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Abstract

Deepwater oil and gas exploration is the key to sustainable breakthroughs in petroleum exploration worldwide.
The Central Canyon gas field has confirmed the Lingshui Sag is a hydrocarbon-generating sag, and the deepwater
reservoirs in the Lingshui Sag still have more fabulous oil and gas exploration potential. Based on drilling data and
three-dimensional (3D) seismic data, this paper uses seismic facies analysis, seismic attribute analysis, and
coherence slice analysis to identify the types of submarine fans (lobe-shaped and band-shaped submarine fans)
that developed in the Lingshui Sag during the Middle Miocene, clarify the source-to-sink system of the submarine
fans and discuss the genesis mechanism of the submarine fans. The results show that: (1) the deepwater source-
to-sink system of the Lingshui Sag in the Middle Miocene mainly consisted of a “delta (sediment supply) -
submarine canyon (sediment transport channel) - submarine fan (deepwater sediment sink)” association; (2) the
main factor controlling the formation of the submarine fans developed in the Lingshui Sag was on the relative sea
level decline; and (3) the bottom current reworked the lobe-shaped submarine fan that developed in the northern
Lingshui Sag and formed the band-shaped submarine fan with a greater sand thickness. This paper aims to
provide practical geological knowledge for subsequent petroleum exploration and development in the deepwater
area of the Qiongdongnan Basin through a detailed analysis of the Middle Miocene submarine fan sedimentary

system developed in the Lingshui Sag.
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1 Introduction

Submarine fans, the final site of clastic sediments, have been
regarded as great potential reservoirs for oil and gas exploration
(Weimer et al., 1998; Avseth et al., 2001; Fetter et al., 2009; Zhu
et al., 2009; Marchand et al., 2015; He et al., 2016; Huang et al.,
2017; Bello et al., 2021; Feng et al., 2021; Pandolpho et al., 2021;
Zhang et al., 2021). Underground submarine fans are thus cru-
cial to identify, classify, and analyze submarine fans’ distribution
and development scale according to seismic data and logging
data. Source-to-sink system analysis promoted people’s under-
standing of the formation, transportation, and deposition of sub-
marine fan sediments and provided a better understanding of the
erosion and transportation processes of clastic sediments and the
associated feedback mechanisms (Tan et al., 2020; Shanmugam,
2022). The influence factors of submarine fans have been con-
cluded, such as sea level variations, seafloor gradients, the type of
continental margin, and so on(Normark et al., 1993; Reading and
Richards, 1994; Bouma, 2004). According to the differences in
sediment supply, submarine fans have recently been divided in-
to two types: (1) direct-fed fans and (2) shelf- and slope-incising

fans (Fisher et al., 2021). The latter commonly developed on the
passive continental margin through detailed research in recent
decades (Covault and Graham, 2010; Fetter et al., 2009), consist-
ent with the northern South China Sea, so the sedimentary sys-
tems of shelf- and slope-incising fans provide an excellent ex-
ample for the study herein. In other words, we draw on the exper-
ience of a depositional model of shelf- and slope-incising fans to
clarify the source-to-sink system of submarine fans of the
Meishan Formation in Lingshui Sag.

Submarine fans have become an essential target for oil and
gas exploration in the northern South China Sea (Zhu et al., 2009;
Zhang et al., 2019; Feng et al., 2021; Zhang et al., 2021), which be-
nefits from the Pearl River deepwater fan in the Pearl (Zhujiang)
River Mouth Basin and the Central Canyon in the Qiongdongnan
Basin. Previous studies mainly focused on the submarine fans in
Songnan-Baodao-Changchang sags in the east section of Qiong-
dongnan Basin and the Central Canyon in the south owing to the
limit of oil and gas exploration (Zhang et al., 2016, 2017; Li et al.,
2021; Sun et al., 2022), while few related studies on the submar-
ine fans in the west of the basin. Therefore, the studied submar-
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ine fans of the Meishan Formation in Lingshui Sag provide a ref-
erence for studying submarine fans in the western Qiongdong-
nan Basin and provide favourable targets and directions for oil
and gas exploration in the northern South China Sea.

In this paper, 3D seismic data, logging data, and several wells
were employed to: (1) identify and classify submarine fans de-
veloped in the Lingshui Sag during the Middle Miocene; (2) in-
vestigate the source-to-sink system and further clarify the sedi-
mentary mechanism of submarine fans of the Meishan Forma-
tion in the Lingshui Sag; (3) reveal the main controlling factors
that influence the morphological difference of submarine fans of
the Meishan Formation in the Lingshui Sag.

2 Geological background

The Qiongdongnan Basin, geographically located in the sea
area of southeast Hainan Island (16°47'-19°00'N; 108°52'-
113°47'E), belongs to the Cenozoic oil- and gas-bearing basin on
the northern continental margin of the South China Sea. This
basin is bounded by the Yinggehai Basin with the Red River fault
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zone in the west and is connected with the Pearl River Mouth
Basin in the east. The Qiongdongnan Basin is generally distrib-
uted in the NE-SW direction with a total area of more than 6x
10* km? (Fig. 1a; Zhu et al., 2009; Qiu et al., 2013; Li et al., 2017;
Zhao et al., 2018). From north to south, the basin is divided into
five secondary structural units: the Northern Depression, Central
Uplift, Central Depression, Southern Uplift, and Southern De-
pression (Fig. 1b; Huang et al., 2016; Lai et al., 2021).

The Lingshui Sag is located in the western part of the Central
Depression of the Qiongdongnan Basin, with an area of about
4.6x10% km? (Fig. 1b; Zhang et al., 2016). The Lingshui Sag experi-
enced three tectonic evolution stages, namely, the rifting stage
(Tg-T60), thermal subsidence stage (T60-T40), and rapid subsid-
ence stage (T40-T0) (Fig. 2; Lei et al., 2011; Wang et al., 2014a;
Zhang et al., 2017). During the rifting stage, the Lingshui Sag ex-
tended rapidly and showed the characteristics of a half-graben
with the influence of the highly active fault F2 in the Qiongdong-
nan Basin; at this time, the sag filled with Eocene Lingtou Forma-
tion lacustrine facies and early Oligocene Yacheng Formation lit-
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Fig. 1. The geographical location of the Qiongdongnan Basin (a); the white dashed lines represent basin boundaries; the purple rect-
angle represents the position of Fig. 1b; the purple arrows show the deep-water circulation in the northern South China Sea (Zheng et
al., 2012; Zhao et al., 2014; Liu et al., 2016); QDNB represents the Qiongdongnan Basin; PRMB represents the Pearl River Mouth Basin;
and YGHB represents the Yinggehai Basin. Figure 1b shows the plane distribution of the internal tectonic units of the Qiongdongnan
Basin(Zhang et al., 2016), and the green rectangle shows the position of Fig. 1c. Figure 1c shows the coverage range of the 3D seismic
data (red polygon) and the plane location of the wells used in this study.
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toral-neritic facies (Northrup et al., 1995; Zhang et al., 2017). As
the activity of fault F2 decreased, the subsidence center and sedi-
mentation center of the sag migrated from fault F2 to the sag cen-
ter, showing the characteristics of a fault depression and becom-
ing filled with the neritic facies of the Lingshui Formation in the
late Oligocene (Zhang et al., 2017; Liu et al., 2019). At the thermal
subsidence stage, the Lingshui Sag continued to subside overall
and was filled with the bathyal facies of the early Miocene Sanya
Formation and Middle Miocene Meishan Formation (Zhang
et al., 2016, 2017). During this period, the expansion activity of
the South China Sea gradually weakened, and the reduction in
sediment supply in the Qiongdongnan Basin caused sedimenta-
tion starvation, resulting in a sedimentary break in the northern
Lingshui Sag (Fig. 2a; Wang et al., 2014b). At the accelerated sub-
sidence stage, the Lingshui Sag continued to subside further and
was filled with the bathyal facies of the late Miocene Huangliu
Formation and Pliocene Yinggehai Formation, as well as Qua-
ternary abyssal facies. The sedimentary strata were characterised
by the seaward movement of the continental shelf, slope, and
basin floor plain. The submarine fans mentioned in this paper
developed in the Middle Miocene Meishan Formation with the
bathyal environment (Fig. 2).

3 Data and methods

This paper uses post-stack 3D seismic reflection data and sev-
eral wells (L1, L4, L6, L7, and L8) for research (Fig. 1¢). The seis-
mic data were acquired and processed by the China National Off-
shore Oil Corporation (CNOOC) with a standard industrial flow.
Geophysical interpretation was accomplished through Geoframe
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software and then applied to identify the “source-to-sink” (S2S)
system in the northern Lingshui Sag. The 3D seismic dataset with
a high signal-to-noise ratio and resolution covers an area of
nearly 4 200 km? total at a water depth of 556 m (Fig. 1c). The
sampling interval of the seismic data is 2 ms, the bin size is 25 m x
12.5 m, and the dominant frequency is approximately 40 Hz.

The lithology and logging data (sonic, density, and gamma)
were provided by CNOOC. The calibration of the top interface
(T40) and bottom interface (T50) of the Meishan Formation
through the synthetic seismic traces derived from the sonic and
density logging curves connected the seismic reflection data with
their geological significance and further indicated that seismic fa-
cies and sedimentary facies can be effectively linked.

The classical seismic stratigraphy interpretation technique
proposed by Vail et al. (1977) is an efficient method used to ob-
tain sedimentary information from seismic facies, especially in
contact relationship of strata (onlap, downlap, toplap, and trun-
cation). Identifying the contact relationship of strata herein sup-
ports the construction of the Middle Miocene strata framework at
the continental shelf edge of the northern Lingshui Sag. The
shelf-margin delta and submarine fan are well identified accord-
ing to the use of seismic facies analysis and drilling lithology, and
the application of seismic attributes is beneficial for improving
the identification of seismic interpretation data, identifying seis-
mic data anomalies (bright spot, frequency anomalies, faults,
channels, etc.), and revealing potential geological information in
seismic data. Among them, the amplitude attribute can effect-
ively reveal the lithological difference, and the coherent attribute
can better indicate the continuity of seismic data (Torrado et al.,
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Fig. 2. The NW-SE seismic profile of the Lingshui Sag (see Fig. 1c for plane location) (a). The corresponding interpreted geological
profile (b), and (c) the comprehensive histogram of the Qiongdongnan Basin (modified from Zhang et al., 2017; Sun et al., 2022).
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2014; Wang et al., 2016; La Marca and Bedle, 2022). Therefore, in
addition to extracting the amplitude attribute to help identify the
different submarine fan plane shapes, we also extracted the co-
herent attribute to depict the submarine canyons in this study
and achieved good results.

4 Results
4.1 Seismic stratigraphy analysis

4.1.1 Seismic-well tie analysis

Based on the borehole sonic and density logging curves, the
drilling layers were calibrated on the seismic profile to obtain the
corresponding relationship between the seismic data and the
drilling information. Taking the calibration results of Well L1 as
an example, the top interface (T40) and bottom interface (T50) of
the Meishan Formation are found to be sandstone and mud-
stone interfaces (the mudstone is above the two interfaces, and
fine sandstone is below the two interfaces). The synthetic seis-
mic traces with zero-phased wavelets show that two interfaces
(T40 and T50) are characterized by positive seismic events
(shown in red on the seismic profiles), and the calibration results
further reveal that a strong amplitude reflection in the Meishan
Formation indicates sandy deposits, while a weak amplitude re-
flection indicates argillaceous deposits (Fig. 3a).

4.1.2 Middle Miocene stratigraphy architecture in the Lingshui
Sag

The identification of the contact relationship of seismic strata

is helpful for understanding the geological meaning of the strati-

graphic interfaces. A downlap contact relationship indicates that

the overlying strata extend toward the center of the basin, show-
ing the progradational sequence characteristics of regression and
revealing that the underlying interface is a sign of the beginning
of forced regression, that is, the conformity surface CC* (Porgbski
and Steel, 2003; Gong et al., 2016). An onlap contact relationship
indicates that the overlying strata are overlaid toward the land,
showing the retrogradation sequence characteristics of transgres-
sion. At the same time, such a contact indicates that the interface
where the onlap points are located is the maximum regressive
surface (MRS), and a maximum flooding surface (MFS) will be
formed at the end of transgression (Catuneanu, 2002; Wang et al.,
2019). The regression process is usually divided into two stages
(forced regression and normal regression), and the distinguish-
ing interface between the two stages is the conformity surface
CC**, which is characterized by gradual integration with the MRS
in the progradation direction (Hunt and Tucker, 1992; Catun-
eanu et al., 1998; Figs 3a and b).

Based on the termination relationship identification of seis-
mic strata in the Meishan Formation and Huangliu Formation,
this paper reveals that a shelf margin system tract (SMST, Fig. 3)
developed in the northern shelf margin of the Lingshui Sag in the
Middle Miocene. The T50 interface, the first interface where the
downlap points appear, corresponds to the conformity surface
CC* of the bottom interface of the SMST; that is, the T50 interface
represents the beginning of forced regression. Onlap points mi-
grate continuously to the shelf of the northern Lingshui Sag on
the T40 interface, meaning that the T40 interface corresponds to
the MRS, showing the end of the regression phase. The T30 inter-
face represents the MFS, indicating the end of transgression. At
the same time, the conformity surface CC** is identified accord-
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Fig. 3. Stratigraphic calibration and stratigraphy boundary identification of the Meishan Formation on the northern continental mar-
gin of Lingshui Sag. a. Shows the synthetic results of Well L1 (see Fig. 4e for the plane location); the green arrow represents the onlap,
and the blue arrow represents the downlap. b. It is a locally enlarged section of Fig. 3a. c. It is the corresponding geological interpreta-
tion profile of Fig. 3a, and the blue curve is the gamma logging curve (GR). d. It is the single-well histogram of well L1. MRS represents
the maximum regression surface; UDC represents the underwater distributary channel; PM represents prodelta mudstone; and NM
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ing to the gradual integration relationship between the interface
where the downlap points are located and the MRS. Identifying
these characteristic interfaces clearly shows that the shelf margin
system tract developed in the Middle Miocene in the northern
Lingshui Sag, whereas the transgressive system tract developed
in the late Miocene. The lithology of Well L1 shows that the shelf-
margin delta developed in the northern Lingshui Sag during the
regression period (Meishan Formation) and was dominated by
thick fine sandstone deposits derived from the underwater dis-
tributary channels of the delta front, while the thick mudstone
deposits composed of neritic facies developed mainly during the
transgression period (Fig. 3d).

4.2 Seismic facies and corresponding sedimentary facies

This paper identifies five seismic facies through the comparis-
on and analysis of the amplitude, frequency, continuity and oth-
er reflection structure parameters of seismic data from the
Meishan Formation in the study area and further extracts the root
mean square (RMS) amplitude attribute and coherent attribute
to illustrate the plane characteristics of seismic facies in the next
section (Figs 4e, 5, 6b). Moreover, the geological meaning indic-
ated by each of the five seismic facies is defined in combination
with the drilling lithology analysis. A detailed description is

provided below.
4.2.1 Seismic facies 1: Imbricated progradation seismic facies

4.2.1.1 Description

The imbricated progradation seismic facies shows medium-
amplitude, medium-frequency, and medium-continuity reflec-
tion. The external shape presents a wedge shape pinching out to-
ward the center of the sag, the internal seismic events connect
with the underlying interface with a low-angle downlap contact
relationship, and the downlap points continuously migrate to the
center of the sag, showing obvious progradation characteristics
(Tables 1a and f).

4.2.1.2 Corresponding sedimentary facies: delta

The progradation reflection is a prominent mark of delta-
front sedimentation (Pulham, 1989; Bellotti et al., 1994; Krassay
and Totterdell, 2003). The imbricated progradation seismic fa-
cies develops at the shelf edge of the northern Lingshui Sag. Well
L1 reveals that this facies contain the thick fine sandstones of un-
derwater distributary channels in the delta front of the SMST de-
veloped in the Meishan Formation, with an approximate thick-
ness of 275 m. Furthermore, during the sedimentary period of the

A\ | canyon

JABTLNLINLITINLILILILIY 292l
PNANBLNI—SS =
SOSSSSDSSS
SSESESESESS

Fig. 4. Plane distribution of the continental margin delta in the northern Lingshui Sag. Panels (a), (b), (c) and (d) show seismic pro-
files at different locations of the continental margin delta. The blue arrow represents the downlap point position of the delta, and the
red point represents the position of the shelf edge. Panel (e) is the interbedded root-mean-square amplitude attribute map of the
Meishan Formation, and the red line represents the maximum extension position of the delta front, with an area of approximately 720 km?.
The purple line represents the boundary of the submarine canyon at the continental shelf; the black curve represents the position of

the continental shelf edge.
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Table 1. Identification results of the seismic facies of the Meishan Formation in the Lingshui Sag, Qiongdongnan Basin

Seismic facies Seismic profile

Interpreted sketch

Imbricated progradation
seismic facies

Channel-filling seismic
facies

e —
—_———

-_——'_—_ |~ ——
% lateral accretion |[rm — —
——— package ——

lateral accretion
package

Mound-like seismic facies

Vermicular seismic facies

Y
g YR

Subparallel sheet seismic
facies

Meishan Formation, the development of a shelf-margin delta
with a ratio of sandstone thickness to formation thickness great-
er than 0.76 indicates that the sediment source in the northern
Lingshui Sag was sufficient, which was conducive to the forma-
tion of a submarine fan.

4.2.2 Seismic facies 2: channel-filling seismic facies

The channel-filling seismic facies presents noticeable U-
shaped characteristics on the seismic profile. The top interface is
flat and straight, and the bottom interface is arc-shaped and pro-

trudes downward. Its internal reflection seismic events show
weak-amplitude subparallel reflection and a two-way uplift con-
tact with the bottom arc-shaped reflection interface (Tables 1b
and g).

4.2.2.1 Description

The channel-filling seismic facies presents noticeable U-
shaped characteristics on the seismic profile. The top interface is
flat and straight, and the bottom interface is arc-shaped and pro-
trudes downward. Its internal reflection seismic events show
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Fig. 5. Panels a, b, c and d show the seismic profiles of submarine canyon evolution in the northern Lingshui Sag (see panel (h) for the
plane locations of the seismic profiles). Panels e, f, g and h show that the bottom interface T50 of the Meishan Formation shifted up
and down to extract coherent slices along the layer, corresponding to +20 ms, 0 ms, —-50 ms and -100 ms, respectively. The red dotted
line indicates the location of the submarine canyon at the continental shelf, the blue solid line indicates the location of the continental
shelf edge, and the red filled position indicates the plane distribution of submarine canyons.

weak-amplitude subparallel reflection and a two-way uplift con-  4.2.2.2 Corresponding sedimentary facies: submarine conyon
tact with the bottom arc-shaped reflection interface (Tables 1b The channel-filling seismic facies found at continental shelf
and g). slope breaks usually represents typical submarine canyon identi-
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fication mark (Rasmussen, 1994; Gong et al., 2011; Li et al., 2013).
The channel-filling seismic facies developed at the continental
shelf edge in the northern Lingshui Sag eroded the Meishan
Formation and the underlying Sanya Formation strata, making
the T50 interface discontinuous (Fig. 5) and showing the charac-
teristics of lateral accretion (Table 1b); these characteristics in-
dicate that this channel facilitated the continuous transportation
of sediments. The minimum width in the transverse direction ex-
ceeds 5 km (Fig. 5), indicating the presence of a submarine canyon.

4.2.3 Seismic facies 3: mound-like seismic facies

4.2.3.1 Description

The mound-like seismic facies is characterized by strong-
amplitude, medium-frequency, and medium-continuous reflec-
tion. The external shape is a mound, and four pairs of seismic
events in subparallel contact are developed inside the mound
and gradually thinner toward the northern continental margin
and the center of the sag, exhibiting baselap characteristics.
This facies spreads like a lobe from north to south on the plane
(Tables 1c and h; Fig. 6).

4.2.3.2 Corresponding sedimentary facies: lobe-shaped submarine fan

The mound-like seismic facies is a typical seismic reflection
feature of submarine fans or reefs. (Li et al., 2021; Xu and Hagq,
2022). This facies has developed mainly in the center of the
Lingshui Sag, corresponding to the bathyal environment during
the sedimentary period of the Meishan Formation. Well L8 re-
veals that the lithology of this seismic facies is composed mainly

of approximately 30 m thick siltstone and fine sandstone overall
(Fig. 7c), indicating the presence of submarine fan deposits.
Combined with the plane characteristics of the lobe, this facies is
referred to as a “lobe-shaped submarine fan” hereafter.

4.2.4 Seismic facies 4: vermicular seismic facies

4.2.4.1 Description

The vermicular seismic facies is characterized by strong-amp-
litude, high-frequency, and poorly continuous reflection. It is
mainly composed of two pairs of seismic events. The continuity
of strong-amplitude seismic events is poor, showing wormlike re-
flection characteristics but with a robust erosive capacity. The
underlying seismic events with weak amplitudes show chaotic re-
flections and apparent lateral thickness variations, providing dir-
ect evidence of the facies. The plane shows a northeast- to south-
west-trending banded distribution (Tables 1d and i; Fig. 6).

4.2.4.2 Corresponding sedimentary facies: band-shaped submar-
ine fan

The vermicular seismic facies developed closely with the con-
tinental slope of the northern Lingshui Sag, and its poor continu-
ity corresponds to an unstable sedimentary environment (Xia
et al.,, 2018). The drilling lithologies of wells L4, L6, and L7 show
that the seismic facies are approximately 40 m to 100 m thick silt-
stone (Fig. 9¢). The cores from Well L7 demonstrate the siltstone
developed with massive bedding, which further proves this seis-
mic facies represents a submarine fan deposit (Fig. 9f). Accord-
ing to the plane distribution characteristics, this facies is called a
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Fig. 6. Sedimentary facies of the Meishan Formation in the northern Lingshui Sag (a). The range of the submarine fan is mapped by
the plane-projection transformation of the mound-like seismic facies and vermicular seismic facies; it is a superposition diagram of
the maximum positive amplitude attribute map between layers (T41-T50) and coherent slices along the layers of the T50 interface (b).
The red curve represents the boundary of the delta, the blue curve represents the location of the continental shelf break, the orange
curve represents the boundary of the submarine canyons, the black curve represents the plane location of the vermicular seismic fa-
cies, and the purple curve represents the plane location of the mound-like seismic facies.



Yao Xingzong et al. Acta Oceanol. Sin., 2024, Vol. 43, No. 4, P. 61-79 69

TWT/s

IPEIEE
£ 2 ‘é 5| S |owarl Lithol
=12 .= O] o 1thology
AR %q:d g fo—r
2
0
S| 13380
3
as)
I T4013200
13 420
13 440
13 460
13 480
ol ol o
< E
g § % 3 500
S| 2|3
S|=(= 13 520] L
3 540
3 560
3 580
13 600
3 620
E-TSC
2 13 640 :
fine siltstone ayg]llary mudstone
sandstone siltstone
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plane location) (a). Southwest-northeast-trending lobe-shaped submarine fan seismic profile of Well L8 reveals that the lithology of
the submarine fan is mainly siltstone. According to the downlap characteristics of the lobe-shaped submarine fan, four stages of sub-
marine fan are recognized, and the interfaces are labeled T44, T43, T42, and T41 (see Fig. 6a for the plane location) (b). Lithology his-

togram of Well L8 (c).
“band-shaped submarine fan” hereafter (Fig. 6).
4.2.5 Seismic facies 5: subparallel sheet seismic facies

4.2.5.1 Description

The subparallel sheet seismic facies is characterized by weak-
amplitude, low-frequency, and medium-continuous reflection.
The seismic facies is composed of 4 pairs of seismic events in
subparallel sheet contact, and the number of seismic events ba-
sically remains unchanged in the horizontal direction, indicating
that the thickness changes are not obvious. This facies is widely
distributed in the center of the sag (Tables 1e and j).

4.2.5.2 Corresponding sedimentary facies: fine-grained sediments
The weak amplitude of the subparallel sheet seismic facies re-
veals that the vertical difference in lithology within this facies is
not obvious, and the deposits are usually deposited in a stable
environment (Su et al., 2015; Li et al., 2021). A seismic facies has
developed in the center of the Lingshui Sag. Well L8 is close to the
development location of this seismic facies (Fig. 6), and its litholo-
gy reveals that the weak amplitude is the result of mudstone deposi-
tion (Fig. 7c). Therefore, this seismic facies mainly reflects fine-
grained sediments under the stable environment of bathyal facies.

4.3 Source-to-sink system analysis of submarine fans
The accurate geological significance of the five typical seis-
mic facies recognized in the Meishan Formation, northern

Lingshui Sag, benefits from the comprehensive analysis of
drilling lithology information and seismic data. This paper fur-
ther describes the plane distribution characteristics of the
Meishan Formation delta, shelf edge, submarine canyon and
submarine fan in the study area by combining attribute slice ana-
lysis and seismic facies tracking interpretation methods (Figs 4, 5,
6). Based on the spatial coupling relationship of each sediment-
ary facies (Fig. 6), this paper considers that the deepwater source-
to-sink system in the northern Lingshui Sag mainly consisted of a
“delta (sediment supply) - submarine canyon (sediment trans-
port channel) - submarine fan (sediment deepwater sink)” asso-
ciation during the Middle Miocene.

4.3.1 Source: shelf-margin delta

The shelf-margin delta is essential to the passive continental
margin source-to-sink system (Gao et al., 2020; Gong et al., 2021).
The imbricated progradation seismic facies (Table 1a; Fig. 4) de-
veloped at the continental shelf edge of the northern Lingshui
Sag during the Middle Miocene, and the progradation seismic fa-
cies are typical identification indicators of deltas. The lithology of
the Meishan Formation derived from Well L1 reveals that under-
water distributary channels developed at the delta front in the
northern Lingshui Sag, and the content of fine sandstone is very
high in this underwater distributary channels (ratio of sandstone
thickness to formation thickness exceeds 0.76, Fig. 3). The se-
quence stratigraphy analysis results show that during the Middle
Miocene, a shelf margin system tract (SMST, regression) de-
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veloped in the northern Lingshui Sag, and the trend of the down-
lap points extending to the center of the sag indicates that this
period was conducive to the transport and deposition of sedi-
ments toward the center of the sag, while the delta progradation
direction was northwest-southeast (Figs 3 and 4). The cores from
Well L7 show the heavy mineral assemblages of submarine fans
of Meishan Formation are mainly consist of leucoxene,
tourmaline, zircon and anatase (Fig. 9¢). The analysis result of
heavy mineral assemblages is consistent with Hainan Uplift,
which reveals the source of sediments deposited in the northern
Lingshui Sag during the Middle Miocene is Hainan Uplift (Cao
et al., 2013). That is, during the Middle Miocene, under the back-
ground of the development of the SMST, the sediments supplied
by the Hainan Uplift continued to prograde southeastward, and a
thick delta-front underwater distributary channel composed of
sandstone (with a cumulative thickness of approximately 275 m)
was deposited at the northern shelf edge of the Lingshui Sag. The
RMS amplitude attribute shows that the delta was widely de-
veloped at the continental shelf edge with an area of 720 km? in
the study area, and the strike was northwest-southeast (Fig. 4e).
The existence of a large delta is very conducive to the develop-
ment of deepwater reservoirs in the Lingshui Sag. The submar-
ine canyons described below confirm a material supply relation-
ship between the shelf-margin delta and the submarine fans of
the Meishan Formation.

4.3.2 Channel: submarine canyons

Negative landforms, such as valleys and canyons, usually
provide a path for sediment transportation and play a significant
intermediary role between the source and sedimentation areas
(Posamentier and Kolla, 2003; Ding et al., 2013). In this paper,
submarine canyons with obvious channel-filling seismic facies
are found to have developed on the northern continental shelf
edge of the Lingshui Sag on the seismic profile; these canyons
eroded the underlying stratum of the Sanya Formation, making
the top interface T50 of the Sanya Formation transversely discon-
tinuous at the submarine canyon (Figs 5a, b, c, d). Therefore,
based on the T50 interface (downward drift is positive, upward
drift is negative), four coherent slices along the layer were extrac-
ted, corresponding to +20 ms, 0 ms, -50 ms, and -100 ms
(Figs 5e, f, g, h), and the results reveal that submarine canyons
continuously developed during deposition of the Meishan Form-
ation and that the overall trend extended from northeast to
southwest. The plane position of the channel-filling seismic fa-
cies is further depicted to constrain the description of the actual
development position of submarine canyons. The submarine
canyon is U-shaped, with a width of approximately 5 km to
5.3 km and a time-domain thickness of approximately 166 ms to
208 ms at the shelf of northern Lingshui Sag (Figs 5a and b),
which reflect that the submarine canyon experienced weak un-
dercutting erosion. The submarine canyon at the northern con-
tinental slope of Lingshui Sag gradually diverged into a W shape
and extended into Lingshui Sag, with a width of approximately
9.3 km to 11.9 km and a time-domain thickness of roughly 229 ms
to 265 ms, reflecting that the gravitational potential energy was
greater at the continental slope, causing the erosion of underly-
ing strata to intensify (Figs 5¢ and d). The interior of the submar-
ine canyons is characterized by weak-amplitude reflection and
obvious lateral accretion (Table 1b), indicating that during the
deposition of the Meishan Formation, continuous sediment
transport occurred in the submarine canyon on the northern
continental margin of the Lingshui Sag. The following plane
coupling relationship between the submarine canyons and sub-

marine fans confirms that the marginal submarine canyons as-
sumed the function of transport channels of gravity flow sedi-
ments during the development of the Miocene submarine fans

(Fig. 6).

4.3.3 Sink: submarine fans

Coarse-grained clastic sediments in deepwater environments
mainly originate from submarine fans formed by gravity flow,
whereas mudstone is the product of pelagic fine-grained sedi-
ments (Shanmugam et al., 1994; Hart et al., 2013; Henstra et al.,
2016; Fan et al., 2021). The lithologies of wells L4, L6, L7 and L8
indicate that the sedimentary system of the Meishan Formation
bathyal facies is composed mainly of mudstone and sandstone
interbeds of unequal thickness (Figs 7 and 9d). At the same time,
the synthetic seismic records reveal that the coarse-grained clast-
ic sediments show strong-amplitude reflections, while the fine-
grained clastic sediments show weak-amplitude reflections
(Fig. 3). Therefore, the tracing interpretation of strong-amplitude
reflection seismic facies and the application of amplitude attrib-
utes can reflect the sedimentary scale and morphological charac-
teristics of the Middle Miocene submarine fans in the Lingshui
Sag. The sedimentary facies plane map constructed based on the
tracking and transformation of seismic facies shows that strong-
amplitude vermicular seismic facies developed close to the con-
tinental slope and distributed in a northeast-southwest trend,
consistent with the continental shelf and continental slope.
However, mound-like seismic facies developed and extended to
the center of the sag, showing a lobe-shaped distribution with a
north-south trend (Fig. 6a). Taking the top interface (T41) and
bottom interface (T50) of the strong-amplitude reflection of the
Meishan Formation in the Lingshui Sag as the time-domain ver-
tical window, the attribute of the maximum positive amplitude
between layers was extracted, and the result is consistent with the
results obtained after tracking the trend of seismic facies; that is,
the strong-amplitude areas in the west are distributed in strips,
and the strong-amplitude areas in the south are reflected in a
lobe shape (Fig. 6b). Based on the morphological differences in
submarine fans, the development types of submarine fans of the
Meishan Formation in the northern Lingshui Sag are divided in-
to lobe-shaped and band-shaped types (Fig. 6a).

4.3.3.1 Lobe-shaped submarine fan

The lobe-shaped submarine fan is characterized by strong-to-
medium-amplitude mound-like seismic facies (Table 1c) and is
distributed in a north-south trend on the plane, with two branch
lobes (eastern and western) and a total area of approximately
550 km? (Fig. 6a). The extending ends of the seismic events show
prominent downlap features (Fig. 7a). Well L8 encountered the
lobe-shaped submarine fan at a well depth of 3 600 m, revealing
that the lithological composition of the western branch of the
submarine fan is mainly siltstone and fine sandstone deposits
with a thickness of approximately 30 m (Fig. 7c). Although the
eastern branch of the lobe-shaped submarine fan has not yet
been drilled, the time-domain thickness of strong amplitudes
and the maximum positive amplitude attribute between layers
are significantly greater than those in the western branch (Figs 6b
and 7b). It is thus speculated that the eastern branch of the lobe-
shaped submarine fan is thicker than the western branch.

To better understand the sedimentary process of the eastern
branch of the lobe-shaped submarine fan, four stages of lobe-
shaped submarine fan deposition were divided based on differ-
ent pinch-out locations of seismic events (Fig. 7b), and the RMS
attribute was applied to reveal the distribution range of the east-
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ern branch at each stage (Figs 8a, b, ¢, d). In the first stage
(T50-T44), the eastern branch was deposited with a single lobe,
covering an area of approximately 154 km? (Figs 8a and e). In the
second stage (T44-T43), the eastern branch was deposited in two
lobes at the fan margin, covering an area of approximately 192 km?
(Figs 8b and f). In the third stage (T43-T42), the eastern branch
was deposited in two lobes along the fan margin as in the second

stage, covering an area of approximately 215 km? (Figs 8c and g).
In the fourth stage (T42-T41), small lobes developed locally in
the eastern branch, with a single-lobe deposit overall, covering
an area of approximately 240 km? (Figs 8d and h). The margin of
the eastern branch prograded continuously with a southeast
trend during the Middle Miocene, revealing that the depositional
range of the lobe-shaped submarine fan expanded toward the

<]

[

lobe-shaped
submarine fan

bathyal facies

A

(.

lobe-shaped
submarine fan

bathyal facies

A

[

lobe-shaped
submarine fan

bathyal facies

Fig. 8



72

Yao Xingzong et al. Acta Oceanol. Sin., 2024, Vol. 43, No. 4, P. 61-79

]

[

lobe-shaped
submarine fan

0 5

bathyal facies

Fig. 8. Root-mean-square amplitude attributes and corresponding interpreted sedimentary facies map of each stage of the lobe-
shaped submarine fan. Panels (a), (b), (c) and (d) represent the root-mean-square amplitude attribute maps of the first (T50-T44),
second (T44-T43), third (T43-T42) and fourth (T42-T41) lobe-shaped submarine fans, respectively, and the purple curve represents
the range of the lobe-shaped submarine fan; panels (e), (f), (g) and (h) represent the corresponding interpreted sedimentary facies
maps of the first (T50-T44), second (T44-T43), third (T43-T42) and fourth (T42-T41) lobe-shaped submarine fans, respectively.

center of the sag (Fig. 8) and further reflecting that the sediment
supply in the northern Lingshui Sag was sufficient during the de-
positional period of the Meishan Formation.

4.3.3.2 Band-shaped submarine fan

Five band-shaped submarine fans developed from north to
south on the northern continental slope of the Lingshui Sag, and
they are named C1, C2, C3, C4, and C5, with areas of approxim-
ately 18 km?, 11 km?, 15 km?, 28 km?, and 12 km?, respectively
(Fig. 6a). These fans are generally distributed in a northeast-
southwest trend, consistent with the continental slope strike,
with a transverse width range of 1 km to 4 km (Fig. 6a). The seis-
mic profile shows that the band-shaped submarine fans are char-
acterized by strong amplitude vermicular reflections and poor
horizontal continuity (Figs 9a and b). C4 (depth 3 830-3 940 m),
C3 (depth 3 605-3 643 m), and C5 (depth 3 775-3 814 m) were
encountered in wells L4, L6, and L7, respectively, revealing that
the band-shaped submarine fans are composed mainly of thick
siltstone deposits (Figs 9c and d). Wells L6 and L7 are located on
the northeast side of the band-shaped submarine fans, revealing
that the siltstone sediment thickness of the submarine fans is ap-
proximately 40 m; Well L4 on the southwest side of the submar-
ine fans shows that the sediment thickness of band-shaped sub-
marine fan siltstone is about 100 m (Fig. 9d).

The development scale of band-shaped submarine fans is
smaller than that of lobe-shaped submarine fans, but the silt-
stone thickness is larger vertically, and the thickness of a single
band-shaped submarine fan gradually increases with increasing
transportation distance. The following discussion will focus on
the reasons for the development scales and plane distributions of
these two submarine fans.

5 Discussion

5.1 Genesis mechanism of submarine fans

According to the analysis results of the seismic data and
drilling data, this paper identified the shelf-margin delta and
bathyal submarine fans developed in the northern Lingshui Sag,
Qiongdongnan Basin, in the early period of the Meishan Forma-

tion. By combining the development locations of the submarine
canyons and the characteristics of internal lateral accretion de-
posits, the deepwater source-to-sink system of a “delta (sedi-
ment supply) - submarine canyon (sediment transport channel) -
submarine fan (sediment deepwater sink)” association was con-
structed in the Lingshui Sag, Qiongdongnan Basin in the Middle
Miocene. However, the morphological description of sediment-
ary bodies is insufficient to explain the plane distribution and de-
velopment scale differences between the band-shaped and lobe-
shaped submarine fans in the northern Lingshui Sag. After ana-
lyzing the geological background of the Lingshui Sag during the
Middle Miocene, it becomes clear that the relative sea level de-
cline and seafloor gradients of the continental shelf are the main
reasons for the formation of these two types of submarine fan de-
posits.

5.1.1 Relative sea level decline

The submarine fan supplied by the continental margin delta
directly depends on the development scale of the delta. Essen-
tially, it depends on the content of coarse-grained terrigenous
clasts imported into the basin (Suter and Berryhill, 1985; Porebski
and Steel, 2003, 2006). The theory of sequence stratigraphy shows
that the clastic materials in the continental margin show pro-
gradation with the decline of relative sea level, whereas the mar-
ginal clastic materials show retrogradation characteristics when
the relative sea level rises. If the relative sea level variation is not
obvious, the characteristics of accretion or progradation can be
observed. That is, relative sea level decline or slight variation is
more conducive to transporting continental margin debris to the
sedimentary center than sea level rise (Porebski and Steel, 2006;
Normandeau et al., 2017; Fisher et al., 2021). Hao et al. (2000) re-
vealed that the relative sea level of the Qiongdongnan Basin
showed a downward trend in the Middle Miocene, consistent
with the trend of global relative sea level variation in the Middle
Miocene reported by Haq et al. (1987). Moreover, Zachos et al. s
(2008) global deep-sea foraminiferal oxygen isotope curve
showed an overall increasing trend during the Middle Miocene,
indicating that global sea level decline occurred during this peri-
od (Fig. 10). Most importantly, the development of the SMST in
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Fig. 9. Shows the seismic profile of band-shaped submarine fans through wells L6, L7 and L4. The blue curve is the gamma logging
curve (GR). The submarine fan presents a strong-amplitude vermicular seismic facies. The transverse section (northwest to southeast)
between wells L6 and L7 shows poor continuity of strong amplitudes, whereas the axial section (northeast to southwest) between wells
L7 and L4 shows good continuity of strong amplitudes, consistent with the planar distribution characteristics of band-shaped submar-
ine fans (see Figure 6A for the planar location) (a). It is the corresponding sketch profile of Fig.9a (b). It is a well profile of the band-
shaped submarine fans of the Meishan Formation in the Lingshui Sag. The C3, C5, and C4 branches were drilled in wells L6, L7, and
L4, respectively, revealing that the submarine fans consist of thick-bedded siltstone. The blue dotted line restricts the sedimentary
thickness of the band-shaped submarine fans of the Meishan Formation in the Lingshui Sag. @ represents porosity, and K represents
permeability (c). It is the interpretation section of sedimentary facies corresponding to Fig.9a (d). Shows the heavy mineral as-
semblages in the different depth of Well L7 (e). Shows the photos of cores from Well L7 with a depth of 3 793.02-3 801.41 m, which
demonstrated the band-shaped submarine fans are mainly consist of siltstone with massive bedding (f).

5.1.2 Seafloor gradients

Through comprehensive study and analysis, Zhu (2008) de-
termined that the minimum range of the gradient that can form
gravitational flow under normal geological conditions on a con-
tinental shelf is 2°-3°, but in places with gentler gradients, as long
as the density of gravitationally flowing sediments is sufficiently
large, the genesis mechanism can still be triggered. During the

the northern Lingshui Sag and the continuous progradation of
the marginal delta with a high sand-land ratio are direct evid-
ence of sea level decline in the Qiongdongnan Basin in the
Middle Miocene (Fig. 3), while the continuously expanding lobe-
shaped submarine fan reveals the continuous transport of sedi-
ments to the Lingshui Sag during a period of relative sea level de-

cline (Figs 7a and 8). Therefore, this paper believes that the relat-
ive sea level decline was the main factor controlling the develop-
ment of the Middle Miocene submarine fan in the Lingshui Sag.

sedimentation period of the Meishan Formation, the continental
shelf in the northern Lingshui Sag was less affected by tectonic
activity and mainly developed sedimentary slope breaks (Figs 2a
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Fig. 10. Comparison of global and Qiongdongnan Basin relative sea level variations since 18.5 Ma. The black arrows indicate a con-
tinuing trend of overall sea level decline in the Middle Miocene. The global relative sea level variation is cited from Haq et al. (1987).
The relative sea level variation in the Qiongdongnan Basin is cited from Hao et al. (2000). The global deep-sea foraminiferal oxygen
isotope curve was modified from Zachos et al. (2008) and Zhang (2019).
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Fig. 11. Schematic diagram of the dip-angle measurement of the Middle Miocene continental shelf in the Lingshui Sag, Qiongdong-
nan Basin. The red dot represents the shelf-edge position, H represents the thickness, L represents the horizontal length, and « repres-

ents the dip angle of the continental shelf.

and 4). This paper established a right triangle at the shelf edge of
the T50 interface to measure the horizontal length L and vertical
thickness H (Fig. 11), and the angle of the shelf was calculated us-
ing the arctangent function Eq. (1). The results show that the dip
angle of the continental shelf in the northern Lingshui Sag is
between 2.1° and 2.9° (Table 2). Most importantly, the results re-
veal that the slope of the continental shelf in the northern
Lingshui Sag could enable the continuous progradation of the
shelf-margin delta to generate gravity flow under the back-
ground of weakening tectonic activity in the Middle Miocene,
causing sediments to be transported farther from the continental
slope and the center of the sag through the submarine canyons,
forming the submarine fans.

a = arctan(H/L), )]

where o represents the dip angle, H represents the stratum thick-
ness, and L represents the horizontal length of the stratum.

5.2 Factors influencing the differences between submarine fans
Differences were observed in the plane distribution and de-
velopment scale between lobe-shaped and band-shaped sub-
marine fans. The lobe-shaped submarine fan developed close to
the center of the sag and was a lobular deposit, covering an area
of approximately 550 km?. In addition, the fan thickness was rel-

Table 2. Dip-angle statistics of the continental shelf in the north-
ern Lingshui Sag.

Measuring H (vertical L (horizontal a (dip
position thickness)/m length)/m angle)/(°)
Fig. 4a 837 21 000 2.3
Fig. 4b 798 16 900 2.7
Fig. 4c 858 22900 2.1
Fig. 4d 1153 22300 2.9

atively thin on both sides and thick in the middle along the
provenance direction, indicating the normal deposition of grav-
ity flow in a deepwater environment (Shanmugam, 2016). The
band-shaped submarine fan developed close to the continental
slope and had the same trend as the continental slope, showing a
northeast-southwest strip-oriented distribution and extending
direction perpendicularly to the provenance direction, with a
total area of approximately 80 km?. The drilling lithology results
reveal that the sedimentary thickness gradually increased with an
increasing transport distance (from 40 m to 100 m; Fig. 9).

5.2.1 Factor influencing the morphological difference

This paper considers that the bottom current of the northern
South China Sea reworked the sediments of the lobe-shaped sub-
marine fan developed in the northern slope of Lingshui Sag, and
then the band-shaped submarine fan formed and distributed
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parallel to the continental slope. Previous studies have demon-
strated that Northern Pacific Deep Water (NPDW) flows into the
Luzon strait, which further evolves into the bottom current in the
northern South China Sea (Wang et al., 2023). The bottom cur-
rent in the northern South China Sea circled in a counterclock-
wise direction (Shao et al., 2007; Zheng et al., 2012; Zheng and
Yan, 2012; Zhao et al., 2014; Liu et al., 2016; Fig. 1a), which is con-
sistent with the trend of the band-shaped submarine fan. So the
bottom current could transform the submarine fans. In addition,
seismic profiles from wells L6 and L7 show that weak-amplitude
channels existed in the same direction as the bottom current and
eroded the lobe-shaped submarine fan (Figs 9a and d), which
also explains the poorly continuous vermicular seismic facies of
the band-shaped submarine fan. It is concluded that the bottom
current in the northern South China Sea destroyed and transpor-
ted the sediments of the submarine fans in the northern slope of
the Lingshui Sag in the Middle Miocene, converting the lobe-
shaped submarine fan into a band-shaped submarine fan. Cor-
respondingly, the lobe-shaped submarine fan in the east has not
been reconstructed because it is far from the continental slope.

5.2.2 Factor influencing the development scale difference

This paper considers that the angle between the direction of
gravitational flow and the strike of the continental slope con-
trolled the difference in the development scale of the submarine
fans. According to Eq. (2), the component force (F) of the sedi-
ment gravity along the moving direction was influenced by the
magnitude of slope (0) (the greater the slope was, the greater the
component force was). Therefore, since the dip angle of the con-
tinental slope was greater than that of the continental shelf, the
moving speed of sediments under gravitational flow on the con-
tinental slope further increased. On the other hand, the greater
the angle (1) between the direction of sediment gravity flow and
the strike of the continental slope was (the maximum possible
value is 90°, that is, perpendicular to the strike of the continental
slope), the greater the dip angle of the slope (#) was along the dir-
ection of gravity flow movement and the more gradual the dip
angle of the slope close to the maximum slope (f) was. In other
words, the larger the angle between the slope and the orientation
of gravitational flow (1) was, the greater the increase of the grav-
ity flow velocity at the continental slope was, and therefore the
farther the sediments could be transported (Fig. 12). Since the in-
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cluded angle between the lobe-shaped submarine fan and the
continental slope strike was larger than that between the band-
shaped submarine fan and the continental slope strike (Fig. 6),
the gravity flow sediments forming the lobe-shaped submarine
fan moved faster and could be transported farther. This paper
proposes that this is why the depositional range of the lobe-
shaped submarine fan was larger than that of the band-shaped
submarine fan.

F=G-sinf, 2)
where Frepresents the force component of gravity along the dir-
ection of movement, G represents gravity, 6 represents the slope
of the dip angle.

5.3 Depositional model

Based on the analysis of the source-to-sink system of the
Middle Miocene submarine fans in the Lingshui Sag and the dis-
cussion of their genesis mechanisms, this paper proposes the fol-
lowing sedimentary model of the Middle Miocene submarine
fans in the Lingshui Sag: the relative sea level decline in the
northern South China Sea resulted in the continuous prograda-
tion of the shelf-margin delta, and the sediments of the delta
front produced a gravity flow of specific scale under the influ-
ence of their mass and the seafloor gradients. The gravity flow
sediments were transported through submarine canyons and de-
posited near the continental slope and the center of the sag, de-
veloping lobe-shaped submarine fans. The later activity of bot-
tom currents in the northern South China Sea transformed the
lobe-shaped submarine fan near the continental slope, thus
forming a northeast-southwest-trending band-shaped submar-
ine fan (Fig. 13).

5.4 Oil and gas exploration value

The logging interpretation results show that the band-shaped
submarine fan sandstone of the Meishan Formation displays nat-
ural gas, medium porosity (17.3%-23%), and low-to-medium
permeability (0.7 mD-10.2 mD), confirming that the band-
shaped submarine fans of the Lingshui Sag have an excellent
reservoir and reservoir-forming capacities (Fig. 9c). The lithology
of the lobe-shaped submarine fan is consistent with that of the
band-shaped submarine fan, and the lobe-shaped fan is located

A:angle between slope strike
and the orientation of gravity flow

f£: maximum slope gradient
6: slope gradient
90°: right angle

Fig. 12. Schematic diagram of gravity flow velocity differences. AC represents the direction of gravity flow perpendicular to the strike
of the continental slope, BC represents the direction of gravity flow with an acute angle between the direction and the strike of the con-

tinental slope, and EF represents the strike of the continental slope.
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Fig. 13. Sedimentary model of Middle Miocene submarine fans in the Lingshui Sag. The red arrows represent the direction of gravity
flow sediments; the black arrow represents the moving direction of the bottom current.

closer to the center of the sag (Fig. 6), compatible with the geolo-
gical conditions necessary for the formation of natural gas; thus,
this submarine fan should be considered for further oil and gas
exploration.

6 Conclusions

Based on the analysis results of the source-to-sink system and
genesis mechanisms of Middle Miocene submarine fans in the
northern Lingshui Sag, the following conclusions were obtained:

(1) Two types of submarine fans with distinct morphological
differences in the Meishan Formation in the northern Lingshui
Sag were identified, namely, lobe-shaped and band-shaped sub-
marine fans. The lithology of the submarine fans is dominated by
siltstone with massive bedding and ripple laminae.

(2) The deepwater source-to-sink system of the Meishan
Formation in the northern Lingshui Sag consists of a “delta (sedi-
ment supply) - submarine canyon (sediment transport channel) -
submarine fan (sediment deepwater sink)” association. The rel-
ative sea level decline was the main factor controlling the devel-
opment of the submarine fans, ensuring adequate sediments
were supplied to the Lingshui Sag in the Middle Miocene.

(3) The bottom current in the northern South China Sea was
the main factor that resulted in the morphological difference of
submarine fans of the Meishan Formation in the Lingshui Sag.
The bottom current reworked the lobe-shaped submarine fan de-
posited on the continental slope, forming the band-shaped sub-
marine fan with the northeast-southwest trend.
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