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A B S T R A C T

Newly compiled bathymetry, sub-bottom profiling and seismic data are used to illustrate seafloor morphology,
submarine canyon networks and stratigraphic framework in Huatung Basin (HB) and an adjacent sub-basin,
named as East Luzon Arc Basin offshore east Taiwan. Based on seismic facies characteristics and isopach
maps, three major stratigraphic sequences are recognized and we suggest that they could be resulted from preand syn-Taiwan arc-continent collision. Based on the sediment thickness and sedimentation rates, ages of the HB
strata could be estimated. Pelagic sediments formed the lower HB sequence which follows the HB basement
reliefs since 50–102 Ma. Then, the initiation of Taiwan orogen and Luzon Arc volcanic activities changed the
deposition pattern after 5 Ma, and mass transport deposits developed in middle HB sequence. After rapid uplift of
the Taiwan mountain belt since about 1.5 Ma, complex canyon-levee systems and thick strata formed the upper
sequence in the northern HB. In contrast, sediment thickness is thin and no submarine canyon developed in
southern HB. The seafloor in South Huatung Basin is flat, except in its eastern part where couple basement ridges
appeared. In North Huatung Basin, canyon-levee complex and sediment waves are the most distinct morpho
logical features in the drainages of two submarine canyons. We propose a three-stage process for sediment wave
development: (1) sediment gravity flow can initiate a base of sediment wave; (2) wavy geometry begins to
develop; (3) sediment waves continuously aggrade due to overbank sediments in the canyon-levee system. This
study presents the evolution of sedimentary processes in a deep-sea basin and how the deposition patterns were
affected by the convergent tectonics.

1. Introduction
The stratigraphy of marginal deep-sea basins can reveal how sedi
mentary and structural processes were influenced by tectonics in active
continental margins. The Huatung Basin (HB) is located in the west
ernmost portion of the Philippine Basin (Fig. 1). It is considered to be
affected by the oblique plate convergence between the Eurasian Plate
and Philippine Sea Plate, and preserves a record of mountain-building
since late Miocene (Teng, 1990; Huang et al., 1992, 2006, 2018;
Schnurle et al., 1998; Deschamps et al., 2000; Sibuet et al., 2004; Kuo
et al., 2009; Eakin et al., 2015). The sedimentary strata of HB not only
preserve pre-collision pelagic sediment of the Philippine Sea Plate, but
also record large amounts of discharged sediments from Taiwan orogen
nowadays (Milliman and Syvitski, 1992; Dadson et al., 2003; Ramsey
et al., 2006; Kao and Milliman, 2008; Lehu et al., 2015). Thus, HB

provides an ideal place to investigate sediment deposition and structural
evolution of a marginal sea basin due to its tectonic setting in an area
from subduction to collision between Philippine Sea Plate and China
Continent (Suppe, 1984; Teng, 1990; Huang et al., 2006; Lin et al.,
2009), also from an active continental margin to a deep-sea basin in
short distances (Liu et al., 1998; Huang et al., 2006; Van Avendonk et al.,
2014; Lehu et al., 2015).
Because HB has recorded the tectonic evolution of arc-continent
collision and Taiwan orogeny, previous studies have mainly focused
on the temporal and spatial constraints of HB tectonics. They discussed
the age and origin of HB (Hilde and Lee, 1984; Seno et al., 1993; Yang
et al., 1995; Deschamps et al., 2000; Deschamps and Lallemand, 2002;
Sibuet et al., 2002; Malavieille et al., 2002; Kuo et al., 2009; Huang,
2012; Eakin et al., 2015), specific structural evolutions of Taitung
Canyon and Gagua Ridge (Deschamps et al., 1998; Schnurle et al., 1998;
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Sibuet et al., 2002, 2004; Kuo et al., 2009; Klingelhoefer et al., 2012;
Lallemand et al., 2013; Eakin et al., 2015), crustal structural and ve
locity structural features (Yang and Wang, 1998; McIntosh et al., 2005;
Kuo et al., 2009; Kuo-Chen et al., 2012; Van Avendonk et al., 2014;
Eakin et al., 2015), seismic sequence and morphology (Huang et al.,
1992; Schnurle et al., 1998; Liu et al., 1998; Ramsey et al., 2006),
modern sedimentary and extreme sediment transport processes under
structural influences (Huang et al., 1992; Liu et al., 1998; Ramsey et al.,
2006; Lehu et al., 2015, 2016; Lallemand et al., 2016), etc. However, it is
still lacking a clear description on modern morphological features and
long-term sediment disposal pattern within the tectonic framework of
HB, especially considering that the basin is one of the highly significant
places affected by active plate motion and mountain building processes.

Besides, the origin and age of HB is still controversial so far, and the age
constraints of HB can be essential to understand the regional tectonic
meaning.
In this study, we present results from multichannel seismic (MCS)
reflection profile analyses, bathymetry and sub-bottom profile data to
demonstrate sediment disposal framework within the active tectonic
setting offshore east Taiwan. We propose that HB evolves through
different structural and sedimentary environments in different ages
caused by Taiwan orogen from initial collision to active mountain
building, and explain the formation of stratigraphic framework and
modern geomorphologic features, especially for sediment wave fields
and related canyon-levee systems in the deep-sea basin.

Fig. 1. Bathymetry map of the study area, showing the Huatung Basin (HB), East Luzon Arc Ridge (ELAR), East Luzon Arc Basin (ELAB), five major submarine
canyons including North Sanxian Canyon (NSC) and South Sanxian Canyon (SSC) and three major rivers with their annual average sediment flux (Kao and Milli
man, 2008).
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2. Geological background

(Dadson et al., 2003, 2005; Liu et al., 2008). Based on another model
proposed by Kao and Milliman (2008), the total sediment flux of these
three rivers could even reach 2600 Mt./yr (Fig. 1).

2.1. Tectonic setting
The island of Taiwan is one of the youngest and most active moun
tain belts in the world. It is regarded as a result of rapid and oblique
convergence of Asian continent and Luzon Arc since late Miocene
(Fig. 1B) (Biq, 1972; Suppe, 1984; Ho, 1988; Teng, 1990; Huang et al.,
2006, 2018) with a present convergence rate of 6–8 cm/year (Seno et al.,
1993; Yu et al., 1999; Yu and Kuo, 2001; Sibuet and Hsu, 2004). In the
offshore area of east Taiwan, the Philippine Sea Plate is subducting
northward along the Ryukyu Trench beneath the Eurasian Plate, while
the Eurasia lithosphere is subducting eastwards beneath the Luzon Arc
offshore south Taiwan (Angelier et al., 1986; Teng, 1990; Huang et al.,
2006).

3. Data acquisition and processing
Bathymetric data, MCS reflection and sub-bottom profiles are used in
this study to reveal the sedimentary and structural features in HB
(Fig. 2). Those geophysical data were collected by the R/Vs Ocean
Researcher 1 (MCS423, 446, 808, 914), Marcus G. Langseth (MGL0905,
0906, 0908), Maurice Ewing (EW9509), and L’Atalante (ACT) in the
past 2 decades (Table 1).
The bathymetric data have been recompiled after Liu et al. (1998).
All available shipboard single-beam and multi-beam echo soundings
collected by the above mentioned research vessels and R/V Ocean
Researcher 2 with Simrad EK500 and EK60 single-beam echo-sounder
systems, and Kongsberg EM120, Atlas Hydrosweep DS and MD50 multibeam echo-sounder systems. The bathymetric data were processed by
MB-System, CARIS and CARAIBES software following a conventional
processing flow which includes navigation data editing, noise removal,
tide and sound velocity corrections, offsets adjustment, gridding, and
filtering and smoothing of gridded data. Then, the newly compiled
digital bathymetric model was generated with 100-m grid spacing.
Spatial analysis techniques such as long wavelength filtering (removing
> 20 km wavelength signals), slope and aspect calculations have been
applied to bathymetric data to enhance geomorphological features.
All MCS data were collected by 2D seismic data acquisition systems
with streamers consist of 6 to 468 channels (about 300 to 6000 m in
length) and a GI-gun source (75+75 in3) or air-gun array providing 700
in3 to 8470 in3 source depending on different seismic acquisition sys
tems used in different cruises (Table 1, Fig. 2). The MCS data were
processed through a conventional seismic data processing flow
including geometry, trace editing, filtering with 4–128 Hz bandwidth,
noise suppression, amplitude recovery, F-X deconvolution, time varying
trim statics, trace balance, dip-moveout, velocity analysis, normal
moveout with stacking velocity, stack, predictive deconvolution and
post-stack migration.
The sub-bottom profile data were collected together with most of the
seismic surveys by ship-mounted chirp sonar systems. They were pro
cessed by matched filter correlation, bandpass filtering and time varying
gain amplification for better imaging results.

2.2. Huatung basin
HB is located at the western tip of the Philippine Sea Plate and oc
cupies about 45,000 km2 area. It is bound by the Yaeyama Ridge and
Luzon Arc at its northern and southern ends, respectively, and the length
of HB is about 320 km. At its eastern and western boundaries, they are
the Gagua Ridge and Costal Range, respectively. The width of HB is
about 150 km at 23◦ 20′ N in the north, but reduces to about 5 km at its
southern end at 20◦ 30′ N (Fig. 1A) (Liu et al., 1998). The topographic
characterizations of HB have been previously reported by Liu et al.
(1998) and Ramsey et al. (2006). They show that HB is closed by sharp
and steep morphologic features in its west, north and northwest
boundaries, and three major submarine canyons are developed in the
basin. However, in the southern part of HB, especially its southernmost
boundary constrained by the Gagua Ridge and Luzon Arc, the
morphologic features were poorly presented (Liu et al., 1998; Ramsey
et al., 2006; Lehu et al., 2015).
Different models proposed in the past three decades have suggested
that HB was formed at about 40 Ma (Hilde and Lee, 1984), 131–119 Ma
(Deschamps et al., 2000), 51–15 Ma (Sibuet et al., 2002), 30–15 Ma (Kuo
et al., 2009) or 16 Ma at least (Eakin et al., 2015). As no drilled seafloor
and basement samples has been acquired, the exact age of HB is still
controversial.
The present submarine morphology of HB is highly influenced by
Taiwan orogen and erosional processes. (Liu et al., 1998; Ramsey et al.,
2006; Lehu et al., 2015). The western boundary of HB presents a very
narrow shelf (0.5–9 km), and a steep slope (> 15◦ ). Numerous subma
rine canyons and channels are distinct features developed in northern
HB from its western boundary to the deep-sea basin. Three major sub
marine canyons, the Hualien, Chimei, and Taitung Canyons from north
to south (Fig. 1) transport terrigenous sediment discharged from Taiwan
to HB (Dadson et al., 2003, 2005; Kao and Milliman, 2008; Hsieh et al.,
2020). In addition, several unnamed moderate canyons and small
channels also present in northern HB (Liu et al., 1998; Ramsey et al.,
2006).

4. Observation and analysis results
4.1. Morphologic features and submarine canyon network
The newly compiled bathymetry in this study (Fig. 1) reveals that the
southern end of HB is closed by Gagua Ridge and a topographic high
named the East Luzon Arc Ridge (ELAR) at about 20◦ 15′ N. Morpho
logically, the ELAR could be traced from the southern end of Gagua
Ridge in the south to the place it merges into the Luzon Arc offshore
southeastern Lanyu Island in the north. Taitung Canyon, the largest
submarine canyon in HB, separates HB into North Huatung Basin (North
HB) where submarine canyons are widely distributed, and South Hua
tung Basin (South HB) where seafloor is flat east of ELAR. In south
western HB between ELAR and Luzon Arc, there is a sediment-filled
trough present, and we name this trough East Luzon Arc Basin (ELAB).
The average depth of ELAB is about 1500 m shallower than that of HB
(Fig. 1).
The newly compiled bathymetric map shows that the Gagua Ridge is
not a simple continuous ridge lying between HB and the West Philippine
Sea Basin along about 122◦ 55′ E longitude. It could be divided into
north and south sections at about 21◦ 30′ N latitude, as there is a 4.8 km
offset between the ridge axes of the north and south sections. A series of
small ridges parallel to Gagua Ridge are observed on HB between ELAR
and Gagua Ridge (Figs. 1, 3), and they can be traced from the southern

2.3. Sediment discharge from Taiwan
Because of active tectonics, steep topographic gradients and high
erosion rates in the small mountainous river system on land Taiwan,
large amount of sediment carried by rivers have been discharged from
mountains to offshore areas (Milliman and Syvitski, 1992; Dadson et al.,
2003), especially when earthquake or typhoon events occur, most of the
fluvial sediments could be transported into deep sea in a short period of
time (Mulder and Syvitski, 1995; Kao and Milliman, 2008; Rose and
Kuehl, 2010; Milliman and Farnsworth, 2011). From north to south,
Hualien, Hsiukuluan and Beinan Rivers are the major rivers originated
from the Central Range of Taiwan and connect to submarine canyons
and channel systems in HB. The modern suspended sediment discharged
through these three major rivers was estimated to be 141–150 Mt./yr
3
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Fig. 2. Location map of the seismic and sub-bottom profiles used in this study. Thick lines present the locations of the profiles shown in Figs. 4 to 7.

end of HB to Taitung Canyon. The turn of Taitung Canyon path from
northeast to northwest at about 22◦ 37′ N is likely caused by one of those
ridges. West of the small ridges in South HB, the seafloor is flat and its
slope is less than 0.2 degree (Fig. 3).
According to new compiled bathymetric maps (Figs. 1, 3), two
distinct submarine canyon systems can be observed between the Taitung
and Chimei Canyons in North HB, and we name these two canyons the
North and South Sanxian Canyons (NSC and SSC), respectively. Beside

the three canyons described, we suggest that NSC and SSC can be two
more major canyons in HB. Their incision depths could be more than
500 m below seafloor in the upstream, about 200 m below seafloor in the
midstream and reach 40 m below seafloor in the downstream.
Comparing to Taitung, Chimei and Hualien Canyons, NSC and SSC
present much shallower incision depths, but their lengths are longer
than the Chimei Canyon. Unlike those three canyons, the heads of NSC
and SSC do not connect to any major rivers onshore. They both are
4
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between the basement and S1 sequence. It merges into the ELAR and
Luzon Arc to the west of HB and into Gagua Ridge in the east (Figs. 4, 5).
HB is closed by the ELAR and Gagua Ridge at its southern end where few
sediments deposited and the basement could be exposed to the seafloor
(Fig. 6).
Between SB-Z and SB-Y, S1 sequence lies directly above the basement
and shows onlap configuration within parallel and medium continuity
reflections without obviously disturbed or deformed features for most of
the area in HB. However, between the three basement ridges and Gagua
Ridge, some disturbed and deformed sediments can be observed in the
lower parts of S1 sequence on the west flanks (Fig. 5D) of those ridges.
Above S1 sequence, the seismic facies of the sedimentary strata changes
into constant onlap and parallel configurations (Figs. 4, 5). The re
flections in S1 sequence present relatively weak amplitude in the lower
part of S1 and change into higher amplitude in the upper part of S1
(Figs. 4, 5). On top of S1 sequence, SB-Y is the strongest reflection
beneath a series of weak reflection with relatively high frequency signals
in S2 sequence. This sequence boundary presents an onlap to concor
dance surface between S1 and S2 sequences. Furthermore, fault struc
tures are observed through the basement and S1 sequence of HB, but few
extend into S2 sequence on seismic profiles (Figs. 4, 5).
S2 sequence comprise a series of reflections with high continuity
which show sub-parallel bedding patterns (Fig. 4C). From nearshore of
Taiwan to deep-sea basin, divergent seismic facies and amplitude vari
ations are observed in S2 sequence (Fig. 4A). Laterally, the reflection
amplitudes vary from nearshore to deep sea. Vertically, the strongest
reflection signals in HB appear in the upper part of S2 sequence; in
contrast, reflection amplitudes become much weaker in the lower part of
S2 sequence. Some chaotic facies with variable amplitudes are occa
sionally observed in S2 strata (Figs. 5B, C), they could be interpreted as
mass transport deposits (MTDs). SB-X is the upper boundary of S2
sequence. It is recognized as the first basin-wide strong reflection
beneath a thick strata with seismic facies of very weak reflection
amplitude below the seafloor.
Above the SB-X, S3 sequence is the youngest strata identified and
generally present weak, low continuity and sub-parallel reflections
below the seafloor. In the area where sediment wave features are
observed, the seismic facies shows hummocky reflections in the shallow
strata of S3 sequence (Fig. 5). Cut-and-fill features caused by submarine
canyon-levee systems are also widely observed in this sequence in North
HB (Figs. 4, 5). The bottom of Taitung Canyon has cut through S3
sequence and gets into the upper S2 sequence. MTDs are also significant
features in S3 as well as S2 sequences (Figs. 6, 7), and they are widely
observed in the areas adjacent to Luzon Arc and ELAR. MTDs are
identified by a change from sub-parallel reflections abruptly turning into
chaotic features (Fig. 5C). Based on widely distributed MTDs both in the
strata, we suggest that the downslope mass movement could reach the
central part of HB, extending to more than 100 km (Fig. 5) from the
coastal area.

Table 1
Seismic data acquisition specifications from different seismic survey cruises.
MCS Survey

MCS423,
446, 808,
914

MGL0905,0906,0908

EW9509

ACT

Source

2–3 air guns

air gun array (40
guns)

GI-gun

Source
volume
Channel
numbers
Channel
interval
Streamer
length

≦ 1120 in3

6000 in3

air gun
array (20
guns)
8470 in3

24/48/56

468

160

6

12.5/25 m

12.5 m

12.5 m

50 m

287.5/
587.5/1375
m
R/V Ocean
Researcher I

5850 m

3975 m

250 m

R/V Marcus G.
Langseth

R/V
L’Atalante

1995, 1996,
2006, 2009

2009

R/V
Maurice
Ewing
1995

Acquisition
vessel
Time

75+75 in3

1996

developed on the steep slope offshore east Taiwan and merge into the
lower reach of Taitung Canyon in North HB (Figs. 1, 3). Besides the
canyon erosion features, levees have also been observed along NSC and
SSC (Figs. 1, 3B).
The canyon-levee systems could be the most important factors
affecting the modern seafloor morphology of North HB. Their drainage
extends to about 22,000 km2 which is about half the size of HB. More
over, in the area between Taitung and Hualien Canyons, especially in the
drainages of NSC and SSC, series of undulating seafloor features shown
in hundred meters to four kilometers wavelength and 50–100 m high
can be observed (Figs. 1, 3). Those features present wavy geometry and
their slopes range 0.1◦ to 1.8◦ . Generally, their wavelengths increase in
down-slope direction; however, the wave height and slope decrease.
Moreover, the crests of those wavy roughly align perpendicularly to flow
directions of the adjacent canyons across the slope. According to these
large-scale wavelike morphological features and previous studies (e.g.
Wynn et al., 2000; Wynn and Stow, 2002; Jallet and Giresse, 2005;
Symons et al., 2016; Kane et al., 2010; Gong et al., 2012; Kuang et al.,
2014), they are interpreted to be sediment waves and can be large-scale
depositional bedforms in deep-sea environments. In contrast, no sub
marine canyons developed between the ELAR and Gagua Ridge (Figs. 1,
3A).
4.2. Seismic stratigraphy
Following seismic facies analysis method (e.g. Mitchum Jr et al.,
1977; Sheriff, 1980), seismic facies characteristics including different
geometry, continuity, amplitude and frequency of seismic reflections
has been used to interpret sedimentary processes and depositional en
vironments in HB. Three basin-wide sequence boundaries (SB-X, SB-Y
and SB-Z) are identified in the basin. They divide basin strata into
four major seismic sequences, namely basement, S1 (lower strata), S2
(middle strata) and S3 (upper strata), respectively (Fig. 4 and Table 2).
Seismic facies of the basement presents chaotic facies and the base
ment is interpreted as oceanic crust which is supported by previous
studies (Schnurle et al., 1998; Deschamps et al., 2000; Sibuet et al.,
2002; Malavieille et al., 2002; Kuo et al., 2009; Eakin et al., 2015).
Thicknesses of the overlaid sediment vary corresponding to basement
reliefs. From seismic profiles (Figs. 4 and 5), the small ridges west of
Gagua Ridge above seafloor are actually the tips of large basement
reliefs. There are three distinct basement ridges west of Gagua Ridge, we
name them as R1, R2, and R3 from east to west, respectively. Except R1,
partial R2 and entire R3 are now buried by sediments in HB (Figs. 4, 5).
The upper boundary of basement, SB-Z, is a strong, continuous reflection
and widely observed in HB. The SB-Z shows unconformable features

4.3. Sediment wave and canyon-levee complex
Sediment waves as well as submarine canyon and channel systems
are the most prominent geomorphological features in HB (Fig. 3). Most
of the sediment wave features occur at 4300–5600 water depth on HB
seafloor (Figs.1, 3). Sub-bottom profile images reveal that the shallow
strata under the wavy seafloor consist of parallel layers without trun
cated or discontinuous features along the profiles (Fig. 7A). The orien
tation of these wavy features are approximately aligned perpendicular
to the paths of the submarine canyons in HB (Figs. 1, 3, 7A). The seismic
profiles (Figs. 5, 7B) along dip of the slope show that individual sedi
ment waves usually display an asymmetrical waveform. The dimension
of the waves increases down-slope, but become thinner and gentler. The
axes of wave crests are slightly sinuous to straight down-slope (Fig. 7B).
The seismic profiles in cross-line direction show the sediment waves
developed within the canyon-levee complex downslope in the deep sea
5
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Fig. 3. (A) Slope map showing seafloor gradients of the study area. The yellow dash box indicates the location of the area of Fig. 3B and C. (B) Morphological map
showing high frequency topographical features in NHB (removing > 20 km wavelength signals). (C) Aspect map showing the dip directions of the seafloor. 0, 90, 180
and 270 degrees mean north, east, south and west, respectively. White arrows point to sediment wave features. The white dash line indicates the location of the
bathymetry profile shown in Fig. 3D. TW: Taiwan; LR: Luzon Arc; ELAB: East Luzon Arc Basin; ELAR: East Luzon Arc Ridge; NHB: North Huatung Basin; SHB: South
Huatung Basin; HC: Hualien Canyon; CC: Chimei Canyon; NSC: North Sanxian Canyon; SSC: South Sanxian Canyon; TC: Taitung Canyon; YR: Yaeyama Ridge; GR:
Gagua Ridge. (D) Bathymetric profile across a sediment wave field in HB. See the location in Fig. 3C. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

area (Figs. 7B, C). In the drainages of NSC and SSC, the sediment waves
appear to be better developed with higher wave height and more
obvious crest form (Fig. 7B) than those observed in the drainages of
Hualien and Taitung Canyons (Fig. 5).
Multiple cut-and-fill processes are distinct characteristics in a
canyon-levee complex (Fig. 7). Erosions, canyon-fill deposits and over
bank sediments produce seismic facies of varied amplitudes with highly
discontinuous reflections above the canyon base (Fig. 7C). Thick
(0.4–1.1 s two-way travel time; or 340–935 m with 1700 m/s sound
velocity) levee deposits above edges of the five major canyons are
observed in the deep sea fans (Figs. 3, 5, 7C). These levee deposits are
characterized by outward-dipping and low to moderate amplitude re
flections diverging from one or both canyon walls and may downlap
onto a strong acoustic basement reflection. The thickest levee deposits
(~ 935 m) are observed (Fig. 7C) between the Chimei and North Sanxian
Canyons in North HB (Fig. 3). The widespread, high amplitude, subparallel and moderately continuous sediment strata (Figs. 7B, C) in the

canyon-levee complex are interpreted as fan deposits in the paleo-lobes.
Besides, some vertically stacked or rotated blocks showing discontin
uous and variable amplitude reflections are observed in the strata
(Fig. 7C).
Considering the internal characteristics of seismic reflection config
urations, morphology and geometries of wave structures, three different
seismic facies have been identified in the sediment waves and they could
be related to the developments of the canyon-levee complex (Figs. 7B,
C). The base of sediment waves was initiated from low relief, subparallel and moderately continuous strata of fan deposits in a canyonlevee complex; however the wavy geometry is not obvious on this
initial surface. Then, low relief and long wavelength wave structures
begin to develop above the base surface within widespread fan deposits.
Their reflection amplitudes on seismic vary with paleo-canyon erosion,
infilling and overbank deposits along the canyon-levee complex across
the sediment wave fields. In the upper part of wave structures, distinct
asymmetric wavy structures of sediment wave growths can be clearly
6
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Fig. 4. Three major seismic sequences (S1, S2 and S3) identified on most of the MCS profiles in HB. (A) MCS808-1 profile runs E-W direction in the central part of HB,
where (B) MCS808-4 intersects MCS808-1 near center of that profile. SF: seafloor. (C) Close-up of observed fault structures. See descriptions and interpretations of
these three sequences in Table 2.

observed. Besides, the crests of sediment waves show up-slope migration
within the vertical aggradation on the seismic profiles (Figs. 7B, C).

(Figs. 4, 5, 6). The different features in the shallow strata of HB and West
Philippine Sea Basin observed on seismic profiles indicate that modern
sediment deposited in West Philippine Sea Basin and HB could be
formed in different ways or from different sources, and no obvious
structural influences are observed near Gagua Ridge nowadays.

4.4. Stratigraphic and structural comparison with adjacent basins
The ELAB and West Philippine Sea Basin are two adjacent basins of
HB. Comparing the stratigraphic characters of these basins with those of
HB, the SB-Z identified in HB are also observed in both adjacent basins
(Fig. 6). This indicates a continuous acoustic basement forms a common
base under the ELAB, HB and West Philippine Sea Basin. However,
above the basement, the ELAB and West Philippine Sea Basin present
different stratigraphic and structural characteristics in the strata than
these observed in HB.
In the ELAB, the deep strata show similar seismic facies character
istics as S1 sequence in HB (Figs. 5, 6). However, the strata are folded in
ELAB, but not in HB (Fig. 6B). Above the SB-Y, the seismic facies does
not change much in the ELAB, unlike the strata in HB which can be
separated into two different major sequences, S2 and S3. Nevertheless,
multiple and widely distributed MTDs could be observed both in the
ELAB and ELAR (Figs. 4, 6B). Significant seafloor erosion features and
large scale (>15 km long and ~100 m thick) run-out sediment gravity
flow deposits are observed in the shallow strata (Fig. 6B). They indicate
that submarine mass movements could happen repeatedly during the
ongoing convergence of Philippine Sea Plate and Eurasian Plate and the
seafloor could still be very unstable.
Contrasting to the different seismic facies identified in three major
sequences above HB basement, the stratigraphic characteristics of West
Philippine Sea Basin are mostly consistent and present parallel to subparallel reflections with high continuity above the basement (Fig. 6C).
In parts of deep strata, some strong amplitude and low frequency re
flections with medium lateral continuity could be traced to the nearby
basement highs on seismic profiles (Fig. 6C). In the West Philippine Sea
Basin shallow strata, a clear regional onlap or erosion feature is identi
fied and characterized as a sequence boundary (SB) and can be observed
in the West Philippine Sea Basin (Fig. 6C); however, no similar feature is
observed in HB (Figs. 4, 5). Besides, there is no evidence for recent
structural deformation of shallow strata which onlap both flanks of
Gagua Ridge in HB and in West Philippine Sea Basin, respectively

5. Discussion
5.1. Canyon evolution and sediment accumulation
Based on the newly compiled bathymetry and seismic profile data, a
basement depth map has been compiled (Fig. 8A). This map reveals that
the Hualien and Taitung Canyons were developed roughly following
basement depressions and changed their routes where small ridges
blocked their routes. The Hualien Canyon apparently flows above the
subducting oceanic basement adjacent to the accretionary wedge and
made two sharp turns at about 122◦ 45′ and 122◦ 48′ in the northern end
of the R1 ridge and Gagua Ridge, respectively (Figs. 3B, 4A and 8A).
Taitung Canyon was developed along a series of basement de
pressions (Schnurle et al., 1998) which were caused by lateral strike-slip
faults (Sibuet et al., 2004) in HB (Figs. 1 and 8A). Before Taitung Canyon
merges into Hualien Canyon near Ryukyu Trench, its route shows three
major turns in HB, from eastward turning to northeastward at about
122◦ ; then turning to eastward at 122◦ 10′ ; finally turning to roughly
northward at 122◦ 25′ , caused by the presence of R1, R2, and R3 ridges,
respectively (Figs. 3B, 4A and 8A). Similarly, the routes of NSC and SSC
were affected by R2 and R3 ridges, resulting in northward turns of these
two canyons in the deep part of HB before they merge into Taitung
Canyon (Fig. 3B). An isopach map of HB has also been compiled
(Fig. 8B), and it reveals uneven distribution of sediment thickness in HB.
North of Taitung Canyon, the sediment thickness is roughly two times
thicker than that in South HB (Fig. 8B), and the distribution of sediment
thickness correlates well with the HB basement relief. In North HB, thin
sediments cover the basement highs and ridges, while thick sediments
are related to overbank and fan deposits of five major submarine can
yons in North HB (Figs. 3 and 8B). In contrast, without canyon feeding,
the sediment thickness is relatively thin in most part of South HB, except
near the foot of the ELAR and in some local depressions (Figs. 4 and 8B).
7

Marine Geology 433 (2021) 106408

H.-H. Hsu et al.

sequence. Then during the development of S3 sequence, the depositional
pattern in HB changed dramatically, and the depocenter is located at the
northern part of HB nowadays. Based on our observation on character
istics of submarine canyon network and each strata in HB, we suggest
that tectonic activities, such as HB subduction from south to north and
plate convergence along Taiwan orogen, together with structural fea
tures, such as basement relief, ridges and faults developments, were
responsible for turning the canyon paths, and then changed the sediment
deposition patterns in HB. Besides, eustatic changes, erosional and
sedimentary processes (Harris and Whiteway, 2011; Peakall and
Sumner, 2015) have also modified characteristics of those canyons and
sediment accumulation in the deep-sea basin.

Table 2
Classification and interpretation of three major seismic sequences identified in
HB.
Sequence

Upper boundary
definition

Seismic facies
description

Interpretation

S3

Seafloor reflection.

Weak and low
continuity reflections
in S3. It often shows
wave structures
inside. Canyon cut and
fill features are widely
observed in S3 strata.
The Taitung Canyon
can erode this
sequence down to
upper S2. Sediment
wave structures could
be observed in the
shallow strata of this
sequence.

Modern sediments,
including
terrigenous
sediments from
Taiwan island,
volcanic sediments
from the Luzon Arc
and hemipelagic and
pelagic sediments in
the deep sea area.
Canyon transport
and mass movement
caused local
thickness variations
of the strata. It was
developed during
the active Taiwan
mountain building
period and the last
active stage of Luzon
Arc volcanic
activity.
In the NHB, S2
consists of orogenic
sediments from the
arc-continent
collision zone,
including many
mass movement
deposits, and
hemipelagic and
pelagic sediments. It
was developed after
the initiation of the
Taiwan orogen. In
the SHB, most
sediments are
hemipelagic and
pelagic sediments.
Few mass movement
deposits have been
observed.
This sequence
consist of mostly
hemipelagic and
pelagic sediments.
Its deposition
patterns are highly
related to basement
variation. This
sequence was
developed before the
Taiwan mountain
building started. In
the SHB, a few
sediments might
come from the north
Luzon Arc.
Volcanic basement.
It might include
oceanic crust and
Luzon Arc volcanic
materials.

S2

SB-X. The first
strong reflection
below seafloor. Its
depths range from
0.3 to 0.5 s TWTT
below seafloor.
Only few faults have
cut this boundary.

Sub-parallel with high
continuity reflections.
It also shows
divergent seismic
facies from near shore
to deep sea basin. The
amplitudes of the
reflections in S2 vary,
strong in the upper
layers and turn into
weak signals in the
lower part of the S2. It
presents an onlap or
concordance surface
above the S1.

S1

SB-Y. It is the first
strong reflection
beneath a series of
weak reflection in
the lower S2
sequence. It is also
an onlap or
concordance
surface between S1
and S2. Its depths
range from 0.3 to
0.6 s TWTT below
the SB-X. Several
faults have cut
through SB-Y.

Parallel, medium
continuity reflections
and onlap seismic
facies. The amplitudes
of the reflections in
this sequence change
from strong in the
upper layers to weaker
in the lower part. An
unconformable
feature exists between
S1 and basement.

Basement

SB-Z. It is the
deepest strong and
continuous
reflection beneath
S1 sequence. Most
observed faults
have cut this
boundary.

Weak amplitude, low
continuity and chaotic
reflections.

5.2. Tectonic influence on deposition pattern
The SB-X and SB-Y sequence boundaries are similar to the two major
boundaries which Liu et al. (1997) and Schnurle et al. (1998) have re
ported in studying Taitung Canyon. They suggested that these two
boundaries were due to two basin-wide unconformities. However, with
new observations in this study, we prefer to suggest these two sequence
boundaries are onlap or concordance surfaces instead (Figs. 4, 5 and
Table 2). Results of seismic stratigraphy analyses indicate that sediment
deposition patterns in the HB deep strata, especially in S1 sequence,
have been effected by fault activities and basement reliefs. On the other
hand, in S3 sequence, the sedimentary processes including submarine
canyon developments and mass wasting occurrences dominate the
sedimentary features within the deep sea environment. The seismic
facies of S2 sequence, especially in the North HB, demonstrates a tran
sition of deposition pattern from structural dominant abyssal plain to
sedimentary dominant deep sea fan in HB.
Eakin et al. (2015) suggest that the sediments deposited in HB are
primarily derived from Taiwan after active Taiwan orogen, and disagree
the two-stage (pre-collision and post-collisional sediments) deposition
process proposed by Liu et al. (1997) and Schnurle et al. (1998). How
ever, if the filled sediments in HB were derived only from Taiwan after
its formation, it would be difficult to interpret the observed seismic
facies changes between S1, S2 and S3 sequences (Figs. 4, 5 and Table 2),
and the amount of sediments accumulated in HB (Fig. 9). We postulate a
modified three-stage deposition processes initially proposed in Schnurle
et al. (1998) relating to tectonic development of the region to interpret
the seismic reflection configurations observed in ELAB, HB and West
Philippine Sea Basin.
The seismic facies analyses of S1 sequence in ELAB and HB indicate
that the sedimentary strata should mainly consist of hemipelagic or
pelagic sediments deposited in the deep sea environment. Reflection
configuration of the S1 sequence (Fig. 4 and Table 2) is similar to the
strata characteristics in the West Philippine Sea Basin. However, the
strong amplitude, low frequency and medium continuity reflections
which can be traced to the nearby basement highs are only observed in
the deep strata of West Philippine Sea Basin. They are interpreted to be
volcanoclastic deposits as the results of Luzon Arc volcanic activities in
Eocene (Hall et al., 1995; Moore et al., 2001; Ike et al., 2008; Doo et al.,
2015). Although the S1 sequence of ELAB have similar seismic facies
characteristics in HB (Figs. 5, 6), the deep strata are folded in ELAB, but
not in HB (Fig. 6B). The folded but not faulted structure has also been
reported along the east flank of Luzon Arc in North HB (McIntosh et al.,
2005), indicating on-going plate convergence of Philippine Sea Plate
and Eurasian Plate.
Based on the three characteristics observed in S1 sequence including
(1) disturbed lower strata overlying the ELAR, three N-S trending
basement ridges and Gagua Ridge; (2) strata cut by faults in HB; and (3)
folded deep strata in the ELAB, S1 sequence is suggested to be deposited
during the pre-collision period, and has been affected by the de
velopments of Gagua Ridge and R1 to R3 ridges. Then, the convergence
of Philippine Sea Plate subducting beneath Eurasian Plate cause fold and
fault structures in different parts of HB (Fig. 10).

Fig. 9 presents isopach maps of the three major seismic sequences
(S1, S2 and S3), and we can see that the sediment thicknesses change
between North HB and South HB in different sequences. The depocenter
was roughly located at the south and southwest part of paleo-HB during
the development of S1 sequence, and moved further southwest in S2
8
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Fig. 5. (A) Un-interpreted and (B) interpreted MCS profiles of MGL0906-14. Three major seismic sequences are shown clearly in HB. (C) Close-up of the sediment
wave features. (D) Close-up of the sedimentary strata between R1 and R2 ridges. Arrows indicate disturbed and deformed sediments on the western flank of R1.

Above SB-Y, S2 and S3 sequences were very likely deposited after the
initiation of Taiwan orogen (Liu et al., 1997; Schnurle et al., 1998). The
seismic facies of S2 sequence changed progressively from widespread
parallel seismic to divergent seismic facies roughly from west to east.
The amount of sediments deposited in S2 sequence increased in the
southwest HB (Fig. 9A and B). Considering the Taiwan mountain

building model and volcanic activities of the North Luzon Arc (Suppe,
1984; Teng, 1990; Yang et al., 1995, 1996; Huang et al., 2006, 2018), we
believe that the increased sedimentation rate could reflect the oblique
arc-continent collision and Luzon Arc activities which could form new
sources providing sediments for the growth of S2 sequence during the
early collision period (Fig. 10). Those tectonic activities could form an
9
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Fig. 6. Seismic profile MGL0905-25/MGL0908-7 across the southern end of the Huatung Basin. (A) Clear acoustic basement reflections could be traced from the
Luzon Arc to WPSB. (B) Interpreted and zoomed-in view of the ELAB and ELAR. Folded but not faulted features are observed in the area close to Luzon Arc, and MTDs
are widely distributed. (C) Close-up of the West Philippine Sea Basins (WPSB). A clear sequence boundary (SB) in the shallow strata and some volcanoclastic deposits
(VD) above the basement can be observed.

unstable environment where mass transport processes tend to occur and
then generated widely distributed MTDs in the HB strata.
Discharged sediments from the Taiwan mountain belt and North
Luzon Arc could be considered as sources of S3 sequence. Based on the

well-developed canyon-levee complex in S3 sequence from Taiwan Is
land to Ryukyu Trench (Figs. 3 and 4), and greatly increased sediment
volume in North HB (Fig. 9C), we postulate S3 must be related to rivercanyon sediment transports from Taiwan. It means that S3 sequence
10
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Fig. 7. Sediment waves in a canyon-levee complex. (A) A sub-bottom profile shows continuous and parallel layers in the shallow strata. Its location is shown in (B).
(B) MCS914-13 seismic profile presents clear sediment wave structures in HB. See Fig. 2 for the profile location. Symbol D represents downlap. The yellow and blue
dotted lines show the directions of wave crest growth and discontinues features in the wave structures, respectively. (C) MGL0906-12B profile shows canyon-levee
complex formed by Chimei, North Sanxian and South Sanxian Canyons. The blue arrow in the canyon indicates the downstream direction of the North Sanxian
Canyon. Profiles MGL0906-12B and MCS914-13 intersects each other at where red lines labeled with profile names marked on the profiles, respectively. See Fig. 2 for
the profile locations. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 8. (A) Basement depth and (B) sediment thickness maps of the Huatung Basin and East Luzon Arc Basin. The gray lines present the locations of the seismic data
used to produce these two maps. The arrows indicate major canyon turns due to basement reliefs caused by small ridges in HB.

began to develop rapidly after the mountain ranges of Taiwan had
formed. In South HB, there is no submarine canyon carrying sediments
into HB, and most discharged sediments from Taiwan were trapped in
the basins west of the Luzon Arc, such as the Southern Longitudinal,
Taitung, and North Luzon Troughs offshore SE Taiwan, and also in ELAB
(Figs. 1, 10). As a result, there was no obviously increased deposition in
S3 sequence in South HB, but there is an increase in North HB (Fig. 9C).
Furthermore, widely distributed MTDs are observed in S3 sequence in
both ELAB and HB. Mass movement processes here tend to happen in
steep slopes and tectonically active environments, e.g. frequent earth
quake activities (Lehu et al., 2015, 2016; Lallemand et al., 2016). Thus,
it is reasonable to speculate that widely distributed MTDs observed in S3
sequence occurred with active Taiwan mountain building. The devel
opment of S3 sequence described above is also consistent with two-stage
mountain building model proposed by Liu et al. (1997) and Schnurle
et al. (1998) which suggested an increased uplifting rate after about 1.5
Ma (Fig. 10).

to occur during 2–3 Ma. Considering the deposition patterns and
structural features of S3 sequence, we suggest that the sequence was
developed in the last 2 Ma (Fig. 10). In addition, we can also estimate
sediment accumulation time based on the sediment thickness and esti
mated sedimentation rates (e.g. Davies et al., 1977; Huh et al., 1992;
Lehu et al., 2016; Lallemand et al., 2016) in HB. According to stacking
velocity picking results from seismic data and previous seismic velocities
estimation in HB strata (e.g. Van Avendonk et al., 2014; Eakin et al.,
2015), we can roughly calculate sediment thickness from the isopach
maps (Fig. 9) with different velocities for each sequences. Since the
modern deposition rates in HB range from 0.35 to 1.1 mm/yr (Lehu
et al., 2016; Lallemand et al., 2016), and the average thickness of S3 is
about 500 m (Fig. 9C, calculated from 0.59 s thickness in two-way travel
time and 1700 m/s seismic sound velocity), by assuming that the
modern deposition rates could be applied to the calculation of S3
sequence growth, S3 sequence could be formed about 0.5–1.5 Ma.
Because the seismic facies change between S1 and S2, the S2
sequence is suggested to be developed after 5 Ma when the arc-continent
collision began (Fig. 10). If S2 sequence were developed between 1.5
and 5 Ma, the average deposition rate would be close to 0.1 mm/yr
(Fig. 9B, 342 m converted from 0.37 s of two-way travel time and 1850
m/s of sound velocity). Moreover, the deposition rate could be even
higher if the effect of sediment compaction of S2 due to loading of the S3
sequence is considered. This estimated deposition rate (at least 0.1 mm/

5.3. Sedimentation rates and ages of three major sequences
Based on the tectonic evolution model of Taiwan and North Luzon
Arc (Teng, 1990; Yang et al., 1996; Huang et al., 2006, 2018), the
Taiwan orogen started at about 5 Ma, and the rapid rise of Taiwan
mountain ranges and new volcanic activities of North Luzon Arc started
12
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Fig. 9. Isopach maps of the 3 major seismic sequences in the Huatung Basin identified in this study. (A) Isopach map of S1, (B) isopach map of S2 and (C) isopach
map of S3.

yr) is lower than the modern deposition rate of S3, but 5–10 times higher
than the average sedimentation rates suggested to be 4.1–8.8 mm/ka
(Huh et al., 1992) in the West Philippine Sea Basin and Pacific deep-sea
basins in the Pliocene and Pleistocene (e.g. Davies et al., 1977; Huh
et al., 1992). The increased weathering process due to the initiation of
Taiwan orogen could be responsible for this higher sedimentation rate
than that of typical deep sea environments in marginal seas (Raymo
et al., 1988).
The average thickness of S1 sequence is about 400 m (Fig. 9A, con
verted from 0.38 s of two-way travel time and 2150 m/s of sound ve
locity). Considering the sedimentation rates in the West Philippine Sea
Basin are 4.1–8.8 mm/ka (Huh et al., 1992), and assuming that the deep
sea sedimentary environment is similar to the present West Philippine
Sea Basin when S1 sequence was developed, S1 sequence would need 45
to 97 Ma to accumulate enough sediments to the observed thickness.
This means that the sediments developed in HB including S1, S2, and S3
would need at least 50 Ma to reflect the observed sediment thickness in
HB today (Fig. 10). Furthermore, if 4.1 mm/ka sedimentation rate is
used in calculating the time needed to accumulate sediments in HB, the
age of HB could reach 102 Ma; otherwise, the sedimentation rates of the
paleo-HB would be much higher than normal abyssal plains nowadays.
Although this three-stage deposition model could provide a rough esti
mation on the ages of the sediment sequences in HB, the actual age of HB
needs to be confirmed by other direct evidences, such as ocean drilling
samples and dating results from HB.

interpreted as the results of multiple sediment gravity flows occurred
during the canyon-levee complex developments (Posamentier, 2003;
Posamentier and Kolla, 2003; Schwenk et al., 2005; Bull et al., 2009).
Furthermore, we can observe most sediment wave features occurred
nearby gravity flow deposits in the overbank areas of the NSC and SSC
drainages (Figs. 7B, C).
The characteristics of sediment waves with canyon-levee systems can
be summarized as (1) the sediment waves observed in HB only present in
the submarine canyon drainage, and are closely related to the levee
deposits; (2) their wave crests are several tens to over hundred meters
high, and oriented approximately perpendicular to submarine canyon
paths across the slope; (3) their wavelengths increase but wave height
decrease in down-slope direction; (4) the dimension of sediment wave
structures could reach hundred meters to several kilometers in length.
Based on these characteristics and related studies (e.g. Wynn et al.,
2000; Wynn and Stow, 2002; Gong et al., 2012; Symons et al., 2016), we
suggest that the sediment waves should migrate up-slope and be
developed at the interface of sediment gravity flows and a movable bed;
furthermore the sediment grain sizes are getting finer toward downcurrent direction (Wynn and Stow, 2002; Kane et al., 2010; Gong
et al., 2012).
Submarine canyon overbank processes could be responsible for the
initiation of sediment gravity flows, and then sediment waves were
developed in HB. Similar cases have been reported in the Hikurangi
Trough (e.g. Lewis and Pantin, 2002), South China Sea (e.g. Kuang et al.,
2014), Mediterranean Sea (e.g. Jallet and Giresse, 2005) and several fan
systems offshore North and South America (e.g. Normark et al., 2002;
Posamentier and Kolla, 2003). Physical modeling (Kane et al., 2010)
have showed that repeated overspill events from submarine channels/
canyons can cause over-spilling sediment flows, and then sediment
waves could be formed in the overbank area. The occurrence of widely
distributed sediment wave features in the drainages of NSC and SSC
could be due to the lower canyon walls of these two canyons than that of

5.4. Development of sediment waves associated with canyon-levee systems
The canyon-levee complexes and sediment waves are the most
prominent depositional features in HB (Figs. 1 and 3). The widespread
fan deposits developed in the paleo-lobes of the canyon-levee complex
(Lewis and Pantin, 2002; Normark et al., 2002; Posamentier and Kolla,
2003). Besides, the vertically stacked and rotated blocks can be
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Fig. 10. Schematic diagram summarizing the stratigraphic evolution in the Huatung Basin. The sedimentation rates are referred from Davies et al. (1977), Huh et al.
(1992), Raymo et al. (1988), Lehu et al. (2016) and Lallemand et al. (2016) in the WPSB and Pacific deep-sea basins.

the other three major canyons in HB. In this case, more sediments could
overspill from NSC and SSC. Based on the three different seismic facies
patterns observed in sediment waves (Figs. 3 and 7), we suggest that the
sediment waves in HB could be developed in three stages with the
development of canyon-levee systems. During stage 1, the overbank
sediments deposited in the canyon drainage and formed MTDs which
appeared in chaotic seismic facies above paleo-basin seafloor. The dra
ped and aggraded sediments initiated a wavy surface in multiple over
bank sediment gravity flows. The early sediment waves formed but
appeared in vague wavy geometries and low-relief in this stage (Fig. 7B).
Then, sediment waves with clear wavy geometry began to develop in
stage 2. They appeared in low wave heights and variable wavelengths
which were highly related to pre-existing seafloor morphology formed
in the previous stage. Because of the cut-and-fill and mass movement
processes accompanied with canyon migrations (Fig. 7C), local un
conformities, reflection discontinuities and chaotic seismic facies can be
observed in the wave structures on seismic profiles (Fig. 7B). In the last
stage (stage 3), the canyon paths became stable and overbank sediments
continuously aggraded sediment waves. Growth of clear wave crests and
asymmetrical waveforms with significant up-slope migration can be
observed in the most recent sediment wave field. These features

demonstrate that sediment waves in HB are still being developed due to
high rate of over-spilled sediment supplies with canyon-levee complex
development in slope setting (Wynn and Stow, 2002; Posamentier and
Kolla, 2003; Kane et al., 2010).
Notwithstanding gravity flow can be responsible for the origin for the
sediment waves, it is also possible that an alternative oceanographic
process plays a plausible role on formation of sediment wave. For
example, bottom current may result in sediment wave, sediment drift
and associated deposits like contourite (Wynn and Stow, 2002; Masson
et al., 2002; Rebesco et al., 2014; Symons et al., 2016). In fact, deepwater circulation associated processes are receiving increasing atten
tion and are considered as a common process to be seen near basin floor
below the continental shelf edge (e.g. Rebesco et al., 2014). While the
characteristics of seafloor sediments in our study area are under inves
tigation and nature of bottom current are still poorly known. To shed
light on this issue, future investigation on deep-sea bottom current and
associated sedimentary processes in HB, especially in the submarine
canyon-levee systems are required.
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6. Conclusions
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Newly compiled bathymetry data together with seismic and subbottom profiles provide detailed distributions of stratigraphic frame
work in HB from pre-collision to the present Taiwan orogen. Clear
morphologic features of the whole HB are presented, including a newly
identified sub-basin, East Luzon Arc Basin, and its east-bounding ridge,
East Luzon Arc Ridge. We have also described two previously unnamed
submarine canyons, North and South Sanxian Canyons, where promi
nent sediment waves were developed in their drainages. This study
mapped basement depth and sediment thickness of HB and East Luzon
Arc Basin. Furthermore, three major basin-wide sedimentary sequences
(S1, S2 and S3) identified in HB are mapped and discussed.
The oldest sequence S1 began to deposit at least since 50–102 Ma,
and its thickness varied with HB basement reliefs. Then, increased
sedimentation rates and MTDs are observed in S2 sequence due to
initiation of Taiwan arc-continent collision and Luzon Arc volcanic ac
tivities since about 5 Ma. HB and West Philippine Sea Basin began to
present different seismic facies characteristics since this period. In the
upper most sequence S3, greatly increased sedimentation rate occurred
since 1.5 Ma after the rapid uplifting of the Taiwan mountain ranges.
Moreover, canyon-levee complex and sediment wave fields dominate
stratigraphic and morphological features of the modern North HB and
thick sediments are observed in the drainages of submarine canyons
since the late Pleistocene.
Widely distributed sediment wave fields are well developed in the
drainage of North and South Sanxian Canyons. The sediment waves
could be developed in three stages. The initial wave structures are built
upon a rough surface due to overbank sediment gravity flows within
canyon-levee complexes. Then, multiple over-spilled sediments aggrade
and initiate wavy structures in canyon drainages. Finally, up-slope
migrating sediment waves with clear wave crest growth and asymmet
rical waveform appear together with active canyon-levee system
developments.
In this study, we demonstrate the development of the prominent
morphological features and stratigraphic framework in HB during
different stages of regional tectonic and sedimentary evolution. We also
provide age constraint of HB using a different approach than previous
studies. However, the ages of the HB and timing of basin formation are
still debatable. Collecting samples from deep strata and basement of HB
together with chronology works are needed to accurately determine the
age and nature of HB.
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