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Abstract

The Dongfangl-1 gas field (DF1-1) in the Yinggehai Basin is currently the largest offshore self-developed gas field
in China and is rich in oil and gas resources. The second member of the Pliocene Yinggehai Formation (YGHF) is
the main gas-producing formation and is composed of various sedimentary types; however, a clear understanding
of the sedimentary types and development patterns is lacking. Here, typical lithofacies, logging facies and seismic
facies types and characteristics of the YGHF are identified based on high-precision 3D seismic data combined
with drilling, logging, analysis and testing data. Based on 3D seismic interpretation and attribute analysis, the
origin of high-amplitude reflections is clarified, and the main types and evolution characteristics of sedimentary
facies are identified. Taking gas formation upper II (IIU) as an example, the plane distribution of the delta front
and bottom current channel is determined; finally, a comprehensive sedimentary model of the YGHF second
member is established. This second member is a shallowly buried “bright spot” gas reservoir with weak
compaction. The velocity of sandstone is slightly lower than that of mudstone, and the reflection has medium
amplitude when there is no gas. The velocity of sandstone decreases considerably after gas accumulation,
resulting in an increase in the wave impedance difference and high-amplitude (bright spot) reflection between
sandstone and mudstone; the range of high amplitudes is consistent with that of gas-bearing traps. The
distribution of gas reservoirs is obviously controlled by dome-shaped diapir structural traps, and diapir faults are
channels through which natural gas from underlying Miocene source rocks can enter traps. The study area is a
delta front deposit developed on a shallow sea shelf. The lithologies of the reservoir are mainly composed of very
fine sand and coarse silt, and a variety of sedimentary structural types reflect a shallow sea delta environment;
upward thickening funnel type, strong toothed bell type and toothed funnel type logging facies are developed. In
total, 4 stages of delta front sand bodies (corresponding to progradational reflection seismic facies) derived from
the Red River and Blue River in Vietnam have developed in the second member of the YGHF; these sand bodies
are dated to 1.5 Ma and correspond to four gas formations. During sedimentation, many bottom current channels
(corresponding to channel fill seismic facies) formed, which interacted with the superposed progradational
reflections. When the provenance supply was strong in the northwest, the area was dominated by a large set of
delta front deposits. In the period of relative sea level rise, surface bottom currents parallel to the coastline were
dominant, and undercutting erosion was obvious, forming multistage superimposed erosion troughs. Three large
bottom current channels that developed in the late sedimentary period of gas formation ITU are the most typical.
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1 Introduction

The Yinggehai Basin (YGHB), located in the South China Sea
(SCS), is one of the world’s eight offshore overpressurized basins
and contains abundant natural gas resources. After more than 30
years of exploration, several commercial natural gas reservoirs

and petroliferous structures have been found in the basin, in-
cluding Dongfang (DF)1-1, DF29-1, DF1-13-1, and DF1-13-2 in
the DF area and Ledong (LD)15-1 and LD22-1 in the Ledong
area. The main gas reservoirs discovered to date are the shallow
Yinggehai and Ledong formations at normal temperatures and
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pressures and the Meishan Formation at high temperatures and
pressures. In recent years, during the exploration of deep high-
temperature and overpressurized strata, a large lithologic-tecton-
ic composite gas field was discovered in the first member of the
upper Miocene Huangliu Formation (Xie and Huang, 2014; Yang
etal., 2013). The second member of the Yinggehai Formation
(YGHF), as the main gas-producing formation in the shallow
strata of the basin, is currently divided into four gas formations
(submembers): I, upper II (ITU), lower II (IIL) and upper III (I1IU).

Different scholars have studied the sedimentary system of the
second member of the YGHF in the DF gas field from various per-
spectives. Lii (2002) compared international examples with simil-
ar backgrounds and concluded that the DF1-1-1 gas field fea-
tures many types of lowstand sedimentary systems, such as di-
vergent and convergent types, under the influence of eastern and
western provenances in addition to the long-axis transport of
sediments of Red River provenance. Wang et al. (2008) divided
the second member of the YGHF into six gas formations, namely,
IV, 111, 11T, 11, I, and I, during the fine-scale reservoir descrip-
tion of the DF1-1-1 gas field. The gas-producing sections are gas
formations I-IITU. Jiang et al. (2012) reported that the second
member of the YGHF mainly features the lower nearshore micro-
facies and offshore subfacies from bottom to top. Li et al. (2010)
considered that the gas field as a whole was in the nearshore-off-
shore transition zone, mainly developing sand bars and beach
sand bodies. Yue et al. (2017, 2018) studied the factors that con-
trolled the formation of sedimentary facies in the DF1-1-1 gas
field and pointed out that gas formations III and II mainly fea-
ture submarine fan turbidite sheet sands from the western
provenance, gas formation I features offshore beach bar deposits,
and offshore mud was deposited in each period.

Multistage erosion channels are found in the sedimentary
system of the second member of the YGHF that developed altern-
ately with underlying sand bodies in the study area. These chan-
nels spread along the coastline and cut the connected sand bod-
ies into isolated mound sand bodies, increasing the heterogen-
eity of sandstone reservoirs. There are several interpretations of
the genesis of erosion channels in marine sediments, such as
mud flow gullies, lateral accretion complexes, bottom current
channels, internal waves and internal tides. Zhuo et al. (2013)
considered that this kind of channel is a large gravity flow chan-
nel developed on the western edge of the central diapir in the
middle and later periods of the YGHF. Its high curvature is very
similar to that of the lateral accretion complex proposed by Ab-
reu et al. (2003) in a study of the evolution of the lower Miocene
deep-water channel in the Angela Basin, West Africa, and this
channel can be treated as a new oil and gas reservoir unit. Li et al.
(2010) named this kind of erosion channel a “mud flow gully”,
which is similar to an undercut channel caused by the slippage of
sediments with loose grains and high argillaceous contents in-
duced by a certain mechanism; such gullies are formed at the
turning point of coastal and shallow sea topography and domin-
ated by mudstone fills. Internal waves and internal tides usually
occur during sea level rise and are very common in deep-water
marine environments. These currents can cause a certain scale of
bidirectional flow in the valleys and canyon channels formed by
early gravity flows (Gao et al., 2000) and transport muddy, silty,
and even fine sand-sized sediments with a velocity of 0.2-0.5 m/s
(Mullins et al., 1982), mainly developing bidirectional cross-bed-
ding (He et al., 2007). In addition, multistage bottom current sed-
iments have been confirmed to have developed in the Zhujiang
River Mouth Basin (ZRMB) and Qiongdongnan Basin (QDNB)
since the late early Miocene to middle Miocene Meishan Forma-
tion sedimentary period in the northern SCS (Zheng and Yan,
2012; Li et al., 2013; Tian et al., 2015; Zheng et al., 2016; Sun et al.,

2017), but there have been no reports on bottom currents in the
YGHB.

At present, many controversies remain regarding the sedi-
mentary facies of the second member of the YGHF, and there are
few relevant reports in the international literature. The sediment-
ary model established based on previous research does not meet
the needs of fine tapping potential in the later stage of develop-
ment; the distribution of dominant facies zones in the unused
area is not clear, and the research accuracy urgently needs to be
improved. Therefore, determining the sedimentary facies types of
each gas formation and the distribution of sandstone reservoirs is
very important. The high-precision 3D seismic data and valuable
marine drilling coring data in the YGHB provide an excellent op-
portunity for the study of these problems, including (1) clarifying
the genesis and geological meaning of special seismic reflections
in target strata; (2) analyzing the sedimentary types, evolution
and distribution characteristics of each gas formation; and (3) es-
tablishing an integrated sedimentary model. The current re-
search results help to better understand the sedimentary system
of the second member of the YGHF in the DF gas field and
provide a reference for the global exploration and development
of oil and gas resources in shallow sea confined basins influ-
enced by diverse sedimentary processes.

2 Geological setting

The YGHB is located on the northern continental margin of
the SCS and lies in the Yinggehai Sea area between Hainan Is-
land and the Indo-China Peninsula. The basin is a rhombus with
a long axis extending NNW-SSE (Fig. 1a), and it is approximately
750 km long and 200 km wide, with an area of approximately
12.7x10% km? (Wang et al., 2013). The YGHB is connected with
the Beibuwan Basin in the north, the Kunsong Uplift in the north-
west, and the QDNB in the southeast by nearly vertical fault No. 1
(Sun et al., 2015). The basin can be divided into three first-order
tectonic units: the central depression belt, the eastern Yinggehai
slope belt and the western Yinggehai slope belt (Hao et al., 1996;
Li et al., 1999; Huang et al., 2005; Xie et al., 2006) (Fig. 1a). The
tectonic evolution of the basin can be divided into two main
stages: the synrift stage and the postrift depression stage, with
four substages corresponding to rift depression, fault depression,
postrift thermal subsidence and postrift accelerated subsidence
from bottom to top (Lei et al., 2015; Huang et al., 2018) (Fig. 1c).

The DF1-1 gas field (DF1-1) is located in the northwestern
YGHB and north of the mud diapir structure belt in the central
depression (Figs 1a, b). The gas field is a large simple short-axis
anticline structure associated with a mud diapir and was dis-
covered in 1992. The average water depth of DF1-1-1 is approx-
imately 67 m, the superimposed gas-bearing area is over
309.27 km?, and the geological reserves are greater than 100x
108 m3. It is currently the largest offshore independently de-
veloped gas field in China (Wang and Huang, 2008). At present,
the second member of the YGHF is divided into four gas forma-
tions, namely, I, ITU, IIL and IITU, which are also the target strata
of this paper.

Previous studies have mainly focused on the provenance
(Wang et al., 2014, 2015, 2019; Cao et al., 2015; Jiang et al., 2015),
source rocks, reservoirs, cap rocks, migration and accumulation
mechanisms and other factors related to the YGHB since the
Cenozoic (Hao et al., 1995, 1996, 1998, 2000, 2002, 2004; Zhang
and Hao, 1997; Chen et al., 1998; Xie et al., 2001; Huang et al.,
2002, 2003, 2009; Luo et al., 2003; Wang and Huang, 2008; Yan et
al., 2011; Zhang et al., 2013; Sun et al., 2014; Liu et al., 2015b).
Current research shows that (1) the detrital age spectrum of the
second member of the YGHF in the DF tectonic area is complex,
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Fig. 1. Regional location and Cenozoic strata comprehensive histogram of the study area. a. Bathymetric map showing the location
and geological context of the DF1-1 gas field in the Yinggehai Basin, northwestern margin of South China Sea. b. Time thickness map
of the second member of YGHF in the DF1-1 gas field (gas formations I-I1IU), showing a gradually decreasing stratigraphic thickness
from northwest to southeast, with an obvious step-like pattern of decline, which also indicates that the provenance of the study area
was from the northwest direction during the deposition periods of the four gas formations. c. The comprehensive histogram of
stratigraphic and sedimentary facies shows the changes in lithology and sedimentary facies of the sedimentary strata of the YGHB in
the northern SCS since the Cenozoic against the background of four major tectonic evolution stages. YGHB: Yinggehai Basin; QDNB:
Qiongdongnan Basin; ZRMB: Zhujiang River Mouth Basin; TWT: two-way-travel time; Q: Quaternary; N;: early Neogene; N,: late
Neogene; E,: middle Paleogene; E,: late Paleogene; M,: Mesozoic basement.
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and it is a mixed area dominated by the Red River provenance;
(2) the main source rocks are the medium-deep Meishan and
Sanya formations, and mature source rocks cover the whole area
and dominantly generate gas; the Sanya Formation and Meishan
Formation entered the peak period of hydrocarbon expulsion
during the depositional periods of the Meishan and Yinggehai
formations, respectively, and a small amount of source rocks in
the Huangliu and Yinggehai formations also continued to expel
hydrocarbons, acting as a sufficient gas source with a short diffu-
sion time, which is conducive to the preservation of natural gas;
(3) the shallow-semideep marine siltstones and fine sandstones
in the Yinggehai and Huangliu formations, the deep littoral-ner-
itic facies turbidite sand bodies, and the low-level delta sand
bodies can act as good reservoirs; (4) the upward arch of mud
diapirs in the central depression provides paths for the vertical
migration of natural gas. Reservoirs near the source rocks were
charged first, and those above them were charged later, forming
an episodic pattern of natural gas accumulation, transformation,
reaccumulation, and retransformation in the YGHB.

The strata of the YGHF are developed in both the Yinggehai
and Qiongdongnan basins. With increasing water depth from
northwest to southeast, the sedimentary environment gradually
undergoes a transition from the neritic continental shelf of the
YGHB to the bathyal continental slope of the QDNB. He et al.
(2011), based on the quantitative analysis of foraminifera con-
tent in the rock debris of Well 11 in the DF1-1-1 gas field, dis-
cussed the evolution of the sedimentary environment since the
Miocene. Benthic foraminifera are obviously controlled by the
ecological environment, while planktonic foraminifera and cal-
careous nannofossil zones are highly isochronous and globally
comparable (Bolli and Saunders, 1985; Wade, 2004). The pa-
leowater depth is estimated based on the percentage of plankton-
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ic foraminifera and the relationship between the percentage of
planktonic foraminifera (P) and paleo-water depth (D) in the
western SCS established by Li et al. (2004). The results show that
the depth of gas formations I-IIIU in Well 11 is approximately
1289.6 m to 1 437.6 m, which is located in the early stage of VI N21.
The paleo-water depth is between 25 m and 45 m, which implies
a shallow marine inner continental shelf environment (Fig. 2).
The lithology of the second member of the YGHF in the DF
gas field is fine, and the sand bodies are very fine sandstone-
coarse siltstone. The sedimentary period of the four gas forma-
tions lasted approximately 1.5 Ma to 2 Ma. Vertically, each gas
formation is equivalent to a 4th-order sequence with coarsening-
upward sediments and a shallow water body (Fig. 3). Each 4th-
order sequence corresponds to a small-scale, rapid relative sea
level fall, lasting approximately 0.5 Ma. Four 4th-order se-
quences constitute a 3rd-order sequence. The sequence bound-
ary, i.e., the top surface of gas formation I, is a regional trans-
gressive surface. Large-scale retrogradation reflections and a
large set of stable mudstones of overlying gas formation 0 indic-
ate a large-scale relative sea level rise, forming regional uncon-
formity T27 at approximately 2.5 Ma, which is the boundary
between the first and second members of the YGHF (Fig. 3).

3 Samples and methods

Poststack time migration-processed high-precision 3D seis-
mic data covering the whole study area were provided by the Re-
search Institute of Zhanjiang Branch, China National Offshore
0Oil Corporation (CNOOC). The 3D seismic coverage area was ap-
proximately 323 km?, the seismic frequency bandwidth was
15-120 Hz, the dominant frequency of target strata was 45 Hz,
and the vertical sampling interval was 2 ms. Drilling and logging
data from 14 exploration wells in the study area were collected
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Fig. 2. Content of planktonic foraminifera, paleo-water depth curve and horizon calibration of Well DF1-1-11. The relationship
between the percentage of planktonic foraminifera (P, %) and paleobath (D, m) in the western South China Sea is according to Li et al.
(2004). The paleo-water depth curve is according to He et al. (2011). Well 11 is located in the middle of the gas field, and its location is
shown in Fig. 1b. The results show that gas formations I-IITU of Well 11 in the DF1-1 gas field correspond to the early stage of the VII

N21 zone, and the paleo-water depth is approximately 25-45 m. GR:

natural gamma ray.
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Fig. 3. Typical logging sequence and seismic horizon framework of the second member of the Yinggehai Formation (YGHF) in the
Yinggehai Basin (YGHB). a. Sequence division and stratigraphic histogram. b. Seismic cross-section of Wells 15, 5, and 4 in the SE
direction. c. Seismic cross-section of Well 9 in the WE direction. See Fig. 1b for the locations. TWT: two-way-travel time; GR: natural

gamma ray.

and sorted. Sixty-five cores from 10 wells were observed and pho-
tographed in the core database of the Research Institute of
Zhanjiang Branch, CNOOC. The total core length was 427.36 m,
the recovery rate reached 83.2%, and the core length of the reser-
voir section was 372.23 m. Several thousand grain size data
points on cores from 7 wells, namely, Wells 2, 3,4, 5,7,8and 9, in
the study area were collected, and probabilistic grain size curves
and CM diagrams were drawn. Eleven whole-rock sandstone
samples were analyzed by X-ray diffraction, and twenty-three
sandstone samples were identified by thin-section observations;
these samples represented the I-IITU formations and were ana-
lyzed at the State Key Laboratory of Continental Dynamics
(Northwest University). After crushing, washing, electromagnet-
ic separation and heavy liquid separation, zircon samples Q3-29,
Q5-17 and Q9-01 were obtained from sandstone samples collec-
ted from Wells 3, 5 and 9. Each sample contains 100 detrital zir-
cons. LA-ICP-MS detrital zircon U-Pb dating was carried out in
the State Key Laboratory of Continental Dynamics (Northwest
University), and the age distribution histograms were analyzed
and drawn.

Through drilling horizon calibration, the interface of each gas
formation was tracked and interpreted on a 3D seismic section. A
typical delta progradation reflection and a bottom current
erosion channel intersecting with the delta extension direction at
a wide angle were identified. The shape, scale, plane distribution
and interrelationships of the delta front and bottom currents
were determined when combined with the thickness, amplitude
and waveform of the progradation bodies and the erosion chan-
nels, and a sedimentary model of this area was established ac-
cording to the analysis of drilling sedimentary facies. By analyz-
ing the origin of high-amplitude bright spots in gas reservoirs and
their relationship with diapir structural traps and energy attenu-
ation, the influence of amplitude attribute changes on sediment-

ary facies analysis was eliminated, providing a basis for reservoir
identification and description.

4 Results

4.1 Lithofacies

The main lithologies of cores from wells in the study area are
very fine sandstone, coarse siltstone, argillaceous siltstone, silty
mudstone, and mudstone (Figs 4a-€), and the cores of wells in
the west are generally less compacted than those in the east. The
logging lithology data show that in gas formations IITU-IIU, there
are large sets of argillaceous siltstone with thin mudstone beds,
while in gas formation I, there is a large set of mudstone with thin
siltstone beds. The probability particle size curves (Fig. 4f) of Well
9 in the southwestern part, Well 5 in the central part and Well 7 in
the northeastern part of the study area are characterized by either
“two segments” or “three segments”, which are mainly associ-
ated with saltating and suspended transport, with almost no
rolling transport. Saltating and suspended components each ac-
count for 50% of the total components. The saltating line seg-
ment is steeper, while the suspended line segment has a lower
slope, and the difference between the two is quite distinct, re-
flecting the grain size characteristics of traction flow. The thin-
section petrological composition and structural maturity ana-
lyses show that the sandstone composition and structural matur-
ity are moderately low, indicating rapid deposition. X-ray diffrac-
tion whole-rock analysis reveals that the study strata are mainly
composed of quartz and feldspar (Table 1) with poor sorting and
rounding, implying that during the depositional period of the
second member of the YGHF in the DF1-1-1 gas field, sediment
was rapidly deposited near the source in a shallow-water envir-
onment.

The observation and identification of the typical sedimentary
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structures in the core wells indicate that the main types of sedi-

mentary structures are fine sandstone-siltstone with interlamin-
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Table 1. X-ray diffraction whole-rock data of quartz and feldspar content analysis of sandstone samples from the second member of

the Yinggehai Formation in the DF1-1 gas field

Sample Sampling Horizon Quartz  Feldspar Quartz content &

number depth/m

Ratio of Quartz to
content/% content/% Feldspar content/% Quartz & Feldspar/% Quartz & Feldspar/%

Ratio of Feldspar to Lithology

2-02  1359.5 1Imu 56.3 26.4 82.7
3-14 1351.0 i) 67.4 23.1 90.5
3-26  1299.5 IIL 60.0 22.6 82.6
4-02 1319.0 i) 55.4 29.3 84.7
5-056 14333 1L0) 60.1 27.1 87.2
5-22  1398.2 1L 62.4 24.8 87.2
7-01 1412.4 jite) 60.2 26.8 87.0
7-03  1367.0 I 67.4 15.4 82.8
8-02 14613 11U 61.6 26.4 88.0
9-01 1464.4 IIL 61.1 23.4 84.5
9-02 1428.4 1Iu 59.6 25.9 85.5

68.1 31.9 feldspar sandstone
74.5 25.5 feldspar sandstone
72.6 27.4 feldspar sandstone
65.4 34.6 feldspar sandstone
68.9 31.1 feldspar sandstone
71.6 28.4 feldspar sandstone
69.2 30.8 feldspar sandstone
81.4 18.6 feldspathic quartz sandstone
70.0 30.0 feldspar sandstone
72.3 27.7 feldspar sandstone
69.7 30.3 feldspar sandstone

ar fractures, massive argillaceous siltstone with mud clasts,
massive siltstone-fine sandstone with mud-coated structure,
rhythmic bedding, flaser bedding, convolute bedding, and trace
fossils (biological burrows) (Fig. 5).

4.2 Logging facies

The logging response characteristics of representative Wells 3
and 5 in the eastern and western parts are shown in Figs 6 and 7,
and the analysis of the data shows that the western wells in the
study area represented by DF1-1-5 mainly feature parasequence-
related funnel-shaped logging facies with multiple consecutive
reverse cycles (Fig. 6). The parasequence-related logging facies
indicates a shallow subaqueous environment, while the reverse-
cycle funnel-shaped facies reflects overflowing bank sediment-
ary microfacies with enhanced upward flow energy and better
sorting, typically associated with a delta front mouth bar, front
sand bar, etc. DF1-1-3 in the east features strongly toothed bell-
shaped or toothed funnel-shaped logging facies (Fig. 7). The
strong toothing represents intermittent depositional superposi-
tion and turbulent water, which characterizes rapid near-source
deposition, and the bell-shaped lithology is mainly associated
with a normally graded grain size sequence, which is a sediment-
ary characteristic of distributary channels.

A summary of the logging facies analysis of each gas forma-
tion in the exploration wells in the study area shows that gas
formations ITU-IITU in Wells 5, 8 and 9 in the west are mainly
parasequence-related funnel-shaped and low funnel-shaped log-
ging facies, while in Wells 2, 3 and 4 in the east, they are mainly
toothed bell-shaped or toothed funnel-shaped logging facies. Gas
formation I features mostly parasequence-related logging facies,
including the parasequence-related moderately to strongly fun-
nel-shaped type and the parasequence-related top transitional
type. Based on these observations and the typical sedimentary
structure characteristics observed in the cores, a shallow sea
delta depositional system was present during the sedimentary
period of the second member of the YGHF in DF1-1.

4.3 Seismic facies

Based on the 3D seismic data from the DF1-1-1 gas field, a
total of 7 seismic facies types have been identified in the second
member of the YGHF (Fig. 8): A. medium-amplitude retrograda-
tion reflection, B. high-amplitude wedge reflection, C. medium-
amplitude parallel sheet reflection, D. progradation reflection, E.
low-frequency parallel-subparallel blank reflection, F. extremely
low-frequency mound-like blank reflection and G. channel filling
(progradation filling, bilateral onlap filling and blank filling). The
most important seismic facies are D and G.

In the seismic section, obvious differences appear in the seis-

mic reflection amplitude and frequency of each gas formation
from east to west in the second member of the YGHF (Fig. 3b). In
the western part of the study area, seismic reflections feature
high frequency, medium-low amplitude and strong continuity.
Progradation reflection structures are typical and can be easily
identified in this section. In the eastern diapir region, the reflec-
tion structure of the seismic facies is gradually transformed into a
low-frequency, high-amplitude and weak-continuity structure
influenced by the diapir and gas, which is similar to the “parallel
sheet” seismic facies in shape, and the dominant frequency also
decreases from 45 Hz to approximately 40 Hz.

5 Discussion

5.1 Genesis of high-amplitude seismic reflections

After horizon T27 is flattened, the seismic section, sediment-
ary facies section and attenuation anomaly section of Wells 9, 4,
2, and 3 in the NE direction are constructed, as shown in Figs
9a-c, and the plane positions can be seen in Figs 1b and 10 AA".
Figure 9a shows that the amplitude energy of seismic reflections
is obviously different between the east and the west. The gas
formations IIIU and IIL are the most typical; the closer to the
eastern part of the study area, the more the profiles show the
characteristics of low-frequency, high-amplitude and strong-
continuity reflections. The amplitude variation reflects the later-
al variation in the wave impedance difference at a specific inter-
face, and the frequency variation is often related to the spacing of
the reflection interfaces and the changes in strata velocity (Sher-
iff and Geldart, 1995). Frequency attenuation is generally caused
by low velocities, which in turn generally result from gas-bearing
or special lithologies (Brouwer et al., 2008; Zeng, 2010). Gas
reservoirs are characterized by “low-frequency shadow” and
“high-frequency attenuation” (Chen and Jeng, 2011; Lu et al.,
2013; Carcione et al., 2018). It is well established that seismic
waves passing through gas-bearing strata in this area have very
high amplitudes and significant attenuation (Goloshubin and
Bakulin, 1998; Hedlin et al., 2001; Castagna et al., 2003; He et al.,
2008). The generalized low-frequency shadow gas-bearing detec-
tion method used in this study is based on the above principle.
The color scale of the anomaly profile shows yellow and red as
high values of attenuation anomalies, purple and blue as low val-
ues, and light blue as the background value (Fig. 9¢), and the at-
tenuation anomaly value is dimensionless. Drill cores from Wells
9, 4, 2, and 3 confirm that the gas-bearing layers correspond well
to the high-value zone of the attenuation anomaly and that the
method is applicable to the study area.

Both gas formations IIIU and IIU in Well 9 have obvious pro-
gradation reflections, with ITU having high amplitude and IITU
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Fig. 5. Sedimentary structure types of the second member of Yinggehai Formation in the DF1-1 gas field, Yinggehai Basin. a. Fine
sandstone-siltstone with interlaminar fractures. b. Massive argillaceous siltstone with mud clasts, where a large number of biological
disturbance occur. c. Massive siltstone with biological burrows. d. Shallow sea storm sedimentary sequence, with Section b showing
parallel bedding in the lower part and Section c showing convolute bedding in the upper part. e. Rhythmic bedding. f. Flaser bedding.

having medium-low amplitude (Fig. 9a). Drilling results indicate
that gas formation IIIU encountered an 18.3 m-thick water layer
and that gas formation IIU encountered two sets of sandstone
layers with a total thickness of 23.8 m, the top of which bears gas
(Fig. 9b). The gas-bearing detection anomaly profile also shows
that the attenuation value (dimensionless) of gas formation IIU is
significantly higher than that of gas formation IIIU in Well 9 (Fig.

9c). In addition, gas formations ITU and IIL in Well 4 and gas
formations IIL and IITU in Wells 2 and 3 are all in thick gas layers
(Fig. 9b), which is consistent with the high-amplitude area in Fig.
9a and the high values of attenuation in Fig. 9c. These features
suggest that both strong and weak reflections can represent
sandstones, with mudstones producing weak reflections, water-
bearing sandstones having medium-amplitude reflections, and
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in the western part of the DF1-1 gas field. Several reverse cycle parasequence-related logging facies types are mainly developed, and a
large number of interlaminar fractures are developed in fine sandstone-siltstone cores. GR: natural gamma ray; ILM: resistivity of

log.

gas-bearing sandstones showing high amplitudes.

The above results indicate that the second member of the
YGHEF in the DF gas field is a bright spot-type gas reservoir, and
the low frequencies and high amplitudes in the eastern part of
the study area indicate that the sandstones contain gas. The
whole gas formation IITU belongs to a set of progradation body
reflections, and the seismic resolution cannot present the com-
plete progradation features due to the widening of the seismic
event of gas-bearing attenuation toward the east (Fig. 9a).
Drilling also revealed that the gas-bearing degree of sandstone in
the high-amplitude “parallel reflection” seismic facies is better
than those of other seismic facies and that all the other gas form-
ations have similar characteristics.

The top of the delta system in gas formation IIU was strongly
eroded by bottom currents after deposition, and the thickness of
the reformed delta front sand body varies widely from 0 m to
60 m. The reservoir porosity ranges from 20% to 33%, and the
permeability ranges from 20 mD to 517 mD, which implies a me-
dium-porosity and medium-permeability reservoir. The top sur-
face structure, thickness, root mean square (RMS) amplitude and
energy attenuation maps of gas formation IIU in the time do-
main are shown in Figs 10a-d. The top surface structure and
thickness map clearly illustrates that the whole gas formation IIU
is low in the northwest and high in the southeast (Fig. 10a). The
strata in the west are thick, and those in the east are missing
across a large area (Fig. 10b). The high values of the RMS amp-

medium investigated induction log; ILD: resistivity of deep investigated induction log; CNL: compensated neutron log; DEN: density

litude are distributed in a circular pattern in the eastern and
southern parts of the study area, the amplitude values are gener-
ally greater than 4 (dimensionless), and the two-way travel time
is less than 1 300 ms. The bright spot range is basically consistent
with the tectonic pattern of a dome anticline (Fig. 10c). The gen-
eralized low-frequency shadow method is used to obtain the ab-
normal plane map of gas-bearing attenuation (Fig. 10d). On the
color scale, dark red marks abnormally high values of attenu-
ation, black represents low values, and white shows the critical
value. Attenuation values greater than 10 indicate the possible
gas area, i.e., the red range in the figure. Comparing the anomal-

ous range in Fig. 10d with the top surface structure and the high
value area of the RMS amplitude attribute clearly reveals that the
high-amplitude area is basically located at the high point of the
structure and may bear gas.

The aforementioned results confirm that the RMS amplitude
in this area does not reflect information about sedimentary fa-
cies but indicates the gas-bearing range, which cannot be used to
determine the distribution of facies. The distribution of gas reser-
voirs in this area is obviously controlled by tectonics, and the
sand bodies in this area are well developed and are mainly loc-
ated in the high part of the dome-shaped diapir zone and its peri-
phery. The mudstone interlayer is well sealed, and the faults gen-
erated by diapir uplift caused no obvious loss in the gas reservoir;

hydrocarbons are still in the processes of expulsion, migration
and accumulation.
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5.2 Relationship between delta front and bottom current erosion
channel filling

5.2.1 Filling of bottom current erosion channel

Li et al. (2010) proposed that the DF1-1-1 gas field is gener-
ally located in the transition zone between nearshore and off-
shore environments. Sediments with loose grains and high argil-
laceous content slide, triggered by a certain mechanism, and
gravity flow erosion channels are well developed in the study
area, which are called mud flow gullies. The interiors of these
gullies are filled mainly with mudstone and can be clustered and
distributed in patches in the gentle topography and form lateral
and vertical barriers that affect sand body connectivity. In this
study, based on the analysis of the plane shape, fill characterist-
ics, grain size data and paleoenvironment of this kind of erosion
channel, we consider that these channels are surface bottom cur-
rent channels developed in a shallow marine environment.

Bottom currents have a wide range of types, including bot-
tom currents generated by temperature-salinity differences,
wind-driven circulation, gulf currents, internal waves and intern-
al tides. Among these types of currents, those parallel to the con-
tinental slope strike are called “contour currents” (Shanmugam,
2000, 2003). Stow et al. (2002) classified bottom currents into
deep (>1 500 m), intermediate and surface (<350 m) currents ac-
cording to the water depth at which they developed. Deposition
as aresult of interactions between bottom currents and gravity
flows occurs widely in deep-water environments (Schopf, 1981;

Faugeres and Stow, 1993; Massé et al., 1998; Faugeres et al., 1999;
Chen et al., 2016). The sediments in the first two depth zones are
transported and deposited by contour currents in a normal deep-
water environment, while the distribution of sedimentary sand
bodies under shallow surface bottom currents is more suscept-
ible to the effects of Earth’s rotation and hydrodynamic factors
such as monsoons, tides, waves, internal waves, and eddies (Vi-
ana et al., 1998).

The water circulation in the northern SCS is complex, with
deep currents flowing clockwise in the SSW direction and inter-
mediate currents flowing counterclockwise along the slope in the
SSE direction (Qu and Lindstrom, 2004; Wang and Li, 2009; Xu et
al.,, 2014). The depth limit of the intermediate current in the SCS
is still controversial, with the upper boundary mainly at 300-500 m
below sea level (Liidmann et al., 2005; Zhao et al., 2009) and the
lower boundary concentrated at 1 000-1 500 m (Zhu et al., 2010;
Chen et al., 2016). Modern surface currents are influenced by the
East Asian monsoon, forming a monsoonal circulation with sea-
sonal inversion, flowing clockwise in summer and counterclock-
wise in winter (Shao et al., 2007).

Multistage bottom current deposits have developed in the
northern SCS since the late depositional period of the early Mio-
cene to middle Miocene Meishan Formation. Many contourites
have been confirmed in the ZRMB (Zheng and Yan, 2012; Zheng
etal., 2016). Recent studies in the southeastern QDNB have also
identified drift deposits (Li et al., 2013; Sun et al., 2017), contour-
ite mounds (Tian et al., 2015) and other bottom current sedi-
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Fig. 8. Typical seismic facies types and possible geological genesis of the second member of the Yinggehai Formation in the DF1-1 gas

field 3D seismic survey.

ments. In contrast, bottom current deposits in the YGHB, which
are also located in the western part of the northern SCS, have
rarely been reported (Chen et al., 2014). The YGHB is situated in
the shallow-water area of the northern SCS and is subvertically
connected with the QDNB. Although the SCS basin is a confined

basin, the YGHB and QDNB underwent similar tectonic evolu-
tionary stages (Ren et al., 2013) during the Cenozoic, with similar
sedimentary characteristics and smooth water circulation. In the
modern SCS, the sea level rose dramatically after the last ice age,
and the surface current system was greatly enhanced, develop-
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Fig. 9. Seismic sections (a), sedimentary facies (b) and attenuation anomaly (c) of Wells 9, 4, 2, and 3 in the NE direction in the second
member of the Yinggehai Formation (YGHF) in the DF1-1 gas field 3D seismic survey. See Fig. 10 AA’ for the location. GR: natural
gamma ray; RILD: resistivity of deep investigated induction log; AC: acoustic.

ing a series of systems, including coastal currents driven by rivers
entering, SCS warm currents, Kuroshio SCS tributaries, and drift
currents influenced by monsoon and geostrophic deflection
forces (Liu et al., 2015a; Zheng et al., 2016). In the early Pliocene,
the second member of the YGHF was deposited in the intergla-

cial period before the Quaternary glacial period, which was simil-
ar to the sedimentary environment of the modern SCS, and the
relative sea level height was the highest in the last 10 Ma; this set-
ting produced an active period for the development of bottom
currents. The YGHB has geological conditions conducive to the
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development of surface bottom currents.

At present, there are many reports about the interaction
between bottom currents and gravity flows in continental slopes
and deep water environments (Wei et al., 2015; Gong et al.,
2016b; Fonnesu et al., 2020; Luan et al., 2021). Gong et al. (2016a)
studied the drilling cores of the Miocene Zhujiang Formation in
the Zhujiang River Mouth Basin of the northern SCS and pro-
posed the identification characteristics of turbidites reworked by
bottom currents, that is, the discontinuity of the “Bauma se-
quence” caused by scattered traction structures and tidal bed-
ding combinations. Fonnesu et al. (2020) studied the offshore
Coral and Mamba superlarge gas field reservoirs in the northern
Mozambique, which are composed of pure sandstone deposited
by large-scale turbidity flow and bottom current, forming asym-
metric drift mounds and unidirectional low-angle superposition
of channel and lobe complexes. Luan et al. (2021) believed that
the development of asymmetric levees in the Pliocene channel-
levee-lobe complex deep-water system of the Rovuma Basin in
East Africa is the result of the transformation of gravity flow on

the western slope by the north-south bottom current, and the
formation of high-quality reservoirs is related to the bottom cur-
rent transformation.

The transformation of shallow-water bottom currents is rarely
reported, and research on their interaction with delta sand bod-
ies is still in its infancy.

The depositional period of the second member of the YGHF
in the DF gas field was a shallow marine continental shelf envir-
onment with shallow water bodies and a gentle and long shelf.
Almost no gravity flow deposition occurred, and the provenance
was mainly provided by delta traction currents from the NW dir-
ection. Similar to modern surface currents (Shao et al., 2007),
shallow bottom currents formed by monsoons, Earth surface ro-
tation and other factors flowed clockwise in summer and coun-
terclockwise in winter and cut and formed erosion channels
along the shelf (Sun et al., 2016), while delta front deposits de-
veloped along the shelf and filled the erosion channels. Superim-
posed interactions can occur at the same time and at the same
location when the two processes are comparable in energy (Gong
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etal., 2016a, 2018; Wang et al., 2018), which is consistent with this
study. The probability cumulative grain size curves of the bottom
currents all have “two-stage” or “three-stage” traction flow fea-
tures, not “mudflow gullies” of gravity flow genesis. The time in-
terval between the cutting of the bottom current channel and the
filling of the delta front at the later stage is very short, and the
channel can even be filled while it is cut. The internal fills are not
only muddy and sandy sediments but also sandy and muddy in-
terbedded sediments; i.e., there is not a simple muddy channel.
For example, the drilling of both gas formation IIIU in Well 4 and
gas formation I in Well 2 reveals this bottom current channel (Fig.
9a), with the former containing argillaceous siltstones and the
latter mudstones. The type of fill within the erosion channel de-
pends on whether the later sediments supply delta front sand
bodies or predeltaic-shallow marine mud.

Due to the lack of reservoir-forming conditions in the negat-
ive topography of the channel, high-amplitude fills are relatively
rare in seismic sections. The sandy fill mostly shows medium- to
low-amplitude progradational filling in the study area, where the
medium amplitude reflects the difference in wave impedance
caused by lithological changes in the sand-mud interlayers. In
contrast, the argillaceous fill is mostly a low-amplitude blank re-
flection (Fig. 8G), which may reflect a change in the delta chan-
nel or the weakening of the source supply, and the extent of sand
bodies decreases. The bottom current channel is not as sand rich
as the delta front facies and cannot be used as a high-quality

., 2022, Vol. 41, No. 9, P. 86-106
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reservoir and favorable target zone.

5.2.2 Delta front reshaped by bottom currents

The evolution of delta front sand bodies in the seismic cross-
sections of Wells 5, 11, and 3 in the NE direction is analyzed by
using the balanced profile method, and Figs 11a-d is obtained by
flattening the top interfaces of gas formations IIIU, IIL, ITU and L.
The results show obvious progradational reflection features (cor-
responding to delta front sand bodies) for each gas formation in
the study area from west to east, reflecting the characteristics of
sediments entering the open and gently sloping environment
and starting to unload and accumulate toward the sea side (Figs
11a, b). The gas formations IITU-IIL correspond to two sets of
progradational bodies from bottom to top, and the sand body
thickness of gas formation IIIU is relatively stable, with an aver-
age thickness of 40 ms. The overall thickness of gas formation IIL
is thinner, and there is no obvious mudstone interlayer between
the ITU and IIL gas layers. The average thickness is less than
30 ms. The lateral extent of the two sets of sand bodies can reach
15 km.

In the early sedimentary stage of the IIU gas formation, many
progradational reflection seismic facies developed in Well 5 in
the western study area, with a sand body thickness of approxim-
ately 25-40 ms and a length of approximately 8.2 km. From the
late stage of IIU to the early stage of gas formation I, numerous
channel fill seismic facies developed, and the thickness of the

B B’
0 1 2 km DF1-1-5 DF1-1-11 DF1-1-3 NE

0 channels residual mound
2
£
=
z
=
S et - + I A mplitud O
MIU_bottom d. gas formation I
1IU_top
0 _
p
2
2 )
: 1
= mu_tep #
_________________________________________________
130 T
_bottom c. gas formation ITU
IIL top
0 =
S S AN
pmmmmmmmmmme T L pmmmae?” TTmeall o W Nt T (NPT
= R T
= el POT T T =TT meemeea—.. - b N AN e " .
g 11U_top i ee——— T - R S RN
O o
_bottom b. gas formation 1IL
11
é 0 U_top
= N ammmmeea
£ JU—— e o™ T T ? Menme o o o
E 50 e e
111 tty
U_bottom a. gas formation 111U
Fig. 11. Seismic facies evolution analysis of the second member of the Yinggehai Formation in the cross-sections of Wells 5, 11, and 3

in the NE direction by flattening the top interfaces. a-d correspond to each deposition period of gas formations IIIU-1. See Fig. 10 BB’
for the profile position.



100

single fill channel between Wells 5 and 11 reached 40 ms; this
channel scoured all the original strata of gas formation IIU. The
strong transformation caused the residual progradational bodies
to become mound-like and isolated. Gas formation IIU thinned
and gradually pinched out near Well 3 in the east (Fig. 11c). The
interaction between a delta front and a bottom current is a pro-
cess of growth and decline (Li et al., 2021). Under certain trigger
mechanisms, the depositional energy of gravity or traction flow
events is much larger than that of bottom current deposition
(Mulder et al., 2006, 2008). The three large bottom current chan-
nels in the late IIU gas formation indicate that the relative sea
level rose, the provenance supply of delta front sand bodies
weakened, coarse clastic injection decreased, and bottom cur-
rents developed and dominated. Compared with gas formations
IITU-IIL, gas formation IIU contains sand bodies with an obvi-
ously decreased distribution range and is mainly developed in
the western part near the provenance area.

The stratigraphic thickness increased significantly during the
depositional period of gas formation I, with a maximum of more
than 100 ms, and this formation can be roughly divided into two
parts: the early progradational body and the late retrogradation-
al body. In the early stage, many bottom current channels de-
veloped and were rapidly filled by the progradational body, with
a lateral distribution of up to 12 km. In the late stage, the late ret-
rogradational sand body is thinner, and the reflection character-
istics indicate that during this period, the relative sea level rose,
the provenance supply was weakened or the delta was diverted,
the sand body retreated toward the shore, and the lateral distri-
bution was shortened to approximately 8.5 km (Fig. 11d).
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5.2.3 Distribution of reservoir facies

As noted in Section 5.1, the study area is a typical bright spot
gas reservoir, and the high amplitude is caused by gas-bearing
sandstone, which does not directly reflect information about sed-
imentary facies. Studying the distribution of sedimentary facies
by using conventional amplitude extraction methods is very diffi-
cult (Fig. 10c). How can interference be eliminated to study the
distribution and coupling relationships of various sedimentary
types in the second member of the YGHF? To solve this problem,
we select gas formation IIU, which was most strongly eroded by
bottom currents, as an example for analysis.

In the seismic horizon interpretation, the bottom current
channel across the whole region is interpreted along the erosion
surface at the bottom of the channel. At this time, a comprehens-
ive analysis of the thickness map (Fig. 10b), top structure map
(Fig. 10a) and seismic facies plane distribution map (Fig. 12a)
can well depict the shape and distribution of the bottom current
channel in the late sedimentary stage of gas formation ITU and
compensate for the deficiency of amplitude analysis in identify-
ing the sedimentary facies of bright spot gas reservoirs.

The distribution of the bottom current channel is described
based on the top surface structure, stratigraphic thickness and
seismic facies distribution map, and according to the character-
istics of the gamma ray (GR) logging curve of Wells 9 and 4 in Fig.
9b, which shows the top transition of the parasequence, the re-

sidual progradational body of the IIU gas formation can be de-
termined to represent a delta front sand body. The combination
of this information with the types of seismic facies identified in
Section 4.3 allows delineation of the distribution range of pro-
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gradational reflection and parallel reflection seismic facies of gas
formation ITU (Fig. 12a); then, the range of the delta front is de-
termined, and the plane distribution map of sedimentary facies
of gas formation IIU is drawn (Fig. 12b).

As illustrated in the figure below, the sand bodies in the delta
front are fan shaped, and the lateral sizes of the sand bodies are
between 8 km and 15 km. The sand content in the western part of
the study area is high, and the seismic section shows a residual
progradational reflection caused by the bottom current channel
reconstruction (Fig. 9a), while the northeastern stratum has a
high mud content, showing a parallel-subparallel reflection
(Fig. 11). The three bottom current channels are parallel to the
coastline in the NE direction, and the strata of gas formation ITU
are divided into three parts (Fig. 12a) from west to east. The west-
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ern channel is gentle and S-shaped, the curvatures of the central
and eastern channels are relatively small, and the three channels
are nearly parallel. The width of the channel ranges from 0.5 km
to 1.2 km and is slightly narrower in the south, showing a trend of
widening and merging to the northeast (Figs 9a, b). The study of
the interaction between shallow bottom currents and delta fronts
is still in its infancy. The paleocurrent direction of these three
Pliocene bottom current channels is speculated to have flowed
from south to north, as shown in Fig. 12b.

5.3 Provenance tracing of detrital zircons

Wang et al. (2014, 2015, 2019) performed detailed studies on
the U-Pb age spectrum identification of detrital zircons in the po-
tential provenance areas of Pliocene-Pleistocene reservoirs in
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area. The red arrows are the marker age peak of each potential
represented by the red line.

source area. The relative probability of a certain age range is
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the YGHB and analyzed the age characteristics of modern sedi-
ments of the three potential provenance areas in the YGHB (Figs
13a-c). The main provenance direction of the second member of
the YGHF in the DF area also comes from these three proven-
ance areas. According to Fig. 13, Hainan Island provenance has
main age peaks of 99 Ma, 238 Ma, 1 280-1 600 Ma, with 99 Ma as
the main mark; the Red River provenance in northern Vietnam
has many age peaks of 30 Ma, 241 Ma, 752 Ma, 1 550-1 980 Ma, 2 100-
2 580 Ma and so on, and 752 Ma is the typical age of Red River
provenance; the Blue River provenance in central Vietnam has
major age peaks of 242 Ma, 428 Ma, 951 Ma, 2 452 Ma, with 951 Ma
as the characteristic age peak. On the whole, the age of detrital
zircon from the Red River provenance includes both a young
provenance of 30 Ma and an older provenance of 2 580 Ma, a
range is wider than that of Hainan Island and the Blue River.

The detrital zircon samples Q3-29, Q5-17 and Q9-01 collec-
ted from Wells 3, 5 and 9 in the study area were subjected to LA-
ICP-MS U-Pb age testing (Fig. 14). After removing the age
samples with harmony <90% and >110%, 85, 68 and 79 effective
data points were obtained, respectively (Figs 13d-f). The results
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Fig. 14. Zircon cathodoluminescence diagram in the second
member of the Yinggehai Formation in the Dongfang gas field,
Yinggehai Basin, where 206Pb/238U and 1o corresponding ages are
taken for measuring points less than 1 000 Ma, and the corres-
ponding ages of 207Pb/206Pb and 1o are taken for dating points
greater than 1 000 Ma.
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show that sample Q3-29 has three main peak ages or intervals of
93.8-105 Ma, 246.4 Ma and 455 Ma and four secondary peak ages
or intervals of 309 Ma, 749 Ma, 947.8 Ma and 2 402-2 520 Ma.
Sample Q9-01 has three main peak ages or intervals of 253.5 Ma,
98.8-153.4 Ma and 417.3 Ma and four secondary peak ages or in-
tervals of 28.6 Ma, 733.2 Ma, 834.6 Ma and 587.6 Ma. Sample Q5-
17 has three main peak ages of 144 Ma, 432 Ma and 102 Ma and
five secondary peak ages or intervals of 264 Ma, 735-870 Ma,
487.5 Ma, 555 Ma and 1 516.5-1854 Ma.

Compared with the characteristic age peaks of zircon in the
three potential source areas, it can be seen that (Fig. 13) (1)
sample Q3-29 collected from Well 3 in the easternmost part of the
study area is affected by the mixture sources of Red River in
northern Vietnam, Blue River in central Vietnam and Hainan Is-
land; (2) sample Q9-01 collected from Well 9 in the southwest of
the study area is mainly affected by the provenance of Red River
in northern Vietnam and Blue River in central Vietnam; (3)
sample Q5-17 collected from Well 5 in the west of the study area
is affected by the provenance of Red River in northern Vietnam
and the addition of clastic material from Hainan Island in the
east, but the provenance is mainly from the north.

In general, zircons in the study area indicate the mixing of
clasts from three provenance areas: the Red River, the Blue River
and Hainan Island. The provenances of the Red River and the
Blue River are consistent with the NW-SE paleocurrent direction
indicated by the 3D seismic data, and the clastic material from
Hainan Island in the northeastern part of the study area may be
transported to the study area by counterclockwise shallow bot-
tom currents and deposited.

5.4 Establishment of the sedimentary model

Based on the analysis of the abovementioned lithofacies, log-
ging facies, seismic facies, sedimentary evolution and distribu-
tion, this paper concludes that the second member of the YGHF
in the DF gas field represents a deltaic-shallow marine sediment-
ary background and that at least four stages of delta front sand
bodies with provenances derived from the Red River in the
northwest and the Blue River in the west are developed. The li-
thologies of the sand bodies are very fine sandstone-coarse silt-
stone (the particle sizes are between 3 ® and 5 ®@). The sediment-
ary period of the four gas formations spanned approximately
1.5 Ma to 2 Ma Vertically, each gas formation is equivalent to a
4th-order sequence with coarsening-upward grains and a shal-
lower water body. Each 4th-order sequence corresponds to a
small-scale rapid relative sea level fall, lasting approximately
0.5 Ma. Four 4th-order sequences constitute a 3rd-order se-
quence. The sequence boundary, i.e., the top surface of gas form-
ation ], is a regional transgressive surface. Large-scale retrograd-
ation reflections and an extensive set of stable mudstones of
overlying gas formation 0 indicate a relatively high sea level rise.

Horizontally, numerous bottom currents developed in each
sedimentary period, which were distributed in an arc parallel to
the coastline, and the underlying sediments were reformed to
produce multistage overlapping erosion troughs. The delta front
sand bodies and prodelta-continental shelf mudstones depos-
ited in the same period and later periods quickly filled the
erosion troughs, and the three large bottom currents that de-
veloped from the late stage of gas formation IIU to the early stage
of gas formation I are the most typical. Based on the above re-
search results, a comprehensive sedimentary model of the
second member of the YGHF can be established, as shown in
Fig. 15.
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Fig. 15. Comprehensive sedimentary model of the second member of the Yinggehai Formation in the DF1-1 gas field, Yinggehai Basin.

6 Conclusions

(1) The second member of the YGHF in the DF1-1 gas field is
a bright spot-type gas reservoir because the sandstone bears gas
showing high-amplitude bright spots in the eastern part of the
study area. The RMS amplitude does not directly reflect the sedi-
mentary facies information but indicates the gas-bearing range.
Sand bodies are well developed in all gas formations, and the dis-
tribution of gas reservoirs is obviously controlled by structures,
mainly located in the high part of the dome-shaped diapir zone
and its periphery. Sandstones with high-amplitude parallel re-
flections have better gas-bearing properties, and the faults asso-
ciated with the diapir caused no obvious loss of the gas reservoir.

(2) The second member of the YGHF in the DF1-1-1 gas field
is a delta front deposit developed against the background of a
shallow marine shelf. The lithologies of the study area are mainly
composed of very fine sand and coarse silt, showing a series of re-
verse cycles of parasequence funnel-type, strong toothed bell-
type, and toothed low funnel-type logging facies. There are two
typical seismic facies, namely, progradational reflections and
erosion channel fills, which correspond to the delta front and
bottom current channels, respectively, and they superimpose
and interact with each other. When the provenance supply to the
delta is strong, the area is dominated by a large set of delta front
progradational reflections, while in the period of relative sea level
rise, it is dominated by the surface bottom current in the NE dir-
ection, and erosion fills are obvious.

(3) Four stages of delta front sand bodies with provenances
coming from the Red River in northern Vietnam and the Blue
River in central Vietnam have developed in the second member
of the YGHF, corresponding to four gas formations from the bot-
tom up, lasting a total of 1.5 Ma to 2 Ma. During the sedimentary
period of each gas formation, bottom current channels were de-
veloped and distributed along the coastline, and the underlying

delta front sediments were reshaped to form superposed depos-
its of multistage delta fronts and erosion troughs, which were
filled with delta front sand bodies or predelta mud, featuring
sandy progradation or argillaceous blank fill reflections. The
three large-scale bottom current channels that developed in the
late stage of gas formation IIU are the most typical. The NE-
trending arc-shaped distribution along the coastline strongly re-
formed the underlying delta front sand bodies.
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