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Abstract: Using 2D /3D seismic data and a large number of drilling and logging data and applying
sequence stratigraphy, seismic sedimentology, and petroleum geology concepts, the characteristics
of the sedimentary sequence of the forced regression have been analysed, the migration trajectory
of the coastline have been reconstructed, the evolution model of the forced regression have been
presented, and the significance for petroleum geology of the forced regressive sandbodies have been
discussed. The falling stage systems tract (FSST) of the Zhujiang Formation present offlap high-angle
oblique foreset reflection structure in the seismic profiles of the depositional trends and turbidite fan
deposits with strong amplitude mound reflection structure are developed in the downdip direction
of its front. The trajectory of migration of the shoreline shows a terraced downtrend in the direction
of basin. The FSST is characterized by the shelf-edge delta without topset beds. The FSST was formed
in the fall of relative sea-level. Five sets of foreset beds controlled by high-frequency relative eustatic
were developed, therefore ordinal regressive overlap can be observed for the five sets of shelf-edge
deltas in the depositional trends. The favourable reservoirs which were located close to the upper
boundary of the falling stage systems tract and the basal surface of forced regression are sandbodies
of the shelf-edge delta front and wave-dominated shoreface sands and the sandbodies of the turbidite
fan. Those sandbodies favour the formation of lithologic oil-gas reservoirs by means of good trap
sealing conditions, excellent oil-gas reserving performance, and effective oil source communication
of fracture system.

Keywords: forced regression; sedimentary sequence; evolution model; Zhujiang Formation; Miocene;
Pearl River Mouth Basin

1. Introduction

Sequence stratigraphy is widely used in the predictive exploration of petroleum, coal,
and placer deposits, which is the third of a series of major revolutions in sedimentary geol-
ogy [1]. In the process of the development and application of sequence stratigraphy, there
are some new views, including the position of sequence boundary, the division of system
tracts, and the definition and nomenclature of units and bounding surfaces. Posamentier [2]
identified the lowstand shoreline sandbodies formed by forced regression and modified
the classical Exxon conceptual model, but still regarded the bottom boundary of lowstand
shoreline sandbodies as the sequence boundary. Hunt and Tucker [3] reconsidered the
lowstand shoreline sandbodies of forced regressive deposits, and put forward the concept
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of forced regressive wedge systems tract (FRWST), highlighting that, after the relative sea
level began to fall, the FRWST formed until it fell to the lowest point, and the sequence
boundary forms when the relative sea level falls to the lowest point. Ultimately, the top
boundary of the FRWST is the sequence boundary. Considering that the forced regres-
sion wedge system tract was formed during the period of relative sea-level fall, Plint and
Nummedal [4] proposed the concept of falling stage systems tract (FSST) and further stated
that the FSST is the offspring according to the transgressive systems tract. Catuneanu [5,6]
re-defined the concept of FSST, pointing out that the FSST occurred in the period when
the base level (relative sea-level) fell. Catuneanu and Zecchin [7] extended the concept
of sequence to include all cycles bounded by recurring surfaces of sequence stratigraphic
significance, irrespective of the origin of these surfaces. Catuneanu [8] pointed out that
stratal stacking patterns provide the basis for the definition of all units and surfaces of
sequence stratigraphy. The same types of stacking patterns may be observed at different
scales in relation to stratigraphic cycles of different magnitudes. With the continuous
improvement of sequence stratigraphy theory and method, it has also been widely used in
reconstructing the paleogeographic setting, climatic conditions, and tectonic setting which,
in turn, are important for the petroleum industry [9-11].

As an important petroleum basin in the northern South China Sea, the Pearl River
Mouth Basin developed several sets of continuous offlap sedimentary units which is
similar to that configurated by the forced regression during the deposition of Zhujiang
and Hanjiang Formations in Miocene, and the units have the characteristics of shelf-
edge delta [12-18]. Previous work interpreted the shelf-edge delta as lowstand wedge or
lowstand delta deposits in the lowstand systems tract of the classical Exxon sequence strati-
graphic model and discovered many lithologic reservoirs, such as PY35 and PY36 [12-16,18].
However, because of the lack of understanding of sedimentary sequence characteristics,
no new breakthroughs have been made in oil-gas exploration in recent years. With the
continuous improvement of the theoretical concepts of sequence stratigraphy and the
wide acceptance of the falling stage systems tract, Xu [19], Chen [20], and Yu [6,21] pro-
posed to consider lowstand wedge or lowstand delta deposits as FSST and discussed
its identification characteristics; however, they did not describe exactly the characteris-
tics of the sedimentary sequence and summarize the evolution model for these forced
regressive deposits.

In view of this, we take the forced regression wedge of the Miocene Zhujiang For-
mation in the Pearl River Mouth Basin (PRMB) of the northern South China Sea (NSCS)
as an example. By using a comprehensive three-dimensional seismic data set and a large
number of drilling and logging datasets, we analyze the characteristics of the sedimentary
succession, recover the migration trajectory of the coastline, review the evolution model,
and discuss the significance of the forced regression sandbodies in petroleum geology. This
is expected to enrich more exploration examples and identification features for the falling
stage systems tract, as well as provide guidance for realizing new oil and gas exploration
breakthroughs in this area as soon as possible.

2. Geological Setting and Stratigraphy

The PRMB is one of the four major basins which developed in the NSCS during the
Cenozoic [22-24]. The PRMB is located to the south margin of the South China continent
between the Hainan and Taiwan islands, covering about 17.5 x 10* km? [25]. The PRMB
can be divided into five tectonic units trending NE, which are the northern fault terrace
belt, the northern depression belt (including Zhu I Depression and Zhu III Depression),
the central uplift belt (including Shenhu uplift, Panyu low uplift and Dongsha uplift),
the southern depression belt (including Zhu II Depression, Baiyun Sag and Chaoshan
Depression), and the southern uplift belt [26] (Figure 1A). The Baiyun sag of the PRMB,
which lies on the continental slope along the northern margin of the NSCS, is one of the
largest hydrocarbon-generating sags in the PRMB, covering an area of approximately
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1.2 x 10* km? at the depths of 200-2000 m [27,28]. The study area is located in the middle
of the Baiyun sag, including a small part of the Panyu low uplift (Figure 1B).
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Figure 1. (A) Location map showing the tectonic compartmentalisation of the Pearl River Mouth Basin in the Northern

South China Sea. (B) Location distribution of research data. The study area located in the Panyu low uplift and Baiyun sag.

Note the forced regressive deposits mainly developed in the northern Baiyun sag.

Similar to many other passive continental margin basins, the evolution of the PRMB
has experienced rift (57.5-32 Ma), transition (32-23.8 Ma), and subsidence (23.8-0 Ma)
stages [29] (Figure 2). The Paleocene-early Oligocene rift stage was characterized by the
well-developed half-graben structures [30-32]. The transition stage that occurred during
the late Oligocene was influenced by a significant decrease in the intensity of the active
normal faults [33,34]. The southward transition of the ridge in the center of South China
Sea at 23.8 Ma, named the Baiyun event, led to the skipping of the continental shelf slope
break from southern margin of the southern uplift belt to northern margin of the Baiyun
sag; after this, the continental shelf break always kept near the southern side of the Panyu
low uplift to the northern slope of Baiyun sag, such as shelf break at 21 Ma (Figure 1B).
In the subsidence stage, a multi-period of tectonic collisional phases took place around
the northern South China Sea. One of them was the NNW-directed underthrust of the
Philippine Sea Plate at 10.5 Ma, named the Dongsha event in the region [35,36], which
caused strong elevation and subsidence of the fault blocks and tenso-shear action of the
strata in the PRMB. Two main collision phases between Taiwan and the continental margin
of East China at 5-3 and 3-0 Ma ago may have resulted in two post-drift uplift events
within the Dongsha region [36,37].

The Cenozoic strata in the Baiyun sag of the PRMB is 11 km thick and overlays the
basement rocks of Cretaceous granites [24,38] (Figure 2). During the rift stage, terrestrial
fluvial and lacustrine sandstones, mudsones, and coal deposits were deposited in the
Shenhu, Wenchang, and Enping Formations of the Baiyun sag. The lacustrine mudstones
and coal-bearing strata of the Wenchang and Enping Formations are the main hydrocarbon
source rocks of the PRMB [39]. After the rift stage, a large shallow marine shelf delta
developed in Zhuhai Formation of the Baiyun sag. The sandstone deposited at this stage
accounts for about 50-60% of the volume of the rock and covers a large area, thus it
is considered to be the most important reservoir rocks in the PRMB [39]. During the
subsidence stage, deep-water depositional systems developed in the Zhujiang, Hanjiang,
Yuehai, and Wanshan Formations and Quaternary strata in the Baiyun sag of the PRMB [36].
The Zhujiang Formation, which is the oldest of the Miocene sequences, is the main focus
of this research. According to the seismic reflection structure characteristics of the PRMB,
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paleontological datings and the third-order relative global sea-level curve, six third-order
sequence boundaries (5SB23.8, SB21, SB18, SB17.5, SB17.1 and SB16.5) and a maximum
flooding surface (MFS18.5) have been identified in the Zhujiang Formation [33,40—43]. The
forced regressive deposits are beneath the SB21, therefore the strata of this study are the
SQ1 and SQ2 sequences, which are between SB23.8 and SB18 (Figure 2).
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Figure 2. Stratigraphic Sequence framework for the Pearl River Mouth Basin. The red solid line shows approximated
locations of shelf breaks. Colours of the lithology column: brown = basement rock; blue = erosion; yellow = sandstone;
grey = mudstone; green = carbonate; black = coal deposits; violet = magmatic intrusive rock.

3. Data and Methodology

Both multichannel 2D and high-resolution 3D seismic data used for this study were
provided by Shenzhen branch of the China National Offshore Oil Corporation (CNOOC)
(Figure 1B). The 3D seismic survey covered an area of approximately 3100 km?, with a bin
size of 12.5 x 12.5 m? in the inline and crossline directions. The frequency bandwidth of
the data ranges from 15 to 70 Hz with a dominant frequency of 50 Hz, and the sampling
interval is 2 ms. The seismic velocity of the Zhujiang Formation in Panyu low uplift-Baiyun
sag is 3500 m/s, and the vertical resolution is approximately 15 m. The vertical scale for all
the seismic profiles shown in this paper is round trip time, and all of the original data were
interpreted in the workstation with Geoframe 4.5. There are 22 wells involved in this study
and all of them possess a complete suite of log and lithology data, including P1, P2, P6,
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and B4 wells, which also have core data (Figure 1B). Furthermore, 15 of these wells are in
the shallow waters and the rest are in the deep-water region.

Firstly, according to the core observation and description and the sedimentary se-
quence analysis of a single well, sedimentary facies and the stacking pattern of parase-
quence for the forced regression could be determined; Secondly, the characteristics of
seismic facies and sequence evolution for the forced regression were determined by de-
tailed correlation of section of line series and interpretation for the seismic reflection
structure and its attribute property; then, on the basis of seismic profile data, the changing
pattern for the trajectory of shoreline migration of the forced regressive deposits could be
determined by recovering the migration trajectory of shoreline; Finally, in the light of the
latest principles of sequence stratigraphy concepts, the evolutionary model of the sedimen-
tary sequence for the forced regression and its related systems tract were summarized and
the significance of the forced regression and related sedimentary sandbodies for petroleum
geology could be assessed.

4. Results
4.1. Depositional Systems or Facies Associations
4.1.1. Core Lithofacies Characteristics

Sedimentary structure characteristics of the core which is from the four coring wells
in the study area have been detailed observed and described, it has been known that the
Panyu low uplift and Baiyun sag in the PRMB have characteristics of both multitudinal rock
types and complex sedimentary structures. The main rock types are: (1) Reddish-brown
pebbly sandstone and medium-coarse grained sandstone, which are the main rock types
of a distributary channel or incised valley channel deposited in delta plain, the sandstone
with subangular to subrounded poorly sorted clasts are common (Figure 3A,B); (2) Grey or
yellow-grey fine-grained sandstone and silty fine-grained sandstone, which are the main
rock types of underwater distributary channel or mouth bar developed in delta front, the
clasts are subrounded well sorted (Figure 3D-H); (3) Red-brown mudstone, which is with
iron-bearing nodules (Figure 3C), reflecting that the sedimentary environment is exposed
and oxidized. The main sedimentary structures are as below: (1) large-scale massive
(Figure 3B) and plate cross-bedding (Figure 3A), which are developed in the distributary
channel in delta plain on the strong hydraulic conditions, but also horizontal bedding
(Figure 3C), which are developed in inter-distributary bay or floodplain under the weak
hydraulic conditions, are common. (2) Both parallel bedding (Figure 3F) and wedge-shaped
cross bedding (Figure 3G), which are developed in submerged a distributary channel in
the delta front on the strong hydraulic conditions, and small cross bedding (Figure 3D),
which are developed in delta front under the relatively weak hydraulic conditions, can
usually be seen. At the same time, the reverse graded bedding (Figure 3E), which is the
main character of the mouth bar, is obviously observed. (3) The bioturbation structures
(Figure 3D,E) consist of abundant strong and horizontal burrows (Figure 3E), indicating
that the depositional environment is a neritic province with a relatively weak hydraulic
condition and the depth of water is relatively deep. (4) The deformation of the argillaceous
belt (Figure 3H) is so intense that the slide and slump are usually seen, indicating that the
depositional environment is a continental slope with a relatively steep gradient. Based on
the lithofacies characteristics of the cores mentioned above, it can be inferred that the study
area is located in a shallow delta, where the water is relatively deep and, at the same time,
it is located in a continental shelf with a gradient. Consequently, the study area may be a
shelf-edge delta.
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Figure 3. Lithologic characteristics and sedimentary structures in the Zhujiang Formation of Pearl River Mouth Basin,
northern South China Sea: (A) The core shows grey medium-coarse sandstone with tabular cross bedding in well P6
(2771.4 m). (B) The core shows red-brown gravelly medium-coarse sandstone with massive bedding in well P1 (3349.3 m).
(C) The core shows red-brown mudstone with iron nodules and horizontal bedding in well P1 (3345 m). (D) The core
shows grey silt-stone-fine sandstone with small cross bedding in well P2 (3304.4 m). (E) The core shows gray siltstone-
fine sandstone with reverse grain sequence characteristics, biological disturbance, and horizontal wormholes in well P2
(3305.5 m). (F) The core shows red-brown fine sandstone with parallel bedding in well B4 (3741 m). (G) The core shows
yellow-gray fine sandstone with wedge cross bedding in well B4 (3755 m). (H) The core shows yellow-gray fine sandstone
with shaly strip deformation structure in well B4 (3732.1 m).

4.1.2. Sedimentary Sequence Characteristics of Single Well

The log facies have been studied based on the combination of the morphological
characteristics of logging curves and the analysis of the lithologic characteristics and
structural features. A comprehensive column of sediment and sequence for two single
wells has been established according to the stacking patterns of the parasequence (Figure 4).
Two single wells are Well P1, which is landward and located on the 21 Ma shelf slope break,
and Well B5, which is seaward and located beneath the 21 Ma shelf slope break. As can be
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seen in Figure 4, the logging curves of distributary channel in delta plain and underwater
distributary channel in delta front are a cylinder shape and a bell shape. Furthermore, it is
mainly the cylinder shape and with a relatively wide range for the distributary channel,
whose lithology is characterized by gravel-bearing coarse-grained and medium-coarse
sandstone in delta plain (Figure 3A,B), while it is generally a combination of the cylinder
shape and bell shape and with a relatively narrow range for the underwater distributary
channel, whose lithology is dominated by fine sandstone in the delta front (Figure 3EG).
The well logging curves of mouth bar are funnel shape and have the characteristics of the
reverse graded bedding (Figure 3E). The logging curves of floodplains, interdistributary
bays, and prodelta, whose lithology are mudstone-dominated from linear shape. Due to
the influence of high-frequency eustatic cycles, the logging curves of a large set of prodelta
mud shows a series of fluctuations which are slightly funnel-like (prodelta mud of well
B5 in Figure 4), and vertical overlaps of several parasequences are obvious. During the
development of the transgressive systems tract of SQ1 sequence, because the shelf slope
break zone is located on the south of the study area [16], the study area shows a sedimentary
background with low accommodation space. Further, the parasequence take the exposed
erosion surface which corresponds to the flooding surface as its boundary. The boundary
is formed during the descending half-cycle of the base level (relative sea-level), while the
parasequence is formed during the ascension half-cycle of the base level (relative sea level).
Overall, the transgressive systems tract vertically presents a retrogradational parasequence
set (Figure 4, Well P1 and Well B5). During the period of the highstand systems tract of SQ1
sequence, the shelf slope break zone transited from the southern part outside the study
area to the northern part of the study area [44] due to the lag effect of the Baiyun movement.
Here, the study area presented a sedimentary background with high accommodation space.
Ultimately, the parasequence takes the flooding surface as the interface, and its interface
is formed during the ascension half-cycle of the base level (relative sea level), while the
parasequence is formed during the descending half-cycle of the base level (relative sea
level). Generally, the highstand systems tract presents a progradational parasequence set
vertically (Figure 4, Well P1 and Well B5). Due to the decline of relative sea level, falling
stage systems tract of the SQ1 sequence in the well P1 is characterized by the parasequence
formed during the ascension half-cycle of the base level (relative sea-level), and the falling
stage systems tract shows vertically a progradational parasequence set (Figure 4, well
P1). However, because of the high accommodation space, the falling stage systems tract
of the SQ1 sequence in the under part of Well B5 is characterized by the parasequence
formed during the descending half-cycle of the base level (relative sea-level). Moreover,
with the continual decline of the sea level, the high accommodation space is transformed
into the low accommodation space, therefore the falling stage systems tract of the SQ1
sequence in the upper part of Well B5 is characterized by the parasequence formed during
the ascension half-cycle of the base level (relative sea-level) and the systems tract shows
stacking patterns of progradational to aggradational parasequence set (Figure 4, well B5).
The transgressive systems tract of SQ2 sequence is characterized by parasequence formed
during the ascension half-cycle of the base level due to the low accommodation space in
the early stage, while it is characterized by parasequence formed during the descending
half-cycle of the base level due to the high accommodation space in the late stage, and it is
characterized by the retrogradational parasequence set as a whole (Figure 4, Well P1 and
Well B5). The highstand systems tract of SQ2 sequence is characterized by parasequence
formed during the descending half-cycle of the base level due to the high accommodation
space, and it is characterized by progradational parasequence set (Figure 4, Well P1 and
Well B5).
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Figure 4. Sedimentary facies and sequence stratigraphy characteristic of single well in Zhujiang
Formation of Panyu low uplift and Baiyun sag, Pearl River Mouth Basin. Note that Well P1 is above
the shelf break at 21 Ma and landward, the Well B5 is below the shelf break at 21 Ma and seaward.

4.1.3. Seismic Facies Characteristics

The external form of the falling stage systems tract in the study area is a mound type,
according to the seismic profile (Figure 5). The seismic facies unit presents a progradational
configuration in the depositional trends (Figure 5A), while a divergent fills in the vertical
depositional trends (Figure 5B). The thickness of the seismic facies unit changes from small
to large and then to small in the depositional trends (Figure 5A), and they are thick in the
middle and thin on both sides in the vertical depositional trends (Figure 5B). Meanwhile,
it is fan-shaped in the plane (Figure 6A). As above, the falling stage systems tract has the
typical characteristics of delta deposits. For the detailed observations, the characteristics of
the internal structure are shown as follows: the characteristics of oblique progradational
reflection with high angle, lacking the sedimentary units of the topset beds and developing
only the sedimentary units of the foreset and bottomset beds (Figure 5A), and all of these
are the sedimentary characteristics of the shelf-edge delta. The seismic termination for the
top boundary of the falling stage systems tract (5B21) shows toplap, and the boundary is
characterized by the subaerial exposure and erosion of the sequence boundary. However,
the seismic termination for the basal surface of forced regression (BSFR) shows downlap,
and the surface is characterized by stratigraphic integrity (Figure 5A). The upper part
of the falling stage systems tract has strong amplitude seismic reflection, which infers
delta front sediments with high sand content, while the lower part present disorder and
weak amplitude seismic reflection, which infers the prodelta sediments dominated by
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argillaceous sediments. In addition, the reflective structure with strong amplitude can be
seen locally, and the external geometric shape is a mound, and the flat shape consists of
small lobes (Figures 5A and 6B). All of these infer turbidite fan deposits.

3100

’ o~ o
o . o S
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Figure 5. Seismic profile corresponding to sequence and sedimentary system of the Panyu low uplift
and Baiyun sag in Pearl River Mouth Basin (location of section is given in Figure 1B): (A) Seismic
facies characteristics with oblique progradational configuration in the depositional trends. (B) Seismic
facies characteristics with divergent fill in the vertical depositional trends. Note the seismic profile is
below the shelf break at 21 Ma and seaward.
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range of the shelf-edge delta. Root mean square amplitude attribute extracted 30 ms downward from the 21 Ma, which is
the upper interface of falling stage systems tract. (B) The red coil is the development range of the turbidite fan. Root mean
square amplitude attribute extracted 30 ms upward from the basal surface of forced regression.

4.2. Sequence Stratigraphic Systems and Depositional Evolution
4.2.1. Sedimentary Sequence Characteristics in the Depositional Trends

The falling stage systems tract presents oblique progradational reflection configuration
with a high angle, which is more than 3 degrees in the seismic profiles, which is depositional
trends [21]. The delta plain facies of the topsets are absent and the bottomset beds are
tangentially oblique to the lower boundary (Figure 7). It also reflects both a characteristic of
delta sedimentary environment with high-energy and a rapid decline in relative sea-level.
Other characteristics that can be seen from Figure 7 are as follows: (1) the deposition
thickness of transgression and highstand systems tract in SQ1 sequence are relatively thin;
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(2) the two systems tract present a phase axis from the seismic profile; (3) the phenomenon
of retrogradation and progradation caused by delta plain and front deposits can be clearly
seen from the profiles in a series of wells. It has been inferred that all of the characteristics
above may be related to the structural event of Baiyun movement in 23.8 Ma and the
subsequent sedimentary effect [44]. The falling stage systems tract of the SQ1 sequence
is characterized by the seaward progradation of five phases foreset beds which present
offlap one by one, accompanying with the development of shelf-edge delta front deposits,
prodelta deposits, and turbidite fan deposits with strong amplitude reflection structure
in the downdip direction of the front (Figure 7). With the end of the SQ1 sequence, the
relative sea-level began to rise slowly until the maximum regression surface (MRS) formed,
and the lowstand systems tract deposits of normal regression developed. Further study
shows that the lowstand systems tract possess obvious characteristics of wedge which have
a strong amplitude reflection at the top and S-shaped foreset reflection structure internally
(Figure 7). Generally speaking, the lowstand systems tract mentioned above show the
characteristics of lowstand wedge delta deposits. Later, the relative sea level rises quickly
until the maximum flooding surface MFS18.5 is formed, and the transgressive systems
tract of SQ2 sequence developed. The depth of the transgressive systems tract deposits
near the shelf slope break in the three-dimensional seismic work area of the study area
were relatively thin, and even the sequence boundary SB21 is coincided with the maximum
flooding surface MFS18.5 in some areas. However, it is obviously thicker in the direction of
the sea and the direction of the land. This may be related to the sedimentary environment
of the systems tract, i.e., the delta deposits are mainly in the continental direction, while the
deep-water sludge deposits are mainly in the seaward direction. On the profiles of a series
of wells, it can be seen that the depositional system is obviously thick at both sides and thin
in the middle, and it shows facies (delta plain, front and prodelta) migration of landward
retrogradation in the direction facing continent (Figure 7). Then, the sea level rises slowly
until the boundary of the SB18 sequence formed, and the highstand systems tract of the
SQ2 sequence developed. At this time, the accommodation space is relatively high, and the
seismic profile shows the characteristics of weak amplitude foreset reflection structure, and
the profiles of a series of wells present a seaward progradation of facies (delta front and
prodelta) (Figure 7).

4.2.2. Sedimentary Sequence Characteristics in the Vertical Depositional Trends

The falling stage systems tract presents one or more in-phase axis (Figures 5B and 8) on
the seismic profiles that are perpendicular to the depositional trends. One seismic reflection
axis can be found in the site which is near the provenance or far from the provenance
(Figure 8), while more line-ups which suggest the deposits of multi-stage foreset beds can
be seen in the main sedimentary area of the falling stage systems tract (Figure 5B). Figure 8
is a profile of a well series which is not only near the provenance and landward but also
locates above the 21 Ma shelf slope break landward. It can be seen from Figure 8 that
the SQ1 sequence, which is characterized by delta front deposits developed transgressive,
highstand, and falling stage systems tract, and that the falling stage systems tract developed
only the first-stage foreset beds deposits due to its proximity to the provenance area. Then,
the sedimentary period of SQ2 sequence began. On the one hand, a profile of the well series
mentioned above is near the provenance, landward, and locates above the 21 Ma shelf slope
break landward, and, on the other, the lowstand systems tract deposits of SQ2 sequence
are located beneath the 21 Ma shelf slope break zone and seaward (Figure 7), therefore
no record of the lowstand systems tract deposits of the SQ2 sequence were found on the
profile of well series. Here, the sequence interface of SB21 overlapped by the maximum
regression surface (MRS). Immediately after, the transgressive systems tract deposits of SQ2
sequence formed along with rapid rise of relative sea level. Because the section mentioned
above is close to the provenance area, the corresponding seismic profile presents strong
amplitude and good continuity, and the profile of the well series presents delta plain in
the lower part and delta front in the upper part and facies migration of retrogradation on
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the whole (Figure 8). Finally, the relative sea level rose slowly, and the rate of sedimentary
alimentation was higher than the relative sea level rise rate. At the same time, the high
systems tract of SQ2 sequence formed. For this, the corresponding seismic profile present
weak amplitude and good continuity, and the profile of well series present prodelta in the
lower part and delta front in the upper part and facies migration of progradation on the
whole (Figure 8).
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Figure 7. Correlation of wells illustrating the depositional sequences in the Zhujiang Formation of
Panyu low uplift and Baiyun sag, Pearl River Mouth Basin (location of section is given in Figure 1B).

Because of the gradient of the continental slope which may be different at different
localities in the same area and the influence which are caused by the location of the main
stream of the delta deposits, the sedimentary diversity of the falling stage systems tract
under the shelf slope break may be more remarkable in the vertical depositional trends.
The falling stage systems tract of SQ1 sequence developed five sets of foreset wedges in the
western part of the study area. Furthermore, the five sets of foreset wedges are 270 m thick,
medium-fine sandstone and gravel-bearing, and they have obvious characteristics of foreset
reflection structure (Figures 5A and 7), while there are only two sets of foreset wedges in
the eastern region. The two sets of foreset wedges are about 160 m thick and large-scale
foreset reflection structure cannot be seen in the corresponding seismic profiles. Here,
wave-dominated shoreface sands can be seen in the lower part of the falling stage systems
tract (Figure 9A,B). In order to confirm the existence of wave-dominated shoreface sands in
the vertical depositional trends and further determine the development range of shelf-edge
deltas and turbidite fans, root mean square amplitude attributes were extracted 30 ms
downward from the top surface of the falling stage systems tract (21 Ma) (Figure 9C) and
30 ms upward from the basal surface of forced regression (Figure 9D). From Figure 9C, the
western part of the study area which is under the 21 Ma shelf slope break zone presented
obvious and large lobes marked by strong amplitude around Wells B3, B4 and B6, and the
transition is carried out eastward into bands of strong amplitude and small lobes which
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are also with strong amplitude. This shows that the main channel of the delta is in the
western part of the study area while the sub-channel is in the eastern part of the study area.
In Figure 9D, there is an obvious area marked by a weaker root mean square amplitude
attribute in the seaward direction of the 21 Ma shelf slope break zone, while there are two
regions which are present a flower-like manner in the plane and with relatively strong
amplitude from the two shelf-edge deltas to the center of the basin. It shows that the lower
part of the foreset beds near the bottom of the falling stage systems tract is a prodelta
argillaceous deposit, while the upper part of the foreset beds near the top of the falling
stage systems tract is a sand-rich delta front deposit, and gravity flow turbidite fan deposits
often occur in the front of the shelf-edge delta which is near the center of the basin.
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Panyu low uplift and Baiyun sag, Pear] River Mouth Basin (location of section is given in Figure 1B).

4.2 3. Trajectory of Shoreline Migration

The migration trajectory for the shoreline is a method to determine the type of sys-
tem tract. Based on the seismic profiles, Catuneanu [6] proposed the change patterns
of shoreline migration trajectory in different system tracts, discussed the corresponding
stratigraphic stacking patterns for different system tracts, and pointed out that the supply
capacity for the sediment and the variation for accommodation space were the main control-
ling factors for the change of shoreline migration trajectory. Based on the seismic profiles
which are in the depositional trends, and combined with the evolution characteristics of
sedimentary sequence for single well and the variation characteristics of stratigraphic
cycles, five sets of sedimentary strata without erosion in foreset bed are successively re-
stored in order by using the method of extending reversely the seismic reflection axis
interpretation results of the foreset beds along the depositional trends. Then, we assumed
that the erosion base level is parallel to the maximum flooding surface MFS18.5, that is, the
shoreline located at the tangent point between the erosion base level of each set of foreset
bed and the set of foreset bed (shown in the red circle of Figure 10C). From Figure 10, the
shoreline migration trajectories for the five sets of foreset beds in the falling stage systems
tract in SQ1 sequence which situated in the Zhujiang Formation in Panyu low uplift and
Baiyun sag of the PRMB terraced down towards the basin (shown in the red circle of
Figure 10C). It shows that the relative sea-level gradually declines during the period when
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the falling stage systems tract formed, and the rate of sediment supply is much larger than
the accommodation changing rate. That is to say, the clastic sediments advanced into the
basin continuously as the clastic sediments carried out the downcutting continuously in
the area near the provenance.
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5. Discussion
5.1. Evolution Model of Forced Regression

Based on the analysis of the above-mentioned forced regression and the sedimen-
tary sequence characteristics of the system tracts which are related to forced regression,
combined with the changing pattern of the migration trajectory of shoreline, the change
characteristics of the relative sea-level of the sequence SQ1 and SQ2 in Zhujiang Formation
in the PRMB are summarized, and the sedimentary sequence evolution model of the forced
regression in the Zhujiang Formation of the PRMB and the NSCS is established (Figure 11).
The overview is as follows: With the end of highstand systems tract of SQ1 sequence, the
relative sea level reaches the highest point h1. Then, forced regression began to deposit
at the onset of relative sea level fall. During the T1 period, the sea level dropped from
position 0 to position 1, the foreset () was deposited (Figure 11A). The shelf-edge delta
with delta plain, delta front, and prodelta is developed. During the T2 period, the sea
level dropped from position 1 to position 2, the foreset () was deposited (Figure 11B).
Delta plain, delta front, and prodelta are developed in turn, but the delta plain is obviously
smaller than that of the foreset (O (Figure 11B). During the T3 period, the sea level dropped
from position 2 to position 3, the foreset 3) was deposited (Figure 11C). Only the delta
front and the prodelta are developed in the shelf-edge delta. Due to the rapid decline
of the relative sea level and the instability of delta front, the gravity flow turbidite fan
connected by the incised canyon is developed. During the T4 period, the sea level dropped
from position 3 to position 4, and the foreset (9 was deposited (Figure 11D). A shelf-edge
delta with delta front and prodelta is developed, below which an incised canyon and
turbidite fan are developed (Figure 11D). Wave-dominated shoreface sands parallel to the
shoreline are developed in the without delta area (Figure 9A-C). During the T5 period, the
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sea level dropped from position 4 to position 5, the foreset (5) was deposited (Figure 11E).
Delta front, prodelta, incised canyon, turbidite fan, and wave-dominated shoreface sands
are developed (Figures 9A—C and 11E). At this time, the relative sea level dropped to the
lowest point h2, the forced regression deposition was completed, and the exposed erosion
unconformity surface SB21 was formed (Figure 10). Here, the sedimentary process of SQ1
sequence was finished and the SQ2 sequence deposits began.

5.2. Significance for Petroleum Geology

The foreset sandbodies formed during the sea-level fall covered the neritic mudstone
of the underlying highstand systems tract, and then the foreset sandbodies are covered
by the dark mudstone caused by the transgression and highstand systems tract of the
later sequence. For this, it may be a favourable place for the formation of large-scale
oil-gas reservoirs, due to the favourable oil-generating conditions, good reservoir space,
and excellent caprock sealing [45]. The root mean square amplitude attributes (Figure 9C)
have been extracted from the top surface (21 Ma) of the falling stage system tracts 30 ms
down, and Well B3, Well B5 and Well B6 have been drilled (Figures 4, 7, 8 and 10A). It
has been found that the sandbodies in the SQ1 sequence falling stage systems tract of the
Zhujiang Formation in Panyu low uplift and Baiyun sag are well developed. Furthermore,
the sandbodies of the shelf-edge delta front present fan-shaped distribution and the wave-
dominated shoreface sands present strip-shaped distribution. These sandbodies are well
trapped by the structure contour map of the maximum flooding surface of the overlying
SQ2 sequence (Figure 12). Meanwhile, these foreset sandbodies, which are relatively far
away from the provenance, are intermingled with the prodelta mud or hemipelagic mud
of SQ1 sequence highstand systems tract which lie beneath those foreset sandbodies and
the predelta or hemipelagic dark mudstone of SQ2 sequence transgressive systems tract
and highstand systems tract which are on those foreset sandbodies. Moreover, controlled
by stratum pinching of 21 Ma shelf slope break zone, the sealing conditions of the trap
are excellent (Figures 9C, 11 and 12). In addition, the oil testing results in the oilfield
show that the foreset bed sandbodies of stage 2 and 3 in the SQ1 sequence falling stage
systems tract in the western part of the study area belong to GAS1 and GAS2 sand sets,
which are the main oil reservoirs in the area, and the sandbodies are with good reservoir
conditions. Meanwhile, drilling data reveals that the sandbodies developed very well
(Figure 10A). Moreover, the turbidite fan sandbodies are on the argillaceous layers of shelf
delta or hemipelagic mudstones of continental slope in SQ1 sequence highstand systems
tract and under the hemipelagic mud or the prodelta deposited in the shelf-edge delta
of falling stage systems tract (Figures 9D, 11 and 12). For these, good sealing conditions
and good stratigraphic and lithologic traps formed. At the same time, there are many
faults which are good oil-source communication conditions and can transport oil and gas
from the south oil-generating sag to the forced regression sandbodies and turbidite fan
sandbodies in the Panyu low uplift and Baiyun sag (Figure 12). Therefore, the research and
analysis of the sedimentary sequence characteristics of the falling stage systems tract can
afford positive guidance for the exploration of lithologic reservoirs in the continental shelf
slope break zone.



J. Mar. Sci. Eng. 2021, 9, 1298 16 of 20

........... 5‘ e |
onset of relative
sca level fall

end of relative
h2 | sea level fall

(A) Time;
B e
onset of relative
sealevel fall
end of relative
h2 | sea level fall
(B) Time
E_— e
onset of relative
sea level fall
end of relative
h2 | sea level fall
(©) Time
=  ~
onset of relative D\ { """ 3

sca level fall

end of relative
h2 | sea level fall

(D) Time=
= —
onset of relative
sea level fall
end of relative
h2 | sealevel fall
(E) ' Time

[:]Dclta plain :lDelta front -Prodclla&hemipelagic -lncised canyon [:ITurbidite fan

Figure 11. Sedimentary evolution model of forced regression in the Zhujiang Formation of the Pearl River Mouth Basin,
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stage. The shelf-edge delta with delta plain, delta front, and prodelta was developed. (B) The sea level dropped from
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development range of the shelf-edge delta which is determined on the basis of Figure 6A. The area defined by the black coil

is the development range of the wave-dominated shoreface sands which is determined on the basis of Figure 9B. The area

defined by the red coil is the development range of the turbidite fan which is determined on the basis of Figure 6B.

6. Conclusions

@
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The major conclusions of this study related to forced regressive deposits are as follows:

The falling stage systems tract of the Zhujiang Formation in the PRMB present an
offlap high-angle oblique foreset reflection structure that inferred shelf-edge delta
without topset beds in the depositional trends. The drilling and logging data show
many reverse cycles which are combined by prodelta mud, distal bar, mouth bar, and
underwater distributary channel in the falling stage systems tract.

The features of bioturbation, horizontal burrows, muddy strip deformation, slide and
slump, which are typical in slope areas, can be observed in the cores of the falling
stage systems tract of the Zhujiang Formation in the PRMB. Turbidite fan deposits
characterized by strong amplitude mound reflection structure are developed in the
downdip direction of the front of the falling stage systems tract.

The falling stage systems tract of the Zhujiang Formation in the PRMB is formed in
the sedimentary background with low accommodation space, and the parasequence
is formed during the ascension half-cycle of rising base level (relative sea-level).
The falling stage systems tract present a stacking pattern with progradational to
aggradational parasequence set. The migration trajectory of shoreline shows terraced
downtrend in the direction of basin.

The falling stage systems tract are comparatively thick in the western part of the
study area which is a shelf-edge delta, and, here, the main estuaries are abundant.
There is a transition from the western part to the eastern part of the study area
which are strip-shaped, wave-dominated shoreface sands; here, a small shelf-edge
delta and the sub-estuary are plentiful. The falling stage systems tract was formed
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during the descent phase of relative sea-level. Five sets of foreset beds controlled by
high-frequency relative sea-level cycles were developed, therefore ordinal regressive
overlap can be observed for the five sets of shelf-edge deltas in the direction of the sea.
(5) The favourable reservoirs which are located close to the upper boundary of the falling
stage systems tract and the basal surface of forced regression are sandbodies of the
shelf-edge delta front and wave-dominated shoreface sands and the sandbodies of the
turbidite fan. Those sandbodies are favourable places for the formation of lithologic
oil-gas reservoirs by means of good trap sealing conditions, excellent oil-gas reserving
performance, and effective oil source communication of fracture system.
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