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Abstract: Various deep-water deposits developed in the Yinggehai Basin and Qiongdongnan Basin (Ying-Qiong Basin) in
the northern South China Sea, making the two basins significantly hydrocarbon-producing areas and ideal for studying the
genetic mechanism and sedimentary characteristics of deep-water clastic rocks. Using cores, image well logging, heavy
mineral assemblages, and seismic data, we thoroughly studied the geometry, tectonic background, driving mechanism, and
source-to-sink process of deep-water deposits in the study area. The results showed that: (1) there were five genetic
mechanisms of deep-water clastic rock, i.e., slides, slumps, debris flows, turbidity currents, and bottom currents. (2) The
sliding deposits were distributed from the delta front to the continental slope toe. The slumping deposits were mainly
distributed at the continental slope toe or the basin's central area, far from the delta front. The turbidity deposits were widely
developed in the deep-water area, but with huge differences in thickness. The bottom currents mainly reworked previous
deposits far from the slope. (3) Slip and extension along the preexisting fault zone were the main structural factors that
drive the axial channel formation at the slope foot. (4) The sand-rich gravity sediment flows in the Ying-Qiong basin were
primarily caused by the direct supply of terrigenous debris into the marine environment over the slope break.
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1 Introduction
Gravity flows transport clastic sediments from shallow
to deep oceans, forming deep-water deposits, which record
crucial geological information, such as the tectonic
background, climatic conditions, and sea level changes.
Some detrital sediments are also excellent oil reservoirs.
Thus, gravity-flow deposits have been the focus of
sedimentology and petroleum geology research in recent
years (Pickering et al., 1989; Gong et al., 2011; Li et al.,
2013, 2017; Zhu et al., 2019).
The research on deep-water sedimentation has a history
covering more than 130 years and can be traced back to
Forel's study and description of the density flows in Lake
Switzerland in 1885. Since the 20th century, deep-water
sedimentary research has gone through many stages and
obtained a wealth of understanding. Based on field
observations, Bouma (1962) systematically analyzed and
summarized the vertical sedimentary structure and
lithofacies combination characteristics formed by turbidity
current and established the famous Bouma sequence in the
1960s. Normark (1970) and Walker (1978) established the
submarine fan mode.
In the late 1990s and early 21st century, many scholars
have noticed that the classic turbidity current and
submarine fan models were no longer sufficient for
* Corresponding author. E-mail: jiexu@cugb.edu.cn

explaining the complex deep-water sedimentary processes
and characteristics. Some have proposed concepts such as
mass transport and sandy debris flow (e.g., Shanmugam,
1996, 2002). More theories have recently been proposed,
such as one-way migration channels, cyclic steps, and
sediment waves (Zhong et al., 2015; Gong et al., 2016; Li
et al., 2013; Li and He, 2020).
Many modern sedimentary investigations and
observations can be used to analyze the genetic
mechanism of shallow-water deposition. However, the
observation of deep-water environments is much more
challenging due to the difficulties that arise with
considerable water depth (> 200 m) and limited
observation time. Thus, there is still much room for
progress in researching the formation mechanism, the
main controlling factors of deep-water clastic rocks, and
deep-water reservoir distribution (Feng et al., 2017; Li and
He, 2020).
The Qiongdongnan Basin and the Yinggehai Basin
(Ying-Qiong Basin) in the northern South China Sea have
abundant oil and gas resources (Gan et al., 2018), making
them natural laboratories for studying deep-water
deposition. In the 1980s, the American ACRO Petroleum
Company took the central channel sandstone (Yacheng 35
-1) of the Qiongdongnan Basin as its oil and gas
exploration object, opening the study of deep-water
sandstone deposition in this area. Early this century, with
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the application of sequence stratigraphy in various oil
fields in China, deep-water sandstone lithological traps
became important exploration objects in the Ying-Qiong
Basin. However, besides the central canyon of the
Qiongdongnan Basin, the exploration of the basin floor
fan and slope fan is frustrating. Most of the found traps are
interbeds of mudstone and siltstone.
Xie and Fan (2010) proposed a sedimentary model for a
submarine gravity-flow fan in the Huangliu Formation in
the Dongfang District based on Sino-Vietnamese joint
research. The new sedimentary model guides a shift of
exploration from the high part of the diapir anticline to the
lower part of its western wing. The strategy change
resulted in commercial discoveries of natural gas with
good physical properties. Since then, more than 10 large
gas fields have been discovered, such as the Dongfang 13,
Lingshui 17-2, Lingshui 25-1, and Ledong fields.
However, the prediction success rate of exploratory wells
(excluding job-failure wells) on practical sandstone layers
is 60%, much lower than that of shallow water sandstone
(90%). This phenomenon indicates that the understanding
of the genesis and distribution of deep-water sandstones is
still limited.
Most researchers apply the typical submarine fan
complex or the general turbidite fan model to describe or
predict deep-water sandstone deposition and distribution,
based on investigations and random sampling. However,
this classic fan model is based on sedimentary products
that cannot explain the transport process or rheological
characteristics of sediments and cannot dissect the
relationship between reservoir geometry and physical
properties. Thus, it is of little significance to reservoir
prediction.
Process sedimentology is a branch of sedimentology
that relates the sedimentary process to the sediment
structures. It is a broad discipline that explains the fluidsediment gravity process through comprehensive
knowledge of fundamental physics, fluid mechanics, and
general geology. This study integrates core observation,
imaging logging, heavy mineral assemblage, and seismic
data to study the geometric rheological characteristics,
structural background, source-to-sink process, and
sedimentary characteristics of the Huangliu Formation
sediments, thereby more effectively predicting large-scale
clastic reservoirs in deep-water.
2 Geologic Settings
The Ying-Qiong Basin is located at the intersection of
the Eurasian, Pacific, and Indo-Australian plates. It is a
Cenozoic basin with rapid high temperature and high
pressure subsidence (Tapponnier et al., 1986, 1990;
Schärer et al., 1990; Leloup et al., 1993, 1995; Sun et al.,
2007). The Yinggehai Basin is a typical strike-slip
extensional basin, and the Qiongdongnan Basin is a
typical extensional fault depression. The Paleogene in the
two basins is represented by a fault-depression structure,
and the strata include the Eocene Lingtou Formation,
Oligocene Yacheng Formation, and Lingshui Formation.
The Neogene contains a depression structure, and the
strata include the Lower Miocene Sanya Formation, the

Middle Miocene Meishan Formation, the Upper Miocene
Huangliu Formation, the Pliocene Yinggehai Formation,
and the Quaternary Ledong Formation (Fig. 1).
Two river systems developed on the eastern wing of the
Kunsong Uplift and to the west of the Hainan Uplift,
respectively (Fig. 2). The river systems on the eastern
wing of the Kunsong Uplift are composed of the Honghe
River, Majiang River, and Lanhe River. The Honghe
River Delta, formed by the convergence of the Honghe
River and Majiang River, was drained to the northwestern
part of the Yinggehai Basin. The lengths of the Majiang
River, the Lanjiang River, and the Honghe River are about
512 km, 612 km, and 1149 km, respectively. Another big
river system in central Vietnam is the 325 km long Thu
Bon River.
The primary river system in the western Hainan Uplift
is the Changhua River, which originates from Wuzhi
Mountain and has a large catchment area. It flows from
the western part of the Hainan Uplift into the northeastern
Yinggehai Basin. The southern river systems (Lingshui
River, Tengqiao River, and Ningyuan River) are also
developed in Wuzhishan and are relatively small in scale
(Ningyuan River is about 84 km long). The current
surrounding river systems may differ from that of the late
Miocene Huangliu stage, but it can be used as reference to
reveal the clastic sediment source in the basin.
During the Sanya Period, the Ying-Qiong Basin was
connected with coastal area through the Yacheng 13-1
Low Uplift. The main deep-water area was distributed in
the central area of the Yinggehai Depression. During this
period, the Qiongdongnan Basin was mainly coastal to
shallow marine. The marine environment is mainly
distributed in the low-lying areas of the Songnan and
Lingshui depressions.
During the Meishan Period, as the subsidence center of
the Yinggehai Basin expanded to the south and the middle
bulge subsided below the sea level, the water area
connected with the Qiongdongnan Basin increased several
times. The deep-water area of the Yinggehai Basin is
larger than that of the Sanya Period. However, the deepwater depositional area of the Qiongdongnan Basin is
relatively small, and the average depositional rate is
smaller than that of the Yinggehai Basin. The two basins
formed a unified depositional system during the Huangliu
Period, with an average depositional rate for the Huangliu
Formation of approximately 100 m/Ma. The subsidence
center is located in the Ledong Sag of the Qiongdongnan
Basin with a depositional rate exceeding 250 m/Ma.
Although the depositional and subsidence rate increased,
the overall basin area diminished. The deep-water area
expanded significantly and the coastal area decreases.
The sediments of the Ying-Qiong basin are mainly
derived from terrigenous coal deposits. Thus far, China
National Offshore Oil Corporation (CNOOC) has
discovered eight gas fields, i.e., the Yacheng 13-1 (large),
Dongfang 1-1 (large), Dongfang 13 (large), Ledong 22-1
(large), Ledong 15-1 (medium), Lingshui 17-2 (large),
Lingshui 25-1 (large), and the Ledong 10-1 (large). The
proven resources of those gas fields exceed 550 billion m3,
of which 300 billion m3 come from deep-water clastic
reservoirs of the Miocene Huangliu Formation deep-water
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Fig. 1. Comprehensive stratigraphic map of the Ying-Qiong Basin.

clastic reservoirs. The natural gas enrichment process of
the Huangliu Formation deep-water clastic rocks resulted
from multiple accumulation factors. This paper focuses on
the genesis and sedimentary characteristics of the sandrich deep-water clastic rocks.
3 Methods and Data
This study used cores, grain size, reservoir physical
properties, heavy minerals from 21 wells, imaging logging
interpretation of 12 wells, and seismic data covering the
entire area. Sedimentological, seismic sedimentological,
and well logging geological methods were used to
comprehensively determine the types, distribution,
sedimentary characteristics, and reservoir characteristics
of the deep-water clastic rocks.

4 Genesis and Characteristics of Deep-water Clastic
Rocks
Due to the differences in fluid properties, sediment
content, structural development, and transport distances,
deep-water sediments are deposited differentially in the
basins. The structural and physical properties of those
sediments are also different. We identified five different
types of deep-water sand bodies by integrating core
observations and description, imaging logging, and
seismic sedimentology analyses.
4.1 Slides
Slides refer to the non-deformed internal translational
movement of the block. More often, sliding exists as a
process and does not result in deposition. Slides generally
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Fig. 2. Distribution of sedimentary system of the Huangliu Formation in the Ying-Qiong Basin. China basemap after China National
Bureau of Surveying and Mapping Geographical Information.

Fig. 3. Coherent slices of the bottom of the Huangliu Formation in the Yingdong Slope.
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occur in the continental shelf-slope break zone, which
causes sediments to slide from the shelf-slope break zone
to the deep-sea basin through the continental slope along
the slip surface. It is one of the major geological processes
of sediment transportation from the shallow sea to the
deep sea (Hampton et al., 1996; Shanmugam, 1997).
Previous studies have rarely reported sliding sediments
in the Ying-Qiong basin. Recently, a large area of sliding
sediments (nearly 500 km2) has been identified in the delta
front of the Huangliu Formation in the LT33-LT34 of the
Yingdong slope, based on the analysis of the new threedimensional (3D) seismic and imaging logging data (Figs.
3, 4 and 5).
The sliding sandstone at the front end of the Huangliu
Formation delta in the LT34 area is mainly in an abrupt
relationship with the upper and lower surrounding rocks.
The LD10-2W well drilled into a single layer of sandstone
with a thickness of about 50 m (only 1/4 to 1/6 of the
delta's average thickness). The sandstone features
(lithology and grain size) were highly consistent with the
delta sandstone drilled by Well LT33-4W, which had a
box-shape, low-value, and high-amplitude gamma curves.
The sedimentary structure identified by imaging logging
was mainly massive bedding, with lots of natural fractures
with low-to-medium angles (Fig. 5a), visible parallel shear
fractures, Y-shaped cracks, and 3D network fractures
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(Figs. 6c, 6d, and 6e). Due to shearing, these low-angle
fractures developed during sediment sliding. Deformed
bedding is rare in the sandstone, and the bottom of the
sandstone was in abrupt contact with the underlying
mudstone (Table 1).
The sliding strata in the 3D seismic section were
developed in stepwise slices (Figs. 3 and 4). The sliding
fault sections were at low to medium angles. The coherent
slices showed that the sliding faults were nearly equally
spaced, densely arranged, and parallel to the slope strike.
4.2 Slumps
A slump refers to the transportation and sedimentation
process in which the sediments move on the slip surface
and rotate and deform internally (Lewis, 1971). Slump can
be expressed as the transportation process, sedimentation,
or creeping inside the rock layer. Slump occurs more
efficiently in a relatively mud-rich environment than in
thick coarse-grained sediments, due to the poor sorting of
mud-rich formations and shear fracture.
Unlike the massive bedding inside the sliding sediment,
the interior of the slumping sediment deformed frequently
(Fig. 5b). The deformed structures of slumping deposits
had chaotic seismic reflection (Fig. 4 and Table 1). Slump
deposits developed at the foot of the continental slope and
the deep-sea plain (Figs. 3 and 4).

Fig. 4. The seismic interpretation profile and depositional model of deep-water gravity-driven sediments on the Yingdong
Slope.
(a) The seismic file showing delta, slides and slumps deposits; (b) a zoom in image showing the details of the slides deposits on the seismic profile;
(c) the interpreted depositional pattern from delta to abyssal plain.
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Fig. 5. Imaging logging photographs of deep-water sandstone.
(a) Blue line represents low-angle fractures; (b) slumping deformations; (c) deformation in the upper part and
massive bedding in the lower part; (d) double drapes mudstone.

Fig. 6. Imaging photographs of deep-water sandstone fractures.
(a)Section conjugate shear fracture; (b) planar conjugate shear fracture; (c) parallel shear fracture; (d) Y-shaped fracture; (e) 3D network fracture.
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Table 1 Genetic classification and characteristics of deep-water clastic rocks in the Ying-Qiong basin in the northern South
China Sea
Type

Location

Lithology

GR

Structure

Slide
sandstone

Delta
front

Consistent with the
delta sandstone,
mainly
medium-fine
grained sandstone

Low value
high amplitude
blocky-shaped

Massive bedding, visible
low-medium angle natural
fractures, sudden contact
between sandstone and
underlying mudstone

Slumps
sandstone

Slope or slope
foot

Thin siltstone
interbedded and
mudstone, with
high shale content

Low
amplitude

Crumpled, wrapped,
collapsed deformation

Seismic feature
Stepped on the section,
and the slices show that
the sliding faults are
parallel, nearly
equidistant, and densely
arranged

Well

LD10-2W

Chaotic, folds and
deformation

LS13W
LD8W

Parallel, continuous, or
uniform dome type

LD10-1W,
DF13W,
LS25W,
YC35W,
LS17W,
YC27W

Sandy debris
sandstone

Channel or
low-lying area
in the basin

Massive sandstone,
dominated with
fine sandstone

Low value
high amplitude
blocky-shaped

Mainly massive bedding,
mudstone boulders, planar
clastic fabric, flame
structure, deformed
structure, load structure,
scour surfaces, local
reversed bedding

Turbidity
sandstone

Central basin

Mudstone and
siltstone
interbedded

High value,
low amplitude
tooth curve

Mainly parallel and flaser
bedding

Continuous weak
reflection

DF132W
LD8W

Internal tidal
bottom current
sandstone

Axial canyon,
axial
waterway,
central basin

Dominated by
siltstone and fine
sandstone

Low value
high amplitude
blocky curve

Double drapes mudstone,
horizontal bedding

Continuous strong
reflection

LS25W,
YC35W,
LS17W,
YC27W

The spatial distribution of the study area showed that
large-scale slumping deposits mainly developed in the
Huangliu Formation in the central Yinggehai Basin and
the Meishan Formation in the northern Lingshui slope of
the Qiongdongnan Basin. The depositional rate in these
areas exceeded 150 m/ Ma, and there are deltas in the
nearshore area.
The coarse clastic sediments of those deltas rarely
reached area that the slump sediments accumulate. For
example, the shelf delta on the northern Lingshui slope
was 30 km away from the slope break. However, the rapid
accumulation of many fine-grained sediments carried by
the delta became a material basis for the slumping
transportation and formation. In addition, slumping
deformation was quite common in the internal mudstone
of the canyon channel strata.
Debris flow is a pseudoplastic fluid with a yield value
(also known as Bingham plastic fluid), which is a nonNewtonian fluid type (Johnson, 1970). When the external
shear force broke through the bonding force between
sediment particles, the particle position had irreversible
changes. As the shear rate increased, the fluid viscosity
decreased, and the flow velocity increased (Shanmugam,
1997). It was a crucial process that resulted in the longdistance migration of a debris flow along gentle slopes.
The Meishan Formation on the Lingshui slope in the
Qiongdongnan Basin was a stratum with concentrated
regional slumping deposits. Early basin boundary faults
controlled the position of the slope breaks. The delta
developed in the same period was 20–30 km away from
the north slope break.
The sufficient sediment source supply at the distal part
of delta was conducive to the deposition of thick clay and
fine silt debris in the slope break area. The steep slope
break and high clay content caused large-scale block
transportation and slumping deformation in the area from
the slope to the slope foot. The sandstone and mudstone

formed by the slumping have very poor vertical
differentiation.
The lithology was mainly silty mudstone and
argillaceous siltstone, with high value and low amplitude
gamma curves. According to the imaging logging,
crumpled deformation, wrap deformation, and slumping
deformation accounted for 40–60% of the strata (Fig. 5b;
Table 1). Given imaging resolution limitations, the actual
development frequency of slumping deformation should
be higher.
Coherent slices and seismic sections indicated largescale slope break with sliding surfaces and seismic
reflection fold deformation structures with poor
continuity. Besides the north Lingshui slope, large-scale
deep-water landslide-generating sediments developed in
the center of the Yinggehai Sag.
4.3 Sandy debris flow
4.3.1 Slip-extension effect and the axial channels at
slope toe
The traditional depositional model suggested that the
delta sediment prograded across the shelf edge to the deep
-sea plain along the continental slope, forming gravity
flow channels along depositional dip direction. However,
this study found axial channels developed perpendicular to
slope tendency in the study area, where large-scale sandy
debris developed. We believe these axial channels were
closely related to slip and extension force.
Channels in the central canyon of the basin were caused
by gravity flows in the lowest depression. In contrast,
these axial channels formed by slipping parallel to the
slope trend in the Ying-Qiong Basin. The axial channels at
the slope toe resulted from multi-stage and large-scale slip
and extension fractures. These axial channels were highly
consistent with the deep fault boundary, which indicated a
direct relationship between them. The apparent differential
settlement of the fault boundary and the late-stage
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concealment activity of the deep fault could explain the
formation of those channels.
This phenomenon also exists in the Jurassic strata in the
North Sea Basin (McArthur et al., 2016). These slip faults
were initially arc-shaped and segmented, and developed
locally. If the large-scale regional slip and extension
activities continue, these partially-segmented slip and
extension grooves will be connected and form
continuously-distributed axial channels (Figs. 3 and 4).
The direction of gravity flows would therefore change to
be parallel to the direction of the channels.
The gravity flows would converge and smooth the early
segmented potholes formed by the slip and extension.
Thus, the differences between axial channels at the slope
foot and the smooth channels eroded by gravity flow
converged to determine the causes for the channel.
4.3.2 Sandy debris flow
Sandy debris flow is a Bingham plastic fluid that must
overcome the yield strength before the flow starts. The
viscous mud matrix in the debris flow had sufficient
strength to support large particles, but the cohesion was
not high enough to prevent flow on a sufficient slope.
Thus, the flow continued to move a long distance on a
slope as low as 1° or 2° (Curry, 1966). The mass
agglomerates and stops moving when the shear stress no
longer exceeded the yield strength of the flow base.
The sandy debris flow in the Ying-Qiong basin can be
formed in slip and slumping acceleration, and it mainly
resulted when the underwater part of the delta sediment
directly moved down the slope. The location correlations

between large-scale deep-water sandy debris flow deposits
and terrigenous deltas in the Ying-Qiong basin could
indicate a process of thick delta deposits moving directly
downslope (Fig. 2).
The massive deep-water sandstone of the Huangliu
Formation in Dongfang 13 District could be related to the
large-scale terrestrial source (Majiang and Lanjiang) delta
providing sediments into the deep-sea environment from
the flexural slope break of the Majiang (fault). The thick
deep-water sandstone in the axial channel of the slope foot
of the Huangliu Formation in the Ledong 10 District
corresponded to the direct multi-point supply of the
sliding front end of the Lingtou District 33 (Ningyuan
River and Wanglou River) delta. The thick sandstone of
the central canyon channel of the Huangliu Formation in
the Qiongdongnan Basin was fed by the Qiupen River
Delta in central Vietnam, which directly crossed the
Zhongjian Uplift into the deep-water environment of the
Ledong Sag. The thick deep-water sandstones in
submarine fan of the Meishan Formation in Yacheng 24
District of the Qiongdongnan Basin were supplied from
the Lingshui River Delta that reached and moved across
the shelf-break and dumped sediment into deep-water (Xie
et al., 2016).
The axial channel of the Ying-Qiong basin was an
important place for the sandy debris deposition, which was
related to the secondary driving acceleration caused the
steep topography of the central canyon wall. The slope
sliding or slumping block overcame the yield strength and
changed into sandy debris flow.
The sandy debris flow deposits in the axial channel

Fig. 7. Typical core images of deep-water sandstone.
(a) Floating mud clasts; (b) reversed bedding; (c) double mud drapes; (d) floating flat mud clasts.
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were fine- to medium grain with low mud content, of
which the thickness was generally 300-400 m. Generally,
massive bedding dominated (Fig. 5c) and partially
intercalated with argillaceous layers. The sandstone
showed little rhythm and locally reversed rhythm (Xie et
al., 2016; Fan et al., 2018; Table 1), with floating clasts
(Figs. 7a and 7d). In addition, Abundant flame structures,
deformed structures, heavy load molds, and scoured
surfaces can be found. The deformed structure caused
micro-faults in the rock, and the plane and section Yoke
shear crack or micro reverse fault can be observed (Figs.
6a and 7b).
Sandy debris sediments of the axial channels, especially
those at the slope foot, may be sourced from multi-point
provenance influx. Taking the sandy debris rocks of the
Huangliu Formation in the Ledong 10 District as an
example, wells LD10-6W, LD10-10W, and LD10-13W
drilled the crossing channels (Fig. 8). The heavy minerals
in these rocks were characterized by assemblages of high
zircon, as well as tourmaline and white leucosphenite,
similar to Baisha River in Hainan Island.
The ZTR index of well LD10-6W, LD10-10W, and
LD10-13W is 65, 77, and 72, respectively. It can be
assumed that the channels passed through wells LD10-6W
and LD10 -10W and then merged at well LD10-13W. The
transportation direction indicated by imaging logging
suggested the same result, reflecting the channel's multipoint source and accumulation of sandstone. It can be
inferred that the sediments were not only transported and
deposited along the channels, but also largely derived by
sliding down the slope along multiple pathways into the
trench, causing multiple superimposed thick sand bodies.
4.4 Turbidity current
A turbidity current has a Newtonian rheology and a
turbulent flow state, which manifests as a turbulent
support mechanism and suspended deposition mode.
Bouma (1962) proposed an ideal turbidite sequence,
commonly called the Bouma sequence (Slatt et al., 1997).
This ideal sequence of turbidites has a thick and coarsegrained basal unit, becoming fining upward, and the top
uppermost sediment unit is made of fine mudstone
(Boggs, 2011; Stanley et al., 1976). The sediments of this
sequence have structures such as small-scale crossbedding and ripples. However, based on the fluid rheology
and sediment turbulence support mechanism, only low
density turbidity currents with the fine and silt grain size
can be successfully simulated in the experimental tank.
Thus, the concept of turbidity currents has encountered
challenges in recent years.
The Huangliu Formation in the Dongfang District of the
Yinggehai Basin developed a gravity flow sedimentary
complex caused by a turbidity current and sandy debris
flow (Fig. 9), covering 1,700 km2 with an average
thickness of more than 200 m. The complex covers the
entire West wing of the diapir anticline to the low lying
part of the Dongfang 1-1 district.
The sandy debris flow was dominated by massive silt to
fine sandstone, with a massive or parallel structure. The
bottom of this fine sandstone had scoured surfaces with
local deformation structures. A reverse tapering rhythm
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was observed in the core (Fig. 7b). A relatively continuous
structure with a strong reflection characterized the seismic
reflection of the thick sandy debris flow sediments. The
turbidity current was dominated by interbedded silty
mudstone and argillaceous silt, with parallel and flaser
bedding sedimentary structures (Fig. 10). The imaging
shows prominent centimeter-scale rhythms, which
indicated multiple cycles of turbidity events. Obvious
interfaces separated the argillaceous siltstone and sandy
debris flow, and the seismic reflection of thick turbidite
deposits was a relatively continuous weak reflection
structure (Table 1).
4.5 Internal tidal bottom current
The bottom currents are mainly thermohaline-induced,
wind-driven, tide-driven, and internal tide-driven (Stanley
et al., 1976). The bottom current induced by temperature
and salinity originated in the high latitude polar regions. It
is believed that the bottom currents of the global warm
saline circulation have almost no effect on the modern
sediments of the northern South China Sea.
The wind-driven water circulation around Hainan Island
was mainly affected by the monsoon. The most
considerable circulation velocity of the Hainan Island
existed in the Qiongzhou Strait. In winter, the surface
velocity was about 20–40 cm/s, and the bottom velocity
could reach 10–15 cm/s. In summer, the surface velocity is
10–30 cm/s (Fang, 2014). The bottom flow could only
drive clay-grained sediments. Thus, it had little effect on
the transportation and sedimentation of deep-water sandgrained debris in the Ying-Qiong basin. Recent continuous
stratigraphic tracking showed that the Pearl River Mouth
Basin, Beibu Gulf Basin, Yinggehai Basin, and
Qiongdongnan Basin connected during the Miocene. The
“C” type area surrounding Hainan Island was narrower
than it is now, which would result in a higher flow rate.
The internal tide is an internal wave tide with a tidal
frequency (Shepard, 1975; Shanmugam, 2008, 2013,
2017). Internal wave is a type of underwater wave that
usually occurs in a layered medium with different density
between layers. Internal waves will be generated by a
disturbance if the seawater density is stable and stratified.
Besides, internal tides have a strengthening effect in the
canyon (Shepard, 1976). The axial channels of the YingQiong Basin were parallel to the bottom flow direction of
the internal tide. The maximum flow velocity measured at
the bottom high tide was 1.26 m/s, and the average flow
velocity is 0.19 m/s (Fang, 2014).
Thus, the Ying-Qiong basin tides were strong enough to
carry gravel-level particles (Boggs, 2011). In the southern
Yinggehai Basin and the western area of the
Qiongdongnan Basin, the tidal bottom current reworking
(dominated by the double-laminated mudstone bedding)
were common in the axial channel (Figs. 5d and 7c; Table
1). The double-laminated mudstone bedding indicated
bidirectional current, although the sediment modification
in the eastern part of the basin's axial channel was not
apparent. This was related to the increase of the bottom
current caused by the area narrowing between the
Yacheng Uplift and the southern Zhongjian Uplift. The
seismic coherent slices showed a large number of erosion
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Fig. 8. Transportation direction of channel sediments in the LD10 area.
(a) Heavy minerals and ZTR index; (b) stratum imaging indicating transportation direction; (c) local sedimentary facies map.
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Fig. 9. Seismic profile interpretation and depositional model of the deep-water gravity-driven process on the Yingxi Slope.

marks in this area (Fig. 3). The erosion marks were
parallel to the shoreline and align with the internal tidal
current. Another noticeable feature of the internal tidal
deposit was the high sand content, which sandy debris
deposits rarely has a high sand content and the mud
content was commonly higher than 6%.
5 Discussions
The Miocene strata in the Ying-Qiong Basin recorded
the complete sediment transportation process of delta-slide
-slump-debris flow-turbidity current and evidence of the
effect of the internal tidal bottom current on the deepwater clastic rock. The findings are of crucial guiding
significance for our understanding of the deep-water
sedimentary process in the northern basin of the South
China Sea.
The types and distribution of these deep-water clastic
rocks were controlled and influenced by many factors. The
adequate supply of sediments was a prerequisite for the
development of deep-water clastic rocks. A continuous
supply of materials for deep-water clastic rocks came from

deltas, which go downwards directly to the shelf edge and
slope. For example, thick deep-water gravity flow sand
bodies identified in the Ying-Qiong Basin could be related
to contemporary large and medium-sized (fan) deltas on
the edges of the up-dip basins.
The sea-level changes also regulated the scale and types
of medium-deep water clastic rocks. The delta front
commonly developed across the shelf-slope break during a
sea-level fall, resulting abundant deep-water clastic rocks
deposits. During the sea-level rise, the deep-water clastic
rocks were relatively underdeveloped because the
accommodation growth rate was greater than the rate of
sediment supply.
In addition, the topography also had a strong control on
the distribution and types of deep-water sediments. For
example, as shown by figure 4, two preexisting structural
slope breaks with a slope break of 2.5 to 3.5 degrees
developed at the delta front end have influenced sediment
transport to deep sea. Given the topography,
geomorphology, and sedimentary characteristics of the
basin, we can define an internal source-to-sink system
(Fig. 4) composed of the source area (the shelf-edge

Lithology column in the figure: yellow represents sandy debris flow sandstone; dark yellow is turbidite sand and mudstone; green represents mudstone.

Fig. 10. The image logging and core photos of the Huangliu Formation deep-water sandstone in the Dongfang District.
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delta), the first-order slope break, the sliding body
accumulation area (also the sediment transport area), the
second-order slope break, and the sandy debris flow/
slump/turbidity current (depositional area), from the edge
of the basin to the semi-deep sea.
The sliding body (~50 m) was about 1/4 to 1/6 of the
average thickness of the delta. It can be inferred that the
sliding body only accepted part of the delta sediments.
Most of the delta sediments entered the semi-deep sea
through the sliding body accumulation area. Therefore, the
sliding body unloaded some sediments and accumulated
sediment in situ, and also serves as conduit for sediments
to bypass. It is important to figure out the volume and
weight distribution of deep-sea clastic sediments from
source (the shelf-edge delta), transfer zone (slope channel
and the sliding body transport channel) and sink (deep sea
plain deposit).
This study showed that sliding is the prerequisite for the
development of other deep-water sandstones. When
rotating shear motion occurred in the sliding sandstone
body, slumping transportation occurred. If the
intergranular motion was more dominant than the shearing
motion in the process of slumping acceleration, debris
flow occurred. Thus, debris flow and slumping
transportation can change to each other. The fine
sandstone and silts in slumps and debris flow can
gradually change into turbidite deposits. This sedimentary
model developed in this work is consistent with the classic
sliding-slump-clastic flow-turbidity flow model
(Shanmugam, 2017). However, the study area's
depositional environment was complicated by axial
channels and internal tidal bottom currents. The axial
channel was developed at the slope foot and can cut the
previously deposited sediments. Thus, the deep-water
channel filled with sandy debris flow developed aside
from the sliding body and the slumping body. The axial
channel evolution was a continuous process, which
accompanied the sediment transportation from the slope to
the deep-sea plain. In addition, internal tidal bottom
currents continued to transform and rework various types
of deep-water sand bodies.
6 Conclusions
Five formation mechanisms of deep-water debris
sediments were identified in the Ying-Qiong basin. This
study found and suggested large-scale sliding bodies
developed in the area near well LT33-LT34. Slides mainly
developed at the foot of the first-step slope at the front of
the delta. The sedimentary bodies are stepped-distributed.
The slide sandstone had a grain size and sedimentary
structure similar to that of the delta front, forming high
quality reservoirs. Slumps occurred in the sandy-muddy
interbedded sediments far away from the delta front or in
the central area of the basin, with noticeable internal
distortion and deformation in the strata. The sandy debris
flow sediments were mainly deposited in the canyon
channel segmentation or low lying deep-water area. The
mud content of the sandy debris was low, and the rock
was mainly blocky. The turbidity was generally deposited
in the deep-water area with various thicknesses. The
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sediments were composed mainly of high-frequency
interbeds of silt and mud. The sediment rework caused by
the bottom current co-occurred with those above, resulting
in a bidirectional flow and high sand content. The primary
condition for developing sand-rich deep-water gravity
flow sediments in the Ying-Qiong basin was the direct
bypass of terrigenous clasts from delta moving across the
shelf break.
This study also found that the slip-extension and
faulting controlled the local ancient landforms and caused
the axial channels. Therefore, the deposition of deep-water
clastic sediments in the study area was affected by
multiple factors: gravity in the updip direction, axial paleo
-geomorphology produced by slip-extension and faulting,
and the impact of the bottom-current rework around
Hainan Island. As a result, there were various deep-water
clastic rocks in the study area. Sandy debris flow
sediments were the preferred reservoir target for the deepwater hydrocarbon exploration.
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