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Key Points:

e The submarine canyons on the continental slope of Okinawa Trough began to develop in the early
Pleistocene (< 1.8 Ma), and continued to develop even today.

e The canyons are mainly related to the gravity flow, syngenetic fault, sea-level eustacy, and methane
seepage associated with hydrate dynamic accumulation.

e A coupled model with four evolutional stages for submarine canyons associated with methane seepage
related to gas hydrate dynamic accumulation was established..

Abstract

Submarine canyons are of great significance to understand the transport mechanism of terrigenous clastic
materials to deep sea and the deep-sea sedimentary dynamic process. In this study, the spatiotemporal
framework of stratigraphic sequence in the central and southern slopes of the Okinawa Trough was estab-
lished, and the geomorphological and erosional-depositional features of submarine canyons were analyzed
detailedly. The submarine canyons on the continental slope of Okinawa Trough began to develop in the
early Pleistocene (< 1.8 Ma), and continued to develop even today. The canyons could be divided into three
parts along the axial direction: head, upstream, and downstream. The head of the canyon was mostly inher-
ited from the ancient incised valley developed on the outer continental shelf during the last glacial maximum
(LGM). The canyon channel was filled with multi-stage turbidites and mass transport deposits (MTDs). The
seismogeologic characteristics, such as the MTDs associated with the bottom simulating reflectors (BSRs),
the imbricated, twisty or chaotic seismic reflections, the liquefaction deformation structures, the fluid trans-
port channels, and the gaps that indicate methane escaping on the side walls, and the truncated relationship
between the BSRs and the submarine canyons all indicate that there is a complex relationship between the
submarine canyons and the methane seepage associated with gas hydrate in the Okinawa Trough. Finally,
a coupled model with four evolutional stages for the submarine canyons was established.

1 Introduction

Submarine canyons are an important transport channel for sediments from source to sink (de Stigter et al.,
2011; Xu, 2013; Xu et al., 2014; Su et al., 2014; Tubau, et al., 2015; Bozzano et al., 2020; Liu et al., 2020),
which control the transport and accumulation of terrigenous clastic material from land to deep sea (Shepard,
1981; Wu & Sakamoto, 2001; Harris & Whiteway, 2011). As an important part of deep-water sedimentary
system, the formation and evolution of submarine canyons also record crucial geological information about
the regional sea-level eustacy, climate change, and tectonic activities (Wang et al., 2011, 2015a; Xie et al.,
2012; Voigt et al., 2013; Gao & Collins, 2014; Han et al., 2017). Meanwhile, due to the vibrant hydrodynamic
conditions of turbidity currents, submarine canyons have become an important carrier and potential inducer
of submarine landslide hazard (Webster et al., 2012; He et al., 2014; Sun et al., 2018; Nazarian et al., 2021).

The formation of submarine canyon often undergoes a long evolutionary process and influenced by many
factors (Han et al., 2010; Gong et al., 2011; Su et al., 2014), such as tectonic activity (earthquake, volcanism,
fault, and diapir; Wu & Sakamoto, 2001; Chiang & Yu, 2006; Yu & Hong, 2006; Ding et al., 2013; Yang &
Van Loon, 2016; Han et al., 2017), climate change (sea-level eustacy, typhoon, and sediment supply; Huh et
al., 2009; Ding et al., 2013; Xu, 2013; Tubau et al., 2015), and deep-sea sedimentary process (gravity flow
and contour current; Xie et al., 2008; Han et al., 2010; Xu, 2013). Tectonic dynamic shapes the topography
of continental margins from shelf to slope, and provides favorable topographic conditions for the development
of submarine canyons (Normandeau et al., 2015). Especially, the faults break the bedrock and induce gravity
flow to preferentially erode the fractured zone, which ultimately affects the canyon path (Chiang & Yu, 2006;
Xu et al., 2014). Although accidental earthquakes and volcanic activities cannot exert continuous influence
on submarine canyons, they provide abundant pyroclastic sources for gravity flow and are one of the main



factors that induce mass flow and turbidity erosion in the canyon (Wu & Sakamoto, 2001; de Stigter et al.,
2011). The erosion of mass-flow or turbidity current on shelf and slope are considered as the most important
mechanisms for the formation and evolution of submarine canyons (Xu, & Noble, 2009; Harris & Whiteway,
2011; Xu et al., 2013; Lo Iacono et al., 2014; Su et al., 2014). Additionally, the numerical simulation also
proves that the headward erosion of gravity flow plays a key role in the formation of submarine canyons
(Harris & Whiteway, 2011; Xu, 2013; Lo Iacono et al., 2014). Notably, the global sea-level fall caused by
the Quaternary glacial cycle is of great significance to the development of submarine canyons (Harris &
Whiteway, 2011; Gong et al., 2011; Su et al., 2014; Xu et al., 2014; Tubau et al., 2015). For example, along
with the ancient sea level dropped to the current water depth of 120-150 m during the LGM (Lambeck &
Chappell, 2001; Li et al., 2014), the East China Sea continental shelf was exposed and eroded extensively,
and subsequently, terrestrial rivers extended and carried a large amount of sediment directly to the shelf
edge (Li et al., 2004, 2014). The rapid supply of sediment induced mass instability and formed an erosive
turbidity flow downward along the continental slope, which caused canyon downcutting (Gao & Collins,
2014; Lo Iacono et al., 2014; Li et al., 2014; Xu et al., 2014; Yin et al., 2015). However, for the slope rich
in gas hydrates, it is more important that the changes of temperature and pressure caused by sea-level fall
will induce the large-scale decomposition of hydrates (Song et al., 2003; Wu et al., 2009; Nakajima et al.,
2014). And the subsequent escape and leakage of methane-bearing fluid to the seabed can trigger slope
instability and induce turbidity currents, which promotes the formation of submarine canyons, even leading
to large-scale submarine landslides (Wu et al., 2011; Nakajima et al., 2014; Li et al., 2016). Some researchers
believe that methane fluid leakage is the main cause of the formation of blind canyons (Orange & Breen,
1992).

Submarine canyons and methane seepages associated with gas hydrates are the most important geological
features of the Okinawa Trough (Luan & Qin, 2005; Liu et al., 2005; Li, 2008). The submarine canyons are
mainly developed on the central and southern continental slopes of the Okinawa Trough, all of which are
shelf-incising canyons (whose heads are not connected to a terrestrial river) or slope-confined canyons (blind
or headless canyons) (Li, 2008; Zhao et al., 2011; Wu et al., 2014). Liu et al. (2005), Li (2008), and Zhao
et al. (2011) believed that faults are the dominant factor that control the formation and distribution of
submarine canyons on the continental slope of the Okinawa Trough, which explains the genesis of submarine
canyons associated with fault. However, the submarine canyons unrelated to faults and the discovery of
gravity flow deposition inside the canyons show that the role of gravity flow in the formation and evolution
of submarine canyons cannot be ignored (Li et al., 2001; Liu et al., 2005; Zhao et al., 2009; Li et al., 2019).
Many geological and geophysical indicators for methane-bearing fluid seepage related to gas hydrate in the
Okinawa Trough have been reported, such as methane leakage and associated cold seep carbonate (Luan &
Qin, 2005; Sun et al., 2015; Li et al., 2018a; Guan et al., 2019; Wang et al., 2019; Zhang et al., 2020; Cao
et al., 2020; Li et al. 2021a, 2021b), mud diapir and volcano (Zhao et al., 2006; Xu et al., 2009), methane
anomaly in pore water, water column and even sediments (Lu et al., 2003; Li, 2008; Wang et al., 2015b; Li
et al. 2015; Xu et al., 2018, 2020; Zhang et al., 2020), and bottom simulating reflectors (BSRs; Luan et al.,
2008; Xu et al., 2009, 2012; Chen, 2014; Li et al., 2019). Notably, some methane seep sites and associated
cold seep carbonates had been successfully discovered on the northern slope of the Okinawa Trough using
remotely operated underwater vehicle (ROV; Wang et al., 2019; Cao et al., 2020; Zhang et al., 2020; Li
et al., 2021a). The extremely negative carbon isotopic and positive oxygen isotopic compositions of the
cold seep carbonates suggest that the carbon in the carbonates was mainly derived from biogenic methane
coupled with sulfate-dependent anaerobic oxidation of methane and the fluid flow from which carbonate
precipitated is sourced from dissociation of gas hydrates (Wang et al., 2019; Cao et al., 2020). Cao et al.
(2020) proposed that during sea level fall in the late Pleistocene (22.8-55.7 ka BP), gas hydrate decomposed
and released extensive methane, resulting in the precipitation of cold seep carbonate. Nakajima et al. (2014)
linked the origin of the Joetsu Knoll submarine canyon in the Sea of Japan to the pockmark formed by
the decomposition of gas hydrates during the LGM and believed that the submarine canyon formation is
the result of turbidity erosion caused by the overflow of methane-bearing sand or mud fluid during the
formation of the pockmark. For the submarine canyons developed on the continent slope of the Okinawa
Trough, which are far from the estuary of continental rivers, when and why they started to form will be the



focus of this paper. Furthermore, whether the formation and evolution of submarine canyons are related to
the methane-bearing fluid activity associated with gas hydrate, is also an issue that we attempt to clarify.
However, so far, the lack of observation data and drilling sample are still the biggest obstacle to understand
this scientific problem.

In this paper, we have carried out a detailed study of seismic stratigraphy, geomorphology, and seismosedi-
mentology using reflection seismic profiles, well logging, and topographic data. The sequence stratigraphic
framework in the continental slope of the Okinawa Trough was established, and consequently, the startup
times of the submarine canyons was determined. Through the analysis of seismosedimentological characteris-
tics and controlling factors of submarine canyons on the continental slope of the Okinawa Trough, we boldly
gave a new and potential genetic model of submarine canyons related to gas hydrate dynamic accumulation
due to the Quaternary glacial-interglacial cycle. Our work is not only useful for understanding the genetic
mechanism of submarine canyons, but also of great significance to the prediction and exploitation of gas
hydrate in the future.

2 Geological setting

The Okinawa Trough is located to the east of the continental shelf of East China Sea and in the west of
the Ryukyu Island Arc. It connects with Yilan County of Taiwan in the southwest and Kyushu Islands of
Japan in the northeast. The Okinawa Trough and East China Sea Shelf Basin (ECSSB) are separated by the
Diaoyu Islands uplift-fold belt. The Okinawa Trough is an important part of the trench—arc—basin system
in the western Pacific active continental margin and is still an active back-arc extensional basin (Figure
1). Separated by the NW-trending Tokara and Miyako faults, the trough is divided into three segments:
northern, central, and southern parts, which show the “wide”, “hot”, and “deep” features, respectively (Hao
et al., 2004; Luan & Qin, 2005; Xu et al., 2012; Wu et al., 2014). The northern section of the Okinawa Trough
is NNE-trending, with a width of 230 km and water depth of 200-1000 m (Wu et al., 2014), and filled with
thick Miocene—Quaternary strata (Li et al., 2004, 2019). The central section is NE-trending, with a water
depth of 1000-2000 m (Wu et al., 2014), and is characterized by high heat flow, high geothermal gradient,
and strong hydrothermal and earthquake activities (Luan et al., 2008; Xu et al., 2012). Its average heat flow
is 590 mW/m? (Xu et al., 2009, 2012). The southern section is NEE-EW-trending, with the deepest water
depth over 2000 m (Wu et al., 2014), and has the highest degree of crust extension, with crust thickness of
only 15 km in the Yaeyama Graben (Hao et al., 2004; Zhang & Shang, 2014). Submarine magnetic anomaly
belts and polarity events, such as the Brunhes, Jaramillo, and Olduvai polarity reversals, indicate that the
southern trough has entered the stage of sea-floor spreading and oceanic crust forming (Zhang & Shang,
2014).

For the East China Sea Shelf Basin with abundant hydrocarbon resources, petroleum geologists had deter-
mined the stratigraphic sequence of the basin (formations of Yueguifeng, Lingfeng, Mingyuefeng, Oujiang,
Wenzhou, Pinghu, Huagang, Longjing, Yuquan, Liulang, Santan, and Donghai; Figure 2; Zhang et al., 2014;
Zhang & Zhang, 2015; Liu et al., 2020) and defined the corresponding seismic reflection interfaces (Tg, T1o,
T12, T16, T20, T30, Tao, Tso, Tso, Tss, Too, and Tigo; Figure 2) among which To, Ti2, Tao, T30, Tso,
Tss, and Tygp were all regional unconformities (Zhang et al., 2014; Zhang & Zhang, 2015; Liu et al., 2020),
comprehensively using seismic and well data. This provided an important basis for stratigraphic tracking
in the continental slope of the Okinawa Trough (Li et al., 2019). Li et al. (2004) and Li (2008) iden-
tified two regional unconformities (equivalent to the Quaternary bottom boundary (Ty) and the Pliocene
bottom boundary (Ti¢) in the East China Sea Shelf, respectively) and divided five seismic sequences (Ua,
Ub, Uec, Ud, and Ue) in the Okinawa Trough using seismic and shallow seismic profiles. Moreover, they
interpreted the sedimentary strata from top to bottom as: the argillaceous silt, semi-deep-sea turbidite, and
clay of Holocene; shallow marine terrigenous sand, semi-deep-sea mud, and tuffaceous mud of Pleistocene;
dolomitic mudstone, sandstone, and volcanic rocks of Pliocene; and transitional sandstone, mudstone, and
tuff of Miocene (Li et al., 2004; Li, 2008). However, Luan et al. (2008) only used reflection seismic to divide
the sedimentary strata in the continental slope of the Okinawa Trough into five seismostratigraphic units
(A-E) which were speculated as the sedimentary formations of Late Miocene—Quaternary (A), Oligocene—



Miocene (B-C), Eocene (D), and Paleocene (F), respectively. Li et al. (2019) tracked the stratigraphic
distribution from the East China Sea Shelf Basin to the continental slope using sequence stratigraphic and
well-seismic calibration technologies. They identified six sequence boundaries and finally determined that
the oldest strata deposited in the continental slope of the Okinawa Trough was the Lower Miocene formation,
or even earlier (Li et al., 2019).

The Okinawa Trough is the result of the interaction of subduction, collision, back-arc spreading between the
Pacific—Philippine Sea Plate and the Eurasian Plate, and the far-field effect of convergence, collision, and
wedging between the Indian—Australian plate and the Eurasian plate (Li et al., 2007, 2013; Hall, 2012). In
the Late Cretaceous, the Pacific Plate subducted under the Eurasian Plate in the NNW- direction, and the
subduction angle gradually increased to 80° (Li & Zhou, 1999). The high-angle subduction and rollback of
the plate made the Pacific subduction zone retreat and jump eastward (Li et al., 2007, 2013; Hall, 2012).
Then, the East China Sea Shelf rifted into a NE-trending half-graben (Liu et al., 2004; Zhang et al., 2014; Liu
et al., 2020), forming the prototype of the ECSSB. In the Cenozoic, with the retreat of the Pacific Plate and
the uplift of the Qinghai-Tibetan Plateau, the ECSSB continuously back-arc rifted until the end of Oligocene
and was filled with thick Paleogene strata (Li et al., 2013; Zhang et al., 2014; Liu et al., 2020). After the
formation of the Shikoku—Parece Vela Basin in the Middle Miocene, the Pacific subduction zone jumped
from the Ryukyu Island Arc to the Izu—Bonin—Mariana Trench, and the Okinawa Trough began to back-
arc spreading, which caused the Ryukyu Island Arc to break away from the East Asia continental margin
(Li et al., 2013). At this time, the ECSSB had entered depression stage. Since then, the Okinawa Trough
continuously back-arc rifted. The discovery of pillow basalt in the central and southern trough indicates
that the mantle-derived material has been directly exposed to the seabed (Hao et al., 2004; Zhang & Shang,
2014).

3 Data set and method

Six 2D reflection seismic profiles (inline L1-L5 and crossline L6) across the continental shelf and slope of
the East China Sea, logging data of Well A (located on the seismic line L1), digital elevation model (DEM),
seabed temperature, heat flow, and paleontological chronostratigraphic data of the ECSSB constitute the
data set of this study. The total length of 2D seismic lines is about 2390 km, and the dominant frequency
ranges from 20 HZ to 30 HZ. The resolution of these seismic data used for submarine canyons is between
12-18 m. Well A is located in the ECSSB and reveals Oligocene-Quaternary strata sequence (Huagang,
Longjing, Yuquan, Liulang, Santan, and Donghai formations, from bottom to top). Although we published
the sequence stratigraphic results of seismic line L1 (Li et al., 2019), based on seismogram synthesizing and
horizon calibrating, we further revised and tracked the sequence stratigraphic boundaries on seismic line
L1-L5 from the East China Sea Shelf to the Okinawa Trough. Sequentially, we established the isochronous
stratigraphic framework of the study area and determined the age of stratigraphic boundaries on the seismic
profiles, based on the comparison and revision of the biostratigraphic data of the East China Sea Shelf Basin
(Wu et al., 1998a, 1998b; Zhong et al., 2006), the 2009 geologic time scale (Walker & Geissman, 2009), the
updated international chronostratigraphic chart (v2017/02; Cohen et al., 2013), and magnetostratigraphic—
biostratigraphic—chronostratigraphic sequence stratigraphic results (Haq et al., 1987).

As the age and magnetic chronology of the stratigraphic boundaries were slightly different in the chronostra-
tigraphic tables published in different years or by different researchers, and the international chronostratigra-
phic chart (v2017/02; Cohen et al., 2013) did not provide the magnetic chronology, we firstly assumed that
the magnetic chronology in the 2009 geologic time scale (Walker & Geissman, 2009) is consistent with the
stratigraphic division in the International Chronostratigraphic Chart (v2017/02; Cohen et al., 2013). Then,
based on the sparse stratigraphic ages provided by the international chronostratigraphic chart (v2017/02;
Cohen et al., 2013), the ages of magnetic polarity zones in the 2009 Geologic Time Scale (Walker & Geiss-
man, 2009) were determined using interpolation method. Sequentially, the ages of stratigraphic boundaries,
sequence boundaries, and biostratigraphic zones provided by Haq et al. (1987) were revised using the new
ages of magnetic polarity zones calculated from the previous step. Finally, based on the paleontological and
lithostratigraphic data of the ECSSB (Wu et al., 1998a, 1998b; Zhong et al., 2006; Xie et al., 2014) and its



revision with the result of Haq et al. (1987), we established the Cenozoic chronostratigraphic table applicable
to the East China Sea region (Figure 2). The ages of stratigraphic boundaries and sequence boundaries in
Haq’s eustatic curve were also determined.

The principle and method implemented for sequence stratigraphy analysis were as follows: (1) By comparing
the lithostratigraphic, paleontological, and logging data of Well A with the chronostratigraphic table of
the East China Sea, we firstly determined the ages of the stratigraphic boundaries of Well A; (2) Using
the density and acoustic logging data of Well A, a synthetic seismogram that used for the seismic horizon
calibration on line L1 was made. Then, based on our previous research results (Li et al., 2019) and the
Cenozoic chronostratigraphic table (Figure 2), we further revised and redetermined the geological horizons
and ages of the seismic reflection interfaces (e.g., seafloor, T¢, T19, T12, T16, T20, T30) on the line L1. And
finally, the isochronal seismic stratigraphic framework on line L1 was established (Figure 3). In addition,
the Trgum interface [the maximum regressive surface formed by the rapid sea level fall in the East China
Sea during the LGM (23 kyr B.P.)] was determined by the identification of a set of regressive parasequence
groups and a series of backstepping onlap points on the seismic profiles due to the sea level rise after the
LGM (Figure 4); (3) The seafloor, Tram, To, T1i0, Ti2, T16, T20, T30, and Ty on the inline L1 were tracked
from shelf to slope by using seismic wave parameters, such as frequency, amplitude, seismic event continuity,
reflection termination styles, internal structure, and external geometry of seismic reflection units. Then, the
seismic horizons on the inline L1 were tracked to the L2, L3, L4, and L5 inlines through the crossline L6.
And finally, the isochronal stratigraphic framework of the Okinawa Trough was established. Notably, the
T12, Tis, Ta0, T30, and T, interfaces on the seismic profiles could not be tracked continuously from the shelf
to the slope due to the Diaoyu Island Uplift. These seismic interfaces were identified based on the theory and
method of sequence stratigraphy. They were comprehensively determined by identifying the unconformities
(or its corresponding correlative conformities) and reflection termination symbols (onlap, downlap, toplap,
truncation, offlap, progradation, retrogradation, incision, and marine erosion) of the 4'"-order sequence
boundaries, such as maximum regressive surface, basal surface of forced regression, and maximum flooding
surface, as well as the spatial characteristics and superimposed styles of lowstand systems tract (LST),
transgressive systems tract (TST), highstand systems tract (HST), and falling stage systems tract (FSST;
Figure 4). The terminology of sequence stratigraphy and sedimentology used in this study mainly refers to
the concepts and principles of Haq et al. (1987), Hunt & Tucker (1995), and Catuneanu (2002).

The spatial resolution of DEM was 1’. The geomorphological factors, such as elevation, slope, and aspect
ratio, were calculated using the ArcGIS software. Considering the low resolution of the DEM, the multi-
beam sounding data and topographic maps obtained from Liu et al. (2005), Li (2008), and Wu et al.
(2014) were referenced to analyze the geomorphological characteristics of submarine canyons on the slope of
the Okinawa Trough. The sea floor heat flow and temperature data are derived from the global heat flow
database (http://www.ihfc-iugg.org/products/global-heat-flow-database/data) issued by the International
Heal Flow Commission. In addition, partial sea floor temperature data are derived from Luan et al. (2008)
and Xu et al. (2012).

4 Results
4.1 Sequence stratigraphy

Based on previous research results (Li et al., 2004; 2019; Luan et al., 2008; Li, 2008) and the Cenozoic
chronostratigraphic table of the East China Sea (Figure 2), nine unconformities and sequence boundaries,
such as Seafloor, Trgm (23 kyr B.P.; Mix et al., 2001; Li et al., 2014), Ty (1.8 Ma), Ty (6.0 Ma), T12 (11.02
Ma), T16 (16.12 Ma), Tao (23.03 Ma), T3 (33.9 Ma), and T, were finally determined on the seismic profiles
(Figure 3) across the East China Sea Shelf and Slope comprehensively using the horizon calibration of a
synthetic seismogram of Well A, seismic boundaries tracking, and identification of sequence structure style.
Six sequence boundaries, such as Seafloor, Tyam, To, T10, T12, and T4 were developed on the slope of the
Okinawa Trough (Figures. 4a and 4b). The filling strata were divided into five 3'4-order sequences (SQIII
1-SQIIT 5). The sequence SQIII 4 consisted of four parasequence units (systems tract), such as LST, TST,
HST, and FSST, while the SQIIT 5 consisted of only LST and TST. The FSST at the top of SQIIT 4 was



characterized by a wedge-shaped and stepping-down progradation reflection unit towards the trough basin,
which reflected the sedimentary migration stages controlled by sea-level fall. Thus, a regressive unconformity
(TLgm) which can be tracked in the whole region was formed (Figure 4). The lower Miocene strata may
also have deposited on the slope, but its reflection characteristics were fuzzy, discontinuous, and difficult to
track.

Tracking from L1 to L2, L3, L4, and L5 lines, we found that the Diaoyu Island fold-uplift had an increasing
influence on the sedimentary structure of the slope from north to south. Only three unconformities and
sequence boundaries, such as Seafloor, Tram (23 kyr B.P.), and T (1.8 Ma) were effectively determined
on the southernmost seismic line L5. The Ty (6.0 Ma), Ti2 (11.02 Ma), and Ty (16.12 Ma) surfaces
were further determined using the sequence scale, grade, and growth cycle by compared with other seismic
lines. Stratigraphic sequence tracking from north to south showed that the Okinawa Trough started to be
rifted in the Early Miocene affected by the subduction of the Philippine Sea Plate (Li et al., 2013). The
northern trough was firstly rifted and therefore, filled by thick Miocene—Quaternary strata. Until the Late
Miocene—-Pliocene, as the rifting center migrating to the southern trough, the Okinawa Trough evolved into
a unified basin. The southern trough was only filled by the Pliocene and Quaternary strata (Li et al., 2004;
Wu et al., 2014).

Seismic interpretation showed that line L2 extends across submarine canyon C4, which has developed since
the Early Pleistocene (<1.8 Ma). Along with the progradation of the continental slope, the canyon channel
gradually migrated to the SE (Figure 4b), and then, moved to the present location after the LGM. It can
be inferred that, during the LGM, the ancient river channel on the East China Sea Shelf transported a large
amount of clastic materials to the submarine canyon C4. Following the deposition of the clastic materials,
the downcutting rate of the canyon decreased, resulting in channel filling.

The stratigraphic sequence of line L5 indicated that the submarine canyon C6 started to develop during the
LGM (Figures 5a, 5b, 5e, and 5f). Its formation and evolution were mainly controlled by the syndepositional
fault developed in the SE-wing wall of the canyon. Line L3 extends across the head of the submarine canyon
C5 and its branch C5-1 (Figures 5c¢ and 5d), while line L4 extends across the branch C5-2 (Figures 5g and
5h). The stratigraphic sequence of lines L3 and L4 shows that the canyon system C5 was formed during the
LGM, or even earlier (Middle Pleistocene). In addition, two juvenile submarine canyons were seen on line
L4 (Figure 5e) which are mainly controlled by the active faults that cut through the seafloor.

In conclusion, submarine canyons on the continental slopes of the central and southern Okinawa Trough
began to develop in the Early Pleistocene (< 1.8 Ma) and further evolved after the LGM. The canyon
survival time spans two sequence cycles of SQIII 4 (1.8-0.023 Ma) and SQIII 5 (0.023-0 Ma) (Figure 4).
Some submarine canyons may have migrated or even disappeared due to the climate changes during the
glacial-interglacial cycle.

4.2 Geomorphological features of submarine canyons

There are many submarine canyons and valleys of different scales and shapes on the central and southern
slopes of the Okinawa Trough (Liu et al., 2005; Li, 2008; Li et al., 2019; Wu et al., 2014). As mentioned
above, the canyons were mainly formed in the Quaternary period. During the LGM, the sea-level in the
East China Sea dropped to the current water depth of 135-150 m, which caused the continental shelf to be
completely exposed and denuded, and finally led to the formation of the regional unconformity interfaces
(TLgm). This also provided favorable provenance and hydrodynamic conditions for the development of
submarine canyons (Gao & Collins, 2014; Li et al., 2014; Wu et al., 2014). The submarine canyon showed
typical erosional-depositional structures, with obvious down-cutting truncation at the bottom on reflection
seismic profiles. It was characterized by irregular V-shaped or U-shaped with different terrain height. Small
secondary-sequence surfaces developed in the interior of these canyons (Wu et al., 2011; Su et al., 2015).

The slope gradient map extracted from the DEM (Figure 6) indicates that the average slope gradient of the
Okinawa Trough gradually increases from north to south. The slope gradient of the northern slope ranged
from 0.5deg to 2deg, and the slope gradient of the central slope was mainly between 0.5-10deg. The slope



gradient of the transition zone between the central and the southern slopes increased to 2—15deg. However,
the slope gradient of the southern slope decreased to 0.5-10deg. On the map, ten large-scale submarine
canyons (C1-C10) was identified.

In this study, two large-scale submarine canyons (C5 and C6) in the central slope of the Okinawa Trough
were selected for geomorphological analysis (Figure 7). The submarine canyons C5 and C6 were separated
by a submarine plateau on the slope. The lengths of canyons C5 and C6 from the shelf break (water depth
180-200 m) to the bottom of the Okinawa Trough (water depth 1800 m) were about 90 km and 73 km,
respectively. Their structures can be divided into three parts: head, upstream, and downstream (Figures 7c
and 7e). From the head to downstream area, the canyon gradually changes from near SN-trending to NW-
trending or NWW-trending. The submarine plateau partly affected the extension direction of submarine
canyons. The canyon head is V-shaped and gradually transits to an irregular V-shaped or U-shaped structure
with a wider canyon shoulder or a U-shaped structure with a wider canyon floor. The canyon downstream
was mostly dish-shaped or dustpan-shaped (Figures 7d and 7f). The submarine canyons C5 and C6 are
the meandering shelf-incising canyons not connected with a river whose heads have retrogressively eroded
into the East China Sea Shelf. Branching channels were common at the head and upstream of the canyons
(Figures 7a and 7b).

On the topographic profile along the thalweg of canyon C6, the bottom configuration slope presents two steps
(Figure 7¢). The maximum shoulder width of C6 ranged from 9 km-20 km (Figure 7d), and the maximum
undercutting depth at the transition zone between the head and the upstream reached 900 m. The slope
gradient of the side wall at the canyon head ranged from 0.5deg to 7.4deg, and the slope gradient of the
upstream was between 1.5-9.1deg. The slope gradient of the downstream gradually decreased, mostly to
less than 3deg. Notably, there was a long and narrow natural levee (of 35 km length) on the NE-side in the
downstream channel of canyon C6. The topographic height difference was 100-170 m across the channel,
and the slope gradient of the NE-side wall was higher than that of the SW-side wall (Figures 7b and
7d). The seismic profile indicated a parallel-subparallel reflection structure with medium-high continuity
and medium-strong amplitude (Zhao et al., 2008), reflecting the characteristics of fine-grained overbank
sediments at the end of the canyon. The reason that the overbank sediments formed on the NE-side of the
channel is speculated to be the combined effects of Coriolis force and the Kuroshio movement from south
to north (Li et al., 2014, 2019), which preserved the turbidity sediments effectively in the NE-side of the
channel.

The submarine canyon C5 has many branches (e.g. C5-1 and C5-2). However, the connectivity between the
branch channel and the main channel was still unclear (Figures 7a and 7b). The maximum shoulder width
of canyon C5 was 7-19 km (Figure 7f), and the incised depth was 40-430 m. The slope gradient at the
canyon head ranged from 0.1deg to 6.4deg. The slope gradient at the canyon upstream was 0.3deg—4.8deg,
while the slope gradient at the canyon downstream was less than 2deg. The thalweg profile showed that the
bottom configuration descended in three steps (water depths were 180-610 m, 610-1200 m, and 12001800
m, respectively; Figure 7e).

4.3 Erosional-depositional texture in submarine canyons

On the seismic line L4, the canyon head of C6 is V-shaped. The seismic reflection with medium amplitude
and medium continuity at the canyon bottom represents turbidite channels, while the seismic reflection
with weak amplitude, low continuity at the middle part represents the mass transport deposits (MTD)
(Figures e and 5f). The ancient sea-level in the East China Sea dropped to the current water depth of
120-150 m during the LGM, which caused the East China Sea Shelf to be exposed and eroded. Affected
by the rejuvenation of the rivers, many incised channels developed on the shelf edge (Li et al., 2004, 2019).
According to the morphological structure of the canyon and its downcutting position, the head of the canyon
C6 justly developed from these channels.

The seismic line L5 shows that the canyon C6 is dustpan-shaped, with steep SE-side-wall and gentle NW-
side-wall. The morphological structure of the canyon is obviously controlled by a normal fault paralleling



or obliquing to the canyon strike (Figures 5a and 5b). Within the canyon, only two complexes of turbidity
current channels could be identified, which are mainly characterized by layered seismic reflections with
medium-strong amplitude and medium continuity. The maximum downcutting depth of the canyon was
found to be consistent with the Trgy surface (Figures. 5a and 5b). However, five-six large-scale MTDs were
identified in the canyon, which were characterized by layered or progradation reflections with weak amplitude
and medium continuity. Besides, imbricated seismic reflections due to gravitational sliding and compressional
deformation were also observed (Figures. 5a and 5b). The dustpan-shape and internal structure of the
canyon C6 indicated that it was jointly controlled by gravity flow and seabed subsidence caused by the
syndepositional fault dragging on the SE-wing (Liu et al., 2005; Li, 2008; Zhao et al., 2011). Therefore, the
bottom boundary of the canyon C6 was not exactly the downcutting surface of the gravity flow. Based on the
comprehensive interpretation and analysis of seismic stratigraphy, we believe that the maximum regressive
surface (Tgm) formed at the LGM is the bottom boundary of the submarine canyon C6.

The seismic line L3 extends across the head of the canyon C5 and its branch C5-1. The seismic profile shows
that there are one or two ancient, incised valleys buried under the canyon C5 (Figures 5¢ and 5d). According
to the superimposed relationship, it can be inferred that the rapid sea-level fall in the East China Sea during
the LGM caused the continental shelf to be exposed and downcut due to river rejuvenation. The ancient,
incised valleys now buried under the head of canyon C5 were thus formed. After LGM, the rivers gradually
retreated to the continent due to sea-level rise, and the ancient channels on the continental shelf were filled
and buried (Li et al., 2004). However, it still retained the negative topography which became the prototype
of the canyon head.

The seismic profile showed that the channel of canyon C5-1 was about 6 km wide and undercut close to
the surface Ty. Eroded by the mass flow transportation, the bottom surface of the canyon was undulating
(Figures 5¢ and 5d). In the canyon, three MTD units are identified, which indicated that the submarine
canyon has entered the shrinking and filling stage (Reading & Richards, 1994; Wu & Qin, 2009). The NW-
side wall of the canyon is one MTD unit formed by slump, which presents chaotic or continuous reflection
with medium—weak amplitude. The toe of the slump body was strongly folded. The sedimentary layer was
broken to form an imbricated structure, in which many compressional deformation structures developed. All
of these indicated that the side wall of the canyon may further slide or slump (Figures 5¢ and 5d). The SE-side
wall of the canyon was composed of two MTD units. The interface between these two MTDs was interpreted
as one detachment fault for sediment decoupling. The detachment surface formed the bottom boundary
of the canyon. The lower part of the MTDs showed layered seismic reflection with medium amplitude and
medium—weak continuity, while the upper part presented imbricated or chaotic reflections with medium-low
amplitude and medium—low continuity (Figures 5¢ and 5d).

The seismic profile L4 indicated that the canyon C5-2 underwent obvious lateral migration and diversion
(Figures 5g and 5h). We believe that the SE-migration of canyon C5-2 was mainly caused by the rapid sea-
level fall and the rightward deflection of Coriolis force during the LGM (Li et al., 2014, 2019). The buried
canyon channel was U-shaped, or even dish-shaped, with wide canyon floor. Its interior was characterized by
progradational-filling reflections with weak amplitude and medium continuity. The canyon was mainly filled
by multi-stage turbidite deposits characterized by the medium-strong amplitude, medium-high continuous,
and layered-filling reflection complexes (Figures 5g and 5h).

Seismic profile L2 showed that the canyon C4 underwent 3—4 stages of SE-migration and diversion, dur-
ing which two ancient channels now buried under the continental slope seabed were formed (Figure 4b).
The first ancient channel presented an irregular U-shaped and undercut to the bottom of the Quaternary
strata. Its channel was about 3 km wide. The lower channel presents waving reflection with weak-amplitude
and medium—low continuity, which reflects the sedimentary characteristics of high-density debris flow. The
central channel shows layered-filling reflection with strong amplitude and medium continuity, which repre-
sents turbidite channel deposits. The upper part is characterized by mounded or chaotic reflection with
weak amplitude and medium-low continuity, which represent the MTDs (Figure 4b). The other ancient
channel was U-shaped, with a channel width of 2.5 km, characterized by the layered reflection with medium-—



strong amplitude and medium-low continuity (Figure 4b). The head of canyon C4 had two branches. The
branch channel width ranged 2-2.5 km and represented an irregular U-shaped or V-shaped. The channels
were filled by layered sediments characterized by weak amplitude and medium continuous reflections. The
syndepositional deformation structures were also developed in the channels (Figure 4b).

In addition, on the seismic profile L3, eight ancient, incised channels were identified on the shelf edge
(Figures 5c and 5d). These channels were small with widths of 0.7-1.5 km, respectively and presented
chaotic-filling, onlap-filling, progradational-filling, or complex-filling reflections. The ancient channels were
mainly distributed near the Ty gy and migrated frequently, indicating that its formation was closely related
to the river rejuvenation during the LGM (Figure 5¢). On one hand, these small-scale channel systems could
carry turbidity sources for the erosion of submarine canyon, while on the other hand, under the action of the
retrogressive erosion, they could connect with the slope-confined canyons (blind canyon or headless canyon)
and transformed into the canyon head (Li et al., 2014; Wu et al., 2014).

4.4 Seismic reflection mark of methane-bearing fluid activity

Methane leakage and gas-bearing fluid activities at the bottom of the Okinawa Trough have been confirmed
by the seabed gas leakage and associated cold seep carbonates (Luan & Qin 2005; Sun et al., 2015; Wang
et al., 2019; Guan et al., 2019; Zhang et al., 2020; Cao et al., 2020; Li et al., 2018a, 2021b), pore water
geochemistry in shallow sediments (Wang et al., 2015b, 2019; Li et al., 2015; Xu et al., 2018, 2020), mud
diapir and volcano (Zhao et al., 2006; Xu et al., 2009) and abnormal methane flux in water column (Luan
& Qin 2005; Zhang et al., 2020).

The arched, imbricated reflections on seismic profiles L3, L4, and L5 may indicate the upward escape and
diffusion of methane-bearing fluids caused by gas hydrate decomposition (Figures 4d, 5a, 5¢ and 5e; Wu
et al., 2011; Davies, et al., 2012; Su et al., 2015). On the SE- and NW-side walls of canyon C6, well
preserved fluid migration channels had been found and identified (Figure 5a). The gas-bearing fluid leakage
through these channels only cut the seismic events and formed gaps on the seabed, which did not cause
large-scale stratigraphic disturbance. Therefore, the intact escape channels were preserved on the seismic
profiles (Figure 5a). The location of canyon C6 is exactly close to the mud volcano or diapir associated with
gas hydrate reported by Xu et al. (2009), which confirms the judgment that fluid escape and leakage has
occurred and participated in the evolution of canyon C6.

The gap on the side wall of canyon C5-1 and the adjacent slope indicated the traces left by the escaping
gas after hydrate decomposition (Figures 5¢c and 5d). We believed that the detachment fault on the SE-side
wall of canyon C5-1 was also further shaped by MTD sliding from the fluid escape channel. However, when
the fluid could not be effectively discharged, the liquefied deformation of sediments will present distorted,
chaotic or twisty reflections on the seismic profiles (Figures 4d, 5a, and 5¢). The ridge of canyon C5-1 are
composed of several wedgy or triangular slope fans which are characterized by weak amplitude, chaotic-
filling reflections or medium amplitude, medium-low continuous, oblique-filling reflections. The liquefaction-
induced deformation exactly developed at the fan end (Figure 5¢). Therefore, we believed that the SE-wing
of canyon C5-1 was an active methane seep area, which could be confirmed by methane flux observation
(Zhang et al., 2020). Coincidentally, the gaps, imbricated structures, and internal chaotic-twisty reflection
marks caused by strong methane-bearing fluid seepage were also identified at the end of seismic line L3
(Figure 8c).

On the seismic line L4, we identified a cold seep site which is exactly close to the seabed gas spring (Luan
& Qin 2005; Zhang et al., 2020) and an active CHy emission area (Xu et al., 2018; Zhang et al., 2020).
We believed that the liquefaction deformation due to strong methane-bearing fluid leakage and disturbance
caused some gap structures and arched, imbricated reflection units on the seismic profile (Figure 4d). The
interior units were characterized by chaotic or twisty reflections (Figure 4d). The reflection seismic, seabed
gas spring (Luan & Qin 2005), pore water geochemistry in sediments (Xu et al., 2018), and the highest sea-
to-air flux of methane (Zhang et al., 2020) all confirmed the universality of methane-bearing fluid activity
in this area of Okinawa Trough.
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5 Discussion
5.1 Dynamic accumulation of hydrate indicated by BSRs and its relationship with methane seepage

Since the discovery of the BSRs (Yang et al., 2004; Luan et al., 2008; Xu et al., 2009; Xu et al., 2012; Chen
et al., 2014; Li et al., 2019), many evidences for gas hydrate, such as seabed methane seepage and associated
carbonate (Luan & Qin, 2005; Sun et al., 2015; Li et al., 2018a; Guan et al., 2019; Wang et al., 2019; Zhang
et al., 2020; Cao et al., 2020; Li et al. 2021a, 2021b), pyrite associated with methane leakage (Wang et al.,
2015b), mud diapir or volcanoes (Zhao et al., 2006; Xu et al., 2009), and methane anomaly in pore water,
water column and even sediments (Lu et al., 2003; Li, 2008; Wang et al., 2015b; Li et al. 2015; Xu et
al., 2018, 2020; Zhang et al., 2020), were revealed in the Okinawa Trough (Figure 1). The hydrate phase
equilibrium simulation showed that the hydrate resource in the Okinawa Trough can be as high as 24x10'2
m? (Chen, 2014). In this study, based on the measured temperature-depth (pressure) data in the Okinawa
Trough (Xu et al., 2012; Li et al., 2019), the phase equilibrium model of gas hydrates was also established,
according to the 4*M-order equation of temperature-pressure (depth) proposed for the stable existence of gas
hydrates (Miles, 1995; Xu et al., 2009). The results show that the minimum pressure required for gas hydrate
formation in the Okinawa Trough is 630 m in water depth, which is very close to the result of 500-600 m
calculated by Fan & Yang (2004), and the results of 600 m calculated by Luan et al. (2008). All this show
that the continental slope of the Okinawa Trough has favorable thermodynamic geological conditions for gas
hydrate accumulation.

On the seismic profile L5, two intermittent BSRs with different buried depth were found on the NW-side
wall of the canyon C6 (Figure 8a). The distribution horizon of the lower BSR was consistent with the Tpaum,
distributed across or parallel to the sedimentary strata. The reflection polarity of the BSR was opposite to
that of the seafloor, showing strong amplitude and negative seismic polarity clamped by positive polarity
(Figure 8a). The blank reflection unit above the lower BSR indicated that the hydrate reservoir thickness
was about 150-300 ms (two-way reflection time). The residual discontinuous reflections inside the seismic
unit reflected the spatial heterogeneity of the gas hydrates. The upper BSR was distributed intermittently
from the side wall slope to the canyon floor, with a cumulative extended distance of 10 km. The BSR, trend
was basically consistent with the seabed topography (Figure 8a). The thickness of the blank reflection zone
above the BSRs on the side wall was about 50-150 ms (two-way reflection time). At the canyon floor, the
thickness of the blank reflection zone above the BSR was 100-300 ms (two-way reflection time). Therefore,
we believe that there were already gas hydrates in the submarine sediments of the East China Sea Slope
during the Pleistocene.

On the seismic profile L4 (Figure 8b), the BSR was located under the NW-side wall of canyon C5-2. The
blank reflection zone was characterized by weak amplitude, chaotic-filling or low continuous, oblique-filling
reflections, with thickness of 50-150 ms (two-way reflection time). The BSR extended about 4.5 km in the
SE-direction and was cut off by the canyon channel, indicating that the submarine canyon has an important
influence on the GHSZ (Figure 8b). In the maturity stage, the canyon underwent strong erosion, and the
seafloor was downcut into V-shaped or U-shaped structures. Influenced by the cooling effects of seawater
(Bangs et al., 2010; Davies et al., 2012), the GHSZ under the canyon floor will gradually migrate deeper.
While in the old stage, the submarine canyons are strongly filled, and the MTDs and turbidite channel sand
in these canyons can become gas hydrate reservoirs again.

After the last glacial period, owing to the pressure release and rise in the seafloor temperature caused by the
rapid sea-level fall, the gas hydrate stable zone (GHSZ) gradually drifted upward and moved towards the
seafloor during the LGM, resulting in the overlapping of the lower BSR and the Trgm surface. The leakage
of methane-bearing fluid released from hydrate decomposition due to GHSZ migration caused gap structures
and fluid escape channels on the seismic profile (Figure 5a). During this period, jointly controlled by sediment
slumping (Figure 8a; large wedge-shaped and blank reflection unit above the lower BSR) induced by gas
hydrate decomposition and seafloor subsidence caused by contemporaneous faulting on the SE-side wall,
the submarine canyon C6 grew rapidly and suffered turbidity flow erosion, which ended the SE-extension of
the lower BSR. After the LGM, along with the sea-level rose, the turbidity sediments filled in the canyon
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once again hosted gas hydrates, forming a 10-km long BSR across the side wall and subchannel floor in the
canyon C6 (Figure 8a). Mass flow sediments constituted the main body of the blank reflection zone above
the BSR (Figure 8a), indicating that deep water turbidites, such as canyon channel and MTD, were the
dominant gas hydrate reservoirs in these canyons (Noguchi et al., 2011; Boswell et al., 2012; Wu et al., 2011;
Su et al., 2015; Suzuki et al., 2015). The detachment surface of the shallow MTDs inside the canyon C6
completely coincided with the BSRs (Figure 8a), indicating an inseparable connection between gas hydrate
decomposition and the erosive turbidity current that dominates the development of the canyon.

Although we did not identify enough BSRs on the seismic profiles, a lot of gap structures and fluid transport
channels caused by gas escaping, and imbricated, chaotic or twisty seismic reflections caused by gas-bearing
fluid liquefaction associated with methane leakage were found (Figures 4d, 5a, 5c, and 8c). Notably, the
petrological, mineralogical, and geochemical analysis of carbonate associated with methane seepage in the
Okinawa Trough, show that the leakage of biogenic methane and intense anaerobic oxidation of methane
(AOM) resulted in the formation of abundant authigenic carbonates, which represented extremely negative
carbon isotopic and positive oxygen isotopic compositions (Wang et al., 2019; Cao et al., 2020). Moreover,
isotopes have confirmed that the fluid required for carbonates precipitation in the Okinawa Trough comes
from decomposition of gas hydrate (Cao et al., 2020), which just approves our understanding that the
methane-bearing fluid activity caused by hydrate dynamic decomposition affects the origin and evolution of
submarine canyons.

5.2 Factors controlling the formation and evolution of submarine canyons

The submarine canyons on the continental slope of Okinawa Trough began to form in the early Pleistocene
(<1.8 Ma), which was strongly controlled by the climate and environment changes due to the glacial-
interglacial cycle in the Quaternary (Gao & Collins, 2014). The origin and evolution of these submarine
canyons are mainly related to the gravity transportation (small-scale landslides and sediment gravity flows;
Li et al., 2001; Liu et al., 2005; Zhao et al., 2009; Li et al., 2019), the rifting settlement of syndepositional
faults (Liu et al., 2005; Li, 2008; Zhao et al., 2011), and the sea-level eustacy, river rejuvenation and methane-
bearing fluid leakage due to dynamic evolution of GHSZ caused by climate change in the Quaternary glacial-
interglacial cycles (Li et al., 2019; Cao et al., 2020). In addition, the strong submarine volcanic activities in
the Okinawa Trough may also affect the development of submarine canyons.

The seabed topography shows that the trend of the submarine canyons on the continental slope of Okinawa
Trough is basically perpendicular to the isobaths, reflecting that the extension of canyons is controlled by
gravitational process. The MTDs associated with slide or slump and characterized by imbricated, twisty or
chaotic seismic reflections, the channel-lag deposits (high density debris flow) characterized by chaotic-filling
reflections, and turbidity channel deposits characterized by progradational-filling, parallel onlap-filling or
divergent-filling reflections indicate that gravity flow plays a key role in shaping the submarine canyons (Wu
& Sakamoto, 2001; Wu et al., 2011; Xu et al., 2014; Su et al., 2014, 2015; Yin et al., 2015). Published cases
of submarine fans outside the canyon mouths and the natural levees and fine-grained overflow deposits of
the Chiwei canyon-fan system also illustrate the frequent turbidity current activities in the Okinawa Trough
(Li et al., 2001; Liu et al., 2005; Li, 2008; Zhao et al., 2009, 2011). Especially since the Holocene, after the
Kuroshio warm current strengthened (Xiang et al., 2003; Gao & Collins, 2014), it intruded into the Okinawa
Trough again and would induce the frequent activities of seabed turbidity current to a certain extent.

The dustpan-shaped structure with NE-wing faulting and SW-wing overlapping and its associated relation-
ship with syndepositional faults show that some submarine canyons on the continental slope of Okinawa
Trough are dominated by active faults. Canyon embryos controlled by these syndepositional faults were
also found on the seismic line L4. The dragging subsidence of active faults can not only form canyon nega-
tive topography, but also induce erosive activities of turbidity current, and instability and slump of canyon
side-walls, thus leading the evolution process of this kind of submarine canyons. Since the late Miocene,
under the control of back-arc tension, two groups of NE-SW trending (approximately E-W trending in the
southern part of the trough) and NW-SE trending fault systems have developed in the Okinawa Trough
(Liu et al., 2005; Li, 2008; Zhao et al., 2011). The NE-SW trending faults control the topographic division
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from continental shelf to slope. While the secondary NW-SE trending faults and its branch faults cut the
continental shelf and slope from west to east and break the bedrocks providing good geological conditions
for the formation of submarine canyons.

The formation time of the submarine canyons (< 1.8 Ma) on the continental slope of the Okinawa Trough
is equivalent to the starting time of the oldest glacial epoch (Shishapangma epoch) in China, the Eburonian
epoch recorded in the European Alps, and pre-Illinoian H epoch recorded in the Great Lakes (Shi & Liu,
1964; Zhang et al., 2002; Mutton et al., 2003; Ehlers & Gibbard, 2007; Cui et al., 2011) reflecting that the
formation of submarine canyons is closely related to the Quaternary glacial-interglacial cycle (Nakajima et
al., 2014; Xu et al., 2014; Su et al., 2014, 2015; Yin et al., 2015; Li et al., 2019; Cao et al., 2020). During the
LGM, the sea-level of the East China Sea dropped to the present-day water depth of 120-150 m (Lambeck
& Chappell, 2001; Li et al., 2014) and the continental shelf was exposed. The terrestrial rivers advanced
rapidly toward the ocean and eroded the shelf margin, thus forming many incised channels (Li et al., 2004,
2014). The heads of submarine canyons C5 and C6 was inherited from these ancient incised channels. At the
same time, these ancient channels also transported a large amount of clastic materials for the downcutting
of canyons due to gravity flow. For the Okinawa Trough, another important influence of the Quaternary
sea-level eustacy was the variation of the temperature and pressure conditions of gas hydrate (Song, 2003;
Yu et al., 2014; Maslin et al., 2004). The periodic decomposition of hydrate and methane leakage caused by
GHSZ migration due to the temperature and pressure change, weakened the stability of seabed sediments
on the continental slope, which had seriously affected the development and evolution of submarine canyons
in the forms of landslides and sediment gravity flows. In return, the continuously downcutting and lateral
erosion of canyons would also cause the spatial migration of GHSZ (Bangs et al., 2010; Davies et al., 2012;
Su et al., 2015). The MTDs characterized by imbricated, twisty or chaotic seismic reflections, the gaps
that indicate gas escaping on the canyon side-walls, the liquefaction deformation structures on the canyon
ridge, and the truncated relationship between BSRs’ reflectors and canyon channels on the seismic profiles
all proved the interaction between gas hydrate and submarine canyons. In addition to the gravity flow, the
sea-level and climate changes caused by the Quaternary glacial-interglacial cycle are the main factors for the
origin and evolution of submarine canyons in the Okinawa Trough.

5.3 Submarine canyon evolution model coupling with methane seepage associated with hydrate

The temperature and pressure conditions of the GHSZ can be destroyed by the alternating cold and warm
events caused by climate change or sea-level eustacy (Song, 2003; Maslin et al., 2004; Wu et al., 2009;
Bangs et al., 2010; Nakajima et al., 2014). The most remarkable is the global sea-level fluctuation caused
by glacial-interglacial cycle in the Quaternary controlled by the Milankovich cycle. For example, during
the LGM, the sea level of the East China Sea dropped to the present-day water depth of 120-150 m and
reached the continental slope edge of the Okinawa Trough (Lambeck & Chappell, 2001; Li et al., 2014; Gao
& Collins, 2014). During this period, the intense climate change and sea-level fall played a key role in the
formation, decomposition, and accumulation of gas hydrates in the Okinawa Trough. In turn, the methane
released from hydrate decomposition could also contributed to climate change (Maslin et al., 2004; Wang et
al., 2015a).

Many submarine canyons have developed on the central and southern slope of the Okinawa Trough (Li et
al., 2001; Liu et al., 2005; Liu et al., 2005; Li, 2008; Wu et al., 2014). The formation of these canyons
began in the early Pleistocene (< 1.8 Ma), and they continue to develop even today. During this period,
the submarine canyons underwent multi-stages of channel migration and erosional-depositional evolution.
Some submarine canyons had even disappeared and were buried. The submarine canyons on the slope of the
Okinawa Trough were formed earlier than the oldest Shishapangma Glaciation (1.17-0.8 Ma) discovered in
Western China (Shi & Liu, 1964; Zhang et al., 2002; Cui et al., 2011) and the age of the seep carbonates
[31.54-34.1 ka B.P. from Sun et al. (2015) and 22.8-55.7 ka B.P. from Cao et al. (2020), respectively] in the
Okinawa Trough. However, its formation time is consistent with the starting time of the Eburonian epoch
in and pre-Illinoian H epoch (Mutton et al., 2003; Ehlers & Gibbard, 2007; Cui et al., 2011). Moreover,
the rapid sea-level fall during the LGM in the East China Sea Shelf are confirmed by many sedimentary
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records (Gao & Collins, 2014; Li et al., 2014, 2019). Therefore, the formation, development, and evolution
of submarine canyon in the study area are closely related to the global glacial-interglacial cycle during the
Quaternary period (Nakajima et al., 2014; Xu et al., 2014; Su et al., 2014, 2015; Yin et al., 2015).

Since the LGM, the coupling evolution process of submarine canyon and gas hydrate system in the Okinawa
Trough were clearly preserved in the canyon sediment records, such as the MTD characterized by imbricated,
twisty or chaotic seismic reflections, fluid transport channels and the gaps that indicate gas escaping on the
side walls of the C6 and C5-1 submarine canyons (Figures 5a and 5¢). Additionally, a truncated relationship
between the BSRs reflector and the submarine canyon on seismic lines L5 and L4 (Figure 8) was also
observed. All these indicate that there is a complex relationship between the erosional-depositional evolution
of submarine canyons and the development of gas hydrates on the continental slope of the Okinawa Trough.
On one hand, strong downcutting and retrogressive erosion of submarine canyons will steepen the canyon
sidewall, which can easily induce sediments instability on the canyon sidewall. The channel downcutting and
sediment instability will destroy the GHSZ. Therefore, the methane released by hydrate decomposition will
leak out through the gap formed by the sediment instability on the side walls and seabed gas seepage (Luan
& Qin, 2005; Wu et al., 2011; Davies et al., 2012; Su et al., 2015; Cao et al., 2020); On the other hand,
the sea-level eustacy caused by the glacial-interglacial cycles will lead to frequent changes of temperature
and pressure in the GHSZ. Therefore, the hydrates can form or decompose dynamically and repeatedly,
that promotes the escape and leakage of methane-bearing fluids. This methane-bearing fluid activity can, in
turn, induce sediment instability and deformation, and then, influence the formation and erosion processes
of the submarine canyon (Nakajima et al., 2014; He et al., 2014; Li et al., 2017, 2018b) and even cause
the occurrence of submarine landslide. However, the channel sand inside the submarine canyon and the
submarine fan outside the canyon mouth can often be used as the high-quality reservoirs for hydrate. We
believe that erosion and deposition in the submarine canyon and the dynamic accumulation of gas hydrate
are interdependent and reciprocal.

Based on the influence of sea-level fall caused by Quaternary glaciation on the gas hydrate dynamic accumu-
lation system in the continental slope of the Okinawa Trough and the interaction between the gas hydrate
decomposition and the formation of submarine canyons, a coupling evolution model of submarine canyon
erosion and gas hydrate dynamic accumulation on the continental slope of the Okinawa Trough was estab-
lished (Figure 9): The stage of sea-level fall, hydrate decomposition, and submarine canyon forming. The
formation time (<1.8 Ma) of submarine canyon on the continental slope of the Okinawa Trough is consistent
with the glacier onset time in the Northern Europe and Northern America (Mutton et al., 2003; Ehlers &
Gibbard, 2007; Cui et al., 2011), which indirectly proves the genetic relationship between submarine canyons
and the sea-level fall during the glacial epoch. During the glacial epoch in the Middle Pleistocene, the sea-
level fall led to pressure release and seabed temperature rise and the upward migration of GHSZ resulted in
the decomposition of hydrate layers between the old and new stable zones (Wu et al., 2011; Nakajima et al.,
2014; He et al., 2014). The released methane migrated and seeped rapidly upward to the seabed and accumu-
lated beneath the seafloor, forming hydrate mounds on the continental slope. With the continuous hydrate
accumulation, the stress reached the critical condition, which resulted in the collapse of the hydrate mound.
The scarp formed by the instability of hydrate mounds became the rudiment of the valley, which opened
the development process of the submarine canyon (Figures 9a and 9b). Notably, the formation of submarine
canyon C6 is also controlled by contemporaneous faulting (Figure 5a). In other words, faulting is also one
factor affecting the initiation of submarine canyons. Active faults break the bedrocks of the seabed to form a
negative terrain, inducing gravity flow to preferentially erode the broken strata and ultimately, affected the
canyon path. Faulting can be combined with the decomposition of gas hydrate to control the development
and evolution of the submarine canyon; The stage of submarine canyon continuously downcutting, canyon
retrogressive erosion, and gas hydrate stable zone (GHSZ) dynamic migrating. After the rudiment forma-
tion of the submarine canyons, the scour and retrogressive erosion of gravity flow (e.g., MTDs and turbidity
flow) became the main factor to shape the canyon structure. In this stage, the seabed continuously suffered
downcutting and erosion, forming V-shaped or U-shaped canyon channels. Affected by the cooling effects
of seawater (Bangs et al., 2010; Davies et al., 2012), the GHSZ under the canyon floor gradually migrated
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deeper (Figure 9c). The free methane under the previous GHSZ then combined with water molecules to
form new gas hydrates (Sun et al., 2017). The BSRs were truncated by the MTDs on the side wall of the
submarine canyons C6 and C5-2, which proved the influence of canyon downcutting on the GHSZ migration.
At the same time, the reason why multiple BSRs have developed in the canyon development area is explained
reasonably (Wu et al., 2009; Davies et al., 2012; Su et al., 2015). The mutual promotion stage of sediment
instability and the collapse of the canyon wall, along with methane leakage. The gap from which the gas
escaped, imbricated deformation structures on the side wall of the C6 and C5-1 canyons, and the liquefaction
deformation structures on the canyon ridge (Figure 5) all indicated that, in the trough, gas escape interacted
with mass sliding. When the slope gradient of the canyon wall increased to the critical conditions under the
erosion of turbidity flow, the sediments on the head and flank of the canyon channel became instable and
collapsed. Thus, the hydrate layers on the canyon wall decomposed, resulting in the methane escaping and
a gap was formed where the gas seeped through. Similarly, the escape of methane-bearing fluid will also
aggravate the sediment deformation and induce new mass sliding events. With the retrogressive erosion of
the canyon, the ancient, incised channels formed on the edge of the outer shelf during the LGM may be
connected to the canyon, forming the head of the current submarine canyon (Figure 9d). The stage of the
wakening of canyon erosion, filling of the sandy channel, and hydrate reaccumulating. With the weakening
of canyon downcutting, the submarine canyon entered the main filling stage (Wu & Qin, 2009; Walsh et
al., 2007). The coarse-grained channel sand with high porosity and permeability or re-transported MTDs
started to develop in the canyon. If the methane supply is enough, the hydrates will be reaccumulated
in these high-quality reservoirs. Of course, most of the submarine canyons on the continental slope of the
Okinawa Trough are in their youth. It is possible that only a few submarine canyons filled and buried by
clastic sediments have experienced this stage.

6 Conclusions

According to the theory of sequence stratigraphy, six seismic sequence boundaries have been identified on
the central and southern slopes of the Okinawa Trough. Their geological ages have been determined as
Seafloor (0 Ma), Trem (23kyr B. P.), To(1.8 Ma), Ty (6.0 Ma), Ty5 (11.02 Ma), and T (16.12 Ma). The
isochronous chronostratigraphic framework in the central and southern slopes of the Okinawa Trough was
established and the sedimentary strata were divided into five 3'4-order sequences. The central and northern
slopes of the Okinawa Trough were characterized by thick Miocene—Quaternary strata, while the southern
slope was mainly filled with Pliocene—Quaternary strata. The submarine canyons on the central and southern
slopes of the Okinawa Trough began to develop in the early Pleistocene (< 1.8 Ma) and continued to develop
even today.

The geomorphological features of submarine canyons on the central and slopes of the Okinawa Trough (e.g.,
C5 and C6) were found to be segmented: The head was V-shaped; the upstream was gradually transformed
into V-shaped or U-shaped with wider shoulder and deeper downcutting depth; and the downstream region
consisted as dish-shaped or dustpan-shaped structure with a wide canyon floor. These canyons were mean-
dering canyons not connected to a river. The heads of the C5 and C6 submarine canyons were evolved from
the ancient, incised channels formed in the LGM. The canyon C5-1 was filled by three MTD units related to
side-wall sliding. The canyon C5-2 migrated southeastward, and the interior was mainly filled by turbidite
channel complex. There were two turbidite scouring-depositional layers and five-six MTDs in the canyon
C6. The maximum downcutting position of the C6 coincided with the Tpgym surface. The dustpan-shape
and internal filling structures of the canyon C6 indicated that it was formed by turbidity current erosion
and unstable collapse of the canyon walls under the control of the seabed subsidence caused by the SE-wing
synsedimentary faulting.

The gas hydrate phase equilibrium simulation predicts that the minimum water depth required for gas
hydrate is 630 m, which shows that the Okinawa Trough has favorable thermodynamic geological conditions
for gas hydrate accumulation. Three BSRs were identified on the seismic profiles L5 and L4, of which the
profile L5 had double-BSRs structure. The trend of the BSRs was consistent with the seabed topography,
which was inclined across or parallel to the sedimentary strata, showing strong amplitude, negative polarity,
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and continuous reflections. The blank reflection zone above the BSRs showed that the thickness of the GHSZ
ranged between 50 ms and 300 ms (two-way reflection time).(4) The origin and evolution of submarine
canyons on the continental slope of Okinawa Trough are mainly related to the gravity transportation of
continental slope, the rifting settlement of syndepositional faults, and the sea-level eustacy, river rejuvenation
and methane seepage due to dynamic evolution of GHSZ caused by climate change due in the Quaternary
glacial-interglacial cycle. The formation time of submarine canyons on the continental slope of the Okinawa
Trough was found to overlap with the start of the Eburonian epoch in North Europe and pre-Illinoian H
epoch in North America. Especially, the seismogeologic characteristics, including MTDs associated with
the BSRs, the gaps and fluid channels on the side-walls (through which gas could escape), the liquefaction
deformation structures and the truncated relationship between the BSRs reflector and the submarine canyons
all indicate that there is a complex relationship between the submarine canyons and the methane seepage
associated with hydrate dynamic decomposition on the continental slope of the Okinawa Trough. Finally,
a coupled model with four evolutional stages for the submarine canyons associated with gas hydrate was
established.
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Figure 1. Geographic location of the study area and the distribution of seismic reflection lines and well
and heat flow stations. Seafloor temperature and heat flow data are from the global heal flow database
(http://www.ihfc-iugg.org/products/global-heat-flow-database/data) published by the International Heal
Flow Commission. Location of methane seeping points is derived from Wang et al. (2015b) and Li et
al. (2015). Location of bottom simulating reflectors (BSRs) is derived from Luan et al. (2008). Location of
mud diapirs associated with hydrates is derived from Xu et al. (2009). Location of submarine gas seepage
is from Luan & Qi (2005). Location of methane seepages are from Sun et al. (2015), Li et al. (2015), Wang
et al. (2015, 2019), Li et al. (2018a), Xu et al. (2018, 2020), Guan et al. (2019), Zhang et al. (2020), Cao
et al. (2020), and Li et al. (2021Db)

Figure 2. Cenozoic stratigraphic sequence in the East China Sea (Wu et al., 1998a, 1998b; Zhong et al.,
2006; Xie et al., 2014; Zhang et al., 2014; Zhang & Zhang, 2015; Liu et al., 2020) and its sequence boundary
age. The magnetostratigraphic data is derived from the 2009 Geologic Time Scale (Walker & Geissman,
2009). The global sea level curve and biostratigraphic data are modified from Haq et al. (1987), where the
sequence boundary and biostratigraphic zone age are revised using the International Chronostratigraphic
Chart (v2017/02; Cohen et al., 2013) and the 2009 Geologic Time Scale (Walker & Geissman, 2009).

Figure 3. Cenozoic stratigraphic sequence framework in the East China Sea established by reflection seismic
line

Figure 4. Chronostratigraphic framework, stratigraphic structure, and surface identification marks of lines
L1 (a) and L2 (b) on the central and southern slope of the Okinawa Trough (see Figure 1 for seismic line
location). (¢) and (d) provide zoomed images of the regressive unconformity and backstepped onlap formed
by sea-level fall at the Last Glacial Maximum (LGM). The gap structures and chaotic, twisty, or imbricated
reflections in (d) also indicate the leakage of methane-bearing fluid. LST: Lowstand systems tract; TST:
Transgressive systems tract; HST: Highstand systems tract; and FSST: Falling stage systems tract.

Figure 5. Morphological structure, growth time, and erosional-depositional characteristics of submarine
canyons in the central and southern slopes of the Okinawa Trough (see Figure 1. for seismic line location
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and Figure 4. for legend). MTD:Mass transport deposit; BSRs:Bottom simulating reflections.

Figure 6. Topographic slope map of Okinawa Trough and its adjacent area based on the digital elevation
model (https://www.bodc.ac.uk/data//hosted_data_systems/gebco_gridded_bathymetry_data/) and subma-
rine canyons identification.

Figure 7. Submarine topographic map (a; modified from Wu et al., 2014) and multi-beam geomorphologic
map (b; modified from Li, 2008) of submarine canyons C5 and C6 in the Okinawa Trough continental
slope (see Figure 1 for location). (c¢) and (d) are thalweg and transverse topographic profiles based on
digital elevation model (DEM) of submarine canyon C6, respectively. (e) and (f) are thalweg and transverse
topographic profiles based on digital elevation model (DEM) of submarine canyons C5, respectively.

Figure 8. Seismic reflection characteristics of Bottom Simulating Reflectors (BSRs) and methane leakage on
variable density and variable area profiles (see Figure 5 and Figure 1 for seismic line location).

Figure 9. Coupling evolution model of submarine canyon and gas hydrate in Okinawa Trough slope. BGHSZ:
bottom of gas hydrate stability zone. (a) During the interglacial period in the Quaternary, the sea level was
at a high-water stage. Under suitable temperature and pressure in the continental slope of the Okinawa
Trough, the thermogenic or biogenic methane combined with water molecules to form hydrates. Of course,
methane can also be leaked to the seabed through a fault. (b) Entering the glacial epoch, the sea level fell
rapidly. With the change of seafloor temperature and pressure due to the sea level fall, the original hydrates
decomposed and released extensive methane. Due to the rapid accumulation of methane-bearing fluid under
the seabed, the sediments on the slope lost stability and slumped to form the prototype of the submarine
canyons. (c) As the continuously sea level fall, under the influence of scour and retrogressive erosion of
gravity flow that partly associated with hydrate decomposition, the submarine canyons strongly downcut
the slope to form V-shaped or U-shaped channels. The gas hydrate stability zone also migrated to the deep.
(d) During the low sea level stage, although the gas hydrate stability zone remained relatively stable, the
canyon sidewalls continued to slump due to the erosion of turbidity current and the methane continuously
leaked. The submarine canyons can even be connected to the channels formed by syndepositional faults or
the ancient incised valleys to form a new canyon system.
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Key Points:

e The submarine canyons on the continental slope of Okinawa Trough began
to develop in the early Pleistocene (< 1.8 Ma), and continued to develop
even today.

e The canyons are mainly related to the gravity flow, syngenetic fault, sea-
level eustacy, and methane seepage associated with hydrate dynamic ac-
cumulation.

e A coupled model with four evolutional stages for submarine canyons asso-
ciated with methane seepage related to gas hydrate dynamic accumulation
was established..

Abstract

Submarine canyons are of great significance to understand the transport mech-
anism of terrigenous clastic materials to deep sea and the deep-sea sedimentary
dynamic process. In this study, the spatiotemporal framework of stratigraphic
sequence in the central and southern slopes of the Okinawa Trough was estab-
lished, and the geomorphological and erosional-depositional features of subma-
rine canyons were analyzed detailedly. The submarine canyons on the continen-
tal slope of Okinawa Trough began to develop in the early Pleistocene (< 1.8
Ma), and continued to develop even today. The canyons could be divided into
three parts along the axial direction: head, upstream, and downstream. The
head of the canyon was mostly inherited from the ancient incised valley devel-
oped on the outer continental shelf during the last glacial maximum (LGM).
The canyon channel was filled with multi-stage turbidites and mass transport
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deposits (MTDs). The seismogeologic characteristics, such as the MTDs as-
sociated with the bottom simulating reflectors (BSRs), the imbricated, twisty
or chaotic seismic reflections, the liquefaction deformation structures, the fluid
transport channels, and the gaps that indicate methane escaping on the side
walls, and the truncated relationship between the BSRs and the submarine
canyons all indicate that there is a complex relationship between the submarine
canyons and the methane seepage associated with gas hydrate in the Okinawa
Trough. Finally, a coupled model with four evolutional stages for the submarine
canyons was established.

1 Introduction

Submarine canyons are an important transport channel for sediments from
source to sink (de Stigter et al., 2011; Xu, 2013; Xu et al., 2014; Su et al.,
2014; Tubau, et al., 2015; Bozzano et al., 2020; Liu et al., 2020), which con-
trol the transport and accumulation of terrigenous clastic material from land to
deep sea (Shepard, 1981; Wu & Sakamoto, 2001; Harris & Whiteway, 2011). As
an important part of deep-water sedimentary system, the formation and evolu-
tion of submarine canyons also record crucial geological information about the
regional sea-level eustacy, climate change, and tectonic activities (Wang et al.,
2011, 2015a; Xie et al., 2012; Voigt et al., 2013; Gao & Collins, 2014; Han et
al., 2017). Meanwhile, due to the vibrant hydrodynamic conditions of turbidity
currents, submarine canyons have become an important carrier and potential
inducer of submarine landslide hazard (Webster et al., 2012; He et al., 2014;
Sun et al., 2018; Nazarian et al., 2021).

The formation of submarine canyon often undergoes a long evolutionary process
and influenced by many factors (Han et al., 2010; Gong et al., 2011; Su et al.,
2014), such as tectonic activity (earthquake, volcanism, fault, and diapir; Wu &
Sakamoto, 2001; Chiang & Yu, 2006; Yu & Hong, 2006; Ding et al., 2013; Yang
& Van Loon, 2016; Han et al., 2017), climate change (sea-level eustacy, typhoon,
and sediment supply; Huh et al., 2009; Ding et al., 2013; Xu, 2013; Tubau et
al., 2015), and deep-sea sedimentary process (gravity flow and contour current;
Xie et al., 2008; Han et al., 2010; Xu, 2013). Tectonic dynamic shapes the
topography of continental margins from shelf to slope, and provides favorable
topographic conditions for the development of submarine canyons (Normandeau
et al., 2015). Especially, the faults break the bedrock and induce gravity flow
to preferentially erode the fractured zone, which ultimately affects the canyon
path (Chiang & Yu, 2006; Xu et al., 2014). Although accidental earthquakes
and volcanic activities cannot exert continuous influence on submarine canyons,
they provide abundant pyroclastic sources for gravity flow and are one of the
main factors that induce mass flow and turbidity erosion in the canyon (Wu &
Sakamoto, 2001; de Stigter et al., 2011). The erosion of mass-flow or turbidity
current on shelf and slope are considered as the most important mechanisms for
the formation and evolution of submarine canyons (Xu, & Noble, 2009; Harris
& Whiteway, 2011; Xu et al., 2013; Lo Tacono et al., 2014; Su et al., 2014).
Additionally, the numerical simulation also proves that the headward erosion



of gravity flow plays a key role in the formation of submarine canyons (Harris
& Whiteway, 2011; Xu, 2013; Lo Tacono et al., 2014). Notably, the global
sea-level fall caused by the Quaternary glacial cycle is of great significance to
the development of submarine canyons (Harris & Whiteway, 2011; Gong et al.,
2011; Su et al., 2014; Xu et al., 2014; Tubau et al., 2015). For example, along
with the ancient sea level dropped to the current water depth of 120-150 m
during the LGM (Lambeck & Chappell, 2001; Li et al., 2014), the East China
Sea continental shelf was exposed and eroded extensively, and subsequently,
terrestrial rivers extended and carried a large amount of sediment directly to
the shelf edge (Li et al., 2004, 2014). The rapid supply of sediment induced mass
instability and formed an erosive turbidity flow downward along the continental
slope, which caused canyon downcutting (Gao & Collins, 2014; Lo Tacono et
al., 2014; Li et al., 2014; Xu et al., 2014; Yin et al., 2015). However, for the
slope rich in gas hydrates, it is more important that the changes of temperature
and pressure caused by sea-level fall will induce the large-scale decomposition
of hydrates (Song et al., 2003; Wu et al., 2009; Nakajima et al., 2014). And the
subsequent escape and leakage of methane-bearing fluid to the seabed can trigger
slope instability and induce turbidity currents, which promotes the formation
of submarine canyons, even leading to large-scale submarine landslides (Wu et
al., 2011; Nakajima et al., 2014; Li et al., 2016). Some researchers believe
that methane fluid leakage is the main cause of the formation of blind canyons
(Orange & Breen, 1992).

Submarine canyons and methane seepages associated with gas hydrates are the
most important geological features of the Okinawa Trough (Luan & Qin, 2005;
Liu et al., 2005; Li, 2008). The submarine canyons are mainly developed on the
central and southern continental slopes of the Okinawa Trough, all of which are
shelf-incising canyons (whose heads are not connected to a terrestrial river) or
slope-confined canyons (blind or headless canyons) (Li, 2008; Zhao et al., 2011;
Wu et al., 2014). Liu et al. (2005), Li (2008), and Zhao et al. (2011) believed
that faults are the dominant factor that control the formation and distribution
of submarine canyons on the continental slope of the Okinawa Trough, which
explains the genesis of submarine canyons associated with fault. However, the
submarine canyons unrelated to faults and the discovery of gravity flow deposi-
tion inside the canyons show that the role of gravity flow in the formation and
evolution of submarine canyons cannot be ignored (Li et al., 2001; Liu et al.,
2005; Zhao et al., 2009; Li et al., 2019). Many geological and geophysical indi-
cators for methane-bearing fluid seepage related to gas hydrate in the Okinawa
Trough have been reported, such as methane leakage and associated cold seep
carbonate (Luan & Qin, 2005; Sun et al., 2015; Li et al., 2018a; Guan et al., 2019;
Wang et al., 2019; Zhang et al., 2020; Cao et al., 2020; Li et al. 2021a, 2021b),
mud diapir and volcano (Zhao et al., 2006; Xu et al., 2009), methane anomaly in
pore water, water column and even sediments (Lu et al., 2003; Li, 2008; Wang
et al., 2015b; Li et al. 2015; Xu et al., 2018, 2020; Zhang et al., 2020), and
bottom simulating reflectors (BSRs; Luan et al., 2008; Xu et al., 2009, 2012;
Chen, 2014; Li et al., 2019). Notably, some methane seep sites and associated



cold seep carbonates had been successfully discovered on the northern slope of
the Okinawa Trough using remotely operated underwater vehicle (ROV; Wang
et al., 2019; Cao et al., 2020; Zhang et al., 2020; Li et al., 2021a). The extremely
negative carbon isotopic and positive oxygen isotopic compositions of the cold
seep carbonates suggest that the carbon in the carbonates was mainly derived
from biogenic methane coupled with sulfate-dependent anaerobic oxidation of
methane and the fluid flow from which carbonate precipitated is sourced from
dissociation of gas hydrates (Wang et al., 2019; Cao et al., 2020). Cao et al.
(2020) proposed that during sea level fall in the late Pleistocene (22.8-55.7 ka
BP), gas hydrate decomposed and released extensive methane, resulting in the
precipitation of cold seep carbonate. Nakajima et al. (2014) linked the origin
of the Joetsu Knoll submarine canyon in the Sea of Japan to the pockmark
formed by the decomposition of gas hydrates during the LGM and believed
that the submarine canyon formation is the result of turbidity erosion caused
by the overflow of methane-bearing sand or mud fluid during the formation of
the pockmark. For the submarine canyons developed on the continent slope of
the Okinawa Trough, which are far from the estuary of continental rivers, when
and why they started to form will be the focus of this paper. Furthermore,
whether the formation and evolution of submarine canyons are related to the
methane-bearing fluid activity associated with gas hydrate, is also an issue that
we attempt to clarify. However, so far, the lack of observation data and drilling
sample are still the biggest obstacle to understand this scientific problem.

In this paper, we have carried out a detailed study of seismic stratigraphy,
geomorphology, and seismosedimentology using reflection seismic profiles, well
logging, and topographic data. The sequence stratigraphic framework in the
continental slope of the Okinawa Trough was established, and consequently, the
startup times of the submarine canyons was determined. Through the analysis
of seismosedimentological characteristics and controlling factors of submarine
canyons on the continental slope of the Okinawa Trough, we boldly gave a
new and potential genetic model of submarine canyons related to gas hydrate
dynamic accumulation due to the Quaternary glacial-interglacial cycle. Our
work is not only useful for understanding the genetic mechanism of submarine
canyons, but also of great significance to the prediction and exploitation of gas
hydrate in the future.

2 Geological setting

The Okinawa Trough is located to the east of the continental shelf of East China
Sea and in the west of the Ryukyu Island Arc. It connects with Yilan County
of Taiwan in the southwest and Kyushu Islands of Japan in the northeast. The
Okinawa Trough and East China Sea Shelf Basin (ECSSB) are separated by the
Diaoyu Islands uplift-fold belt. The Okinawa Trough is an important part of the
trench—arc—basin system in the western Pacific active continental margin and
is still an active back-arc extensional basin (Figure 1). Separated by the NW-
trending Tokara and Miyako faults, the trough is divided into three segments:
northern, central, and southern parts, which show the “wide”, “hot”, and “deep”



features, respectively (Hao et al., 2004; Luan & Qin, 2005; Xu et al., 2012; Wu
et al., 2014). The northern section of the Okinawa Trough is NNE-trending,
with a width of 230 km and water depth of 200-1000 m (Wu et al., 2014), and
filled with thick Miocene-Quaternary strata (Li et al., 2004, 2019). The central
section is NE-trending, with a water depth of 1000-2000 m (Wu et al., 2014),
and is characterized by high heat flow, high geothermal gradient, and strong
hydrothermal and earthquake activities (Luan et al., 2008; Xu et al., 2012). Its
average heat flow is 590 mW/m? (Xu et al., 2009, 2012). The southern section
is NEE-EW-trending, with the deepest water depth over 2000 m (Wu et al.,
2014), and has the highest degree of crust extension, with crust thickness of
only 15 km in the Yaeyama Graben (Hao et al., 2004; Zhang & Shang, 2014).
Submarine magnetic anomaly belts and polarity events, such as the Brunhes,
Jaramillo, and Olduvai polarity reversals, indicate that the southern trough has
entered the stage of sea-floor spreading and oceanic crust forming (Zhang &
Shang, 2014).

For the East China Sea Shelf Basin with abundant hydrocarbon resources,
petroleum geologists had determined the stratigraphic sequence of the basin
(formations of Yueguifeng, Lingfeng, Mingyuefeng, Oujiang, Wenzhou, Pinghu,
Huagang, Longjing, Yuquan, Liulang, Santan, and Donghai; Figure 2; Zhang et
al., 2014; Zhang & Zhang, 2015; Liu et al., 2020) and defined the corresponding
seismic reflection interfaces (T, T1g, T12: T16s T205 T30s Ta0> Ts50, Ts0r Tss: Toos
and Ty49; Figure 2) among which T, T4, Tsy, T30, Tgos Tss, and Tygq were
all regional unconformities (Zhang et al., 2014; Zhang & Zhang, 2015; Liu et al.,
2020), comprehensively using seismic and well data. This provided an important
basis for stratigraphic tracking in the continental slope of the Okinawa Trough
(Li et al., 2019). Li et al. (2004) and Li (2008) identified two regional unconfor-
mities (equivalent to the Quaternary bottom boundary (T,) and the Pliocene
bottom boundary (T,,) in the East China Sea Shelf, respectively) and divided
five seismic sequences (Ua, Ub, Uc, Ud, and Ue) in the Okinawa Trough using
seismic and shallow seismic profiles. Moreover, they interpreted the sedimen-
tary strata from top to bottom as: the argillaceous silt, semi-deep-sea turbidite,
and clay of Holocene; shallow marine terrigenous sand, semi-deep-sea mud, and
tuffaceous mud of Pleistocene; dolomitic mudstone, sandstone, and volcanic
rocks of Pliocene; and transitional sandstone, mudstone, and tuff of Miocene
(Li et al., 2004; Li, 2008). However, Luan et al. (2008) only used reflection seis-
mic to divide the sedimentary strata in the continental slope of the Okinawa
Trough into five seismostratigraphic units (A-E) which were speculated as the
sedimentary formations of Late Miocene-Quaternary (A), Oligocene-Miocene
(B—C), Eocene (D), and Paleocene (F), respectively. Li et al. (2019) tracked the
stratigraphic distribution from the East China Sea Shelf Basin to the continen-
tal slope using sequence stratigraphic and well-seismic calibration technologies.
They identified six sequence boundaries and finally determined that the oldest
strata deposited in the continental slope of the Okinawa Trough was the Lower
Miocene formation, or even earlier (Li et al., 2019).

The Okinawa Trough is the result of the interaction of subduction, collision,



back-arc spreading between the Pacific—Philippine Sea Plate and the Eurasian
Plate, and the far-field effect of convergence, collision, and wedging between
the Indian—Australian plate and the Eurasian plate (Li et al., 2007, 2013; Hall,
2012). In the Late Cretaceous, the Pacific Plate subducted under the Eurasian
Plate in the NNW- direction, and the subduction angle gradually increased to
80° (Li & Zhou, 1999). The high-angle subduction and rollback of the plate
made the Pacific subduction zone retreat and jump eastward (Li et al., 2007,
2013; Hall, 2012). Then, the East China Sea Shelf rifted into a NE-trending
half-graben (Liu et al., 2004; Zhang et al., 2014; Liu et al., 2020), forming the
prototype of the ECSSB. In the Cenozoic, with the retreat of the Pacific Plate
and the uplift of the Qinghai-Tibetan Plateau, the ECSSB continuously back-
arc rifted until the end of Oligocene and was filled with thick Paleogene strata
(Li et al., 2013; Zhang et al., 2014; Liu et al., 2020). After the formation of the
Shikoku—Parece Vela Basin in the Middle Miocene, the Pacific subduction zone
jumped from the Ryukyu Island Arc to the Izu—Bonin—Mariana Trench, and
the Okinawa Trough began to back-arc spreading, which caused the Ryukyu
Island Arc to break away from the East Asia continental margin (Li et al.,
2013). At this time, the ECSSB had entered depression stage. Since then, the
Okinawa Trough continuously back-arc rifted. The discovery of pillow basalt in
the central and southern trough indicates that the mantle-derived material has
been directly exposed to the seabed (Hao et al., 2004; Zhang & Shang, 2014).

3 Data set and method

Six 2D reflection seismic profiles (inline L1-L5 and crossline L6) across the con-
tinental shelf and slope of the East China Sea, logging data of Well A (located
on the seismic line L1), digital elevation model (DEM), seabed temperature,
heat flow, and paleontological chronostratigraphic data of the ECSSB consti-
tute the data set of this study. The total length of 2D seismic lines is about
2390 km, and the dominant frequency ranges from 20 HZ to 30 HZ. The resolu-
tion of these seismic data used for submarine canyons is between 12-18 m. Well
A is located in the ECSSB and reveals Oligocene—Quaternary strata sequence
(Huagang, Longjing, Yuquan, Liulang, Santan, and Donghai formations, from
bottom to top). Although we published the sequence stratigraphic results of
seismic line L1 (Li et al., 2019), based on seismogram synthesizing and horizon
calibrating, we further revised and tracked the sequence stratigraphic bound-
aries on seismic line L1-L5 from the East China Sea Shelf to the Okinawa
Trough. Sequentially, we established the isochronous stratigraphic framework
of the study area and determined the age of stratigraphic boundaries on the
seismic profiles, based on the comparison and revision of the biostratigraphic
data of the East China Sea Shelf Basin (Wu et al., 1998a, 1998b; Zhong et
al., 2006), the 2009 geologic time scale (Walker & Geissman, 2009), the up-
dated international chronostratigraphic chart (v2017/02; Cohen et al., 2013),
and magnetostratigraphic—biostratigraphic—chronostratigraphic sequence strati-
graphic results (Haq et al., 1987).

As the age and magnetic chronology of the stratigraphic boundaries were slightly



different in the chronostratigraphic tables published in different years or by dif-
ferent researchers, and the international chronostratigraphic chart (v2017/02;
Cohen et al., 2013) did not provide the magnetic chronology, we firstly assumed
that the magnetic chronology in the 2009 geologic time scale (Walker & Geiss-
man, 2009) is consistent with the stratigraphic division in the International
Chronostratigraphic Chart (v2017/02; Cohen et al., 2013). Then, based on
the sparse stratigraphic ages provided by the international chronostratigraphic
chart (v2017/02; Cohen et al., 2013), the ages of magnetic polarity zones in
the 2009 Geologic Time Scale (Walker & Geissman, 2009) were determined us-
ing interpolation method. Sequentially, the ages of stratigraphic boundaries,
sequence boundaries, and biostratigraphic zones provided by Haq et al. (1987)
were revised using the new ages of magnetic polarity zones calculated from the
previous step. Finally, based on the paleontological and lithostratigraphic data
of the ECSSB (Wu et al., 1998a, 1998b; Zhong et al., 2006; Xie et al., 2014) and
its revision with the result of Haq et al. (1987), we established the Cenozoic
chronostratigraphic table applicable to the East China Sea region (Figure 2).
The ages of stratigraphic boundaries and sequence boundaries in Haq’s eustatic
curve were also determined.

The principle and method implemented for sequence stratigraphy analysis were
as follows: (1) By comparing the lithostratigraphic, paleontological, and logging
data of Well A with the chronostratigraphic table of the East China Sea, we
firstly determined the ages of the stratigraphic boundaries of Well A; (2) Using
the density and acoustic logging data of Well A, a synthetic seismogram that
used for the seismic horizon calibration on line L.1 was made. Then, based on our
previous research results (Li et al., 2019) and the Cenozoic chronostratigraphic
table (Figure 2), we further revised and redetermined the geological horizons and
ages of the seismic reflection interfaces (e.g., seafloor, Ty, T1g, T12, T16s Taos
T,,) on the line L1. And finally, the isochronal seismic stratigraphic frame-
work on line L1 was established (Figure 3). In addition, the T} ), interface
[the maximum regressive surface formed by the rapid sea level fall in the East
China Sea during the LGM (23 kyr B.P.)] was determined by the identification
of a set of regressive parasequence groups and a series of backstepping onlap
points on the seismic profiles due to the sea level rise after the LGM (Figure
4); (3) The seafloor, Ty Tos Tios T2y T1g) Tagy Tag, and T, on the inline
L1 were tracked from shelf to slope by using seismic wave parameters, such as
frequency, amplitude, seismic event continuity, reflection termination styles, in-
ternal structure, and external geometry of seismic reflection units. Then, the
seismic horizons on the inline L1 were tracked to the L2, L3, L4, and L5 inlines
through the crossline L6. And finally, the isochronal stratigraphic framework
of the Okinawa Trough was established. Notably, the T,5, T4, Tyg, T3, and
T, interfaces on the seismic profiles could not be tracked continuously from
the shelf to the slope due to the Diaoyu Island Uplift. These seismic interfaces
were identified based on the theory and method of sequence stratigraphy. They
were comprehensively determined by identifying the unconformities (or its cor-
responding correlative conformities) and reflection termination symbols (onlap,



downlap, toplap, truncation, offlap, progradation, retrogradation, incision, and
marine erosion) of the 4*M_order sequence boundaries, such as maximum regres-
sive surface, basal surface of forced regression, and maximum flooding surface,
as well as the spatial characteristics and superimposed styles of lowstand sys-
tems tract (LST), transgressive systems tract (T'ST), highstand systems tract
(HST), and falling stage systems tract (FSST; Figure 4). The terminology of
sequence stratigraphy and sedimentology used in this study mainly refers to
the concepts and principles of Haq et al. (1987), Hunt & Tucker (1995), and
Catuneanu (2002).

The spatial resolution of DEM was 1. The geomorphological factors, such
as elevation, slope, and aspect ratio, were calculated using the ArcGIS soft-
ware. Considering the low resolution of the DEM, the multi-beam sounding
data and topographic maps obtained from Liu et al. (2005), Li (2008), and
Wu et al. (2014) were referenced to analyze the geomorphological characteris-
tics of submarine canyons on the slope of the Okinawa Trough. The sea floor
heat flow and temperature data are derived from the global heat flow database
(http://www.ihfc-iugg.org/products/global-heat-flow-database/data) issued by
the International Heal Flow Commission. In addition, partial sea floor temper-
ature data are derived from Luan et al. (2008) and Xu et al. (2012).

4 Results
4.1 Sequence stratigraphy

Based on previous research results (Li et al., 2004; 2019; Luan et al., 2008; Li,
2008) and the Cenozoic chronostratigraphic table of the East China Sea (Figure
2), nine unconformities and sequence boundaries, such as Seafloor, Ty gy (23
kyr B.P.; Mix et al., 2001; Li et al., 2014), T, (1.8 Ma), T, (6.0 Ma), Ty,
(11.02 Ma), Ty4 (16.12 Ma), Ty, (23.03 Ma), T5, (33.9 Ma), and T, were finally
determined on the seismic profiles (Figure 3) across the East China Sea Shelf and
Slope comprehensively using the horizon calibration of a synthetic seismogram
of Well A, seismic boundaries tracking, and identification of sequence structure
style. Six sequence boundaries, such as Seafloor, Ty, T, Tig, Tig, and
T,¢ were developed on the slope of the Okinawa Trough (Figures. 4a and 4b).
The filling strata were divided into five 3"%-order sequences (SQIII 1-SQIII 5).
The sequence SQIIT 4 consisted of four parasequence units (systems tract), such
as LST, TST, HST, and FSST, while the SQIIT 5 consisted of only LST and
TST. The FSST at the top of SQIIT 4 was characterized by a wedge-shaped and
stepping-down progradation reflection unit towards the trough basin, which
reflected the sedimentary migration stages controlled by sea-level fall. Thus, a
regressive unconformity (Tyqgy;) which can be tracked in the whole region was
formed (Figure 4). The lower Miocene strata may also have deposited on the
slope, but its reflection characteristics were fuzzy, discontinuous, and difficult
to track.

Tracking from L1 to L2, L3, L4, and L5 lines, we found that the Diaoyu Island
fold-uplift had an increasing influence on the sedimentary structure of the slope
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from north to south. Only three unconformities and sequence boundaries, such
as Seafloor, Ty (23 kyr B.P.), and T, (1.8 Ma) were effectively determined
on the southernmost seismic line L5. The Ty, (6.0 Ma), T, (11.02 Ma), and
T, (16.12 Ma) surfaces were further determined using the sequence scale, grade,
and growth cycle by compared with other seismic lines. Stratigraphic sequence
tracking from north to south showed that the Okinawa Trough started to be
rifted in the Early Miocene affected by the subduction of the Philippine Sea
Plate (Li et al., 2013). The northern trough was firstly rifted and therefore,
filled by thick Miocene-Quaternary strata. Until the Late Miocene—Pliocene, as
the rifting center migrating to the southern trough, the Okinawa Trough evolved
into a unified basin. The southern trough was only filled by the Pliocene and
Quaternary strata (Li et al., 2004; Wu et al., 2014).

Seismic interpretation showed that line L2 extends across submarine canyon C4,
which has developed since the Early Pleistocene (<1.8 Ma). Along with the
progradation of the continental slope, the canyon channel gradually migrated
to the SE (Figure 4b), and then, moved to the present location after the LGM.
It can be inferred that, during the LGM, the ancient river channel on the East
China Sea Shelf transported a large amount of clastic materials to the submarine
canyon C4. Following the deposition of the clastic materials, the downcutting
rate of the canyon decreased, resulting in channel filling.

The stratigraphic sequence of line L5 indicated that the submarine canyon C6
started to develop during the LGM (Figures 5a, 5b, 5e, and 5f). Its formation
and evolution were mainly controlled by the syndepositional fault developed
in the SE-wing wall of the canyon. Line L3 extends across the head of the
submarine canyon C5 and its branch C5-1 (Figures 5¢ and 5d), while line L4
extends across the branch C5-2 (Figures 5g and 5h). The stratigraphic sequence
of lines L3 and L4 shows that the canyon system C5 was formed during the
LGM, or even earlier (Middle Pleistocene). In addition, two juvenile submarine
canyons were seen on line L4 (Figure 5e) which are mainly controlled by the
active faults that cut through the seafloor.

In conclusion, submarine canyons on the continental slopes of the central and
southern Okinawa Trough began to develop in the Early Pleistocene (< 1.8
Ma) and further evolved after the LGM. The canyon survival time spans two
sequence cycles of SQIIT 4 (1.8-0.023 Ma) and SQIII 5 (0.023-0 Ma) (Figure
4). Some submarine canyons may have migrated or even disappeared due to the
climate changes during the glacial-interglacial cycle.

4.2 Geomorphological features of submarine canyons

There are many submarine canyons and valleys of different scales and shapes
on the central and southern slopes of the Okinawa Trough (Liu et al., 2005; Li,
2008; Li et al., 2019; Wu et al., 2014). As mentioned above, the canyons were
mainly formed in the Quaternary period. During the LGM, the sea-level in the
East China Sea dropped to the current water depth of 135-150 m, which caused
the continental shelf to be completely exposed and denuded, and finally led to



the formation of the regional unconformity interfaces (Tyqy). This also pro-
vided favorable provenance and hydrodynamic conditions for the development
of submarine canyons (Gao & Collins, 2014; Li et al., 2014; Wu et al., 2014).
The submarine canyon showed typical erosional-depositional structures, with
obvious down-cutting truncation at the bottom on reflection seismic profiles.
It was characterized by irregular V-shaped or U-shaped with different terrain
height. Small secondary-sequence surfaces developed in the interior of these
canyons (Wu et al., 2011; Su et al., 2015).

The slope gradient map extracted from the DEM (Figure 6) indicates that the
average slope gradient of the Okinawa Trough gradually increases from north to
south. The slope gradient of the northern slope ranged from 0.5° to 2°, and the
slope gradient of the central slope was mainly between 0.5-10°. The slope gradi-
ent of the transition zone between the central and the southern slopes increased
to 2-15°. However, the slope gradient of the southern slope decreased to 0.5-10°.
On the map, ten large-scale submarine canyons (C1-C10) was identified.

In this study, two large-scale submarine canyons (C5 and C6) in the central slope
of the Okinawa Trough were selected for geomorphological analysis (Figure 7).
The submarine canyons C5 and C6 were separated by a submarine plateau on
the slope. The lengths of canyons C5 and C6 from the shelf break (water depth
180-200 m) to the bottom of the Okinawa Trough (water depth 1800 m) were
about 90 km and 73 km, respectively. Their structures can be divided into
three parts: head, upstream, and downstream (Figures 7c and 7e). From the
head to downstream area, the canyon gradually changes from near SN-trending
to NW-trending or NWW-trending. The submarine plateau partly affected the
extension direction of submarine canyons. The canyon head is V-shaped and
gradually transits to an irregular V-shaped or U-shaped structure with a wider
canyon shoulder or a U-shaped structure with a wider canyon floor. The canyon
downstream was mostly dish-shaped or dustpan-shaped (Figures 7d and T7f).
The submarine canyons C5 and C6 are the meandering shelf-incising canyons
not connected with a river whose heads have retrogressively eroded into the East
China Sea Shelf. Branching channels were common at the head and upstream
of the canyons (Figures 7a and 7b).

On the topographic profile along the thalweg of canyon C6, the bottom con-
figuration slope presents two steps (Figure 7c¢). The maximum shoulder width
of C6 ranged from 9 km—20 km (Figure 7d), and the maximum undercutting
depth at the transition zone between the head and the upstream reached 900 m.
The slope gradient of the side wall at the canyon head ranged from 0.5° to 7.4°,
and the slope gradient of the upstream was between 1.5-9.1°. The slope gra-
dient of the downstream gradually decreased, mostly to less than 3°. Notably,
there was a long and narrow natural levee (of 35 km length) on the NE-side in
the downstream channel of canyon C6. The topographic height difference was
100-170 m across the channel, and the slope gradient of the NE-side wall was
higher than that of the SW-side wall (Figures 7b and 7d). The seismic profile in-
dicated a parallel-subparallel reflection structure with medium—high continuity
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and medium-strong amplitude (Zhao et al., 2008), reflecting the characteristics
of fine-grained overbank sediments at the end of the canyon. The reason that
the overbank sediments formed on the NE-side of the channel is speculated to be
the combined effects of Coriolis force and the Kuroshio movement from south to
north (Li et al., 2014, 2019), which preserved the turbidity sediments effectively
in the NE-side of the channel.

The submarine canyon C5 has many branches (e.g. C5-1 and C5-2). However,
the connectivity between the branch channel and the main channel was still
unclear (Figures 7a and 7b). The maximum shoulder width of canyon C5 was
7-19 km (Figure 7f), and the incised depth was 40-430 m. The slope gradient
at the canyon head ranged from 0.1° to 6.4°. The slope gradient at the canyon
upstream was 0.3°-4.8°, while the slope gradient at the canyon downstream
was less than 2°. The thalweg profile showed that the bottom configuration
descended in three steps (water depths were 180610 m, 610-1200 m, and 1200
1800 m, respectively; Figure 7e).

4.3 Erosional-depositional texture in submarine canyons

On the seismic line L4, the canyon head of C6 is V-shaped. The seismic re-
flection with medium amplitude and medium continuity at the canyon bottom
represents turbidite channels, while the seismic reflection with weak amplitude,
low continuity at the middle part represents the mass transport deposits (MTD)
(Figures 5e and 5f). The ancient sea-level in the East China Sea dropped to the
current water depth of 120-150 m during the LGM, which caused the East
China Sea Shelf to be exposed and eroded. Affected by the rejuvenation of the
rivers, many incised channels developed on the shelf edge (Li et al., 2004, 2019).
According to the morphological structure of the canyon and its downcutting
position, the head of the canyon C6 justly developed from these channels.

The seismic line L5 shows that the canyon C6 is dustpan-shaped, with steep SE-
side-wall and gentle NW-side-wall. The morphological structure of the canyon
is obviously controlled by a normal fault paralleling or obliquing to the canyon
strike (Figures 5a and 5b). Within the canyon, only two complexes of turbidity
current channels could be identified, which are mainly characterized by layered
seismic reflections with medium-strong amplitude and medium continuity. The
maximum downcutting depth of the canyon was found to be consistent with the
Tonm surface (Figures. 5a and 5b). However, five—six large-scale MTDs were
identified in the canyon, which were characterized by layered or progradation
reflections with weak amplitude and medium continuity. Besides, imbricated
seismic reflections due to gravitational sliding and compressional deformation
were also observed (Figures. 5a and 5b). The dustpan-shape and internal
structure of the canyon C6 indicated that it was jointly controlled by gravity
flow and seabed subsidence caused by the syndepositional fault dragging on the
SE-wing (Liu et al., 2005; Li, 2008; Zhao et al., 2011). Therefore, the bottom
boundary of the canyon C6 was not exactly the downcutting surface of the
gravity flow. Based on the comprehensive interpretation and analysis of seismic
stratigraphy, we believe that the maximum regressive surface (Tyqy) formed
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at the LGM is the bottom boundary of the submarine canyon C6.

The seismic line L3 extends across the head of the canyon C5 and its branch
C5-1. The seismic profile shows that there are one or two ancient, incised valleys
buried under the canyon C5 (Figures 5c and 5d). According to the superimposed
relationship, it can be inferred that the rapid sea-level fall in the East China Sea
during the LGM caused the continental shelf to be exposed and downcut due
to river rejuvenation. The ancient, incised valleys now buried under the head of
canyon C5 were thus formed. After LGM, the rivers gradually retreated to the
continent due to sea-level rise, and the ancient channels on the continental shelf
were filled and buried (Li et al., 2004). However, it still retained the negative
topography which became the prototype of the canyon head.

The seismic profile showed that the channel of canyon C5-1 was about 6 km wide
and undercut close to the surface T,. Eroded by the mass flow transportation,
the bottom surface of the canyon was undulating (Figures 5¢ and 5d). In the
canyon, three MTD units are identified, which indicated that the submarine
canyon has entered the shrinking and filling stage (Reading & Richards, 1994;
Wu & Qin, 2009). The NW-side wall of the canyon is one MTD unit formed
by slump, which presents chaotic or continuous reflection with medium-weak
amplitude. The toe of the slump body was strongly folded. The sedimentary
layer was broken to form an imbricated structure, in which many compressional
deformation structures developed. All of these indicated that the side wall of
the canyon may further slide or slump (Figures 5¢ and 5d). The SE-side wall
of the canyon was composed of two MTD units. The interface between these
two MTDs was interpreted as one detachment fault for sediment decoupling.
The detachment surface formed the bottom boundary of the canyon. The lower
part of the MTDs showed layered seismic reflection with medium amplitude and
medium—weak continuity, while the upper part presented imbricated or chaotic
reflections with medium-low amplitude and medium-low continuity (Figures 5c¢
and 5d).

The seismic profile L4 indicated that the canyon C5-2 underwent obvious lateral
migration and diversion (Figures 5g and 5h). We believe that the SE-migration
of canyon C5-2 was mainly caused by the rapid sea-level fall and the rightward
deflection of Coriolis force during the LGM (Li et al., 2014, 2019). The buried
canyon channel was U-shaped, or even dish-shaped, with wide canyon floor. Its
interior was characterized by progradational-filling reflections with weak am-
plitude and medium continuity. The canyon was mainly filled by multi-stage
turbidite deposits characterized by the medium—strong amplitude, medium—high
continuous, and layered-filling reflection complexes (Figures 5g and 5h).

Seismic profile L2 showed that the canyon C4 underwent 3-4 stages of SE-
migration and diversion, during which two ancient channels now buried under
the continental slope seabed were formed (Figure 4b). The first ancient channel
presented an irregular U-shaped and undercut to the bottom of the Quaternary
strata. Its channel was about 3 km wide. The lower channel presents waving
reflection with weak-amplitude and medium—low continuity, which reflects the
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sedimentary characteristics of high-density debris flow. The central channel
shows layered-filling reflection with strong amplitude and medium continuity,
which represents turbidite channel deposits. The upper part is characterized
by mounded or chaotic reflection with weak amplitude and medium-low conti-
nuity, which represent the MTDs (Figure 4b). The other ancient channel was
U-shaped, with a channel width of 2.5 km, characterized by the layered reflec-
tion with medium-strong amplitude and medium-low continuity (Figure 4b).
The head of canyon C4 had two branches. The branch channel width ranged
2-2.5 km and represented an irregular U-shaped or V-shaped. The channels
were filled by layered sediments characterized by weak amplitude and medium
continuous reflections. The syndepositional deformation structures were also
developed in the channels (Figure 4b).

In addition, on the seismic profile L3, eight ancient, incised channels were iden-
tified on the shelf edge (Figures 5¢ and 5d). These channels were small with
widths of 0.7-1.5 km, respectively and presented chaotic-filling, onlap-filling,
progradational-filling, or complex-filling reflections. The ancient channels were
mainly distributed near the Ty ) and migrated frequently, indicating that its
formation was closely related to the river rejuvenation during the LGM (Fig-
ure 5¢). On one hand, these small-scale channel systems could carry turbidity
sources for the erosion of submarine canyon, while on the other hand, under the
action of the retrogressive erosion, they could connect with the slope-confined
canyons (blind canyon or headless canyon) and transformed into the canyon
head (Li et al., 2014; Wu et al., 2014).

4.4 Seismic reflection mark of methane-bearing fluid activity

Methane leakage and gas-bearing fluid activities at the bottom of the Okinawa
Trough have been confirmed by the seabed gas leakage and associated cold seep
carbonates (Luan & Qin 2005; Sun et al., 2015; Wang et al., 2019; Guan et al.,
2019; Zhang et al., 2020; Cao et al., 2020; Li et al., 2018a, 2021b), pore water
geochemistry in shallow sediments (Wang et al., 2015b, 2019; Li et al., 2015; Xu
et al., 2018, 2020), mud diapir and volcano (Zhao et al., 2006; Xu et al., 2009)
and abnormal methane flux in water column (Luan & Qin 2005; Zhang et al.,
2020).

The arched, imbricated reflections on seismic profiles L3, L4, and L5 may indi-
cate the upward escape and diffusion of methane-bearing fluids caused by gas
hydrate decomposition (Figures 4d, 5a, 5¢ and 5e; Wu et al., 2011; Davies, et
al., 2012; Su et al., 2015). On the SE- and NW-side walls of canyon C6, well
preserved fluid migration channels had been found and identified (Figure 5a).
The gas-bearing fluid leakage through these channels only cut the seismic events
and formed gaps on the seabed, which did not cause large-scale stratigraphic
disturbance. Therefore, the intact escape channels were preserved on the seis-
mic profiles (Figure 5a). The location of canyon C6 is exactly close to the mud
volcano or diapir associated with gas hydrate reported by Xu et al. (2009),
which confirms the judgment that fluid escape and leakage has occurred and
participated in the evolution of canyon C6.
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The gap on the side wall of canyon C5-1 and the adjacent slope indicated the
traces left by the escaping gas after hydrate decomposition (Figures 5¢ and 5d).
We believed that the detachment fault on the SE-side wall of canyon C5-1 was
also further shaped by MTD sliding from the fluid escape channel. However,
when the fluid could not be effectively discharged, the liquefied deformation
of sediments will present distorted, chaotic or twisty reflections on the seismic
profiles (Figures 4d, 5a, and 5¢). The ridge of canyon C5-1 are composed of
several wedgy or triangular slope fans which are characterized by weak ampli-
tude, chaotic-filling reflections or medium amplitude, medium-low continuous,
oblique-filling reflections. The liquefaction-induced deformation exactly devel-
oped at the fan end (Figure 5c). Therefore, we believed that the SE-wing of
canyon CbH-1 was an active methane seep area, which could be confirmed by
methane flux observation (Zhang et al., 2020). Coincidentally, the gaps, imbri-
cated structures, and internal chaotic-twisty reflection marks caused by strong
methane-bearing fluid seepage were also identified at the end of seismic line L3
(Figure 8c).

On the seismic line L4, we identified a cold seep site which is exactly close to
the seabed gas spring (Luan & Qin 2005; Zhang et al., 2020) and an active
CH, emission area (Xu et al., 2018; Zhang et al., 2020). We believed that the
liquefaction deformation due to strong methane-bearing fluid leakage and distur-
bance caused some gap structures and arched, imbricated reflection units on the
seismic profile (Figure 4d). The interior units were characterized by chaotic or
twisty reflections (Figure 4d). The reflection seismic, seabed gas spring (Luan &
Qin 2005), pore water geochemistry in sediments (Xu et al., 2018), and the high-
est sea-to-air flux of methane (Zhang et al., 2020) all confirmed the universality
of methane-bearing fluid activity in this area of Okinawa Trough.

5 Discussion

5.1 Dynamic accumulation of hydrate indicated by BSRs and its relationship
with methane seepage

Since the discovery of the BSRs (Yang et al., 2004; Luan et al., 2008; Xu et al.,
2009; Xu et al., 2012; Chen et al., 2014; Li et al., 2019), many evidences for
gas hydrate, such as seabed methane seepage and associated carbonate (Luan &
Qin, 2005; Sun et al., 2015; Li et al., 2018a; Guan et al., 2019; Wang et al., 2019;
Zhang et al., 2020; Cao et al., 2020; Li et al. 2021a, 2021b), pyrite associated
with methane leakage (Wang et al., 2015b), mud diapir or volcanoes (Zhao et
al., 2006; Xu et al., 2009), and methane anomaly in pore water, water column
and even sediments (Lu et al., 2003; Li, 2008; Wang et al., 2015b; Li et al. 2015;
Xu et al., 2018, 2020; Zhang et al., 2020), were revealed in the Okinawa Trough
(Figure 1). The hydrate phase equilibrium simulation showed that the hydrate
resource in the Okinawa Trough can be as high as 24x10'2 m® (Chen, 2014).
In this study, based on the measured temperature-depth (pressure) data in the
Okinawa Trough (Xu et al., 2012; Li et al., 2019), the phase equilibrium model
of gas hydrates was also established, according to the 4'"-order equation of
temperature-pressure (depth) proposed for the stable existence of gas hydrates
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(Miles, 1995; Xu et al., 2009). The results show that the minimum pressure
required for gas hydrate formation in the Okinawa Trough is 630 m in water
depth, which is very close to the result of 500-600 m calculated by Fan & Yang
(2004), and the results of 600 m calculated by Luan et al. (2008). All this show
that the continental slope of the Okinawa Trough has favorable thermodynamic
geological conditions for gas hydrate accumulation.

On the seismic profile L5, two intermittent BSRs with different buried depth
were found on the NW-side wall of the canyon C6 (Figure 8a). The distribution
horizon of the lower BSR was consistent with the Ty, distributed across
or parallel to the sedimentary strata. The reflection polarity of the BSR was
opposite to that of the seafloor, showing strong amplitude and negative seismic
polarity clamped by positive polarity (Figure 8a). The blank reflection unit
above the lower BSR indicated that the hydrate reservoir thickness was about
150-300 ms (two-way reflection time). The residual discontinuous reflections
inside the seismic unit reflected the spatial heterogeneity of the gas hydrates.
The upper BSR was distributed intermittently from the side wall slope to the
canyon floor, with a cumulative extended distance of 10 km. The BSR trend
was basically consistent with the seabed topography (Figure 8a). The thickness
of the blank reflection zone above the BSRs on the side wall was about 50—
150 ms (two-way reflection time). At the canyon floor, the thickness of the
blank reflection zone above the BSR was 100-300 ms (two-way reflection time).
Therefore, we believe that there were already gas hydrates in the submarine
sediments of the East China Sea Slope during the Pleistocene.

On the seismic profile L4 (Figure 8b), the BSR was located under the NW-side
wall of canyon C5-2. The blank reflection zone was characterized by weak ampli-
tude, chaotic-filling or low continuous, oblique-filling reflections, with thickness
of 50-150 ms (two-way reflection time). The BSR extended about 4.5 km in
the SE-direction and was cut off by the canyon channel, indicating that the
submarine canyon has an important influence on the GHSZ (Figure 8b). In
the maturity stage, the canyon underwent strong erosion, and the seafloor was
downcut into V-shaped or U-shaped structures. Influenced by the cooling ef-
fects of seawater (Bangs et al., 2010; Davies et al., 2012), the GHSZ under the
canyon floor will gradually migrate deeper. While in the old stage, the subma-
rine canyons are strongly filled, and the MTDs and turbidite channel sand in
these canyons can become gas hydrate reservoirs again.

After the last glacial period, owing to the pressure release and rise in the seafloor
temperature caused by the rapid sea-level fall, the gas hydrate stable zone
(GHSZ) gradually drifted upward and moved towards the seafloor during the
LGM, resulting in the overlapping of the lower BSR and the T} 4y surface. The
leakage of methane-bearing fluid released from hydrate decomposition due to
GHSZ migration caused gap structures and fluid escape channels on the seismic
profile (Figure 5a). During this period, jointly controlled by sediment slump-
ing (Figure 8a; large wedge-shaped and blank reflection unit above the lower
BSR) induced by gas hydrate decomposition and seafloor subsidence caused by
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contemporaneous faulting on the SE-side wall, the submarine canyon C6 grew
rapidly and suffered turbidity flow erosion, which ended the SE-extension of the
lower BSR.. After the LGM, along with the sea-level rose, the turbidity sediments
filled in the canyon once again hosted gas hydrates, forming a 10-km long BSR
across the side wall and subchannel floor in the canyon C6 (Figure 8a). Mass
flow sediments constituted the main body of the blank reflection zone above the
BSR (Figure 8a), indicating that deep water turbidites, such as canyon channel
and MTD, were the dominant gas hydrate reservoirs in these canyons (Noguchi
et al., 2011; Boswell et al., 2012; Wu et al., 2011; Su et al., 2015; Suzuki et
al., 2015). The detachment surface of the shallow MTDs inside the canyon C6
completely coincided with the BSRs (Figure 8a), indicating an inseparable con-
nection between gas hydrate decomposition and the erosive turbidity current
that dominates the development of the canyon.

Although we did not identify enough BSRs on the seismic profiles, a lot of gap
structures and fluid transport channels caused by gas escaping, and imbricated,
chaotic or twisty seismic reflections caused by gas-bearing fluid liquefaction
associated with methane leakage were found (Figures 4d, 5a, 5c, and 8c). No-
tably, the petrological, mineralogical, and geochemical analysis of carbonate
associated with methane seepage in the Okinawa Trough, show that the leak-
age of biogenic methane and intense anaerobic oxidation of methane (AOM)
resulted in the formation of abundant authigenic carbonates, which represented
extremely negative carbon isotopic and positive oxygen isotopic compositions
(Wang et al., 2019; Cao et al., 2020). Moreover, isotopes have confirmed that the
fluid required for carbonates precipitation in the Okinawa Trough comes from
decomposition of gas hydrate (Cao et al., 2020), which just approves our un-
derstanding that the methane-bearing fluid activity caused by hydrate dynamic
decomposition affects the origin and evolution of submarine canyons.

5.2 Factors controlling the formation and evolution of submarine canyons

The submarine canyons on the continental slope of Okinawa Trough began to
form in the early Pleistocene (<1.8 Ma), which was strongly controlled by the
climate and environment changes due to the glacial-interglacial cycle in the Qua-
ternary (Gao & Collins, 2014). The origin and evolution of these submarine
canyons are mainly related to the gravity transportation (small-scale landslides
and sediment gravity flows; Li et al., 2001; Liu et al., 2005; Zhao et al., 2009;
Li et al., 2019), the rifting settlement of syndepositional faults (Liu et al., 2005;
Li, 2008; Zhao et al., 2011), and the sea-level eustacy, river rejuvenation and
methane-bearing fluid leakage due to dynamic evolution of GHSZ caused by cli-
mate change in the Quaternary glacial-interglacial cycles (Li et al., 2019; Cao et
al., 2020). In addition, the strong submarine volcanic activities in the Okinawa
Trough may also affect the development of submarine canyons.

The seabed topography shows that the trend of the submarine canyons on the
continental slope of Okinawa Trough is basically perpendicular to the isobaths,
reflecting that the extension of canyons is controlled by gravitational process.
The MTDs associated with slide or slump and characterized by imbricated,
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twisty or chaotic seismic reflections, the channel-lag deposits (high density debris
flow) characterized by chaotic-filling reflections, and turbidity channel deposits
characterized by progradational-filling, parallel onlap-filling or divergent-filling
reflections indicate that gravity flow plays a key role in shaping the submarine
canyons (Wu & Sakamoto, 2001; Wu et al., 2011; Xu et al., 2014; Su et al.,
2014, 2015; Yin et al., 2015). Published cases of submarine fans outside the
canyon mouths and the natural levees and fine-grained overflow deposits of the
Chiwei canyon-fan system also illustrate the frequent turbidity current activities
in the Okinawa Trough (Li et al., 2001; Liu et al., 2005; Li, 2008; Zhao et al.,
2009, 2011). Especially since the Holocene, after the Kuroshio warm current
strengthened (Xiang et al., 2003; Gao & Collins, 2014), it intruded into the Oki-
nawa Trough again and would induce the frequent activities of seabed turbidity
current to a certain extent.

The dustpan-shaped structure with NE-wing faulting and SW-wing overlapping
and its associated relationship with syndepositional faults show that some sub-
marine canyons on the continental slope of Okinawa Trough are dominated by
active faults. Canyon embryos controlled by these syndepositional faults were
also found on the seismic line 1.4. The dragging subsidence of active faults can
not only form canyon negative topography, but also induce erosive activities of
turbidity current, and instability and slump of canyon side-walls, thus leading
the evolution process of this kind of submarine canyons. Since the late Miocene,
under the control of back-arc tension, two groups of NE-SW trending (approxi-
mately E-W trending in the southern part of the trough) and NW-SE trending
fault systems have developed in the Okinawa Trough (Liu et al., 2005; Li, 2008;
Zhao et al., 2011). The NE-SW trending faults control the topographic division
from continental shelf to slope. While the secondary NW-SE trending faults
and its branch faults cut the continental shelf and slope from west to east and
break the bedrocks providing good geological conditions for the formation of
submarine canyons.

The formation time of the submarine canyons (< 1.8 Ma) on the continental
slope of the Okinawa Trough is equivalent to the starting time of the oldest
glacial epoch (Shishapangma epoch) in China, the Eburonian epoch recorded in
the European Alps, and pre-Illinoian H epoch recorded in the Great Lakes (Shi
& Liu, 1964; Zhang et al., 2002; Mutton et al., 2003; Ehlers & Gibbard, 2007;
Cui et al., 2011) reflecting that the formation of submarine canyons is closely
related to the Quaternary glacial-interglacial cycle (Nakajima et al., 2014; Xu et
al., 2014; Su et al., 2014, 2015; Yin et al., 2015; Li et al., 2019; Cao et al., 2020).
During the LGM, the sea-level of the East China Sea dropped to the present-day
water depth of 120-150 m (Lambeck & Chappell, 2001; Li et al., 2014) and the
continental shelf was exposed. The terrestrial rivers advanced rapidly toward
the ocean and eroded the shelf margin, thus forming many incised channels (Li et
al., 2004, 2014). The heads of submarine canyons C5 and C6 was inherited from
these ancient incised channels. At the same time, these ancient channels also
transported a large amount of clastic materials for the downcutting of canyons
due to gravity flow. For the Okinawa Trough, another important influence
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of the Quaternary sea-level eustacy was the variation of the temperature and
pressure conditions of gas hydrate (Song, 2003; Yu et al., 2014; Maslin et al.,
2004). The periodic decomposition of hydrate and methane leakage caused
by GHSZ migration due to the temperature and pressure change, weakened
the stability of seabed sediments on the continental slope, which had seriously
affected the development and evolution of submarine canyons in the forms of
landslides and sediment gravity flows. In return, the continuously downcutting
and lateral erosion of canyons would also cause the spatial migration of GHSZ
(Bangs et al., 2010; Davies et al., 2012; Su et al., 2015). The MTDs characterized
by imbricated, twisty or chaotic seismic reflections, the gaps that indicate gas
escaping on the canyon side-walls, the liquefaction deformation structures on
the canyon ridge, and the truncated relationship between BSRs’ reflectors and
canyon channels on the seismic profiles all proved the interaction between gas
hydrate and submarine canyons. In addition to the gravity flow, the sea-level
and climate changes caused by the Quaternary glacial-interglacial cycle are the
main factors for the origin and evolution of submarine canyons in the Okinawa
Trough.

5.3 Submarine canyon evolution model coupling with methane seepage associ-
ated with hydrate

The temperature and pressure conditions of the GHSZ can be destroyed by the
alternating cold and warm events caused by climate change or sea-level eustacy
(Song, 2003; Maslin et al., 2004; Wu et al., 2009; Bangs et al., 2010; Nakajima
et al., 2014). The most remarkable is the global sea-level fluctuation caused by
glacial-interglacial cycle in the Quaternary controlled by the Milankovich cycle.
For example, during the LGM, the sea level of the East China Sea dropped to
the present-day water depth of 120-150 m and reached the continental slope
edge of the Okinawa Trough (Lambeck & Chappell, 2001; Li et al., 2014; Gao
& Collins, 2014). During this period, the intense climate change and sea-level
fall played a key role in the formation, decomposition, and accumulation of gas
hydrates in the Okinawa Trough. In turn, the methane released from hydrate
decomposition could also contributed to climate change (Maslin et al., 2004;
Wang et al., 2015a).

Many submarine canyons have developed on the central and southern slope of
the Okinawa Trough (Li et al., 2001; Liu et al., 2005; Liu et al., 2005; Li, 2008;
Wu et al., 2014). The formation of these canyons began in the early Pleistocene
(< 1.8 Ma), and they continue to develop even today. During this period, the
submarine canyons underwent multi-stages of channel migration and erosional—
depositional evolution. Some submarine canyons had even disappeared and were
buried. The submarine canyons on the slope of the Okinawa Trough were formed
earlier than the oldest Shishapangma Glaciation (1.17-0.8 Ma) discovered in
Western China (Shi & Liu, 1964; Zhang et al., 2002; Cui et al., 2011) and the age
of the seep carbonates [31.54-34.1 ka B.P. from Sun et al. (2015) and 22.8-55.7
ka B.P. from Cao et al. (2020), respectively] in the Okinawa Trough. However,
its formation time is consistent with the starting time of the Eburonian epoch in
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and pre-Illinoian H epoch (Mutton et al., 2003; Ehlers & Gibbard, 2007; Cui et
al., 2011). Moreover, the rapid sea-level fall during the LGM in the East China
Sea Shelf are confirmed by many sedimentary records (Gao & Collins, 2014; Li
et al., 2014, 2019). Therefore, the formation, development, and evolution of
submarine canyon in the study area are closely related to the global glacial—
interglacial cycle during the Quaternary period (Nakajima et al., 2014; Xu et
al., 2014; Su et al., 2014, 2015; Yin et al., 2015).

Since the LGM, the coupling evolution process of submarine canyon and gas
hydrate system in the Okinawa Trough were clearly preserved in the canyon sed-
iment records, such as the MTD characterized by imbricated, twisty or chaotic
seismic reflections, fluid transport channels and the gaps that indicate gas escap-
ing on the side walls of the C6 and C5-1 submarine canyons (Figures 5a and 5c¢).
Additionally, a truncated relationship between the BSRs reflector and the sub-
marine canyon on seismic lines L5 and L4 (Figure 8) was also observed. All these
indicate that there is a complex relationship between the erosional-depositional
evolution of submarine canyons and the development of gas hydrates on the
continental slope of the Okinawa Trough. On one hand, strong downcutting
and retrogressive erosion of submarine canyons will steepen the canyon side-
wall, which can easily induce sediments instability on the canyon sidewall. The
channel downcutting and sediment instability will destroy the GHSZ. Therefore,
the methane released by hydrate decomposition will leak out through the gap
formed by the sediment instability on the side walls and seabed gas seepage
(Luan & Qin, 2005; Wu et al., 2011; Davies et al., 2012; Su et al., 2015; Cao
et al., 2020); On the other hand, the sea-level eustacy caused by the glacial-
interglacial cycles will lead to frequent changes of temperature and pressure in
the GHSZ. Therefore, the hydrates can form or decompose dynamically and
repeatedly, that promotes the escape and leakage of methane-bearing fluids.
This methane-bearing fluid activity can, in turn, induce sediment instability
and deformation, and then, influence the formation and erosion processes of
the submarine canyon (Nakajima et al., 2014; He et al., 2014; Li et al., 2017,
2018b) and even cause the occurrence of submarine landslide. However, the
channel sand inside the submarine canyon and the submarine fan outside the
canyon mouth can often be used as the high-quality reservoirs for hydrate. We
believe that erosion and deposition in the submarine canyon and the dynamic
accumulation of gas hydrate are interdependent and reciprocal.

Based on the influence of sea-level fall caused by Quaternary glaciation on the
gas hydrate dynamic accumulation system in the continental slope of the Ok-
inawa Trough and the interaction between the gas hydrate decomposition and
the formation of submarine canyons, a coupling evolution model of submarine
canyon erosion and gas hydrate dynamic accumulation on the continental slope
of the Okinawa Trough was established (Figure 9): The stage of sea-level fall,
hydrate decomposition, and submarine canyon forming. The formation time
(<1.8 Ma) of submarine canyon on the continental slope of the Okinawa Trough
is consistent with the glacier onset time in the Northern Europe and Northern
America (Mutton et al., 2003; Ehlers & Gibbard, 2007; Cui et al., 2011), which
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indirectly proves the genetic relationship between submarine canyons and the
sea-level fall during the glacial epoch. During the glacial epoch in the Middle
Pleistocene, the sea-level fall led to pressure release and seabed temperature
rise and the upward migration of GHSZ resulted in the decomposition of hy-
drate layers between the old and new stable zones (Wu et al., 2011; Nakajima
et al., 2014; He et al., 2014). The released methane migrated and seeped rapidly
upward to the seabed and accumulated beneath the seafloor, forming hydrate
mounds on the continental slope. With the continuous hydrate accumulation,
the stress reached the critical condition, which resulted in the collapse of the
hydrate mound. The scarp formed by the instability of hydrate mounds be-
came the rudiment of the valley, which opened the development process of the
submarine canyon (Figures 9a and 9b). Notably, the formation of submarine
canyon C6 is also controlled by contemporaneous faulting (Figure 5a). In other
words, faulting is also one factor affecting the initiation of submarine canyons.
Active faults break the bedrocks of the seabed to form a negative terrain, in-
ducing gravity flow to preferentially erode the broken strata and ultimately,
affected the canyon path. Faulting can be combined with the decomposition of
gas hydrate to control the development and evolution of the submarine canyon;

The stage of submarine canyon continuously downcutting, canyon retrogres-
sive erosion, and gas hydrate stable zone (GHSZ) dynamic migrating. After
the rudiment formation of the submarine canyons, the scour and retrogressive
erosion of gravity flow (e.g., MTDs and turbidity flow) became the main factor
to shape the canyon structure. In this stage, the seabed continuously suffered
downcutting and erosion, forming V-shaped or U-shaped canyon channels. Af-
fected by the cooling effects of seawater (Bangs et al., 2010; Davies et al., 2012),
the GHSZ under the canyon floor gradually migrated deeper (Figure 9c). The
free methane under the previous GHSZ then combined with water molecules
to form new gas hydrates (Sun et al., 2017). The BSRs were truncated by the
MTDs on the side wall of the submarine canyons C6 and C5-2, which proved
the influence of canyon downcutting on the GHSZ migration. At the same time,
the reason why multiple BSRs have developed in the canyon development area
is explained reasonably (Wu et al., 2009; Davies et al., 2012; Su et al., 2015).

The mutual promotion stage of sediment instability and the collapse of the
canyon wall, along with methane leakage. The gap from which the gas escaped,
imbricated deformation structures on the side wall of the C6 and C5-1 canyons,
and the liquefaction deformation structures on the canyon ridge (Figure 5) all
indicated that, in the trough, gas escape interacted with mass sliding. When
the slope gradient of the canyon wall increased to the critical conditions un-
der the erosion of turbidity flow, the sediments on the head and flank of the
canyon channel became instable and collapsed. Thus, the hydrate layers on
the canyon wall decomposed, resulting in the methane escaping and a gap was
formed where the gas seeped through. Similarly, the escape of methane-bearing
fluid will also aggravate the sediment deformation and induce new mass sliding
events. With the retrogressive erosion of the canyon, the ancient, incised chan-
nels formed on the edge of the outer shelf during the LGM may be connected
to the canyon, forming the head of the current submarine canyon (Figure 9d).
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The stage of the wakening of canyon erosion, filling of the sandy channel, and
hydrate reaccumulating. With the weakening of canyon downcutting, the sub-
marine canyon entered the main filling stage (Wu & Qin, 2009; Walsh et al.,
2007). The coarse-grained channel sand with high porosity and permeability or
re-transported MTDs started to develop in the canyon. If the methane supply is
enough, the hydrates will be reaccumulated in these high-quality reservoirs. Of
course, most of the submarine canyons on the continental slope of the Okinawa
Trough are in their youth. It is possible that only a few submarine canyons
filled and buried by clastic sediments have experienced this stage.

6 Conclusions

According to the theory of sequence stratigraphy, six seismic sequence bound-
aries have been identified on the central and southern slopes of the Okinawa
Trough. Their geological ages have been determined as Seafloor (0 Ma), Ty,qy
(23kyr B. P.), T, (1.8 Ma), T,, (6.0 Ma), Ty, (11.02 Ma), and T4 (16.12
Ma). The isochronous chronostratigraphic framework in the central and south-
ern slopes of the Okinawa Trough was established and the sedimentary strata
were divided into five 3"d-order sequences. The central and northern slopes
of the Okinawa Trough were characterized by thick Miocene—Quaternary strata,
while the southern slope was mainly filled with Pliocene-Quaternary strata. The
submarine canyons on the central and southern slopes of the Okinawa Trough
began to develop in the early Pleistocene (< 1.8 Ma) and continued to develop
even today.

The geomorphological features of submarine canyons on the central and slopes of
the Okinawa Trough (e.g., C5 and C6) were found to be segmented: The head
was V-shaped; the upstream was gradually transformed into V-shaped or U-
shaped with wider shoulder and deeper downcutting depth; and the downstream
region consisted as dish-shaped or dustpan-shaped structure with a wide canyon
floor. These canyons were meandering canyons not connected to a river. The
heads of the C5 and C6 submarine canyons were evolved from the ancient,
incised channels formed in the LGM. The canyon C5-1 was filled by three MTD
units related to side-wall sliding. The canyon C5-2 migrated southeastward,
and the interior was mainly filled by turbidite channel complex. There were
two turbidite scouring—depositional layers and five—six MTDs in the canyon C6.
The maximum downcutting position of the C6 coincided with the Ty gy surface.
The dustpan-shape and internal filling structures of the canyon C6 indicated
that it was formed by turbidity current erosion and unstable collapse of the
canyon walls under the control of the seabed subsidence caused by the SE-wing
synsedimentary faulting.

The gas hydrate phase equilibrium simulation predicts that the minimum wa-
ter depth required for gas hydrate is 630 m, which shows that the Okinawa
Trough has favorable thermodynamic geological conditions for gas hydrate ac-
cumulation. Three BSRs were identified on the seismic profiles L5 and L4, of
which the profile L5 had double-BSRs structure. The trend of the BSRs was
consistent with the seabed topography, which was inclined across or parallel to
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the sedimentary strata, showing strong amplitude, negative polarity, and con-
tinuous reflections. The blank reflection zone above the BSRs showed that the
thickness of the GHSZ ranged between 50 ms and 300 ms (two-way reflection
time).(4) The origin and evolution of submarine canyons on the continental
slope of Okinawa Trough are mainly related to the gravity transportation of
continental slope, the rifting settlement of syndepositional faults, and the sea-
level eustacy, river rejuvenation and methane seepage due to dynamic evolution
of GHSZ caused by climate change due in the Quaternary glacial-interglacial
cycle. The formation time of submarine canyons on the continental slope of the
Okinawa Trough was found to overlap with the start of the Eburonian epoch
in North Europe and pre-Illinoian H epoch in North America. Especially, the
seismogeologic characteristics, including MTDs associated with the BSRs, the
gaps and fluid channels on the side-walls (through which gas could escape), the
liquefaction deformation structures and the truncated relationship between the
BSRs reflector and the submarine canyons all indicate that there is a complex re-
lationship between the submarine canyons and the methane seepage associated
with hydrate dynamic decomposition on the continental slope of the Okinawa
Trough. Finally, a coupled model with four evolutional stages for the submarine
canyons associated with gas hydrate was established.
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Figure 1. Geographic location of the study area and the distribution of seismic
reflection lines and well and heat flow stations. Seafloor temperature and heat
flow data are from the global heal flow database (http://www.ihfc-iugg.org/p
roducts/global-heat-flow-database/data) published by the International Heal
Flow Commission. Location of methane seeping points is derived from Wang
et al. (2015b) and Li et al. (2015). Location of bottom simulating reflectors
(BSRs) is derived from Luan et al. (2008). Location of mud diapirs associated
with hydrates is derived from Xu et al. (2009). Location of submarine gas
seepage is from Luan & Qi (2005). Location of methane seepages are from Sun
et al. (2015), Li et al. (2015), Wang et al. (2015, 2019), Li et al. (2018a), Xu
et al. (2018, 2020), Guan et al. (2019), Zhang et al. (2020), Cao et al. (2020),
and Li et al. (2021b)

Figure 2. Cenozoic stratigraphic sequence in the East China Sea (Wu et al.,
1998a, 1998b; Zhong et al., 2006; Xie et al., 2014; Zhang et al., 2014; Zhang
& Zhang, 2015; Liu et al., 2020) and its sequence boundary age. The mag-
netostratigraphic data is derived from the 2009 Geologic Time Scale (Walker
& Geissman, 2009). The global sea level curve and biostratigraphic data are
modified from Haq et al. (1987), where the sequence boundary and biostrati-
graphic zone age are revised using the International Chronostratigraphic Chart
(v2017/02; Cohen et al., 2013) and the 2009 Geologic Time Scale (Walker &
Geissman, 2009).

Figure 3. Cenozoic stratigraphic sequence framework in the East China Sea
established by reflection seismic line

Figure 4. Chronostratigraphic framework, stratigraphic structure, and surface
identification marks of lines L1 (a) and L2 (b) on the central and southern slope
of the Okinawa Trough (see Figure 1 for seismic line location). (c¢) and (d)
provide zoomed images of the regressive unconformity and backstepped onlap
formed by sea-level fall at the Last Glacial Maximum (LGM). The gap structures
and chaotic, twisty, or imbricated reflections in (d) also indicate the leakage
of methane-bearing fluid. LST: Lowstand systems tract; TST: Transgressive
systems tract; HST: Highstand systems tract; and FSST: Falling stage systems
tract.
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Figure 5. Morphological structure, growth time, and erosional-depositional
characteristics of submarine canyons in the central and southern slopes of the
Okinawa Trough (see Figure 1. for seismic line location and Figure 4. for
legend). MTD Mass transport deposit; BSRs Bottom simulating reflections.

Figure 6. Topographic slope map of Okinawa Trough and its adjacent
area based on the digital elevation model (https://www.bodc.ac.uk/dat
a//hosted__data_ systems/gebco_ gridded_bathymetry_data/) and submarine
canyons identification.

Figure 7. Submarine topographic map (a; modified from Wu et al., 2014)
and multi-beam geomorphologic map (b; modified from Li, 2008) of submarine
canyons C5 and C6 in the Okinawa Trough continental slope (see Figure 1 for
location). (c¢) and (d) are thalweg and transverse topographic profiles based on
digital elevation model (DEM) of submarine canyon C6, respectively. (e) and
(f) are thalweg and transverse topographic profiles based on digital elevation
model (DEM) of submarine canyons C5, respectively.

Figure 8. Seismic reflection characteristics of Bottom Simulating Reflectors
(BSRs) and methane leakage on variable density and variable area profiles (see
Figure 5 and Figure 1 for seismic line location).

Figure 9. Coupling evolution model of submarine canyon and gas hydrate in
Okinawa Trough slope. BGHSZ: bottom of gas hydrate stability zone. (a)
During the interglacial period in the Quaternary, the sea level was at a high-
water stage. Under suitable temperature and pressure in the continental slope
of the Okinawa Trough, the thermogenic or biogenic methane combined with
water molecules to form hydrates. Of course, methane can also be leaked to the
seabed through a fault. (b) Entering the glacial epoch, the sea level fell rapidly.
With the change of seafloor temperature and pressure due to the sea level fall,
the original hydrates decomposed and released extensive methane. Due to the
rapid accumulation of methane-bearing fluid under the seabed, the sediments
on the slope lost stability and slumped to form the prototype of the submarine
canyons. (c) As the continuously sea level fall, under the influence of scour and
retrogressive erosion of gravity flow that partly associated with hydrate decom-
position, the submarine canyons strongly downcut the slope to form V-shaped
or U-shaped channels. The gas hydrate stability zone also migrated to the deep.
(d) During the low sea level stage, although the gas hydrate stability zone re-
mained relatively stable, the canyon sidewalls continued to slump due to the
erosion of turbidity current and the methane continuously leaked. The subma-
rine canyons can even be connected to the channels formed by syndepositional
faults or the ancient incised valleys to form a new canyon system.
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