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Abstract

A rarely reported middle-late Miocene-Pliocene channel (incised valley fill), the Huaguang Channel (HGC), has
been found in the deep-water area of the southwestern Qiongdongnan Basin (QDNB). This channel is almost
perpendicular to the orientation of another well-known, large, and nearly coeval submarine channel in this area.
Based on the interpretation of high-resolution 3D seismic data, this study describes and analyzes the stratigraphy,
tectonics, sedimentation, morphology, structure and evolution of HGC by means of well-seismic synthetic
calibration, one- and two-dimensional forward modeling, attribute interpretation, tectonic interpretation, and
gas detection. The HGC is located on the downthrown side of an earlier activated normal fault and grew
northwestward along the fault strike. The channel is part of a slope that extends from the western Huaguang Sag
to the eastern Beijiao Uplift. The HGC underwent four developmental stages: the (1) incubation (late Sanya
Formation, 20.4-15.5 Ma), (2) embryonic (Meishan Formation, 15.5-10.5 Ma), (3) peak (Huangliu Formation,
10.5-5.5 Ma) and (4) decline (Yinggehai Formation, 5.5-1.9 Ma) stages. The channel sandstones have a
provenance from the southern Yongle Uplift and filled the channel via multistage vertical amalgamation and
lateral migration. The channel extended 42.5 km in an approximately straight pattern in the peak stage. At 10.5 Ma,
sea level fell relative to its lowest level, and three oblique progradation turbidite sand bodies filled the channel
from south to north. A channel sandstone isopach map demonstrated a narrow distribution in the early stages
and a fan-shaped distribution in the late stage. The formation and evolution of the HGC were controlled mainly by
background tectonics, fault strike, relative sea level change, and mass supply from the Yongle Uplift. The HGC
sandstone reservoir is near the Huaguangjiao Sag, where hydrocarbons were generated. Channel-bounding faults
and underlying faults link the source rock with the reservoir. A regionally extensive mudstone caprock overlies the
channel sandstone. Two traps likely containing gas were recognized in a structural high upstream of the channel
from seismic attenuation anomalies. The HGC will likely become an important oil and gas accumulation setting in
the QDNB deep-water area.
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1 Introduction

Deep-sea sedimentary systems are the frontier and focus of
global petroleum exploration. Submarine canyons (channels) are
important passages for transporting sediments from continental
shelfs or slopes to deep-sea environments and important places
for the unloading and storing sediments (Anderson et al., 2006;
Oliveira et al., 2007; Harris and Whiteway, 2011; Feng et al., 2021;
Zhang et al., 2021). Canyon profiles are often “U”- or “V”-shaped,
and their formation is often related to the large-scale undercut-
ting of gravity flow (Tinterri et al., 2003; Amy et al., 2005; Mayall
et al., 2006; Wynn et al., 2007; Yuan et al., 2009; He et al., 2013).

Therefore, these areas are also called incised valleys. Several con-
tinental margin incised valley systems were discovered recently
in the North Sea, South Africa and other places (Ryseth and Fjell-
birkeland, 1995; Hampson et al., 2005; Green, 2009; Green et al.,
2013), and the interiors of these valleys are often filled with sandy
rich sediments (Clark and Pickering, 1996). These valleys form
high-quality reservoir-cap assemblages and are important tar-
gets for marine oil and gas exploration (Liu et al., 2018; Wu et al.,
2009).

Many submarine channels occurred in the Neogene in the
South China Sea (SCS), and the Central Canyon Channel in the
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Qiongdongnan Basin (QDNB) is the most well known. The Cent-
ral Canyon is slightly “S-shaped” and parallel to the present con-
tinental shelf break. It is a maximum of approximately 425 km
long and nearly 50 km wide (Wang, 2012). The Central Canyon
has extremely abundant gas pools. Since 2014, several large-scale
gas fields, such as LS17-2, LS25-1, LS22-1, LS18-1, and LS18-2,
have been discovered in deep-water channels (Huang et al.,
2017), which shows the large exploration potential of channel
sandstone reservoirs (Zhu et al., 2009, 2012). Many controversies
remain about its genetic mechanism, provenance, development-
al stages and controlling factors. Yuan et al. (2009) proposed that
the massive Red River provenance supply since the Miocene
caused the continental shelf slope margin of the Yinggehai Basin
to move in the SEE direction and form a large-scale progradation
wedge, and the inversion of the Red River strike-slip fault led to
the collapse of sediments and the formation of the deep-sea
Central Canyon Channel in the QDNB. Gong et al. (2011) studied
the sedimentary process of the Central Canyon. The Central
Canyon experienced four stages of axial and lateral erosion-fill
processes. The development and sedimentary evolution of the
canyon were affected primarily by submarine paleogeomorpho-
logy, the structural inversion of the Red River fault, the Coriolis
force, relative sea level change (RSC), and a high deposition rate.
Wang (2012) proposed two main provenances in the Central
Canyon: the western section is primarily composed of turbidite
channels, turbidite sheet sand and natural levees, and all of the
Red River provenance; and the eastern section primarily has a
provenance from Hainan Island on the northern continental
slope, which is dominated by mass transport deposits (MTDs).
Gravity flows from the west and north interdeposited in the
canyon and formed a complex sedimentary system with multiple
sources and stages. Li et al. (2013) believed that the Central
Canyon was shaped by an erosion event at 5.5 Ma (correspond-
ing to the T3 seismic interface), which was formed by large-scale
gravity flow cutting, collapse and filling. The fill materials of the
incised valley consist of massive slumps, debris flows, thick tur-
bidite sandstone and abyssal mudstone, which are alternately
deposited to form several upward-thinning sedimentary cycles.
Su et al. (2014) divided the canyon into three sections, the head,
west and east, according to differences in morphology, sediment-
ary characteristics and genetic mechanism. The sedimentary
process of the turbidite channel at the head of the canyon was
controlled by the western provenance and fault activities, and the
morphological filling characteristics of the western section of the
canyon were controlled by the western provenance and the
northern continental slope system. The eastern section was
primarily affected by tectonic activity at 11.6 Ma.

Lu et al. (2018) also reported that the Zhongjian Canyon (ZJC)
developed between the Xisha and Leguang carbonate platforms
and studied its morphology, filling structure and evolution. The
ZJC experienced four sedimentary evolution stages from the
middle Miocene to the Pleistocene and was filled with carbonate
rocks, igneous rock detritus and mudstone. The formation of the
channel was related to submarine landslides.

The present study found a rarely reported channel in the
deep-water area of the southwestern QDNB and the northwest-
ern ZJC. Gong et al. (2020) called it the “Straight Channel” ac-
cording to its morphology and performed quantitative studies on
the complex growth trajectory of the channel, stratigraphic mo-
bility number, Froude number, layer-average flow velocity, flow
thickness and water entrainment coefficient. Wang et al. (2021)
named it “Huaguang Canyon” due to its proximity to the Hua-
guang sag and studied the internal structure, formation, evolu-

tion and controlling factors of the canyon. The present paper
calls it the Huaguang Channel (HGC) due to its relatively small
scale. The HGC formed during the sea level drop in the early late
Miocene (approximately 10.5 Ma) as a gravity flow system from
the provenance of the Xisha carbonate platform. The channel
was filled with interbedded sandstones and mudstones with
strong amplitude reflection, with great potential for oil and gas
exploration.

The Yinggehai Channel and the Central Canyon Channel
found in the northern SCS are closely related to regional tectonic
movement, low and high paleostructural patterns, provenance
supply, and sea-level rise and fall. Does the HGC have a similar
genesis as the above-mentioned channels? The relationship, sim-
ilarities and differences between the various channels are very
important geological problems. As an important reservoir unit in
this area, the presence of oil and gas in the submarine channel is
also important content discussed in this paper.

Limited by the lack of data on deep-water basins, previous
studies on the HGC primarily focused on the single-stage chan-
nel of the Huangliu Formation (T3-T4). Few studies examined
the developmental stages, sand body types, evolution, con-
trolling factors and trap potential of the HGC. Available high-pre-
cision 3D and 2D seismic data and multiple sets of deep-water
drilling and logging data in the adjacent area provide an excel-
lent opportunity (1) to clarify the development ages and stages of
the HGC, (2) discuss in detail the evolutionary process of and
factors controlling sandstone in the channel, (3) compare the re-
lationship, similarities and differences of submarine channels in
the northern SCS, and (4) identify and characterize the possible
gas-bearing reservoirs.

The current research results help strengthen our understand-
ing of regional tectonics, sea level change, provenance and sedi-
mentary evolution in the SCS and supply useful evidence for fu-
ture gas exploration in the deep-water area of the northern SCS.
The results also provide a reference for the study of the sediment-
ation, evolution and genesis of similar paleosubmarine channels
worldwide.

2 Geological setting

The SCS is the largest marginal sea in the western Pacific
Ocean, covering an area of approximately 3.5x106 km?. It lies
between three major plates (Eurasian Plate, Indo-Australian
Plate and Pacific Plate) and is surrounded by continents, penin-
sulas and islands (Liiddmann and Wong, 1999; Sun et al., 2003;
Hall et al., 2008). The northern SCS is part of a passive continent-
al margin (Khain and Polyakova, 2008) next to similar passive
continental margin basins, including the Beibuwan Basin,
Yinggehai Basin (YGHB), QDNB and Zhujiang River Mouth Basin
(ZRMB) (Tsai et al., 2004; Zhu et al., 2012) (Fig. 1a). The basins
are filled with thick Cenozoic fluvial lacustrine facies, marine-
continental transitional facies and marine facies deposits and de-
veloped Paleogene source rocks, which record the evolutionary
history of rifts and oceanic basin expansion on the margin of the
SCS (Qiu et al., 2001; Yang et al., 2012; Tang et al., 2014).

The QDNB is located in the northwestern SCS, with a NE-SW
orientation and a basin area of approximately 6.3x10* km?
(Huang et al., 2017). The QDNB is separated from the YGHB in
the west by fault No. 1 and is bounded by the Shenhu Uplift to the
east, the ZRMB and Hainan Island to the north, and the Xisha
Uplift to the south. From north to south, the basin may be di-
vided into four first-order tectonic units, the Northern Depres-
sion, the Central Uplift, the Central Depression and the Southern
Uplift, which is further divided into more than 20 second-order
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Fig. 1. Map of the regional location of the study area, the location of the relevant area and the division of tectonic units in the
Qiongdongnan Basin. a. The background map is the current bathymetric map of the South China Sea, the yellow area is the location of
the study area, and the yellow dotted line is the Central Canyon Channel. b. Seafloor isochronic map of the 3D seismic survey and the
Huaguang Channel distribution of the Huangliu Formation. c. Structural unit map of the Qiongdongnan Basin, with the distribution of
typical submarine channels and gas fields in the South China Sea. BJ: Beijiao Uplift, BJS: Beijiao Sag, CC: Changchang Sag, HGJ:
Huaguangjiao Sag, LDLS: Ledong-Lingshui Sag, LN: Lingnan Low Uplift, LS: Lingshui Uplift, ZRMB: Zhujiang River Mouth Basin,
QDNB: Qiongdongnan Basin, SD: Songdong Sag, SN: Songnan Uplift, ST: Songtao Uplift, SX: Songxi Sag, YB: Yabei Sag, YC: Yacheng
Uplift, YGHB: Yinggehai Basin, YL: Yongle Sag, YN: Yanan Low Uplift, YNS: Yanan Sag, YZJ: Yuzhuojiao Sag, ZJ: Zhongjian Uplift.

structural units (Li et al., 1999) (Fig. 1c). Since the Cenozoic, the
YGHB and QDNB have undergone approximately three tectonic
evolution stages: the Eocene-0ligocene fault depression (Tg-T7),
early-middle Miocene postrift depression (T6-T4) and late Mio-
cene to present passive continental margin thermal subsidence
(Xie et al., 2006). Four tectonic movements also occurred in the
Cenozoic, the SCS movement, the Baiyun movement, the Dong-
sha movement and the Nansha movement, which correspond to
four significant global sea level decreases and formation of four

seismic reflection unconformities of T8, T6, T4 and T2. The main
faults and fault-related tectonic activities in the basin primarily
occurred in the Paleogene fault depression and depression stages
before the T6 seismic interface.

The study area is located in the southwestern QDNB (Fig. 1a),
with a 3D seismic survey partially covering the Lingnan Uplift,
Huaguangjiao Sag, Yuzhuojiao Sag and Yongle Uplift (Fig. 1c).
The water depth is 200 m to 2 000 m (Wang et al., 2021). The HGC
is located in the middle of the study area and extends in the NNW
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direction (Fig. 1b). It primarily occurred in the stage of passive
continental margin thermal subsidence (T52-T2).

3 Data and methods

The 3D seismic survey of the study area was approximately
1 000 km?. The 2D seismic network was 4 kmx4 km. The vertical
seismic sampling interval was 2 ms, and the main frequency (f) of
the target layer was approximately 35 Hz. There are no drilling
wells in the 3D seismic area. YC35-1-2, LS22-1-1, LS33-1-1 and
other wells are distributed within 15-50 km to the north of the 3D
area. Well LS33-1-1, which is nearest to the 3D northern bound-
ary, revealed Paleogene Yacheng and Lingshui formations, Neo-
gene Sanya, Meishan, Huangliu and Yinggehai formations, and

Quaternary Ledong Formation. Seismic reflection interfaces T8
(or Tg), T7, T6, T5, T4, T3 and T2 are the bottom boundaries of
these formations (Fig. 2), and their ages are 33.9 Ma, 30 Ma,
23.3 Ma, 15.5 Ma, 10.5 Ma, 5.5 Ma and 1.9 Ma, respectively (Wu
et al., 2009; Gong et al., 2011).

According to unconformity reflections, seismic reflection
configuration and geometry, the filling lithologies, stages and
evolution of the HGC were interpreted with reference to the
Central Canyon Channel, where known wells have been drilled.
The relationship between seismic amplitude and lithology was
analyzed using (1) seismic correlation of Well LS33 in adjacent
areas (Fig. 2), (2) 2D forward model analysis (see Section 5.2.2)
and (3) a similar understanding from previous studies (Li et al.,
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2020, 2021; Wang et al., 2020). The strong amplitude reflection
represented the existence of sandstone in the sedimentary back-
ground of deep-water thick mudstone in this area. Therefore, the
amplitude and waveform attributes were extracted to form sedi-
mentary facies maps of the channel in different stages. Sand-
stone thickness and channel morphologic maps were construc-
ted using relevant seismic attributes.

Three NNW progradational reflection events were identified
in seismic sections for the peak stage of HGC development. Sand-
stone thickness maps of the three stages of progradation were
produced using detailed tracking, interpretation and closure of
the seismic progradational reflection based on root mean square
(RMS) amplitudes. The related faults near the channel were ana-
lyzed using the coherence attribute along the layer. The low and
high paleostructural patterns and evolution in 3D seismic sur-
veys were recovered using the stratigraphic thickness method,
and the controlling effects of fault activities and global relative
sea level changes on channel development are discussed (Chen
etal., 2014; Yang et al., 2019). Two dimensional seismic forward
models were used to illustrate the layer number and thickness of
channel sandstones. The gas-bearing possibility of channel sand-
stone reservoirs was detected using seismic wave attenuation,
which analyzed the hydrocarbon system and promising traps.

4 Results

4.1 Distribution characteristics of the HGC

There are three Neogene channels in the northwestern SCS, a
SSE-trending channel in the YGHB, the NEE-trending Central
Canyon Channel in the central QDNB, and the NNW-trending
HGC in the southwestern QDNB (Fig. 1).

The axial gravity flow channel in the YGHB was developed
near fault No. 1 in the southern section of the Yingdong slope belt
(Fig. 1), and the main body developed in the sedimentary period
of the Huangliu Formation (Chen et al., 2019). Affected by the
dual provenance of the Red River in the northwest and Hainan
Island in the east, the channel is characterized by the confluence
of NW and NE double channels, and internal turbidite sand bod-
ies are well developed. Several exploration wells revealed this
channel, and natural gas was discovered (Pan et al., 2012), which
shows the good gas field potential. Only the Central Canyon
Channel has been deeply studied, and it has an “S-shaped” mor-
phology, is oriented SSW, is approximately 425 km long and 9-
23 km wide and has a seismic reflection time window from
400 ms to 800 ms. The Central Canyon Channel developed in the
early sedimentary stage of the Pliocene Yinggehai Formation
(5.7-3.7 Ma). The cutting depth of the canyon channel gradually
increases eastward (500-800 ms), but the width of the canyon
channel gradually narrows downstream (the average width is
16 km in the Ledong-LingShui section, 11 km in the Songnan-
Baodao section, and 10 km in the Changchang section) (Fig. 3).

The provenance and sedimentary characteristics of the east-
ern and western sections of the Central Canyon Channel are dif-
ferent (Zhu et al., 2009; Gong et al., 2011; Wang, 2012; Li et al.,
2013; Su et al., 2014; Huang et al., 2017). The Ledong-Lingshui
section in the western part of the canyon primarily contains tur-
bidite channels and turbidite sheet sand deposits from the Red
River and Lanjiang system in the west, and it contains primarily
the interactive deposition of turbidite channels and large-scale
MTDs from the northern continental slope (Hainan Island
provenance) in the eastern section. However, the continental
slope near the Changchang Depression in the easternmost area is
relatively gentle, and MTDs are not developed and primarily
composed of canyon wall slumps and turbidite channel deposits.

Controlled by a deep fault, the canyon channel to the east of the
Changchang section has not been filled and shows the character-
istics of a “starved canyon” (Fig. 3). Overall, the Central Canyon
Channel is a complex canyon sedimentary system with lateral
segmentation, vertical staging, and the interaction of various
provenances and sedimentary types.

Compared to the Central Canyon, the HGC in the present
study is nearly perpendicular to the Central Canyon Channel,
which is located to the southwest of the QDNB, and advances
NNW-ward along the throw side of the Yuzhuojiao Fault on the
west wing of the low Beijiao Uplift (Fig. 4a). The HGC formed in
the early Miocene Meishan to Pliocene Yinggehai formations
(T5-T2), which were earlier than the Central Canyon. The HGC
formed by the lateral migration and vertical superposition of
multistage channel sand, which lasted approximately 18 Ma
(Fig. 4). The upper stream of the HGC is close to the Yongle Up-
lift of the Xisha Islands and surrounded by the Huaguangjiao Sag
and Yuzhuojiao Sag.

The 3D seismic data revealed that the axial length of the
channel was approximately 42.5 km, which is approximately one-
tenth of the Central Canyon. Different from the S-shaped distri-
bution of the Central Canyon and controlled by paleotectonics,
faults and sufficient provenance supply, the HGC has a “straight
flow” shape. The width of the valley in the upper, middle and
lower reaches ranges from 2.7 km to 4.3 km, with an average of
3.3 km, which diverges and widens slightly downstream (Fig. 4).
The overall filling thickness of the channel ranged from 142 ms to
795 ms (approximately 200-1 000 m), with the largest in the sag
between the high positions (Fig. 5). The HGC sediments are from
a single provenance, primarily from the Yongle Uplift in the
south. The strong amplitude reflection showed the interbedded
sandstone and mudstone fill (Wang et al., 2021).

4.2 Stages and evolution of the HGC

Well LS33-1-1 is located in the Lingnan Uplift on the south-
ern uplift of the QDNB, adjacent to the northern margin of the
study area. Well LS33-1-1 reveals the Meishan Formation, and its
upper formations are terrestrial fine-grained clastic neritic-
bathyal deposits overall that are locally interbedded with mixed
shelf deposits. The main lithologies generally consist of mud-
stone, calcareous mudstone with a thin layer of siltstone, and ar-
gillaceous siltstone that is locally interbedded with thin marls.
The Lingshui Formation and its lower formations are interbed-
ded with sandstone, mudstone and calcilutite in the fault-depres-
sion basin. The weak-medium amplitude reflections in the cross-
well seismic profile correspond to the thickly layered mudstone
containing a small amount of thinly layered siltstone. Typically,
the large-scale weak amplitude reflections represent deep-water
thick mudstones, and local strong amplitude reflections exist in
thicker sandstones with mudstone backgrounds (Fig. 2). The
strong amplitude channel indicated that more sand was depos-
ited in the deep-water shelf and bathyal backgrounds for a long
time.

To study the stages and evolution of channel development,
the thickness, content and staging information of channel sand-
stone were obtained based on the comprehensive interpretation
of 3D seismic amplitude, including well calibration, forward
model, attribute analysis, and tectonic analysis. On this basis, the
evolution of the channel was divided into stages by analyzing the
changes in geometric characteristics related to sedimentation,
such as the morphology, structure, scale, undercutting depth and
extension direction of the channel (Table 1). Extracting the RMS
amplitudes along each stratigraphic period of the 3D seismic
data and their sandstone isopach maps may be depicted based
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Fig. 3. Morphological map of the Central Canyon Channel and seismic profiles across the different positions of the channel in the

Qiongdongnan Basin.

on the relationship between sandstone thickness and amplitude.
The amplitude anomaly extension or sandstone isopach maps
approximately show the morphology, distribution and evolution
of the HGC in different epochs, which displayed the following
four stages (Fig. 6).

(1) During the incubation stage (upper Sanya Formation,
T52-T5), the submarine fan deposits primarily extended along
the SE-EW trumpet-shaped area, diverged westward and fanned
out. The resulting submarine fan is approximately 136 km?,
3.5 km wide upstream, 6.8 km wide downstream, and approxim-
ately 30.3 km long and is primarily distributed in the lower part of
the Huaguangjiao Sag in the southwestern part of the study area.
During this period, it was a trumpet-shaped submarine fan rather
than a narrow banded channel (Fig. 6a).

(2) During the embryonic stage (Meishan Formation, T5-T4),
the submarine fan deposits were gradually transformed into the
NW-ward spreading “tree-trunk-like” protochannel. This period
was the transition from submarine fan to channel, and debris
came from the Yongle Uplift in the southeast. The resulting chan-
nel extends approximately 22 km, and the sandstone area is ap-
proximately 160 km?. The sand body distribution is wide and
shallow and primarily concentrated in the middle and upper
reaches of the channel (Fig. 6b).

(3) The peak stage (the Huangliu Formation, T4-T3) resulted
in the most obvious channel features, the longest distance (43 km),

and the greatest depth of incision (average of 250 ms and approx-
imately 340 m). The channel has a NW-trending narrow straight
band with an area of approximately 94.3 km? and an unchanged
width of 3.3 km from SE to NW, which is different from the sligh-
tly curved “S-shaped” extension of the Central Canyon (Fig. 6¢).

(4) In the decline stage (the upper Yinggehai Formation,
T3-T2), the extent of the channel became significantly smaller
and was primarily distributed in the upper reach of the channel
in the middle of the study area. The axial length was shortened to
approximately 14.5 km, and the width of the channel was also re-
duced to half of its original size and covers an area of approxim-
ately 48.9 km?. Wells in the neighboring area reveal that the Qua-
ternary sediments in the later stage were large mudstones repres-
ented by weak seismic profile reflections, which indicates that
the channel almost disappeared (Fig. 6d).

4.3 Characteristics of channel progradation in the “peak stage”
From the middle Miocene incubation stage to the Pliocene
decline stage, the channel lasted for approximately 18 Ma, and
the fill thickness of sandstone varied in each stage (Fig. 7). In the
strata representing the peak stage of channel incision and filling
(10.5-5.5 Ma) during deposition of the Huangliu Formation
(T4-T3), three NW-ward progradational events were identified
on the seismic profile along the channel direction (Fig. 8), which
suggests a maximum rate of debris supply, while the global sea
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level fell to the lowest level at the age of 10.5 Ma (Fig. 8a).

The progradational bodies from downlap surface T31 to to-
plap surface T3 lasted for approximately 1.7 Ma and formed a set
of upwardly shallowing progradational third-order sequences
(Fig. 8b). Each progradational event of seismic reflection was
tracked, and corresponding RMS amplitude maps were gener-
ated (Fig. 9). If the target interval velocity was assumed to be
3000 m/s and the main frequency of the seismic wave was 30 Hz,
the seismic wavelength was approximately 100 m, and the tuning
thickness of one quarter of the wavelength was approximately
25 m. Based on the relationship between the amplitude and the
tuning thickness, it was presumed that the maximum thickness
of the single progradational body was approximately 20-30 m,
and the total maximum thickness of the three sandstone bodies
was approximately 60-90 m. The superimposed area of the three
progradational channel sandstones is approximately 42.3 km?,
approximately 26.2 km long, 3.7-4.2 km wide, and concentrated
in the lower part of the HGC.

The distribution of the sandstone bodies and the thickest
sandstones of each progradation body are circled according to
the median and high values of RMS amplitude, respectively, in
Fig. 9.

Progradation event I is “spindle-shaped” with narrow ends

and a wide middle (Figs 9a, b), and the widest part is approximately
1.6 km, which accounts for 39% of the channel width. The axial
length of the sandstone body is 18.1 km, and the area is 16.8 km?.
The area of the sandstone body with a thickness greater than 30 m
is only 0.5 km?, and approximately 90% of the sandstone body
has a thickness less than 20 m.

The width of progradation event II gradually narrows from
upstream to downstream (Figs 9c, d), with the widest part reach-
ing 2.33 km, which accounted for 54% of the channel width dur-
ing this period, and it narrows downstream to 0.33 km. The sand-
stone body has an axial length of 15.7 km and an area of 22.4 km?,
which is shorter and wider than event I, and the area increased
by approximately one-third, with an overall advancement of 2-
4 km in the NW direction. The area of sandstone bodies with
thicknesses greater than 30 m (RMS values=50) increased to
7.2 km? and accounted for approximately 32.1% of the overall area.

Progradational event III is a “dumbbell-shaped” event with
wide ends and a slightly narrow middle (Figs 9e, f). It has the
largest area of approximately 30.8 km? and the longest axial dis-
tance of nearly 19 km, which is approximately 37.5% larger than
the previous event. During this period, progradation continued
to advance 6.5 km NW-ward overall. The widest part of the sand-
stone body is 2.32 km and accounted for 55% of the channel
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Fig. 5. Seismic profiles of the cross-channel in the southwestern Qiongdongnan Basin. The positions of the sections are shown in Fig. 4a.

N,s: Sanya Formation; N, m: Meishan Formation; N, 4: Huangliu Formation; N,y: Yinggehai Formation; Mz: Mesozoic basement.

Table 1. Classification basis and characteristic comparison of four development stages of the Huaguang Channel

Stages Morphology Distribution Axial Average incised
scale/km?® length/km depth/m
Incubation stage (early Miocene)  C- or trumpet-shaped, diverged westward and fanned out 136 30.3 136
Embryonic stage (middle Miocene) “tree-trunk-like” proto-channel, NW-ward spreading 160 22 176
Peak stage (late Miocene) approximate straight form, NW-trending 94.3 43 340
Decline stage (Pliocene) small sand body 48.9 14.5 108

width, which is comparable to progradational event II. The area
of the sandstone body with a thickness greater than 30 m (RMS
value=50) increased to 8.2 km?2.

Generally, all three progradational bodies are mudstone in-
terbedded with sandstone deposits and show linear extensional
morphology. First, the difference between the three bodies is that
the strong amplitude sandstone bodies in progradation I are all
distributed in narrow strips and have nearly parallel shapes (Fig.
9b), but the thick sandstone bodies in progradations II and III are
fan-shaped and contiguous in distribution (Figs 9d, f). Second,
the thick sandstone deposition area corresponding to the strong
amplitude gradually migrates downstream across stages. Third,
the scale or lateral connectivity of a single sandstone body im-
proved with the development of the sandstone bodies. These dif-
ferences may be related to the influence of paleotopography. The

early sand body was a small strip and not connected, which is re-
lated to the uneven palaeotopography. After filling and smooth-
ing in the late stage, the ancient channel accumulated larger and
more connected sandstones. On a slice along the T4 and T3 co-
herent layers, many small faults are visible at the bottom of the
channel. Small fault troughs may have caused the parallel isol-
ated strip distributions of progradation I sandstone bodies.

5 Discussion

5.1 Factors controlling the HGC

The incision and filling of large-scale submarine gravity flows
(slumps and turbidity flows) are the main mechanisms for the
formation of submarine canyons or channels (Tinterri et al., 2003;
Amy et al., 2005; Mayall et al., 2006; Wynn et al., 2007; Yuan et al.,
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2009), and the development and evolution of channels are often
controlled by multiple factors, such as paleogeomorphology, rel-
ative sea level change and provenance supply (Bouma, 2007).

McHugh et al. (2002) studied the genesis of Berkeley Canyon
on the continental margin of New Jersey and found that the in-
ternal fillings were composed of sSlumps, debris flows and turbid-
ites. The cutting and filling event of the canyon in the middle
Miocene occurred very rapidly (approximately 2.5 Ma) and was
related to a significant glacioeustatic sea level fall event ((13.5+
0.5) Ma). When studying the formation and evolution of the Al-
hama submarine canyon in the Granada Basin, southern Spain,
Puga-Bernabéu et al. (2008) believed that the channel was
formed by sea level fluctuations in the early stage. The erosive
flow in the later stage was generated after offshore and storm cur-
rent deposits captured by the channel, which further promoted
the development of the canyon. Li et al. (2013) believed that the
late Miocene basement erosion surface (corresponding to the T3
seismic reflection surface) of the Central Canyon Channel in the
QDNB was the comprehensive result of the rapid uplift of the
Qinghai-Tibet Plateau, massive replenishment of the Red River
provenance, sea level drop, shelf erosion and other factors.

To explore the genesis and factors controlling the HGC, hori-
zontal slices of the variance/coherence volume were made for Tg
(the basement surface), T6 (the transitional surface from the rift
to the depression stage), T52 (seismic reflection interfaces of the
bottom upper member of the Sanya Formation), T5 (top of the
Sanya Formation), T4 (top of the Meishan Formation) and T3
(top of the Huangliu Formation), which are related to the devel-
opment of the channel (Fig. 10). Time domain structural maps
and stratigraphic thickness maps of each formation in the 3D
area were drawn (Fig. 11), and global RSCs since the Cenozoic
(Chen et al., 2014) were analyzed (Fig. 13).

5.1.1 Fault activities controlling the position and extension of the
HGC

The QDNB is located in South China and was a fault depres-
sion from the Eocene to the Oligocene (Xie et al., 2006; Li et al.,
2015). The basement of the 3D seismic survey in the southern
part of the basin was divided into multiple fault blocks by NE-,
NW- (Yuzhuojiao fault) and ENE-trending faults (Figs 10a, d).
Bounded by the NW-trending fault in the central part, the burial
depth of the fault block in the west is greater and resulted in a
westward-dipping paleotectonic pattern. Faults were continu-
ously active during the Eocene to early Oligocene (T8-T7), and a
new fault in the E-W direction appeared in the middle of the
study area (Fig. 10b). During the postrift depression stage, the
basement-inherited NW-trending, E-W-trending and NE-trend-
ing faults remained active and broke through the Sanya Forma-
tion (T6-T5), and the activities of other faults gradually weakened
(Fig. 11c). The distribution and extension of the channel are
closely related to NW- and EW-trending fault activities.

For the late stage of the Sanya Formation (T52-T5), a compar-
ison of the hiatus area in Figs 10b and 11a revealed that the an-
cient subuplifts of B] 4, 6 and 9 in the eastern part of the NW-
trending basement fault significantly uplifted and caused the east
to be higher and the west to be lower. The NW-trending fault
(fault @) and E-W-trending fault (fault @) were continuously
active. The fault troughs distributed near the lowest point of the
downthrown side of the normal fault played a role in the inflow
and diversion of clastic materials (Fig. 10c). The channel passed
from south to north along the sag between two subuplifts (Fig. 11a).
The clastic materials from the Xisha Yongle Uplift drained into
the Huaguangjiao Sag to form a “trumpet-shaped” submarine fan
of the Sanya Formation (Figs 6a, 7a, 10d, and 11a).
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The E-W-trending fault @ in the central part of the study area  and no longer controlled the distribution of the channel (Fig. 10).
ceased activity after the deposition of the Meishan Formation,  As shown in Fig. 11, NW-trending basement fault O was continu-
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ously active from the Meishan to the late stage of the Huangliu
Formation, and multistage channels extended along the down-
thrown side of fault . According to the time-domain structural
map and stratigraphic thickness map of each stage, only the
earliest (Fig. 11a) and latest (Fig. 11d) submarine fans and chan-
nels occurred at the lowest position, and channels in the other
two stages were not distributed along the lowest position of the
sag. These channels instead flowed along the fault strike on the
west-dipping downthrown side (Figs 11b, c). Therefore, the NW-
striking fault in the 3D survey significantly controlled the chan-
nel formation and distribution.

The NE-directed seismic Section AA’ that crosscuts the chan-
nel in the middle of the study area (Fig. 12a) was selected, and
the plane position is shown in Fig. 1b. A large normal NW-strik-
ing west-dipping fault is shown in this section. The stratigraphic
thickness of the upthrown and downthrown sides of the Sanya
Formation to Yinggehai Formation (T6-T2) was counted, and the
thickness difference was calculated to analyze the change in fault
activity (Fig. 12b).

The results showed that (Fig. 12) since the deposition of the
Sanya Formation, the thickness difference between the up-
thrown and downthrown sides gradually decreased, and the
activity of the NW-strike fault gradually weakened. During the
Yinggehai Formation, the fault completely ceased activity. Ac-
cording to a previous study, the Huangliu Formation represen-
ted the peak development stage of the HGC (Fig. 6¢), and there
was no correlation between the channel development intensity,
sandstone development degree and fault activity.

5.1.2 Control of RSCs on the development intensity of the HGC

Because the stages and evolution of channels are determined
based on the amplitude, shape and area changes in the channel
seismic reflections, the intensity of channel development here
primarily refers to the content and scale of sandy fillings in the
channel that are related to amplitude (Fig. 13).

A comparison of the formation and evolution stages of the
channel with the global RSC curve revealed that the most de-
veloped stage of the HGC was in the lowest period of global sea



68 Chen Shuo et al. Acta Oceanol. Sin., 2023, Vol. 42, No. 5, P. 57-78

(=}

=]
(=]

S
(=1
Amplitude

60

fN -8 2 km 'N i 0 I 2km
— “3"&‘ —_—
3
e Total area: 16.8 km?
N
Q)
o
0
,fp“ =30
c
10 o £
3 30 7
E Qo
20 g 20 g
g =
30 _ =
40
'N —:|2 km 'N

22.4 km?

Total area:

(3%
(=)
Thickness/m

e. RMS amplitude of Progradation III

'N 0 1

Thickness/m

f. Sandstone isopach map of Progradation III

Fig. 9. RMS amplitude and sand body thickness evolution maps of three progradational events identified in the peak stage of channel

development in the late Huangliu Formation (T31-T3).

level fall, and the channel tended to decline as the global sea
level abruptly rose.

Since the Cenozoic, the world has experienced several RSCs
(Hagq et al., 1987), which strongly correlated with the develop-
ment intensity of the four-stage HGC in the QDNB (Fig. 13).

During the Tortonian-Messinian in the Miocene (corres-

ponding to the Huangliu Formation T4-T3), the Himalayan
Movement caused the uplift of the Earth’s crust, and the global
sea level decreased significantly, especially in the early Tortoni-
an (10.5 Ma, corresponding to the T4 regional unconformity,
equivalent to the Dongsha movement). The sea level fell more
than 100 m and was the lowest since the Cenozoic (Fig. 13). The
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Central Canyon in the QDNB and Yinggehai Channel also formed
in this period, and wells drilled in the shallow sea area in the
northern part of the basin revealed the hiatus of this set of strata.

At the early stage of T4-T31, the paleotectonics of the study
area were high in the east and low in the west (Fig. 14a), and the
relative sea level remained at a low level during this period (Fig. 13).
The outcropping of the eastern highland was subjected to denud-
ation and formed the T4 unconformity. The western part was
primarily filled by argillaceous deposits with lower topography
but less provenance supply. At the later stage (T31-T3), the cent-
ral part of the study area was the lowest point of paleotectonics
and paleogeomorphology (Fig. 14b). The Xisha Uplift was ex-
posed and acted as a sufficient provenance for the study area
(Wu et al., 2014). With the gradual rise of the relative sea level, the
accommodation space was formed, but its growth rate was far
less than the sediment supply. The lowest point of the paleofault
trough above the unconformity began receiving deposition, and
the Huaguang channel extending NW in its peak was developed.
During this period, the characteristics of undercutting and filling
were also the most obvious, as visible in the Huangliu Formation
(Figs 4-6) and where the three progradational sand bodies oc-
curred along the channel (Figs 8 and 9).

The Zanclean in the early Pliocene (5.5 Ma, corresponding to
the T3 interface) was accompanied by a rapid and significant

global relative sea level rise (Fig. 13), and the southern QDNB
entered a bathyal continental slope sedimentary environment.
Although the T3-T2 paleotectonic map (Fig. 11d) shows the
lower paleotectonics in the central part of the study area and two
sags along the middle and lower reaches of the channel, with
conditions for storing sediments, the growth rate of accommoda-
tion space was much larger than the sediment supply. Well drill-
ings in the QDNB revealed the development of large mudstones
in the Yinggehai Formation (Fig. 14c). At the end of the Yingge-
hai Formation (1.9 Ma, equivalent to the Nansha movement), the
Huaguang Channel entered a period of decline due to a relat-
ively small-scale sea level fall, and a small sand body with an axi-
al length less than 10 km was formed upstream of the channel
(Figs 6d and 11d).

The sag between two subuplifts, which is the lowest position
of the normal fault downthrown side, generally controlled the
distribution, geometry and evolution of the channel. The chan-
nel was a “trumpet-shaped” submarine fan in the incubation
period, a wide and shallow “trunk-shaped” channel in the em-
bryonic stage, a “straight flow” undercutting channel in the peak
stage and a small-scale channel in the decline period. The intens-
ity of channel development is closely related to the RSC, espe-
cially the large-scale sea level fall corresponding to the peak stage
and the large-scale sea level rises corresponding to the decline
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period. Fault troughs provided accommodation space for the
channel sands and controlled the distribution and extension of
channels, and the RSC and provenance affected the injection of
terrigenous debris and supply intensity for channel sands. The
mutual coupling and interaction between the two factors con-
trolled the formation, development and decline of the channel.

5.2 Gas detection in the HGC

5.2.1 Seismic attenuation anomaly and gas detection

Dispersion and attenuation are generally caused by gas-bear-
ing or special low-velocity lithologies (Brouwer et al., 2008). Gas-
bearing reservoirs may be detected according to the relative in-
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crease in low-frequency energy, the relative decrease in high-fre-
quency energy and the decrease in the dominant frequency
(Chen and Jeng, 2011; Lu et al., 2013; Carcione et al., 2018). The
generalized low-frequency shadow hydrocarbon detection meth-
od was used to examine the 3D seismic area where the HGC is
located (Wu et al., 2019; Pu et al., 2021), and the results showed
that attenuation anomalies occurred in the Huangliu Formation
and Meishan Formation in the upper reaches of the HGC (Figs
154, c). The attenuation anomalies of the channel in the Meishan
Formation (T4-T5) covered an area of approximately 18.9 km?
along the channel distribution. The attenuation anomalies of the
channel in the Huangliu Formation (T3-T4) are approximately
6.9 km? and show a contiguous “wide upstream and narrow
downstream” lobate geometry.

5.2.2 Forward modeling method for reservoir thickness identifica-
tion

To determine the thickness and layer number of possible gas-
bearing sandstone reservoirs in the upper reaches of the channel
in the Huangliu Formation and Meishan Formation, a typical
seismic section, CC’, crossing the anomalous attenuation area
was selected to establish a 2D forward model (Fig. 16), and the
position of the section is shown in Fig. 1b. Based on the logging
data of the adjacent area, the velocities of sandstone and mud-
stone of each target horizon in the study area were preferentially
sorted to construct a geological model (Table 2).

Using the Huangliu Formation as an example, the velocities
of mudstone and gas-bearing sandstone were 2 480 m/s and
2700 m/s, respectively, and a 35-Hz positive polarity Ricker
wavelet was selected. The low-frequency strong amplitude reflec-
tions of “two valleys and one peak” for a single layer and “four
valleys and three peaks” for three layers (blue is the peak) in the
Huangliu Formation were formed at the position of the corres-
ponding gas-bearing sandstone (Fig. 16). The velocity of gas-
bearing sandstone was slightly higher than mudstone in this
model. Different thicknesses and numbers of sandstone reser-
voirs in the model were tested in relation to the actual seismic
sections. The final model of many repeated tests was very close to
the actual situation (Fig. 17a). The results showed that the atten-
uation anomaly in the upper reaches of the Huangliu Formation
suggested three layers of sandstone reservoirs with a cumulative
thickness of approximately 60 m. The attenuation anomaly of the
Meishan Formation also suggested two layers of sandstone reser-
voirs with a cumulative thickness of approximately 50 m, and ap-
proximately 15 m of sandstone in the Sanya Formation that pos-
sibly contained gas.

By adjusting the color scale range of the anomalous attenu-
ation body, the section anomaly (Fig. 17b) was the closest to the
forward modeling sandstone layer number and thickness (Fig.
16), and the amplitude of the attenuation anomaly at this time
was read as 16 000 (dimensionless). The time-domain thickness
of an abnormal body with an amplitude greater than 16 000 (di-
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Fig. 15. Abnormal attenuation maps of gas detection and the reservoir thickness map calculated by abnormal amplitudes greater
than 16 000 (dimensionless) in the Huangliu (T3-T4) and Meishan (T4-T5) formations in the upper reaches of the Huaguang

Channel.

mensionless) was extracted as the distribution range of the gas
reservoir (Figs 15b, d). The thickness values were basically con-
sistent with the forward model results, i.e., 60 m for the Huangliu
Formation and 50 m for the Sanya Formation (Fig. 17c).

5.2.3 Types of traps related to channels

Thickness maps of the gas reservoirs were drawn according to
the equal interval interpolation method (Fig. 18). Superposing
the abnormal attenuation sandstone reservoir thickness map
with the sandstone top surface structural map in the upper
reaches of the channel revealed that the gas reservoir boundaries
of the Meishan Formation and Huangliu Formation intersected
with the structural contours and were located at the high posi-
tion of the fault-nosing structure on the west side of the Yuzhuojiao
Fault and the upper reaches of the channel. The channel sand
bodies of the Huangliu Formation are pinched out in all direc-
tions and belong to the lithologic lens trap (Fig. 18a). The chan-
nel sand bodies of the Meishan Formation are pinched out in the
north, west and south directions, and the eastward updip direc-
tion is limited by the NNW-trending fault, which indicates that

the trap type may be a composite trap controlled by fault nosing
and the boundaries of channel sand bodies (Fig. 18b).

These results indicate that (1) the HGC controls the distribu-
tion of sand bodies, (2) multistage channel sandstones (Meishan
Formation and Huangliu Formation) show gas-bearing attenu-
ation anomalies, and (3) the possible channel gas reservoirs are
controlled by the high nose structure in the upper reaches, simil-
ar to the LS22 low-amplitude anticline trap in the Central Canyon
Channel (Wang, 2012; Wang et al., 2016). The channel-related
traps are close to the Huaguangjiao and Yuzhuojiao sags with
good hydrocarbon sources. The boundary fault links the hydro-
carbon source rocks and the channel reservoirs, and the overly-
ing large weak reflection mudstone serves as the regional caprock.

5.3 Relationship between submarine channels in the western QD-
NB
During the Himalayan Movement, the collision between the
Indian Plate and the Paleo-Asian Plate led to the rapid uplift of
the Qinghai-Tibet Plateau and exposure of the Yongle Uplift,
which provided a large supply of terrigenous detritus from the
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Fig. 16. Forward modeling and seismic response profile of the channel in the Yinggehai to Sanya formations. The forward modeling
results indicate that the Huangliu Formation develops three layers of 20 m thick gas-bearing sandstone, the Meishan Formation
develops one layer of 35 m and one layer of 15 m thick gas-bearing sandstone, and the Sanya Formation develops one layer of 15 m

thick gas-bearing sandstone.

Table 2. Velocities of sandstone and mudstone for the forward models of the channel in the Yinggehai to Meishan formations

Formation Lithology AC/(ps-m1) Velocity/(m-s!) Representative wells
Yinggehai sandstone 390 2564 LS22
mudstone 429 2326
Huangliu sandstone 370 2700 LS22
mudstone 403 2480
Meishan sandstone 350 2857 LS33
mudstone 379 2632

Note: AC indicates acoustic travel time.

Red River and Lanjiang River in the north and Xisha in the south
to the SCS deepwater basin during the passive continental mar-
gin stage of the Miocene. The crustal uplift caused by the colli-
sion also led to a significant drop in sea level and shelf erosion in
the region (Li et al., 2013). The combined action of these factors
controlled the formation and development of the Yinggehai
Channel in the northwestern SCS, the QDNB Central Canyon
channel in the north and HGC in the south in the late Miocene,
which became the “golden age” of submarine channel formation.

The upper reaches of the HGC are adjacent to the Yongle Up-
lift of the Xisha Islands, and the upper reaches of the Central
Canyon Channel are the Red River Delta. The three channels ex-
tend along the lowest point of paleotectonics and paleogeomor-
phology. The HGC extends along the axis of the lowest point of
the paleofault trough, the Central Canyon Channel runs parallel
to the shoreline along the foot of the continental slope, and the
Yinggehai Channel extends along the secondary paleogroove on
the Yingdong slope. The Central Canyon Channel and HGC are
deep-water gravity flow deposits and the upstream transition in-
to the (fan) delta. All of the channels are filled with sand and mud
interbeds, and large channel sandstone reservoirs developed.
However, there are the following differences in scale, develop-
ment period, provenance direction and controlling factors:

(1) The length of HGC in the peak period is approximately
one tenth of the Central Canyon Channel, the average width is
approximately one fifth of the Central Canyon Channel, and the
average filling depth is less than the Central Canyon (Figs 1 and
3-5).

(2) The Central Canyon Channel developed from the late
Miocene Huangliu Formation to the early Pliocene Yinggehai
Formation, and the HGC developed from the late Middle Mio-
cene Meishan Formation to the late Pliocene Yinggehai Forma-
tion, which is earlier and longer than the Central Canyon Chan-
nel. Their developmental periods overlapped in the late Miocene.
During this period, the decline in global relative sea level was the
most severe (corresponding to the T4 seismic interface), and the
channel undercutting feature was also the most obvious.

(3) The provenance of the Central Canyon Channel is com-
plex and large-scale, primarily from the Red River and Lanjiang
systems in the west, supplemented by the provenance from
Hainan Island on the northern continental slope (Zhu et al.,
2009; Gong et al., 2011; Wang, 2012; Li et al., 2013; Su et al., 2014;
Huang et al., 2017). The sediment source of HGC was relatively
singular and small in scale, primarily from the Xisha Yongle Up-
lift in the south (Wang et al., 2021).
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in Figs 15a and c.

(4) The Central Canyon Channel is distributed south of the
continental slope and the low-lying areas of the deep-water
basin, which is similar to the typical turbidite channel, and its
distribution is primarily controlled by gravity and topography
(Fig. 1). The distribution and extension of multistage HGC are
closely related to fault (or fault trough) activities (Figs 10 and 11).
The NW-trending fault trough formed at the lowest part of the
downthrown side provides accommodation space for the distri-
bution of HGC sand bodies, which significantly controls the dis-
tribution and extension of the channel.

6 Conclusions

(1) The HGC is located in the west-dipping middle Miocene
to Pliocene strata in the deep-water area of the southwestern QD-
NB, and it flows along the downthrown side of the NNW-striking
normal fault from the provenance of the Yongle Uplift in the
south. The strong amplitude reflection of the channel indicates
the interbedded fillings of sandstone and mudstone, which were
formed by the lateral migration and vertical amalgamation of

multistage channel turbidite sandstones.

(2) The HGC is nearly perpendicular to the Central Canyon
but much smaller in scale and earlier in age. It is not a branch of
the Central Canyon. Controlled by the coupling of tectonic move-
ments, fault activation, RSCs and provenance supply of the Xisha
Yongle Uplift, the channel experienced four stages: the incuba-
tion stage at the end of the Sanya Formation (T52-T5), the em-
bryonic stage of the Meishan Formation (T5-T4), the peak stage
of the Huangliu Formation (T4-T3) and the decline stage of the
Yinggehai Formation (T3-T2). The channel migrated laterally ap-
proximately 4.5 km northward. In its peak stage, the channel ex-
tended straight approximately 42.5 km. As the relative sea level
fell during deposition of the early Huangliu Formation (10.5 Ma)
and there was an abundant supply of the Xisha Uplift proven-
ance, the channel was filled with three progradational sand bod-
ies. These sand bodies show narrow and approximately parallel
strip distributions in the early stage and fan-shaped and continu-
ous distributions in the later stage.

(3) Two lithologic and composite traps formed on a fault-nos-
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Fig. 18. Superposition map of gas reservoir thickness and top surface structure of the Huangliu Formation (a) and Meishan

Formation (b) for the upper reaches of the Huaguang Channel.

ing structure in the upper reaches of the HGC. Seismic attenu-
ation gas detection indicates the existence of an approximately
110 m gas reservoir in which 60 m belongs to the Huangliu Form-
ation and the other 50 m belongs to the Meishan Formation.
They are adjacent and fault-linked to mature hydrocarbon-gen-
erating sags covered by large weak reflection mudstone caprocks,
which suggests promising gas exploration potential.
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