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ARTICLE INFO ABSTRACT

Editor: Dr Giorgio Basilici Submarine canyons are important conduits for transporting sediment across continental margins and their
canyon heads contribute to further understanding the shelf-to-canyon sedimentary dynamics. Limited attention
has been given to describe the internal depositional architectures and their variations from the tributary to trunk
canyons in the canyon head regions. High-resolution 3-D seismic data tied to well logs, cores, and grain-size data

from the Central Submarine Canyon head developed during late Miocene in Qiongdongnan Basin are utilized to
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Hierarchies . . o . . fes . .

. . investigate the variation of the hierarchical framework and depositional architectures between tributary and
Sedimentary architectures R . . . R .
Evolution trunk canyons. The results show that canyon head tributaries contain one type of stratigraphic surfaces (i.e.,

fourth-order erosion surface) and four types of depositional elements (i.e., thalweg sandy debrites, axial high net-
to-gross turbidites, off-axial low net-to-gross turbidites, and bank failures). The trunk canyon, in contrast, are
characterized by a more complex hierarchical and depositional style, and are distinguished from tributary
canyons by the occurrence of internal levees and the fifth-order erosion surface, composed of multiple seismically
resolvable incisions. The evolution of the canyon head suggests that tributary canyons at the canyon head erode
downstream and converge into the previously developed trunk canyon under the control of paleo-topography,
forming a dendritic structure in plan-view. Results from this paper contributes to a better understanding on
hierarchical framework and depositional architectures of the submarine canyon head.

Qiongdongnan Basin

1. Introduction

As well documented in literatures, submarine canyons are the large-
scale incisions and principal conduits for the transport of sediments from
shallow-marine/shelf to the deep-marine environments (Shepard, 1981;
Babonneau et al., 2002; Harris and Whiteway, 2011; Puig et al., 2014;
Bernhardt and Schwanghart, 2025). They can extend for hundreds of
kilometers and act as conduits of turbidity flows and repositories of
continentally-derived coarse sediment in deep-marine environments,
which make them important targets for hydrocarbon exploration and
potentially important reservoirs for the sequestration of CO, and/or
hazardous fluids (e.g., Normark and Carlson, 2003; Gong et al., 2011;
Janocko et al., 2013; Baker et al., 2024). They deliver and trap vast
amounts of continental sediments and organic carbon to form the largest

sediment accumulations on Earth, which make them important archives
of palaeoenvironmental and paleoceanographic changes (e.g., Galy
et al., 2007; Baker et al., 2024). Similar to rivers on land, submarine
canyons are not only one of the most distinct and frequently described
landscapes and bedforms in deep-marine settings, but also key drivers in
shaping the seafloor along Earth’s continental margins (Harris et al.,
2014). Submarine canyons, therefore, have long attracted attention
from academia and oil industry (e.g., Shepard, 1981; Normark and
Carlson, 2003; Cronin et al., 2005; Harris and Whiteway, 2011; Puig
et al., 2014; Fildani, 2017; Bernhardt and Schwanghart, 2025).

The canyon head, as the shallowest portion of the canyon, often
consists of tributary and trunk canyons and exhibits a dendritic structure
(Garcia et al., 2006; Tubau et al., 2013; Bernhardt et al., 2015; Puig
et al., 2017; Maier et al., 2018), which is similar to the tributary and
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trunk channels in deepwater environment (e.g., The Northwest Atlantic
Mid-Ocean Channel, Klaucke et al., 1998), or terrestrial environment
(Bruno et al., 2021). Technological advances in seismic and bathymetric
imaging, together with the increased access to core and well-log data,
our understanding of morphologies, morphological evolution and cor-
responding geneses of canyon heads has been greatly enhanced (Garcia
et al., 2006; Bernhardt et al., 2015; Puig et al., 2017; Maier et al., 2018;
Smith et al., 2018). For example, sea level-controlled tributary canyons
display characteristics of wider and deeper morphologies than those
controlled by sediment supply (Garcia et al., 2006). Along the flow di-
rection, the size of the drainage network exhibits a decreasing trend
from tributary to trunk canyons (Tubau et al., 2013). However, despite
the morphological analysis (Garcia et al., 2006; Tubau et al., 2013; Puig
et al., 2017), few studies have been conducted to describe the internal
depositional architectures and their variations from the tributaries to
post confluences, resulting into a limited understanding on the variation
of hierarchical framework and depositional architectures between trib-
utary and trunk canyons.

In this study, high-resolution 3-D seismic datasets combined with
well-log, core, and grain-size data from the head of the Central Sub-
marine Canyon in the Qiongdongnan Basin along the northwestern
South China Sea margin are utilized: (1) to document architectures of
both trunk and tributary canyons; (2) investigate the variation of the
hierarchical framework and depositional architectures between them;
(3) explore their evolution.

2. Geological setting

The study area is located in the Qiongdongnan Basin of the
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northwestern South China Sea margin, which is one of the most
important petroliferous basins and largest Cenozoic rift basins in the
South China Sea (Fig. 1). The Qiongdongnan Basin is a NE-trending,
Cenozoic rift basin, and covers an area of 8.4 x 10* km? with water
depth ranging from 100 to 2800 m (Xie et al., 2008; Huang et al., 2016).
It undergone a complex tectono-stratigraphic evolutionary history,
divided into four main stages, including a syn-rift stage in the Eocene
(54.0 to 33.9 Ma), a rift-subsidence stage during the Oligocene (33.9 to
23.0 Ma), a post-rifting subsidence stage from early to middle Miocene
(23.0 to 10.5 Ma), and an accelerated subsidence stage from late
Miocene to Quaternary (10.5 to 0 Ma) (e.g., Xie et al., 2008; Morley,
2016; Sun et al., 2022; Yang et al., 2024) (Fig. 2). The stratigraphy and
sedimentary fill of the Qiongdongnan Basin are divided into four main
megasequences accordingly (Fig. 2).

The syn-rift megasequence of Qiongdongnan Basin is bounded at its
base by a basin-wide unconformity T100 dated to 54.0 Ma, and includes
the Lingtou Formation, lacustrine-marsh systems (Fig. 2) (Xie et al.,
2008; Huang et al., 2016; Morley, 2016; Yang et al., 2024). The rift-
subsidence megasequence is bounded at its base by a regional uncon-
formity T80 dated to 33.9 Ma, includes Yacheng and Lingshui Forma-
tions, and is characterized by depositional environments from lacustrine
or marsh to nearshore marine (i.e., land-sea transition environments)
(Fig. 2) (Xie et al., 2008; Sun et al., 2022; Yang et al., 2024). The post-rift
megasequence is bounded at its base by the breakup unconformity T60
dated to 23.0 Ma, is composed of Sanya and Meishan Formations, and
gave rise to shallow- to deep-marine environments (Xie et al., 2008; Sun
et al.,, 2022; Yang et al.,, 2024). The accelerated subsidence mega-
sequence is bounded at its base by a regional unconformity T40 dated to
10.5 Ma (Fig. 1B), comprises Huangliu, Yinggehai, and Ledong
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Fig. 1. (A) Bathymetric map showing the geographical location and context of the study area with respect to the Qiongdongnan Basin of the northwestern South
China Sea margin (red polygon). (B) 3D perspective of the base of late Miocene Huangliu Formation (T40) showing the studied tributary and trunk canyons of the
head of the Central Submarine Canyon. Also shown are plan-view locations of seismic lines and RMS amplitude maps shown in this study. Note that three tributary

canyons downstream converge into the trunk canyon.
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Fig. 2. Chronostratigraphic and tectono-stratigraphic column illustrating depositional and tectono-stratigraphic evolution history, sequence classification, and sea-
level changes of the Qiongdongnan Basin, northwestern South China Sea (compiled from Sun et al., 2022; Yang et al., 2024). The orange rectangle highlights the

studied stratigraphic interval of Central Submarine Canyon head.

Formations, formed in bathyal-abyssal environments and resultant
deep-water systems (Xie et al., 2008; Gong et al., 2011; Sun et al., 2022;
Yang et al., 2024).

Large-scale gravity-flow systems including submarine canyons,
deepwater channels, submarine fans, and mass-transported complexes
were formed in response to a more prominent shelf-slope-basin physi-
ography from 10.5 Ma onwards, among which the Central Submarine
Canyon of late Miocene age is regarded as one of the most distinctive
landscapes (Fig. 1) (e.g., Xie et al., 2008; Gong et al., 2011). Variations
of the hierarchical framework and depositional architectures between
trunk and tributary canyons recognized in the head of the Central
Submarine Canyon, and their evolution are the focus of the present
research.

3. Datasets, methodologies, and terminologies
3.1. Datasets and methodologies

The datasets primarily used in this research consist of industry-
standard depth migrated three-dimensional (3-D) seismic reflection

data and two exploration wells acquired by the China National Offshore
Oil Corporation (CNOOC) from the head of the Central Submarine
Canyon in the Qiongdongnan Basin of the northwestern South China Sea
margin (Fig. 1). The seismic survey covers an area of ca. 2500 kmz, and
have a sampling rate of 2 m, a bin size spacing of 25 (in-line) x 12.5 m
(cross-line), and the seismic frequency bandwidth ranging from 10 to 40
Hz with a dominant frequency of 20 Hz (plan-view location of the
seismic survey is shown in Fig. 1). They are displayed and interpreted in
Halliburton Landmark software using the Society for Exploration Geo-
physicists (SEG) positive standard polarity, where a downward increase
in acoustic impedance of a hydrocarbon reservoir base (i.e., a positive
reflection coefficient) is represented by a central peak (plotted black).
They are displayed using a red-white-black color bar, where the low-
impedance hydrocarbon reservoir top is displayed as red seismic re-
flectors (Figs. 3 and 4). The 3-D seismic data (e.g., seismic profiles and
RMS attributes) is tied to exploration well referred to as LS1 (plan-view
location of this well is shown in Fig. 1B), containing lithologies based on
cuttings, gamma-ray (GR) logs, sonic (DT) logs, density (DEN) logs,
cores, and grain-size data (Figs. 5 to 8). Grain-size analysis was per-
formed using the laser diffraction particle size analyzer Malvern
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Fig. 3. Depositional strike-oriented seismic section across the studied trunk submarine canyon (see its plan-view location in Fig. 1B) and corresponding sedimen-
tological interpretations illustrating hierarchies and architectures of the trunk canyon. Note that the trunk canyon contains two different types of stratigraphic
surfaces and associated five main types of depositional facies. Also shown are stratigraphic position of RMS amplitude-attribute maps shown in Fig. 9. Surface A: fifth-
order erosional surface (basal bounding surface of the trunk canyon); Surfaces B to D: fourth-order erosional surfaces; SF: seismic facies.
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Fig. 4. Seismic-well tie transect across the studied submarine canyon (see its plan-view location in Fig. 1B) and associated sedimentological interpretations showing
hierarchies and architectures of the trunk canyon. Also shown are stratigraphic position of the lithological and log-stratigraphic chart across well LS1 as shown in
Fig. 5 and RMS amplitude-attribute maps shown in Fig. 9. Surface A: fifth-order erosional surface (basal bounding surface of the trunk canyon); Surfaces B to D:

fourth-order erosional surfaces; SF: seismic facies.
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Mastersizer 3000 at CNOOC Zhanjiang Experimental Center after
removing the organic matter and carbonates by treatment with
hydrogen peroxide (H202) and hydrochloric acid (HCL), and washing
the samples with deionized water for 24 h until the pH became neutral.
19 samples from cores in well LS1 depth of 4640 to 4760 m were
collected and examined for grain-size distribution patterns, and the
effective particle size ranges from 2 to 0.004 mm (Fig. 8).

Seismic data interpretation of the documented submarine canyons
was following the workflow proposed by Mayall and Kneller (2021),
integrating 2-D seismic facies analysis (seismic stratigraphy) with a 3-D
seismic geomorphology approach (i.e., RMS amplitude attributes). RMS
attributes calculate the square root of the sum of the time-domain en-
ergy, offering an enhanced visualization of the stratigraphic architecture
of small-scale depositional elements (Chopra and Marfurt, 2007), and
yield more robust interpretations of lithology distribution and geologic
process than section view-based seismic interpretations. Sedimentolog-
ical analyses of the documented submarine canyons further including
core observations and grain-size analysis. Cores with a total length of 20

m from well LS1 depth of 4640 to 4760 m were carefully observed and
examined for sedimentary structures, grain-size variations, and vertical
facies changes (Figs. 6 to 8).

3.2. Terminologies and hierarchical framework

Drawing on the hierarchical framework developed by Ghosh and
Lowe (1993) from field data and Wonham et al. (2000) from seismic
data for research on canyon fills, as well as the hierarchical framework
proposed by Sprague et al. (2002, 2005) for understanding and pre-
dicting hydrocarbon-reservoir using subsurface data, we adopted a five-
order hierarchical framework in current research. These hierarchical
frameworks have been successfully used in other ancient gravity-
induced deposits (Flint et al., 2011; Gong et al., 2021) and canyon fills
(Anderson et al., 2006; Di Celma et al., 2010; Di Celma, 2011) world-
wide. In current research, the erosion surfaces recognized in the Central
Submarine Canyon head could be interpreted using a fifth-order hier-
archical framework.
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Fig. 6. Core photographs and associated line drawings illustrating photographic facies details and sedimentological interpretations of thalweg sandy debrites
composed of lithofacies 1 (LF1) (panels A and B) and axial high net-to-gross turbidites composed of lithofacies 2 (LF2) (panels C to E). The shown core photographs
are from well LS1 at depth of 4687 to 4754 m. Please refer to Fig. 5 for the stratigraphic position of cores shown in this figure. G: fine pebbles; F: plant fossils.

(1) First-order erosion surfaces refer to local erosional scours

bounding a body of sediments with a fining-upward succession,
which is typically recognizable in outcrop and core data (Ghosh
and Lowe, 1993), and likely correspond to the basal surfaces of
channel story (Sprague et al., 2002, 2005; Gong et al., 2021).

(2) Second-order erosion surfaces record an individual downcutting

and filling succession of turbidites with a thickness up to several
meters (Ghosh and Lowe, 1993; Di Celma, 2011). It is typically
recognizable in outcrop and core data, is generally not possible to
map seismically, and likely corresponds to the base of channel fill
in the sense of Sprague et al. (2002, 2005).

(3) Third-order erosion surfaces have a thickness up to one hundred

meters, represent the erosional surfaces bounding a coherent
package of channel fill deposits with a surface of abandonment at
their top (Ghosh and Lowe, 1993; Wonham et al., 2000; Di Celma,
2011). It is typically recognizable in well-log and seismic data,
records a single cycle of channel cutting, filling, avulsion, and
abandonment, likely corresponds to the base of channel complex
in the sense of Wonham et al. (2000) and Sprague et al. (2002,
2005).

(4) Fourth-order erosion surfaces developed within the canyon basal

5

-

boundary and could be regionally tracked using seismic data. The
elements bounded by them have a maximum width of several
kilometers and a maximum thickness of several hundred meters
(Wonham et al., 2000). They are likely corresponding to the base
of channel-complex set in the sense of Sprague et al. (2002,
2005), and corresponding to the best stratigraphic surfaces that
can be mapped with a relatively high degree of confidence at the
scale of the studied canyon head using seismic data.

Fifth-order erosion surfaces represent the largest-scale erosional
surface identifiable and traceable across seismic profiles,
bounding all the sedimentary fills of the ancient canyon, with
widths spanning tens of kilometers and thicknesses ranging from
hundreds to thousands of meters (Wonham et al., 2000), likely
corresponds to base of channel system in the sense of Sprague
et al. (2002, 2005).
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Fig. 7. Core photographs and associated line drawings illustrating photographic facies details and sedimentological interpretations of axial high net-to-gross tur-
bidites (LF2 to LF4). The shown core photographs are from well LS1 at depth of 4649 to 4676 m. Please refer to Fig. 5 for the stratigraphic position of cores shown in

this figure. LF: Lithofacies.

4. Stratigraphic surfaces and depositional architectures within
the studied canyon head

4.1. Description and interpretation of stratigraphic surfaces in the canyon
head

Two types of stratigraphic surfaces (type 1 and type 2 shown in
Figs. 3 to 5) are recognized in the studied canyon head, and are delin-
eated and interpreted below:

Stratigraphic surfaces type 1 is the geometrically largest channel-shape
surface developed at the base of the studied canyon, and separates
canyon fills from the underlying deposits (red lines shown in Figs. 3 and
4). It is seismically recognized as a basal irregular erosional surface
characterized by onlaps inside and truncations outside due to repeated
channel erosion and complexity of lithological variations (Figs. 3 and 4).
Stratigraphically, the surface type 1 appears as a sharp lithological
contact, and corresponds to a sharp change from mudstones with high
GR values nearly the shale baseline to sandstones with blocky well-log
patterns of low gamma-ray responses (Fig. 5). It exhibits an overall U-
shaped geometry, and is typically 5 to 10 km wide and 300 to 500 m

high (Figs. 3 and 4).

Stratigraphic surfaces type 2 shares great similarities in cross-sectional
seismic appearance (i.e., U or V-shaped, basal irregular erosional surface
with truncations below and onlaps above) and lithologic and well-log
responses (i.e., sharp lithological contact with shift from mudstones
with high GR values to sandstones with low GR values) with the above-
mentioned stratigraphic surfaces type 1 (surfaces B to D shown in Figs. 3
and 4). It, in marked contrast, is in a stratigraphic scale below which
erosional surfaces are not seismically traceable, and is therefore in a
lower hierarchical level (Figs. 3 and 4). Besides, these surfaces exhibit
cross-cutting relationships, causing earlier-formed surfaces being more
difficult to fully preserved (Figs. 3 and 4). It is generally 3 to 5 km wide
and 200 to 300 m high, and is therefore geometrically smaller than
stratigraphic surfaces type 1 (Figs. 3 and 4).

The cross-sectional morphologies of both stratigraphic surfaces type
1 and type 2 (i.e., V or U-shaped, basal irregular erosional incisions
cutting deeply into the underlying deposits) are interpreted as basal
bounding surfaces of different hierarchical elements as described before
(Wonham et al., 2000; Sprague et al., 2002, 2005; Di Celma, 2011).
Among them, type 1 represents the largest erosional surface within the
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Fig. 8. Frequency distribution curves (left panels) and cumulative distribution diagrams (right panels) of thalweg sandy debrites (panels A and B) and axial high net-
to-gross turbidites (panels C to F). The shown cumulative distribution and frequency distribution curves are based on 19 samples of cores from well LS1 at depth of
4649 to 4754 m (see their stratigraphic positions in Fig. 5). The X-axis coordinate is in logarithmic form.

studied canyon head, it delineates all the sedimentary deposits of the
canyon (Figs. 3 and 4). In contrast, stratigraphic surfaces type 2 is
smaller in both width and depth compared to type 1, all of the strati-
graphic surfaces of type 2 were recognized and traced using seismic data
within type 1 (Figs. 3 and 4), besides, it lacks internally developed
erosional surfaces that can be traced using seismic data (Figs. 3 and 4).
Those sedimentary infills delineated and separated by these surfaces
were referred to as “channel-complex set” by other workers in those
studies of submarine channels using seismic data (e.g., Sprague et al.,
2002, 2005; Mayall and Kneller, 2021). Thus, we interpret stratigraphic
surfaces type 1 (i.e., higher hierarchical level expressed as a cluster of
multiple seismically traceable incisions) as the fifth-order erosion sur-
face, and stratigraphic surfaces type 2 (i.e., lower hierarchical level
expressed as a single seismically mappable incision) as the fourth-order
erosion surface (Figs. 3 to 5).

4.2. Description and interpretation of seismic facies in the canyon head

Five seismic facies (seismic facies 1 to 5 in Figs. 3, 4 and in Table 1)

are recognized in the studied canyon head, they correspond to five
different depositional facies, and are interpreted below. Among them,
sedimentary interpretations for seismic facies 1, 2, and 5 derived from
core and logging data, while seismic facies 3 and 4 were interpreted
mainly through seismic facies analysis.

(1) Seismic facies 1 (continuous, low-frequency and high amplitude re-
flections) exhibits blocky well-log patterns of low gamma-ray re-
sponses shown in well LS1 (Fig. 5). The lithofacies (Lithofacies 1)
recognized in the cores from LS1 consists dominantly of 10 to 20
m thick, structureless, pebbly sandstones (with a sand content of
41.92 % - 55.54 %) with subordinate pebbles (Fig. 6A and B;
Table 2). This lithofacies contains sharp lithological contacts
from mudstones in the lower part and sandstones in the upper
part (Fig. 6B), fine pebbles with the diameter of 2-4 mm and
fragments of plant fossils (Fig. 6A and B). It has a high sorting
coefficient of 1.92 to 3.51 ¢ (averaging at 2.68 ¢) (Table 2), ex-
hibits a unimodal to bimodal grain-size distribution patterns
(Fig. 8A), and show a subdivision of cumulative distribution plots
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Tabulation of five main seismic facies recognized in the studied canyon head and their corresponding cross-sectional seismic manifestations, plan-view seismic

geomorphological characteristics, and sedimentological interpretations.
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Table 2
Tabulation of grain-size compositions and sorting parameters of thalweg sandy debrites (lithofacies 1) and axial high net-to-gross turbidites (lithofacies 2 and 3).
Lithofacies Depth (m) N Pebbles (¢ < 0) (%) Sand (0 < ¢ < 4) (%) Silt (4 < ¢ < 8) (%) Clay (¢ > 8) (%) o; ()
range range range range range Average
Lithofacies 1 4720.8-4742.4 3 0-12.18 41.92-55.54 28.17-42.51 10.49-16.29 1.92-3.51 2.68
Lithofacies 2 4684.2-4714.8 10 N/A 46.27-66.18 20.65-39.55 11.21-16.92 2.28-2.84 2.64
Lithofacies 3 4654.6-4665.6 6 N/A 20.77-52.36 36.61-62.69 9.59-16.54 1.92-2.29 2.05

into a coarser-grained fraction associated with saltation load and
a finer-grained fraction transported wholly in suspension (i.e.,
one- to two-segment grain-size distribution patterns) (Fig. 8B).In
cross-sectional view, this seismic facies appears immediately
above the fifth-order or fourth-order erosion surfaces as a single
high-amplitude, continuous trough reflector (red color) (Figs. 3
and 4; Table 1). In plan-view, seismic facies 1 is imaged as
depositional dip-elongated, wide, tortuous high-RMS bands
(Fig. 9A, B; Table 1).

Seismic facies 1 (thalweg sandy debrites) exhibits the evidence for the
deposition of the early stage of canyon or channel formation, including
its stratigraphic positions (Figs. 3, 4, and 6), the occurrence of sharp
lithological contacts at their base (panel B in Fig. 8). The characteristics
of massive structure, development of small pebbles (panels A and B in
Fig. 8), and presence of one- to two-segment grain-size distribution and
associated unimodal to bimodal grain-size distribution patterns
(Fig. 10A and B) in its lithofacies (Lithofacies 1) suggest that it is
probably the product of rapid deposition of debris flows (e.g., Shan-
mugam, 1996, 2012; Cartigny et al., 2014; Wang et al., 2024). We,

therefore, relate this seismic facies to thalweg deposits generated by
sandy debris-flow during the early stage of channel formation (Figs. 3, 4,
6, 7A, B; Table 1) (Shanmugam, 1996, 2012; Mulder and Alexander,
2001).

(2) Seismic facies 2 (mounded, middle-frequency and high amplitude
reflections) is characterized by blocky low gamma-ray patterns
are recognized in well LS1 (Fig. 5), composed of 20 to 50 m thick
medium- to fine-grained sandstones with mudstone intervals
(Figs. 6 and 7), besides, three lithofacies (Lithofacies 2, 3 and 4)
are recognized in the cores from LS1 (Figs. 6 and 7). Lithofacies 2
is made up of thick, structureless, medium to fine sandstones
(reported as sand content of 46.27-66.18 %), and differentiate
from lithofacies 1 with the lack of pebbles or plant fossils
(Figs. 6C to 6E, and 7H). This lithofacies has a medium sorting
coefficient ranging from 2.28 to 2.84 ¢ (averaging at 2.64 ¢)
(Table 2), and exhibits a bimodal grain-size distribution patterns
(Fig. 8C) and a two-segment grain-size distribution patterns
(Fig. 8D). Lithofacies 3 comprises gray, fine-grained sandstones
with widespread occurrence of different types of bedding such as
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Fig. 9. RMS attribute maps taken 20 m above the fifth-order erosional surface (Surface A shown in Figs. 3 and 4) and fourth-order erosional surfaces (Surfaces B to D
shown in Figs. 3 and 4) illustrating plan-view seismic geomorphological characteristics of thalweg sandy debrites, axial high net-to-gross turbidites, off-axial low net-
to-gross turbidites, bank failures, and internal levees recognized in the trunk submarine canyon as documented in this study. SF: seismic facies.

parallel to low-angle bedding and wavy bedding (Fig. 7A, Cto 7E,
and 7G). This lithofacies has a low sorting coefficient of 1.92 to
2.29 ¢ (averaging at 2.05 @) (Table 2), and also exhibits a
bimodal grain-size distribution patterns (Fig. 8E) and a two-
segment grain-size distribution patterns composed of a coarser-
grained fraction transported in saltation load and a finer-
grained fraction transported in suspension (Fig. 8F). Lithofacies
4 is composed of dark gray, structureless mudstones with the
occurrence of nodules and sandy clumps (Fig. 7B, F, and I).

In cross-sectional view, this seismic facies preferentially developed
along the axial part of those erosion surfaces (Figs. 3 and 4). It is made
up of vertically stacked, high amplitude, middle to low frequency,
moderate continuous to chaotic seismic reflections with channel fea-
tures, and displays an overall mounded, convex-up geometry (Figs. 3
and 4; Table 1). In the plan form, this seismic facies appears as deposi-
tional dip-elongated, narrow, tortuous high-RMS bands flanked by low
RMS bands (Figs. 9C; Table 1).

Seismic facies 2 (axial high net-to-gross turbidites) exhibits similarities
in cross-sectional geometry, characterized by a mounded, convex-
upward morphology, and planform seismic geomorphology, defined
by narrow, sinuous, high-RMS amplitude bands, consistent with sand-
prone fills reported by Janocko et al. (2013) and stacked high net-to-
gross channel axial deposits documented by Mayall et al. (2006) and
Mayall and Kneller (2021). Among the recognized lithofacies, lithofacies
2 is characterized by massive medium sandstones with an absence of fine
pebbles and a low sorting coefficient, indicative of deposition from
waning or quasi-steady, high -density turbidity currents with elevated
sediment fallout rates (cf., Bouma et al., 1962; Lowe, 1982; Kneller and
Branney, 1995; Talling et al., 2012; Cartigny et al., 2014; Li et al., 2016).
These characteristics enable the correlation of lithofacies 2 with high-
density turbidity currents, resulting in massive sandstones comprising
multiple, vertically stacked Bouma Ta divisions (i.e., high-density tur-
bidites) (Figs. 6C, D, E, and 7H). Lithofacies 3 is distinguished by a low
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sorting coefficient, finer grain size, and the prevalent occurrence of
varied bedding structures, collectively indicating deposition from low-
density turbidity currents, resulting in low-density turbidites
comprising Bouma Tb, Tc, and Td divisions (Bouma et al., 1962; Lowe,
1982; Gagnon and Waldron, 2011; Liu et al., 2016). Lithofacies 4 is
characterized by structureless mudstones, dark gray core coloration, and
sedimentary features such as nodules and sandy clumps, which are
consistent with deposition from dilute turbidity currents in deep-marine
settings (mudstones formed by dilute turbidity currents) (Fig. 7B, F, and
I) (Zavala et al., 2011; Henstra et al., 2016). The high net-to-gross ratio
of this seismic facies (Fig. 5), coupled with the interpretation of those
lithofacies, supports its interpretation as axial high net-to-gross turbi-
dites (Figs. 3 to 5; Table 1) (Janocko et al., 2013; Li et al., 2016; Mayall
and Kneller, 2021).

(3) Seismic facies 3 (subparallel, middle-frequency and moderate-to-low
amplitude reflections) appears immediately above the inner flanks
of those recognized erosion surfaces (Figs. 3 and 4). In cross-
sectional view, it is composed of moderate to low amplitude,
discontinuous seismic reflections, and show characteristics of
brighter, more semicontinuous than seismic facies 2 and gener-
ally without channel like features (Figs. 3 and 4; Table 1). In plan-
view, seismic facies 3 is imaged as amorphous, moderate- to low-
RMS accumulations, and contain more darker colored RMS
patches than seismic facies 2 (Figs. 9B to 9D; Table 1).

Seismic facies 3 (off-axial low net-to-gross turbidites) is characterized
by lower-amplitude reflectors and darker-colored RMS amplitude ac-
cumulations compared to axial high net-to-gross turbidites, occurring on
their flanks (Figs. 3, 4, 9B to 9D), suggesting a facies transition from
channel axis to channel margin. Seismic facies 3 can, therefore, be
interpreted as off-axial low net-to-gross turbidites (Figs. 3 and 4; Table 1)
(Mayall et al., 2006; Li et al., 2016; Mayall and Kneller, 2021).
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Fig. 10. (A) Three-dimensional perspective of depth structure diagram of the base of the studied canyon head illustrating plan-view morphology of the documented
tributary and trunk submarine canyons. Also shown are plan-view locations of seismic lines shown in panels B and C. (B and C) Depositional dip-oriented seismic
profile illustrating stratigraphic correlations and hierarchical relationships between tributary canyons expressed as fourth-order erosion surfaces and the trunk
canyon composed of a fifth-order erosion surface and three four fourth-order erosion surfaces. Note again that three tributary submarine canyons downstream
converge into the trunk canyon. Surface A: fifth-order erosional surface (basal bounding surface of the trunk canyon); Surfaces B to D: fourth-order erosional surfaces.

(4) Seismic facies 4 (chaotic reflections) is adjacent to the fifth-order
erosion surface, as its seismic reflectors are inclined toward
canyon walls and downlap toward the canyon thalweg (Figs. 3
and 4). In section view, it is typified by moderate- to low-
amplitude, chaotic-discontinuous, highly angled reflectors, and
displays an overall irregular-shaped cross-sectional geometry
(Figs. 3 and 4; Table 1). In the plan form, this seismic facies ex-
hibits an amorphous morphology, and is represented by low-RMS
accumulations with sporadic occurrence of high-RMS patches
(Fig. 9A and B; Table 1).

Seismic facies 4 (bank failures) displays many of the recognition
criteria typically utilized to identify mass-transported complexes (i.e.,
irregular-shaped, chaotic to discontinuous, highly angled reflectors) (e.
g., Bull et al., 2009; Janocko et al., 2013; Kremer et al., 2018). Its
stratigraphic positions adjacent to canyon walls suggest that it can be
related to collapses and/or gravitational instabilities on canyon margins
by high-energy sediment gravity flows operating within the studied
canyon. As a result, we interpret the seismic facies 4 as bank failures
(Figs. 3, 4, and 9A; Table 1).
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(5) Seismic facies 5 (wedge-shaped, middle-frequency and low amplitude
reflections) is dominated by thick mudstones with an upward
decreasing trend in GR values (Fig. 5). It appears along both
flanks of the fourth-order erosion surface, and is totally confined
within the initial incisions (Figs. 3 and 4). In cross-sectional view,
it is composed of semicontinuous to continuous, low-amplitude
seismic reflections, and decreases in thickness away from the
axis of the fourth-order erosion surface (Figs. 3 and 4; Table 1). In
plan-view, this seismic facies is imaged on RMS amplitude maps
as low-RMS accumulations (Fig. 9A; Table 1).

Seismic facies 5 (internal levees) occurs adjacent to fourth-order
erosion surfaces and surrounded by the fifth-order erosion surface,
suggesting that it was most likely formed by overspilling and delivering
fine-grained sediments onto overbank environments when submarine
channel turbidity currents exceed the confinement height of the erosion
surfaces (e.g., Hansen et al., 2015, 2017; Deptuck and Sylvester, 2017).
This interpretation is further supported by its low net-to-gross ratio
characters and the upward-coarsening pattern showing in GR logs
(Fig. 5A). It is confined totally within the initial incisions has been
referred to as “internal levees” (Figs. 3, 4, and 9A; Table 1).
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5. Discussion
5.1. Differences between trunk versus tributary canyons

As shown in the depth-domain structural map of the documented
canyon head, three tributary canyons (tributary 1, 2 and 3) downstream
merge with, and converge into the trunk canyon (Fig. 10A), which is also
documented in the depositional dip-oriented seismic profile (Fig. 10B
and C). A comparison in hierarchies between trunk versus tributary
canyons suggests that the trunk canyon is characterized by the presence
of two types of stratigraphic surfaces, a larger morphology, and by a
higher hierarchical level (Figs. 3 and 4). Whereas tributary canyons are
characterized by a lack of the fifth-order erosion surfaces, a smaller
morphology, and by a lower hierarchical level (Figs. 10 and 11). The
trunk canyon is characterized by a more complex depositional style
(Figs. 3 and 4 versus 11), containing five main depositional facies, and
are composed of multiple laterally migrated and vertically nested fining-
upward facies successions, each of which comprises thalweg sandy
debrites in the lower part, grading upward into axial high net-to-gross
turbidites or off-axial low net-to-gross turbidites and, finally, into
bank failures or internal levees (Figs. 3, 4 and 5). Tributary canyons, in
marked contrast, are characterized by vertical stacked pattern with the
lack of internal levees, and consist of a single fining-upward facies
succession (Fig. 11). This demonstrates that the trunk canyon went
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through multiple phases of canyon cut, fill and abandonment, while
tributary canyons were buried after one phase (e.g., McArthur and
McCaffrey, 2019).

5.2. Evolution of the tributary and trunk canyons

Evolution of the tributary and trunk canyons recognized in the
Central Submarine Canyon head are summarized, as shown in the
regional RMS attribute maps and their corresponding interpretations
(Figs. 12 and 13). The trunk canyon developed firstly, fostered more
sandy depositional architectures comprising thalweg sandy debrites,
axial high net-to-gross turbidites and some off-axial low net-to-gross
turbidites (Fig. 12). While, less muddy depositional architectures
developed during this stage, only several bank failures were locally
recognized (Fig. 12). This suggests that gravity flows were frequent and
transported substantial volumes of sediment during this stage (Maier
et al., 2018).

Three nearly east-west oriented tributary canyons formed and
downstream converge into the trunk canyon, evolving in a tree branch-
like network in the second stage (Figs. 10A and 13). Sandy depositional
architectures mainly developed in the tributary canyons (i.e., thalweg
sandy debrites, axial high net-to-gross turbidites and off-axial low net-
to-gross turbidites), while muddy depositional architectures (internal
levees) are widely recognized in the trunk canyon (Fig. 13). This may
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Fig. 11. Depositional strike-view seismic traverse across the studied submarine canyons (see its plan-view location in Fig. 1B) and corresponding sedimentological
interpretations illustrating hierarchies and architectures of tributary canyons. Note that each tributary canyon contains only a fourth-order erosional surface, less

depositional facies, and lack internal levees. SF: seismic facies.
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Fig. 12. (A) Representative RMS amplitude attribute map (see its plan-view location in Fig. 1B) taken 40 m above the base of late Miocene Huangliu Formation (T40)
and (B) its interpretation illustrating geomorphological expressions of the development of the canyon head and its internal architectures during the first stage. Note

that no tributary canyons developed during this stage.

attribute to a decrease in energy and volume of gravity flows (Cronin
et al., 2005; Bernhardt et al., 2015; McArthur and McCaffrey, 2019), as
those erosional surfaces developed in this stage are narrower and shal-
lower (Surfaces C and D shown in Figs. 3 and 4), and sandy depositional
architectures mainly developed in tributary canyons (Fig. 13). Similar
infill characteristics have also been reported in other submarine canyons
(e.g., Cronin et al., 2005; Mountjoy et al., 2009).

During the second stage, tributary canyons initiated later than the
trunk canyon, as evidenced by the trunk canyon cut through the basal
bounding surface (T40) while the tributary canyons do not (Figs. 3, 4,
and 11); the depth of basal surfaces of tributary canyons are higher than
the basal bounding surface of the trunk canyon (Fig. 10A). Considering
the paleotopography of the Qiongdongnan Basin, which gradually
deepens from west to east (Xie et al., 2008; Chen et al., 2015; Zhao et al.,
2018). It is inferred that this development process resulted from the
tributary canyons eroding downstream and merging into the early-
formed trunk canyon (Figs. 1B and 13), which is in agreement with
the mechanism suggested by Shepard (1981), Pratson et al. (1994) and
Pratson and Coakley (1996).
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5.3. Implications

As a representative type of submarine canyon head, dendritic sub-
marine canyon head has been well documented in terms of its distinctive
geomorphic characteristics, as well as its geomorphic variations of
tributary and the trunk canyons (Garcia et al., 2006; Tubau et al., 2013;
Bernhardt et al., 2015; Puig et al., 2017), whereas describing the sedi-
mentary infillings and their variations from the tributary to trunk can-
yons remain few reported (Cronin et al., 2005; Gamberi et al., 2017;
Maier et al., 2018). Observations and results derived from the present
study highlight the depositional architectures and corresponding evo-
lution of the dendritic submarine canyon head, reveal the variation of
the hierarchical framework and architectural properties that distinguish
the tributary canyons from the trunk canyon, therefore, these insights
contributing to a better understanding of the sedimentary architectures
and evolution of dendritic submarine canyon head.

6. Conclusions

High-resolution 3-D seismic data tied to well-log, core, and grain-size
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Fig. 13. (A) Representative RMS amplitude attribute map (see its plan-view location in Fig. 1B) taken 160 m above the base of late Miocene Huangliu Formation
(T40) and (B) its interpretation illustrating geomorphological expressions of the development of the canyon head its internal architectures during the second stage.
Note that three tributary submarine canyons oriented from the northwest downstream converge into the trunk canyon.

data from the head of Central Submarine Canyon in late Miocene
Qiongdongnan Basin are utilized to investigate the variations of hier-
archies and architectures between trunk versus tributary canyons, and
their evolution.

Two types of stratigraphic surfaces and five types of depositional
elements including thalweg sandy debrites, axial high net-to-gross tur-
bidites, off-axial low net-to-gross turbidites, bank failures, and internal
levees are recognized in the studied trunk and tributary canyons within
the canyon head region. Among them, thalweg sandy debrites are
composed of massive coarse sandstones with pebbles, axial high net-to-
gross turbidites mainly consist of structureless coarse sandstones and
fine-grained sandstones with various bedding, both of which are most
sand-rich sedimentary facies in the canyon head.

The comparison of the documented trunk and tributary canyons
suggests that the trunk canyon is distinguished from tributary canyons
by a more complex depositional style expressed as the occurrence of
internal levees and multiple fining-upward facies successions.

The studied canyon head evolved through two stages, an early stage
with only the development of the trunk canyon, followed by a later stage
in which three individual tributary canyons downstream converged into
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the trunk canyon to form a dendritic canyon head. This evolutionary
process is the result of downstream erosion by tributary canyons under
the control of paleo-topography.
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