Well S146
shows significant cycle peaks of 405, 207.4, 138.6, 100, 59.2, 49.6, 43.6, 34.3, 28.1 and
23 kyr. The evolutionary spectrum of the tuned GR series reveals obvious 405 kyr periodic
signals and 100 kyr periodic signals close to a straight line. The calculated sedimentation
rate with 405 kyr tuning varies from 11.1 to 15.5 cm/kyr, with an average sedimentation
rate of 12.8 cm/kyr. The age of boundary between the Es4 and Es3 (BES43) is used as
anchor point for calibrating our floating ATS. In addition, the Es3

L and Es3
M boundary

(BES3
LM) is adopted as checked point to further verify our ATS. Recent astrochronologic and

magnetostratigraphic study conducted in the Dongying Depression has provided a robust
astronomical time scale and magnetostratigraphic timescale for the Es4 and Es3

L formations,
with the BES43 age of 41.21 Ma and the BES3

LM age of 38.72 Ma, respectively [21]. According
to the anchor point, our floating ATS of were able to transform to absolute ATS extending
from 34.78 ± 0.42 Ma back to 41.21 ± 0.42 Ma from top of the Es3

U to base of Es3
L (Figure 5a).

This period corresponds to the La2004 astronomical solution from 86th to 103rd 405-kyr
eccentricity cycles (E86–E103) [38] (Figure 5).

4.3. Sedimentary Noise Modeling of Lake-Level Changes

We reconstructed sedimentary noise curves for the Dongying Depression based on
DYNOT and ρ1 modeling, with 5000 Monte Carlo simulations of the tuned GR data of Es3
using a 400 kyr sliding window. Sedimentary noise curves of DYNOT and ρ1 modeling
display consistent patterns. Significant enhanced sedimentary noises were identified in
five intervals and highlighted in gray bars (Figure 6).

Figure 6. Sedimentary noise model interpretation of lake-level changes in Well S146. (A) Tuned GR
series of the Well S146 (black) with 405-kyr filtered output (red); (B,C) DYNOT and ρ1 models of
tuned GR series; (D) global sea level changes modified from Miller er al., 2020 with 1.2 Myr filtered
output [10]; (E) 1.2 Myr cycles filtered from DYNOT and ρ1 models; and (F) earth’s obliquity solution
(Black, Laskar et al., 2004) [38] and its 1.2 Myr-AM cycles (red).
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According to spectral analysis of the DYNOT output series (median value), we ob-
served five cycles in sedimentary noise series with periods of 1.2 Myr (Figure 7). Similarly,
spectral detection of the ρ1 output series (median value) reveals cycles that have periods of
1.2 Myr (Figure 7).

Figure 7. Periodograms of the detrended median output by DYNOT (a) and ρ1 (b) models, AM of
the sea level curve by Miller 2020 [10] (c) and AM of the obliquity (d) in La2004 [38] astronomical
model from 34.78 to 41.21 Ma.

5. Discussion

5.1. An Astronomical Time Scale (ATS) in the Dongying Depression

We constructed a ~6.43 Myr long floating ATS for Es3 member in Well Shi 146 of the
Dongying Depression through the late Eocene. According to our cyclostratigraphic analysis,
the studied interval has a total duration of 6.43 ± 0.42 Ma, ranging from 41.21 ± 0.42 Ma to
34.78 ± 0.42 Ma. The base age of Es3

L, Es3
M and Es3

U are 41.21 ± 0.42 Ma, 38.72 ± 0.42 Ma,
and 36.28 ± 0.42 Ma, respectively.

The 405 kyr eccentricity bandpass filter extracted from our constructed ATS has a
significant in-phase correlation with the 405 kyr filter extracted from the La2004 eccentricity
solution. The prominent eccentricity, obliquity, and precession cycles were identified
based on the MTM spectra analysis of the tuned GR series. These cycles match well
with astronomical models of La2004 [38]. The sedimentation curve generated from 405 kyr
cycles compares well with the objective sedimentation rate estimated by COCO and eCOCO
(Figure 3).

The uncertainty of the tuning and anchor point may result in additional uncertainty.
Therefore, it is necessary to conduct uncertainty analysis of all potential sources. Three
sources of uncertainty for our ATS and reported ages were considered including: (1) the
uncertainty of BES43 age in the Dongying Depression, as reported by Ma et al. (2023) [21];
(2) the uncertainty of contact relationship of Es4 and Es3; (3) the uncertainty of the floating
ATS we established. The ages of base boundaries of Chrons C18n.1n through C20n with
mean errors in the FY1 borehole were reported by Ma et al. (2023) [21] and compared
to those of previous six studies. The base of the Es3 roughly corresponds to the base of
the C19n. Although Ma et al. (2023) [21] did not report the uncertainty of BES43 age
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in the Dongying Depression, he indeed provided seven uncertainty errors spanning the
boundary between the Es4 and Es3 ranging from C20n to C18n.1n. These uncertainties
ranged from 0.100 Ma to 0.106 Ma, with a mean uncertainty of 0.103 Ma. Thus, we
suggest 0.103 Ma as the uncertainty of the BES43 age in the Dongying Depression. Seismic
reflection profiles showing the boundary between the Es4 and Es3 are characterized by
stable seismic conditions even with parallel reflection and conformable across the Dongying
Depression [26]. There is no report of onlap or traction seismic reflection which can indicate
significant tectonic activities. Our S146 well is located in the depocenter of the Dongying
Depression in a stable sedimentation setting with volcanic activities reported. Taken
together, these points of evidence eliminate the second source of uncertainty. An empirical
uncertainty of 0.103 Myr for the BES43 in the Dongying Depression may be obtained
from superposition calculation of the first two sources of uncertainty. The identified long
eccentricity cycles in our floating ATS may cause an additional uncertainty of one 405-kyr
cycle for the third source. Consequently, we can obtain a total uncertainty of 0.42 Myr
(calculated form

√
0.1032 + 0.4052) [13] for the base of the Es3

L, Es3
M and Es3

U.
Our ATS of Es3 member appears to be compatible with previous astrochronology of

the same interval performed by cyclostratigraphy studies [13,17,18,20,21]. The base ages
of Es3

M reported by Shi et al. (2018) [18], Jin et al. (2022) [20] and Ma et al. (2023) [21] are
39.23 Ma, 39.556 Ma and 38.72 Ma respectively, which have discrepancies of 0–0.836 Ma.
The top age of Es3

U reported by Liu et al. (2018) [17] and Wang et al. (2020) [13] leads to
1.21–1.3 Ma discrepancies. The duration of the Es3 of our ATS is 6.43 Ma, which is quite
close to the 6.48 reported by Liu et al. (2018) [17]. Therefore, we argue these discrepancies
could be caused by diachronous sub-member boundaries within the Es3, age differences
between anchor points or erroneous identification of long eccentricity cycles in either or
both those previous studies and our study [13]. Overall, we argue that we have constructed
a robust and reliable absolute ATS of the Es3 of the Dongying Depression according to our
uncertainty constraints discussed above.

5.2. Verification of Sedimentary Noise Model for Reconstructing Lake Levels

Sedimentary noise in data series can be influenced by multiple factors including proxy
related noise (e.g., dating uncertainty), unsteady sedimentation such as post-depositional
reworking, local, short term tectonic, depositional, and volcanic activities in additition to
lake level changes [23]. The noise associated with paleoclimate proxy indicators is affected
by three factors: index sensitivity, measurement error, and dating error. Both previous
studies and this study have confirmed that GR signals can well record paleoclimate changes
in this area, indicating that the sensitivity of the indicator persists [20,21]. Obtaining logging
data by wireline logging is a very mature technology. At the same time, the measurements
are taken in a stable borehole, so the measurement errors are relatively small. Dating
in this study is based on the COCO and ECOCO sedimentation rate assessment models,
which are very close to the previous age anchor point, indicating our ATS is very reliable.
Unstable depositional environment and short-term tectonic activities may lead to increased
depositional noise. However, the sedimentary environment of the Es3 in Well Shi 146
was a semi-deep lake-deep lake facies with stable structural environment during the
depositional period, and no faults were developed [39]. Therefore, unstable depositional
environments and short-term tectonic activity had limited impact on sedimentary noise. A
hydrological shift driven by volcanic activity may have increased additional sedimentary
noise. However, lithostratigraphic observations showing no volcanic rocks were developed
in Es3 of Well Shi 146, implying volcanic activities did not affect the Lijin sag and related
sedimentary noise [39,40]. Post-depositional reworking mainly includes bioturbation and
diagenesis, which may have a greater impact on sedimentary noise. Nevertheless, there
is no report of bioturbation structure in this well. Moreover, the lithology of the Es3 is
dominated by mudstone, which suffered normal compaction, being less affected by post-
depositional reworking. And yet, the complexity of sedimentary noise of terrestrial strata
has not yet been thoroughly understood. The similar variation patterns of the DYNOT
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and ρ1 models combined with the above discussion indicates that the sedimentary noise-
modeling approach is nonetheless an effective method for lake-level reconstruction in
lacustrine strata.

5.3. Astronomical Forcing on Lake-Level Fluctuations in the Dongying Depression

Astronomical forcing of lake-level fluctuations has been reported throughout the
Phanerozoic at several basins with different latitudes across the word [13,21,24,41,42]. The
robust ATS constructed in this study provides a basis for linking the astronomical cycles,
lake hydraulic cycle and global sea level changes. The DYNOT modeling results shows
significant anti-phase relationship with that of the ρ1 modeling. Multiple alternation of
high and low sedimentary noise level was observed throughout the entire Es3 succession.
The high sedimentary noise levels were interpreted as low lake levels. In opposition, the
low sedimentary noise levels were interpreted to correspond to high lake levels.

Periodogram analysis of both the DYNOT and ρ1 modeling output median values
showing clear long-term cycles with periods of ~1.2 Myr (Figure 7). The 1.2 Myr cycles
were identified in both the DYNOT and ρ1 modeling output series, which show similar
anti-phase relationships compared to their original modeling results. This may correspond
to 1.2 Myr obliquity modulation cycles, indicating a potential causal link between astro-
nomical forcing and million-year scale lake-level change. Previous studies have reported
~1.2 Myr periodicities in the Eocene [13,43–45]. The obliquity modulation cycle of ~1.2 Myr
is demonstrated to affect heat and moisture transport flux from low latitudes to high lati-
tudes and further manage the meridional insolation gradient on Earth [23,46]. During the
1.2 Myr obliquity nodes (modulation minima), heat and moisture transport flux to high
latitudes would have been reduced. Consequently, lakes in mid-to-high latitudes would
become cooling and drying with low water level and vice versa [13,21,23]. Our results show
a clear in-phase relationship of 1.2 Myr cycles isolated form DYNOT and ρ1 with 1.2 Myr
obliquity amplitude modulation cycles of La2004 solution during the late Eocene. The
global sea-level curves proposed by Miller et al. (2020) [10] were used to compare with the
lake level changes of the Dongying Depression. Spectral analysis of the sea-level records
shows clear ~1.2 Myr cycles which is close to 1.2 Myr obliquity cycle. The 1.2 Myr cycles of
lake level in Dongying Depression are generally in-phase with those of sea-level changes
and obliquity cycle. These results suggest 1.2 Myr obliquity drove the changes of both
lake-level and sea-level during the late Eocene. Identifying the driven mechanism of the
coevolution of the global sea level and reginal lake level remains a challenge. Multitudinous
hypothesizes have been made to explain this co-variation [13,21]. We believe that one at
least or more of the following mechanisms may have contributed to the regulation of the
coevolution in the late Eocene.

Regional transgression events during marine transgressions impose significant effects
on the rise of the lake level. Four intervals of marine incursions into the Dongying De-
pression have been reported based a combination of interpretations with high B/Ga ratios,
high S/TOC ratios and high Sr/Ba [47]. Moreover, marine fossils including foraminifera,
calcareous nanofossils and trace fossil Paleodictyon were observed and further confirmed
the marine incursion in Dongying Depression [21,47]. Our reconstructed lake-level changes
appear to be well consistent with global sea level changes implying that marine incursions
play an important role in regulating the lake level changes in the Dongying Depression.

Groundwater table modulation is another driven mechanism for explaining the co-
variation. By an integrated analysis of four lake basins (Dongying Depression, Nanxiang
Basin, Jianghan Basin, and Fushun Basin) in east Asia, groundwater table modulation
was used to clarify the mechanism for co-variation of the lake level and sea level during
the middle-late Eocene [21]. Notably, the mechanism for driving the lake level changes
of these four basins spans time periods of 48.51-38.52 not fully covering our studied
interval with time periods of 41.21-34.78. Despite this, the groundwater table modulation
is nonetheless a powerful potential driven mechanism. The shift in lake level reflects
changes in groundwater storage and serves as a gauge for the continental groundwater
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table [21,48,49]. Deep faults can serve as efficient conduits for groundwater migration
connecting lakes and open sea and further regulate the lake’s level [50]. Subduction of
the Pacific Plate in the late Eocene has an important impact on the evolution of the Bohai
Bay Basin, forming a series of deep faults [31,51]. Moreover, some of the preexisting faults
are reactivated and deepen into the crust. The Tanlu fault zone is the typical deep fault in
which the kinematic direction shifts from left lateral motion to right lateral motion in this
instance. Taken together, these make it possible that the BBB was connected to the open sea
in the late Eocene.

6. Conclusions

The natural GR series of the S146 borehole through Es3 member in the Dongying
Depression provides an archive of paleoclimate and environmental changes for lake level
reconstruction. The following conclusions can be made:

(1) We constructed a robust astronomical time scale (ATS) of the Es3 member of the late
Eocene in the Dongying Depression based on the identification of 405 kyr-long eccentricity
cycles in the S146 well. The developed high-resolution and continuous ATS spans the time
from 34.78 to 41.21 Ma.

(2) A quantitative assessment technique of eCOCO combined with COCO analysis
generates an optimal sedimentation rate of 13.0 cm/kyr and variable sedimentation rates
through the studied interval, which better supports our robust ATS.

(3) Paleolake level changes of the late Eocene were reconstructed based on sedimentary
noise modeling. The lake-level changes in 1.2 Myr cycles in Dongying Depression were
in phase with the same cycles of synchronous global sea-level changes. We suggest that
marine incursion and/or groundwater table modulation are the main driven mechanisms
of the co-variation of global sea level changes and regional lake level changes.
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Abstract: Beach-bar reservoirs have been promising hydrocarbon-bearing exploration advances
in the Beibuwan Basin, especially in the WZ12-2 area within the Weixinan sag. The sedimentary
characteristics, distribution and formation mechanisms of beach-bar sand bodies in Mbr2 (Member
2) of the Paleogene Liushagang Fm. in the WZ12-2 area within the Weixinan sag were analyzed
based on well-log, seismic and core data on thin section and heavy mineral data. Mbr2 in the WZ12-2
area comprises a third-order sequence, which consists of three systems tracts (lowstand systems
tract, transgressive systems tract and a locally developed highstand systems tract). Thick beach-
bar sand bodies are developed in the WZ12-2 area during the lowstand systems tract stage. The
formation of sandy beach-bar sand bodies can be divided into five stages. By integrating lithology,
mineral composition, sedimentary structures and geophysical characteristics, it can be concluded
that the beach-bar sand bodies in the study area were controlled by paleotopography, hydrodynamic
environment, sediment provenance and lake-level variation. The gentle slope of the Qixi uplift and
relatively stable passive tectonic background during the deposition of Mbr2 of the Liushagang Fm.
laid a solid paleogeomorphological foundation for beach-bar deposition. Strong hydrodynamic forces
and shallow water further contributed to beach-bar sand bodies formation. In addition, the sands
in the fan delta in the northwestern part of the area served as point provenance and the deposits in
the southeast acted as linear provenance in providing sediments to the beach-bars. High-frequency
variations of the lake level drove vertical stacking of the beach-bar sand bodies and considerable
lateral extension over a large area. The sedimentary characteristics and formation mechanism of
lacustrine beach-bars in this study may provide a reference for hydrocarbon exploration in other
similar basins in the world.

Keywords: beach-bars; Beibuwan Basin; Weixinan sag; sedimentary characteristics; formation mechanism

1. Introduction

Beach-bar refers to the beach and bar sand bodies in lacustrine or marine basins
with a shallow water environment [1–6]. In the gently sloping area of a rifted lacustrine
basin, beach-bar sand bodies tend to develop in shallow littoral lakes [4,7,8]. Beach-bars
can usually be subdivided into bioclastic and terrigenous clastic types [2,4,9]. Bioclastic
beach-bars usually develop in quiet and clear lake water under warm and humid condition
with carbonate provenance [10]. Terrigenous clastic beach-bar sand bodies form from the
redeposition and reworking of deltas and other related near-shore sedimentary systems
in a shallow water environment under the effects of fluctuations in energy conditions
from coastal currents and waves [11–14]. Generally, lacustrine beach-bars are mostly
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characterized by thin interbedded sand bodies mainly composed of fine sandstone and
siltstone with restricted distributions [2].

The Beibuwan Basin, which is an extensional Cenozoic sedimentary basin, is charac-
terized by lacustrine deposits in Paleogene and littoral-neritic sea sediments in Neogene-
Quaternary [15]. It is a productive basin in the northern South China Sea (Figure 1A) [15,16].
The northern part of the Beibuwan Basin has been proven to be a prospective area for fur-
ther petroleum exploration [17–20]. Recently, important breakthroughs in the Weixinan
sag have been achieved (Figure 1B) [21]. The Southeast Slope Belt is one of the largest
hydrocarbon-producing targets in the Weixinan sag (Figure 1C) [19]. Among the oil fields
in the Southeast Slope Belt, the WZ12 oil field produces abundant oil and gas. The beach-
bars developed in the WZ12-2 area of Mbr2 of the Liushagang Fm. have now become
important exploration targets in the Beibuwan Basin [20,22,23]. A beach-bar sand reservoir
has grain size dominated by fine sand and sand, good sorting, well-developed primary and
secondary porosity, and relatively high permeability. Beach-bar sand bodies change fre-
quently on a lateral scale, easily forming lithologic lenticular traps and sandstone pinch-out
traps [4,14,24]. The dark mudstone at the bottom provides hydrocarbons for the beach-
bar reservoirs in the Mbr2 stage of Liushagang Formation [16]. The overlying thick dark
mudstone can act as a superior caprock for beach-bar reservoirs underneath [25–27]. With
superior hydrocarbon generation and sealing conditions, beach-bar sand bodies in the
WZ12-2 area are evaluated as prospective exploration targets. During the depositional pe-
riod of Mbr2 in the Weixinan sag, especially during the lowstand systems tract (LST) stage,
beach-bar sand bodies formed on a large scale [23,28]. In the past few years, considerable
attention has been given to the petroleum source of WZ12 oils in Mbr2 of the Liushagang
Fm. in the Weixinan sag [16,17,21,29]. However, studies on the reservoir are scarce.

Figure 1. (A) Location of sedimentary basins in the South China Sea. The black box indicates the
location of Figure 1B; (B) simplified geological map of the Beibuwan Basin [16,20]. The Weixinan sag
was located in the northwestern Beibuwan Basin. The black box refer to the study area in Figure 1C;
(C) simplified geological map of the Weixinan sag. The black line AA’ and BB’ mark the locations of
seismic section and sequence stratigraphic correlation sections in Figures 3 and 9, respectively.
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In this regard, good hydrocarbon source rocks and thick top seals are present in
the Mbr2 stage in the WZ 12-2 area. Further steps are to find superior hydrocarbon
“container”—reservoirs, to form potential source-reservoir-cap assemblages, which are of
great significance to hydrocarbon exploration. In this study, the sedimentary characteristics,
i.e., lithology, mineral composition, sedimentary structures and geophysical characteris-
tics of the beach-bar sand bodies, are analyzed concretely to investigate the formation
mechanism, on the basis of thin section, heavy mineral, core, well logging and 3D seismic
data. This study can be useful for further hydrocarbon prospecting and exploration in the
Weixinan sag and has great significance for further application to lacustrine rift basins with
similar backgrounds in the world.

2. Geological Background

The Beibuwan Basin has an area of approximately 1.9× 104 km2 onshore and 1.6× 104 km2

offshore [15,30]. The development of the Beibuwan Basin includes two main stages:
the Paleogene syn-rifting stage (65–23 Ma) and the post-rifting stage (23 Ma to present)
(Figure 2) [20,31]. The Weixinan sag located in the northwestern Beibuwan Basin is a half-
graben rift lake basin bounded by the Qixi uplift to the southeast, the Weixinan fault to the
northwest, and the Haizhong sag and Weixinan low uplift to the southwest (Figure 1B) [15].

 

Figure 2. The Paleogene sedimentary sequence and stratigraphic framework of the Beibuwan
Basin [31].

The A, B and C sub-sags formed in response to three extensional events in Paleocene,
Eocene and middle-late Oligocene (Figure 1C). The three growth normal faults (Fault
I, Fault II and Fault III) in the NE-SW direction have large fault throws up to several
thousand meters and long extents with lengths of more than 40 km (Figure 3) [16]. In the
Paleogene, the depositional environments in the Weixinan sag were dominated by fan delta,
shore-shallow lake delta and lacustrine facies [31].
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Figure 3. Seismic section (northwest to southeast) across the Weixinan sag showing the sequence
boundaries, stratigraphic units and major faults. The targeted Mbr2 of the Liushagang Fm. is from
T85 to T84 reflectance surface. The light yellow color in the figure refers to the beach-bar deposition.

Based on logging core, drilling, 3D seismic, paleontological and geochemical data,
the stratigraphy of the Paleogene in the Weixinan depression has been reconstructed.
The Paleogene sediments in the Weixinan depression are composed of the Changliu Fm.,
Liushagang Fm. and Weizhou Fm. and seven third-order sequences (Ech, El3, El2, El1, Ew3,
Ew2 and Ew1) from bottom to top [31]. As the primary and crucial oil and gas-bearing
reservoir, the Liushagang Fm. (including Mbr3, Mbr2, and Mbr1) is the main depositional
unit in the Weixinan sag (Figure 2). The main sedimentary environments in Mbr3 and Mbr1
are shallow lacustrine and shore-shallow deltas, and lacustrine environments prevailed
during Mbr2 deposition [20]. The beach-bars formed in Mbr2 of the Liushagang Fm. in
WZ12-2 area of the Weixinan sag.

3. Materials and Methods

This study integrated logging, core and 3D seismic data with thin section, scanning
electron microscopy (SEM) and heavy mineral analyses. Wireline log data from 16 wells
and more than 2000 km2 3D seismic data were analyzed. Approximately 40 m of cores from
3 wells were studied. This study also analyzed heavy minerals from 16 wells, grain-size
analysis from 51 samples, and porosity and permeability data from 75 samples. All the
data were acquired from the CNOOC Zhanjiang Branch Company.

Depositional systems tracts and sequences were first recognized in the WZ12-2 area of
the Weixinan sag, mainly on the basis of termination patterns and seismic reflections [32].
They were further confined by core data and wireline logs along the main seismic sections.
Depositional and stratigraphic cross-sections throughout the Weixinan sag were established
to depict the lateral and vertical distributions of the lacustrine beach-bar facies. The logging,
core, grain-size, porosity, permeability and SEM data were used to identify the sedimentary
characteristics of the beach-bars. The controlling factors of lacustrine beach-bar formation
in the study area were investigated by the reconstruction of paleotopography, sediment
source systems and lake levels. Then, a distribution model of lacustrine beach-bar sand
bodies was established within the Weixinan sag.

On the basis of well log, drilling core and 3D seismic data, Mbr2 in the Weixinan
sag was identified as a third-order sequence, including a lowstand systems tract (LST)
and a transgressive systems tract (TST). The highstand systems tract (HST) was not well
developed and seen only as thin layers in several wells. In seismic sections, the T83 reflector
marking the top sequence boundary separates Mbr1 and Mbr2. The bottom sequence
boundary is marked by the T86 reflector that divides Mbr2 and Mbr3. T83 and T86 are
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regional unconformable surfaces along the basin edges. On seismic profiles, onlap and
erosional truncation terminations are observed on the T83 and T86 surfaces (Figure 3).

Scanning electron microscopy (SEM) was conducted with TESCAN-VEGA equipped
with an SDD detector, pulse processor and Esprit software workstation. Samples for
heavy mineral analysis were first processed to remove the weathered rims, carbonate
materials and clay minerals. Then the 63–125 μm fraction were separated by magnetic
and electrostatic filters. About 700–1000 heavy mineral grains were identified under the
binocular microscope for each sample. The porosity and permeability were measured
following Boyle’s and Darcy’s laws, respectively, by using 2.5 cm diameter cylinders drilled
from the cores.

4. Results

4.1. Sedimentary Characteristics
4.1.1. Lithology

The lithologies of lacustrine beach-bar sands are usually composed of siltstone, fine-
grained sandstone and pelitic siltstone [4,33]. In the WZ12-2 area, the sandstones of the
beach-bars are mainly grey and greyish-brown siltstone and fine- to medium-grained
sandstone (Figure 4). The logging and core data indicate that there are few layers of
sandstone but that the single layer thickness is large, usually thicker than 3 m. An individual
sandy bar layer in the LST can be thicker than 10 m and is interbedded with thin mudstones,
showing coarsening trends in the vertical direction. The sandy bar sediments in well W5
are dominated by sand, which makes up 92% of the total content (Figure 4).

Figure 4. Single well integrated diagram of the beach-bar sand bodies of well W5 in the Weixinan
sag. The red rectangle emphasized on the left logging lithologic column refers to the core description
in the right.

4.1.2. Mineral Composition

Quartz is the most frequent and abundant mineral in beach-bar sandstones. The
quartz content in the WZ12-2 beach-bar reservoirs ranges between 52% and 77%, with an
average of 67% (Figure 5A,B). Feldspars in the study area include potassium feldspar and
plagioclase (Figure 5H,L), and the percentage of plagioclase is higher than that of potassium
feldspar. The average feldspar content is 10%. The lithic fragment content is approximately
5%, and fragments are predominantly argillaceous clasts. The detrital compositions of
beach-bar sandstones are mainly litho-quartzose and feldspatho-litho-quartzose sandstones,
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with subordinate feldspatho-quartzose sandstones and minor litho-feldspatho-quartzose,
quartzo-lithic and quartzose sandstones (Figure 6) [34]. The compositional maturity of
the beach-bar sand bodies is high (average 2.2), ranging from 1.1 to 3.7. Thin section
observations indicate that there are intraclasts of partly dissolved ooids and muddy and silty
limestones with plastic deformation in sandstones of the beach-bar (Figure 5C–E,H). The
carbonate sediments are redeposited in shallow lacustrine environments after reworking
by waves. The intraclasts, which consist of freshly deposited and loosely compacted
carbonate sediments, suggest that the carbonate sediments originated internally from the
basin. Both the high compositional maturity and the occurrence of oolitic particles with
thin crusts reflect the high frequency oscillation of lake water and long-term reworking of
the sediments.

 

Figure 5. Thin section and SEM images providing information about the mineral composition of
beach-bar sandstones in Weixinan sag. (A) Well W5, 2610.20 m, high content of quartz and porosity
(polarized light). (B) Well W5, 2604.38 m, micro-fractures in beach-bar reservoir (polarized light).
(C) Well W5, 2603.20 m, carbonate oolites (polarized light). (D) Well W5, 2612.56 m, black banded
carbonaceous fragments (polarized light). (E) Well W5, 2605.71 m, carbonaceous fragments and
dissolution of detrital grains (polarized light). (F) Well W6, 2435.90 m, booklet-like kaolinite and
pyrite framboids (SEM). (G) Well W1, 3327.04 m, deformation of mica and hairy illite-smectite mixed
layers (SEM). (H) Well W13, 2266.80 m, authigenic carbonate cement, quartz, booklet-like kaolinite
and partly dissolved albite (SEM). (I) Well W1, 3331.35 m, octahedral pyrites (SEM). (J) Well W1,
3334.50 m, fibrous illite, quartz and flaky illite-smectite mixed layers (SEM). (K) Well W12, 2755.82 m,
booklet-like kaolinite, quartz and honeycombed illite (SEM). (L) Well W12, 2699.52 m, quartz and
partly dissolved orthoclase (SEM). Ab—albite, Cc—carbonate cement, I—illite, I/S-illite and smectite
mixed layer, K—kaolinite, M—mica, Or—orthoclase. Pr—pyrite, Q—quartz.
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Microscopic data show that quartz is common in beach-bar sand bodies (Figure 5H,J–L).
Orthoclase and albite are partly dissolved (Figure 5H,L). Under SEM, micas have a flaky
morphology and are deformed by compaction (Figure 5G). Carbonate cements principally
include calcite, dolomite and ankerite, and the most abundant type is calcite. The calcite
cements developed in the WZ 12-2 beach-bar sandstones are rhombic crystals filling in
intergranular pores (Figure 5E,H). Pyrite is present as framboids (Figure 5F) and octa-
hedrons (Figure 5I) in beach-bar sandstones. Clay minerals in the WZ 12-2 beach-bar
sandstone reservoirs are mainly authigenic clay minerals and matrix materials. The clay
minerals observed in beach-bar reservoirs are kaolinite (Figure 5F,H,K), illite (Figure 5J–L),
illite-smectite mixed layer minerals (Figure 5G,H,J) and chlorite (Figure 5J). Kaolinite forms
as pore-filling cement, presenting booklet or vermicular pseudohexagonal morphologies.
Illite occurs with fibrous and sheet textures. The illite-smectite mixed-layer clays have
honeycomb and flake textures. Chlorite grows as rims along detrital grain surfaces.

 
Figure 6. Detrital composition triangular diagram of the beach-bar sandstones in the Weixinan
sag [34]. The detrital composition of beach-bar sandstones are mainly litho-quartzose and feldspatho-
litho-quartzose sandstones.

Heavy minerals in the study area are mainly zircon, tourmaline, rutile, garnet, hematite,
limonite, magnetite and titanomorphite. The zircon contents are between 0.2% and 20%,
with an average value of 5.2%. The percentage of tourmaline varies from 0.2% to 27.6%,
and the average value is 4.5%. Rutile has an average content of 0.82%, ranging from 0.2%
to 2.9%. The garnet content varies from 0.2% to 19.4% with an average of 3.2%. Hematite
and limonite have the highest contents. They account for an average of 61.2% of the total
heavy minerals, varying from 1% to 97.8%. Magnetite and titanomorphite have average
values of 5.7% and 19.9%, fluctuating between 0 and 30.8%, and between 0.2% and 91.6%,
respectively (Figure 7).
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Figure 7. The pie chart of heavy mineral assemblage (zircon + tourmaline + garnet + rutile) percentage
and ZTR index of the Mbr2 in the Weixinan sag. The numbers beside the wells are the ZTR values of
the wells.

4.1.3. Sedimentary Structures

The sedimentary structures observed in the WZ12-2 beach-bar sandstones have
obvious characteristics implying a fluctuating hydrodynamic environment in the lake.
Combined-flow ripple cross-lamination or current ripple with lenticular bedding and
claystone drapes are observed in the cores (Figure 4). The sandstone beds are massive or
horizontally stratified and covered by combined-flow (or current) and interlaminated and
interbedded with laminated siltstones or mudstones. These sedimentary structures suggest
scouring, reworking and multi-directional flows by waves during deposition [2,35,36].
Teichichnus and fugichnia bioturbation structures are common with various morphologies
under different depositional hydrodynamic energies. The presence of mussel bivalve fossils
indicates shallow water depths during beach-bar deposition.

4.1.4. Geophysical Characteristics

As the sand bodies of sandy beach-bars in the WZ12-2 area are thick and interbedded
with muds, the wireline logging curves are dagger-like or broad-amplitude tooth-shaped
boxes and funnel-like shapes with relatively high amplitude (Figure 8). The beach-bars
in the WZ12-2 area formed between regional unconformity interface T84 and fourth-
order sequence interface T85. The beach-bar reservoirs deposited during the Mbr2 stage
have distinctive seismic reflection characteristics with two strong and continuous seismic
reflectors, which are also the top interfaces of beach-bar sand bodies. Two obvious inverse
superimposed cycles are observed in the wireline logs of wells W1 and W5. The sand
thickness increases upward in each cycle, and the mud layers become thinner, indicating
that the base level was falling when the beach-bars formed [2]. The grain-size cumulative
probability curves show that the core samples of beach-bar sands from well W5 formed
mainly from saltating and suspended particles. The saltation types correspond to 60–70%
of the whole grain-size curve. A saltation-type curve section is composed of 2–3 segments.
The intersection point between the suspended and saltation types is at 3–4Φ (Figure 4). The
porosity of well W5 ranges from 2.32% to 23.4% with an average of 13.7%. The permeability
of well W5 has an average value of 11.38 mD, varying from 0.01 mD to 357 mD.
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Figure 8. Base level division combined with seismic section of beach-bar sand bodies of Mbr2 stage
in the Weixinan sag. The beach-bar sand bodies can be divided into five stages, and two strong and
continuous seismic reflections are observed in beach-bar seismic section.

4.2. Distribution Pattern of Beach-Bar Sand Bodies

The beach-bars developed in LST within Mbr2 in the WZ12-2 area of the Weixinan sag
and can be further divided into five parasequences (Figure 8). Five stages of sand bodies
are identified according to the five parasequences. From bottom to top, the percentage
of sand decreases and the mud color becomes darker, indicating a rising lake level and a
trend of retrogradational packages. The same phenomenon was also reported in beach-bar
syndeposition in the Boxing and Banqiao sags within the Bohai Bay Basin [2,4,14,37]. The
five stages of beach-bar sand bodies gradually retrograde towards the uplift (Figure 9).

Figure 9. Sequence stratigraphic correlation section of beach-bar sand bodies of Mbr2 stage in the
Weixinan sag. The five sand bodies in the LST show an obvious retrogradation upward.

Sand thickness contour maps were constructed to depict the distribution regularity of
the five stages of beach-bar sand bodies in the WZ12-2 area of the Weixinan sag (Figure 10).

25



Energies 2022, 15, 3391

The shapes of five sand thickness contour maps vary with different depocenters. Sand 1©
has three depocenters, which are located near wells W3, W15 and W5. The directions of
the long axis are northeast. Sand 2© also has three depocenters near wells W5, W12 and
W16. The long axis direction of two depocenters is northeast, and that of the third is north.
Sand 3© has two depocenters in the vicinity of wells W13 and W5 with long axis directions
oriented northeast. Compared with sand 3©, sand 4© has one long axis direction oriented
NNW. Sand 5©, again, has three depocenters, but the long axes of the three depocenters
change NNW and west-east. Although the long axis directions of the depocenters differ in
each stage, the long axis direction of the whole beach-bar sand body remains to be northeast,
which is constrained by the uplift geomorphology of Fault III in the northwest and the
Qixi uplift in the northeast (Figure 11). Among these five stages of sands, the thickness of
sand 3© is greatest, and the distribution area of sand 2© is broadest. The distribution of the
five stages of sands also shows retrogradation towards the uplift from sand 1© to sand 5©
(Figure 9). Additionally, changes in the depocenters, which are closely related to shoreline
trajectory in the lake environment, show landward trend as transgression.

Figure 10. Isopach maps of sandstone thickness and distributions of the five stage sands in the LST
of Mbr2 stage in the Weixinan sag. Note that the thickness of sand 3© is greatest, and the distribution
area of sand 2© is largest. Horizontal distribution of five stage sands also show a retrograding trend
towards the uplift. The numbers 1©– 5© indicate the five stage sands in the LST of Mbr2 stage in the
Weixinan sag from the bottom to top.
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Figure 11. Paleotopography of depositional stage of Mbr2 showing the sediment provenance from
the fan deltaic front and the Qixi uplift.

5. Discussion

5.1. Formation Mechanism

Comparing the HST and TST of the Mbr2 stage in the Weixinan sag, large-scale thick beach-
bar sand bodies developed during the LST period. The formation of well-developed beach-bar
sand bodies in the LST stage in the Weixinan sag was controlled by the paleotopography,
hydrodynamic environment, sediment provenance and lake level variation.

5.1.1. Paleotopography

Beach-bars usually form in the early rifting or fault-depression transitional stage,
during which tectonic movements is relatively stable [38]. Tectonic movements are closely
related to paleotopography. Paleotopography is one of the most crucial factors controlling
sedimentation [2,39–42]. Beach-bars may develop on large-scale gentle slopes of basins by
studying the modern beach-bars in a faulted lacustrine basin [5]. It has been proposed that
beach-bars may be well-developed on gentle slopes of lacustrine basins [2,4]. The favorable
places for beach-bar deposition are subaqueous low uplifts, the flanks of nose structures
and structural slope-break zones [43]. In this study, the beach-bar sand bodies that formed
in the LST stage of Mbr2 in the WZ 12-2 area are situated on the southern slope of the
Southeast Slope Belt, where a nose structure formed [28] and the slope angle was less than
1.2◦ (Figure 11) [23]. Therefore, the paleotopography in the WZ 12-2 area of the Weixinan
sag provided good formation conditions for lacustrine beach-bar deposits.

5.1.2. Hydrodynamic Environment

The hydrodynamic environment is an important factor in beach-bar sand body formation
and distribution [2,44–46]. Sediments from onshore continental areas are strongly scoured
and reformed by lake waves and finally form beach-bar sand reservoirs in the gentle slope
zone [4,47,48]. Different from rip and tide currents in marine coastal zones, lake currents are
not very strong, and the primary source of hydrodynamic forces is mainly from shore wind
waves [49]. On the windward side of the basin, the water in the lake is dragged to move, and
friction is generated by wind on the water surface, finally producing waves [4]. Numerous
factors, e.g., wind direction, wind force, wind duration and fetch length, can affect wave actions.
The directions of the prevailing modelled surface currents (upper 100 m) during the summer and
winter monsoons in the Beibuwan Basin during the Mbr2 period were southwest and northeast,
respectively [50,51]. Therefore, the waves moved back and forth between the southwest and
the northeast. Thus, waves affected a broad area in the southern Southeast Slope Belt. In the
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northwest, the sands of the fan delta developed along the Fault III were scoured and reworked
by lake waves. The waves transported the sands to the gentle slope area and formed beach-bar
deposits. The hydrodynamic conditions during the LST stage of the Weixinan sag were relatively
strong. The paleowater water depth during the LST stage of Mbr2 was relatively shallow. The
paleowater depth of the northwestern footwall of Fault III was deeper than that of the southern
Southeast Slope Belt. In general, the Weixinan sag in the Beibuwan Basin during the LST period
had strong hydrodynamic conditions with shallow lake water, which laid a good foundation for
beach-bar sand body deposition.

5.1.3. Sediment Provenance

It has been proposed that the sediment provenance for lacustrine beach-bar sand
bodies may be fan or braided deltas [2,48,52]. During the Mbr2 period in the Weixinan
sag, the main sediment sources for beach-bars were the northwestern fan delta and the
southeastern Qixi uplift [23,28]. The northwestern fan deltaic sediments acted as a point
source (Figure 11). Sand bodies from the deltaic front could have been scoured and
reworked by wave currents, producing the five stages of retrograded beach-bar sand
bodies. Meanwhile, the nose structure that developed in the Qixi uplift in the southeast
served as a large linear source, generating a persistent and abundant sediment supply.
The nose structure in the northern Qixi uplift had already been denuded since the Mbr3
period [53]. The denuded sediments were transported to the Weixinan sag and frequently
reworked, scoured and redeposited by lake waves and currents.

The distribution range of the lacustrine clastic beach-bar sand reservoirs was significantly
affected by the supply and position of the sediment provenance. As a point source, the fan
deltaic front in the northwest provided relatively limited amounts of sediment to the Weixinan
sag. The water depth of the fan delta was relatively deep, and most of the fan deltaic sand bodies
were below the wave base. Only few deposits could be reworked by lake waves. Sediments
from the fan delta could reach the locations of wells W15 and W16 (Figure 12), which were
the southwestern part of the beach-bar sand reservoirs. However, the linear source, the Qixi
uplift, provided large quantities of sediments to the southern of Weixinan sag (Figure 12). The
water depth in the southern Weixinan sag was shallow. Sediments from the Qixi uplift were
continuously reworked by lake waves and currents, so the Qixi uplift was the main sediment
source for the WZ12-2 beach-bar sand reservoirs in the Weixinan sag.

Figure 12. The rutile, garnet, tourmaline and zircon contents of beach-bar sandstones of Mbr2 stage
in the Weixinan sag. The concentration of heavy minerals is controlled by sediment provenance.
The beach-bar sediments were from the fan deltaic front and the Qixi uplift. The compositional
biplot [54], drawn using CoDaPack software [55], displays multivariate observations (points) and
variables (rays). The length of each ray is proportional to the variance of the corresponding element
in the data set. If the angle between two rays is close to 0◦, 90◦, or 180◦, then the corresponding
elements are directly correlated, uncorrelated, or inversely correlated, respectively. Data for the biplot
are provided in supplementary material.
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5.1.4. Lake Level Oscillations

Lacustrine shallow littoral sand bodies usually spread parallel to shorelines, where lake
level oscillations trigger back and forth movements of the shorelines, thus, controlling the
shallow littoral sand body lateral distributions [2,4,53–59]. Previous research has proposed
that repeated variations in lake level probably had a close relationship with Milankovitch
cycles [46,60,61]. In this study, the lakeshore moved frequently and the water depth rose
and fell rapidly during each parasequence set, most likely indicating the overfilled status
of the lake [62,63]. Under the circumstances of low-relief paleogeomorphology, lake level
changes can lead to the lateral migration of shorelines. The high-frequency variation of the
lake level in the Weixinan sag contributed to the five stages of vertically stacked sands and
to the formation of a wide lateral distribution of beach-bar sand reservoirs.

During the Mbr2 stage, lacustrine clastic beach-bar sand reservoirs formed during the
LST period in the WZ12-2 area of the Weixinan sag. However, beach-bar formation was
limited in the TST and HST stages. During the TST period, the quick rise in lake water level,
together with the low sediment supply, led to starvation of the basin and formation of dark
grey mudstones. In the LST stage, the lake level rise in the Weixinan sag was slow, and the
source supply was limited [16], thus, the distribution range of beach-bars was largest in the
LST period in the WZ12-2 area of the Weixinan sag.

5.2. Depositional Model of Lacustrine Beach-Bars

On the basis of the discussion above, a conceptual depositional model of lacustrine
beach-bars in the WZ12-2 area of the Weixinan sag has been constructed to show the forma-
tion mechanism of beach-bar sand bodies (Figure 13). The deposition of beach-bar sand
bodies in the WZ12-2 area of the Weixinan sag was favored by multiple factors: paleotopog-
raphy, hydrodynamic environment, sediment provenance and lake level variation. During
the deposition of Mbr2, the prevailing southwest summer and northeast winter monsoons
and the paleotopography of the Weixinan sag, subjected the fan deltaic and gentle slope
zones of the Southeast Slope Belt to lake wave impacts. Lake waves repeatedly washed
and reworked the sand bodies sourced from the northwestern fan deltaic front and the
southeastern Qixi uplift. Given the lake level oscillations, the shoreline migrated back and
forth during each parasequence set. The frequent oscillations in lake level contributed to
a wide distribution of beach-bars. The five stages of beach-bar sand bodies retrograded
towards the shore with rising lake water.

Figure 13. Depositional model for lacustrine beach-bar sand bodies in the LST stage of the Mbr2
period in the Weixinan sag.
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In a sandy bar, the sandy bar center has thicker sandstones and higher porosity and per-
meability than the sandy bar flanks (Figure 4) and, thus, better reservoir quality. With thick
source rocks at the bottom and good cap rock on top, a series of lithologic lenticular traps
and sandstone pinch-out traps developed in the WZ12-2 area of the Weixinan sag. Oil ex-
ploration of lacustrine beach-bars in South China has rarely been reported [23,28,64], while
much research on lacustrine beach-bars in East China have been published [2,4,11,14,65],
especially in the Bohai Bay Basin. Important breakthroughs have been made in the ex-
ploration for oil in beach-bar deposits in the Bohai Bay Basin. The beach-bar sand bodies
developed in South China and East China have similar characteristics. Beach-bars in both
regions were located in gentle slope belts of a faulted basin during the middle stage of
the Eocene, and controlled by the hydrodynamic environment, sediment source and lake
level oscillations. Lacustrine beach-bar studies in East China basins can serve as a reference
for further exploration of good lacustrine beach-bar sand body reservoirs in South China
basins. The depositional model proposed in this study provides guidance for further
prospecting and exploration of large-scale and thick beach-bar sand bodies during the LST
periods in similar basins.

6. Conclusions

Beach-bar sand reservoirs formed in the Mbr2 of the Liushagang Fm. in the Weixinan
sag. Five stages of beach-bar sand bodies developed vertically during the LST period of
the Mbr2 sequence. The gently sloping paleotopography, strong hydrodynamic conditions
in shallow water, abundant sediment sources and frequent lake water variations were
the main factors that controlled beach-bar deposition. The northwestern fan deltaic front
and the southeastern Qixi uplift were provenances for the beach-bar depositions. The
beach-bar sand bodies that developed in the gently sloping belt within the Weixinan sag
were subjected to strong hydrodynamic forces under shallow water conditions. Given these
forces, together with repeated variations in lake level, the beach-bars retrograded vertically
towards the shore and were distributed laterally over a large area. This study provides
guidance for comparable beach-bar reservoirs in rift lacustrine basins with similar tectonic
and depositional settings in the world.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/en15093391/s1, Table S1: The heavy mineral contents of beach-bar
sandstones of Mbr2 stage in the Weixinan sag.
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Abstract: Previous gas hydrate production tests conducted by the Guangzhou Marine Geological
Survey (GSGM) in 2017 and 2020 indicated the great potential of gas hydrates in the Shenhu Sea
area in the Pearl River Mouth Basin (PRMB), China. In this study, the effects of deposition processes
in submarine canyons and the distribution of gas chimneys on gas hydrate accumulation were
investigated using high-resolution two- dimensional (2D) and three-dimensional (3D) seismic data.
Four intact submarine canyons were identified in the study area. Five deepwater depositional
elements are closely related to submarine canyons: lateral accretion packages (LAPs), basal lags,
slides, mass transport deposits (MTDs), and turbidity lobes. MTDs and lobes with multiple stages
outside the distal canyon mouth reveal that the sedimentary evolution of the canyon was accompanied
by frequent sediment gravity flows. Gas chimneys originating from Eocene strata are generally up to
3 km wide and distributed in a lumpy or banded pattern. The analysis of seismic attributes confirmed
fluid activity in these gas chimneys. Gas hydrates are mainly distributed in ridges among different
canyons. Based on the gas sources of gas hydrates and depositional evolution of submarine canyons,
depositional processes of sediment gravity flows in submarine canyons and the distribution of gas
chimneys significantly affect the accumulation of gas hydrates. Based on these findings, this study
establishes a conceptional model for the accumulation of gas hydrate, which can provide guidance in
the prediction for favorable gas hydrates zones in the area and nearby.

Keywords: submarine canyon; depositional process; gas chimney; accumulation; gas hydrate; South
China Sea

1. Introduction

Gas hydrates, which are ice-like solid compounds formed by water and methane, are
considered important unconventional energy sources [1,2]. They are widely distributed in
marine sediments and permafrost and the estimation of the total resources of gas hydrates
can be up to 3000 × 1012 m3 [3,4]. Because of their great resource potential, they have
received widespread attention from industry and academia [1,5–8]. To determine the
distribution of gas hydrates in marine sediments, a series of exploration projects have
been carried out worldwide, and many gas hydrates discoveries have been made on
continental margins [9–13]. These projects worldwide have helped scientists to find that
the accumulation of gas hydrates is controlled by several factors, such as the origin of
the gas, pathway of gas migration, reservoir characteristic, stability condition, water, and
time [14]. The geological characteristics of the reservoir, such as grain size, hydraulic
conductivity and/or tectonics, have a great influence on hydrate accumulation. Based on
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numerous studies, researchers found that grain size of sediments hosting the gas hydrates
are variable. For instance, in the Mallik of Canada and the Nankai Trough of Japan, the gas
hydrates were found in coarse-grained sediment [15,16], while those found in South China
Sea were recovered from fine sediments with silt content ranging from 70% to 80% [13,17].
Furthermore, on the continental margin, the evolution of sediment gravity flows within
the submarine canyon can also result in the dissolution and subsequent leakage of gas
hydrates [18,19].

Hydrate exploration in the northern South China Sea began at the end of the last
century. In the early stage, scientists studied the characteristics of seismic facies and distri-
bution of gas hydrates by using seismic data and established a preliminary accumulation
model [20–25]. Owing to the tremendous potential of gas hydrates of the South China Sea,
the GSGM has conducted several hydrate drilling voyages (GMGS1-5) since 2007, and gas
hydrates have been found in different basins along the northern margin of the South China
Sea [26–32]. By using a series of well logs, core data, and seismic data, researchers have
studied the lithological characteristics and types of depositional elements of sediments
containing gas hydrate in detail. Significant differences were observed with respect to
the occurrence and gas sources of gas hydrates in different basins, which implied that
there are significant differences in the factors controlling hydrate accumulation in different
areas [20,24,29,30,33–35]. For instance, gas hydrates have been found in different voyages
in the Shenhu sea area in PRMB [28,32,34]. However, the distribution and saturation of gas
hydrates here is heterogeneous, even within two close sites which have a very similar mor-
phological and geological background [32,36,37]. For example, in the GMGS1, there were
8 sites located on the canyon ridges besides both sides of a submarine canyon, but only SH2,
SH3, and SH7 have recovered the gas hydrates on the canyon ridges of western side and
there are no gas hydrates in SH5, SH6 and SH9 on canyon ridge of eastern side [20,38,39].
Therefore, it is critical to find out the factors controlling the distribution of gas hydrates
and clarify their accumulation mechanism, from the origin and migration of gases to the
accumulation processes and conceptional model of accumulation of gas hydrates.

By using high-resolution 2D and 3D seismic data covering the Shenhu Sea area in the
Pearl River Mouth Basin (PRMB), the deepwater depositional system of the hydrate devel-
opment area was investigated in this study. Based on the theory of sequence stratigraphy,
sedimentology and gas hydrate accumulation systems, gas hydrate sources, and migration
pathway, the accumulation processes of gas hydrates were clarified. This paper presents a
conceptual model for gas hydrate accumulation that can help predict the distribution of
gas hydrates in different areas of the SCS, which can be of great importance in guiding the
exploration of gas hydrate in this area.

2. Geological Background

The Shenhu Sea area is located on the slope of the Baiyun Sag in the PRMB, which
is characterized by abundant oil and gas resources in the northern South China Sea
(Figure 1) [40–42]. Since the Eocene, the PRMB has undergone five major tectonic move-
ments, and extremely thick sediments have been deposited. Tectonic activity was intense in
the Eocene. Since the Oligocene, the basin has entered the post-rifting stage and the fault ac-
tivity has decreased. Since the Miocene, only a few faults have remained active [43]. Many
diapirs with heights reaching >8 km developed in the central part of the Baiyun Sag [44].

In the early stage of the basin development during the Eocene, the PRMB was dom-
inated by a lacustrine sedimentary environment. After the Oligocene, the basin was
characterized by a marine sedimentary environment. Three sets of source rocks developed
in the basin during this process, that is, the Wenchang and Enping formations in the Eocene
and the Zhuhai Formation in the Oligocene [45–47]. Paleontological data indicate that a
deepwater environment began to appear and typical progradational continental shelf mar-
gin and deepwater fan systems began to develop in the PRMB during the Oligocene [48,49].
Since then, numerous submarine canyons, which show characteristics of unidirectional
migration under the influence of contour currents, developed at the margin of the northern
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shelf of the South China Sea, especially during the Late Miocene [49–52]. In addition, many
mass transport deposits (MTDs) developed from the shelf margin to the deepwater basin,
which led to the reshaping of the geomorphology of the shelf margins [53–56]. Complex
interaction processes between turbidity currents, contour currents, and MTDs led to large
differences in the sediment properties in different areas [13].

 

Figure 1. (a) Location of Pearl River Mouth Basin; (b) characteristics of seafloor morphology of shelf
margin in Pearl River Mouth Basin, red rectangular represents the location of study area.

3. Methodology

High-resolution two-dimensional (2D) and 3D seismic data used in this study were
obtained from the GMGS. The sequence stratigraphy framework covering PRMB was
established by China National Offshore Oil Company (CNOOC), combined with well data
obtained by CNOOC in the PRMB. In this study, the 2D seismic data with a total length of
more than 1350 km cover a wider area and were used to determine the correlation with
seismic data from CNOOC nearby (Figure 2). Nine sequence boundaries were identified in
this study: T80, T70, T60, T50, T40, T32, T30, T20, and T10. The 3D seismic data obtained
in the submarine canyon developed area on the shelf margin cover an area of ~800 km2.
The major frequency and vertical resolution of 3D seismic data can reach 40 Hz and 20 m,
respectively. By using high-resolution 3D seismic data and seismic facies, the distribution
of deepwater depositional elements, gas hydrates, and typical gas chimney structures can
be determined. The results will provide insights into the accumulation of gas hydrates
in this area. In this study, seismic attributes also were extracted based on the 3D seismic
data, including instantaneous frequency and coherence slices. Generally, the instantaneous
frequency can be used to identify the activity of fluid, while the coherence slices are used to
meticulously describe the geological bodies or the structures of different scales in the basin.
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Figure 2. Framework of sequence stratigraphy and typical seismic profile of the Pearl River
Mouth Basin.

4. Results

4.1. Depositional System Related to Submarine Canyons

Based on the bathymetric chart, many submarine canyons are distributed along the
shelf margin of the Baiyun Sag in the PRMB. Beyond the distal mouth of the submarine
canyons, giant mass transport deposits developed, which are known as Baiyun giant
landslides. The Shenhu Sea area is located between the shelf margin and Baiyun giant
landslides; it is characterized by well-developed submarine canyons (Figure 1).

4.1.1. General Features of Submarine Canyons

Based on the morphology of the seabed or the isobathic chart of T20, four relatively
complete submarine canyons are developed in the study area (Figures 1b and 3a). The
canyons are generally ~25 km long and ~2–3 km wide (Figures 1b and 3a,b). The middle of
the canyon, with a depth of around 400 m (from the canyon bottom to the ridge top; with an
average velocity of 1.5 km/s of acoustic waves), has experienced the strongest erosion. The
incision depth gradually decreases from the middle to both ends of the canyon (Figure 3b).
The concave pattern of erosion of T32 in the crossing profile of the canyon shows that
submarine canyons have been initiated since the Late Miocene (Figures 2 and 3b). Along
with the development of the canyons, the thalweg of submarine canyons shows typical
unidirectional migration to the northeast. The horizontal distance of the migration from
the beginning of the canyon formation to the seabed can exceed 3 km (Figure 3b). The
characteristics of these submarine canyons are similar at different stages; however, the
incision depth is relatively small in the early stages of the canyon development.
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Figure 3. (a) 3D view of time depth of sequence boundary of T20(boundary between Pliocene and
Pleistoncene); (b) typical features of submarine canyons on seismic profile perpendicular to canyons.

4.1.2. Elements and Distribution of Depositional Systems
Lateral Accretion Packages

As mentioned above, the migration of submarine canyons since the Late Miocene can
be clearly observed in the crossing seismic profiles. On the eastern margin of the canyon, an
erosional feature is revealed by the truncation of continuous seismic reflections of canyon

39



Energies 2023, 16, 234

ridges (Figures 3b and 4a). On the western side of the canyon, a succession of strata inclined
toward the canyon axis developed, which are named lateral accretion packages (LAPs).
Their reflections are characterized by a moderate amplitude and fair continuity. These
LAPs developed from the early stage of the canyon till today (Figure 3b). Considering the
paleoceanography background, researchers believe that the unidirectional migration of
these LAPs is due to bottom-current or contour-current activities in this area [49,50,52].

 

Figure 4. (a) Slides developed on margin of canyon and MTDs infilling the canyon; (b) slides
developed on the canyon ridges.

Basal Lags

At the bottom of the submarine canyons, relatively short seismic reflections with
high amplitudes were observed near the thalweg. Their assembly presents a lenticular
geometry, which differs from the adjacent reflections infilling the canyon with low to
moderate amplitude and fair continuity (Figures 3b and 4a). However, reflections with
such characteristics have not continuously developed throughout the evolutionary stages
of the canyons but mostly developed at the canyon bottom with distinct erosion (Figure 3b).
Compared with other submarine canyons, these assemblies of reflections are interpreted as
basal lags caused by irregular turbidity currents in canyons.

Slides

Slides are a common depositional element in the study area. Reflections within the
slides show continuous and parallel characteristics, separated by faults between different
blocks in the slides. Slides near the seafloor have a typical ladder shape (Figures 2 and 4b).
Slides are occasionally developed on canyon margins and ridges between the canyons. The
majority of them maintain continuous, parallel features, but a few exhibit more significant
deformation on their edges due to sliding and the rotation of blocks (Figure 4a). In the early
stage of canyon evolution, several slides with large thicknesses developed on the canyon
margin. Faults among these blocks within the slides almost combined with the canyon
bottom, leading to the widening of the canyon (Figure 3b).

MTDs

MTDs are another important depositional element in and around the canyon. In
seismic profiles, MTDs are characterized by chaotic, discontinuous, and low-amplitude
reflections. Within canyons, MTDs generally cover the basal lag at the bottom or deposit
aside of the canyons. Confined by a concave morphology, MTDs in the canyon are gen-
erally thick but have a smaller lateral extension, which results in a lenticular geometry
(Figures 3b and 4a). However, MTDs outside the distal mouth of the canyon are relatively
thin but have a greater horizontal extension (>3 km) because of the absence of a confining
canyon topography. Multiple depositions of MTDs indicate that the canyon has experienced
several MTD events (Figure 5).
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Figure 5. Successive MTDs and turbidity lobes developed outside the distal mouth of canyons.

Turbidity Lobe

Several reflections outside the distal canyon mouth are characterized by a continuous,
high amplitude. In contrast to the basal lag, the lateral extension of these reflections is
greater than that of the basal lag deposited within canyons (Figure 5). Based on their
geometry and depositional environment, they represent the turbidity lobes that formed by
turbidity flows from the canyons. Several lobes were identified outside the distal mouth
of the canyon. Lobes that developed in the Pliocene are small and thin in the early stage,
indicated by a short single reflection with high amplitude; however, they become wider in
the lateral extension and thicker with a dome-like shape later on (Figure 5).

The comparison of the characteristics of seismic facies in canyons shows that the
sedimentary characteristics at different stages of the canyon development are similar. LAPs
are mainly developed on the western side of the canyons. Since the initiation of the canyon,
the stacking of LAPs gradually prograded eastward and led to the movement of the thalweg
of canyons in the same direction (Figures 3b and 6). A basal lag always develops at the
bottom near the thalweg of the canyon and shows discontinuous features in the plan view
and a strike similar to that of the canyons. MTDs are well-developed at the edge and
outside of the distal mouth of the canyon, whereas slides are mainly developed on the
ridges among different canyons. The turbidity lobe is another important depositional
element outside the canyons. Lobes from different canyons merge into one greater one in
the area farther away from the canyons at the edge of the study area (Figure 6).

4.2. Distribution of Gas Chimneys

Diapirs are a very important and widely distributed structural type in the study
area. Two types of diapirs can be observed in the study area, that is, gas chimneys and
diapirs associated with volcanic activity, which exhibit different seismic characteristics
(Figures 2 and 7). Generally, fluids in sediment significantly affect the high-frequency seis-
mic energy in seismic data and consequently result in a reduction in the instantaneous
frequency [57]. Gas chimneys are characterized by blank or low-amplitude seismic reflec-
tions. Compared with volcanic diapirs, gas chimneys are small in scale but large in number.
Their widths are generally less than 3 km. The tops of gas chimneys are relatively flat or
slightly convex and the lateral extension is greater than their body, showing a mushroom-
like shape. Their bottom is generally located in Eocene or Oligocene strata (Figure 7).
In instantaneous frequency attribute profiles, the gas chimneys show a noticeable zone
with low frequency. Diapirs associated with volcanoes are large and have a base width
exceeding 20 km. These diapirs originate from the deep earth crest or mantle and intrude
through the basement and thick strata within the basin. Inside, diapirs are characterized
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by chaotic reflections, but high-amplitude reflections with irregular distribution and poor
continuity can be observed locally (Figure 2). At the top of volcanic diapirs, a series of
sharp small bulges can be generally observed, which is caused by the differential intrusion
of volcanic rocks.

 

Figure 6. (a) RMS attribution of horizontal slice following T20; (b) Interpretation of depositional
system in the Pliocene due to RMS attribution and typical seismic profiles.

 

Figure 7. (a) Typical features of gas chimneys in the general seismic profile; (b) Features of gas
chimney on instantaneous frequency attribute profile, in which a low frequency zone (especially at
the upper part of the gas chimney) could be found.
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Based on the analysis of the study area, gas chimneys are well developed and volcanic
diapirs are only distributed in the lower left corner of the study area. The results of detailed
studies showed that most of the gas chimneys are located in Pliocene strata (between T20
and T30; Figures 2, 3 and 7). In the plane view, gas chimneys show lumpy or banded
shapes and can be located at canyons or ridges among different canyons, but most of them
are located east of Canyon 1. Furthermore, larger gas chimneys with lengths up to 10 km
developed on two ridges to the east of Canyons 1 and 3 (Figure 8).

 

Figure 8. Distribution of gas chimneys. (a) Bathymatry of sea floor; (b) the background is a coherence
slice which has been extracted following the Horizon T20 in the 3D seismic data. In the slice,
eastern margins of the paleo-canyons can be easily identified and the red dashed lines (approximate
parallel to the canyon margin) with arrows pointing toward downstream standing for the thalweg
of paleo-canyons.

4.3. Gas Hydrate Distribution

The occurrence of bottom-simulating reflector (BSR) is often an indication of the
accumulation of free gas beneath the gas hydrate zone [6]. Owing to the lack of well
data, BSRs were used in this study to infer gas hydrates. In profiles perpendicular to the
canyon, BSRs are distributed on the ridge among the canyons with different widths, but
most of them are less than 2 km wide. The characteristics of BSRs on different ridges differ
(Figure 9). The BSR with a flat shape on the ridge between Canyons 1 and 2 is clear and
continuous and significantly differs from the attitude of nearby strata. However, the BSR
on the ridge between Canyons 2 and 3 has a relatively poor continuity, making it difficult
to identify it. The outline of high-amplitude reflections, which coincide with the irregular
topography of the seafloor, can be used to locate the BSR nearby (Figure 9). In the profile
along the strike of the canyons, reflections with high amplitude have a lateral extension
reaching up to 8 km, indicating a wider distribution of BSRs in this direction. Owing to the
irregular topography of the seafloor, the overall continuity of BSRs is bad (Figure 10).
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Figure 9. Characteristics and distribution of BSRs in the profile perpendicular to canyons.

 

Figure 10. Characteristics and distribution of BSRs in the profile on the canyon ridge.

The distribution characteristics of BSRs were determined based on the interpretation
of BSRs in the study area. Most BSRs are located in Pliocene strata and few were identified
in Quaternary layers (Figures 7, 9 and 10). In the plane view, BSRs represent lumpy and
banded shapes. The lumpy ones are smaller, with lengths ranging from 1 km and diameters
of 4 m, but larger in number than the banded ones. The regulation of the distribution of
BSRs with a lumpy outline is inconspicuous, but banded BSRs that develop on canyon
ridges follow a notable distribution rule. The long axial direction of banded canyons with
lengths up to 15 km coincides with the strike of the canyons (Figure 11).
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Figure 11. Spatial location relationship of BSRs, gas chimneys and sedimentary facies.

5. Discussion

5.1. Origin of Gas in Gas Hydrates

The accumulation of gas hydrates is a complex process that requires not only an
environment with low temperature and high pressure, but also stable gas sources [58–61].
Generally, three gas sources of gas hydrates can be identified: microbiogenic gas, thermo-
genic gas, and a mixture of the two [59,62].

To identify the resource potential of gas hydrates in the Northern South China Sea,
the GMGS has conducted several hydrate drilling voyages in the Shenhu area (GMGS1,
GMGS3, GMGS4, GMGS5) and samples of gas hydrates have been obtained during all
voyages [62–64]. However, there is a difference in understanding the source of gas in the
hydrate in Shenhu sea area. In GMGS1, the methane content of the gas hydrate samples
reaches 99.66%. Based on the molecular compositional ratio of C1/(C2 + C3) and δ13C
values, the methane in the gas hydrates in the Shenhu area is mainly of microbial origin
and mixed with a limited amount of thermogenic gas [22,62,65]. However, the molecular
composition of gases in the hydrate from GMGS3 and GMGS4 shows that the proportion of
C2+ hydrocarbons in the gas can reach ~3%. Paragenetic relationships were also identified
between shallow gas hydrate and deep conventional reservoirs, which are supplied by
the hydrocarbon kitchens in the Baiyun Sag. Combined with isotopic signatures, it has
been considered that thermogenic gas supplies part of the gas for hydrates in the Shenhu
area [28,32,34,64]. Hence, it is reasonable to conclude that the gas sources of the hydrates
are biogenic gas and a mixture of biogenic and thermogenic gases [24,28,33,34,60,64].
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5.2. Gas Hydrate Accumulation

The results of previous studies showed that the Baiyun Sag is a hydrocarbon-rich
sag in the PRMB. Three main sets of source rocks have been identified: lacustrine source
rocks from the Wenchang and Enping formations and marine source rocks from the Zhuhai
Formation [45–47]. The source rocks from the Wenchang and Enping formations are
currently in the over- and high-maturity stages and have generated thermogenic gas since
the Middle Miocene. In contrast, the source rocks from the Zhuhai Formation are still
in a low-maturity stage and cannot generate a large amount of thermogenic gas. As
mentioned above, gas chimneys originate from the Eocene strata, including the Wenchang
and Enping formations. The comparison of the planimetric positions of the gas chimneys
and BSRs shows that their plane distributions strongly correlate (Figure 11). Combined
with the low-frequency zone indicating the activities of fluids or gases in gas chimneys, it
is reasonable to believe that these gas chimneys are important pathways for the migration
of deep thermogenic gas to the shallow region (Figure 7). Hence, the results of this study
show that the components of thermogenic gases of gas hydrates originate from source
rocks of the Wenchang and Enping formations, whereas microbiogenic gases are derived
from source rocks of the Zhuhai Formation.

In addition, note that several gas chimneys are developed in Canyon 4, but no BSRs
exist. There are several reasons for this phenomenon. Many researchers have studied
the evolutionary history of submarine canyons in the northern South China Sea and
concluded that submarine canyons are affected by the interaction of contour and turbidity
currents [49,50,52]. The LAPs that are developed on the western margin of the canyons
also indicate the significant effects of contour currents on the development and evolution
of the canyon (Figures 3b and 9). However, depositional processes within the canyons
seem to be more important for submarine canyons. Generally, the incision of the canyon
is closely related to the activity of turbidity currents, which play a significant role in
deepening the canyon and sustaining its V-shaped incision pattern [50,66–68]. It also
has been demonstrated that MTDs and slides can lead to strong erosion of the canyon
bottom [69,70]. The canyon is completely filled with sediments without this great incision.
In these successive incising processes caused by various sediment gravity flows, a large
amount of sediment at the bottom of the canyons is eroded and transported down the
slope, which can change the pressure condition for gas hydrates beneath the canyon. The
gas hydrate will dissociate, gas leakage will occur, and the gas hydrate beneath the canyon
cannot be preserved.

Based on the depositional processes, distribution characteristics of gas chimneys,
and gas hydrate source, a model of the gas hydrate accumulation in the Shenhu sea area
was established (Figure 12). Since the Late Miocene, the source rocks in the Eocene in
the Baiyun Depression have been in a high- or overmaturity stage. Gas chimneys are
formed by the release of overpressure within Eocene source rocks under the influence of
external factors (e.g., thermal fluid activity, regional tectonic activity), which provides a
fair migration pathway for the vertical migration of thermogenic gas from source rocks
during the Eocene [26,29,44]. Together with shallow microbiogenic gas from shallow source
rock, a mixture of thermogenic and microbiogenic gases migrates from the gas chimneys
to positions above with suitable pressure and temperature to form gas hydrates. Most of
the gas hydrates distributed in the canyon ridges are preserved where less erosion was
caused by different types of gravity flow, whereas gas hydrates beneath the canyon bottom
for which the conditions are changing frequently due to subsequent successive sediment
gravity flows within the canyons have dissociated and could not be preserved.
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Figure 12. Accumulation model (conceptual model not to scale) of gas hydrate in a canyon developed
area, northern South China Sea.

6. Conclusions

In this study, the characteristics of depositional processes within canyons and gas
chimneys in the Shenhu Sea area were analyzed using high-resolution 2D and 3D seismic
data. Submarine canyons exhibit the most distinct geomorphological features. Five deposi-
tional elements were identified within and adjacent to submarine canyons: LAPs, basal
lags, slides, MTDs, and turbidity lobes. As an important conduit for sediment transport
from shallow to deep water, the canyons have experienced frequent sediment gravity flows
during their evolutionary history, which is indicated by successive MTDs and turbidity
lobes that are developed outside the distal canyon mouth. Gas chimneys are important
structures in the study area. The seismic profiles show that most of them originated from
Eocene strata and terminated in or nearby Pliocene strata at the top. In the plane view,
gas chimneys exhibit a lumpy and banded shape. Lumpy ones are small and less than
3 km wide, whereas banded ones can be up to 10 km long, indicating that the long axis
coincides with the canyon strike. The distributions of BSRs and gas hydrates in the plane
view are consistent. Based on the depositional processes within canyons, distribution of gas
chimneys and BSRs, and gas sources, an accumulation model of gas hydrate was proposed.
Thermogenic gas from Eocene source rocks migrates vertically through gas chimneys,
mixes with microbiogenic gases from shallow source rocks, and then forms gas hydrates
above the gas chimneys under suitable pressure and temperature conditions. Because of the
strong erosion caused by sediment gravity flows within canyons and subsequent changes
in the conditions, gas hydrates dissociate, followed by gas leakage. Most of the preserved
hydrates can be observed in the ridges of canyons, with very few hydrates beneath the
bottom of canyons. Therefore, it is of great importance to study the depositional processes,
which can not only form the gas hydrate reservoir, but also destroy the preservation of gas
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hydrates. The conceptional model established in this study can give great guidance for the
prediction of gas hydrates in the South China Sea.
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Abstract: The Mesozoic Chang 8 Section in the Zhenjing area is a typical low permeability-tight sand
reservoir and is regarded as the most important set of paybeds in the study area. Guided by the
principles of basic geological theory, the diagenetic evolution process and hydrocarbon accumulation
periods of the Chang 8 reservoir in the study area were determined through various techniques.
More specifically, core observation, scanning electron microscopy (SEM), X-ray diffraction (XRD),
and vitrinite reflectance experiments were performed in combination with systematic studies on rock
pyrolysis and the thermal evolutionary history of basins, the illite-dating method, and so on. The
Chang 8 reservoir is dominated by feldspar lithic and lithic feldspar sandstones. Quartz, feldspar,
and lithic fragments are the major clastic constituents. In clay minerals, the chlorite content is the
highest, followed by illite/smectite formation and kaolinite, while the illite content is the lowest.
The major diagenesis effect of the Chang 8 reservoir includes compaction, cementation, dissolution,
metasomatism, and rupturing. The assumed diagenetic sequence is the following: mechanical
composition → early sedimentation of chlorite clay mineral membrane → early cementation of sparry
calcite → authigenic kaolinite precipitation → secondary production and amplification of quartz →
dissolution of carbonate cement → dissolution of feldspar → late cementation of minerals such as
ferrocalcite. Now, the study area is in Stage A in the middle diagenetic period. Through the inclusion
of temperature measurements, in conjunction with illite dating and thermal evolutionary history
analysis technology in basins, the Chang 8 reservoir of this study was determined as the phase-I
continuous accumulation process and the reservoir formation epoch was 105~125 Ma, which was
assigned to the Middle Early Cretaceous Epoch.

Keywords: diagenesis; hydrocarbon accumulation periods; Chang 8 reservoir; Zhenjing area;
Ordos Basin

1. Introduction

Zhenjing Block is located at the intersection of the Tianhuan Depression, Northern
Shaanxi Slope, Weibei Hump and thrust belt at the west edge of the Ordos Basin, which
is in a unique geological position (Figure 1) [1–4]. In the study area, the Mesozoic Chang
8 reservoir forms the major paybed, which is rich in oil and gas resources [3–6]. With con-
tinuous developments of the oil field, high yields have been difficult to maintain and may
even worsen, largely due to insufficient understanding of the reservoir quality. The forma-
tion of the reservoir is a complicated and time-consuming process, with the three essential
geological processes—sedimentation, diagenesis, and tectonism—requiring thorough exam-
ination [7]. Of these processes, diagenesis plays an important role in reservoir reformation
and, as a result, has been widely examined by the scientific community in the field [8–19].
The analysis of the accumulation period is an important part of the accumulation system
study and key in the analysis of the accumulation process [20–23].
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Previous studies on the Chang 8 Member in the Zhenjing area of the Ordos Basin
mainly focused on sedimentary facies and reservoir characteristics. However, studies on the
diagenesis and accumulation stages were relatively weak. It is therefore of great significance
to clarify the diagenetic evolution and hydrocarbon accumulation stage of the Chang
8 Member—the main oil-producing layer—for deepening the theoretical understanding
of reservoir evaluation and hydrocarbon accumulation [9–15,20–23]. In this paper, both
the diagenetic sequence and hydrocarbon accumulation periods of the Chang 8 reservoir
section, which is a low-permeability-tight sandstone reservoir, are discussed systematically.
First, a brief analysis of the petrology and physical characteristics of the Chang 8 reservoir
was carried out based on insights from the borehole core observation, scanning electron
microscopy (SEM), and slice observation. On this basis, the diagenesis of the Chang
8 reservoir section was investigated by combining X-ray diffraction (XRD) measurements,
vitrinite reflectance, and rock pyrolysis. Thus, it was divided into various evolutionary
sequences. Meanwhile, the hydrocarbon accumulation periods of the Chang 8 reservoir
were analyzed comprehensively by conducting a thermal history analysis of basins and
applying the illite dating method. The hydrocarbon accumulation times and the specific
time were determined both indirectly and directly. Our work provides reliable references
to the follow-up exploration and exploitation of the study area [5].

 
Figure 1. Location map of the study area: (a) Structural location map of the study area; (b) exploration
and development area map of the study area.

2. Lithological Characteristics and Physical Characteristics of the Reservoir

Based on the statistical studies of borehole core observation, SEM and slice observation
data were analyzed. At the same time, the analysis of lithologic triangulation diagram
was carried out (Figure 2a). Region I represents quartz sandstone, Region II denotes
feldspathic quartz sandstone, Region III stands for the rock debris quartz sandstone, Region
IV signifies arkose, Region V is the rock debris arkose, Region VI represents feldspar rock
debris sandstone, and Region VII is the rock debris sandstone. It was found that feldspar
rock debris sandstone and rock debris arkose are the dominant lithologies in the Chang
8 reservoir (Figure 2a). With respect to the clastic constituents, quartz accounts for the
highest proportion (29%), followed by feldspar (26%), which is mainly composed of potash
feldspar and plagioclase. The content of rock debris is the lowest, averaging at 24%. Among
them, the magmatic rock debris mainly consists of neural acidity and the metamorphic
rock debris is mainly composed of quartzite, followed by phyllite. The sedimentary rock
debris is mainly siltstone and silty mudstone, followed by mudstones and flint. In addition,
the content of mica is the lowest (Table 1) [24].
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According to SEM and XRD analysis, the illite content in sandstones of Chang
8 reservoir in the study area is the lowest, ranging from 4% to 11% and averaging at
6.85%. Under the microscope, the thin-film, schistose, hair, and fiber modes are the major
adhesion modes on the particle surfaces. Chlorite content is the highest (21~45%), averag-
ing at 36.3%. Insights from SEM analysis indicate that chlorite mainly presents as thin-film
mode and foliated mode, while the cementation mode is mainly presented as the looped
lining mode and pore-lining mode, followed by illite/smectite formation and kaolinite. It
is interesting to notice that the illite/smectite formation looks like a honeycomb under SEM
imaging and the content of kaolinite ranges from 21% to 45%, averaging at 36.3%. It was
developed on a large scale as filling in the pores and is presented with good crystal form.
Under SEM imaging, the crystals look like book pages and worms (Figures 2b and 4c–g).

Figure 2. Comprehensive analysis of rock characteristics of the Chang 8 reservoir: (a) Triangular map
of rock classification; (b) distribution histogram of clay minerals.

According to the core data test and analysis, the porosity of the Chang 8 reservoir
distributes between 1.8~17.9%, averaging at 10.9%. The permeability ranges between
0.037~0.79 mD, averaging at 0.45 mD (Figure 3). Thus, it belongs to a low-porosity and
low-permeability reservoir.

 
Figure 3. (a,b) Histogram of the porosity–permeability frequency distribution of the Chang 8 reservoir.

Table 1. Reservoir rock composition statistics of the Chang 8 oil layer group in the study area.

W 1 Q (%) 2
Feldspar (%) 3 Debris (%) 4

M (%) 5 T (%) 6

OC PC T MR MPR SR T

ZJ5 35.2 13.6 17.8 31.4 15.8 3.4 1.67 20.87 3.2 90.67
ZJ18 40 7.5 15 22.5 14 3.5 6 23.5 4 90
ZJ19 26.7 11.55 17.2 28.75 13.8 5.78 3.83 23.41 5.58 84.44
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Table 1. Cont.

W 1 Q (%) 2
Feldspar (%) 3 Debris (%) 4

M (%) 5 T (%) 6

OC PC T MR MPR SR T

ZJ21 25 9 16.5 25.5 15.88 7.13 4.63 27.63 5.75 83.88
HH23 28 12.67 24.19 36.86 15.62 4 1.8 21.42 4 90.32
HH24 32 10 9 20 14 6 4 24 5 80
HH26 32.8 12.38 16.5 28.88 16.25 4.5 1.4 22.15 4.75 88.53
HH103 25.5 10.7 20 30.7 16.3 7.9 5.8 30 3.9 90.1

average 29 11 16 26 15 6 4 24 5 85
1 Well (W); 2 quartz (Q); 3 orthoclase (OC); plagioclase (PC); the total of feldspar (T); 4 magmatic rock (MR);
metamorphic rock (MPR); sedimentary rock (SR); the total of debris (T); 5 mica (M); 6 the total of rock composition.

3. Diagenetic Evolution Analysis of the Reservoir

Diagenesis is defined as the evolution process where sediments solidify into rocks
through a series of physical, chemical, and biological reactions. This process is affected by
many factors, such as burying rate, pressure, local temperature distribution, and sediment
composition. Hence, it can greatly influence the physical properties of the reservoir. There-
fore, diagenesis is closely related to the hydrocarbon accumulation mechanism [10–14,25].

Zhenjing area is located in the continental facies lacustrine deposit environment. There
are many types of diagenesis of the Chang 8 reservoir [5,6]. In this work, both the diagenesis
and the diagenetic sequence of the Chang 8 reservoir were studied systematically by using
slice authentication, SEM and XRD measurements, as well as vitrinite reflectance and
rock pyrolysis. The major diagenesis effects include compaction, cementation, dissolution,
metasomatism, and rupturing. Among them, dissolution and rupturing have a positive
impact on the improvement of the physical properties of the reservoir, while compaction
and cementation facilitate the compactness of the reservoir.

3.1. Diagenetic Analysis
3.1.1. Compaction

Due to the pressure of the overlying rocks, the process that makes the reservoir
structure tighter and tighter is called compaction. It is regarded as the most influential
and the most common diagenesis type in the diagenetic evolution of the reservoir [26–35].
The manifestation of the compaction effect of the Chang 8 reservoir in the Zhenjiang
area is obvious, especially as the bending deformation of the plastic mineral particles
is concerned, due to compaction in the early diagenesis. For example, minerals such
as mica developed deformation of plastic particles after experiencing strong mechanical
compactness (Figure 4a). Mineral particles are also compacted and filled into spaces among
primary pores, thus decreasing the physical properties of the reservoir significantly. As
the compaction continues, the lattices at the particle contact points may be deformed
and even be dissolved. As a result, the contact relation among the particles may change
from the original point contact to the linear contact and even to the linear-concave-convex
contact. Many clastic particles like mica are aligned in a direction that forms texture layers
(Figure 4b). Compaction is the major cause of tightening and sharp reduction of the primary
pores, and could lead to the deterioration of the physical properties of the Chang 8 reservoir
in the Zhenjing area.

3.1.2. Cementation

The change during the process of minerals precipitation in the pores of fragmental
deposits into authigenic minerals is called cementation, which renders sediments solidified
into rocks [36,37]. The role of cementation is to fill the pores and it is considered an
important cause of decreasing the porosity in the reservoir layer. However, volumes
along particles may not decrease due to cementation, which is obviously different from
compaction [28,30–35]. From a general point of view, the inter-granular pores are filled by
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authigenic minerals, which has a negative impact on changes in the physical properties of
the reservoir. However, the early filling of authigenic minerals can inhibit compaction to
some extent. In the retained inter-granular pores, solvent-sensitive types of cement from
secondary pores are formed as a response to dissolution. Hence, cementation has some
positive influence on changes in the physical properties of the reservoir to some extent.
In particular, early cementation has dual contributions to the physical properties of the
reservoir. As an important factor of compaction of the Chang 8 reservoir in the Zhenjing
area, the cementation procedure can be divided into authigenic clay mineral cementation,
siliceous cementation, and carbonate cementation according to the types of the cement. It
is mainly influenced by the fluid features in pores, the sedimentation environment, and
composition [32,35].

 
Figure 4. Thin-section microscopic analysis of the casting of the Chang 8 reservoir in
Zhenjing area: (a) Plastic deformation of mica, Well JH36, 1376 m, orthogonal light, 100×;
(b) directional arrangement of mica, forming laminae, Well HH157, 2037 m, Orthogonal light, 50×;
(c) chlorite film is attached to the surface of the detrital particles and filled inside the intergranular
pores, Well HH92, 2267 m, SEM, 1300×; (d) leaf-like chlorite film is attached to the surface of the
detrital particles, Well HH92, 2267 m, SEM, 430×; (e) book-like kaolinite filled in intergranular pores,
Well HH78, 2400 m, SEM, 1400×; (f) flake-like and hair-like illite filled between detrital particles, Well
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HH107, 2436 m, SEM, 1000×; (g) honeycomb-like illite mixed layer, Well HH111, 2035 m, SEM, 3000×;
(h) secondary enlargement of quartz, Well HH193, 2298 m, positive cross light, 100×; (i) Calcite pore
cementation, Well HH193, 2299 m, orthogonal light, 50×; (j) dissolution pores formed by dissolution
of feldspar, Well HH193, 2295 m, single polarized light, 50×; (k) calcite metasomatic feldspar, Well
HH188, 2413 m, single polarized light, 100×; (l) intersecting microfractures, Well HH166, 2396 m,
single polarized light, 50×.

1© Authigenic clay mineral cementation

According to the casting slice and SEM analysis, chlorite and kaolinite are authi-
genic clay minerals in the Chang 8 reservoir of Zhenjing area, accompanied by some
illite/smectite formation and illite. Chlorite, which was developed in the early diagenetic
periods, was found in slice and foliated structures, manifested as looped lining cementa-
tion and pore-lining of cementation (Figure 4c,d). The supporting framework that was
formed by the looped lining cementation has the ability to protect pores from cement filling
effectively and it can also inhibit mechanical compaction to some extent. Moreover, it
can be used as a separation layer between the silica-containing fluid and quartz particles
to inhibit the nucleation of SiO2 on quartz granules, as well as the secondary expansion
of authigeneic quartz, and promote the storage of primary pores. This mechanism has a
constructive effect on the evolution of pores (Figure 5a).

 
Figure 5. Analysis of clay mineral cementation in the Chang 8 reservoir [28]: (a) Relationship between
chlorite content and porosity and particle size; (b) relationship between carbonate cement content
and porosity.

Kaolinite cement appeared as book-like and worm-like under SEM imaging (Figure 4e).
Its formation is closely related to the alteration of feldspar. Feldspar is one of the most
commonly observed clastic particles in the region and it may produce kaolinite after
dissolving in acid water. In other words, the occurrence of kaolinite is accompanied by the
dissolution of feldspar.

The authigenic illite has a relatively low content in the Chang 8 reservoir of the
Zhenjing area and it is frequently adhered onto particle surfaces as thin films, schistose,
hair-like, and fibrous structures (Figure 4f). Montmorillonite illite may cause illite/smectite
formation, which appeared as honeycomb shapes under SEM imaging (Figure 4g) [28].

2© Siliceous cementation

Siliceous cement is the product precipitated by siliceous materials in acid fluid and it
is formed by the surrounding quartz particles or regions with poor development of chlorite
film. In the study area, there’s a universal development of siliceous types of cement in
the Chang 8 reservoir, which is mainly manifested as the secondary expansion of quartz
(Figure 4h). The thickness of the expanded sides ranges between 0.02~0.2 mm. The quartz
particles still exist in residual inter-granular pores after the second expansion is generated.
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3© Carbonate cementation

In the study area, calcite is regarded as the major carbonate cement in the Chang
8 reservoir, with an average content of 9.56%. Carbonate types of cement produced sub-
strate cementation, which were formed after the pore-lining chlorite in early diagenesis.
Calcite is cemented among clastic particles (Figure 4i), thus forming a compacted reservoir.
According to an intersecting analysis of the porosity and carbonate cement, a negative
correlation was discovered (Figure 5b). Hence, it is believed that carbonate cement is the
major cause of the compactness of the Chang 8 reservoir in the study area.

3.1.3. Dissolution

Secondary pores, which are produced upon dissolution of mineral components
and cement in the reservoir, facilitate the large-scale expansion of the reservoir spaces.
It is the most important diagenesis process to improve the physical properties of the
reservoir [5,26,31,34]. After experiencing tectonic lifting and oil–gas emplacement in the
Chang 8 reservoir section of the Zhenjing area, feldspar and rock debris will be dissolved
and eroded by organic acids (Figure 4j), thus forming mold pores, intragranular pores, and
inter-granular pores. This effect mainly occurs at the end of early diagenesis and Phase-A
of middle diagenesis.

3.1.4. Metasomatism

The occurrence of metasomatism is closely related to the local temperature and pres-
sure distributions, as well as the fluid properties in pores and it occurs in all diagenetic
periods [29,32,35]. Metasomatism is a process of mutual replacement of minerals. It is
accompanied by the dissolution and sedimentation effects. Hence, the influence of the
metasomatism process on the physical properties of the reservoir is very small and even can
be ignored. Calcite metasomatism is regarded as the most common type of metasomatism
in the study area (Figure 4k), with local metasomatism of kaolinite and clay minerals.

3.1.5. Rupturing

According to the core observation and analysis of slice data under SEM imaging,
microcracks that are produced by rupturing in the Chang 8 reservoir were developed
greatly (Figure 4l). These microcracks connect pores in the reservoir effectively, which
play an important role in the improvement of the physical properties of the reservoir
(decompaction), especially the migration and settlement of oil and gas [5,30].

3.2. Diagenetic Sequence and Diagenetic Periods

The various diagenesis types in each diagenetic period are different and the duration
of diagenesis also varies. Based on the SEM analysis and the casting slicing observa-
tion, a comprehensive analysis of the diagenetic sequence of sandstones in the Chang
8 reservoir of the Zhenjing area was carried out by combining the diagenesis theoretical
knowledge [29–31].

In the early diagenetic period A, the Chang 8 reservoir section in the study area
becomes more and more compact, thus resulting in the plastic deformation of minerals
such as mica. The contact relation among particles changes from the original point contact
into the linear contact. According to SEM observation, clastic particles such as mica
align toward oriented array to form a texture layer. In this period, the porosity of the
reservoir declines sharply due to compaction. In the early diagenesis period B, compaction
continues to increase and chlorite film begins to produce in pores. In this period, the
production of cement-like kaolinite and sparry calcite decreases the porosity of the reservoir
continuously. Compared with the early diagenetic period, the influence of compaction in the
middle diagenetic period A on the physical properties of the reservoir has been very small
and the secondary quartz development expands. In the reservoir, production of organic
acids occurs, while carbonate cement and feldspar are dissolved, thus forming multiple
secondary pores. The dissolution that consumes acid water and pore water becomes
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increasingly alkaline, thus facilitating changes in illite/smectite formation toward illite.
During this period, diagenesis plays an important role in improving the physical properties
of the Chang 8 reservoir. In the middle diagenetic period B, illite/smectite formation
continues to change toward illite. Cementation and dissolution occur alternatively, while
the porosity tends to be stable gradually. To sum up, the diagenetic sequences of the Chang
8 reservoir in the study area are determined as follows: mechanical compaction → early
sedimentation of chlorite clay mineral → early cementation of sparry calcite → authigenic
kaolinite precipitation → quartz secondary expansion → dissolution of carbonate cement
→ dissolution of feldspar → late cementation of minerals like ferrocalcite (Figure 6).

 
Figure 6. Diagenetic evolution of the Chang 8 reservoir in the Zhenjing area.

In this work, the J&M TIDAS PMT IV&MSP200 vitrinite reflectance test system was
applied to test the vitrinite reflectance of ten rock samples (including mudstone, oil shale
and coal) in the study area. The minimum and maximum reflectance values are 0.67%
and 1.34%, respectively, averaging at 0.90% (Table 2). The maximum paleogeotempera-
ture in the rock burying process was tested by acoustic emission, which ranges between
109.3~125.3 ◦C, averaging at 120.32 ◦C (Table 3). The extracted Tmax of mudstone in the
Chang 8 reservoir of the study area ranges between 445~463 ◦C, averaging at 454 ◦C [38].
According to the XRD analysis, the montmorillonite content in the illite/montmorillonite
formation is between 15~30%, averaging at 20% (Table 4). Moreover, according to the
comprehensive analysis of the diagenetic sequence, both vitrinite reflectance and paleo-
geotemperature tests were performed based on the acoustic emission. With references to
the relevant literature and industrial standards, it is believed that the Chang 8 reservoir in
Zhenjing area is currently in the middle diagenetic period A (Figure 6).
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Table 2. Table of vitrinite reflectance in Zhenjing area.

Well Lithology Depth (m) Ro (%)

HH112 Gray black mudstone 2123.61 0.88
HH128-14 Dark gray mudstone 2294.66 0.91
HH128-15 Dark gray mudstone 2324.43 0.80

HH147 Gray black mudstone 2411.9 1.14
HH149 Dark gray mudstone 2354.35 0.95
HH156 Dark gray mudstone 1856.5 0.96
HH157 Grey black oil shale 2005.46 1.34
HH183 Gray black mudstone 2222.34 0.82
HH185 Dark gray mudstone 1794.83 0.88
HH198 Black coal 1819.24 1.00

Table 3. Maximum paleo-geotemperature (acoustic emission) of Chang 8 reservoir.

Well Depth (m) Layer T (◦C)

HH109 2335.12 C81 122
ZP1 2341.99 C82 109.3

HH106 2418.63 C82 124.7
HH107 2451.11 C82 125.3

Table 4. Statistical table of X-ray diffraction data of Chang 8 clay minerals in Zhenjing area.

Sample
Number

Layer I (%) I/S S (%)

HH78-2 C81 11 26 20
HH78-12 C81 10 34 20
HH78-21 C81 9 21 20
HH78-31 C81 9 24 20
HH78-41 C81 9 30 20
HH92-4 C81 6 14 20
HH92-9 C81 6 7 20
HH92-13 C81 9 11 25
HH92-24 C81 4 5 20
HH92-32 C81 7 8 25
HH92-41 C81 6 9 20

HH107-03 C81 14 36 20
HH107-11 C81 12 57 30
HH107-17 C81 13 39 20
HH107-26 C81 11 28 20
HH107-35 C81 13 41 20
HH107-39 C81 14 43 15
HH107-52 C81 16 38 20
HH107-65 C82 14 24 20
HH107-78 C82 11 26 15
HH107-91 C82 12 20 15

HH107-104 C82 13 20 15
HH109-3 C81 6 13 20

HH109-14 C81 7 6 20
HH109-25 C81 6 14 20
HH109-33 C81 7 23 20

4. Determination of Hydrocarbon Accumulation Periods

In this work, hydrocarbon accumulation periods of the Chang 8 reservoir in the study
area were studied systematically by applying the indirect limiting method of the thermal
evolution history-inclusion temperature measurement and the direct dating method of
illite [39–44]. First, the freezing-point and homogenization temperatures of rock samples
from 12 wells (including HH188 and HH156) in the Chang 8 reservoir section were tested.
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The LINKM600 cold-heat table in the Thermal Chronology Laboratory of Northwestern
University was used under the enforcement of 10.5 V of voltage, 26 ◦C of indoor tempera-
ture, and 65% of humidity. Meanwhile, the corresponding salinity was calculated. In this
section, the saline inclusion, which coexists with the hydrocarbon inclusion was chosen as
the test object. It is mainly reserved at the quartz expansion edges or inside of fracture and
quartz. According to the analysis of the experimental results, the homogeneous tempera-
ture of inclusion has a wide range of 69~155 ◦C, with peaks ranging between 100~125 ◦C.
This result and the reproduction diagram of the burying history were used together for
mutual calibration, through which the accumulation period of the Chang 8 reservoir was
110~120 Ma (Figure 7).

Figure 7. Analysis of thermal evolution history of Well HH155.

When both oil and gas enter the reservoir, the growth of authigenic illite stops. Hence,
this period is viewed as the time for hydrocarbon accumulation [44–50]. In this work,
illite test analysis was accomplished in the Geochemistry Laboratory of China University
of Petroleum (Beijing). The 38AR diluent was put in accurately by using the VG3600
mass spectrometer while melting the samples under 1500 ◦C. Later, the isotope ratios of
(38Ar/36Ar) and (40Ar/38Ar) were tested. The radioactive factor 40Ar of the samples was
calculated and the corresponding age was calculated according to the K content [44,47–50].
Based on the above principle, a dating analysis was carried out on the oil-containing
sandstone illite in HH192 and HH198. The acquired results showed that the accumulation
period of the Chang 8 reservoir was 105~115 Ma (Figure 7). Consistent with the inclusion
analysis outcomes, it is concluded that the Chang 8 reservoir in the study area is a phase-I
continuous accumulation process and the accumulation period is 105~125 Ma, which is the
middle Early Cretaceous Epoch (Figure 7).
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5. Conclusions

(1) According to the borehole core observation, SEM and XRD analysis, the lithology of
the Chang 8 reservoir section in the study area is mainly dominated by feldspar rock
debris, and rock debris arkose. Quartz, feldspar, and rock debris are the major clastic
constituents. Among them, quartz has the highest content (about 29%), followed by
feldspar (26%). The content of the rock debris is the lowest, averaging at 24%. Among
the sandstone clay minerals, chlorite content is the highest, averaging at 36.3%. The
illite/smectite formation and kaolinite possess the lower content and the illite content
is the lowest, averaging at 6.85%.

(2) According to the SEM, XRD, vitrinite reflectance and rock pyrolysis analysis, the
major diagenesis effects of the Chang 8 reservoir section in the Zhenjing area mainly
include the following procedures: compaction, cementation, dissolution, metasoma-
tism, and rupturing. Consequently, the proposed diagenetic sequence is the following:
mechanical compaction → early sedimentation of chlorite clay mineral film → early
cementation of sparry calcite → authigenic kaolinite precipitation → quartz secondary
expansion → dissolution of carbonate cement → dissolution of feldspar → late ce-
mentation of minerals like ferrocalcite. Now, the reservoir is in the middle diagenetic
period A.

(3) Based on the thermal evolution history analysis and the illite dating method, the
hydrocarbon accumulation periods of the Chang 8 reservoir are analyzed comprehen-
sively. The Chang 8 reservoir in the study area is a phase-I continuous accumulation
process and the accumulation period is 105~125 Ma, which is the middle Early Creta-
ceous Epoch.

Author Contributions: Supervision, Z.R. and K.Q.; Writing—review & editing, G.Y. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was funded by National Natural Science Foundation of China (No. 41630312),
National Key R&D Projects (No. 2017YFC0603106) and National Major Projects (No. 2017ZX05005002-008).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Acknowledgments: We appreciate encouragement and guidance from Zhanli Ren, during the for-
mulation and drafting of this paper.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Zhang, Y.Y.; Ren, Z.L.; He, F.Q.; Cui, J.P.; Yang, G.L.; Wang, K.; Ji, Y.Y. Meso-Cenozoic tectonic features in the structural turning
area of the Craton Basin and its significance for controlling reservoirs: Taking the Yanchang Formation in Zhenjing area in the
southwest of the Ordos Basin as an example. Chin. J. Petrol. 2020, 36, 3537–3549.

2. Chen, Q.H. Study on the Upper Paleozoic Sedimentary System and Oil and Gas Accumulation Law in the Ordos Basin. Ph.D.
Thesis, Northwestern University, Xi’an, China, 2007.

3. Liu, Y. Fracture Characteristics of Low Permeability Reservoirs and Their Control on Oil and Gas Enrichment. Ph.D. Thesis,
Chengdu University of Technology, Chengdu, China, 2013.

4. He, F.Q.; Liang, C.C.; Lu, C.; Yuan, C.Y.; Li, X.W. Identification and description of fault-fracture bodies in tight-low permeability
oil reservoirs in the transition zone in the southern margin of the Ordos Basin. Oil Gas Geol. 2020, 41, 710–718.

5. Liang, C.C.; Guo, J.X. Diagenesis and reservoir characteristics of tight sandstone in Chang 81 sublayer of Yanchang Formation,
Honghe Oilfield, Ordos Basin. Oil Gas Geol. Recovery 2017, 24, 57–63.

6. Guo, M.L.; Chen, Y.; Zheng, Z.H.; Li, J.; Yu, L.; Liu, L.Q. Rapid evaluation method of recoverable reserves probability in tight oil
reservoirs—Taking Chang 8 reservoir in Honghe Oilfield as an example. Pet. Exp. Geol. 2021, 43, 154–160.

7. Xue, C.; Qi, G.M.; Wei, A.J.; Hu, X.Q. Research progress and application of sedimentary diagenesis. Groundwater 2014, 36, 186–189.
8. Zhu, Y.X.; Jin, Z.K.; Jin, K.; Guo, Q.H.; Wang, H.; Lv, P.; Wang, X.Y.; Shi, Y. Petrological characteristics and diagenetic evolution of

fine-grained sedimentary rocks in continental lake basins in China: A case study of the Lower Jurassic Da’anzhai Member in
Yuanba area, Sichuan Basin. Pet. Nat. Gas Geol. 2021, 42, 494–508.

9. Liu, D.K. Diagenetic Evolution and Response Mechanism of Hydrocarbon Charging and Microscopic Pore Throat Structure in
Tight Sandstone Reservoirs. Ph.D. Thesis, Northwestern University, Xi’an, China, 2019.

63



Energies 2022, 15, 3846

10. Song, H.Y.; Ji, Y.L.; Zhou, Y. Reservoir characteristics and diagenetic evolution sequence of the third member of Shahejie Formation
in Dongpu Sag. Zhongwai Energy 2021, 26, 27–34.

11. Gao, H. Diagenetic evolution characteristics of buried hill tight sandstone reservoirs in Dongpu Sag. Fault Block Oil Gas Fields
2021, 28, 295–299, 317.

12. Wang, E.Z.; Wu, Z.B.; Song, Y.C.; Shi, K.B.; Liu, H.Y.; Liu, B. Diagenetic evolution and pore structure characteristics of tight
sandstone in Chang 7 Member in Qingcheng area, Ordos Basin. J. Peking Univ. (Nat. Sci. Ed.) 2022, 1–13. [CrossRef]

13. Zhu, R.J.; Li, R.X.; Liu, X.S.; Yang, M.Y.; Qin, X.L.; Wu, X.L.; Zhao, B.S.; Liu, F.T. Diagenetic evolution characteristics
and physical property evolution of Upper Paleozoic tight sandstone gas reservoirs in the southwestern Ordos Basin.
J. Lanzhou Univ. (Nat. Sci. Ed.) 2021, 57, 637–649, 658.

14. Wang, R.Y.; Hu, Z.Q.; Bao, H.Y.; Wu, J.; Du, W.; Wang, P.W.; Peng, Z.Y.; Lu, T. Diagenetic evolution and storage control of
key minerals in the Upper Ordovician Wufeng Formation-Lower Silurian Longmaxi Formation shale in the Sichuan Basin.
Pet. Exp. Geol. 2021, 43, 996–1005.

15. Ren, D.Z.; Sun, W.; Wei, H. Diagenetic characteristics of Chang 81 sandstone reservoir in Huaqing Oilfield. Geol. Sci. Technol. Inf.
2014, 33, 72–79.

16. Shi, J.A.; Wang, J.P.; Mao, M.L. Study on diagenesis of reservoir sandstone in Chang 6-8 member of Triassic Yanchang Formation
in Xifeng Oilfield, Ordos Basin. Chin. J. Sediment. 2003, 21, 373–379.

17. Li, Z.; Han, D.L.; Shou, J.F. Diagenesis system of sedimentary basin and its spatiotemporal properties. Chin. J. Petrol. 2006, 22,
2151–2164.

18. Bu, J.; Li, W.H.; Zeng, M. Reservoir diagenesis and its influence on pores in the Middle Jurassic Yan 9 oil formation in Longdong
area, Ordos Basin. Pet. Geol. Eng. 2010, 24, 24–27.

19. Zheng, Q.H.; Liu, Y.Q. Diagenesis and diagenetic facies of Chang 4 + 5 tight oil layer in Yanchang Formation, Zhenbei area, Ordos
Basin. Chin. J. Sediment. 2015, 33, 1000–1012.

20. Liu, R.C.; Ren, Z.L.; Ma, Q.; Zhang, Y.Y.; Qi, K.; Yu, C.Y.; Ren, W.B.; Yang, Y. Study on hydrocarbon accumulation periods of
Yanchang Formation in the southern Ordos Basin. Mod. Geol. 2019, 33, 1263–1274.

21. Tang, J.Y.; Zhang, G.; Shi, Z.; Zhang, X.; Chen, Y.B. Characteristics of fluid inclusions and hydrocarbon accumulation stages in the
Yanchang Formation in the rich Sichuan area, Ordos Basin. Lithol. Reserv. 2019, 31, 20–26.

22. Song, S.J.; Liu, S.; Liang, Y.X. Stages and periods of hydrocarbon accumulation in Chang 8 tight oil layer in southwestern Ordos
Basin. Fault Block Oil Gas Fields 2018, 25, 141–145.

23. Luo, C.Y.; Luo, J.L.; Luo, X.R.; Bai, X.J.; Lei, Y.H.; Cheng, M. Characteristics of fluid inclusions and hydrocarbon accumulation
period in Chang 8 sandstone in the central and western Ordos Basin. J. Geol. Univ. 2014, 20, 623–634.

24. Zhang, X.L. Analysis of Reservoir Characteristics and Controlling Factors of Oil and Gas Enrichment in Chang 8 Member of
Yanchang Formation in Honghe Oilfield, Ordos Basin. Master’s Thesis, Northwestern University, Xi’an, China, 2018.

25. Li, C. Characteristic Evaluation of Chang 6 Tight Sandstone Reservoirs in Huangling Block, Ordos Basin. Ph.D. Thesis, North-
western University, Xi’an, China, 2020.

26. Jiang, H.X.; Wu, Y.S.; Luo, X.R. Formation of Chang 8 oil layer of Triassic Yanchang Formation in central and southern Ordos
Basin and its control on reservoir physical properties. Sediment. Tethys Geol. 2007, 27, 107–114.

27. Liang, Y.; Ren, Z.L.; Shi, Z.; Zhao, X.Y.; Yu, Q.; Wu, X.Q. Hydrocarbon accumulation period of Yanchang Formation in Fuxian-
Zhengning area, Ordos Basin. Chin. J. Pet. 2011, 32, 741–748.

28. Xiong, D.; Ding, X.Q.; Zhu, Z.L.; Le, J.P. Study on diagenesis of Chang 8 tight sandstone reservoir in Zhenjing area. Lithol. Reserv.
2013, 25, 31–36, 43.

29. Xu, M.L.; He, Z.L.; Yin, W.; Wang, R.; Liu, C.Y. Characteristics and main controlling factors of tight sandstone reservoirs in Chang
8 member of Yanchang Formation in Zhenjing area, Ordos Basin. Oil Gas Geol. 2015, 36, 240–247.

30. Wang, F.B.; Yin, W.; Chen, C.F. Genetic mechanism of “sweet spots” in tight sandstone reservoirs of Chang 8 oil formation in
Honghe Oilfield, Ordos Basin. Pet. Exp. Geol. 2017, 39, 484–490.

31. Liu, C.L.; Liu, X.; Zhang, L.N.; Chen, Z.L. Clastic diagenesis and its influence on reservoirs: A case study of Zhenjing area, Ordos
Basin. Pet. Exp. Geol. 2017, 39, 348–354.

32. Zhang, M.T.; Li, H.; Li, W.H.; Bai, J.L.; Tian, W.; Qi, K. Study on diagenesis and pore quantification of Chang 81 reservoir in
Yanchang Formation, Jingchuan area, Ordos Basin. Geol. Sci. Technol. Inf. 2017, 36, 98–105.

33. Wang, M.P.; Xia, D.L.; Wu, Y.; Pang, W.; Zou, M. Diagenetic characteristics of Chang 8 tight sandstone reservoirs in Honghe
Oilfield, Ordos Basin. Pet. Exp. Geol. 2018, 40, 786–792 + 835.

34. Xiao, H.; Wang, H.N.; Yang, Y.D.; Ke, C.Y.; Zhe, H.Q. Pore evolution characteristics of tight sandstone and its influence on
reservoir quality by diagenesis—Taking Chang 8 reservoir of Malingnan Yanchang Formation in Ordos Basin as an example.
Pet. Exp. Geol. 2019, 41, 800–811.

35. He, Y.C.; Zhao, J.X.; Guan, D.B.; Jia, H.C. Reservoir characteristics of Chang 8 and Chang 6 members in Zhenjing area and the
transformation of pores by diagenesis. J. Chengdu Univ. Technol. (Nat. Sci. Ed.) 2021, 48, 217–225.

36. Zhao, Z.M. Study on the Heterogeneity and Development Characteristics of Chang 4+5-Chang 6 Reservoirs in Hujianshan Area.
Master’s Thesis, Xi’an Shiyou University, Xi’an, China, 2018.

37. Zhang, B. Reservoir Characteristics of Dujiatai Oil Layer in Shu 103 Block in Liaohe Depression and Its Controlling Effect on Oil
and Gas Distribution. Master’s Thesis, Northeast Petroleum University, Daqing, China, 2020.

64



Energies 2022, 15, 3846

38. Ji, Y.Y.; Gao, Y.L.; Zheng, K. Diagenetic evolution and densification of Chang 812 low-permeability clastic reservoirs in the
northeast of Zhenjing area. Unconv. Oil Gas 2020, 7, 11–17.

39. Guo, F.F. Characteristics and accumulation stage of fluid inclusions in the Hetaoyuan Formation of the Paleogene Hetaoyuan
Formation in Nanyang Sag, Nanxiang Basin. Nat. Gas Geosci. 2022, 1–11. [CrossRef]

40. Li, B.; Cui, J.P.; Li, Y.; Li, J.S.; Zhao, J.; Chen, Y.W. Analysis of hydrocarbon accumulation period of Yanchang Formation in Wuqi
area of Yishan Slope. Lithol. Reserv. 2021, 33, 21–28.

41. Zhang, Z.Q.; Liu, H.; Ma, L.C.; Liu, J.D.; Guo, Z.Y. Reservoir Stage and Process of Buried Hill Oil and Gas Reservoirs in Jiyang
Depression, Bohai Bay Basin: Evidence from Reservoir Fluid Inclusions. Pet. Exp. Geol. 2022, 44, 129–138.

42. Ma, L.Y.; Qiu, G.Q.; Liu, C.Y.; Hu, C.Z.; Luo, Y. Reservoir densification and petroleum accumulation in the Yanchang Formation
of Honghe Oilfield, Ordos Basin. Chin. J. Sedimentol. 2020, 38, 620–634.

43. Chen, R.Q.; Liu, G.D.; Sun, M.L.; Cao, Y.S.; Liu, X.B.; Li, Q. Study on Mesoproterozoic Fluid Inclusions and Hydrocarbon
Accumulation Stages in the Northern Jibei Depression. Geol. J. Univ. 2022, 28, 64–72.

44. Zhao, Y.D.; Qi, Y.L.; Luo, A.X.; Cheng, D.X.; Li, J.H.; Huang, J.X. Reconstruction of hydrocarbon charging history of Jurassic
reservoirs in the Ordos Basin using fluid inclusions and authigenic illite dating. J. Jilin Univ. (Earth Sci. Ed.) 2016, 46, 1637–1648.

45. Yu, M.D.; Wang, P.J.; Shi, C.R.; Zhang, H.; Tang, H.F.; Li, F.X. Inclusion characteristics and illite dating in Yanqi Basin as an
indication of hydrocarbon accumulation stage. J. Jilin Univ. (Earth Sci. Ed.) 2009, 39, 45–52.

46. Cui, J.P.; Ren, Z.L.; Chen, Q.H.; Xiao, H. Analysis of hydrocarbon accumulation periods in Wuerxun Sag, Hailar Basin.
J. Northwest. Univ. (Nat. Sci. Ed.) 2007, 37, 465–469.

47. Xiang, C.F.; Feng, Z.H.; Wang, F.D.; Zhang, S.; Peng, P.; Liang, X.D. Tectonic-controlled rapid hydrocarbon accumulation in late
stage: Evidence of fluid inclusions and authigenic illite in Daqing Changyuan, Songliao Basin. Chin. J. Geol. 2012, 86, 1799–1808.

48. Li, J.J.; Wang, Y.; Li, H.L.; Zhang, W.B. Application of isotope dating in the study of hydrocarbon accumulation period.
Pet. Exp. Geol. 2012, 34, 84–88.

49. Chen, G.; Xu, L.M.; Ding, C.; Zhang, H.R. Using authigenic illite dating to determine the hydrocarbon accumulation period of the
Permian in the northeastern Ordos Basin. Pet. Nat. Gas Geol. 2012, 33, 713–719, 729.

50. Zhang, Y.Y.; Horst, Z.; Liu, K.Y.; Luo, X.Q. Comparison of authigenic illite K-Ar and Ar-Ar dating techniques and prospect of
their application—Taking Sulige gas field as an example. Chin. J. Pet. 2014, 35, 407–416.

65





Citation: Zhang, Y.; Zhang, L.; Mi, L.;

Lu, X.; Wu, S.; Tang, L.; Zhou, J.;

Xiong, X.; Zhu, J. Quantitative

Analysis of Cenozoic Extension in the

Qiongdongnan Basin, South China

Sea: Insight on Tectonic Control for

Hydrocarbon Reservoir

Accumulation and Formation.

Energies 2022, 15, 4011. https://

doi.org/10.3390/en15114011

Academic Editor: Renato Somma

Received: 7 April 2022

Accepted: 20 May 2022

Published: 30 May 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

energies

Article

Quantitative Analysis of Cenozoic Extension in the
Qiongdongnan Basin, South China Sea: Insight on Tectonic
Control for Hydrocarbon Reservoir Accumulation and
Formation

Yan Zhang 1,2, Li Zhang 1,2,*, Lijun Mi 3, Xiangyang Lu 4, Shiguo Wu 4, Lishan Tang 5, Jie Zhou 5, Xiaofeng Xiong 5

and Jitian Zhu 5

1 Guangzhou Marine Geological Survey, National Engineering Research Center for Gas Hydrate Exploration
and Development, Guangzhou 511458, China; zyan1@mail.cgs.gov.cn

2 Southern Marine Science and Engineering Guangdong Laboratory (Guangzhou), Guangzhou 511458, China
3 Beijing Institute of Research, China National Offshore Oil Corporation (CNOOC) Limited, Beijing 571000, China;

milijun@cnooc.com.cn
4 Institute of Deep-Sea Science and Engineering, Chinese Academy of Sciences, Sanya 572000, China;

luxy@idsse.ac.cn (X.L.); swu@idsse.ac.cn (S.W.)
5 Hainan Branch of China National Offshore Oil Corporation (CNOOC) Limited, Haikou 571000, China;

tanglishan@cnooc.com.cn (L.T.); zhoujie@cnooc.com.cn (J.Z.); xiongxiaof@cnooc.com.cn (X.X.);
zhujitian@cnooc.com.cn (J.Z.)

* Correspondence: zhangli@mail.cgs.gov.cn

Abstract: Cenozoic extension rates were calculated based on 20 seismic profiles across the Qiongdong-
nan Basin, South China Sea. The results confirmed that the Cenozoic rifting in the Qiongdongnan
Basin exhibited multistage extension and spatiotemporal variation. In terms of the N–S striking
seismic profiles, the structural forms of the northern and southern sags of the basin were characterized
by narrow half grabens, while the structure at the center sag of the basin was characterized by wide
and gentle grabens. The fault strikes in the west of the basin were mainly northeast–southwest
trending, whereas those in the east of the basin changed from northeast–southwest trending to nearly
east–west trending. The extension rate in the east sag was higher than that in the west area. The
extension rate in the middle part was lower relative to the east and west sags. This was because the
rifting was controlled by the distribution of the main boundary fault along the basin. Temporally,
the Cenozoic extension could be divided into three periods: Eocene, Oligocene, and Miocene. The
amount of stretching in the three extension stages was unevenly distributed in the entire basin. The
maximum was mainly in the Oligocene Lingshui and Yacheng Formations. The Oligocene extension
occurred in the entire basin, and the Eocene extension was limited to the Ledong and Changchang
sags. Significant fault activity could be observed during the deposition period of the Yacheng and
Lingshui Formations and could be attributed to strong extensional activity. The rifting tectonics con-
trolled the distribution of source rocks and oil-generating window as well as hydrocarbon generation,
reservoir formation, and accumulation.

Keywords: extension; structure; fractal; hydrocarbon reservoir; Qiongdongnan Basin; South China Sea

1. Introduction

In recent years, mathematical methods have been applied in petroleum geology.
Quantitative calculation data play an increasingly important role in petroleum systems [1,2].
Studies on petroleum geology are conducted using complete data models [3,4]. A complete
data model is typically adopted to contrast between petroleum geological data. Although
the volume of data reported herein does not reach the standards of mass (significant
amounts of data), the data are nonetheless geological big data (focus on the whole, on
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efficiency, and on the correlation). The conventional method is based on causality, whereas
the method of big data studies correlations [5]. Typically, reasoning involves human factors,
and the result of reasoning may be incorrect when analyzing causes and results. However,
petroleum geology data are objective and are not affected by human factors. Human
factors are involved only when a causal relationship is explored. Big data research can aid
conventional data research and thus promote the progress of science and technology [6]. The
transformation from conventional data research to big data research and from theory-driven
models to data-driven models represents a significant change in research methods and
ideas, paving the way for new scientific innovations in the field of petroleum geology [6].

The fault system in the Qiongdongnan Basin can be divided into three groups based
on the strikes: NE-trending, NE-trending, and nearly EW-trending faults (Figure 1). The
NE-trending faults are dominant. The fault strikes in the western part are mainly NNE
trending, while those in the eastern part are mainly EW trending. Seismic data have shown
a decrease in the fault activity since the Middle Miocene. Spatially, the fault strikes are
mainly east trending in the north of the west area and nearly east–west trending in the east
area (Figures 2 and 3). Currently, the Qiongdongnan Basin has a wide exploration area
with various datasets including massive amounts of geological, geophysical, drilling well,
logging, cutting, and on-site observation data [7–11]. Such data are not only expected to
open new directions for the study area, but can also promote the interdisciplinary field of
mathematical geology and petroleum geology [12].

Basin extension is an important parameter in quantitative extensional basin modeling,
which describes the relationship between lithospheric dynamics and basin structural char-
acteristics, and how to determine the basin extension is an important link [13,14]. Generally,
when the restoration of balance is carried out, only the extension of the master fault caused
by the Earth’s crust is calculated, and small faults are often ignored, particularly unrecog-
nized faults that are difficult to identify from the seismic wave profile. Previous studies
have shown that the cumulative extension of small faults that are difficult to identify at the
seismic section can be as high as 30% of the basin extension [15]. If these small faults are
ignored, the calculated basin extension can have considerable errors, which can affect the
analysis results of the tectonic evolution of the entire basin. Therefore, it is necessary to
calculate the amount of displacement of small faults.
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Figure 1. Tectonic unit of the Qiongdongnan Basin and 20 seismic track lines mentioned in the
discussion (A to V indicate the section direction in sequence). Coarse line is given in Figure 2.
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Figure 2. Seismic profiles across the Qiongdongnan Basin. Upper: seismic section across the Songtao
bulge, Songnan sag, Yanan low uplift, Songnan low uplift, and Beijiao sag; down: seismic section
across the Yabei sag, Lingshui low uplift, Lingshui sag, and Lingnan low uplift. See position in
Figure 1. (The three sections from top to bottom correspond to the three lines K, N, and G, respectively,
in Figure 1).
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Figure 3. Cont.
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Figure 3. Interpretation of seismic profiles across the Qiongdongnan Basin. (A) Seismic section across
the Yanan sag, Yanan low uplift, Ledong sag, and Lingnan low uplift, (B) seismic section across the
Yabei sag, Lingshui low uplift, Lingshui sag, and Lingnan low uplift, (C) seismic section across the
Songxi sag, Songtao bulge, Lingshui low uplift, Lingshui sag, Lingnan low uplift, and Ganquan sag,
(D) seismic section across the Songdong sag, Songtao bulge, Songnan sag, Songnan low uplift, and
Beijiao sag, and (E) seismic section across the Songdong sag, Baodao sag, Songnan low uplift, Beijiao
bulge, and south uplift. (F) Seismic section across the Changchang sag, and south uplift. See position
in Figure 1.

In this study, the Cenozoic extension rates were calculated based on 20 seismic profiles
across the Qiongdongnan Basin, South China Sea. The fractal stretching quantity calculation
method was used to estimate the cumulative extension of the small faults in this region.
Additionally, we discuss the contribution of the rifting tectonics to the distribution of
source rocks and oil-generating window as well as the accumulation and formation of
hydrocarbon reservoirs in the basin.

2. Geological Background

The Qiongdongnan Basin is a Cenozoic rift basin that developed above the pre-Paleogene
basement and experienced syn-rifting and post-rifting thermal subsidence [7,14,16–18]. Gen-
erally, it is shown as the east–west structural zone. The sags in the two sides of this basin
mainly comprise half grabens, e.g., the Yabei sag and Beijiao sag. However, some sags in the
central part of the basin can be characterized by graben structures (Figures 1 and 2). In the
east–west direction, the western basin is dominated by half grabens, whereas the eastern part
has graben structures [3,4,19]. Four first-order structural units are the northern depression
belt, the central uplift zone, the central depression zone, and the southern uplift zone from
north to south, respectively (Figures 1–3).

The formation and evolution of the Qiongdongnan Basin are affected by regional
tectonics such as the Indo–Eurasian plate collision, south China continental margin rift,
and South China Sea spreading. An initial rift developed in the northern margin since
the Eocene, mainly distributed in the NNE–NE direction [20–22]. In the early Oligocene,
the subsidence of the Qiongdongnan Basin was intensified by the Indo–Eurasian plate
rotary extrusion and Indochina extrusion [23–25]. In the late Oligocene, the fault activity
gradually diminished, mainly in the NW direction. The eastern region was affected by the
expansion effect of the South China Sea, the mantle uplift was significant, and magmatic
intrusion activity increased [9,26]. The Neogene entered the post-rift depression period,
and the early basin underwent regional subsidence. Since the late Miocene, the concave
boundary fault (No. 2 fault) in the northern part of the early fault accelerated the activities,
which contributed to the development of a deepwater continental slope and the formation
of a typical continental shelf-slope sedimentary system. The central depression belt and the
southern uplift area became deepwater areas [27].

The Lower Miocene Sanya Formation and Middle Miocene Meishan Formation were
mainly shallow sea deposits (Figure 4). However, the Upper Miocene Huangliu Formation
in most of the basin formed a typical continental shelf-slope system and developed deep-
water continental slope deposits. The central canyon in the middle part of the depression
was in the peak developmental period; the turbidite channel sand and mass flow were
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widely distributed. The Pliocene–Quaternary Yinggehai Formation formed semi-deep-sea
deposits, and large submarine fans were developed locally in the Yinggehai Formation [28].

 

Figure 4. Cenozoic sequence framework in the Qiongdongnan Basin (blue represents mudstone, and
yellow represents sandstone. Interface means the stratum interface. Sequence stratigraphy is divided
into first-order, second-order, and third-order sequences. Levels 1, 2, and 3 represent the first-order,
second-order, and third-order sequences, respectively.).

In the past ten years, significant progress has been made in the basic research of
basin tectonic evolution, basin formation, hydrocarbon generation, and reservoir forma-
tion [29–31]. New seismic data verified that the deep detachment in the northern continen-
tal margin of the South China Sea controls the formation of large-scale basin groups, and
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large-scale detachment leads to strong thinning of the crust and uplift of the asthenosphere.
Thereafter, the faults lead to crustal thinning and high heat flow in deepwater areas [8,18,31],
and there is large-scale rapid hydrocarbon generation from source rocks [11]. Significant
breakthroughs have been made in basin exploration and large- and medium-size gas fields;
for example, Lingshui 17-A and 25-B gas fields have been discovered, with exploration
in the Qiongdongnan Basin entering a fast developmental period. However, the drilling
results over the past two years have been rather unsatisfactory. The Lingshui 18-C medium-
size gas field was discovered around the central canyon and its surrounding deepwater
areas. In addition, the Songtao 34-D gas-bearing structure was discovered in the Songtao
uplift north of the Songnan sag in a shallow water area. Despite the achievements made,
for further breakthroughs in exploration, it is necessary to re-study the basic geological
conditions of the basin and summarize and reflect the conditions and scenarios of hydro-
carbon accumulation. Studying the structure and regional difference is key to hydrocarbon
generation, reservoir formation, and accumulation as well as being an important factor for
oil and gas exploration in the basin.

3. Data and Methods

3.1. Dataset

The NW–SE striking seismic profiles across the Qiongdongnan Basin were acquired
from the CNOOC Zhanjiang Branch. Two-dimensional seismic data corresponding to an
area of 36,670 km2 in combination with 3D seismic data were used in the calculation and
discussion. The bin spacing of the 3D volumes was 12.5 m in the in-line direction and 25 m
in the cross-line direction. Prestacked time-offset 2D seismic profiles with densities ranging
from 1 km × 1 km to 3 km × 8 km were collected at the edge of the depression without 3D
seismic data coverage. The parameters for the 2D line acquisition were as follows: 7.5 km
long streamer, 12.5 m track distance, 2 ms sampling interval, and record length of 12 s in
TWT. All the seismic data are displayed with zero phase, prestack depth migration, and
SEG positive polarity, and the acoustic impedance increases downward [32].

Based on the latest drilling data from the deep waters east and west of the Qiongdong-
nan Basin, a comparative analysis of the oil and gas indicators, namely methane, ethane,
propane, n-butane, isobutane, n-pentane, isopentane, equilibrium ratio, characteristic ratio,
micromigration index, heavy hydrocarbon, light hydrocarbon to heavy hydrocarbon ratio,
and drying ratio, in these waters was conducted. This was conducted to indicate the
difference in hydrocarbon accumulation between the east and west.

3.2. Methods
3.2.1. Calculation of the Amount of Extension

The Move software has been widely used in structural evolution analyses. The bal-
anced profile recovery [33] typically adopts a 2D module in the Move software, and the
selected profile must be in the vertical direction toward the regional tectonic line to calculate
the basin extension.

Parameters, such as the extension amount, rate of extension, and extension rate, are
typically used to characterize the horizontal extension amount of the extensional basin.
The profile length before deformation is denoted by L0, the length after extensional tectonic
deformation is denoted by L1, and the profile length changes from L0 to L1 [34].

The formulae for the amount, rate, and rate of elongation are as follows:

ΔLi = L1i − L0i (1)

Ri = ΔLi/ΔL (2)

ri = ΔLi/L0i (3)

vi = ΔLi/Δti (4)
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where ΔLi is the extension of the layer i, L1i and L0i are the length of the section after the
extension and the original section length, respectively, ΔL is the total extension, Ri is the
proportion of the extension rate of layer i to the total extension, Ri is the extension rate of
layer i, vi is the average stretching rate of layer i, and ti is the stretching time of layer I [12].

3.2.2. Fractal Computing

Basin extension is calculated using three methods: basin geothermal subsidence
analysis, crustal thickness change measurement, and fault equilibrium restoration [35]. The
first two methods provide results close to the actual extension. Because the third method
involves producing the seismic profile, it is simple and therefore often used. The lack of
consideration of the cumulative extension of small faults that cannot be resolved using
seismic data is the main reason for the errors [36]. Previous studies have shown that the
cumulative extension of small faults that cannot be determined by the reflected seismic
data can reach 30–40% of the actual extension of the basin [15]. Therefore, the extension of
these small faults cannot be ignored. As such, the method proposed by [36] was used, and
the fractal theory was applied to calculate the extension amount with one survey line in the
Qiongdongnan Basin as an example, yielding good results.

The number of faults and the distribution of fault moments obey the power expo-
nential law, and they have a scale invariance; in other words, they have statistical fractal
characteristics [12,37,38]:

N(D) ∝ D−C (5)

In Equation (5), the cumulative number of faults is represented by N(D), and C is the
fractal dimension.

The horizontal direction is sorted from small to large, the horizontal direction is
displayed on the horizontal coordinate, and the ordinate is the corresponding serial number.
A logarithmic coordinate system was established, the least squares method was used for
fitting, and the negative value of the slope is the C value [3,4,39].

The fractal dimension was calculated based on the scale invariance of the fault moment
distribution.

Based on the identified large faults, a fractal analysis was conducted to determine the
amount of extension due to the unrecognized small faults in the reflection seismic section.

ΔL = h1 + h2 + h3 + . . . . . . + hN = εhi (6)

he = hN[C/(1 − C)](N + 1)[N/N + 1)]1/C (7)

Dtotal = εhi + he (8)

where ΔL is the cumulative slip, its unit is m, hN is the horizontal offset of the Nth major
fault in the section, its unit is m, and N is the fault label value, dimensionless.

4. Results

4.1. Cenozoic Nonuniform Extension in the Qiongdongnan Basin

Based on the results of the seismic section, main fractures such as fault No. 2, 5, and 11
were mainly developed in the Qiongdongnan Basin. Fault No. 2 could be divided into three
segments: Ledong member, Lingshui member, and Baodao-Changchang member. As the
main fault running through the Qiongdongnan Basin, from the Ledong sag in the west to the
Changchang sag in the east, it is one of the most important faults in the basin. The fault began
to move in the Eocene and reached its maximum rate in the Oligocene. The maximum activity
rate of the fault in the Ledong sag and the Baodao-Changchang sag reached 300 m/Ma. The
calculation results showed that, during 28.4–23 Ma, the extension rate was 3.02%, and the
extension rate was 0.82 mm/a; during 36–28.4 Ma, the extension rate was 12.27%, and the
extension rate was 2.106 mm/a, reaching the maximum; and during 45–36 Ma, the extension
rate was 4.35%, and the extension rate was 0.604 mm/a (Figure 5).
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Figure 5. Cenozoic tectonic evolution of the Yabei–Lingshui sag–Lingnan low uplift in Qiongdong-
nan Basin.

The seismic sections through the Songdong sag–Baodao–Songnan low uplift–Changchang
sag D–southern uplift revealed the geometry of the fractures and basin type. Vertically, the
strata of the Qiongdongnan Basin could be divided into four layers from bottom to top:
Eocene fault sag structure, Oligocene depression structure, Lower Miocene fault sag structure,
and Middle Miocene quaternary depression structure. In the Eocene, there was a half graben
structure with a fault in the north and overrunning in the south. In the Oligocene, the sag pre-
sented a recalcitration fault structure. In the late Miocene, it presented a butterfly depression
structure (Figures 4 and 6).
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Figure 6. Fracture system diagram of each tectonic layer in Qiongdongnan Basin. The faults could be
divided into three groups: NE-trending, NE-trending, and nearly EW-trending faults. (A) T60 fault
strikes were mainly east–west; (B) T70 strikes were nearly NEE; (C) fault T80 strikes were nearly NE;
and (D) fault T100 strikes were nearly NE.

The fractal dimension of one of the survey lines in the Baodao sag was 1.3 (Figure 7).
The extension was calculated to be 51.19 km (Table 1). Compared with the result (46.58 km)
calculated using the Move software (Figure 6), it was found that the cumulative extension
of small faults that cannot be determined by the seismic data was 9% of the actual extension;
the error was within the controllable range [40]. This showed that the Move software is
generally capable of modeling the extensional tectonics of the Qiongdongnan Basin [37].

 

Figure 7. Logarithm plot of the horizontal fault distance D of Line 07e31033 fault vs. cumulative fault
number N.
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Table 1. Basin extension comparison based on the fractal method.

Survey Line
Current

Length of Line
(km)

Horizontal
GraphN (km)

εhi (km) he (km)

Calculation of
Total Elongation

by Fractal Method
(km)

Calculation of
Total Extension by

Equilibrium
Recovery Method

(km)

07e31033 198.53 1.7 47.28 3.91 51.19 46.58

4.2. Multistage Extension of Qiongdongnan Basin

An analysis of the Cenozoic cumulative extension amount curve of the Qiongdongnan
basin (Figure 8) showed that the evolution of the Cenozoic basin occurred in four stages:
collapse period, depression period, fault-depression period, and passive continental mar-
gin [18]. From the Paleocene to the Eocene, the subduction direction of the Pacific plate
shifted from northwest to west, which reduced the convergence rate to the Eurasian plate
and formed the south China continental margin in the NW–SE extensional stress field.
Under this stress field, the Qiongdongnan Basin began to crack in the Eocene to form a
series of NE-trending faults, and basement faults, such as No. 2 and 5, were activated in
the basin. A series of fault lacustrine basins with NE-trending grabens and half grabens
developed. The lacustrine deposits formed during this period are important source rocks
in the basin [27].

 

Figure 8. Extension amounts from different times and different sections in the Qiongdongnan Basin.

In the Oligocene, under the control of the regional stress field, the basin rifting scope
was further expanded, and the basin turned into a depression fault structure. At the end
of the Middle Eocene (approximately 42.5 Ma), the Indian plate collided completely and
gradually wedged into the Eurasian plate [41]. The Indosinian block rotated and extruded
to form a large-scale escape structure. As the western fault of the Qiongdongnan Basin,
the red river fault exhibited a strike-slip, forming multiple extension and compression
zones along both the sides of the strike-slip fault. In addition to the extensional stress field,
the west area of the Qiongdongnan Basin was subjected to the tensile effect induced by
the left-lateral strike-slip of the red river fault. The stress action in these two regions was
mainly along the NW–SE direction, and the overall structure of the basin moved along
the NE–SW direction; therefore, the extension amount of the west area along the No. 1
fault was much greater than those of the central and eastern regions. The expansion of the
north–west sub-basin mainly affected the eastern part of the Qiongdongnan Basin. Several
nearly EW-trending faults were developed in the eastern part of the Lingshui Formation.

In the early Miocene, the spread center of the South China Sea transited from the
northwest sub-basin to the southwest sub-basin, resulting in sea movement and causing
regional regression [42].

Based on the proportion diagram of the extension in different periods corresponding
to each section (Figure 8), the maximum extension periods were 36–28.4 Ma and 28.4–23 Ma.
Studies have shown that the period from 45 to 23 Ma was the main period of extension
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and deformation in the study area, and there were significant differences in the extension
and deformation of the different blocks in the basin (Figure 8). Based on the proportion of
extension in each period, the cumulative extension in 36–23 Ma was the highest, and it was
mainly located in the Baodao-Changchang sag.

4.3. Migration of Subsidence Center in Qiongdongnan Basin

The depositional depressions in the Qiongdongnan Basin migrated regularly and
spatially over time [43], and the lateral migration in each period shifted from east to west,
controlling the migration of the subsidence center.

The Qiongdongnan Basin was under the control of the NE-trending active faults and
NW-trending prior faults in the Changchang sag during the Eocene. The tectonic activity in
the basin during the depression period was still extremely active, and a rapid subsidence
occurred, particularly in the early Oligocene. Taking the subsidence analysis of the Y19
well area as an example (Figure 9), under the control of the regional stress field, the range
of basin rifting was further expanded, and some areas became depression structures.

 
Figure 9. Subsidence history in Well Y19.

Because the spread center of the South China Sea migrated from the northwest sub-
basin to the southwest sub-basin in the early Miocene, the basin entered a transition period
from syn-rift to thermal subsidence. The tectonic activity in the basin weakened, the ther-
mal subsidence strengthened, the number of faults decreased, the development of the
depression was uncontrolled, and the water depth rapidly increased.

In the early Oligocene, influenced by the expansion of the South China Sea, seawater
entered the basin and formed a marine sedimentary environment. At this time, the basin
entered the depression stage, and the fracture still played a major role in controlling
the basin development. The sag fracture distribution was controlled, and each sag was
relatively independent in the Oligocene. The sedimentary center was mainly located
near the main fault of each sag. The basin was surrounded by Hainan uplift, Zhongjian
uplift, Xisha uplift, and Shenhu uplift. The four major provenance supplies were sufficient,
and thick marine–continental transitional facies and marine strata were formed in the
basin. After the Miocene, the basin entered the stage of fault depression–depression, where
the depression was further enhanced, the sea level increased further, and the basin was
integrated. Since the Xisha uplift and Shenhu uplift gradually failed to enter the water, the
supply of provenance in the south and east weakened, whereas the Hainan uplift in the
north and Kunsong uplift in the west continued to provide sufficient provenance, resulting
in the continuous advancement of the shelf-slope break to the southeast and the deposition
of thick Miocene strata in the west of the basin. In comparison, the Miocene strata in the
east gradually weakened, i.e., the sedimentary center moved to the west of the basin after
the Miocene.
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This migration of the sedimentary center led to a difference in the stratigraphic thick-
ness between the eastern and western regions. In the plane, there was no significant
difference in the thickness of the strata in the Paleogene at the center of each sag in the
eastern and western regions of the central depression, and the strata in the Neogene were
thick in the west and thin in the east. Vertically, the strata in the eastern area were thick in
the Paleogene and thin in the Neogene. The thickness of the strata in the western area was
not significantly different from that observed in the Paleogene.

5. Discussion

5.1. Mechanism of Uneven Distribution of the Extensional Capacity within the Qiongdongnan Basin

The rifting in the Qiongdongnan Basin was reflected in the uneven temporal and spa-
tial distributions of the extensional amount. We inferred that the reason for the anomalous
development of rifting was the varying crust thickness, and the fact that the Moho surface
in the west was low, while it was high in the east [33,44,45]. The pre-existing faults in the
basin also controlled the extension of the fractures.

The regional tectonic stress field deviated from the basin structure during the Cenozoic
(Figures 2 and 6).

An anomalous crustal structure existed between the eastern and western parts of the
Qiongdongnan Basin. The upper crust layer was thin in the east and thick in the west. The
low Moho surface in the west and high Moho surface in the east resulted in a difference
in the basement properties between the east and west of the basin, and the difference in
the basement properties led to an evident difference in the fracture structure morphologies
between the east and west sags of the basin in the Paleogene. At the section, the eastern
depression was V-shaped with a large number of faults, small fault spacing, and narrow
depressions, while the western depression was W-shaped with a small number of faults,
large scale of faults and related folds, and broad depressions. The basic reason for this
difference lies in the nature of the basement and the difference in the pre-existing faults.
The crust was thick in the west and thin in the east, the Moho plane was low in the west and
high in the east, and the pre-existing fault was NE trending in the west and EW trending
in the east. As a result, the basement lithology was rigid in the west, ductile in the east,
W-shaped in the west, V-shaped in the east, and more faults were present in the east. The
magmatic activity was weak in the west and strong in the east, and the heat flow field was
cold in the west and hot in the east. Carbon dioxide risk was low in the west and high in
the east.

No. 2 fault is a basin-controlling first-order fault running through the Qiongdongnan
Basin. The activity rate map (Figure 10) shows evident differences in the activities of
the faults. No. 2 fault could be divided into Ledong, Lingshui, Songnan, and Baodao-
Changchang sections. The maximum activity rate of the fault in the west of the Ledong sag
and the middle of the Baodao-Changchang sag was 300 m/Ma, which is conducive to the
deposition of marine source rocks. The high activity rate of No. 2 fault may be related to
the strike-slip of the red river fault in the west and high extension strength in the east.

The east–west block pattern in the southern part of the basin was closely related
to the differences between the pre-existing faults and basement properties. In addition
to the differences on the plane, there were differences longitudinally. Affected by the
Shenhu movement, the Pearl–Qiong movement, the South China Sea movement, and
the neotectonic movement, the basin experienced four evolution stages: collapse period,
depression period, fault-depression period, and passive continental margin. This led to the
formation of four different structural strata in the basin. The tectonic evolution process and
regional tectonic events in the basin had a profound impact on hydrocarbon generation,
reservoir formation, and accumulation.
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Figure 10. Activity analysis of No. 2 fault (No. 2 fault: as the main fault running through the
Qiongdongnan Basin, No. 2 fault is one of the most important faults, running from Ledong sag in the
west to Songnan-Baodao sag in the east. The fault started to be active in the Eocene and reached its
maximum activity rate in the Oligocene).

5.2. Tectonic Control on Hydrocarbon Source, Reservoir Accumulation, and Formation in
Qiongdongnan Basin

The uneven distribution of the Cenozoic extension in the Qiongdongnan Basin has
a certain influence on hydrocarbon reservoir, which includes the oil source, reservoir,
migration, and accumulation.

First, notably, the tectonics controlling the hydrocarbon source rocks reflected tempo-
ral and spatial characteristics (Figure 6). Temporally, the tectonic evolution of the basin
controlled the development sequence of three source rocks in the basin. Affected by the
Pacific plate subduction and retreat and the Indo–Eurasian plate collision, a NW–SE-trending
regional tensile stress field was formed along the continental margin of south China since the
Paleogene. Under the action of this stress field, the basin began to collapse in the Mesozoic
basement, a series of NE–SW faults were formed in the continental margin, and the Eocene
lacustrine source rocks were developed in the basin controlled by the rifting faults. Although
there has been no drilling to reveal the formation, the seismic and oil and gas data indicate
its existence. Seismic data showed a set of low-frequency, medium-continuous, and strong
reflection strata on the basement of the basin, consistent with the seismic characteristics of
the middle-deep lacustrine facies of the Eocene in the Qiongdongnan Basin. Crude oil rich in
C30-4 methyl steranes and large amounts of oil-type gases with an ethane carbon isotope
distribution between −28‰ and −33‰ were found in several wells in the northern and
southern basins, confirming the existence of source rocks (Figure 2).

Spatially, the tectonic effect manifested in the control of the structure on the distribution
and types of source rocks. The development of two groups of pre-existing faults could be
seen in the basin, and they struck nearly EW in the east area and NE–SW in the west area.
During the fault depression period, the basin was affected by the NW–SE-trending tensile
stress field, and the pre-existing fault strike in the western region was perpendicular to
the main stress field, thus forming a NE–SW-trending fault system. This system controlled
the NE–SW distribution of the Eocene lacustrine source rocks in the western region, and
the maximum deposit center of the source rocks was located near the fault. The strike
of the pre-existing fault in the eastern region obliquely intersected with the main stress
field; hence, the distribution of the lacustrine source rocks in the Eocene did not show a
NE–SW pattern; however, the thickness center was mostly near the fault. On the other hand,
because of the weak basement and earlier and stronger extension in the eastern region,
the Eocene source rocks were more widely distributed in the eastern region. Therefore, in
the fault-depression period, this control effect was mainly reflected in the distribution of
the lacustrine source rocks by fault differential activities. In the depression period, this
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controlling effect was mainly reflected the control of the structure on the distribution and
type of source rocks. In the early Oligocene, influenced by the expansion of the South China
Sea, seawater entered the Qiongdongnan Basin from the east of the Xisha trough, which
was bound to cause the development of marine source rocks in the eastern basin earlier
than that in the western basin. In addition to this regional tectonic event, the difference in
the fault activity in the basin had a profound impact on the development of hydrocarbon
sources. For example, fault No. 2 and 11 in the early Oligocene continued to exhibit strong
activity, resulting in a significant uplift and erosion of the central low uplift area. Here,
fault No. 2 was active in the southeast part of Songnan, fault No. 11 was more active in the
middle part than at both sides, and fault No. 11 had a stronger activity than fault No. 2 in
Songnan. This led to a greater uplift of the west side of the Songnan low uplift than the
east side, and the uplift of the south side was higher than that of the north side, i.e., the
southwest was high, and the northeast was low. The southwest was uplifted and eroded
more strongly. Several land sources were transported to the northeast along the slope, and
seven (fan) deltas and coastal clastic sedimentary bodies were formed in the northeast.
Terrigenous organic matter was also transported to the Songnan–Baodao sag by the river
delta, forming a high-quality terrigenous marine hydrocarbon source.

Second, the four-stage tectonic forms had a controlled hydrocarbon reservoir model
(Figure 11). The four types of reservoirs are as follows: (i) buried hill reservoirs above
the basement high, such as Yongle 8 area of the Songnan low uplift and Yacheng uplift;
(ii) fan delta reservoir at the center of the fault basin, such as the southern slope belt of the
Songxi sag; (iii) turbidite channel-submarine fan reservoir; and (iv) carbonate reservoir
at the basement uplift or seamounts in the south uplift. Tectonic uplifts controlled the
occurrence of the buried hill and fracture system and carbonate platform development.
The tectonic subsidence in the sag could control the submarine fan delta reservoir. The
Neogene turbidite channel system had been limited by the west–east fracture structures [9].

Third, oil and gas migration has been considered a key factor for reservoir oil and gas
migration in the Qiongdongnan Basin (Figure 11). The fluid potential field is the energy
field controlling underground fluid migration, and the structure is an important factor
controlling the fluid potential. The Cenozoic multistage tectonic movement controlled
the formation and re-regulation of the pore fluid pressure inside the system, thereby
changing the elastic energy and fluid potential difference. The center of the depression
was a high-elastic-energy area. The low-potential area was the slope-low bulge–bulge area.
The opening and closing of the faults and the continuity in the sand body distribution
manifested in the varying interface energy due to the change in the pore throat, and finally,
the fluid potential in the system varied. The Songnan low uplift was a relatively weak
area of diagenesis in the region, and it was also a low potential area for the interfacial
energy. Multistage tectonic movement controls the formation and transformation of the
topography in deepwater areas, resulting in an elevation difference between the source
and the circle, and the fluid between them has a gravitational potential energy. Under the
control of the Cenozoic tectonic movement, the basin system witnessed the formation of
a fault-sand body-tectonic ridge, other transport channels, and various transport system
frameworks, indirectly controlling the spatial form of the fluid potential.
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(a) 

 
(b) 

Figure 11. Hydrocarbon reservoir model and fluid migration in the Qiongdongnan Basin. (a) Source
rock, fluid flow and hydrocarbon reservoir in the Qiongdongnan basin. (b) Reservoir model of the
QDN central channel and buried Mesozoic granite hill.

6. Conclusions

The rifting of the Qiongdongnan Basin had been in a continuous extension process
during the Cenozoic, with different extension rates. The period of 45–23 Ma was the main
period of extension deformation in the study area, and there was an extension peak during
36–23 Ma, after which the extension and extension rate gradually decreased. Up to 23 Ma,
the fault activity was weak, the strength of the extension deformation was low, the extension
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and extension rate were low, and there was little difference between the different regions.
Since the Miocene (10.5 Ma), the evolution of the entire basin had entered a new stage,
where the slow thermal subsidence after cracking was different and the basin sedimentation
rate suddenly accelerated; in particular, the shelf-slope broke into deep waters, and the
basin settlement evidently accelerated, accommodating more space; however, because of
the influence of the source factors, the sedimentary strata in the southern part of the basin
were relatively thin.

The spatiotemporal distribution of the Cenozoic extension in the Qiongdongnan Basin
was uneven. Spatially, the extension rate in the west depression was higher than that in the
east depression, mainly due to the fault displacement of the main boundary of the basin,
and the extension corresponding to the larger displacement of the main boundary fault
was high. The horizontal stretching movement could be divided into three periods: Eocene,
Oligocene, and Miocene.

The displacement distribution of the faults had a self-similar structure, called the
fractal feature. This feature provides the fractal dimension method for calculating the
extensional amount of extensional basins, outlining the total contribution of small faults,
and compensating for the difference in the results of the equilibrium restoration method.
Some structural factors affected the source rock, accumulation, and reservoir model in the
Qiongdongnan basin.
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Abstract: The majority of marine hydrates are buried in unconsolidated or poorly consolidated
marine sediments with limited cementation and strength. As a result, hydrate decomposition during
production may cause significant subsidence of the formation, necessitating a halt in production. The
numerical model of unconsolidated hydrate formation, based on geomechanics, was established in
order to elucidate the depressurization production process. The sensitive factors of unconsolidated
hydrate production were determined by analyzing the influence of formation parameters and produc-
tion parameters on gas production. Then, a safety formation subsidence was proposed in this paper,
and the appropriate well type and parameters for the safe and efficient production of hydrates in
unconsolidated formations of various saturations were determined. The sensitivity of gas production
to the formation parameters was in the order of formation porosity, hydrate saturation, and buried
depth, while the effects of the production parameters were BHP (bottom hole pressure), horizontal
length, and heat injection, in descending order. For hydrate reservoirs in the South China Sea, when
hydrate saturation is 20%, a horizontal well is necessary and the appropriate horizontal length should
be less than 80 m. However, when hydrate saturation is more than 30%, a vertical well should be
selected, and the appropriate bottom hole pressure should be no less than 3800 kPa and 4800 kPa for
30% and 40% saturation, respectively. Based on the simulation results, hydrate saturation was the key
factor by which to select an appropriate production technique in advance and adjust the production
parameters. The study has elucidated the depressurization production of marine unconsolidated
hydrate formations at depth, which has numerous implications for field production.

Keywords: depressurization; formation subsidence; numerical simulation; sensitivity analysis; safe
and efficient production

1. Introduction

Gas hydrate represents a new type of clean energy, with vast reserves and wide
distribution, which is primarily buried in permafrost and deep-sea environments. It is a
crystalline compound that is formed by natural gas and water at high pressure and low
temperature [1]. In recent years, investigations into gas hydrates continue to rise. On the
one hand, hydrates are of high energy density and heat value and will release methane
gas after decomposition, which has lower carbon content compared with other fossil fuels,
and, thus, can decrease the carbon footprint. On the other hand, a hydrate reservoir is an
effective place to store carbon dioxide, which plays an important role in alleviating the
effects of global climate change. The basic idea behind utilizing gas hydrate is to allow
hydrates to decompose into free gas and water before extracting gas from the formation
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using traditional methods. Gas hydrates can be exploited in seven ways: depressurization,
heat injection, CO2 replacement, N2 injection, chemical reagent injection, solid fluidization,
and combined methods [2–5].

Marine hydrates are often buried in unconsolidated sediments that are less than 400 m
beneath the seabed of the continental slope. Unlike conventional oil and gas reservoirs,
hydrates serve as the formation’s cementation, which means that hydrate decomposition
will decrease the physical and mechanical properties of the sediments, such as the shear
strength and the bearing capacity. Besides this, the hydrates will release a substantial
amount of gas after decomposition, causing a sudden increase in pore pressure and a
decrease in the effective stress of the sediments [6]. Under the action of pore pressure
and overburden pressure, the sediments will experience significant deformation during
production, which may result in a series of problems, such as subsea landslides, formation
subsidence, and wellbore instability [2,7]. Furthermore, secondary hydrates and the ice that
is generated as a result of the temperature drop induced by the endothermic decomposition
process would clog the fluid seepage channel, reducing the production efficiency [8]. More
dangerously, the two-phase flow and the change in effective stress may cause the sediment
particles to move, resulting in substantial sand production and damage to the production
equipment [9].

At present, many production tests have been conducted by five countries around the
world. The most successful example was the Messoyakha gas field production project in
the former Soviet Union, in 1969 [10]. Pure gas hydrate production tests occurred in the
Mackenzie Delta, Canada in 2002, 2007, and 2008 [11,12]. The Ingnik Sikumi gas hydrate
field trial in the US realized the joint development of conventional gas and gas hydrate in
2012 [13]. Marine NGH production tests were initiated in the eastern Nankai Trough in
Japan in 2013 and 2017 [14,15]. Two more successful ocean production tests were conducted
in the Shenhu area in the South China Sea, in 2017 and 2020 [16–18].

However, only the Messoyakha gas field has achieved commercial development. Due
to various factors, such as sand production and formation subsidence, the duration of
the other production tests was short, with the longest trial production time being only
60 days [18]. As a result, it is crucial to figure out how to reduce risk while increasing gas
production, in order to achieve the safe and efficient development of hydrate reservoirs.
This is related to the production behavior and mechanical properties of the formation.
Many hydrate experiments and numerical simulation investigations into these two issues
have been carried out over the years.

Although many problems exist in marine gas hydrate production, numerical sim-
ulation is a useful approach to unraveling the key factors in the production of marine
unconsolidated hydrate reservoirs. In terms of hydrate production behavior, Li utilized
TOUGH + HYDRATE to simulate the effects of different heat-injection temperatures and
rates on gas recovery performance, under the combined exploitation methods of heat injec-
tion and depressurization [19]. Merey et al., conducted depressurization simulations using
HydrateResSim (the United States) at different depressurization pressures, and the gas
production and distribution of pressure, temperature, and saturation were compared [20].
Chen et al., used TOUGH + HYDRATE to simulate hydrate production in the Shenhu area
in China and found that fracturing could increase the permeability of the sediments and
gas production rate; cumulative gas production was also improved [21]. The production
behaviors of hydrate reservoirs adopting a horizontal well [22] and a multi-branch well
were studied [23]. Jin et al., numerically simulated the production behavior of depressur-
ization, using horizontal wells combined with thermal stimulation, and the results showed
that horizontal wells could achieve greater gas production [24]. Feng et al., studied hydrate
decomposition using a horizontal well system known as LRHW (left well for injection and
right well for production). The simulation results showed that the gas production using this
well placement was higher than that of ULHW (upper well for production and lower well
for injection) [25]. Almost all the research ignored the influence of formation subsidence
on gas production. However, most marine hydrate sediments are unconsolidated and
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formation subsidence will occur during production, which will decrease the porosity and
permeability of the formation and further influence gas production.

As for the mechanical response of the formation during production, Gong et al., used
FLAC3D (Itasca International Inc., Minneapolis, MI, USA) to simulate the seafloor sub-
sidence caused by hydrate production in the Shenhu area of the South China Sea [26].
Wan et al., established a coupled mathematical model of thermo-fluid-solid-chemical fields,
based on hydrate drilling data in the Shenhu area, and analyzed reservoir subsidence, stress
distribution, and seabed stability [27]. Jin et al., simulated the depressurization production
of hydrates using a horizontal well in the Shenhu area via TOUGH + HYDRATE (Lawrence
Berkeley National Laboratory, Los Angeles, CA, USA) and found that formation subsidence
in the early stages of production accounted for more than half of the overall subsidence [28].
Jin et al., reported that the elastic–plastic relationship of hydrate-bearing sediments was
important when studying their geomechanical behavior during production [28]. Li in-
vestigated the influence of excess pore pressure caused by hydrate decomposition on the
slope stability of submarine soil, using the finite element strength reduction method [29].
Lee et al., carried out a field-scale numerical simulation study using the cyclic depres-
surization method in the Ulleung Basin of the Korea East Sea; the vertical displacement
during production was calculated via the Geomechanics module of CMG (Computational
Modeling Group, Calgary, AB, Canada) [30]. Sun et al., established a coupling model of
seepage field, temperature field, and deformation field in the process of gas hydrate de-
pressurization exploitation and analyzed the law of seabed subsidence [31]. These studies
focused on the change and distribution of stress–strain and formation subsidence caused
by hydrate decomposition during production.

Although the previous research analyzed the production performance and mechanical
response of hydrate reservoirs in detail by numerical simulation, there is no research
that considers the interaction according to these two aspects and that tries to find how to
maximize gas production and minimum formation subsidence at the same time, to achieve
safe and efficient production.

In this paper, a production model for unconsolidated marine hydrate sediments was
developed. The formation subsidence and the sensitivity of gas production to formation
and production parameters were analyzed, and the optimal production methods and
parameters aiming at the safe and efficient production of hydrate sediments with different
saturations in the South China Sea were determined.

2. Methodology and Procedures

The numerical simulation approach is adopted to elucidate the depressurization
production process. The reservoir simulator CMG STARS (v2015, Computational Modeling
Group, Calgary, AB, Canada) was utilized to build the reservoir model and to perform
all the scenarios discussed in this paper. The STARS (Steam Thermal and Advanced
Process Reservoir Simulator) is a reservoir simulator developed by the Computational
Modeling Group Ltd., primarily for modeling the flow of three phases in the form of
multi-component fluids. It can be used to model compositional, seam, geomechanical,
and dispersed components, and the in situ combustion process. SRATS uses a discretized
wellbore model that improves the modeling by discretizing the wellbore and solving the
resulting coupled wellbore and reservoir flow problem simultaneously. It can also handle
the formation and decomposition of hydrates [32,33]. Therefore, CMG STARS is adopted
in this paper to build a model of unconsolidated hydrate reservoirs in the South China Sea.

The model is simplified to be a cuboid, assuming that the overburdening and un-
derlying rock layers are impermeable and that saturation, permeability, and porosity are
considered homogeneous, which are different from the real and complicated reservoir. The
simulation parameters were determined according to the production test conducted in
the South China Sea [29] and are simplified to improve the calculation speed: the water
depth is 1500 m, the buried depth is 120 m, and the underlying rock strata is 20 m. This
model was 2280 m in length, 1600 m in width, and 200 m in thickness. There is a free
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gas layer under the hydrate-bearing layer. The non-consolidation is achieved through the
Geomechanics module in STARS (Figure 1). Although hydrate decomposition temporarily
increases the formation porosity, the overburdening rock layers will compact the sediments
and decrease the porosity. Moreover, the formation strength will also decrease with hydrate
decomposition by changing the cohesion value, which will lead to substantial formation
subsidence. The Carmen–Kozeny formula was used to calculate permeability, according to
porosity. The model is shown in Figure 2, with a vertical well in the center. The detailed
parameters are listed in Table 1, below.

 
Figure 1. Flow chart of the iterative calculation of the coupled geomechanics module.

Figure 2. Diagram of the production model of unconsolidated hydrate-bearing strata in the deep-
water basin.
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Table 1. Simulation parameters.

Parameters Value

Initial temperature, ◦C 20
Initial pressure, kPa 19,000

Thickness of hydrate, m 50
Thickness of underlying gas, m 10

Initial hydrate saturation 0.4

Initial water saturation
Hydrate layer = 0.6

Underlying gas layer = 0.5

Initial gas saturation
Hydrate layer = 0

Underlying gas layer = 0.1

Porosity 0.4
Permeability, Md ki = kj = kk = 0.1
Gas composition 100% CH4

Thermal conductivity of the sediments, J/(m·day·C) 1.728 × 105 (constant)
Yield criterion Mohr-Coulomb

Initial cohesion, kPa 850
Elasticity modulus, kPa 3.6 × 106

Poisson’s ration 0.35

The model was verified by comparing it with the known data of trial production tests,
and the distribution of formation subsidence after production was analyzed briefly.

Then, the numerical simulation approach can be divided into two steps, to determine
the safe and efficient production methods for unconsolidated hydrate formations with
various parameters.

Firstly, a series of scenarios were run in an attempt to analyze the sensitivity of gas
production to different parameters, including formation parameters and production pa-
rameters. A vertical well was adopted for sensitivity analysis, except when considering the
sensitivity regarding the horizontal length. All the scenarios in this paper were simulated
for a production duration of 1100 days.

The formation parameters are defined once the target reservoir has been identified, and
consist of buried depth, initial hydrate saturation, and formation porosity. The production
parameters refer to the well type and the associated parameters that can be intentionally
changed. There are two types of wells: vertical and horizontal. Bottom hole pressure is the
most important parameter for vertical wells, while horizontal wells should be concerned
with horizontal length. Moreover, heat injection can be used with depressurization to boost
gas production to some extent in both well types.

In the sensitivity analysis, it was only the parameter to be analyzed that varied, while
all the other parameters remained constant. Several groups of simulations were run for each
parameter. The relationship curve between cumulative gas production and the parameter
to be investigated was linearly fitted and the slopes of these lines were compared, to find
out which parameters had the greatest influence on gas production.

Secondly, the appropriate well types and parameters were determined. According
to exploration data in the South China Sea, the average porosity of hydrate reservoirs is
approximately 40%, with hydrate saturation ranging from 10% to 40% [18,19]. However,
hydrate sediments with 10% saturation are not considered promising targets for produc-
tion [34] and are ignored in the subsequent simulations. A horizontal well and vertical
well were adopted. Under various production parameters, cumulative gas production and
formation subsidence were obtained. Finally, the appropriate methods and parameters
for maximum cumulative gas production were selected, while not exceeding the safety
subsidence for various hydrate reservoirs in the South China Sea, based on the various
economic and safety concerns.
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3. Results and Discussion

3.1. Formation Subsidence of Unconsolidated Hydrate Reservoirs during Production

Unconsolidated hydrate sediments will experience great subsidence during produc-
tion. Until now, only Japan and China have conducted marine hydrate production tests.
According to the trial production test of marine hydrates around the world, the first produc-
tion test in Japan in 2013 lasted 6 days and was halted due to serious sand production. The
monitored seafloor subsidence was 0.1 m to 0.3 m after depressurization, which was com-
bined with heat-injection production [35]. There were no reference data for the formation
subsidence of the production test in the South China Sea. Figure 3 shows the subsidence
distribution of the unconsolidated hydrate sediments after depressurization production.
The largest subsidence of 0.123 m (the blue box in Figure 3) occurred around the well-
bore, which was close to the trial test value for Japan, meaning that the model and CMG
simulator were feasible for predicting the geomechanical response. The distribution of
subsidence was axisymmetric with the production well because hydrates near the well-bore
decomposed first and the decomposition area extended outward gradually.

 

Figure 3. The subsidence distribution of unconsolidated hydrate formation during depressurization.

3.2. Sensitivity to Formation Parameters
3.2.1. Effect of Buried Depth

As illustrated in Figure 4, at the beginning of production, the gas rate increased with
the buried depth. The reason is that as the buried depth increases, the initial formation
pressure rises, resulting in a larger production pressure differential. Thus, the hydrate
decomposition rate would be higher. However, in the case of a deeply buried hydrate
reservoir, the decomposition rate would decline dramatically over time, due to the rapid
reduction of the residual hydrate, as shown by the yellow curve in Figure 4.

 
Figure 4. Gas production rates of various buried depths.
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Figure 5 depicts the relationship between cumulative gas production and buried depth,
which is roughly positive. The curve was linearly fitted, with a slope of 0.00794, indicating
that the buried depth had a minor impact on gas production.

Figure 5. Relationship between cumulative gas production and buried depth.

3.2.2. Effect of Hydrate Saturation

As shown in Figure 6, the gas production rate increases with the decrease in hydrate
saturation (denoted by Sh below). As production progressed, the gas rate of the formation
with a low Sh began to decline rapidly.

Figure 6. Gas production rates of various hydrate saturations.

This is analogous to ice melting. The distribution of hydrate in the formation is
dispersed in reservoirs with a low Sh. The hydrates will rapidly decompose and release
methane once the formation pressure declines. Because there is not much hydrate remaining
in the formation during the middle and late phases, the gas production rate will drop
drastically. In the case of a reservoir with a high Sh, the distribution of hydrate in the
formation is rather concentrated, the majority of it being massive. Only the outermost
hydrate decomposes at a slow pace at the start of production. As time goes on, the hydrate
progressively becomes more dispersed and gas production continues to rise, exceeding the
rate of reservoirs with a low Sh.

Therefore, the influence of hydrate saturation on gas production varied, depending
on the stages. Reservoirs with a low Sh could generate a large quantity of gas quickly, but
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the production duration was quite limited. While reservoirs with a high Sh had a long
production duration, it required time to achieve significant gas production.

Figure 7 shows the relationship between cumulative gas production and Sh. The
slope of the linearly fitted curve was 0.0989, indicating that Sh had a greater effect on gas
production than buried depth.

Figure 7. Relationship between cumulative gas production and hydrate saturations.

3.2.3. Effect of Formation Porosity

The larger the porosity (denoted by ϕ below), the faster the fluid flowed in the forma-
tion, and so the pressure drop spread quickly. As a result, the decomposition rate of hydrate
would be faster and more gas would be produced. That is, the rate of gas production was
proportional to ϕ, as shown in Figure 8.

Figure 8. Gas production rates of various formation porosities.

The relationship between gas production and ϕ is seen in Figure 9. The slope of the
curve was 0.1561, suggesting that ϕ had a greater impact on gas production than Sh.
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Figure 9. Relationship between cumulative gas production and the formation porosities.

3.3. Sensitivity to Production Parameters
3.3.1. Effect of Bottom Hole Pressure

As shown in Figure 10, the gas rate is inversely proportional to BHP, which implies
that if the safety aspect of production is ignored, gas production will increase with the
decrease in BHP.

Figure 10. Gas production rates at different bottom-hole pressures.

Figure 11 depicts the connection between gas production and BHP. The curve was
linearly fitted, and the slope was −0.6605, indicating that BHP had a significant impact on
gas production.
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Figure 11. Relationship between cumulative gas production and bottom hole pressures.

3.3.2. Effect of Horizontal Length

As shown in Figure 12, gas production increases with the horizontal length (denoted
by L, below) due to the faster pressure drop propagation induced by the increase in the
exposed surface.

Figure 12. Gas production rates at different horizontal lengths.

Figure 13 displays the correlation between gas production and L. The slope of the
curve was 0.02196, demonstrating that L had a great influence on gas production, although
not as much as BHP.

96



Energies 2022, 15, 4796

Figure 13. The relationship between cumulative gas production and horizontal length.

3.3.3. Effect of Injection Heat

As shown in Figure 14, injecting heat into the formation can boost the gas rate, albeit
only slightly. When the injected heat surpassed a specific threshold (1 × 109 J/day), the
gas rate would decrease compared with the rate when there is no heat injection. In other
words, within a specific range, the gas rate was positively correlated with heat injection.

Figure 14. Gas production rates under different heat injection specifications.

Figure 15 shows the relationship between gas production and Q. The curve was linearly
fitted with a slope of 0.0021, indicating that Q had a negligible impact on gas production.
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Figure 15. The relationship between cumulative gas production and injected heat.

Overall, when all other parameters were assumed to be constant, the sensitivity of
gas production to formation parameters was as follows: formation porosity > hydrate
saturation > buried depth. The impact of the production parameters was: BHP > horizontal
length > injected heat, as shown in Table 2.

Table 2. Summary of sensitivity analysis.

Parameters The Slope Gas Production Sensitivity to the Parameters

Formation parameters
Formation porosity 0.1561

Formation porosity > hydrate saturation > buried depthHydrate saturation 0.0989
Buried depth 0.00794

Production parameters
BHP −0.6605

BHP > horizontal length > injected heatHorizontal length 0.02196
Injected heat 0.0021

3.4. Appropriate Well Types and Parameters

Figures 16 and 17 illustrate the simulation results of hydrate reservoirs of different sat-
urations in the South China Sea. The solid line denotes cumulative gas production, whereas
the dotted line represents formation subsidence. The different colors represent different
hydrate saturations. Among the simulations in this paper, gas production and formation
subsidence using a horizontal well were all higher than that of a vertical well. However,
what we expect is maximum gas production with minimum formation subsidence. In order
to achieve this goal, it is necessary to choose an appropriate well type. In addition, gas
production and formation subsidence both increased with the decrease in bottom hole pres-
sure when a vertical well was adopted, and both increased with the increase in horizontal
length when a horizontal well was adopted. Therefore, a balance between gas production
and formation subsidence must be determined. That is, the appropriate parameters for the
selected well type must be determined to achieve high gas production and low formation
subsidence. A safety formation subsidence figure is proposed in this paper to achieve the
above objectives. The safety formation subsidence was set at 0.1725 m (the average of the
maximum and minimum subsidence figures in all the simulations), as shown by the dotted
green line in Figures 16 and 17.
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Figure 16. Cumulative gas production and formation subsidence, using vertical wells.

Figure 17. Cumulative gas production and formation subsidence, using horizontal wells.

At this point, the appropriate parameters for different reservoirs could be determined.
Figure 16 depicts the appropriate BHP for hydrate reservoirs with various saturation
values when a vertical well was used. The subsidence of hydrate reservoirs with different
saturations was lower than the safety formation subsidence under a range of BHPs. When
the hydrate saturation was 20%, the BHP should be at least 1060 kPa; when hydrate
saturation was 30%, the BHP should be at least 3800 kPa; and when hydrate saturation is
40%, the BHP should be at least 4800 kPa.

Figure 17 shows the critical horizontal length found when a horizontal well was
adopted. When the hydrate saturation was 20%, the horizontal length should not exceed
80 m. The subsidence of hydrate reservoirs with 30% and 40% saturation exceeded the
safety value, whatever the horizontal length of the well, which means that a horizontal
well was unsuitable for these two reservoir schemes.

Table 3 summarizes the well type and the parameters suitable for hydrate reservoirs
with different saturations. For a hydrate reservoir with a saturation of 20%, gas production
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using a horizontal well was higher than when using a vertical well. For a hydrate reservoir
with a saturation of 30% and 40%, a vertical well was suitable because the subsidence when
using a horizontal well exceeded the safety value.

Table 3. Methods and parameters that are suitable for various hydrate reservoirs.

Porosity Hydrate Saturation Production Method Production Parameters Critical Gas Production

40%

20% Horizontal well L ≤ 80 m 7.7 × 108 m3/day

30% Vertical well 7.92 × 108 m3/dayBHP ≥ 3800 kPa

40% Vertical well 8.7 × 108 m3/dayBHP ≥ 4800 kPa

The method offered in this paper to determine the suitable production parameters for
gas production is worth using as a reference, but the values still need to be adjusted, based
on the consideration of drilling and operation costs in trial production projects.

4. Conclusions

A series of simulations were conducted utilizing CMG software to elucidate the
depressurization production process of marine gas hydrates in unconsolidated sediments.
The sensitivity analysis showed that porosity and hydrate saturation were the formation
parameters that had the greatest impact on gas production and could be used to determine
the type of reservoir, while bottom hole pressure and horizontal length were the production
parameters that should be optimized for safe and efficient production. Based on economic
and safety concerns, the appropriate production methods with the highest cumulative gas
production and lowest subsidence for different hydrate reservoirs were determined. When
hydrate saturation is 20%, a horizontal well is suitable, and the appropriate horizontal
length is less than 80 m. When hydrate saturation is 30% or 40%, a vertical well is suitable,
and the appropriate bottom hole pressure is no less than 3800 kPa and 4800 kPa for
30% and 40% saturation, respectively. However, the safety formation subsidence rate
is determined merely according to the simulation results in this paper, which need to
be adjusted considering other factors in the future, such as the tension on production
equipment, the properties of seafloor soils, the operation costs, and so on.
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Abstract: The pressure-controlled injection tool (PCIT) is the key equipment in the process of high-
pressure water jet fragmentation in the solid fluidization exploitation of deep-sea natural gas hydrate
(NGH). The internal flow field erosion wear numerical simulation model of PCIT is established
through computational fluid dynamics software to study the influence law and main factors of
the drilling fluid erosion wear of PCIT. The influence laws of different drilling fluid physical pa-
rameters and different structural parameters on PCIT erosion wear were analyzed based on the
Euler–Lagrangian algorithm bidirectional coupled discrete phase model (DPM) and the solid–liquid
two-phase flow model. The results show that the easily eroded areas are the cone of the sliding
core, the plug transition section, the plug surface, and the axial flow passage. The sliding core inlet
angle and solid particle size are the main factors affecting the PCIT erosion rate. When the inlet
angle of the sliding core is 30◦, the diameter of solid-phase particles in drilling fluid is less than
0.3 mm, and the erosion degree of the PCIT could be effectively reduced. The research results can
provide guidance for the design and application of the PCIT and advance the early realization of the
commercial exploitation of hydrate.

Keywords: natural gas hydrate; solid-state fluidization exploitation; pressure-controlled injection
tool; erosion wear; numerical simulation

1. Introduction

Natural gas hydrate (NGH) has the characteristics of high energy density and huge
reserves. It is widely distributed in the world and is regarded as the alternative energy
source with the most potential in the 21st century [1–3]. Deep-sea NGH test production has
been carried out in many locations around the world, and many laboratories and scholars
have conducted research on NGH production technology and professional production tools.
At present, the main NGH exploitation methods include the chemical inhibitor injection
method [4], decompression method [5], thermal stimulation method [6], and carbon dioxide
(CO2) replacement method [7]. However, those above methods have different degrees of
disadvantages for the exploitation of non-diagenetic NGH with the following character-
istics: buried shallow, poor cementation, and low permeability. The chemical inhibitor
injection method is an effective auxiliary method for NGH exploitation, which makes use
of chemical inhibitors with different properties to accelerate the decomposition of gas
hydrate and the formation of CO2 hydrate or reduce the speed of secondary formation of
gas hydrate. However, the main disadvantage of the chemical inhibitor injection method
is expensive chemical reagents, high production costs, and the use of large quantities of
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chemical reagents in gas hydrate reservoirs, which will cause a series of environmental
problems. With reference to the decompression method, which harvests methane from
hydrates by reducing hydrate reservoir pressure below the hydrate decomposition pressure
to separate the hydrate [8], serious wellbore sand production and secondary formation of
NGH in the pipeline will block the transportation channel and cause the interruption of
the production process. Furthermore, the formation collapse of the goaf is easily caused
by the disorderly decomposition of numerous NGHs. With regard to the thermal stimula-
tion method, which extracts methane by heating hydrate reservoirs to decompose solid
hydrates, the obvious disadvantage of this method is the inefficient utilization of thermal
energy in subsea hydrate reservoirs [8]. Finally, in the CO2 replacement method, carbon
dioxide is injected into the hydrate reservoir, and the methane molecules in the hydrate are
replaced by carbon dioxide molecules and further released under specific conditions [6].
However, the production cycle is too long due to the extremely low extraction efficiency,
thus the method is not suitable for the large-scale commercial exploitation of NGHs [9,10].
Based on the above reasons, an innovative mining method, that is, natural gas hydrate
solid-state fluidization exploitation was proposed by Zhou [11]. Figure 1 illustrates the
schematic diagram of this method [11–14]. During this process, the uncontrollable decom-
position of NGH in the traditional mining method is transformed into controlled water
jet fragmentation and decomposition. The application of bottom-hole sediment coarse
separation technology and sediment backfill technology in solid-state fluidized exploitation
solves the problems of pipeline blockage and geological collapse inherent in traditional
mining technology.

Figure 1. Solid fluidization exploitation method.
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Based on the requirements of crushing and cavity making of the hydrate layer in NGH
solid-state fluidized exploitation, Tang Yang et al. [15,16] innovatively designed a pressure-
controlled injection tool (PCIT) that combines the principle of throttling pressure control
and the inclined surface guide mechanism. The PCIT integrates the drilling process of
horizontal wells and the jet breaking and cavity making process in the solid-state fluidized
exploitation and realizes controllable and rapid switching between the two processes by
changing the drilling fluid flow rate inside the tool. In the process of horizontal well drilling
and cavity making, high-pressure injection of drilling fluid containing solid particles can
effectively fragment and drill hydrate formations with soft geology and large porosity.
Under the erosion wear of high-pressure drilling fluid with solid particles over time, the
opening and closing process of PCIT will be affected, which will further cause the entire
production process to be interrupted. Therefore, in order to ensure the long-term stable use
of the PCIT, it is necessary to conduct erosion wear analysis.

With the development of computational fluid dynamics simulation software, com-
putational fluid dynamics (CFD) has become a key tool for predicting erosion in complex
flows and is a cost-effective way to mitigate erosion wear when designing drilling tools.
Many scholars have done some research on fluid erosion behavior. Yi et al. [17] carried
out research on the erosion of fracturing elbows in hydraulic fracturing operations and
obtained the influence of fracturing fluid parameters such as flow rate, particle size, and
density on the erosion rate of fracturing elbows. Huang et al. [18] established the relation-
ship between the erosion of drill pipe and the gas injection rate and mechanical speed in
the process of gas drilling through theoretical derivation and laboratory experiments. It
was found that erosion will be reduced under the conditions of small gas injection rate
and large mechanical speed. Huang et al. [19] carried out numerical simulation on the
erosion of the faucet elbow in reverse circulation drilling, predicted the location of the
puncture point of the faucet elbow, and obtained the main factors affecting the collision
zone. Wang et al. [20] used the discrete phase model (DPM) and the semi-empirical material
removal model to predict the mass loss and erosion distribution of drilling choke valves
and greatly reduced the erosion wear of choke valves through optimized design. Jafari
et al. [21] analyzed and compared the erosion properties of four wear-resistant steel plates
and obtained the relationship between material hardness, erosion resistance, and wear
resistance by conducting laboratory experiments. Habib et al. [22] analyzed the liquid–solid
two-phase erosion problem in the reducer pipe through numerical simulation and found
that the inlet liquid-phase velocity, particle size, and surface hardness of the material are the
main factors affecting the erosion law of the reducer. These experiments and studies have
made a great contribution to the design and application of the oil and gas exploitation tools.
Meanwhile, the PCIT is the key equipment in solid fluidization exploitation. However, to
the best of our knowledge, no specific study has addressed the erosion wear analysis of
this kind of PCIT, which seriously limits the design and application of such tools. In order
to meet the requirements of long-term and stable jet breaking and horizontal well drilling
in solid fluidization exploitation, it is necessary to study the erosion wear law of this kind
of tool. It is hoped that the commercial application of the natural gas hydrate solid-state
fluidization process could be promoted with our proposed PCIT.

2. Working Mechanism of PCIT

The design idea of PCIT is to combine the principle of throttling pressure control and
the inclined surface guide mechanism. The throttling pressure control principle is that
energy loss occurs when the fluid passes through the variable diameter section, and then a
pressure drop occurs at the variable section. This pressure drop in turn generates an axial
force at the variable cross-section to control the axial movement of the sliding core [15].
The PCIT is mainly composed of an outer hull, a sliding core, a spring, a thrust bearing, an
inclined surface guide mechanism, an axial extrusion seal, and 24 jet nozzles, as shown in
Figure 2. Its work process can be divided into the following four stages.
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Figure 2. Structure diagram of PCIT: (a) PJCT in closed state, (b) PJCT in opend state.

2.1. Stage 1: Horizontal Drilling Process

The PCIT is the part of the downhole tool string in NGH solid fluidization exploitation.
In the horizontal drilling process, the jet nozzle must be closed. Under low drilling fluid
flow, a smaller pressure drop and small axial force is created in the slide core of the SPIT, so
that the slide core does not move. Therefore, the drilling fluid provides power for lower
turbine power drilling tools through the sliding core and the axial flow passage.

2.2. Stage 2: NGH Crushing and Cavity Making

When the horizontal well pilot hole drilling is completed, drilling fluid flow is in-
creased by pumping from the offshore drilling platform, so greater pressure drop and axial
forces occur inside the sliding core. The sliding core moves axially to compress the spring,
and the inclined plane guide mechanism begins to move with the sliding core. When the
sliding core moves to the predetermined position, the jet nozzle on the tool is fully opened,
and the drilling fluid is ejected from the jet nozzle at a high speed for the NGH crushing and
cavity-making operations. In the meantime, the axial channel is completely blocked under
the action of the axial extrusion seal, and the inclined plane guide mechanism also enters
the locked state, which ensures the stable process of NGH crushing and cavity making.
The PCIT was slowly dragged back with the downhole tool string for NGH crushing and
cavity making.

2.3. Stage 3: Multi-Angle Directional Mining

When the exploitation of the target reservoir in this horizontal direction is completed,
the downhole tool string does not need to be taken out of the well bore. The drilling fluid
flow should be reduced to 0 L/min, and then the drilling fluid flow is gradually increased
to release the locked state of the inclined plane guide mechanism. The jet nozzle on the
PCIT is closed, and the axial channel is reopened. After that, the whole downhole tool will
change in another direction at the bottom of the wellbore and repeat Stage 1 and Stage 2 to
achieve multi-angle large-scale mining.

2.4. Stage 4: Multi-Level Mining

When the solid-state fluidized exploitation of the target-depth hydrate reservoir has
been completed, the whole downhole tool will change to another depth, and repeat Stage 1,
Stage 2, and Stage 3 to realize multi-level large-scale mining.
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3. Governing Equations

Numerical simulation is a cost-effective way to mitigate erosion when designing
downhole tools, and computational fluid dynamics (CFD) is a highly specialized simulation
tool for predicting tool erosion wear under complex flow conditions. In this study, the
Eulerian–Lagrangian method was used to describe the flow behavior of solid–liquid two-
phase in which liquid is regarded as the continuous phase governed by the Reynolds-
averaged Navier–Stokes (RANS) equation, and solid particles were considered as the
dispersed phase governed by the second law of Newton. Finally, the finite volume method
(FVM) was used to solve the governing equations.

3.1. Liquid-Phase Governing Equations

Considering the solid–liquid-phase interaction, the continuous phase flow equation
and the momentum equation are [23,24]

∂ρ

∂t
+

∂ρui
∂xi

= 0 (1)

ρ
∂ui
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+ ρ
∂uiuj

∂xj
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j
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where ui is the (u, v, w) scalar components of the mean-velocity vector, xi is the (x, y, z)
scalar components of the spatial-coordinates vector, t is the time coordinate, p is the mean
pressure, u′

i is the fluctuation velocity component, τij is the scalar components of the
Reynolds-stress tensor, and v is the fluid kinematic viscosity.

During the numerical simulation in this study, the liquid phase is in a turbulent state.
In order to accurately simulate the liquid flow state, it is very important to choose an
appropriate turbulence calculation model when performing turbulence calculation. The
k − ε turbulence model is suitable for a high Reynolds number, incompressible turbulent
flow, which is widely used in engineering applications. Therefore, the k − ε turbulence
model was applied to describe the turbulent properties; the transport equations of k and ε
are, respectively [25,26],
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where ε is the turbulent dissipation rate, m2/s3; k is the turbulent kinetic energy, J; μ is the
dynamic viscosity, Pa · s; μi is the turbulent viscosity, Pa · s; S is the strain rate, Gk is the
production term of the turbulent kinetic energy, Gb is the production term of the turbulent
kinetic energy due to lift, Prt is the Prandtl number taken as 0.85, C3ε, C1ε, C2, Cμ are
constants taken as 0.9, 1.44, 1.9, and 0.09, respectively, and finally, σk and σε are turbulent
Prandtl numbers taken as 1.0 and 1.3, respectively.

The turbulent intensity of the discrete phase is described by the equation of motion of
the solid-phase particles. Through this equation, parameters such as the motion trajectory
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and velocity of the solid-phase particles can be obtained. This particle motion equation is
called the DPM model [27]:

dup

dt
=

CDRe

24t
(u − up) +

gx(ρp − ρ)

ρp
+ FΔp + FF + Fv + FL (6)
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ρDp|up−u|
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Re

(
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)
+ b3Re
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where up is the velocity of the solid particle, Cd is the drag coefficient, ρp is the density of
the solid particle, ρ is the liquid density, CD is the drag coefficient, u is the liquid-phase
velocity, FΔP is the additional force due to the pressure gradient in the fluid, FF is the lifting
force generated by the fluid, FV is the virtual mass force required to accelerate the fluid
surrounding the particle, FL is the buoyancy force that includes gravitational and relative
density effects, b1, b2, b3 , b4 are constants related to the solid-phase particles taken as 0.186,
0.653, 0.437, and 7178.741, respectively.

3.2. Erosion Model

The main material of the PCIT is 42CrMo steel. Therefore, the erosion prediction model
suitable for the impact of quartz sand on the surface of carbon steel was selected [28].

Rerosion =

Nparticle

∑
p=1

mpC
(
dp

)
f (α)νb(ν)

A f ace
(8)

where Rerosion is the erosion rate, Nparticle is the particle impact number, mp is the solid-
phase particle quality, C

(
dp

)
is the solid-phase particle diameter function, ν is the velocity of

solid particles relative to the wall, b(ν) is the solid-phase particle relative velocity function,
α is the impact angle of the solid-phase particle path and the wall, f (α) is the impact angle
function, when the impact angle is 0◦, 20◦, 30◦, 45◦, and 90◦, f (α) is taken as 0, 0.8, 1, 0.5,
and 0.4, respectively, A f ace is the area of the material surface impacted by particles.

When the solid-phase particles hit the surface of the material at a certain speed, the
solid-phase particles will lose part of their energy due to the impact collision, so the solid-
phase particles will bounce back at a lower speed than the impact speed. The rebound
coefficient is used to determine the rebound speed and rebound angle. Determining solid-
phase particle trajectories requires particle bounce properties and coefficients of restitution,
the tangential and normal restitution coefficients of solid particles are [29,30]

eT = 0.988 − 0.029α1 + 6.43 × 10−4α2 − 3.56 × 10−6α3 (9)

eN = 0.993 − 0.0307α1 + 4.75 × 10−4α2 − 2.61 × 10−6α3 (10)

where eT is the tangential coefficient of restitution, eN is the normal recovery factor.

3.3. Erosion Wear Flow Field Geometric Model and Meshing

According to the structure of the PCIT, the internal flow field calculation area of the
PCIT was established, and the unnecessary structures in the flow field calculation domain
were simplified. The simplified flow field geometric diagram is shown in Figure 3a, and
the result of meshing the flow field is shown in Figure 3b.
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Figure 3. Flow field meshing: (a) the simplified flow field geometric diagram, (b) the result of
meshing the flow field.

In Figure 3a, area A is the cone of the sliding core, area B is the transition section of
the plug, area C is the surface of the plug and the axial flow passage. The above three area
meshes are refined.

3.4. Simulation Parameters and Boundary Conditions

(1) In the simulation process, the velocity inlet boundary condition was used, which is
determined by the flow rate and the inlet size of the PCIT. At the same time, the inlet
velocity of the solid-phase particles was set to be the same as the fluid velocity, and
the outlet adopted the pressure outlet boundary condition.

(2) In this paper, the standard wall function method was chosen to correct the results.
The specific definition value in the reflection wall model was determined by the wall
collision recovery equation. The impact angle function was defined as a linear value,
as shown in Table 1.

Table 1. Impact angle function parameters.

Impact Angle (◦) f(a)

0 0
20 0.8
30 1
45 0.5
90 0.4

4. Analysis of Numerical Simulation Results

4.1. Prediction of Erosion Location

The specific erosion location of the PCIT must be determined to pave the way for the
study of the factors that affect the erosion law. For this, the diameter of solid particles in the
drilling fluid was set to d = 0.2 mm, the density was 1500 kg/m3, the liquid inlet velocity
was 10 m/s, and the viscosity was 20 mpa · s for simulation analysis.

Figure 4 shows the distribution of the PCIT’s easily eroded areas. There are four main
erosion areas in the PCIT as shown in Figure 4: the sliding core cone surface, the transition
section of the plug, the surface of the plug, and the axial flow passage. The sliding core
cone surface is located in the PCIT inlet section; if the drilling fluid flow rate increases, the
cone surface will be seriously eroded by the vertical impact of solid-phase particles in the
drilling fluid. The plug is located at the fluid outlet of the PCIT. The surface of the plug
is directly impacted by the drilling fluid, and the average erosion rate and the maximum
erosion rate are both the largest. After the fluid particles impact the plane of the plug, the
particles will move to the sides of the plug. At the same time, due to the sudden shrinkage
of the fluid channel and the increase of the drilling fluid flow rate, the erosion of the inner
wall of the axial flow channel is also obvious.
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Figure 4. Erosion location distribution of PCIT.

4.2. Influence of Drilling Fluid Physical Parameters on Erosion Rate
4.2.1. Influence of Drilling Fluid Flow on Erosion Rate

The drilling fluid flow rate was set to 200, 300, 400, 500, 600, 700, and 800 L/min,
respectively, and the particle diameter, plug position, and mass flow were kept in the same
conditions. The maximum erosion rate and the erosion area of the PCIT under different
flow rates were obtained as shown in Figures 5 and 6, respectively.

Figure 5. The maximum erosion rate changes with drilling fluid flow.

Figure 6. Erosion area changes with drilling fluid flow.
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As shown in Figure 5, with the increase of the inlet drilling fluid flow, the maximum
erosion rate of the plug surface, the plug transition section, and the axial flow passage all
increase. In particular, the maximum erosion rate on the plug surface increases exponen-
tially. This occurs because, as the velocity of drilling fluid flow in PCIT increases with the
increase of flow rate, the impact kinetic energy of the solid particles gradually increases,
and the frequency and the solid particles’ impact the surface of the PCIT per unit time
increases. Therefore, the erosion rate of the three erosion-prone areas increases. When the
drilling fluid flow increases from 200 to 800 L/min, the average maximum erosion rate of
the three erosion-prone areas increased by 65.4 times. As shown in Figure 6, the erosion
area of the three erosion-prone areas did not change significantly, which indicates that the
inlet flow should be controlled as much as possible during the use of the PCIT.

4.2.2. Influence of Solid-Phase Particle Mass Flow on Erosion Rate

The mass flow is the mass of fluid flowing through PCIT per unit time. Under a
constant drilling fluid flow velocity and solid particles, the influence of different mass
concentrations on the erosion law was analyzed. The mass flow was set as 0.001, 0.002,
0.003, 0.004, 0.005, 0.006, and 0.007 kg/s, respectively. The variation law of the maximum
erosion rate and the erosion area in the erosion-prone areas in the PCIT are shown in
Figures 7 and 8.

Figure 7. The maximum erosion rate changes with mass flow.

Figure 8. Erosion area changes with mass flow.
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As shown in Figure 7, the maximum erosion wear rates of the three erosion-prone
regions increase linearly with the increase of the fluid mass flow. The largest erosion rate
at the plug surface increased by 6.05 times when the fluid mass flow increased from 0.001
to 0.007 kg/s. Due to the increase in the mass flow rate of the drilling fluid, the number
of solid particles entering the PCIT per unit time increased, and the impact frequency of
the PCIT by the solid-phase particles increased per unit time. The plug face was directly
impacted by the solid-phase particles in the drilling fluid, and the impact angle was around
90◦. Therefore, the maximum erosion rate on the plug face was always the maximum value
of the three erosion-prone areas. Meanwhile, it is greatly affected by the change of mass
flow. Then the solid-phase particles hitting the plug face bounce back to the plug transition
section while losing kinetic energy. Thus, the erosion and wear in the plug transition section
is smaller than that in the plug face. The axial flow passage has the same flow direction as
the drilling fluid, and only a small amount of solid-phase particles will hit the axial flow
passage. Therefore, the erosion and wear in the axial flow passage is the smallest, and it
is the least affected by the increase of mass flow. As shown in Figure 8, the erosion area
of the three erosion-prone areas of PCIT did not change significantly with the increase in
mass flow. Therefore, it should be considered that the mass concentration of solid-phase
particles in the drilling fluid can be reduced when the drilling fluid is configured, which
can effectively reduce the erosion in the PCIT.

4.2.3. Influence of Solid-Phase Particle Diameter on Erosion Rate

According to the actual working conditions, the diameters of the solid-phase particles
were set as 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, and 1.1 mm, respectively. The inlet
velocity and the mass flow of the drilling fluid were kept constant. The relationship
between the different diameter of solid particles and the maximum erosion rate is shown in
Figures 9 and 10.

Figure 9. The maximum erosion rate changes with solid particle diameter.
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Figure 10. Erosion area changes with solid particle diameter.

As shown in Figure 9, the maximum erosion rates of the erosion-prone regions in the
PCIT all increased with the increase in particle diameter. When the particle size diameter
of the solid phase increased from 0.1 to 1.1 mm, the average maximum erosion rate of the
three erosion-prone regions increased by 63.4 times, but the growth rate of the maximum
erosion rate was different in different particle diameter ranges: When the solid-phase
particle diameter was between 0 and 0.3 mm, the growth of the erosion rate of the three
erosion-prone regions was relatively low. When the solid-phase particle diameter was
between 0.3 and 0.7 mm, the erosion rate of the three easily eroded areas increased rapidly,
especially the erosion rate on the surface of the plug increased rapidly. When diameter was
greater than 0.7 mm, the maximum erosion rate of the axial flow passage decreased with
the increasing particle diameter, while the maximum erosion rates of the plug transition
and plug surface continued to increase linearly. At the same time, according to the erosion
area diagram in Figure 10, the erosion area of the plug surface and the plug transition
section gradually increased with the increase of particle diameter. The analysis results
show that the diameter of the solid-phase particles in the drilling fluid should preferably be
less than 0.3 mm in the actual production process and that a solid-phase particle diameter
exceeding 0.7 mm accelerates the erosion damage to the PCIT.

4.3. Influence of PCIT Structural Parameters on Erosion
4.3.1. Influence of the Sliding Core Inlet Angle on Erosion Rate

The inlet angle of the sliding core is closely related to the pressure drop inside the
sliding core under the same flow rate, but the variation of the erosion law at the sliding
core cone caused by the change of the inlet angle cannot be ignored. The inlet velocity and
mass flow rate were kept consistent to carry out numerical simulations. The relationship
between the different sliding core inlet angle and the maximum erosion rate is shown in
Figures 11 and 12.
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Figure 11. Maximum erosion rate and pressure drop of the sliding core cone change with θ value.

Figure 12. Erosion area changes with θ value.

As shown in Figure 12, the most serious erosion is at the sliding core cone, and the
erosion area increases with the inlet angle. As shown in Figure 11, with the increase of the
inlet angle, the pressure drop value inside the sliding core and the maximum erosion rate
of the sliding core cone gradually increases. When the inlet angle was 10◦, the maximum
erosion rate of the sliding core cone was 1.45 × 10−5 kg/(m2·s). The maximum erosion rate
can reach 2.05 × 10−4 kg/(m2·s), when the inlet angle is 120◦, increasing the erosion rate
by 17 times. There is a certain reduction in the maximum erosion rate when the inlet angle
is greater than 120◦, but the erosion severity does not improve. Therefore, the relationship
between the erosion rate, the internal pressure drop, and the inlet angle of the sliding core
should be taken into account. Therefore, the axial force is as large as possible under the
same conditions and the erosion rate at the sliding core cone is controlled. Preferably, the
inlet angle of the sliding core should be set as 30◦, and the erosion rate at the variable
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section should be kept between 5.98 × 10−6 and 1.2 × 10−5 kg/(m2·s), and the maximum
erosion rate of the entire inlet section will be 1.99 × 10−5 kg/(m2·s).

4.3.2. Influence of Plug Angle on Erosion Rate

The variation law of the erosion rate of the erosion-prone area in the PCIT was further
analyzed focusing on changes in the top angle of the plug. The simulation analysis results
are shown in Figures 13 and 14.

Figure 13. Maximum erosion rate changes with plug angle.

Figure 14. Erosion area changes with plug angle.
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As shown in Figure 13, different top angles of the plug had obvious effects on the
erosion law of the plug surface, the transition section of the plug, and the axial flow passage.
The erosion rate of the plug transition section gradually increased with the gradual increase
of the plug top angle, the maximum erosion rate of the plug surface gradually decreased
and the maximum erosion rate of the axial flow passage was almost unchanged. When the
top angle of the plug is small, the plug has a stronger diversion effect on the drilling fluid.
Under the diversion effect of the plug, most of the solid-phase particles in the drilling fluid
will flow directly to the axial flow passage. Therefore, it will not cause serious erosion on
the plug transition section. When the top angle of the plug is large, the diversion effect on
the drilling fluid is weakened, and a considerable amount of solid particles will bounce
back to the plug transitional section after hitting the plug surface, thereby causing the plug
erosion of excessive segments. As shown in Figure 12, when the top angle of the plug was
less than 60◦, almost no erosion occurred in the plug transition section. However, when the
top angle of the plug was greater than 60◦, the erosion area of the transition section of the
plug gradually increased. Considering that it is easy to strengthen the erosion area of the
plug during processing and combining the analysis results of Figures 13 and 14, the plug
top angle was set to 60◦. The erosion rate of the plug surface was then relatively low, and
the erosion of the plug transition section was significantly improved.

4.3.3. Influence of Plug Transition Distance on Erosion Rate

The erosion of the PCIT with the transition distance was analyzed. Figures 15 and 16 show
the results of the maximum erosion rate and erosion area variation of the three erosion-prone
areas in PCIT.

Figure 15. Maximum erosion rate changes with plug transition distance.
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Figure 16. Erosion area changes with plug transition distance.

As shown in Figure 15, when the distance of the plug transition section was reduced
from 55 to 5 mm, the maximum erosion rate of the erosion-prone areas increased by
3.8 times. The maximum erosion rate at the axial flow passage decreased slightly with the
increase of the plug transition section distance. The erosion changes on the plug surface and
the plug transitional section can be divided into three stages. Stage 1: when the distance of
the plug transition section is between 5 and 15 mm, the maximum erosion rate on the plug
surface drops sharply. Stage 2: when the distance is between 15 and 30 mm, the maximum
erosion rate of the plug transition section continues to decrease. Stage 3: the erosion rate
of the three easily eroded areas tends to be stable when the distance of the plug transition
section is between 30 and 50 mm, the erosion rate is less affected by the distance of the
plug transition section. As the distance of the plug transition section increased, the erosion
area of the plug transition section decreased significantly as shown in Figure 16, while the
erosion area of the plug surface and the axial flow passage did not change significantly.
Therefore, when the PCIT is designed, the distance of the plug transition section should be
greater than 30 mm.

5. Conclusions

In order to meet the demand for hydrate reservoir crushing and cavity making in
solid fluidized production of natural gas hydrate, the novel pressure-controlled injection
tool in this paper was designed. Variations in the law of erosion under different drilling
fluid physical parameters and PCIT structure parameters were analyzed by computational
fluid software. According to the simulation results and actual working conditions, the
optimal design parameters of the PCIT were optimized. From the numerical simulation,
the following conclusions were obtained:

(1) There are four erosion-prone areas in the PCIT, including the sliding core cone, the
plug transition section, the plug surface, and the axial flow passage. These four areas
should be considered and strengthened in the design and processing.

(2) The maximum erosion rate and erosion area in the easy erosion area increase with
the increase of solid particle diameter. The average maximum erosion rate increased
by 63.4 times when the particle size changed from 0.1 to 1.1 mm, which exceeded
other influencing factors such as mass flow rate and drilling fluid flow rate. Therefore,
it was considered that the solid particle diameter was the main factor affecting the
growth of the maximum erosion rate. When the solid particle diameter was less than
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0.3 mm, the erosion of each part of the PCIT was better. The particle size of solid
particles should be strictly controlled when configuring the drilling fluid, which can
significantly reduce erosion.

(3) With the increase of the sliding core inlet angle, the erosion of the sliding core cone is
intensified. Therefore, considering the relationship between pressure drop, erosion
rate, and inlet angle, the sliding core inlet angle should preferably be set to 30◦. Under
the same flow conditions, an inlet angle of 30◦ can cause the largest possible pressure
drop while greatly improving the erosion of the sliding core cone. At the same time,
the top angle of the plug should be set to 60◦, and the distance of the plug transition
section should be greater than 30 mm, so that the erosion rate of the plug surface and
the plug transition section can be effectively reduced.
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Abstract: Investigating the deposition evolution and stratal stacking patterns in continental rift basins
is critical not only to better understand the mechanism of basin fills but also to reveal the enrich-
ment regularity of hydrocarbon reservoirs. The Pearl River Mouth Basin (PRMB) is a petroliferous
continental rift basin located in the northern continental shelf of the South China Sea. In this study,
the depositional evolution process and stacking pattern of the Zhu III Depression, western PRMB
were studied through the integration of 3D seismic data, core data, and well logs. Five types of
depositional systems formed from the Eocene to the Miocene, including the fan delta, meandering
river delta, tidal flat, lacustrine system, and neritic shelf system. The representative depositional
systems changed from the proximal fan delta and lacustrine system in the Eocene–early Oligocene,
to the tidal flat and fan delta in the late Oligocene, and then the neritic shelf system in the Miocene.
The statal stacking pattern varied in time and space with a total of six types of slope break belts
developed. The diversity of sequence architecture results from the comprehensive effect of tectonic
activities, sediment supply, sea/lake level changes, and geomorphic conditions. In addition, our
results suggest that the types of traps are closely associated with stratal stacking patterns. Structural
traps were developed in the regions of tectonic slope breaks, whereas lithological traps occurred
within sedimentary slope breaks. This study highlights the diversity and complexity of sequence
architecture in the continental rift basin, and the proposed hydrocarbon distribution patterns are
applicable to reservoir prediction in the PRMB and the other continental rift basins.

Keywords: depositional system; sequence architecture; stacking pattern; Pearl River Mouth Basin;
hydrocarbon exploration

1. Introduction

The continental rift basin is one of the most significant types of petroliferous basins.
Approximately 31% of oil and gas fields in the world are distributed in continental rift basins
with proven reserves of over 0.68 × 108 of oil equivalents [1]. Major petroleum systems
sourced by Cenozoic sediments occur in a large number of sedimentary basins such as the
Kachchh Basin (India), Congo Basin (Africa), Madrid Basin (Spain), Songliao Basin (China),
and the basins in the South China Sea [1,2]. Investigation of the deposition evolution
process in continental rift basins is critical to locating hydrocarbon reservoirs and predicting
potential source rocks [2–6].

In sedimentary basins, stratigraphic and depositional architectures are fundamentally
controlled by basin and tectonic evolution [7,8]. The dynamic process of basin filling is
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mainly controlled by the interaction between sea/lake-level changes, tectonic subsidence,
sediment supply, and geomorphic conditions, but the main controlling factor varies in
different types of sedimentary basins [9–13]. In continental rift basins, tectonics is the most
significant factor controlling depositional processes, including episodic rifting, differential
subsidence, and the evolution and linkage of normal faults [4,14–19]. It exerts significant
control on sedimentary fills, sequence architecture, and sand dispersal patterns [8,20–24].
By contrast, in marine basins, sequence stratal patterns and depositional architecture are
mainly controlled by eustatic sea-level changes [9,10,25–27]. Even in a single basin, dif-
ferent evolutionary stages are characterized by different stratigraphic and depositional
architectures [28,29]. For example, in continental rift basins, episodic tectonic subsidence
with short stages of accommodation creation in response to pulses of fault reactivation
usually occurs in the early stage, while little accommodation is generated due to tec-
tonic quiescence, and sediment supply consumes and fills the available space in the later
stage [2,5,8,30,31].

The tectono-stratigraphic archive provides unique insights into the evolution of strati-
graphic and depositional architectures in continental rift basins [5,31–35]. Various palaeo-
geographic features formed by syn-depositional faults are getting more concern since they
play a significant effect in the transportation and deposition of sediments [36–38]. Structural
slope breaks are important types of palaeogeographic features, controlling the distribution
of deposition systems through changes in the accommodation [33,36,39,40]. Overall, the
previous studies related to stratigraphic and depositional architecture mainly focused
on marine basins. For the continental rift basins, attention has been mainly paid to the
rifting stage of continental rift basins [32,33,41,42]. However, studies on the evolutionary
features during the long-time process are rare, especially for the evolutionary process from
lacustrine to marine environments [22].

The Pearl River Mouth Basin (PRMB) is a significant hydrocarbon-bearing basin
located in the central region of the northern margin of the South China Sea continental
shelf [43–45]. It is a focus point for intensive hydrocarbon resources exploration because of
the high petroleum potential in the Eocene–Miocene interval revealed by recent drilling
findings [46,47]. The previous studies show that PRMB has undergone complex structural
evolution from the lacustrine environment in the Eocene to the marine environment in
the Miocene [48,49]. During the evolution process, multiple types of depositional systems
(e.g., lacustrine system, neritic system, fan delta) were developed with great variability
in time and space [49,50]. Although previous studies [46,47,51] have investigated the
tectonic evolution, depositional systems, and source rock potential of the PRMB, rare
study has focused on the depositional evolution and sequence filling processes during
the basin evolution from lacustrine to marine environments, and the controlling factors
for the sequence architecture and depositional system distribution remain debatable [42].
Moreover, the characteristics, spatial and temporal distribution, and evolutionary process of
stratal stacking patterns in different stages of basin evolution are not clear. Given the above
disputes over the depositional evolution of the PRMB, this study was conducted with the
following aims: (1) to describe the evolution of depositional systems from the Eocene to the
Miocene within a sequence stratigraphic framework; (2) to identify and characterize stratal
stacking patterns in different basin evolutionary stages; (3) to investigate the characteristics
of stratigraphic and depositional architecture throughout the entire history of basin filling;
(4) to discuss the controlling factors for basin evolution and sediment filling process.
Our study can not only enhance the understanding of sequence filling and depositional
evolution processes in the continental rift basins from lacustrine to marine environments,
but also serve as a new example for further exploration in the PRMB and the other basins
in the South China Sea.

2. Geological Setting

The Pearl River Mouth Basin (PRMB) is a passive margin Cenozoic basin located in the
center area of the northern continental margin of the South China Sea [45,52,53]. It covers
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an area of approximately 26.7 × 104 km2 and consists of four depressions from west to
east, including the Zhu I Depression, Zhu II Depression, Zhu III Depression, and Chaoshan
Depression (Figure 1A). The target study area, the Zhu III Depression, is located in the western
region of the PRMB, covering a region of 12,180 km2 with a water depth of 0–400 m. The
Zhu III Depression is bounded by the South China Block to the north, Xisha Island to the
south, Hainan Island to the west, and Taiwan Island to the east (Figure 1A). It consists of
several subsidence centers (i.e., Wenchang A, B, C, D, and E Sags, Qionghai Sag, Yangjiang Sag)
and structural highs (i.e., Qionghai Uplift, Shenhu Uplift, Yangjiang Uplift) (Figure 1B).

 
Figure 1. (A) Geological map of South China showing the regional setting and tectonic elements of the
PRMB with major modern river systems that discharge into the northern South China Sea (modified
after Liu et al. [50]). (B) Map showing tectonic elements of the Zhu III Depression and geographic
locations of borehole samples. (C) Interpreted NE-trending profile in the Zhu III Depression and the
location of the profile is shown in (B).

The Zhu III Depression has undergone a complex tectonic evolution associated with
the continental rifting and evolution process of the South China Sea [52,54]. Its evolution
history can be divided into four stages, including a pre-rifting stage (Shenhu Formation,
65–49 Ma), a rifting stage (Wenchang and Enping Formations, 39–30 Ma), a transition stage
(Zhuhai Formation, 30–23.3 Ma), and a post-rifting stage (Zhujiang Formation, 23.3 Ma to
present) (Figure 2). The Shenhu Formation (65–49 Ma) deposited during the pre-rifting
stage and consisted of coarse-grained alluvial and volcanic deposits [49,52].

During the rifting stage (39–30 Ma), Wenchang (49–39 Ma) and Enping (39–30 Ma)
Formations formed, and the depression is characterized by intense faulting and the devel-
opment of several half-grabens [49,52,55]. The Wenchang and Enping Formations are rep-
resented by widespread terrestrial facies, including fan deltas and braided river deltas [55].
The boundary between the rifting stage and the transition stage was defined by the sig-
nificant unconformity T70, which is related to the regional Nanhai Event. The Oligocene
Zhuhai Formation (30–23.3 Ma) that deposited during the transition stage with half-grabens
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coalesced is mainly composed of tidal flats, semi-enclosed bays, and deltas [49,50,52]. The
Miocene Zhujiang Formation (23.3–16.3 Ma) formed during the post-rifting stage when the
PRMB began to receive marine sediments from the Miocene [50]. The Zhujiang Formation
consists of fan delta and neritic deposits [49,52,56]. The source rocks are deposited in the
Wenchang and Enping Formations, and the main reservoirs are located in the stratum of
the Zhuhai and Zhujiang Formations. Several commercial oil pools were discovered in the
central and marginal areas of the Wenchang A Sag [57].

 
Figure 2. Generalized stratigraphic framework, sedimentary facies, tectonic evolution, and source-
reservoir-cap assemblages of the PRMB. The sediment rate curve is from Xie et al. [49].

3. Material and Methods

3.1. Sequence Stratigraphic Framework

The combination of seismic data, drilling cores, logging data, and lithology data pro-
vided by CNOOC was used to conduct sedimentological and sequence stratigraphical
studies. The seismic club comprises a region of approximately 2000 km2, and its peak
frequency is ~40 Hz. Seismic data were calibrated with well data using synthetic seismo-
gram calibration. The sequence stratigraphic technique [9,58–60] was applied to establish a
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sequence stratigraphic framework across the depression and to identify different stratal
stacking patterns in different structural units.

3.2. Analysis of Sedimentary System

The types and ranges of depositional systems were determined using geological and
geophysical methods [61,62]. Over 600 m of drilling cores from 20 wells were described
to determine sedimentary facies and depositional characteristics. As drilling cores in the
Zhu III Depression are limited, the logging and lithological association data from more than
50 wells, including natural gamma, true resistivity, and acoustic logging data, were also
employed to identify depositional facies and to constrain their distribution ranges [40,63].
In no-well regions, the ranges of depositional systems were determined by 3D seismic data
using seismic reflection, horizontal slice, and attributive analysis. The analysis of structural
slope breaks was conducted based on seismic interpretation of 3D seismic data and analysis
of sedimentary systems.

4. Results

4.1. Characteristics of Depositional Systems

Based on the comprehensive sedimentological analysis, five types of depositional
systems were identified in the Zhu III Depression, western PRMB, including the fan delta,
meandering river delta, tidal flat, neritic shelf system, and lacustrine system (Figures 3–5).

 
Figure 3. Drilling cores, logging, lithologic data, and interpreted depositional facies in Well A3
showing the depositional evolution from the Eocene to the Miocene. The location of Well A3 is shown
in Figure 1.
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Figure 4. Typical sedimentary characteristics of the deposits in the Enping (a–f) and Wenchang (g–l)
Formations in the Zhu III Depression: (a) 4694.4 m in Well W1, gravelly sandstone with normally
graded bedding; (b) 4698.1 m in Well W1, gravelly sandstone; (c) 4695.4 m in Well W1, gravelly
sandstone with normally graded bedding; (d) 4693.2m in Well W1, gravelly sandstone with normally
graded bedding; (e) 4694.6 m in Well W1, black mudstone; (f) 2.9 m (4696.8–4699.7 m) long core of
the underwater distributary channels of the fan deltas; (g) 4042.9 m in Well W13, oil-bearing gravelly
sandstone; (h) 3830.0 m in Well B3, gravelly sandstone with normally graded bedding; (i) 3041 m
in Well W12, oil-bearing gravelly sandstone with normally graded bedding; (j) 3043 m in Well 13,
oil-bearing gravelly sandstone; (k) 3581 m in Well W9, gravelly sandstone; (l) 2.4 m (3833.5–3835.9 m)
long core of the underwater distributary channels of the fan deltas.
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Figure 5. Typical sedimentary characteristics of the deposits in the Zhujiang (a–f) and Zhuhai (g–l)
Formations in the Zhu III Depression: (a) 2092.5 m in Well W4, siltstone; (b) 2092.8 m in Well W4,
siltstone; (c) 2090.2 m in Well W4, fine-grained sandstone; (d) 2091.3 m in Well W4, fine-grained
sandstone and siltstone with parallel bedding; (e) 1220.3 m in Well W32, fine-grained sandstone with
normally graded bedding; (f) 2.0 m (2091.9–2092.9 m and 2093.9–2094.9 m) long core of the shallow-
marine detrital deposits from the Zhujiang Formation; (g) 3210.7 m in Well W3, siltstone interbedded
with mudstone; (h) 3210.9 m in Well W3, siltstone interbedded with mudstone; (i) 1861.2 m in Well A3,
tidal rhythmites; (j) 1816.4 m in Well A3, tidal rhythmites; (k) 3211.1 m in Well W3, fine-grained
sandstone interbedded with mudstone; (l) 3.0 m (3207.3–3210.3 m) long core of the tidal flat deposits
in the Zhuhai Formation.

4.1.1. Fan Delta

The fan delta system consists of three sub-facies, including the fan delta plain, fan
delta front, and pro-fan delta with the fan delta front being the most extensively distributed
(Figure 6). Three lithofacies are recognized in the fan delta deposits (Figures 3 and 4):
(a) gravelly sandstones with erosional bases, normally graded bedding, and widespread
sandstone gravels (Figure 4a–d,g,j,k); (b) normally graded bedded sandstones with mud
laminae at the top (Figure 4i,f,l); (c) thin fine-grained sandstones, siltstones with coarsening
upward successions (Figure 4h,f,l).

Lithofacies (a) and (b) are interpreted as submerged distributary channels, which are
funnel-shaped on the GR log, while lithofacies (c) are interpreted as distal bar deposits,
which have a funnel-shaped geometry on the GR log (Figure 3). In the seismic profiles,
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they are characterized by oblique progradational reflection configurations, low to medium
continuous reflections, and medium to high amplitudes (Figures 7–9).

 
Figure 6. Deposition facies diagrams of the Zhujiang Formation (a), Zhuhai Formation (b), and
Wenchang Formation (c) of the Zhu III Depression, PRMB, showing the depositional evolution from
the Eocene Wenchang Formation to the Miocene Zhujiang Formation.
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Figure 7. (A) interpreted seismic section bb’ showing seismic reflection characteristics and the
distribution regions of different stratal stacking patterns; (B) the types of depositional facies and
their distribution ranges in the section bb’ showing the depositional evolution from the Eocene to the
Miocene. The location of section bb’ is shown in Figure 1.
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Figure 8. (A) interpreted seismic section cc’ showing seismic reflection characteristics and the
distribution regions of different stratal stacking patterns; (B) the types of depositional facies and
their distribution ranges in the section cc’ showing the depositional evolution from the Eocene to the
Miocene. The location of section bb’ is shown in Figure 1.
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Figure 9. (A) interpreted seismic section dd’ showing seismic reflection characteristics and the
distribution regions of different stratal stacking patterns; (B) the types of depositional facies and their
distribution ranges in the section dd’ showing the depositional evolution from the Eocene to the
Miocene. The location of section bb’ is shown in Figure 1.
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Fan deltas are widely distributed in the Wenchang and Enping Formations, and are
mainly located in the footwall blocks of the Zhusannan Fault as well as the adjacent region
of the Qionghai Uplift in the Wenchang–Enping Formations (Figures 6 and 7). They exhibit
fan-shaped plan view geometries and are distributed along the boundary faults.

4.1.2. Meandering River Delta

In contrast to fan delta deposits, meandering river delta deposits are significantly finer-
grained with better sorting and roundness in detrital sediments (Figures 3 and 5a,b). The
deposits are mainly composed of two lithofacies, including (a) normally graded bedded
sandstones with mud laminae or mudstones at the top and (b) thin fine-grained sand-
stones, siltstones with coarsening upward successions (Figure 5b,c). Lithofacies (a) are
interpreted as submerged distributary channels, whereas lithofacies (b) are interpreted as
distal bars deposits.

Meandering river delta deposits are developed in the Zhu III Depression with their
distribution ranges increasing from the Eocene to the Miocene (Figure 6). In the Wenchang–
Enping Formations, meandering river delta deposits were confined to the northeast of the
Zhu III Depression with their sediments from the Yangjiang Uplift (Figures 6, 8 and 9). In
the later Oligocene Zhuhai Formation, meandering river delta deposits could be divided
into two parts, including the northwestern delta system and the northeastern delta system
(Figure 6). In the Miocene Zhujiang Formation, the distribution range of meandering river
delta deposits further expanded (Figure 6).

4.1.3. Tidal Flat

The lithologies of tidal flat deposits are composed of siltstone, pelitic siltstone, fine-
grained sandstone, and mudstone (Figures 3 and 5). Two types of lithofacies are developed
including (a) siltstones interbedded with thin layers of mudstones (Figure 5g,h,k,l) and
(b) tidal rhythmites that are characterized by packages of vertically accreted laminated to
thinly bedded fine-grained sandstone and mudstone (Figure 5i,j,l).

Tidal flat deposits are widely distributed in the Oligocene Zhuhai Formation (Figures 6–9).
Two types of sub-facies are identified in the Zhu III Depression, including the intertidal
zone and the subtidal zone. The intertidal zone was developed in the northern depression
ranging from Yangjiang Sag to Wenchang B Sag, while the subtidal zone was distributed in
the southern depression (i.e., Wenchang C, D, and E Sags) (Figure 6).

4.1.4. Lacustrine System

Lacustrine deposits are widely distributed in the Wenchang and Enping Formations
and are composed of two sub-facies (i.e., the shallow-lacustrine and the deep-lacustrine
deposits) (Figure 6). The deep-lacustrine deposits developed primarily in the centers of half-
grabens, and the lithofacies consists of thick layers of gray-black mudstones. On the seismic
profiles, the deep-lacustrine deposits display continuous, high-amplitude, high-frequency,
and unparallel reflections (Figures 7–9). By contrast, the shallow-lacustrine deposits consist
of thick gray mudstones interbedded with thin layers of fine-grained sandstones with
small-scale cross-bedding and waving bedding (Figure 4e). The shallow-lacustrine deposits
are characterized by divergent reflector configurations on seismic sections (Figures 7–9).

4.1.5. Neritic Shelf System

Neritic shelf deposits are developed only in the Miocene Zhujiang Formation (Figure 6).
They are composed of two types of lithofacies: (a) thick black marine mudstones that contain
bivalve, brachiopod shells; (b) massive fine-grained sandstones that are well-sorted and
well-rounded (Figures 3 and 4f). Lithofacies (a) is interpreted as offshore black marine
mudstone, and Lithofacies (b) is interpreted as the deposits of neritic shelf sand bodies.
On the seismic profiles, the neritic shelf deposits display continuous, high-amplitude,
high-frequency, and parallel reflections (Figures 7–9).
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4.2. Sequence Architecture and Stacking Patterns
4.2.1. Sequence Stratigraphic Framework

Sedimentological and sequence stratigraphy analysis show that the sequence architec-
ture in the Zhu III Depression varies in time and space (Figures 7–9). The Eocene Wenchang
Formation is composed of three sequences, and the Oligocene Enping Formation is com-
posed of two sequences [42]. These sequences consist of lowstand, transgressive, and high-
stand systems tracts (Figures 7–9). The lowstand systems tract is located in the centers of the
deep lake, which is characterized by thick wedge-shaped progradation seismic reflection.
The transgressive systems tract is characterized by medium, continuous parallel reflections,
whereas the highstand systems tract features low-angle oblique progradation reflections
(Figures 7–9). By contrast, the Oligocene Zhuhai Formation and the Miocene Zhujiang
Formation consist of two and three sequences, respectively, composed of only transgressive
and highstand systems tracts [42]. In the Oligocene Zhuhai Formation, the highstand
systems tract displays strong amplitude and continuous reflection characteristics, while
the transgressive systems tract shows moderate–weak amplitude on the seismic reflection
(Figures 7–9). Different from the overlying strata, the third sequence (SQZJ3) in the Miocene
Zhujiang Formation is composed of shallow-marine detrital deposits, and the continental
shelf sand bodies are developed only within the highstand systems tract (Figure 3).

4.2.2. Depositional Stacking Patterns

Six types of slope break belts are identified in the Zhu III Depression (Figure 10), and
their features are described as follows.

(1) Steep slope fault belt

The steep slope fault belt is defined as a steep slope that is controlled by a syn-
sedimentary boundary fault (Figure 10). Such a boundary fault usually has a large fault
displacement and a straight plan pattern (Figure 10). A deep fault terrace is developed at
the footwall of the boundary fault where clastic sediments are accumulated (Figure 10).
In the Zhu III Depression, the steep slope fault belt is mainly located at the footwalls of
the Zhusannan Fault, which constitute the southwest margins of the Wenchang A, B, and
C Sags (Figures 7–9 and 11).

(2) Steep-fault bending belt

The steep-fault bending belt features a steep slope that is controlled by both a syn-
sedimentary boundary fault and a pre-existing uplift (Figure 10). Compared with the
steep slope fault belt, the slope of the steep-fault bending belt is much gentler, and fault
displacement is smaller, which is influenced by the pre-existing uplift (Figure 10). The
steep-fault bending belt in the Zhu III Depression developed mainly along the footwall of
the No.2 Fault, the north margin of the Qionghai Uplift (Figures 7–9 and 11).

(3) Multi-level step-fault belt

The multi-level step-fault belt is characterized by multiple fault terraces jointly con-
trolled by several syn-sedimentary faults (Figure 10). These faults usually have a ladder-
shaped profile and are parallel to each other (Figure 10). Each fault terrace is controlled
by a single syn-sedimentary fault, creating an accommodation zone for sediment deposi-
tion (Figure 10). The multi-level step-fault belts are mainly located at the footwalls of the
Zhusannan Fault and No.5 Fault during the sedimentary period of the Zhuhai Formation
(Figures 7–9 and 11).

(4) Antithetic-fault slope belt

The antithetic-fault slope belt is featured by multiple fault terraces formed by the
development of antithetic faults (Figure 10). The dip direction of antithetic faults is opposite
to the direction of sediment transport, which is significantly different from the multi-level
step-fault belt (Figure 10). In the Zhu III Depression, the antithetic-fault slope belt is only
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located on the east margin of the Qionghai Uplift in the stratum of the Wenchang and
Enping Formations (Figures 9 and 11).

Figure 10. The types of slope break belts and their stratal stacking patterns in the Zhu III Depression, PRMB.

(5) Gentle slope belt

The gentle slope belt is characterized by limited change of slope gradient with a lack
of intensive syn-sedimentary normal faults (Figure 10). The sediments are distributed
and generally disappear along the slope (Figure 10). In the Zhu III Depression, the gen-
tle slope belt is mainly located on the margins of the Qionghai and Yangjiang Uplifts
during the depositional period from the Wenchang Formation to the Zhuhai Formation
(Figures 7–9 and 11).

(6) Flat continental shelf Belt

The flat continental shelf belt is featured by a nearly horizontal stratum with a
low angle of <2◦ (Figure 10). There is neither an intensive normal fault nor gentle slope
(Figure 10). Long-distance transported sediments are deposited along the continental shelf
as large-scale meandering river deltas (Figure 10). Neritic shelf sandstones are formed
due to the modification of storms and tides (Figure 10). In the Zhu III Depression, the flat
continental shelf belt is located almost in the whole depression during the depositional
period of the Zhujiang Formation (Figures 7–9 and 11).
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Figure 11. The spatial distributions of slope break belts of the Zhujiang Formation (a), Zhuhai
Formation (b), and Wenchang-Enping Formations (c) in the Zhu III Depression, PRMB.

5. Discussion

5.1. Tectonic Controls on the Evolution of Depositional Systems

There are four stages in the tectonic evolution history of the Zhu III Depression, includ-
ing the pre-rifting stage, rifting stage, transition stage, and post-rifting stage (Figure 2). Each
evolutionary stage shows distinctive characteristics in basin configuration and stratigraphic
architecture (Figures 6–9). During this evolution process, the representative depositional
systems changed from proximal fan delta and lacustrine deposits in the Eocene Wenchang
and Oligocene Enping Formations, to tidal flat and fan delta deposits in the Oligocene
Zhuhai Formation, and then distal meandering river delta and neritic deposits in the
Miocene Zhujiang Formation (Figure 6).
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During the rifting stage, the basin is characterized by wedge-shaped geometries
with the development of several NE trending half-grabens because of intense rifting
(Figures 6–9). The structural highs developed along the basin margin and, among the
half-grabens, acted as significant source areas for proximal fan delta deposits, which were
accumulated mainly in the footwall scarps of boundary faults (Figures 7–9). During the
transition stage, basin rifting was weakened, and the increase in subsidence of the PRMB
led to large-scale transgression [56]. Tidal flats were widely developed during this stage,
and the fan deltas were deposited at the footwalls of boundary faults. During the post-
rifting stage, rifting was almost negligible, and the subsidence rate significantly weakened
and gradually stabilized (Figures 6–9). As a result, the isolated sub-sages were gradually
interconnected to form a unified depression, and the whole depression was covered by the
shallow sea shelf (Figure 6). This consequently resulted in the formation of a structural
foundation for the development of neritic shelf sandstones and long-distance transported
deltas in the continental shelf (Figure 6). Therefore, it can be concluded that tectonic
evolution controlled the basin configuration and evolution process of depositional systems.

Normal faults significantly control sequence architecture and syn-rift successions in
extensional systems through the generation of accommodation space [33,41,64,65]. In the
Zhu III Depression, the Zhusannan Fault was critical in controlling accommodation and the
distribution of deposition systems (Figures 7–9). In different basin evolutionary stages, the
Zhusannan Fault had different characteristics of fault activity and fault geometry, affecting
the development position of sand bodies. During the rifting stage (Wenchang–Enping
Formations), the Zhusannan Fault was marked by large displacement and a high activity
rate (as high as 250 m/Ma) [42]. Because of the intensive faulting, the high steep slope
topography was formed with the fault scarp directly adjoined to the deep lake (Figure 10).
The root of the Zhusannan Fault was the largest accommodation space in the depression,
providing a depositional site for the nearshore fan delta (Figures 7–9). In this stage, fan
delta systems of different sizes were mainly distributed along the Zhusannan Fault with
prograding stacking patterns (Figures 7–9).

By contrast, during the transition stage (Zhuhai Formation), the fault activity of
the Zhusannan Fault significantly decreased to <100 m/Ma [42], and the subsidence
centers gradually moved away from the footwalls of the Zhusannan Fault (Figures 7–9).
In this stage, secondary syn-sedimentary faults that were parallel to the Zhusannan Fault
were formed and maintained a tectonic low landform (Figures 7 and 8). These faults,
together with the Zhusannan Fault, controlled the distribution ranges of fan delta systems
(Figures 7 and 8). Compared with the fan deltas in the rifting stage, the distribution ranges
of fan deltas are much smaller (Figures 6–9). During the post-rifting stage, the Zhusannan
Fault exerted little effect on the distribution of deposition systems. The Shenhu Uplift
was gradually submerged and unable to provide sediments to form fan deltas, while the
large-scale meandering river delta sourced from the Pearl River in the north became the
dominant deposition system [50]. In this stage, the distribution pattern of depositional
systems was mainly controlled by sea-level change and sediment supply, which have been
documented in previous studies [66].

In summary, the filling patterns and distribution of depositional systems were con-
trolled by several factors (i.e., tectonic activities, sea-level change, and sediment supply),
but the main controlling factor is not uniform during the basin evolution process from rift-
ing stage to the post-rifting stage. In the rifting stage, the intense rifting of boundary faults
significantly controlled the distribution of depositional systems, whereas sea-level change
and sediment supply became significant controlling factors for stratigraphic architecture.

5.2. Sequence Architecture Evolution

Structural and sedimentary slope breaks have significant control over the distribution
pattern of depositional systems [12,21,33,67]. Six types of slope break belts have been iden-
tified in the Zhu III Depression, exerting significant functions on stratal stacking patterns
(Figure 10). The sequence architecture differs greatly in space and time (Figures 10 and 11).
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For example, in the northern depression, the sequence architecture was mainly controlled
by faulting, and two different faulting patterns (i.e., steep slope fault belt, multi-level step-
fault belt) were developed during the evolving growth of the Zhusannan Fault (Figure 11).
By contrast, the sequence architecture in the regions adjacent to the Qionghai Uplift in the
western depression was mainly controlled by the gentle slope belt (Figure 11). Even in the
regions along the footwall of the Zhusannan Fault, two different patterns, including the
steep slope fault belt in the west and the multi-level step-fault belt in the east, were revealed
in the depositional period of the Zhuhai Formation, indicating that the fault geometry
(low-angle or high-angle) is also an important factor controlling the depositional patterns
(Figure 11). Therefore, our results highlight the diversity and complexity of sequence
architecture in the continental rift basin, which resulted from the comprehensive effect of
sea/lake-level changes, faulting, palaeogeomorphology, and sediment supply.

The diversity and complexity of sequence architecture are closely associated with the
tectonic evolution process [7,21,66]. The dynamic evolution process of sequence architecture
can be divided into three stages: (1) During the rifting stage, the steep slope fault belt and
steep-fault bending belt were developed in the footwalls of the Zhusannan and No.2 Fault,
respectively (Figure 11). The antithetic-fault slope belt and gentle slope belt were developed
around the uplifts (Figure 11). The depression was filled with widespread fan delta deposits
on the gentle slopes and steep slopes (Figure 6). The distribution of fan deltas in the fault
zones was mainly controlled by faulting, while that in the gentle slope was dominantly
controlled by palaeogeomorphology (Figure 10). (2) During the transition stage, the steep
slope fault belt developed in the footwall of the Zhusannan Fault converted into the
multi-level step-fault belt, which controlled the distribution of sedimentary facies from
the shallow to the deep lacustrine environment (Figures 7 and 8). By contrast, in the
regions of the intrabasin uplifts (e.g., Qionghai Uplift), the previously developed filling
patterns have changed to the gentle slope belt (Figure 11). (3) During the post-rifting stage,
the end of tectonism caused the cessation of differential subsidence, and the previously
developed sequence patterns were replaced by the flat continental shelf belt (Figures 6–9).
The depositional systems and their stratal stacking patterns were dominantly controlled by
sea-level change and sediment supply [66], and tectonic activities had little effect on the
sequence architecture.

In summary, the spatial and temporal features of stratal stacking patterns varied with
a single structural unit and between different structural units (Figure 11). From the rifting
stage to the post-rifting stage, the dominant stacking patterns have changed from tectonic
slope breaks (e.g., steep slope fault belt, steep-fault bending belt) to sedimentary slope
breaks (e.g., flat continental shelf belt) (Figure 11). The diversity of sequence architecture
resulted from the comprehensive effect of tectonic activities, sediment supply, sea/lake-
level changes, and geomorphic conditions. The sequence architecture is mainly controlled
by the tectonic activities in the rifting stages, whereas it is dominantly controlled by
sediment supply and sea-level changes in the post-rifting stage.

5.3. Hydrocarbon Accumulation Rules and Exploration Direction

The basin evolution and sequence architecture can control not only the depositional filling
process but also the distribution of hydrocarbon resources and the types of traps [33,68–70].
Structural traps are widely developed in the regions of tectonic slope breaks (e.g., steep
slope fault belt, steep-fault bending belt, multi-level step-fault belt) where fault traps and
faulted anticlinal traps formed (Figures 12 and 13). By contrast, lithological traps have
a close relationship with the development of the sedimentary slope breaks (e.g., gentle
slope belt, flat continental shelf belt) (Figures 12 and 13). There are two types of lithological
traps, including up-dip wedge-out traps and lithologic lenticular traps (Figure 12), but
their formation regions are different. Up-dip wedge-out traps were formed in the stratum
of Wenchang, Enping, and Zhuhai Formations, whereas lithologic lenticular traps were
developed mainly in the Zhujiang Formation (Figure 12). In addition, stratigraphic onlap
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traps are developed by subsequent uplift and erosion, especially in the stratum of the
Zhuhai Formation in the Qionghai Uplift (Figure 12).

 
Figure 12. The types of traps and their development strata and regions in the Zhu III Depression, PRMB.

 
Figure 13. The type and distribution of oil and gas reservoirs across the representative section in the
Zhu III Depression, PRMB. The location of section aa’ is shown in Figure 1.

The sequence stacking pattern is closely associated with trap types and their distribution [68,69].
In the regions of steep slope fault belts and steep-fault bending belts, three different types
of traps are developed, including fault traps at the fault terraces of the boundary faults, up-
dip wedge-out traps in the north, and sublacustrine fan traps in the deep lake (Figure 13).
In the multi-level step-fault belts, lobate sand bodies are deposited on each fault terrace
where fault traps develop. In the gentle slope belts, up-dip wedge-out traps and lithologic
lenticular traps are formed (Figure 13). By contrast, in the flat continental shelf belts, neritic
shelf sand bodies developed in the Miocene Zhuhai Formation are favorable for forming
lithologic lenticular traps (Figure 13).

In the last few decades, exploration achievements have been mainly achieved in the re-
gions of structural traps [71]. The investigation of depositional evolution and stratal stacking
patterns provides valuable insights into guiding the exploration and development [33,68,69].
According to exploration status and characteristics of trap distribution, the hydrocarbon
exploration in the Zhu III Depression should be conducted at different levels: (1) The flat
continental shelf belt developed in the Miocene Zhujiang Formation should be the most
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significant area for future exploration since the neritic shelf sand bodies distributed in the
flat continental shelf are characterized by a high-quality reservoir property with average
porosity and permeability values higher than 18% and 140 mD, respectively. The oils in the
sandstone reservoirs are high maturity (Ro = 0.8~1.3%) and originated from the Enping
Formation (Toc = 1.6~2.4%, HI = 233~332 mg/g TOC) [71]. Moreover, the neritic shelf sand
bodies are favourable for forming “self-reservoir and self-coverage” lithologic reservoirs
(Figure 13). Moreover, compared with the other traps, the hydrocarbon exploration for the
neritic shelf sand bodies faces fewer difficulties, such as shallow burial, low exploration
cost, and good seismic quality. These advantages profoundly influence the hydrocarbon
enrichment and increase the success rate of hydrocarbon exploration, but determining the
distribution range of neritic shelf sand bodies is primary. (2) The gentle slope belt in the
adjacent region of the Qionghai Uplift should be an important area for future exploration
(Figure 13). The up-dip wedge-out traps in this region are key exploration targets for seek-
ing lithologic reservoirs. (3) The steep slope breaks (i.e., steep slope fault belt, steep-fault
bending belt) located in the footwalls of the Zhusannan Fault should be scientifically in-
vestigated to achieve breakthroughs (Figure 13). The primary difficulty in these regions is
poor seismic data quality, and more study is needed before locating an exploration target.

6. Conclusions

During the basin evolution process from the rifting stage to the post-rifting stage in the
western Pearl River Mouth Basin (PRMB), in the northern South China Sea, five types of
depositional systems were developed, including the fan delta, meandering river delta, tidal
flat, lacustrine system, and neritic shelf system. The representative depositional systems
changed from the proximal fan delta and lacustrine system in the Eocene–early Oligocene,
to the tidal flat and fan delta in the late Oligocene, and then the neritic shelf system in the
Miocene. The intense rifting of boundary faults significantly controlled the distribution of
depositional systems in the rifting stage, whereas sea-level change and sediment supply
became significant controlling factors for stratigraphic architecture in the post-rifting stage.

Six types of slope break belts (i.e., steep slope fault belt, steep-fault bending belt, multi-
level step-fault belt, antithetic-fault slope belt, gentle slope belt, flat continental shelf belt)
developed in the western PRMB, which exerted significant functions on stratal stacking
patterns. Our results highlight the diversity and complexity of sequence architecture in
the continental rift basin, which resulted from the comprehensive effects of sea/lake-level
changes, faulting, palaeogeomorphology, and sediment supply.

Stratal stacking patterns are closely associated with trap types and their distribution.
According to the exploration status and characteristics of trap distribution, the hydro-
carbon exploration in the Zhu III Depression should be conducted at different levels:
the flat continental shelf belt and the gentle slope belt are recommended as the key tar-
gets for exploration, whereas the steep slope break belt requires further investigations to
achieve breakthroughs.
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Abstract: The origin of deep-water mounds has been a topic of debate in recent years. In this
study, newly collected seismic data were employed to characterize the mounds within the Meishan
Formation in the Qiongdongnan Basin and a novel model was proposed. The result showed that
pervasive mounds and ‘V’-shaped troughs were alternately distributed at the top of the Meishan
Formation. They appeared as elongated ridges flanked by similarly elongated gullies, with the
trending parallel with the strike of the basinward slope. The mounded features were considered to
be formed in response to the tectonically induced seabed deformation. The differential subsidence
steepened the slope that was equivalent to the top of the Meishan Formation (ca. 10.5 Ma), which
offered sufficient driving forces triggering the slope’s instability. Correspondingly, the uppermost
deposits glided along a bedding-parallel detachment surface, creating a number of listric detachment
faults that ceased downward to this surface. The uppermost layer was cut into a range of tilted fault
blocks with tops constituting a seemingly mounded topography. Some of the downfaulted troughs
between mounds steered the gravity flows and were filled by sand-rich lithologies. The differential
subsidence played a decisive role in the formation of a mounded stratigraphy, which in turn acted as
clues to the important tectonic phase since the late Miocene.

Keywords: mounded stratigraphy; genetic mechanism; slope instability; gravity gliding; detachment
faults; Qiongdongnan Basin

1. Introduction

Extensive attention has been paid to the formation of deep-water mounds in recent
decades [1,2]. The presence of mounds within the strata can cause dome-like bedforms with
mounded seismic reflections [3,4]. Various origins of deep-water mounds in debates mainly
involved the carbonate reefs [5,6], mud diapirs or mud volcanoes [4,7], deep-water wave
sediments [8], sand bars related to differential compaction [9–11], and remnant mounds
originated from channel incision [12–15].

In recent years, pervasive mounded seismic reflections were detected in the Miocene
Meishan Formation (Fm.) in the Qiongdongnan Basin (QDNB) [13,16]. Numerous models
were proposed over the years to interpret their origins but there is no unified conclu-
sion [4,5,14–18]. A widely accepted view in prior studies was that the middle Miocene
was the dominant reef-building period in the northern South China Sea, and the mounded
reflections were then thought to be the carbonate reefs [5,16,19]. Nevertheless, recent
drilling revealed that some mounds were mainly composed of mud-rich lithology rather
than reefs [18,20]. Channel incision has also been considered the possible controlling factor
in the formation of the Miocene mounds in the study area [4,15]. However, most of the
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mounds trend roughly parallel with the inferred strike of the slope, which contradicts
the principle that remnant mounds generated by the incision have their axes pointing
downslope in most situations [14,16,21]. Additionally, these mounds were interpreted
as sediment waves generated by bottom currents, but lacked the overwhelming proof
supporting the existence of the bottom currents at that time [13]. Therefore, the models
developed previously might not be readily applicable to the study area, and other mecha-
nisms are required to explain the formation of mounds. It is worth noting that much of
the topographic relief can appear in the structurally disturbed strata [3,22]. For the QDNB,
an important tectonic transformation occurred at the turn of the middle and late Miocene,
accompanied by intense tectonic activation corresponding to the time equal to the top of the
Meishan Fm. [23–25]. Whether the formation of the mounds within the uppermost layer of
the middle Miocene is related to such tectonic change has not been noticed previously.

In this study, we applied 2D and 3D seismic data to describe the characteristics of
the mounds within the uppermost layer of the Miocene Meishan Fm. Combined with
the tectonic settings, a novel model was developed to explain the formation process of
the mounds. This model accentuates the decisive role played by tectonic activities in the
creation of the mounds. The research results may offer a new idea in the interpretation of
similar geological phenomena in other areas around the world.

2. Geological Setting

The QDNB is located at the west of the NE-trending extensional system in the northern
South China Sea [26–29] and comprises the Northern Depression, Northern Uplift, Central
Depression, and Southern Uplift from the north to south [30–32] (Figure 1). The Central
Depression is located in the deep-water area, including the Ledong, Lingshui, Songnan,
Ganquan, Beijiao, Baodao, and Changchang Sags, as well as the Lingnan and Songnan
highs [33,34]. The water depths vary from 500 to 1500 m, with the maximum depth reaching
2500 m [35]. The tectonic evolution of the basin is consistent with a typical passive margin
containing rifting and thermal subsidence. The unconformity of T6 that formed at ~21 Ma
divided the Cenozoic strata of the basin into the syn-rift and post-rift layers. Faults were
extremely developed in the syn-rift stage while seldom active in the post-rift stage [13,27].
Since the late Miocene, tectonic subsidence accelerated, accompanied by intense reactivation
of faults in the eastern basin [23,24,36]. Correspondingly, the water depth of the basin
increased [16,37]. In addition, since the cessation of submarine expansion (~16 Ma), magma
has been widely active in the South China Sea and its adjacent areas [25,38]. There is a
high heat flow zone in the Baodao to Changchang Sags, which was closely related to the
thermal events involving massive magmatic intrusions and eruptions from the Miocene
to Pliocene [37].

The main sequence boundaries of the basin including Tg, T8, T7, T6, T5, T4, T3, and T2
divided the Cenozoic strata into Lingtou (E2l), Yacheng (E3y), Lingshui (E3l), Sanya (N1s),
Meishan (N1m), Huangliu (N1h), Yinggehai (N2y) and Ledong (Ql) Fms. (Figure 2). The
depositional environment transformed from a coast and shallow sea to a semi-deep and
deep sea from the middle to late Miocene [4,18]. The lower member of the Meishan Fm. is
composed of mudstones, sandstones, and calcareous sandstones; its upper member mainly
consists of mudstones mixed with thin argillaceous siltstones [15,20,39]. The lower member
of the Huangliu Fm. is dominantly fine sandstones interbedded with thin mudstones
and its upper member primarily comprised sandy limestones and fine sandstones [15]. A
large submarine canyon (i.e., Central Canyon) was developed in the late Miocene, with
an ‘S’-shaped axis parallel to the shelf break of the basin [18]. The mounded stratigraphy
within the Miocene Meishan Fm. is restricted to the Southern Slope (between the Central
Depression and Southern Uplift) which has the topography dipping from SE to NW, and is
bounded by the Central Canyon to the north and the Xisha Islands to the south [5,18].
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Figure 1. Tectonic units of the Qiongdongnan Basin (modified from [30,31]). The Qiongdongnan
basin is divided into the eastern and western basin according to the direction change of the basin axis.
Seamounts composed of basaltic volcanic rocks developed in the south eastern uplifts and eastern
sags. NDB = Northern Depression Belt. NUB = Northern Uplift Belt. CDB = Central Depression
Belt. SUB = Southern Uplift Belt. YCU = Yacheng Uplift. STU = Songtao Uplift. BJU = Beijiao
Uplift. YNH = Yanan High. LSH = Lingshui High. LNH = Lingnan High. SNH = Songnan High.
YNS = Yanan Sag. YBS = Yabei Sag. SXS = Songxi Sag. SDS = Songdong Sag. LDS = Ledong Sag.
LSS = Lingshui Sag. BJS = Beijiao Sag. SNS = Songnan Sag. BDS = Baodao Sag. CCS = Changchang
Sag. GQS = Ganquan Sag. HGS = Huangguang Sag.

 

Figure 2. Generalized stratigraphic column of the Qiongdongnan Basin (modified from [28,29]).
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3. Data and Methods

The 2D and 3D seismic data used in this study were acquired over the past sev-
eral years by Guangzhou Marine Geological Survey (GMGS). The G Gun II type air-gun
sources were employed to acquire the seismic lines [40]. The seismic streamer used the Seal
24-digit cable, with a submerged depth of 8 m, and the receiver streamer had 240 traces and
60-fold coverage [41]. The 5700 km of 2D seismic lines covering the QDNB have a dominant
frequency of 30 HZ on average, with a vertical resolution of 20 m and a trace interval
of 6.25 m. In particular, new multi-channel 3D seismic volumes acquired in 2018 cover
an area of ~800 km2 located in the Lingnan High, with the dominant frequency ranging
from 30 to 70 Hz. The sampling interval for the 3D seismic data is 1 ms, with a bin size
of 3.125 m × 18.75 m. The seismic data were processed by the Institute of Processing in
the GMGS using the GeoCluster (a product of CGG®) processing system. The processing
procedures including data input, trace editing, static correction, prestack noise attenuation,
amplitude compensation, prestack deconvolution, CMP sorting, velocity analysis, dynamic
correction, residual static correction, dip moveout (DMO) correction, prestack time migra-
tion, quality control in processing, poststack noise attenuation, and poststack time migration
have been described by Wang et al. (2010) and Zhang (2020) [41,42].

The interpretation of seismic data was carried out by the Geoframe® software (a
product of Schlumberger®) to construct the seismic stratigraphic framework. The seismic
data were zero-phased and displayed normal polarity, indicating a positive event on the
seismic profiles which is shown as a red reflection [25]. The identification of seismic facies
differences and contact relationships between strata supported the tracking of sequence
boundaries [43]. Eight main seismic sequence boundaries including Tg, T8, T7, T6, T5,
T4, T3, and T2 were identified (Figures 3–5). Faults can be identified in seismic profiles
in the form of the offset of seismic events or zones of poor seismic signal across which
reflectors are offset [3,44]. Fault interpretation was conducted by adopting appropriate
geometric and kinematic models, e.g., the listric normal fault, domino-type fault, and
flower structure [45]. Based on this, the seismic interpretation emphasized describing the
geometric characteristics of the mounds within the uppermost layer of the Meishan Fm. The
width and height of the mounds and their distribution range were determined based on the
2D seismic profiles. In addition, the isopach map of the Huangliu Fm., prepared based on
seismic surfaces T3 and T4, was used to recover the paleogeomorphology corresponding to
the end of the Meishan deposition. Moreover, the seismic attribute map of the curvature was
extracted by the Geoframe® to reveal the plan-view characters of the mounded topography.
Curvature calculates the bending degree of the stratum, which can effectively reflect
geomorphic features such as valleys, ridges, and domes [46,47].

To determine the tectonic histories, backstripping was employed to reconstruct the
amount and rate of tectonic subsidence in different stages [48,49]. Back-stripping employs
the tectonic subsidence equation presented by Steckler and Watts (1978) [50]. The method
is based on the crustal isostatic principle to backstrip the present stratigraphy layer by
layer and to obtain the true basement subsidence caused by the tectonic driving forces [48].
Tectonic subsidence reconstruction was performed by dividing and dating the sequence
boundary of the seismic profiles. The ages of the sequence boundary are shown in Figure 2.
In the process, the seismic sequence boundaries were time-depth conversed by using the
formula provided by the GMGS. There is a decrease in the porosity of sediment with an
increase in overlying strata thickness during the compaction process [49]. To remove the
effect of compaction, the original amount of subsidence in each stratum can be recovered by
the relationship between porosity and depth that fits an exponential function to recover the
original thicknesses of strata [51]. Additionally, considering that the depositional thickness
is not equivalent to the subsidence when the sedimentary interface remains below the
water surface, the accurate paleo-water depths and eustatic variations were taken into
consideration [48,52]. The paleowater depth data were collected from the previous research
results of Zhai et al. (2013) and Zuo et al. (2022) (Table 1) [32,53]. The eustatic variations
are shown in Figure 2.
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Figure 3. (A,B) Uninterpreted and interpreted seismic section traversing the Lingshui Sag, showing
the stratigraphic and structural characteristics (for location, see Figure 1). (C–E) Seismic profiles and
their interpretations showing the mounded topography at the top of Meishan Fm (for locations, see
Figure 3A). W = width; H = height; TWT = two-way traveltime.

 

Figure 4. (A,B) Uninterpreted and interpreted seismic section traversing the Beijiao Sag, showing
the stratigraphic and structural characteristics (for location, see Figure 1). (C–E) Seismic profiles and
their interpretations showing the mounded topography at the top of Meishan Fm (for locations, see
Figure 4A). W = width; H = height; TWT = two-way traveltime.
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Figure 5. (A,B) Uninterpreted and interpreted seismic section traversing the Baodao Sag, showing
the stratigraphic and structural characteristics (for location, see Figure 1). (C–E) Seismic profiles and
their interpretations showing the mounded topography at the top of Meishan Fm (for locations, see
Figure 5A). W = width; H = height; TWT = two-way traveltime.

Table 1. Reference value of paleo heat flow and water depth during different periods (referenced
from [32,53]). HF = Heat flow; PWD = Paleowater depth. HF1, HF2, and PWD1 apply to the northern
slope; HF3, HF4, and PWD2 apply to the central depression; HF5, HF6, and PWD3 apply to the
southern uplift.

Age
(Ma)

HF1
(mW/m2)

HF2
(mW/m2)

HF3
(mW/m2)

HF4
(mW/m2)

HF5
(mW/m2)

HF6
(mW/m2)

Age
(Ma)

PWD1
(m)

PWD2
(m)

PWD3
(m)

0 58 65 72 77 84 92 1.9 120 1600 700
2 61 68 76 80 88 96 5.5 90 1100 500

5.5 54 58 64 69 75 80 10.5 50 700 300
10.5 55 59 66 71 76 81 15.5 60 500 150
17.5 57 61 70 75 79 82 17.5 40 400 120
23 58 62 70 74 78 81 21 20 200 30
30 50 53 58 63 66 69 22 15 100 20
36 44 47 52 57 60 62 23 40 100 50
38 45 48 53 57 60 62 25.5 20 80 30
50 42 44 46 48 50 52 33 10 50 20

50 20 20 25

4. Results

4.1. Seismic Stratigraphy

The seismic reflector T4 corresponds to the regional unconformity which represented
the Dongsha movement in the South China Sea [16]. In the Southern Slope, the reflector
T4 truncated the underlying strata and was onlapped by overlying sediments [4,15], as
shown in Figures 3–5. The underlying Meishan Fm. can be divided into upper and lower
members by an obvious interface. The upper member is characterized by strong-moderate
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amplitudes, moderate frequency, and mounded reflections, and the lower member shows
subparallel sheet-shaped reflections with moderate-strong amplitudes and moderate fre-
quency (Figures 3–5). The overlying Huangliu Fm. is dominated by moderate amplitude,
moderate-weak frequency, and parallel-subparallel reflections (Figures 3–5). The Huangliu
Fm. gradually thins onto the southern margin of the basin. A large submarine canyon (Cen-
tral Canyon) was developed in the post-rift sequence of the QDNB, which is distributed in
the Central Depression from west to east (Figures 3–6). The large magmatic body between
Songnan and Baodao Sags divides the canyon into two sections, the west section trending
NE and the east section trending nearly EW (Figure 6).

Figure 6. Paleogeomorphology at the beginning of the deposition of the Huangliu Fm., showing
the directions of the greatest slope in the southern area. The red dashed line indicates the range
of the mounds. LSS = Lingshui Sag. BJS = Beijiao Sag. SNS = Songnan Sag. BDS = Baodao Sag.
CCS = Changchang Sag. LNH = Lingnan High. SNH = Songnan High. BJU = Beijiao Uplift.

4.2. Characteristics of Mounded Stratigraphy

The NW–SE oriented seismic profiles show that the top of the Meishan Fm. is char-
acterized by the elevations alternating with ‘V’-shaped troughs, displaying undulated
morphologies (Figures 3–5). The elevations tend to be present as lenticular seismic reflec-
tors that are thickest in the middle part and thin toward both wings, showing dome-like
bedforms, which are common not only in the QDNB but also in the Pearl River Basin in
the northern South China Sea [5,16,18]. Similar elevations were described as ‘mounds’
previously, and strata characterized by the presence of mounds are commonly said to
have ‘mounded topography’ [3,18]. The mounded stratigraphy was constrained between
the T4 and the boundary of the upper and lower member of the Meishan Fm. (i.e., T5)
(Figures 3–5). The mounds distributed in the Lingnan High have heights varying from
70 to 90 m, with the widths ranging from 0.9 to 1.7 km (Figure 3C–E). The heights of a
single mound in the Beijiao area vary from 90 to 125 m, and their average width is greater
than 1.5 km (Figure 4C–E). The mounds in the south of the Baodao Sag have heights of
about 110~210 m, with widths ranging from 1.0 to 2.4 km (Figure 5C–E). On the whole, the
scale of the single mound in the eastern area seems larger. The internal reflectors of the
mounds show strong-moderate amplitudes and moderate frequency, which are character-
ized by obvious fold structures and disturbed bedding (Figures 3–5). The seismic reflections
within the troughs vary greatly in different areas, displaying strong-moderate amplitudes
and moderate frequency in the Lingnan High (Figures 3C–E and 7B,C), and moderate-
weak amplitudes and low frequency in the Beijiao area and the south of the Baodao Sag
(Figures 4 and 5). The reflector T4 commonly truncated the flanks of the mounds and was
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onlapped, filled, and leveled by subsequent seismic strata corresponding to the Huangliu
Fm. (Figures 3–5). Spatially, the mounds were most developed in the middle of the South-
ern Slope and disappeared in the Central Depression and South Uplift (Figures 3–6). The
mounded stratigraphy covers an area restricted to the east of the Huaguang Sag, west of
the Changchang Sag, north of the Beijiao Uplift, and south of the Central Canyon (Figure 6).
Additionally, the curvature attribute map calculated for the top of the Meishan Fm. shows
that the mounded topography is characterized by coupled elongated ridges and gullies,
with most of their axes predominantly oriented SWW–NEE and SW-NE (Figure 7A). These
elongated ridges and gullies show a subparallel configuration with a few intersections.

 

Figure 7. (A) Characteristics of mounded topography revealed by curvature analysis based on
3D seismic data (See Figure 6 for the location of the 3D survey). The mounded topography is
characterized by the alternating distribution of nearly EW-trending elongate troughs and ridges.
(B,C) The top of the Miocene Meishan Formation has a mounded topography characterized by the
mounds alternating with troughs (for location, see Figure 7A). TWT = two-way traveltime.

4.3. Tectonic Subsidence

The balanced cross-sections were created by using the backstripping technique to
determine the tectonic subsidence in different stages [48,49]. The result shows that the sedi-
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mentary centers were controlled by the boundary faults in the Paleogene, during which the
sedimentary thickness and subsidence rate in the depression centers are larger than those
in the uplift belts (Figures 8 and 9). The Eocene is relatively thin and the subsidence rate is
low. The sedimentary thickness and subsidence rate in the early Oligocene significantly
increased. The sedimentary thickness in the late Oligocene is relatively thick while the
subsidence rate decreased. The faults were almost inactive when the basin entered the
post-rift stage and its evolution was mainly controlled by thermal subsidence (Figure 8).
During the depositional period of Sanya and Meishan Fms., the sedimentary thickness is
relatively thin and the subsidence rate was extremely low, with an average value of less
than 150 m/myr (Figure 9). In addition, there was little difference in tectonic subsidence
between the Central Depression and the Southern Slope. During the deposition of the
Huangliu Fm., the sedimentary thickness increased slightly and the subsidence rate in
the Central Depression was ~200 m/myr and gradually decreased southward (Figure 9).
During the depositional period of the Yinggehai Fm., sedimentary thickness and subsidence
increased sharply, with a maximum cumulative rate approaching ~1100 m/myr in the
Lingshui Sag and ~1600 m/myr in the Baodao Sag (Figures 8 and 9). The difference in
subsidence between the Central Depression and the Southern Slope and Southern Uplift
became more obvious. During the deposition of the Ledong Fm., the deposition thickness
was still large, and the Baodao and Lingshui Sags had a subsidence rate of ~800 m/myr
and ~950 m/myr, respectively (Figure 9). At the same time, the subsidence of the Southern
Uplift was much less than that of the Central Depression. Overall, the most obvious feature
of the basin is that since 10.5 Ma, the subsidence began to accelerate, showing higher
subsidence in the depressions and lower subsidence in the Southern Uplift.

 

Figure 8. (A,B) Balanced cross-sections created based on the two profiles traversing the Lingshui and
the Baodao Sag, respectively (for location, see Figure 1).
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Figure 9. (A,B) Subsidence curves created based on the two sections traversing the Lingshui and
the Baodao Sags, respectively (for location, see Figure 1). The subsidence rate was low in the period
of the Sanya and Meishan deposition, then increased slightly during the period of the Huangliu
Deposition, and increased sharply from the period of the Yinggehai Deposition. Moreover, the
subsidence rate of the depressions is higher than that of the Southern Uplift after the period of the
Huangliu Deposition. N1s = Sanya Fm., N1m = Meishan Fm.; N1h = Huangliu Fm.; N2y1 = Lower
Yinggehai Fm.; N2y2 = Upper Yinggehai Fm.; Ql = Ledong Fm. Ma = Megaannus.

5. Discussion

The mounded topography in the study area was previously supposed to be the result
of the incision of bottom currents or channels [14,15]. The main evidence supporting
this view is that some troughs between the mounds are characterized by high amplitude
reflections marking the sand-prone lithologies which may be a clue to the incision [4,14,15],
as shown in Figures 3C–E and 7B,C. However, quite a few troughs distributed over a
wider area are characterized by weak amplitudes, probably marking the bathyal–abyssal
deposits [5,18] (Figures 4C and 5C). Additionally, the internal reflectors within most of
the mounds have folded seismic patterns, which might be related to other forces rather
than the incision (Figures 3–5). Moreover, paleogeomorphology indicated that the seabed
over the Southern Slope roughly inclined toward NNW after the deposition of the Meishan
Fm (Figure 6). If the troughs were indeed derived from the incision, their axes should
have tended to the downdip of slope (NNW) in most situations [21]. However, it is not
consistent with the result shown in Figure 7, with most of the troughs tending to be parallel
to the strike of the slope (SWW–NEE and SW-NE). These doubts implied that the origin of
the mounded topography cannot be simply explained solely by incision. In the examples
from the Gulf of Mexico, the Brazilian margin, and the Central North Sea, the undulated
morphologies can appear over tectonically active slopes [3,21,22,54–57]. Similar geological
phenomena were observed at the seabed of the Shenhu Sea (Figure 10A) [40] and the south
of the QDNB (Figure 10B), featured by seemingly mounded topography related to the
disturbance of strata by detachment faults. These phenomena are commonly explained
by the gravity gliding of sediments down a slope, which can generate a type of listric
detachment fault (flattening downward) with associated rotated blocks to cause seabed
relief [21,56–59]. Such a process can be triggered by rapid deposition, earthquakes, seafloor
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steepening, and excess pore pressure [58,60]. These studies provided an important insight
into discovering the origin of a mounded topography in the study area.

 

Figure 10. (A,B) Seismic profile and its geological interpretation showing the seemingly mounded
topography on the seabed caused by submarine landslides in the Shenhu Sea in the northern
South China Sea (profile quoted from [40]). (C,D) Seismic profile and its interpretation showing
the seemingly mounded topography on the seabed in the Southern Slope (for location, see Figure 1).
DS = detachment surface; DF = detachment fault; DFT = downfaulted trough; TWT = two-way traveltime.

In this study, the mounded features were interpreted to result from the gravity gliding
that was induced by tectonic activities. Firstly, detailed examinations of seismic data
revealed that the uppermost layer of the Meishan Fm. was dismembered into a series of
moderately deformed blocks by a number of faults with listric geometries which ceased
downward to a unified surface (Figure 11A–C). The blocks resting upon the fault planes
have shown clockwise rotation, with their internal beds perpendicular to the concave
upward fault planes (Figure 11A–C). Secondly, soft-sediment deformation associated with
gravity gliding might have occurred in the mounds (blocks) with their internal reflections
showing convex-up fold structures and disturbed bedding (Figures 3–5 and 11A–C) [61].
Such phenomenon can be related to the rollover anticlines unique to the listric growth
faults or associated with the local compressive stresses pervasive in slide blocks which
cause internal beds to buckle [22,62,63]. These features are consistent with the gravity slide
tectonics shown in some important examples documented previously [3,21,22,54–57]. It
can be inferred that, after the end of Meishan deposition, the uppermost unconsolidated
deposits composed of mudstones mixed with thin argillaceous siltstones glided along an
underlying shear plane which is probably the top of deep lithified strata [3,15,20,21,39].
Finally, the unbalanced subsidence corresponding to the time equal to the top of the
Meishan Fm. was likely to trigger the gravity gliding of sediments which created the
mounds. Specifically, the subsidence of the basin shows a decreasing trend from the
Central Depression to the southern margin since 10.5 Ma, which immediately steepened
the Southern Slope with an NNW inclination (Figures 6 and 9). Studies indicated that the
occurrence of a steepening slope induced by the basement-driven differential subsidence
was an important aspect of creating sufficient driving forces to drive the gravity gliding [3].
Some scholars suggested that the differential subsidence triggered an intense erosion
of the turbidity currents, which created the embryo of the Central Canyon in the late
Miocene [64–68]. Therefore, it can be inferred that the differential subsidence across the
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Southern Slope since 10.5 Ma might have generated sufficient forces to drive the gravity
gliding that created the mounds.

 

Figure 11. (A) Uninterpreted seismic profiles, (B) interpretations, and (C) their geological models
showing the formation of the mounded stratigraphy (for locations, see Figure 1). The tilted fault
blocks rest on the fault plane of detachment faults, with their tops constituting the seemingly
mounded topography. DS = detachment surface; DF = detachment fault; DFT = downfaulted trough;
TWT = two-way traveltime.

Further analysis indicated a time–space coupling relationship between the forma-
tion of mounds and the tectonic events including accelerated subsidence, magmatic ac-
tivity, and fault reactivation. The accelerated subsidence in the post-rift stage has been
observed in many rifted basins, which was considered to be related to the deep thermal
anomaly [23,69–71]. Detailed examination of seismic data revealed a large number of mag-
matic intrusions distributed near the deeply rooted faults (Figure 12B). These faults likely
extend deeply into magma chambers beneath the Central Depression to provide primary
pathways for magma migration [25]. Studies indicated that massive magmas invading up
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to the cold upper crust through the faults might contribute to the decay of a deep thermal
source and the cooling of the asthenosphere, which would cause rapid subsidence [72–74].
The samples from adjacent areas indicated that the magmatism typically occurred in the
Miocene and more recently [25,37]. Therefore, the accelerated subsidence since 10.5 Ma
was likely related to the magmatic activities. In addition, such subsidence showed a higher
rate at the crustal thinning zone beneath the Central Depression and decreased to the
north and south of the basin (Figure 9). Under the influence of differential subsidence,
the stratum of the basin was folded into a syncline, which induced extensional strain at
the flanks of the syncline [74] (Figure 13A). Many Neogene faults extended upward to the
interface T4 (Figure 12C,D), indicating that their formation age dated 10.5 Ma. It can be
inferred the extensional strain induced by differential subsidence was accommodated by
the generation of faults in the deep rigid layers, as well as the gravity slide tectonics in the
shallow soft layers (Figures 12D and 13A) [75]. Although it is a speculation, local seismic
disturbance caused by magmatic activity and fault reactivation might also have triggered
slope instability and gravitational sliding [57,60,76–79].

 

Figure 12. (A) Seismic profile and (B) its interpretation showing the magmatic intrusions associated
with the deeply rooted faults (for location, see Figure 1). (C,D) Seismic profile and its interpretation
show the dense post-rift faults developed in the eastern depression (for location, see Figure 12A).
TWT = two-way traveltime.
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Figure 13. (A) Model to explain the formation of mounded morphologies in the study area of the
Qiongdongnan Basin. Escape of massive magmas through the faults contributed to the cooling of
the hot mantle material beneath the crustal thinning zone, resulting in quicker subsidence in the
overlying Central Depression. The differential subsidence caused the gravitational gliding of the
uppermost layers and the generation of faults in the deep rigid layers. The downfaulted troughs
steered the gravity flows along their axes. (B–E) Diagrams illustrating the geological processes
responsible for the creation of mounded stratigraphy.

Here, the processes responsible for the formation of mounded stratigraphy are sum-
marized. Firstly, differential subsidence associated with magmatic activities steepened the
slope at the end of the Meishan deposition, leading to the gravity gliding of the uppermost
unconsolidated layer along a detachment surface (Figure 13B,C). Such a process generated
a series of listric detachment faults with numerous tilted fault blocks resting on their fault
planes (Figure 13C). The arcuate fault planes and the flanks of blocks together formed the
undulated topography. Studies indicated that the denudation of some structural highs
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in the southern margin at the turn of the middle and late Miocene generated sedimen-
tary sources, which were transported farther into the basin by gravity flows [15]. Then,
there might have been some downfaulted troughs steering the gravity flows along their
axes, with the unloading of sand-rich deposits at the bottom (Figure 13D). Deposition of
other troughs without passing of gravity flows was predominantly from the succeeding
bathyal–abyssal muds (Figure 13D). Finally, the Huangliu Fm. onlapped onto and leveled
the mounded topography with its final shape adjusted by compaction (Figure 13E). The
results of this study do not deny the existence of the erosion of gravity flows, which is also
one of the processes that enhanced the relief amplitude of the mounded geometries. It is
worthwhile to mention that gravity gliding derived from differential subsidence is decisive
for the creation of mounded topography, while erosion and other processes are considered
to be of secondary importance and will embellish such topography rather than create it.
The differential subsidence associated with magmatic activities led to the development of
mounds, which in turn became important clues implying revolutionary changes in tectonic
movement that took place at the time equivalent to T4.

6. Conclusions

Detailed examination of seismic data revealed a unique mounded topography cor-
responding to the top of the Meishan Fm. in the Southern Slope of the QDNB. Such
topography is characterized by the mounds alternating with ‘V’-shaped troughs, which dis-
play elongated ridges flanked by similar gullies trending roughly parallel with the strike of
the slope (SWW–NEE and SW-NE). The height of the mounds varies from about 70~210 m,
and they are about 0.9~2.4 km in width. The internal reflectors within the mounds were
truncated by the reflector T4 which is in turn overlain by seismic strata corresponding to
the Huangliu Fm. Since the late Miocene (ca. 10.5 Ma), under the influence of magmatism,
rapid subsidence occurred, which was manifested by the decreasing of subsidence from the
center to the south of the depression. Such differential subsidence induced fault reactivation
and steepened the slope. These tectonic events triggered the gliding of the uppermost
deposits, which generated a series of listric detachment faults that ceased downwards a
unified detachment surface. The top of tilted fault blocks that were constrained by these
faults formed the rudiment of mounded topography. The downfaulted troughs steered the
gravity flows and leveled by the lag deposits or bathyal–abyssal muds. The genetic model
of the mounds established in this study accentuates the decisive contribution of tectonic
activities to the creation of the mounded topography.
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Abstract: The sedimentary facies, architecture, and depositional mechanism of deltaic systems
have been one of the global research hotspots in recent decades; however, the detailed distribution,
sedimentary evolution, source rock potential, and major control factors of the coal-bearing shallow-
water delta are still unclear. A typical shallow-water braided delta with coal-bearing source rocks
developed in the Middle–Late Triassic Mungaroo Formation of the North Carnarvon Basin, which can
be a good study area for an analysis of coal-bearing source rocks. In this study, the sedimentary facies,
distribution and evolution, and coal-bearing source rock features of the Triassic strata were analyzed
based on the integrated study of wireline logs, drilled cores, thin sections, seismic facies and attributes,
and geochemical data. A range of shallow-water delta sedimentary facies was identified, including
the proximal delta plain channel/interdistributary bay, distal delta plain channel/interdistributary
bay, and the delta front. The coal-bearing shallow-water delta system of the Middle–Late Triassic
Mungaroo Formation was characterized by the largest scale delta system with relatively broad
proximal and distal delta plains and relatively narrow delta front subfacies. The scale of the delta
system showed a trend of increasing from the Early Triassic Locker Shale to the Middle–Late Triassic
Mungaroo Formation and then decreasing to the Late Triassic Brigadier Formation. The distal delta
plain subfacies of the Mungaroo Formation should have the highest potential coal-bearing source
rock, and the proximal delta plain also can be a favorable target for source rock evaluation. The major
control factors of the coal-bearing source rocks of the Mungaroo shallow-water delta mainly included
the Triassic megamonsoon climate, the topographic features, eustatic changes, and provenance
supply. The proximal and distal delta plains of the shallow-water delta system with thin coal seams,
carbonaceous mudstone, and dark mudstone lithologies’ association could be a favorable source rock
exploration facies for the next stage of natural gas field exploration.

Keywords: braided river delta; delta plain; Middle–Late Triassic; Mungaroo Formation; coal-bearing
source rock; depositional model; North Carnarvon Basin

1. Introduction

The sedimentary facies, stratal architecture, depositional evolution, and mechanism
of modern and ancient deltaic deposits have been one of the global research hotspots
in recent decades, including the continental shelf marginal delta system [1–10] and lake
basin delta system [11–16]. The shallow-water delta is a special type of deltaic system,
which was first proposed by Fisk et al. (1954) [17] with a relatively gentle slope, a broad
and shallow water environment or low accommodation, a stable tectonic background,
and an abundant sediment supply [17–20], based on the outcrop analysis and seismic-
based interpretation [8,11,12,21–24]. Shallow-water deltas obviously differ from the Gilbert
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deltas [25] and are generally characterized by a different scale of braided distributary
channels with a large-scale delta plain and a small range delta front [8,12,26]. The delta
area in the dry period differs greatly from that in the flood period [11,12]. Previous studies
have shown that the topographic features [11], climatic conditions (humid, semiarid, or
arid) [27–30], river inflow, and tectonic subsidence [21,31,32] would be the significant
controlling factors for the sedimentary architecture and depositional process of the shallow-
water delta.

Coal-bearing source rocks are widely developed in the coastal delta environment, with
many natural gas fields in the global Tethys region [33], such as the Northwest Shelf Basins
of Australia [8,34], the Central Sumatra Basin of Indonesia [35], the Brunei–Sabah Basin of
Malaysia [36], the East China Sea Shelf Basin [37], and the Yinggehai Basin [38] and Pearl
River Mouth Basin [15,39] of the northern South China Sea. Generally, the coal-bearing
source rocks are closely related with a coal seam and carbonaceous and dark mudstone with
a high content of organic matter (rich with terrigenous higher plants) [37]. This special type
of source rock shows a significant relationship with the natural gas exploration, and more
than 70% of the gas fields in China were located in coal-related source rock [40]. However,
the maceral composition in the coal-bearing source rocks of different delta subfacies or
microfacies are obviously different, which could have a significant impact on the evaluation
and prediction of the hydrocarbon generation potential. Meanwhile, the development
characteristics, detailed distribution, sedimentary evolution, and major control factor of the
favorable coal-bearing source rock of a shallow-water delta are still unclear. This might
seriously restrict further exploration in the related oil and gas fields. Therefore, it is urgent
to select a favorable research area to carry out these studies.

The Northwest Shelf (NWS) of Australia has become an important oil and gas explo-
ration region in recent years [41–43]. The Middle–Late Triassic Mungaroo Formation of the
large-scale and coal-bearing shallow-water delta in the North Carnarvon Basin (NCB) also
has been a hot research target in this area, which was affected by the Pangaea megamon-
soon [8,44], especially during the Carnian Pluvial Episode (CPE) [45]. The Carnian stage
witnessed major changes in both the marine and terrestrial ecosystems and underwent
a climate change event associated with global warming, the eruption of the Wrangellia
large igneous province (LIP) [44], and the strong enhancement of the hydrological cy-
cle [46]. Based on the previous studies [8,47], a typical shallow-water braided delta with
coal-bearing source rocks was developed in the NCB during the Mungaroo Formation. The
NCB has experienced many years of oil and gas exploration, with a large amount of drilling
and 3D seismic data, which makes it a good study area to carry out the comprehensive
analysis of the sedimentary facies, depositional evolution, and hydrocarbon generation
potential of the coal-bearing source rocks of the shallow-water delta system.

Therefore, based on the integrated analysis of wireline logs, drilled cores, thin sections,
seismic facies and attributes, and a series of geological and geochemical data in the NCB,
the motivations of this research mainly include: (1) to characterize the stratal architectural
features of various sedimentary subfacies and microfacies in the shallow-water delta system,
especially during the Middle to early Late Triassic, (2) to analyze the source rock types,
maceral compositions’ characteristics, and hydrocarbon generation potential of different
delta subfacies, (3) to investigate the sedimentary evolution of the deltaic system from the
Early Triassic to the Late Triassic and to establish a representative depositional model of the
Mungaroo Formation, (4) to further discuss the major control factor of the development of
coal-bearing source rock, and to predict the favorable source rock distribution in different
Triassic sequences.

2. Geological Setting

The North Carnarvon Basin (NCB) is located at the southern part of the Northwest
Shelf of Australia (Figure 1a); the basin is a giant oil and gas bearing basin formed by
continuous rifting and subsidence from the Late Paleozoic to the Cenozoic [41,43]. Since
the first oil field discovery in the NCB in 1954, more than fifty oil and gas fields have been
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put into hydrocarbon production, including the Jansz, Gorgon, North Rankin, Perseus,
Goodwyn, Sarborough, Pluto, Wheatstone, Geryon, and Clio gas fields (Figure 1b). The
land and sea regions of the basin cover approximately 115,000 km2 and 535,000 km2,
respectively, and the maximum water depth is approximately 3500 m [8,47].

Figure 1. (a) Regional geological maps of the North Carnarvon Basin in the Northwest Shelf of
Australia, including the drilled wells which penetrated the Triassic conglomerate or coal seam and
the location of the connecting-well sections and seismic profile used in this study. (b) Thickness map
of the Triassic strata in the North Carnarvon Basin and a series of significant gas field in this region.
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Six significant evolution stages developed in the NCB, including: (1) the pre-rift stage
(Silurian to Toarcian), (2) the early syn-rift stage (Toarcian to earliest Callovian), (3) the
main syn-rift stage (earliest Callovian to Berriasian), (4) the late syn-rift stage (Berriasian
to Valanginian), (5) the post-breakup subsidence stage (Valanginian to mid-Santonian)
and (6) the passive margin stage (mid-Santonian to present) [48]. In this study, the thick
Triassic strata was deposited in the pre-rifting stage (Late Permian to Triassic) with typical
siliciclastic sediment deposits (Figure 2).

Figure 2. Stratigraphic map of the NCB, showing the Triassic chronology, sea-level curve, lithology,
formation, sequences, depositional facies, and evolution stage. The major interval is the Triassic strata
(especially the Mungaroo Formation) with a typical fluvial–deltaic to marine environment.

The study intervals are the Triassic Locker Shale (SQ1), the Mungaroo Formation
(SQ2 and SQ3), and the Brigadier Formation (SQ4) (Figure 2). The Early Triassic Locker
Shale was characterized by marine claystone and siltstone with shelfal limestone. The
Middle–Late Triassic Mungaroo Formation was characterized by typical fluvial–deltaic to
marine environments, and the large-scale coal-bearing shallow water delta covered much
of the offshore NCB [47]. The palynologic associations published in previous studies [49,50]
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indicated typical fluvial–deltaic facies deposition. During the Latest Triassic to Early
Jurassic, rapid subsidence caused the deposition of the transgressive Brigadier Formation,
which was characterized by thin and interbedded claystone, marl, and sandstone. After the
drowning of the Mungaroo delta, the depositional environment of the Brigadier Formation
was deltaic to marine deposits.

3. Dataset and Methods

This study focuses mainly on the comprehensive research of wireline logs, drilled
cores, thin sections, seismic facies and attributes, and a series of geological and geochemical
data to promote a comprehensive understanding of the sedimentary facies, evolution,
and the related coal-bearing source rock potential of the Triassic delta, especially for the
Mungaroo Formation.

There were over 50 wells with detailed drilled wireline logs that penetrated the Triassic
stratum, and approximately 1100 m of drilled cores were available from six of these wells.
The cored samples were mainly derived from the Mungaroo Formation. A 3D seismic
volume covered an area of over 8200 km2, and the NCB covered 2D seismic data over
24,000 km (Figure 1a). The 3D seismic data were represented by inline and xline spacings of
12.5 m and 18.75 m, respectively. The vertical sample interval was 4 ms, and the signal-to-
noise ratio was relatively high at ~8.3 with the dominant frequency of 40–50 Hz (measured
velocity of ~2520 m/s). All geological data applied in this comprehensive study were
provided by the CNOOC. All the drilled wells used in this research revealed the Mungaroo
and Brigadier formations, and only few of them (such as Bruce-1, Hampton-1) penetrated
the Locker Shale strata. The detailed sedimentary facies interpretations were based on the
analysis of the well wireline logs, cores features, and microscopic thin sections. The thin
sections and scanning electron microscope (SEM) micro-photos provided favorable records
for the depositional environment. The seismic facies and seismic attributes (RMS attribute
used in this study) were also useful to support the analysis of the facies’ dispersal pattern
and depositional evolution.

In addition, a series of geochemical analyses of mudstone, carbonaceous mudstone,
and coal seam source rock samples (>200) from different sedimentary facies or subfacies
of the shallow-water delta system were also carried out in this study. The test items of
hydrocarbon source rock mainly included the total organic carbon (TOC), hydrocarbon
generation potential (S1 + S2), hydrogen index (HI), maximum pyrolysis peak temperature
(Tmax), and organic maceral compositions in various sedimentary facies. These geochem-
ical elemental analyses were carried out at the State Key Laboratory of Biogeology and
Environmental Geology, China University of Geosciences (Wuhan). Based on replicate
analyses of the Chinese national standard GB/T 19145-2003 [51], the analytical precision of
the TOC measurements was better than 0.5 wt%.

4. Results

4.1. Microscopic Sedimentological Characteristics

The thin sections of the Middle–Late Triassic Mungaroo Formation showed different
petrographic features with characteristics of various mineral compositions and assemblages
(Figure 3). The sandstone samples of the Mungaroo Formation were characterized as quartz
sandstone and subarkose with poor and medium sorting and angular round quartz grains
(Figure 3a,b). Some primary pores, secondary pores, siderite, organic matter filled, and
quartz overgrowth were also identified in the thin section graphs. In addition, kaolinite
cements, banded organic matter, rootlet debits (Figure 3c,d), and coal seams (Figure 3e,f)
also developed within the delta plains of the Mungaroo delta system.
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Figure 3. Photomicrographs of different petrographic features of the Mungaroo Formation in the NCB.
(a,b) show the shapes and distribution patterns of the quartz (Q), feldspar (F), primary pores (P), sec-
ondary pores (SP), and a small amount of siderite (S) and quartz overgrowth (QO), 4050.6–4051.0 m,
well North orgon-1. (c,d) show the microscopic characteristics of quartz (Q), kaolinite (K), organic
matter (O), and rootlets, 4035.4–4035.7 m, well Bluebell-1. (e,f) display the features of the coal seam,
SEM, 4159.0 m, well Bluebell-1. See the location of the wells in Figure 1a.

4.2. Well-Based Sedimentary Facies’ Characteristics

The facies and vertical associations in this study were identified based on the analysis
of the well-based wireline-log signatures, lithologies, grain-size, and sedimentary struc-
tures/fabrics (Figures 4–6). In this study, a range of shallow-water delta sedimentary envi-
ronments was recognized, including the proximal delta plain channel/interdistributary bay,
distal delta plain channel/interdistributary bay, delta front, beach bar, carbonate platform,
and prodelta or littoral neritic sea. In the study area, the distributary channel sandstone of
the delta plain was characterized by box or bell shapes in the GR logging curve and was
mainly composed of thick gravel coarse sandstone with a typical scouring surface that was
shown in the cores (Figure 4b). The interdistributary bay in the delta plain was mainly
characterized by the frequent interbedding of sand and mudstone with typical rhythmic
bedding (Figure 4a), and the GR logging curve was characterized by toothed features and
interbedded with typical coal seams. The delta front was characterized by the interbedding
of fine sandstone, siltstone, and mudstone with a certain reverse cycle feature (upward
coarsening) and a visible crossbedding and bioturbated structure (Figure 4c).

166



Energies 2023, 16, 2265

Figure 4. The gamma ray (GR) wireline log, lithologies and vertical evolution, delta–marine sedi-
mentary facies, and the related cores and crossbedding sedimentary structures from North Gorgon-1.
The depositional strata are related to the Mungaroo and Brigadier Formation (BF) from SQ2 to SQ4.
The drilled cores’ photos indicate the depositional features of the (a) coal seam and carbonaceous
mudstone, (b) coarse grained sandstone and conglomerate of the distributary channel sandstone,
and (c) interbedding of the distributary channel sandstone and mudstone of the interdistributary
channel bay.

Figure 5. The cross-wells’ stratigraphic profile A–A′ of the Triassic Locker Shale (SQ1), Mungaroo
Formation (SQ2 and SQ3), and Brigadier Formation (SQ4), showing the characteristics of the gamma
ray (GR) wireline log, lithologies, lithological association, and vertical evolution from bottom to top.
See Figure 1a for the location of the cross-wells profile A–A′.

167



Energies 2023, 16, 2265

Figure 6. Cross-well profile B–B′ showing the sedimentary facies (proximal delta plain chan-
nel/interdistributary bay, distal delta plain channel/interdistributary bay, delta front, beach bar,
carbonate platform, and littoral neritic sea) of the shallow-water delta system of the Middle–Late
Triassic Mungaroo and Brigadier Formation (BF) from SQ2 to SQ4. The scale of the delta is gradually
decreasing accompanied by vertical changes in the sedimentary facies and lithologic association. See
Figure 1a for the location of the cross-wells profile B–B′.

In addition, the cross-wells stratigraphic profile A–A′ showed that the Early Triassic
Locker Shale (SQ1) consisted of thick (40–200 m) mud-rich lithofacies integrated with
siltstone (0.3 m–2.0 m) (Figure 5). The thin sheet siltstones were characterized by low
gamma (GR) peaks.

The Middle–Late Triassic Mungaroo Formation (SQ2 and SQ3) was dominated by
coal-bearing and braided delta with broad proximal and distal delta plains and a relatively
narrow range delta front (Figure 5). The proximal and distal delta plains were characterized
by deltaic distributary channels with thick (12–30 m) channels of conglomeratic sandstones
(with box or bell shapes in the GR curve) interbedded with coal seams and carbonaceous
mudstone (Figures 4 and 5). The delta plains also displayed multiple fining upward fluvial
aggradational cycles (FACs; 0.1–1.2 m) with deposition of a braided distributary channel
and an interdistributary bay (Figure 4). The deposition of the thin coal beds (Figure 1a)
may be the consequence of the redeposit of coals that developed at the delta system. In
addition, there was a certain reverse grain sequence in the delta front of the Mungaroo
Formation (Figures 4 and 6). It is worth noting that the scale, thickness, and grain-size of the
sediment deposits of the SQ2 were obviously larger than that of the SQ3, especially in the
sedimentary facies of the proximal and distal delta plain distributary channels (Figure 4).

The Late Triassic Brigadier Formation (SQ4) was characterized by thin (2.2 m–4.0
m) fine stone, mudstone, and limestone with low gamma characteristics (Figures 4–6).
Compared with the SQ2 and SQ3, the delta-scale and grain-size of the deltaic deposits
obviously decreased, which was well indicated by North Gorgon-1 (Figure 4). During the
deposition of the Brigadier Formation, the features of the FACs also decreased from bottom
to top.
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4.3. Seismic Facies and Attribute Features of the Coal-Bearing Shallow-Water Delta

The thickness map of the Triassic strata in the North Carnarvon Basin (Figure 1b)
shows that the topography of the study area had a relatively gentle slope with a gradient of
approximately 1.2◦ to 2.3◦. The cross-well seismic profile C–C′ (Figure 7) presented a typical
low-angle shingled progradational seismic reflection configuration of the SQ2 and SQ3,
while the underlying Locker Shale (SQ1) and overlying Brigadier Formation (SQ4) were
characterized by a parallel or subparallel seismic configuration (Figure 7). Integrated with
the drilled-well based sedimentary facies analysis (Figures 4–6), the shingled progradational
reflection in this research corresponded to the large-scale proximal and distal delta plain,
with typical distributary channel gravel-rich or sand-rich deposits. In contrast, the parallel
or subparallel seismic reflection could be linked to the interdistributary bays with mud-rich
facies, carbonaceous mudstone, or coal seam deposits (Figure 7).

Figure 7. Cross-well seismic profile C–C′ presents a typical progradational seismic reflection
of the SQ2 and SQ3. See Figure 1a for the position of the seismic profile C–C′. Abbreviation:
TWT = two-way travel time.

The root mean square (RMS) seismic amplitude attribute map (Figure 8) also can be
used to depict the planar distribution features of the various-scale channel sandstone geo-
bodies of the shallow-water delta system. The distributary channel belts of the Mungaroo
Formation were obviously imaged, showing the dominant paleoflow direction (SE–NW
orientation), characteristics, and dispersal pattern. The features of the distributary channels
also further supported the analysis of the delta system of the Mungaroo Formation in the
study area.

169



Energies 2023, 16, 2265

Figure 8. Root mean square (RMS) seismic amplitude attribute map of a 40 ms sculpt from the SQ2 of
the Mungaroo Formation, showing the dominant paleoflow direction, characteristics, and dispersal
pattern of the shallow-water braided delta distributary channels. See the location of this seismic
attribute map in Figure 1a.

5. Discussion

5.1. Depositional Evolution and Dispersal Pattern of the Triassic Coal-Bearing Delta System

Based on the integrated analysis of the well-based lithologies, seismic facies and
attributes, and microscopic sedimentary characteristics, in this study, the sedimentary facies
distribution and evolution from the Early Triassic Locker Shale (SQ1) to the Middle–Late
Triassic Mungaroo Formation (SQ2 and SQ3) and Late Triassic Brigadier Formation (SQ4)
were well characterized (Figure 9a).

The Early Triassic Locker Shale (SQ1) was characterized by a relatively small-scale
delta system that was mainly distributed along the coast of the Northwest Shelf of Australia.
The feature of the Locker Shale sedimentary facies distribution was consistent with the
characteristics of a relatively mud-rich lithologic association revealed by a large number of
existing wells (Figures 5 and 6). The lower Mungaroo Formation (SQ2) corresponded to the
depositional stage of the largest coal-bearing shallow-water delta systems that developed
in the NCB (Figure 9a). It was characterized by a large-scale delta system with relatively
broad proximal and distal delta plains and relatively narrow delta front subfacies. The
feature of the lower Mungaroo Formation (SQ2) was also well validated by the drilled wells
with thick distributary channel pebbly sandstone and widely developed thin coal seams
(Figures 4–6). Based on the previous studies [8,44,46], it is believed that the large-scale
delta system of the Mungaroo Formation might have a good inner relationship with the
impact of the Triassic megamonsoon and the influence of Carnian Pluvial Episode (CPE).
During the upper Mungaroo Formation (SQ3), the delta system was characterized by the
interbedding of medium–fine channel sandstone and siltstone, mudstone, and thin coal
beds. During the Brigadier Formation (SQ4), the delta system’s scale decreased rapidly
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(Figure 9a) and was characterized by thick limestone and dolomite and interbedded with
thin siltstone and mudstone.

Figure 9. The lithology, GR wireline log feature, facies distribution and evolution, and the related
three-dimensional conceptual model of the Triassic strata from the Locker Shale to the Brigadier
Formation in the NCB. (a) The sedimentary facies maps of the SQ1 to SQ4 indicate the distribution
pattern of the shallow water delta system. (b) The three-dimensional conceptual model of the the
Locker Shale to the Brigadier Formation with typical lithologic distribution.

Therefore, based on the sedimentary facies’ distribution and evolution of the Triassic
sequences, a three-dimensional (3D) conceptual model from bottom to top is also provided
(Figure 9b). The 3D model obviously displays the dispersal pattern of the sedimentary
facies or subfacies association, lithologies distribution patterns, and the spatiotemporal
distribution characteristics. Overall, the scale of the delta system showed a trend of
increasing from SQ1 to SQ2 and then decreasing from SQ2 to SQ4. At the same time, the
lithologic association and distribution also showed a matching evolution trend.

5.2. Coal-Bearing Source Rock Characteristics and the Potential of Different Sedimentary Subfacies

In this study, the Mungaroo Formation was the major study interval for detailed
coal-bearing source rock analysis with different sedimentary facies or delta subfacies
(Figures 10 and 11; Tables 1 and 2). The organic matter of the Mungaroo Formation was
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mainly represented by thin coal seams, carbonaceous mudstones, and mudstone-rich
terrigenous organic matter. Among them, the thin coal seams and carbonaceous mudstone
were mainly concentrated in the distal delta plain. Due to the distributary channels being
well-developed in the proximal delta plain, the effect of river scouring was strong, and the
fine sediment such as peat swamp deposited in the early stage was difficult to preserve.
Most of the organic matter in the sediment was oxidized and decomposed in the Mungaroo
Formation. The oxidized vitrinite was also seen in some sample analysis. In addition, the
delta front was mainly enriched in silty mudstone and siltstone with typical dispersed
organic matter.

Figure 10. Organic matter types, maximum pyrolysis peak temperature (Tmax), and hydrogen
index (IH) characteristics of the Mungaroo Formation source rocks in different sedimentary facies or
subfacies, including the (a) proximal delta plain, (b) distal delta plain, (c) delta front and (d) prodelta,
littoral neritic sea, and carbonate platform.
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Figure 11. Total organic carbon (TOC) content and hydrocarbon generation potential (S1 + S2) of
the Mungaroo Formation source rocks (mudstone, carbonaceous mudstone, and coal) in different
sedimentary facies or subfacies.

Table 1. Statistics of the average content of the organic maceral compositions in different sedimentary
facies of the Mungaroo Formation in the NCB.

Sedimentary
Subfacies

Average Content of Macerals (%)

Inertinite Vitrinite Exinite

Proximal delta plain 46% 23% 12%

Distal delta plain 30% 54% 16%

Delta front 38% 21% 41%

Table 2. Total organic carbon (TOC) values of the dark mudstone and coal seam in different delta
subfacies of the Mungaroo Formation in the NCB.

Lithology
TOC

Value (%)
Proximal

Delta Plain
Distal

Delta Plain
Delta
Front

Prodelta/
Littoral

Neritic Sea

Dark
mudstone

Average
value 1.16% 4.11% 1.05% 0.96%

Minimum
value 0.5% 0.52% 0.43% 0.32%

Maximum
value 4.16% 26.8% 4.26% 1.74%

Coal seam

Average
value 33.3% 37.4% / /

Minimum
value 28.2% 30.4% / /

Maximum
value 35.2% 40.5% / /
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Generally, the Mungaroo Formation was characterized by coal-bearing source rock
with obvious organic matter that derived from terrestrial plants (ferns and seed ferns), show-
ing the organic matter type dominated with type-III kerogen in different facies (Figure 10).
The organic matter types of the source rocks in different sedimentary facies zones also
had certain differences. Among them, the proximal delta plain and the distal delta plain
were characterized by type-II2 and -III kerogen (Figure 10a,b), while the organic matter
types of the source rock in the delta front, prodelta, and carbonate platform were mainly
represented by type-III kerogen, and a few samples fell into the type-II2 area (Figure 10c,d).

The contents of the organic macerals in different sedimentary facies zones also had
obvious differences. The organic matter of the coal-bearing delta system was mainly
represented by two different types, including the coal and dispersed organic matter. The
macerals of coal mainly consisted of vitrinite, and the content of inertinite was relatively
low, which mainly developed within the distal delta plain (Table 1). The content of vitrinite
in the dispersed organic matter was lower than that in the coal, while the content of the
inertinite and exinite was relatively higher, which mainly developed within the proximal
delta plain and delta front subfacies (Table 1). From the proximal delta plain to the distal
delta plain and then to the delta front and prodelta (littoral neritic sea), the content of
vitrinite increased (from 23% to 54%) and then decreased (from 54% to 21%), of which
the content of relative vitrinite in the distal delta plain was the highest (54%), while the
content of exinite had a significant increasing trend (from 12% to 16% and 41%). Overall,
the macerals of organic matter in the proximal and distal delta plains of the Mungaroo
Formation in the NCB were mainly vitrinite and inertinite, and the content of exinite was
relatively low. The content of vitrinite and inertinite in the macerals of the proximal delta
plain and the distal delta plain showed an obvious mutual growth and decline relationship
(Table 1). However, the content of exinite in the delta front was relatively high, and some
samples even contained exinite alone.

In addition, the terrigenous organic matter content and hydrocarbon generation
potential of the dark mudstone and coal seam in different sedimentary facies zones of the
Mungaroo Formation were quite different (Figure 11; Table 2). The thin coal seams in the
proximal and distal delta plain were well developed with a high average TOC content
(33.3% to 37.4%; Table 2). Overall, the distal delta plain was characterized by coal seams
and thick carbonaceous mudstones rich in terrigenous organic matter, which can serve as
good or very good source rocks. The average total organic carbon (TOC) content of the
dark mudstones in the distal delta plain reached 4.11% (Table 2). In the proximal delta
plain, the carbonaceous mudstone was not developed, and the TOC content in the dark
mudstone was also relatively high, with an average of 1.16%, which could be medium to
good hydrocarbon source rock (Figure 11; Table 2). The delta front sedimentary facies belt
was relatively narrow with a relatively low TOC content in the dark mudstones (average
1.05%), which might not be a favorable source rock facies belt in this area. The samples of
the prodelta/littoral neritic sea and the carbonate platform were also represented by low
TOC content features (average 0.96%), which should not be the source rock targets in NCB
exploration.

5.3. Coal-Bearing Source Rock Prediction, Controlling Factors, and Implications for Exploration

The Triassic coal-bearing source rocks in the NCB mainly developed during the
Mungaroo Formation (SQ2 and SQ3) with typical proximal and distal delta plain de-
posits (Figures 9 and 12a). Based on the comprehensive analysis of the organic matter
types, organic maceral compositions, TOC content, and hydrocarbon generation potential
(Figures 10 and 11; Tables 1 and 2) above, the distal delta plain subfacies of the SQ2 and
SQ3 should have the most potential coal-bearing source rock that developed in the NCB
(Figure 12b). The proximal delta plain could also be a favorable target for source rock
evaluation. The narrow delta front, the prodelta, littoral neritic sea, and carbonate platform
facies do not have favorable hydrocarbon generation potential.
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Figure 12. (a) The three-dimensional dispersal pattern model of the typical shallow-water coal-
bearing delta of the Mungaroo Formation in the NCB. (b) Two-dimensional conceptual profile of the
distribution pattern of the terrigenous organic matter in the Mungaroo deltaic system, indicating the
facies dispersal pattern and lithologies’ distribution and combination. See Figure 12a for the position
of the profile D–D′.

The depositional evolution and dispersal pattern of the source rocks of the Mungaroo
delta were significantly affected by the Triassic megamonsoon, the basin geomorphology,
eustatic changes, and provenance from the orogenic belt. Changes in the Triassic climate
affected the rainfall, which then influenced the fluvial erosion, sediment supply, and
discharge from the source to sink of the drainage system. During the Late Triassic, especially
the Carnian stage, the NCB was located in a temperate to warm humid and monsoonal
climate, which also benefitted the megamonsoon that developed related to the Pangaea
supercontinent. In addition, the gentle topography during the Mungaroo Formation of the
NCB was advantageous for the formation of the coal-bearing delta with a broad delta plain.
During the Middle–Late Triassic, the major source in the study area was derived from the
provenance regions of Antarctica and Southeastern Australia [8], which provided sufficient
sediments to form the large-scale delta.

In summary, the broad proximal and distal delta plains of the shallow-water delta
system of the Mungaroo Formation (SQ2 and SQ3) with thin coal seams, carbonaceous
mudstone, and dark mudstone lithologies’ association could be advantageous coal-bearing
source rock exploration layers in the NCB of the Northwest Shelf of Australia, which also
could be the major targets of reservoir and source rock for the next stage of natural gas
field exploration.
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6. Conclusions

The sedimentary facies’ analysis, distribution and evolution, and coal-bearing source
rock features of the Middle–Late Triassic shallow-water delta in the North Carnarvon Basin,
Northwest Shelf of Australia, were comprehensively analyzed based on the integrated
study of wireline logs, drilled cores, thin sections, seismic facies and attributes, and a series
of geological and geochemical data. The major conclusions are presented as follows:

(i) A range of shallow-water delta sedimentary environments was recognized in the
Triassic strata of the North Carnarvon Basin, especially during the deposition of
the Middle–Late Triassic Mungaroo Formation, including the proximal delta plain
channel/interdistributary bay, distal delta plain channel/interdistributary bay, delta
front, beach bar, carbonate platform, and prodelta or littoral neritic sea. The coal-
bearing shallow-water delta system of the Mungaroo Formation was characterized by
a large-scale delta system with relatively broad proximal and distal delta plains and
relatively narrow delta front subfacies. The scale of the delta system showed a trend
of increasing from SQ1 to SQ2 and then decreasing from SQ2 to SQ4.

(ii) The Triassic coal-bearing source rocks in the NCB mainly developed during the
Mungaroo Formation (SQ2 and SQ3) with a relatively high TOC content and hydrocar-
bon generation potential. The distal delta plain subfacies of the Mungaroo Formation
should be the highest potential coal-bearing source rock. The proximal delta plain
also could be a favorable target for source rock evaluation. The delta front, prodelta,
littoral neritic sea, and carbonate platform facies do not have favorable hydrocarbon
generation potential.

(iii) The depositional evolution and dispersal pattern of the source rocks of the Mungaroo
delta were affected by the Triassic megamonsoon climate, the gentle basin topographic
feature, eustatic changes, and enough sediment supply from the orogenic belt. The
proximal and distal delta plains of the shallow-water delta system with thin coal
seams, carbonaceous mudstone, and dark mudstone lithologies’ association could
be advantageous coal-bearing source rock exploration layers, which could serve as a
reference for other regions with a similar background.
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