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Abstract The Chimei Canyon is a large, uplifting wedge‐top submarine canyon offshore eastern Taiwan
that has delivered sediment since ~1–2 Ma from the rapidly eroding Taiwan orogen to the Chimei Fan
in the Huatung Basin, east of the colliding Luzon Arc. In this study, we document the depositional record of
the Taiwan arc‐continent collision on the adjacent oceanic Philippine Sea Plate using multichannel
seismic reflection data together with high‐resolution bathymetry data to study the morphology,
seismic sequences, and structures of the Chimei Canyon‐Fan system. The sedimentary strata are separated
into three seismic sequences. The lowest sequence overlies oceanic crust, showing Cenozoic‐Cretaceous
pelagic seismic facies that we interpret as pre‐collisional, whereas the middle and upper sequences are
syn‐collisional. We propose a model for the development of the Chimei Canyon‐Fan in which the middle
sequence first developed ~1–2Ma, while themain depocenter was to the west in the forearc basin, west of the
Luzon Arc. The upper sequence records a shift of depocenter after ~1 Ma from the forearc basin to
the Chimei Fan east of the Luzon Arc. At the same time, this antecedent paleochannel‐fan system was
deformed rapidly (~60 mm/yr; 62 km minimum shortening) by a complex imbricate thrust belt with
the emergence of the arc and forearc basin as the west‐vergent Coastal Range thrust belt and the Chimei
Canyon incising the active east‐vergent Offshore East Taiwan thrust belt. The thrust belt underlying the
wedge‐top Chimei Canyon‐Fan has undergone >19‐km shortening and ~2.6‐km structure uplift.

1. Introduction
Submarine fan systems provide good opportunities for obtaining integrated long‐term records of on‐land
denudation history (Curray, 2014; Curray et al., 2003; Ingersoll et al., 2003; Normark & Carlson, 2003).
Within plate convergent settings, mountain belts with high uplift rates often have high erosion rates that
result in large sediment fluxes being transported through river and submarine canyon systems and into adja-
cent deep‐sea fans (Normark & Carlson, 2003; Rise et al., 2013). The deep‐basin sediments more broadly con-
sist of pre‐, syn‐, and post‐orogenic deposits (Alam et al., 2003), with sequence boundaries that are usually
clear and widespread. Therefore, seismic stratigraphic mapping of these sequences provides a straightfor-
ward path to constrain broad features of the orogenic history. Furthermore, integrating the subaerial moun-
tain belt with adjacent submarine fans provides unified insight into the entire depositional system, from
source to sink, as demonstrated by the Bengal Fan studies (Alam et al., 2003; Curray, 2014). The Bengal
Fan is the largest deep‐sea fan in the world (Curray et al., 2003), composed of sediments eroded from the
Himalayas and Tibetan Plateau in the India‐Asia collision through the Cenozoic and deposited on adjacent
Indian Ocean crust (Curray, 2014; Curray et al., 2003). In the present paper, we apply similar strategies to the
very active and rapidly eroding Taiwan arc‐continent collision, as recorded in the Chimei Canyon‐Fan sys-
tem, which is deposited on oceanic crust of the adjacent Philippine Sea Plate.

Chimei Canyon is one of the large submarine canyons offshore Taiwan. Its cross‐sectional size and shape are
comparable to the largest submarine canyons of the world and nearly identical to the giant Swatch of No
Ground Canyon of the Bengal System (Figure 1). In contrast with the giant and long‐lived Cenozoic
Bengal‐Himalayan system (>15 km proximal thickness, ~4,000 km long, ~50 Ma), the Chimei Canyon‐
Fan system and more broadly the Taiwan mountain belt are very young (<2 Ma for the Chimei Canyon‐
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Fan system) and as small as the Swiss Alps (Taiwan ~380 km NS) but are
characterized by very rapid rates of relevant geologic processes, thereby
providing significant accessible research opportunities into active pro-
cesses. The Taiwan mountain belt is currently one of the youngest and
fastest arc‐continent collisions in the world (Figure 2), with a present con-
vergence of ~91 mm/yr between the Yangtze Block of the Eurasian Plate
and the Philippine Sea Plate based on the GSRM v2.1 global plate model
(Argus et al., 2011; DeMets et al., 2010; Kreemer et al., 2014). The
Chimei Canyon‐Fan (Figure 3a) straddles the most actively deforming
part of the Taiwan collision zone, consuming two‐thirds (~60 mm/yr) of
the total plate convergence (Tsai et al., 2015; Wu et al., 2016). As such,
the Chimei Canyon‐Fan system can be considered an active wedge‐top
system, with tectonic uplift potentially playing a significant role in sub-
marine canyon incision. Furthermore, critically, steep onshore topogra-
phy reaching >3,000‐m elevation and subtropical climate (on the
average four typhoons per year and mean annual precipitation of 2.5 m/
yr) together with frequent earthquakes (Dadson et al., 2003, 2004, 2005)
have resulted in high erosion rates (4–5 km/my) since 2 Ma (Derrieux
et al., 2014; Fellin et al., 2017), with large amounts of orogenic sediment
delivered from the subaerial mountain belt through submarine canyons
and into adjacent deep‐sea submarine fans (Figure 2). The currently active
onshore source region of the Chimei Canyon‐Fan is shown in Figure 3a,
with the antecedent Hsiukuluan River functioning as the transport path-
way across the deforming Coastal Range thrust belt and into the offshore
Chimei Canyon (Figures 3a and 4).

In offshore eastern central Taiwan, the bulk of the eroded sediment is fed
through submarine canyons into the northwest corner of the Huatung
Basin of the Philippine Sea Plate (Figures 2 and 3). The Huatung Basin
is a nearly closed basin >4,000‐m deep, with sediment transported out
of the basin only in its northeastern corner where the Gagua Ridge enters

the Ryukyu Trench (Figure 2). Therefore, most of the orogenic sediment coming from Taiwan into the
Huatung Basin is trapped (Liu et al., 1997a; Schnürle et al., 1998), providing a record of the development
of the Taiwan arc‐continent collision. The submarine fan strata are deposited on top of a pre‐collisional
sequence, forming a widespread unconformity that we have used to constrain the volume of overlying oro-
genic sediment. Furthermore, because of plate convergence, proximal parts of the Chimei Fan have been
incorporated into the easternmost thrust belt of the Taiwan collision, while the northeastern part of the
Chimei Fan has been incorporated into the Ryukyu accretionary wedge (Figure 2). Studying the Chimei
Fan thus can provide insight into the sedimentary processes and mass balance of this rapidly evolving
source‐to‐sink system and also help to constrain the orogenic history of Taiwan mountain belt.

The structures and depositional history offshore eastern Taiwan have been relatively little studied, in con-
trast with the better‐known onshore Taiwan mountain belt. In this study, high‐resolution multibeam bathy-
metric data together with multichannel seismic reflection data have been used to (1) document the
morphology of the Chimei Canyon‐Fan system, (2) document and map the principal seismic facies and
define three regional seismic sequences, (3) document the deformation and uplift associated with the forma-
tion of the Chimei Canyon, and (4) estimate the preserved volume and age of the Chimei Fan system and
compare it with the estimated erosive flux of sediment from the on‐land source area. Finally, we develop
a model for the progressive eastward propagation of deposition and deformation of the evolving eastern
Taiwan source‐to‐sink system during the Pleistocene.

2. Tectonic and Stratigraphic Settings
2.1. Tectonic Setting of Taiwan Arc‐Continent Collision
The Taiwan arc‐continent collision results from ongoing oblique convergence between the N‐S Luzon Arc
and NE–SW Eurasian Margin (Figure 2) (Angelier et al., 1986; Barrier & Angelier, 1986; Biq, 1972; Bowin

Figure 1. Comparison of Chimei Canyon in cross section with well‐known
submarine canyons in convergent‐margin settings (except Grand Canyon).
Vertical axis shows water depth. This figure is modified from Normark
and Carlson (2003): Swatch Canyon (Shepard, 1973); Swatch of No Ground
Canyon (Curray & Moore, 1974; Shepard, 1973); Monterey Canyon and
Grand Canyon (Carlson & Karl, 1988); La Jolla Canyon (Shepard &
Buffington, 1968); Biobio Canyon (Bernhardt et al., 2015); Horizon Channel
(Stevenson & Embley, 1987); Hikurangi Channel (Mountjoy et al., 2018).
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et al., 1978; Chai, 1972; Ho, 1979, 1986; Suppe, 1981, 1984, 1987; Teng, 1990; Yu et al., 1997). This gives rise to
a progressive southward propagation of the collision along the arc and southwestward along the continental
margin (Suppe, 1981, 1984).

The Philippine Sea Plate is currently moving northwestward (~300° azimuth) with respect to the Eurasian
Plate at a convergence of ~91 mm/yr, with a slower EW component of convergence (~30 mm/yr) prior to
~2 Ma (Kreemer et al., 2014; Seno et al., 1993; Tsai et al., 2015; Wu et al., 2016). This plate convergence is
consumed in two orthogonal subduction systems with opposite polarity (Suppe, 1984). From Taiwan south-
ward, the Eurasian Plate subducts beneath the Philippine Sea Plate along theManila Trench and the western
foothills, which form an accretionary wedge (Taiwan mountain belt to the north and its submarine

Figure 2. Tectonic setting of Taiwan, showing surrounding submarine canyons that currently transport orogenic
sediment into deep ocean basins. The Taiwan arc‐continent collision is located at the junction of two orthogonal
subduction zones: The NS Manila subduction zone in the south extending to northern Taiwan and the EW Ryukyu
subduction zone in the northeast, with associated Okinawa Trough backarc basin. The colors show tectonic elements
(blue: accretionary wedge, green: forearc basin, yellow: magmatic arc, and red: backarc basin). SLT = Southern
Longitudinal Trough; HR = Huatung Ridge; LV = Longitudinal Valley; SC=Sanxian Canyon. The offshore structures are
from Liu et al. (2004) and submarine canyons from Chiang and Yu (2006), Hsiung and Yu (2011), and Yang (2001). The
forearc basin is ~110 km wide in the south, measured in the plate convergence direction but is increasingly compressed
northward during oblique arc‐continent collision, becoming only ~10 km in the Taiwan Coastal Range.
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Figure 3. Detailed bathymetric map of the Chimei Canyon‐Fan system (see location in Figure 2). Note that the depth range of the color scale is compressed in
(c) and (d) to illuminate the low‐relief deep‐water morphologies. (a) Overview of the Chimei Canyon‐Fan system. The outline of the canyon and fan is shown
with white dots. The Chimei Canyon thrust lies at the foot of the slope, separating the canyon and deep‐sea valley. The Takangkou High thrust cuts across
the middle of the Chimei Canyon. Rivers onshore are shown by light blue lines and the Hsiukuluan River catchment (source of the Chimei Canyon‐Fan system) is
shown by light blue area. (b) Detailed bathymetric map of the Chimei Canyon showing a wide and smooth canyon bottom. (c) Detailed bathymetric map of
the Chimei deep‐sea valley. (d) Detailed bathymetric map of the Chimei Fan which shows the preserved southern part of the fan and erosional features in the
northern part of the fan.
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equivalents to the south: the Hengchun Ridge and Kaoping Slope), forearc basin (North Luzon Trough), and
the Luzon Arc (Figure 2) (Bowin et al., 1978; Hayes & Lewis, 1984; Huang et al., 1992, 1997, 2006; Liu et
al., 1992, 1997a; Reed et al., 1992; Suppe, 1981, 1984). Conversely, offshore of northeastern Taiwan, the
Philippine Sea Plate subducts beneath the Eurasian continental margin along the Ryukyu Trench, which
formed the Yaeyama Ridge (accretionary wedge), the Ryukyu Arc, and the Okinawa Trough back‐arc basin
(Font et al., 2001; Liu et al., 1997b; Park et al., 1998; Wang et al., 2004).

It is remarkable that about two thirds (~60 mm/yr) of the total ~90 mm/yr of plate convergence in Taiwan is
consumed by deformation of the Luzon Trough forearc basin, Luzon Arc, and adjacent Huatung Basin of the
Philippine Sea Plate, forming the East Taiwan thrust belt, which is composed of the Coastal Range thrust belt
and theOffshoreEast Taiwan thrust belt. South of Taiwan, the forearc basin, has an undeformedwidth of about

Figure 4. Combined geological map of the Coastal Range and bathymetric map offshore eastern Taiwan. The thin‐skinned west‐vergent Coastal Range thrust belt
deforms arc and forearc basin strata, including paleo‐submarine canyon and fan strata (Fanshuliao [Fsl] and Paliwan Formation [Plw1 and Plw2]) together with
Luzon Arc (Tuluanshan Formation) uplifted to 1,000‐ to 1,500‐m elevation, whereas the offshore Chimei Canyon has undergone east‐vergent thrust deformation.
The 1‐ to 1.6‐Ma Chimei conglomerate exposed onshore is interpreted as a paleo‐Chimei Canyon deposit, which shows a similar paleo‐flow direction to the
present‐day upper Chimei Canyon (Dorsey & Lundberg, 1988). A cross section along the current transport pathway is shown as Figure 17. The geological map of
Coastal Range is based on data from Wang and Chen (1993) and Shyu et al. (2006).
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100–125 km but becomes progressively shortened northwards (Figure 2) to become the 10‐ to 15‐km‐wide
Coastal Range thrust belt, which is strongly deformed and rapidly uplifting (5–10 mm/yr), reaching 1,000‐ to
1,500‐m elevations in steeply dipping thrust sheets of Miocene arc volcanic rocks (Figure 4) (Chi et al., 1981;
Hsieh et al., 2004;Hsieh&Rau, 2009; Liew et al., 1993). The lower elevations of theCoastal Range are underlain
by more erodible thick sections of Plio‐Pleistocene (1–4 Ma) Taiwan‐derived flysch forearc‐basin strata that
overlie the arc volcanic rocks and generally show southeastward transport from the coeval Taiwan mountains
to the north andwest (Figure 4), similar to the current forearc basin offshore of southeastern Taiwan (Figure 2).
These Taiwan‐derived strata of the Coastal Range are important in the present context because they lie along
the transport path of the source‐to‐sink system and are consideredmore proximal and in part older equivalents
of the Chimei submarine canyon and fan deposits offshore, as discussed later (Figures 4 and 5).

An east‐vergent thrust belt is observed offshore, east of the Coastal Range, based on multibeam bathymetry
and multichannel seismic reflection data, here called the Offshore East Taiwan thrust belt. About ~2 cm/yr
of convergence is currently consumed in the offshore based on published GPS data (Yu et al., 1997). The
active Chimei Canyon thrust is the frontal thrust, which is marked by a sinuous bathymetric lineation at
the foot of the slope offshore of the Coastal Range (Figure 3). It displays a fault scarp that is especially

Figure 5. The sedimentation rate for stratigraphic sections of the Coastal Range (updated from Chi et al., 1981, using
timescale of Cohen & Gibbard, 2019). The sedimentation rates increase abruptly around 2 Ma and sedimentation
terminates ≲1 Ma. Different outcrop sections are shown by different colors. Values along each line show the average
sedimentation rate in km/my. Gray lines are the error bars for age.
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clear at the foot of the Chimei Canyon (Figure 4) and separates the Chimei Canyon from the Chimei Fan.
The Offshore East Taiwan thrust belt has been described based on multibeam bathymetry by Malavieille
et al. (2002). In our present study, we use new prestack depth migration of the legacy seismic reflection data
to better image the east‐vergent thrust system, which underlies the Chimei Canyon and proximal fan.

Themorphology of the proximal offshore eastern Taiwan reveals a narrow shelf, a steep slope, and several sub-
marine canyons (Figure 3). In addition to thrust belt deformation, there are frequent earthquakes, strong climate
effects, and submarine erosional processes (such as slides, slumps, and turbidity currents) that play important
roles for shaping the morphology offshore eastern Taiwan (Lallemand et al., 2016; Lehu et al., 2015, 2016).

2.2. Stratigraphic Setting of Onshore and Offshore Eastern Taiwan

The source‐to‐sink pathway from the eroding Taiwan Central Range to the Chimei Canyon and Fan depo-
center traverses the rapidly uplifting 10‐ to 15‐km‐wide Coastal Range, which extends for ~140 km along the
east coast of Taiwan, forming a topographic barrier that is currently only breached by the Hsiukuluan River
gorge that feeds the Chimei Canyon (Figures 3a and 4). The Coastal Range is essential to understanding the
development of the offshore Chimei Canyon and Fan because it provides a more proximal stratigraphic
record on the Philippine Sea Plate of the subduction to collision transition (Chi et al., 1981). The Coastal
Range stratigraphy records the main locus of arc and forearc basin orogenic deposition in the Pliocene
and early Pleistocene, prior to the shift of depocenter exclusively to the Huatung Basin east of the Luzon
Arc after ~1Ma (Figure 5). The sediment of the Chimei Canyon‐Fanmay be considered the distal and in part
younger equivalents of strata in the Coastal Range.

The exposed stratigraphic record in the Coastal Range thrust belt shows a Miocene volcanic arc and volcani-
clastic sequence (Tuluanshan Formation) with local development of overlying Pliocene shallow‐water carbo-
nates (Kangkou Limestone) and a regionally onlapping very thick Plio‐Pleistocene clastic sequence that is
dominantly composed of Taiwan‐derived orogenic sediments (Chen, 2016; Huang et al., 2018; Wang &
Chen, 1993), but also contains minor interbedded arc‐derived sediments and tuffs (e.g., Chi et al., 1981;
Dorsey, 1985, 1988; Lai et al., 2018). The base of the Plio‐Pleistocene orogenic clastic sequence is time trans-
gressive, filling forearc basin and onlapping and overlapping arc bathymetry (Dorsey, 1992; Lai et al., 2018;
Wang & Chen, 1993). The early Pliocene to lower Pleistocene Fanshuliao Formation shows mudstone alter-
natingwith sandstone or shale. This sequence is interpreted as turbidites deposited in the forearc basinwith a
low sedimentation rate. The Fanshuliao Formation shows both arc‐derived and Taiwan‐derived petrogra-
phies (Chi et al., 1981; Dorsey, 1988; Teng, 1979). The upper sequence, called the Paliwan Formation, consists
of sandstone alternatingwith shale, which is interpreted as turbidites and tempestites deposited in the forearc
basin from the lower Pleistocene to ~0.8 Ma with a high sedimentation rate (Chen, 2016; Chi et al., 1981;
Dorsey & Lundberg, 1988; Ho, 1969; Huang et al., 2018; Teng, 1990; Wang & Yang, 1974). In the section just
north of the Hsiukuluan River, the Paliwan Formation contains a massive 15‐km‐wide and 2‐km‐thick lens
of cobble‐boulder conglomerate and thick bedded graded sandstones, location shown in Figure 4, that is
interpreted as a proximal submarine canyon deposit that may record an early stage (1.6–1 Ma) of the present
Hsiukuluan River‐Chimei Canyon source‐to‐sink pathway (Dorsey & Lundberg, 1988, 1989).

The denudational and depositional record in the Central and Coastal Ranges can be divided into two stages of
Taiwan arc‐continent collision (Figure 5). In the first stage from 2–5 Ma, collisional mountain building was
initiated; uplift and exhumation in the Central Range were relatively slow based on thermochronology
(0.65–1.74 mm/yr; Byrne et al., 2011 ; Hsu et al., 2016), and the sedimentation rate of Taiwan‐derived strata
in the Coastal Range is a modest 0.28–0.91 km/my (Chi et al., 1981). The second stage began about 2 Ma, uplift
and exhumation in the Central Range accelerated to ~ 2.45–10mm/yr (Byrne et al., 2011; Hsu et al., 2016), and
sedimentation rate in the Coastal Range increases to 1.72–7.83 km/my (Chi et al., 1981) (Figure 5).

In contrast with the relatively well‐dated onshore record, the ages of the offshore seismic stratigraphy are not
calibrated because of the absence of a drilling in the basin. Nevertheless, we can make indirect estimates of
their ages based on regional source‐to‐sink considerations as described in the discussion section. Most
obviously, the deformation and uplift of the Coastal Range depocenters has necessarily shifted the locus
of late Pleistocene (<1 Ma) deposition completely to the Huatung Basin east of the Luzon Arc (Figure 5).

In addition, we note the existence of a 4‐m‐long piston core (KR03) collected on the Changping High on the
southern flank of Chimei Canyon (Figures 4 and 6), which shows olive‐gray clay hemipelagites with a
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depositional rate approximate of 1.09 mm/yr. The 4 m of cored sediment were deposited since ~1,673 BC
(Lallemand et al., 2016).

3. Data and Processing

Both high‐resolution bathymetric data (100‐m grid) and multichannel seismic reflection data are used to
study the Chimei Canyon‐Fan system. The high‐resolution swath bathymetry data were acquired during
the ACT cruise in 1996; more description of the seafloor morphology is shown in Lallemand et al. (1997),
Liu et al. (1998), and Malavieille et al. (2002).

The multichannel seismic reflection data we analyzed were collected from several cruises, including OR1‐
423, OR1‐914, ACT, EW9509 (the TAICRUST project), and MGL0906 (the TAIGER project). Table 1 shows
detailed information on those multichannel seismic reflection acquisitions. Figure 6 shows the locations of

Figure 6. Location map showing the seismic reflection profiles used in this study. Bold lines are the seismic profiles shown in this paper. Yellow dot is the location
of the marine core (Lallemand et al., 2016; Lehu et al., 2016).

Table 1
Acquisition Parameters for Multichannel Seismic Reflection Data Used in This Study

Cruises Line

Streamer parameters Source parameters
Recording
parameters

Data source
Shot

interval Channels
Channel
interval

Streamer
length Source

Source
volume

Source
pressure

Record
length

Sample
rate

OR1‐914 7, 8, 9, 10, 11,
12, 13, 15, 16

50 m 84 12.5 m 1,037.5 m Airgun 775 in3 200 bar 10 s 2 ms MOST, Taiwan

MGL0906 12B, 26, 26A, 30A 50–75 m 468 12.5 m 5,837.5 m Airgun
40 guns

6,600 in3 2,000 psi 15 s 2 ms TAIGER,
Taiwan/USA

EW9509 5, 7 50 m 160 25 m 3,975 m Airgun
20 guns

8,470 in3 2,000 psi 16 s 2 ms TAICRUST,
Taiwan/USA

OR1‐423 16 43 m 56 25 m 1,375 m Airgun 700 in3 200 bar 10 s 4 ms MOST, Taiwan
ACT 36, 40, 55, 56,

61, 71, 72, 73
50 m 6 50 m 250 m GI gun 150 in3 155 bar 6 s 4 ms ACT, Taiwan/France
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the seismic reflection profiles used in this study. Seven high‐resolution seismic profile images are provided in
the Supporting Information S1, including five poststack time migration seismic profiles and two prestack
depth migration profiles (Figures S1–S7).

Most seismic data were processed at the Seismic Exploration Lab, Institute of Oceanography, National
Taiwan University. ProMAX seismic data processing software was used to obtain poststack time‐migrated
profiles, whereas two E‐W trending legacy short‐streamer seismic profile data were reprocessed using
ECHOS and GeoDepth seismic data processing software to obtain improved prestack depth‐migrated pro-
files that help constrain the structure of the Offshore East Taiwan thrust belt.

4. Morphology

The Chimei Canyon‐Fan system shows a distinct morphology that can be divided into two parts: a submar-
ine canyon and a deep‐sea fan complex. The deep‐sea fan complex can be further subdivided into two parts: a
complex deep‐sea valley that starts at the foot of the canyon (Figure 3c) and a submarine fan that is preserved
along the south side of the deep‐sea valley (Figure 3d); the northern submarine fan has been largely eroded
away (Figure 3). The canyon is confined to the region of the Offshore East Taiwan thrust belt (Figure 3a) and
is flanked by uplifted and deformed western Chimei Fan strata that underlie the Changping High to
the south and the Takangkou High to the north (Figure 4), which are imaged in seismic reflection profiles
(see section 6). The eastern part of the Chimei Fan east of the frontal Chimei Canyon thrust has not been
involved in compressional Taiwan arc‐continent collision.

In the following sections, we utilize a slope map of the Chimei Canyon‐Fan system (Figure 7) that was com-
puted in ArcGIS based on 100‐m high‐resolution bathymetric data. This map shows a smooth Chimei
Canyon floor that is truncated downstream by the surface break of the frontal Chimei Canyon thrust, below
which the transport pathway becomes a deep‐sea meander (compare Figures 3 and 7).

4.1. The Chimei Canyon

The Chimei submarine canyon starts just offshore of the Hsiukuluan River mouth on the eastern flank of the
Coastal Range and ends ~40 km to the east at the Chimei Canyon thrust, which is the frontal thrust of the
east‐vergent thrust belt (Figures 3, 4, and 7). The canyon displays a broad flat‐bottomed U‐shape (box shape)
in cross section with a smooth‐bottom width of ~5–14 km (Figures 1, 3, 4, and 7a–7d). The Chimei Canyon
head starts with an abrupt 900‐mdrop from sea level in ~3 km (~20° slope) from theHsiukuluanRivermouth
to the point at which a flat‐bottomed U‐shape morphology is observed and is maintained until its distal end
(Figure 7b). The smooth Chimei Canyon floor has a constant slope gradient ~5± 1° (Figures 7c and 7d). The
canyon bottomwidens from the head (~5 kmwide) to themiddle part of the canyon (~14 kmwide), then nar-
rows to ~5 km due to active thrusts that run across the middle part of the canyon (Figures 3, 4, and 7b).
The average height of the canyon wall is 950 m, and the maximum height is 1,455 m. The characteristics of
the Chimei submarine canyon thalweg are also distinct from the deep‐sea valley (Figures 7c–7e).

The morphology of the Chimei Canyon has been affected by active structures, including the Takangkou
High thrust and the Chimei Canyon frontal thrust, which cut through the middle and at the foot of the can-
yon, respectively (Figure 7c). The Takangkou High thrust runs along the eastern edge of the Takangkou
High and cuts through the Chimei Canyon in the middle and merges into the Chimei‐Canyon frontal thrust
near the Changping High south of the Chimei Canyon (Figure 4). The TakangkouHigh thrust does not show
a distinct fault‐scarp morphology on the canyon floor in contrast with the Chimei Canyon frontal thrust sug-
gesting it is currently less active relative to the presumed high rate of erosional and depositional surface pro-
cesses of the active canyon bottom. Nevertheless, the Takangkou High thrust is associated with distinct
morphologic changes, including steeper and variable canyon gradients (Figure 7d), the incision of secondary
channels on the hanging wall (Figure 3b), changes in canyon width and wall height (Figure 7e), and a deflec-
tion of Chimei Canyon axis from northwest‐southeast to east‐west. The Takangkou High thrust shows fold-
ing of hanging wall growth strata at shallow depth imaged by seismic reflection (see section 6.1). The Chimei
Canyon frontal thrust has formed a pronounced bathymetric scarp at the foot of the Chimei Canyon, which
separates the Chimei Canyon from the Chimei Fan and is morphologically associated with secondary chan-
nels in the hanging wall (Figures 3b and 4) and steeper gradients (Figure 7d). The Chimei Canyon morphol-
ogy ends at the foot of the slope (Figure 4).
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Figure 7. (a) Slope gradient map of the Chimei Canyon‐Fan system. (b) Topographic cross sections of the Chimei Canyon‐Fan system from upstream to
downstream. The locations of cross‐sections are shown in (a), with four profiles marked by A–D. (c) Canyon, deep‐sea channel thalweg, and fan topography.
(d) Slope gradient along the Chimei Canyon and deep‐sea channel thalweg. (e) Height of the canyon/deep‐sea channel walls and width of the canyon/deep‐sea
channel bottom. Two active thrust zones with associated folding are shown by blue and yellow background.
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The Chimei Canyon is currently asymmetric, with a steeper canyon wall on the north side and an adjacent
active channel that may connect to the Hsiukuluan River. On the south side, two tributaries merge into the
Chimei Canyon, with more gentle and incised canyon walls (Figure 4). The fact that the Huatung Basin
lithosphere is bending northward as it is subducted along the Ryukyu Trench may cause the north‐wall
channel to be pinned along the steeper north canyon wall, leading to a progressive widening of the
Chimei Canyon by a process analogous to the channel pinning of downstream sweep erosion recently docu-
mented subaerially in western Taiwan (Cook et al., 2014).

4.2. The Chimei Fan Complex

The Chimei Fan complex includes a deep‐sea valley in the northern part of the complex and a submarine fan
in the southern part of the complex. The deep‐sea valley includes dendritic deep‐sea channel and associated
levees. The western part of the Chimei Fan has been uplifted as the Offshore East Taiwan thrust belt.

The Chimei Fan is an asymmetrical fan with essentially all of the presently preserved fan morphology occur-
ring south of the Chimei deep‐sea valley (Figure 3). We suggest that the Chimei Fan was originally symme-
trical, but the northern part of the fan has been largely eroded away and a dendritic deep‐sea channel
developed later. Possible remnants of this northern fan exist as the ridge separating the Chimei deep‐sea val-
ley and the Hualien Canyon, based on seismic facies imaged in the NS seismic profiles (see section 5.3;
MCS914‐16, MGL0906‐26A, Figure 10).

The Chimei Fan can be divided into an upper and a lower fan based on morphological characteristics. The
upper fan (proximal fan) is identified by a large‐scale deep‐sea valley with pronounced levees which show
concave‐upward levee topography, whereas the lower fan (distal fan) is identified by smaller channels and
levees which have flat and convex‐upward levee topography, merging gradually into the surrounding basin
plain (Mitchum, 1985). The Chimei Fan is between 3,200 and 5,000 m deep. Its length along the main deep‐
sea channel is 43–57 km, and its width across the main deep‐sea channel is approximately 33–45 km. The
thickness of the fan is 2 km. The Chimei Fan covers an area of approximately 1,200–2,087 km2. The area
of the fan is estimated to be 1,200 km2 based on the slope gradient of bathymetry, but facies identification
within the seismic data defines the area of influence of the fan to be larger (2,087 km2). The size of the
fan defined by seismic facies is larger than that defined by seafloor morphology probably because it is hard
to recognize morphological characteristics of the lower fan (Mitchum, 1985). Generally, the lower fan is
characterized by very little local relief, merging into the surrounding basin plain gradually.

The dendritic deep‐sea channels are developed in the Chimei Valley (Figure 3c), which functions as the
downstream continuation of the Chimei Canyon. The average slope gradient of the channels is 1–3°. The
dendritic channels have a wide bottom (~300 m) and shallow incision (~125 m) at the head of dendritic
deep‐sea channels, and the dendritic deep‐sea channels merge into a larger main channel downstream with
a narrow bottom width (100 m) and deeper incision (300 m) (Figures 7b and 7e). The deep‐sea channels
finally merge into the Hualien Canyon near the western end of the Ryukyu Trench offshore eastern
Taiwan. We suggest that the dendritic deep‐sea channels in the Chimei deep‐sea valley may transport sedi-
ments out from the Chimei Canyon‐Fan system.

5. Seismic Stratigraphy
5.1. Seismic Sequences

We have identified three seismic sequences in the sedimentary strata of our study area based on truncation,
toplap, and baselap of reflection signals (Mitchum & Vail, 1977; Mitchum, Vail, & Sangree, 1977; Mitchum,
Vail, & Thompson, 1977). The three seismic sequences are separated by two seismic sequence boundaries X
and Y, which were defined by Liu et al. (1997a), Malavieille et al. (1997), Schnürle et al. (1998), Yang (2001),
and Hung (2010). The seismic sequence boundaries X and Y are Huatung Basin‐wide boundaries (Liu
et al., 1997a) and have significant implications for the depositional history of the Huatung Basin which is
closely linked to Taiwan arc‐continent collision (Figure 8).

1. Lower seismic sequence. Lower seismic sequence sits on top of the Huatung Basin basement and below
sequence boundary Y. Reflections in this sequence are generally parallel, concordant and continuous,
and locally onlap relief of the Huatung Basin oceanic basement.
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2. Middle seismic sequence. Reflections above seismic sequence boundary Y reveal downlap on the seismic
sequence boundary Y in the northwest Huatung Basin. Reflections in this seismic sequence are more
transparent and have more seismic facies changes than reflections in the lower seismic sequence.

3. Upper seismic sequence. The upper seismic sequence extends from seismic sequence boundary X to the
seafloor. Reflections of the upper seismic sequence reveal onlap on top of the middle seismic sequence
(on sequence boundary X) along the eastern flank of the Luzon Arc. Reflections in the upper seismic
sequence are continuous but wavy and transparent.

5.2. Seismic Facies

We have identified six seismic facies (Figure 9) on seismic profiles. Our classification of seismic facies is mod-
ified from the seismic interpretation of classic depositional facies by Sangree and Widmier (1977). In the fol-
lowing paragraphs, we first describe characteristics of each seismic facies and then describe the distribution
of seismic facies in each seismic sequence to understand the depositional environment changes from the
lower to upper seismic sequences and the evolution of the Chimei Canyon‐Fan system through time.

Seismic facies 1: Basinal widespread sheet‐drape seismic facies (Huatung Basin seismic facies) (Figure 9).

This seismic facies is characterized by widespread, parallel, or subparallel reflection configurations.
Reflections show concordant pattern and onlap on basement. Amplitudes vary from low amplitude at bot-
tom to high amplitude at top. Continuity is high. This facies dominates the lower seismic sequence of the
Huatung Basin.

Figure 8. Three seismic sequences in the Huatung Basin. (a) The NS seismic profile MGL0906‐26 in the northern Huatung Basin. (b) Seismic interpretation
(see Figure S1 for high‐resolution versions of this profile, with seismic facies). Three seismic sequences with two seismic sequence boundaries (X and Y) are
shown. The lower seismic sequence, which represents the pre‐collisional sequence, is shown by purple color. The middle and upper seismic sequences, which
represent syn‐collisional sequences, are shown by yellow color. (c) Main seismic facies in seismic sequences. Pink, yellow, and blue show pelagic and
hemipelagic, lower fan, and upper fan seismic facies, respectively. Submarine fan seismic facies propagates to south within the middle sequence, which is
consistent with progressive propagation of the oblique arc‐continent collision southward. Tick marks at the top with seismic‐profile names and figure numbers
show the intersection of crossing seismic profiles in this paper.
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We interpret seismic facies 1 as pelagic sediment of the Huatung Basin. Similar seismic facies has been
shown in seismic reflection data in the northern Philippine Sea (e.g., Higuchi et al., 2007), and in ODP sites
801 and 1149 northwestern Pacific. The low‐amplitude reflections are pelagic clay, and the high‐amplitude
reflections are interbedded radiolarian chert, porcellanite, and siliceous clay based on the OPD drilling
(Plank et al., 2000).

Seismic facies 2: Transparent wedge‐shaped seismic facies (Figure 9).

Seismic facies 2 is characterized by low‐amplitude reflections that show downlap on seismic sequence
boundary Y. Reflections sometime appear wavy. In seismic section parallel to the main channel, this

Figure 9. Main seismic facies identified in the study area. Seismic facies indicated by arrows.
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facies appears to be wedge‐shaped tapering in down channel direction, whereas the facies becomes
mound‐shaped in the seismic section perpendicular to the main channel.

We interpret seismic facies 2 as channel levee/overbank deposits in the distal lobe complex. This interpreta-
tion corresponds well that in the Bengal Fan (Schwenk et al., 2005), Amazon Fan (Lopez, 2001), and
Hueneme Fan (Normark et al., 1998), where the same seismic facies are observed. The more distal transpar-
ent equivalents of facies 2 in the middle sequence without downlap, far from Chimei Fan, show similarities
to the transparent varieties of seismic facies 1 and may be hemipelagic (Figures 8 and S1).

Seismic facies 3: High‐continuous divergent configuration seismic facies (also called levee seismic facies)
(Figure 9).

This seismic facies is characterized by very high‐continuous, low‐ to moderate‐amplitude divergent reflec-
tions that cover paleotopography smoothly with only gradual changes in thickness or amplitude. In seismic
sections parallel to the main channel, reflections are almost parallel. In seismic sections perpendicular to the
main channel, reflections are divergent and thicken toward the main channel. This facies is fan‐shaped in
three‐dimensions. Therefore, we interpret this seismic facies as submarine fan deposits.

We have also found this seismic facies in the Changping High and the Takangkou High, the two sidewalls of
the Chimei submarine canyon. A gravity core collected on the top of the Changping High shows that the
sediments are deep‐sea clay hemipelagites alternating with silty beds (Lallemand et al., 2016), the type of
sediments commonly found in a submarine fan.

Seismic facies 4: Low‐amplitude onlapping‐fill seismic facies (also called buried channel seismic facies)
(Figure 9).

The seismic facies 4 is characterized by continuous, low to moderate‐amplitude parallel reflections. It repre-
sents channel‐fill sediments that onlap on V‐ or U‐shape channel in seismic sections that are perpendicular
to the main channel (Schwenk et al., 2003, 2005). This facies is usually interpreted as buried channel
(Schwenk et al., 2005).

Seismic facies 5: Hummocky, high‐amplitude onlapping‐fill seismic facies (also called channel seismic
facies) (Figure 9).

The seismic facies 5 is characterized by high‐amplitude hummocky reflections. This seismic facies is con-
fined in the Chimei deep‐sea valley system which is at the base of the Chimei Canyon. This facies is inter-
preted as sand‐rich turbidite channel‐fill sediments in the deep‐sea channels, or sand lobes at the base of
the slope (Schwenk et al., 2005). Similar seismic facies also found deep‐sea channel complex offshore
Borneo, Kalimantan, Indonesia (Posamentier & Kolla, 2003), and Amazon Fan (Lopez, 2001).

Seismic facies 6: Chaotic seismic facies (Figure 9).

This seismic facies is characterized by an internal pattern of contorted and discordant reflections, also com-
monly shows diffractions. Chaotic seismic facies displays both low and high amplitudes, which may reflect
different sedimentary materials. In the Huatung Basin, the seismic facies 6 usually appears elongated shape
along the slope and appears mounded shape across the slope. Mass‐transport deposits, slumps, creeps, or
unconfined turbidites are thought to be responsible for the chaotic seismic facies (Sangree &Widmier, 1977).

5.3. Seismic Facies Distribution of the Chimei‐Fan System

To understand the development of the Chimei Fan system and its relationship with Taiwan arc‐continent
collision, we present four seismic profiles from proximal fan (upper fan) to distal fan (lower fan)
(Figures 10, 11, and S2–S5). We define the upper (proximal) and lower (distal) fans based on seismic facies
assemblage. The seismic facies assemblage of the upper fan consists of one or a few thick, sand‐prone chan-
nels (facies 4 or 5) flanked by large, mostly silt‐ or shale‐prone levees (facies 2 or 3), whereas the seismic
facies assemblage of the lower fan shows a convex‐upward, bidirectional opposing downlap reflection pat-
tern (facies 2 or 3) without channels (Mitchum, 1985). Lower fan also shows high‐amplitude lenticular sand
lobe (seismic facies 5 below Taitung and Southern Sanxian Canyons; Figure S1). We use the seismic assem-
blage of the upper/lower fan within middle and upper seismic sequences to describe the evolution of the
Chimei Canyon‐Fan system.
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5.3.1. Seismic Facies of the Lower Seismic Sequence
Within the lower seismic sequence, the basinal widespread sheet‐drape seismic facies (seismic facies 1) is
dominant. We can see that horizontal parallel/subparallel reflections of this seismic facies show onlap on
the Huatung Basin oceanic basement (Figures 8, 10, 11, and S1–S3). We also find some chaotic seismic

Figure 10. Upper fan seismic profiles of the Chimei Fan. (a) Seismic profile MCS914‐16. This seismic profile is the closest profile to the canyon (see Figure 6 for
location). (b) Seismic interpretation of (a). (c) Seismic profile MGL0906‐26 and 26A. (d) Seismic interpretation of (c). X and Y are seismic sequence
boundaries. Colors show the seismic facies. Locations of crossing seismic profiles are given by tick marks. See Figures S2 and S3 for high‐resolution versions of
those profiles.
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facies 6 (turbidites and mass transport complex) interbedded with the sheet‐drape seismic facies (seismic
facies 1) in the upper part of the lower seismic sequence (e.g., Figures S1 and S6). The chaotic seismic
facies becomes more developed toward the Luzon Arc and may reflect the distal input from the Luzon
Arc after it was established ~15 Ma. The seismic facies assemblage is commonly found in the low‐energy
deep‐marine environment (Sangree & Widmier, 1977).

Figure 11. (a) Seismic profile of the Chimei fan and deep‐sea valley: MGL0906‐12B. This seismic profile shows that the Chimei Fan and deep‐sea valley are
beginning to be incorporated into the Ryukyu accretionary wedge. (b) Seismic interpretation of (a). (c) Lower fan seismic profile of the Chimei Fan:
MCS423‐16. This seismic profile is the easternmost profile across the Chimei Fan (see Figure 6 for location). The canyon in this profile is the Hualien Canyon
because the Chimei deep‐sea channels merged into the Hualien Canyon west of this seismic profile. See Figures S4 and S5 for high‐resolution versions of
these profiles.
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The thickness of the lower seismic sequence is 0.6–1.8 km (Figure 12). This thickness variation represents
infilling over the original relief of the Huatung Basin oceanic crust, as can be seen by inspection of seismic
profiles (Figures 8, 10, 11, and S1–S5). In particular, the lower part of lower sequence shows large thickness
variations over basement relief, whereas the upper part of the lower sequence shows relatively constant
thickness (e.g., Figures 8 and S1). Based on seismic facies, amplitude, and thickness distribution, we inter-
pret that the lower seismic sequence is pre‐collisional sequence of sediments deposited before the
arc‐continent collision, with its development of orogenic source‐to‐sink pathways. Figure 12b shows the dis-
tribution of depositional facies.

Figure 12. (a, c, and e) Isopach and (b, d, and f) distribution of seismic facies assemblage of the three seismic sequences
east of the Chimei Canyon thrust. The thickness of seismic sequence is calculated based on the average velocity of
each seismic sequence, which is obtained by the velocity analysis of seismic CMP gathers (applied velocity is shown in
each figure).

10.1029/2020TC006148Tectonics

HSIEH ET AL. 17 of 36



5.3.2. Seismic Facies of the Middle Seismic Sequence
The transparent wedge‐shaped seismic facies (seismic facies 2) is dominant in the middle seismic sequence.
The yellow color in Figures 10 and 11 shows examples of this seismic facies. The reflections of this seismic
facies show downlap on the lower seismic sequence along sequence boundary Y. However, because the
amplitudes within this seismic facies are very weak, it is not easy to identify the downlap pattern. In highly
distal areas, they may represent a transition to a transparent hemipelagic variety of seismic facies 1 (e.g.,
Figures 8, S1, and S6). In seismic sections perpendicular to the mountain belt, the external shape of this seis-
mic facies is wedge shaped, which thickens toward mountain belt (source area) but thins toward the center
of the Huatung Basin (Figures 14 and S6). In the seismic sections parallel to the mountain belt, the external
shape appears mound shaped (Figures 8, 10, and S1–S3). We interpret this seismic facies in the middle
sequence as the distal overbank deposits of the Chimei Fan.

The Chimei Fan in the middle sequence covers an area of 2,087 km2, with maximum thickness of ~0.8 km
(Figure 12c). The isopach map shows that the middle seismic sequence thickens westward toward Taiwan
mountain belt, and thins eastward toward the center of the Huatung Basin (Figure 12c). The upper fan seis-
mic facies assemblage is distributed closer to Taiwan mountain belt and the lower fan seismic facies assem-
blage is distributed around the upper fan (Figure 12d). The transparent pelagic seismic facies is distributed
far away from the mountain belt and may be hemipelagic (Figure S1). Based on the seismic facies distribu-
tion and thickness, we consider that the Chimei Fan in the middle sequence reflects the onset of source‐to‐
sink transport pathways from the Taiwan arc‐continent collision, which are not seen in the lower seismic
sequence. This transition is marked by the abrupt onset of transparent distal seismic facies across seismic
sequence boundary Y.
5.3.3. Seismic Facies of the Upper Seismic Sequence
Seismic facies in the upper seismic sequence are generated in high‐energy environments. The seismic facies
in the upper fan includes high‐continuous divergent configuration seismic facies (seismic facies 3), hum-
mocky, high‐amplitude onlapping‐fill seismic facies (seismic facies 5) and chaotic seismic facies (seismic
facies 6). The seismic facies within the lower fan includes facies 3 and 6 but lacks facies 5. The blue, green,
and orange colors in Figures 10 and 11 show examples of those seismic facies.

In the upper fan, the low‐amplitude, high‐continuous divergent configuration seismic facies (facies 3) is pre-
sent as levee. The levee south of the deep‐sea valley may be old and inactive. Hummocky, high‐amplitude
onlapping‐fill seismic facies (facies 5) is present in the deep‐sea valley near the foot of the Chimei Canyon
(Figures 10a and 10b). We interpret the seismic facies 5 as channel‐fill deposited at the foot of the Chimei
Canyon (Figure 10a). A dendritic deep‐sea channel system (Figures 3, 10c, 10d, 11a, and 11b) formed and
may transport sediment from Chimei Canyon to the Hualien Canyon at longitude 122.16°E (Figures 3,
11c, and 11d), and finally the Hualien Canyon merges into the Ryukyu Trench.

The thickness and distribution of the upper seismic facies are shown in Figures 12e and 12f. The isopach
map shows that the maximum thickness of the upper seismic sequence is 1.4 km near the Ryukyu Trench
and 1.3 km in the Chimei Fan and that the thickness increases toward the upper fan near the Taiwan moun-
tain belt and decreases toward the center of the Huatung Basin. The thickening of the upper sequence
toward the Ryukyu Trench reflects that the basin is primarily developing accommodation toward the north
due to flexure into the subduction zone. Therefore, we could not see the obvious thickening of the Chimei
Fan westward to the Taiwan mountain belt based on isopach map of the upper sequence.

Comparing the middle seismic sequence of the Chimei Fan with the upper sequence shows that the upper
sequence has noticeably larger levees and channels. The upper sequence of the fan may therefore reflect a
larger volume of sediment dumped into the Huatung Basin as the depocenter shifted from the forearc basin
to the Huatung Basin after 1 Ma. As the Luzon Arc and forearc basin were deformed and uplifted, terminat-
ing the forearc basin depocenter ~1 Ma, the orogenic sediment bypassed the forearc basin and started to be
deposited entirely in the Huatung Basin, forming the Chimei Fan in the upper sequence.

The western Chimei Fan within the Offshore East Taiwan thrust belt represents a wedge‐top depocenter
with progressive structural uplift and associated incision (~1 km), forming the present Chimei Canyon
(Figure 7b). This uplifted and deformed fan is preserved in the Changping High and Takangkou High
(Figure 4; section 6.3). Comparable incision is also present in the eastern Chimei Fan where structural
uplift is missing; therefore, highly erosive flows appear likely to have produced the present morphology
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of the Chimei Canyon‐Fan system. The preferential destruction of the northern part of the eastern Chimei
Fan by submarine erosion relative to the largely preserved southern part of the eastern Chimei Fan
potentially reflects the same progressive northward plate flexure of the Huatung Basin lithosphere
associated with Ryukyu Trench subduction, as discussed previously for the Chimei Canyon (section 4.1).
Furthermore, the southern part of the eastern Chimei Fan has been subject to northward gravity sliding
and formed of slump scarps along the northern rim of the remnant part of the Chimei Fan (Figures 3d,
10, and 11).

Figure 13. Detail of prestack depth migrated short‐streamer seismic profile MCS914‐11 (Figure 14), along the southern Chimei Canyon wall, imaging the Chimei
Canyon thrust. The map location is shown in Figure 4.
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6. Structures

The Chimei Canyon‐Fan system has been deformed by a series of east‐vergent thrusts (Lin, 2010). The
thrusting is much more highly imbricated along the canyon axis, where there is >1‐km incision, than along
the south flank where the fan is largely intact, as described in the following sections (Figures 13, 14, 15, S6,
and S7).

6.1. Seismic Profile South of the Chimei Canyon

The EW seismic profile MCS914‐11 (Figures 13 and 14) runs 5–10 km south of the Chimei Canyon (Figures 4
and 6). This is a short‐streamer (~1 km) legacy line that we have reprocessed using prestack depth migration,
which sufficiently improved the image for interpretation in depth, especially near the toe of the thrust

Figure 14. (a) Prestack depth migrated short‐streamer seismic profile MCS914‐11 along the southern Chimei Canyon wall and Chimei Fan. This seismic profile
shows that the Chimei Fan has been uplifted by the Chimei Canyon thrust. A detail of the section at the toe of the thrust is shown in Figure 13. (b) Seismic
interpretation. (c) Zoom in part of the seismic profile (a) and its interpretation (d). See Figure S6 for higher‐resolution images.
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(Figure 13 detail). This imaging shows a shallow anticline and fault ramp structure in the hanging wall, with
fault plane reflectors, and undeformed Huatung Basin strata in the footwall down to the top of oceanic crust
(Figure 13).

Six observations are crucial to seismic interpretation: (1) Strata on the east flank of the anticline dip into the
fault and display hanging wall cut‐offs (Figure 13), whereas strata on the west flank appear parallel to the fault
for a distance of about 19 km to the west (Figure 14). These are typical features of classic ramp‐flat fault‐bend
fold anticlines and lead directly to the present structural solution (Mount et al., 1990; Shaw et al., 2004;
Suppe, 1983). (2) The three seismic sequences in the Huatung Basin can be traced in the footwall for about
5 km to the west of the surface trace of the Chimei Canyon thrust, with horizontal reflectors becoming progres-
sively fainter (Figure 13). (3) The stratigraphic correlation between the hanging wall and footwall is regionally
unambiguous, as discussedmore fully below,with both showing seismic facies 1 in the basal unit, characteristic
of the pre‐collisional pelagic Huatung Basin sequence, with thicknesses that are regionally typical (Figures 13
and 14c). Overlying strata show facies 2 and 3 in the hangingwall and footwall consistent with sequences 2 and
3 but are thinner andmore variable in thickness and geometry in the hanging wall, consistent with their being
growth strata (Figure 14). There is an erosional unconformity at the top of the lower sequence that is confined to
the top of the hanging wall anticline at the toe of the Chimei Canyon thrust, which indicates that the toe of the
thrust was exposed to submarine erosion at the initial stage of thrusting. (4) The hanging wall thickness of the
Huatung Basin lower sequencewest of the anticline is consistent with a bedding‐parallel detachment along the
top of oceanic crust, which has been confirmed by restoration. There is no indication of basement involvement
in this structure. In particular, the strong top of basement reflection observed widely in the autochthonous
Huatung Basin (Figure 14a) is missing everywhere in the hanging wall at depths at which it would otherwise
be expected to be imaged (Figures 13 and 14c). (5) Two narrow east‐facing monoclinal flexures are present in
the lower sequence in the hangingwall (middle and top of themain thrust ramp). Associated thickness changes
in overlying strata indicate growth during the upper part of the middle sequence and lower part of the upper
sequence. These flexures are interpreted to mark changes in thickness of the lower sequence across faults in
the oceanic crust, producing an overall westward thickening of the Chimei Canyon thrust sheet. Similar

Figure 15. (a) Prestack depth migrated short‐streamer seismic profile MCS914‐7 along the Chimei Canyon. The profile shows tilted pregrowth strata
(lower seismic sequence, purple) and slightly deformed growth strata (middle and upper seismic sequence, yellow). The frontal thrust is best imaged in this
profile and defines the lower limit of the Chimei Canyon. (b) Seismic interpretation. The red solid lines are the thrusts and detachment. Red dashed lines are less
certain thrusts. The west‐vergent structures at the west end of the profile, which are thought to be responsible for the steep headwall of Chimei Canyon, are
interpreted from surface geological data onshore Coastal Range (see Figure 17). See Figure S7 for higher resolution images.
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magnitudes of abrupt thickness change across basement relief are widespread in the undeformed Huatung
basin (e.g., Figures S1 and S6). (6) The ramp‐flat interpretation for the active Chimei Canyon frontal thrust,
which is stepping up from a regional detachment above the top of Huatung Basin crust, requires that there is
an active synclinal axial surface extending from the base of the ramp to the seafloor that is tied to the base of
the ramp where the Chimei Canyon thrust flattens to the detachment above the top of Huatung Basin crust.
This axial surface is observed ~2 km east of the west end of the seismic line. The associated footwall cut‐off cor-
responds to the hanging wall cut‐off under the shallow hanging wall anticline, defining a total displacement of
~19 km on the Chimei Canyon thrust (Figure 14d).

In the footwall of the Chimei Canyon thrust, the seismic reflection profile reveals sedimentary layers and the top
of the Huatung Basin basement. These autochthonous sedimentary layers extend westward beneath the Chimei
Canyon thrust (Figure 13). The three seismic sequences in the Huatung Basin described in the previous section
are well defined in the footwall on this seismic reflection profile. Based on seismic facies analysis, we correlate
seismic sequences of between the hanging wall and footwall (Figure 14). The lower seismic sequence of the foot-
wall (the Huatung Basin lower sequence) is correlated to the lower seismic sequence of the hanging wall. The
transparent middle and upper seismic sequences in the footwall are correlated to the middle and upper seismic
sequences in the hanging wall. Therefore, the frontal thrust has 19‐km horizontal slip and 2.6‐km maximum
uplift (Figure 14), with associated uplift and incision of the western Chimei Fan. The seismic profile MCS914‐9
(Figure 16d), which is a strike line, shows thick strata in the southern and northern canyon walls (the
Changping High and TakangkouHigh), which we interpret as the uplifted proximal Chimei Fan. The beginning
of thrusting is the uppermost middle sequence just below sequence boundary X, as shown by growth strata over
the abrupt monoclinal flexures and erosional growth unconformity in the frontal anticline (Figures 14 and S6).

6.2. Seismic Profile Along the Canyon Axis

Chimei Canyon runs across a series of east‐vergent thrust faults offshore eastern Taiwan (Figure 15); never-
theless, the canyon floor is generally very smooth without obvious fault scarps except where the canyon
crosses the Chimei Canyon thrust at the foot of the canyon (Figures 3, 4, and 7). A short streamer (~1 km)
legacy seismic reflection depth profile along the Chimei Canyon axis (MCS914‐7) shows that strata inter-
preted to be largely lower seismic sequence have been deformed and thrust eastward in a series of about five
incompletely imaged thrust imbrications (Figure 15 purple strata). Thus, this axial canyon section is substan-
tially more complex structurally than the adjacent section to the south of the canyon which shows a single,
relatively long and intact thrust sheet (Figures 13 and 14).

The observed along‐strike change froma single intact thrust sheet south of the canyon to a series of thrust imbri-
cations along the canyon axis is not surprising from the perspective of critical‐taper wedge mechanics because
canyon erosion reduces the thickness and hence the strength of the Chimei Canyon thrust sheet causing it to
deform until it reaches critical taper (e.g., Dahlen & Suppe, 1988; Davis et al., 1983; Fuller et al., 2006; Liu
et al., 2020; Suppe, 2007). The canyon section has a taper of ~4°, which must be approximately critical because
it is actively deforming both internally and at the toe (Figure 15). In contrast, syntectonic submarine‐fan sedi-
mentation, which tapers in the direction of thrust motion, has strengthened the thrust sheet south of Chimei
Canyon, giving it a strongly tapered geometry (Figure 14), allowing it to remain intact in spite of its complex
ramp‐flat geometry and folding of the overlying fan surface. Chimei Fan deposition (seismic facies 2 and 3) over
the thrust sheet has increased its taper to ~8° from its ~2° taper in the basal pregrowth strata (Figure 14), which
is twice the ~4° critical taper along the canyon axis (Figure 15). Therefore, active fan and canyon surface pro-
cesses have made an observable impact on the mechanics of the underlying Chimei Canyon thrust system.

The stratigraphic assignment within the imbricate thrust structure is less certain because of image quality,
but displays seismic facies 1 in the hanging wall and footwall of the Chimei Canyon frontal thrust and is
therefore assigned to the basal Huatung Basin sequence. The location of top of basement is constrained by
the crossing line MCS914‐16 (Figure 10a) just east of the frontal thrust, which ties to the adjacent dip section
south of the canyon (Figures 13 and 14). The regional dip within the thrust belt is assumed to be the same as
the undeformed foreland to the east, similar to Figure 14. The depth of the basal detachment is constrained
by the geometry of folding above the frontal thrust (Figures 15 and S7). This stratigraphic level appears to be
significantly above the top of the Huatung Basin oceanic crust based on correlation from the frontal thrust to
the crossline MCS914‐16 (Figure 10a), which is close to the boundary between the upper lower sequence and
the lower sequence.
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The deformed strata near the seafloor have been truncated by erosion, and thin young canyon‐fill sediment
covers the older deformed strata, making the active canyon floor a smooth, planar east‐dipping surface
(Figures 3, 4, 15, and S7). The two most recently active thrusts (the Takangkou High thrust and the
Chimei Canyon thrust) cut through to the seafloor (Figure 15) and caused seafloor deformation (Figures 3

Figure 16. Seismic profiles across the Chimei Canyon from upstream to downstream. Location of each seismic profile is show in (a). Two seismic sequence
boundaries X and Y are shown.
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and 4). The orientation of Chimei Canyon in the vicinity of the TakangkouHigh thrust changes fromNW‐SE
trending west of the fault zone to E‐W trending east of the fault zone. Near the west end of the seismic profile
(Figure 15), the strata are tilted eastward, producing a broad syncline, which marks the transition to the
west‐vergent thrust imbrications of the largely onshore Coastal Range thrust belt (discussed in section 6.4).

The imbricate thrusts display several structural styles. Hanging wall strata of the frontal Chimei Canyon
thrust dip west 14°, which is less than the 25° dip of the fault plane, and flatten down dip to horizontal, con-
straining a depth to the detachment close to the top of Huatung Basin crust. The back synclinal axial surface
extends to the seafloor indicating that it is geomorphically active, with growth strata showing a fanning of
dips. This geometry is classic shear fault‐bend folding geometry (Le Béon et al., 2019; Shaw et al., 2004;
Suppe et al., 2004; Yue et al., 2005, 2011). The next two thrust imbrications to the west are less well imaged
but sufficiently imaged to identify synclinal axial surfaces that constrain the location of thrust ramps. The
Takangkou High thrust shows shallow imbrications in the footwall and shallow folded growth strata in
the hanging wall. At the west end of MCS914‐7 profile (Figure 15), there is a major syncline that marks
the bathymetric headwall of Chimei Canyon and the transition to the west‐vergent Coastal Range thrust
belt, which is characterized by steeper faults and higher uplift.

6.3. Seismic Profiles Across the Chimei Canyon and Distal Chimei Fan

Figure 16 presents a series of NS seismic profiles that run across the Chimei Canyon from proximal to distal,
showing the smooth canyon bottom and steep canyon walls. Submarine fan deposits are imaged in the adja-
cent Changping High and Takangkou High, which are up to ~1,500 m thick and truncated by the canyon
walls, consistent with deep incision (Figure 16). Only limited strata are deposited in the canyon bottom.
Based on the seismic facies analysis, the facies on both sides of the canyon walls can be correlated to three
seismic sequences, separated by seismic sequence boundaries X and Y. These time‐migrated strike lines with
large sea‐bottom relief are insufficiently imaged at the depths required to constrain the transition between
the imbricated thrust structures of the Chimei Canyon section (MCS914‐7, Figure 15) and the long intact
thrust sheet of the Changping High section to the south (MCS914‐11, Figure 14).

Seismic profiles across the distal Chimei Fan, east of the frontal thrust, show inward dipping normal faults
along the flanks of the deep‐sea valley, dropping strata down into the valley (Figures 10, 11, and S2–S5).
These represent near surface collapse of valley and canyon walls because they do not penetrate seismic hor-
izon Y into the lowest seismic sequence but rather detach in the distal strata of themiddle sequence or above.
This interpretation is consistent with the arcuate shapes of the fault scarps in plain view (Figures 3c and 3d).
Inward dipping normal faults may also exist along the flanks of the Chimei Canyon (Figure 16).

6.4. Relationship Between Offshore and Onshore Thrust Belts

Here, we present the relationship between the Offshore East Taiwan thrust belt and the Coastal Range thrust
belt as shown in a combined onshore‐offshore cross section (Figure 17) along the current wedgetop Chimei
Canyon‐Hsiukuluan River transport pathway (Figure 4). The offshore section is along the axis of the upper
Chimei Canyon which is approximately in the plate convergence direction and consists of the interpreted
seismic section of Figure 16, projected into the convergence direction (Figures 4 and 6). The onshore portion
utilizes the cross section of Chi et al. (1981), augmented by data from Wang and Chen (1993) and Shyu
et al. (2006).

The structure of the Coastal Range thrust belt is dominated by west‐vergent thrust faults that in map view
run parallel to the map traces of hanging wall stratigraphy, with very large strike length to thickness ratios
(Figure 4). This map pattern is characteristic of thin‐skinned imbricated thrust‐belt structure (e.g.,
Suppe, 1985; Yue et al., 2005, 2011). The detachment horizon of the Longitudinal Valley thrust along the
cross section is in early Pleistocene forearc basin strata but the more interior Chimei, Huatungshan, and
Takangkou thrusts run along detachments at the base of the Miocene Tuluanshan arc volcanics (Figure 4
and map of Wang & Chen, 1993). Therefore, the Coastal Range thrust belt is detached from the Luzon
Arc and forearc lithosphere at a shallow depth, indicated by the stratigraphic thickness of the thrust sheets
(~5 km or less, Figure 17). The original footwall of these Coastal Range thrust sheets, which was arc and fore-
arc lithosphere, has been subducted as proposed by Chemenda (Boutelier et al., 2003; Chemenda et al., 1997;
Chemenda, Hurpin, et al., 2001; Chemenda, Yang, et al., 2001) and imaged in regional tomography (e.g.,
Huang et al., 2014).
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In contrast with the Coastal Range thrust belt, the active Offshore East Taiwan thrust belt underlying the
wedge‐top Chimei Canyon and fan is characterized by east‐vergent thin‐skinned thrusting above a detach-
ment within or at the base of the pre‐orogenic Huatung Basin seismic sequence (lower sequence), above the
top of oceanic basement (Figures 14 and 15). This detachment level must extent at least 20 km to the west
given the ~20 km observed offshore shortening. Therefore, this detachment must extend under the
west‐vergent Coastal Range thrust belt as shown in the combined onshore‐offshore cross section in
Figure 17. However, the original footwall of the Coastal Range thrusts is shallower stratigraphically than
the Lower Cretaceous base of the Huatung Basin pelagic sequence, which possibly extended to the west
below the Miocene Luzon Arc volcanics prior to thrusting as suggested by the Lower Cretaceous radiolarian
cherts found on Lanyu Island (section 7.1.1). The total shortening of the combined onshore‐offshore thrust
belt (Figure 17) is >62 km, which at the present geodetic shortening rate of ~60 mm/yr is consistent with
~1 Ma of deformation for the observed structures.

7. Discussion
7.1. Evolution of the Chimei Canyon‐Fan System

We propose a simple model for the development of the Chimei Canyon‐Fan system and how it records the
onset and progression of the Taiwan arc‐continent collision. In section 5, we documented three seismic
sequences in the Huatung Basin (Figure 8): (1) The lower seismic sequence is dominated by widespread
sheet‐drape seismic facies, which indicates pelagic‐dominated sediments without direct collision‐related
sources. (2) The middle seismic sequence records the first transport of sediments from the Taiwan mountain
belt across the Luzon Arc and into the deep Huatung Basin, forming the initial distal Chimei Fan
(Figures 12c and 12d). According to our preferred model, this accumulated between ~2 and 1 Ma when
the Taiwan mountain belt started to undergo accelerated uplift, exhumation, and erosion (Byrne et al., 2011;
Hsu et al., 2016), and when the marine forearc basin, now exposed onshore in the Coastal Range, records a
very rapid increase in sedimentation that terminated ~1 Ma (Figure 5). (3) The upper seismic sequence is
interpreted to have been deposited after ~1 Ma when the depocenter shifted entirely to the deep Huatung
Basin east of the arc, associated with ~60‐km shortening of the Coastal Range and Offshore Eastern
Taiwan thrust belts in the last ~1 Ma (Figure 17). A deforming wedge‐top setting for the Chimei Canyon
and Fan is indicated by growth strata beginning in the uppermost middle sequence and continuing
through the upper sequence (section 6.1).

The age assignments of these events in the Huatung Basin and their correlation with events onshore are
necessarily tentative because there are currently no direct observational constraints on the ages of the

Figure 17. Combined onshore‐offshore structural section along the wedge‐top Hsiukuluan River‐Chimei Canyon transport pathway (Figure 4). The shortening is
≳60 km, which is largely post 1 Ma and is consistent with present‐day ~60 mm/yr geodetic shortening rate. The eastern limit of Chimei Canyon is
morphologically defined by the Chimei Canyon frontal thrust and the western limit by the rapidly uplifting (5–20 mm/yr) west‐vergent Coast Range thrust belt
that produces the steep headwall of Chimei Canyon (Figure 4). Shortening of the combined onshore and offshore thrust belts is linked at deeper crustal
levels to the secondary subduction of arc and forearc lithosphere and accretionary complex at an “S point,” as proposed by Chemenda (Boutelier et al., 2003,
Chemenda et al., 1997; Chemenda, Yang, et al., 2001; Huang et al., 2014). Structural interpretation of onshore Coastal Range Hsiukuluan River cross section is
modified from Chi et al. (1981) and the offshore Chimei Canyon section is a projection of Figure 15 into the plate convergence direction.
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offshore seismic sequence boundaries of the Chimei Canyon‐Fan (the middle and upper seismic sequences)
or of the underlying lower Huatung Basin seismic sequence. Nevertheless, we can apply indirect constraints
to infer their ages. These constraints include: (1) stratigraphic constraints from the Plio‐Pleistocene forearc
basin, now exposed on‐land in the Coastal Range (Figure 5; Table 2); (2) estimates of the ages of the three
seismic sequences based on their seismic facies and thickness distributions and probable rates of
deposition (Table 2); (3) estimates of the erosive flux of sediment from the Hsiukuluan River drainage
combined with estimates of the total preserved volume of sediment in the upper seismic sequence of the
Chimei Fan and the frontal part of the Ryukyu accretionary wedge (Table 3). Two plausible age models
are summarized in Table 2 with their implications for sedimentation rate.
7.1.1. Lower Seismic Sequence: Before Chimei Canyon‐Fan System Development
The lower seismic sequence is dominated by basinal widespread sheet‐drape seismic facies. The Pwave velo-
city of the lower sequence is 3.5–4.5 km/s, which is measured by our seismic reflection PSDM velocity ana-
lysis and by OBS data (Klingelhoefer et al., 2012). Based on seismic facies, amplitude, P wave velocity, and
thickness (section 5.3), we suggest that the lower seismic sequence consists of pelagic sediment that accumu-
lated in a distal oceanic setting before the onset of input of orogenic detritus from the Taiwan arc‐continent
collision.

The age of the Huatung Basin oceanic crust is still controversial with diverse proposals. Cenozoic interpreta-
tions includeMiocene to Oligocene (15–30Ma) based on Rayleigh‐wave phase velocities similar to the South
China Sea (Kuo et al., 2009) and middle Eocene to late Eocene (36–41 Ma, Hilde & Lee, 1984; ~51 Ma, Sibuet
et al., 2002; 41–33 Ma, Doo et al., 2015), similar to theWest Philippine Basin, based on interpretation of mar-
ine magnetic anomalies. Early Cretaceous (~119–131 Ma) is proposed based on modeling of marine mag-
netic anomalies in the central and northern Huatung Basin, seismic velocity modeling (Eakin et al., 2015)
and Ar/Ar cooling ages of dredged gabbros at two locations in the southern Huatung Basin (Deschamps

Table 2
Two Age Models for the Chimei Fan and Huatung Basin Sequences, With Estimated Sedimentation Rates

(a) Two age models for the Chimei Fan sequences with estimates of sedimentation rate

Preferred model Alternative model
Age of base of upper sequence
(seismic sequence boundary X)

1 Ma 2 Ma

Age of base of lower sequence
(seismic sequence boundary Y)

2 Ma 4 Ma

Thickness upper sequence 1,050–1,400 m (1,200 m average)
Thickness middle sequence 290–800 m (470 m average)
Sedimentation rate: seismic facies 3–6 (upper sequence) 1,050–1,400 m/my 525–700 m/my

1,200 m/my (average) 600 m/my (average)
Agrees with Table 3, piston core,
and deformation rate

Disagrees with Table 3 and
deformation rate

Sedimentation rate: seismic facies 2 (middle sequence) 290–800 m/my 145–400 m/my
470 m/my (average) 235 m/my (average)
Reasonable relative to 1–2 Ma forearc
rate (Figure 5)

Likely too fast relative to 2–4 Ma
forearc rate (Figure 5)

(b) Two age models for the lower Huatung Basin sequence with estimates of sedimentation rate

Preferred model Alternative model
Age of upper part of lower sequence, with presumed
Luzon Arc input

2–15 Ma 4–15 Ma

Age of lower part of lower sequence 15–130 Ma 15–35 Ma
Thickness upper part of lower sequence 371–920 m (665 m average)
Thickness lower part of lower sequence 70–760 m (508 m average)
Sedimentation rate: seismic facies 1 and 6
(upper part of lower sequence)

29–71 m/my 34–84 m/my
51 m/my (average) 60 m/my (average)
Reasonable for hemipelagic with arc input Reasonable for hemipelagic with arc input

Sedimentation rate: seismic facies 1 (lower part of lower sequence) 0.6–6.6 m/my 3.5–38 m/my
4.4 m/my (average) 25 m/my (average)
Typical deep‐ocean pelagic
sedimentation rate

Too fast deep‐ocean pelagic rate
without other input
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et al., 2000; Deschamps & Lallemand, 2002; Lallemand, 2016). Yeh and Cheng (2001) found Early Barremian
(~115 Ma) radiolarian chert fragments in volcanic breccias of the Luzon Arc on Lanyu Island (Figure 2) and
suggested that these fragments were brought to the surface in volcanic eruptions from Early Cretaceous
oceanic crust underlying the Luzon Arc in this region. The radiolarian fauna is similar to low‐latitude
faunas found in ocean drilling in the central North Pacific. Dimalanta et al. (2020) suggest that the
Huatung Basin may be a remnant of Mesozoic proto‐Philippine Sea Plate based on geochemical
correlation of allochthonous crust‐mantle sequences along the eastern edge of the Philippines.

The basin widespread sheet‐drape seismic facies (seismic facies 1) that dominates the lower seismic sequence
in the Huatung Basin (Figures 9 and S1) shows deep ocean pelagic sediment characteristics. The similar seis-
mic facies are imaged in the northwestern Pacific at deep basinODP sites 800, 801, and 1,149 (5,600–5,800m),
where they correspond to Cretaceous and Jurassic interbedded radiolarite, radiolarian chert, porcellanite,
and siliceous clay on the top of oceanic crust, with overlying Cenozoic abyssal red clay (Lancelot et al., 1990;
Plank et al., 2000). Sites 800 and 801 contain the addition of middle Cretaceous volcaniclastic deposits asso-
ciated with midplate volcanism of the Magellan Seamount Province. Similar seismic facies are imaged in
Cenozoic pelagic sediments the West Philippine Basin (Higuchi et al., 2007; Ingle et al., 1975).

The lower part of the lower Huatung Basin seismic sequence is wholly sheet‐drape seismic facies (seismic
facies 1) whereas the upper part contains the addition of interbedded chaotic seismic facies (seismic facies
6, Figure S1), which is interpreted as mass transport deposits (Sangree & Widmier, 1977). The chaotic seis-
mic facies becomes more widespread toward the Luzon Arc, so it may represent distal input from the Luzon
Arc after it was established ~15 Ma. Furthermore, the pelagic sheet‐drape seismic facies in the upper part of
the lower sequence would be expected to contain fine grained volcanic input from the Luzon Arc, whichmay
contribute to the higher seismic amplitudes relative to themore transparent lower part of the lower sequence
(Figure S1).

Here, we use sediment thickness to estimate the compacted sedimentation rate for the lower seismic
sequence, based on two end‐member models of the age of magnetic anomalies of the northern Huatung
Basin oceanic crust in the area of the Chimei Fan: (1) Early Cretaceous (130Ma) fromDeschamps et al. (2000)
and (2) mid‐Cenozoic (30 Ma) from Doo et al. (2015) based on the most complete magnetic anomaly data set
(Table 2, b). We fix the boundary between the upper and lower parts of the lower sequence (Figure S1) at
15 Ma, which is the approximate age of the beginning of the Luzon Arc. The thickness of the lower sequence
is 600–1,800 m, with the upper lower sequence at a relatively constant 600 m and the lower sequence con-
tribution most of the variation reflecting the relief of the top of oceanic crust (average 500 m). The Early
Cretaceous (130 Ma) and mid‐Cenozoic (30 Ma) crustal ages yield two sets of model sedimentation rates

Table 3
Estimated Source‐to‐Sink Mass‐Balance Constraint on Age of Chimei Fan Upper Sequence

Source

Present‐day source Present source area Denudation rate Eroded rock volume/my

Hsiukuluan River drainage 1,891 km2 4–5 km/my 7,564–9,455 km3/my
Sum of source as eroded rock volume 7,564–9,455 km3/my

Sink

Preserved sinks Cross‐sectional area Strike length Preserved volume

Chimei submarine canyon (canyon wall strata) 22 km2 19 km 418 km3

Chimei Fan 83 km2 49 km 4,067 km3

Chimei Fan (below thrust) 14 km2 35 km 490 km3

Ryukyu accretionary wedge close to the Chimei Fan 85 km2 47 km 3,995 km3

Sum of sinks as sediment volume 8,970 km3

Sum of sinks as eroded rock volumea 7,176–8,073 km3

Note: The preserved sink volume in the upper seismic sequence is approximately equal to 1 Ma of eroded volume at the present erosion rate and source area
(largely Hsiukuluan River drainage area, Figure 3), in agreement with an age of ~1 Ma for the base of the upper seismic sequence (see section 7.1.3).
aComputed using a ratio of sediment density to rock density of 0.8 to 0.9.
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given in Table 2, b, which we now compare with known sedimentation rates for ocean drilling sites with
similar seismic facies to the Huatung Basin.

The lower part of the lower Huatung Basin sequence yields an average sedimentation rate of 4.4 m/my for
the 130‐Ma Early Cretaceous model, which is a very typical oceanic pelagic sedimentation rate below the
carbonate compensation depth as outlined as follows. In contrast the 25 m/my, rate for the 30‐Ma mid‐
Cenozoic model would require special explanation such as input volcanic material. DSDP site 291 east of
the Philippine Trench (5,217‐mwater depth) gives an Eocene to present rate of 4.1–4.2 m/my for nannofossil
and radiolarian pelagic clays (120 m) (Ingle et al., 1975). DSDP site 292 east of Luzon on Benham Rise ocea-
nic plateau (2,943‐m water depth) gives a late Eocene to present rate of 8.5–12 m/my for pelagic chalk and
nannofossil ooze deposited above the carbonate compensation depth, which is much shallower than the
>5,000‐m depth of the Huatung Basin (Ingle et al., 1975). Pelagic sediments in the deep‐water West
Philippine Basin widely have a thickness of <200 m away from bathymetric highs and troughs, implying
average rates of <5–7 m/my (Higuchi et al., 2007). In the western Pacific IODP site 1149 east of the
Izu‐Bonin trench (5,829‐m water depth) drilled into sheet‐drape seismic facies gave a rate of 20 m/my for
lower Cretaceous radiolarian chert and siliceous nannofossil marls deposited above the carbonate compen-
sation depth with overlying radiolarian cherts and brown pelagic clays giving an average rate of 1.4 m/my
(Plank et al., 2000). ODP sites 800 and 801 east of the Mariana trench (5,685‐m water depth) show
sheet‐drape seismic facies (Lancelot et al., 1990). Sedimentation rates at site 800 are 2–6 m/my in pelagic
clays and radiolarian chert, which increase to 12–35 m/my in the mid‐Cretaceous interval with volcaniclas-
tic input from theMagellan Seamount Province. Sedimentation rates at site 801 are 1–10 m/my in radiolarite
and brown chert and porcellanite intervals in the Jurassic and Cretaceous and 5–12 m/my in the mid‐
Cretaceous interval with volcaniclastic input. Overlying abyssal red clays of the Cenozoic section at both
sites show rates of <1 m/my, which are typical of the NW Pacific in the Cenozoic (Moore et al., 2015).
Therefore, we concluded that pelagic sedimentation rates calibrated by ocean drilling in the NW Pacific
and West Philippine Basin are in good agreement with the predictions of the Lower Cretaceous age for
the Huatung Basin proposed by Deschamps et al. (2000), which was based on ages of dredged gabbros and
of radiolarian cherts on Lanyu Island, plus modeling of magnetic anomalies. In contrast the alternative
30‐Ma mid‐Cenozoic age model, which is based largely on modeling of magnetic anomalies, yields a sedi-
mentation rate of 25 m/my that is excessive for a deep oceanic pelagic sedimentation rate, although it would
be compatible with hemipelagic sedimentation with significant volcaniclastic input.

The two post‐15 Ma age models for the upper part of the lower Huatung Basin sequence predict similar sedi-
mentation rates of 51–60 m/my (Table 2, b), which are reasonable for pelagic sedimentation with an input of
local volcanic source, particularly with the observed chaotic seismic facies 6 mass‐transport deposits. ODP
site 436 east of the Japan Trench gives a volcaniclastic hemipelagic rate of 22.5 m/my for the last 16 Ma
and a rate of 0.4–0.8 m/my for underlying Cenozoic and Cretaceous pelagic clay and chert showing
sheet‐drape seismic facies (Moore et al., 2015; Nakamura et al., 2013). Similarly, the upper Miocene to
Pleistocene uppermost part of IODP site 1149 shows upward increasing rates of 13–34 m/my reflecting
Izu‐Bonin arc input of volcanic ash within diatom and radiolarian clay. Both of these drilling sites are sepa-
rated from the arc by an intervening trench, in contrast with the Huatung Basin setting, but they illustrate
the effect of typical pelagic oceanic sections approaching an arc.
7.1.2. Middle Seismic Sequence: Initiation of the Chimei Canyon‐Fan System
The middle seismic sequence marks a profound change in the Huatung Basin which we interpret as the
onset of Taiwan‐derived orogenic deposition. The seismic sequence boundary Y at the base of the middle
sequence marks an abrupt change in basinwide reflection character from transparent wedge‐shaped seismic
facies (seismic facies 2) above to higher amplitude reflections of the pelagic sheet‐drape seismic facies below
(Figures 8, 9, and S1). The mean seismic velocity increases from 2.8 to 2.9 km/s in the middle sequence to
3.5 km/s in the upper part of the lower sequence. Themiddle transparent seismic sequence appears to record
the initial development of a transport pathway for Taiwan orogenic sediments across the forearc basin and
Luzon Arc and into the deep Huatung Basin, based on the observed isopach, downlap, and facies distribu-
tion, which is consistent with a distal submarine fan derived from the west (Figures 13c and 13d). In seismic
sections perpendicular to the mountain belt, the external shape of the middle sequence is wedge‐shaped,
thinning markedly toward the eastern Huatung Basin (Figures 14 and S6) and appears mound shaped in
orthogonal sections (Figures 8, 10, and S1), consistent with a distal fan interpretation.

10.1029/2020TC006148Tectonics

HSIEH ET AL. 28 of 36



These observations point to a localized transport pathway coming from the west passing through a gap or
spill point in the arc from the forearc basin, perhaps similar to the present‐day Taitung Canyon pathway
(Figure 2). If the elevation of the spill point is high, then large filling of the forearc basin is required before
the Chimei Fan can develop on the Huatung Basin, but if the spill point is low like the Taitung Canyon, then
the base of the middle seismic sequence will be older. Since there is no direct determination of ages in the
Huatung Basin, we present two plausible age models for Chimei Fan development (Table 2, a), which cor-
respond to earlier and later spillover into the Huatung Basin, discussed below. Our preferred model corre-
lates the age of the middle seismic sequence with the time of the most rapid filling of the forearc basin to
the west (1–2 Ma, Figure 5), with the upper seismic sequence recording a shift of depocenter to east of the
arc, with the termination of forearc basin deposition (0–1 Ma, Figure 5). The alternative model correlates
the base of the middle sequence with the first arrival of Taiwan‐derived sediments in the forearc basin
(~4 Ma, Figure 5; Chi et al., 1981; Teng, 1979) and correlates the top of the middle sequence with the accel-
eration of sedimentation in the forearc basin (~2 Ma, Figure 5).

In the middle seismic sequence, we do not observe seismic facies of proximal submarine canyon and fan in
the Huatung Basin, whereas in the Coastal Range to the west, the 1‐ to 1.6‐Ma Chimei conglomerate mem-
ber of the Paliwan Formation just north of the Hsiukuluan River (Figure 4) consists of coarse marine con-
glomerate and associated sand‐rich to mud‐rich turbidites and possible storm deposits (Chi et al., 1981;
Dorsey & Lundberg, 1988). Hence, we suggest that the proximal initial Chimei Canyon and Fan has been
uplifted and exposed onshore as the Chimei conglomerate (Figures 4 and 17). We emphasize that there
has been ~60‐km shortening of the currently 40‐km‐wide thrust belt in the last ~1 Ma (Figure 17); thus,
the distal fan of the middle sequence, which is east of the frontal thrust, was ~100–160 km east of the prox-
imal Chimei conglomerate channel and fan in the forearc basin, which was deposited during the most rapid
infilling of the forearc basin (3–7.4 km/my, Figure 5).

According to our preferred agemodel (Table 2, a), the proximal facies of the western Coastal Range would be
coeval with the distal fan of the transparent middle seismic sequence ~100–160 km to the east. The middle
sequence distal fan sedimentation rate is ~470 m/my for the preferred 1‐ to 2‐Ma model, which is about an
order of magnitude less than the rate in the Coastal Range (3,700–7,380 m/my), which seems plausible given
the proximal rapid infilling of the linear forearc basin in the west in contrast to unconfined basin plain 100–
160 km to the east. The alternative age model, which correlates the middle seismic sequence with the initial
2‐ to 4‐Ma Taiwan‐derived sediments of the forearc basin, predicts a rate of 130–400 m/my for the distal fan
which is likely too fast compared with the 480–629 m/my of forearc basin rate in the northern Coastal Range
100–160 km to the west.
7.1.3. Upper Seismic Sequence: Post‐1 Ma Growth of Chimei Canyon‐Fan System
In the upper seismic sequence, the hummocky, high‐amplitude onlapping‐fill seismic facies (facies 5) in the
Chimei deep‐sea valley is interpreted as sand lobe and channel seismic facies (Figure 9), and the low‐ampli-
tude, high‐continuous divergent seismic facies (facies 3) in the Chimei Fan is interpreted as levee seismic
facies (Figure 9). The channel and levee seismic facies comprise the Chimei Fan in the upper sequence,
whose scale is much larger than the Chimei Fan in the middle sequence (Figures 10 and 11), recording a
major expansion of the Huatung Basin depocenter.

We suggest that the offshore upper sequence records deposition of the Chimei Fan during post‐1Ma uplift of
the Coastal Range and carving of the antecedent HsiukuluanRiver gorge. Before 1Ma,most sediment eroded
from the Central Range was trapped in the forearc basin depocenter with sedimentation rates reaching
3,000–7,400 m/my (Figure 5), which was terminated by the imbricate thrusting of the Coastal Range thrust
belt (Figure 17). As a result, all sediment from the Central Range started to pass directly from the narrow
Longitudinal Valley, through the Hsiukuluan River gorge, and into the offshore Chimei Canyon and Fan.
Hence, the Chimei Fan grew rapidly after ~1 Ma as it became the principal and then the sole depocenter.

To estimate the age of the upper seismic sequence, we apply indirect constraints from seismic facies analysis,
and by comparing the erosion rates in the source area (Central Range) with deposition rates and sediment
volumes in the Coastal Range and Chimei Fan (the “sinks”). In the Coastal Range, there are no marine stra-
tigraphic records younger than ~1 Ma, but an unconformity separates the early Pleistocene marine strata
and minor late Pleistocene nonmarine strata (Chi et al., 1981; Chen & Wang, 1996). We speculate that the
depocenter shifted offshore after 1 Ma due to uplift of the Coastal Range and destruction of the arc and
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forearc basin by deformation. The upper seismic sequence is 1.2 km thick on average. Assuming the seismic
sequence boundary X (base of upper sequence) to be 1 Ma, the depositional rate is 1,200 m/my This rate is
comparable to an ~3,000‐year depositional rate measured in a shallow marine core on the Changping High
offshore eastern Taiwan (1.09 mm/yr) (Lallemand et al., 2016).

We compare the sediment volume of the Chimei Canyon‐Fan to the sediment flux of the present Hsiukuluan
River catchment (Table 3). The erosion rate is 4–5 mm/yr at the eastern side of the Central Range (Derrieux
et al., 2014; Fellin et al., 2017; Lundberg & Dorsey, 1990). Assuming an erosion rate of 4–5 km/my, we esti-
mate that 7,564–9,455 km3 of rock has been eroded from a catchment of the size of the current Hsiukuluan
River in the past ~1 Ma. The sediment volume of the Chimei Canyon‐Fan is around 8,970 km3, which is the
sum of the volume of canyon wall strata, Chimei Fan, and the frontal part of the Ryukyu accretionary wedge
close to the Chimei Fan which we believe were formed by accreting Chimei Fan sediment onto the Ryukyu
accretionary wedge (Figures 11a and 11b). We convert the preserved volume of sediment to equivalent rock
volume of 7,176–8,073 km3 for the Chimei Canyon‐Fan system (Table 3), which is comparable to the 7,564‐
to 9,455‐km3 eroded volume of rock of the present Hsiukuluan River catchment in 1Ma (Table 3). Therefore,
an estimate of ≲1 Ma for the upper sequence is plausible from a mass balance consideration.

This estimate of ~1 Ma for the shift of the principal depocenter from onshore to offshore is also consistent
with the structural shortening along the transport pathway shown in Figure 17. The total shortening is
≳62 km which at the current geodetic shortening rate of ~60 mm/yr gives a bit more than ~1 Ma for the
age of destruction of the arc and forearc basin at the latitude of Chimei Canyon (section 6.4). The beginning
of thrusting of the Chimei Canyon thrust is close to the top of the middle seismic sequence based on growth
strata, which is consistent with the ~1‐Ma age assignment for that boundary (section 6.1).

Finally, in Table 2 (b), we compare our (1) preferred age (0–1 Ma) model for the upper seismic sequence,
which is correlated with the end of forearc basin deposition and the shift in depocenter to east of the
Luzon Arc, with (2) an alternative (0–2 Ma) model that correlates the start of the upper sequence with the
acceleration of deposition ~2 Ma in the forearc basin (Figure 5; Table 2, a). According to this model, there
is a more extended overlap in age between the record of orogenic deposition in the Coastal Range
(1–4 Ma) and the time of deposition of the middle and upper seismic sequences in the Huatung Basin
(0–4 Ma). The predicted average sedimentation rate for the preferred model in the upper sequence is
~1,200 m/my, but 600 m/my in the alternative model (Table 2, a) which does not agree with the source‐
to‐sink mass balance (Table 3) or the history of deformation beginning ~1 Ma onshore and just before the
top of the middle sequence offshore based on growth strata. For this, alternative model to be viable would
require a more elaborate time varying source‐to‐sink mass balance and amore complex deformation history,
which cannot be evaluated with present constraints.

7.2. Tectonic Control of the Chimei Canyon

The Chimei Canyon is a wedge‐top system that is confined to the Offshore East Taiwan thrust belt. The distal
terminus of the canyon coincides with the Chimei Canyon frontal thrust and the steep headwall at the top of
the canyon coincides with the syncline marking the beginning of the west‐vergent Coastal Range thrust belt
(Figure 17). Several observations suggest that Chimei Canyon may be controlled by structural uplift rate and
contrasts in erodibility of stratigraphy. The maximum uplift of the pre‐orogenic Huatung Basin sequence in
the Chimei Canyon thrust is 2.5–2.7 km near the toe of the thrust (Figure 13), with a relatively modest
~2.5 mm/yr of uplift rate since ~1‐Ma reflecting modest fault dip relative to the 20 mm/yr of shortening rate
(Figure 14). In contrast, the Chimei Canyon has not propagated headward into the Coastal Range thrust belt
where uplift rates are much higher (6–20 mm/yr; Chen et al., 2020; Hsieh et al., 2004; Liew et al., 1993; Shyu
et al., 2006; Yamaguchi & Ota, 2004) reflecting steeper faults and ~40 mm/yr of combined shortening rate. In
addition, most of the Coastal Range thrusts contain Miocene Tuluanshan Volcanics, which are more resis-
tant to erosion, forming 0.5–1 km of relief in the vicinity of the Hsiukuluan River gorge (Figure 4). In con-
trast, the Chimei Canyon is cut largely in the more erodable syn‐orogenic sequences, with only modest
erosion of the pre‐orogenic Huatung Basin sequence to judge from the similar areas of relief of
pre‐orogenic strata in Figures 14 and 15. The 1‐ to 1.6‐Ma paleo‐Chimei Canyon fill exposed on land is con-
fined to the more erodible Paliwan Formation, which is considered a submarine fan deposit of the forearc
basin (Chen, 2016; Dorsey & Lundberg, 1988, 1989) (Figure 4).

10.1029/2020TC006148Tectonics

HSIEH ET AL. 30 of 36



The >20‐km‐long Chimei Canyon thrust sheet south of Chimei Canyon (Figure 14) has remained intact in
spite of complex fault geometry because it has been stabilized to supercritical geometry by the deposition of
the overlying wedge‐shaped Chimei Fan, which has increased the taper to ~8° from its initial ~2° taper in
pre‐fan strata (section 6.2). In contrast, the thrust belt in Chimei Canyon (Figure 15) has undergone erosion
causing it to develop a classic imbricated critical taper structure (4°) that apparently controls the regional
surface slope of the canyon (Figure 7c). Therefore, active fan and canyon surface processes have made an
observable impact on the mechanics of the underlying Chimei Canyon thrust system.

8. Conclusion

This is the first detailed analysis of the record and nature of arc‐continent collision in a portion of offshore
eastern Taiwan, which is on the rapidly deforming overriding Philippine Sea Plate that has undergone ~60‐
km shortening in the last 1 Ma. We have presented the morphology, seismic stratigraphy, and structure of
the wedge‐top Chimei Canyon‐Fan system based on bathymetry and seismic reflection profile data, includ-
ing an integration with onshore stratigraphy and structure of the deformed arc and forearc basin of the
Coastal Range (Figures 4 and 17). The Chimei Canyon shows a very distinct U‐shape (box shape)
cross‐sectional morphology (Figure 1), 5–14 km wide and very smooth bottom (Figures 3, 4, and 7). The
Chimei Canyon is entirely confined to the east‐vergent Offshore East Taiwan thrust belt, incised into
wedge‐top submarine fan deposits, which have uplifted up to 2.5–2.7 km, with the frontal thrust marking
the foot of the canyon. The steep canyon headwall (~20°) marks the synclinal edge of the west‐vergent
onshore Coastal Range thrust belt, which has 2–8 times higher uplift rates and includes arc volcanic rocks
that are resistant to erosion (Figure 17). The Chimei submarine fan exists in two parts: the proximal and
uplifting wedge‐top fan into which the Chimei Canyon is incised (Figure 16) and a more distal fan east of
the thrust belt that is also incised, but without uplift, and eroded by a complex submarine valley system with
the northern part of the fan largely removed (Figures 3, 10, and 11). The entire system is marked by aggrada-
tion followed by incision within the last ~1 Ma.

The Chimei Canyon is sourced by the Hsiukuluan River catchment, the only river that cuts completely
across the Coastal Range thrust belt; thus, the canyon receives sediments from both the Central Range
and Coastal Range (Figure 3a). We analyze the Chimei Canyon and Fan in the context of the entire
source‐to‐sink system, which has undergone ~60 km of shortening in the last 1 Ma. The onshore Coastal
Range thrust belt is composed of thrust sheets of the deformed arc and forearc basin strata, whereas the
Chimei Canyon and Fan overlie oceanic crust of the Huatung Basin east of the Luzon Arc. The
Taiwan‐derived forearc and supra‐arc strata of the Coastal Range are almost entirely older than ~1 Ma
and represent the main Taiwan‐derived depocenter during 1–4 Ma (Figure 5). After ~1 Ma, the depocenter
shifted entirely to the offshore Chimei Canyon‐Fan, east of the Luzon Arc. A 1‐ to 1.6‐Ma paleo‐Chimei
Canyon channel complex is uplifted and exposed in the Coastal Range adjacent to the Hsukuluan River
and shows transport parallel to the present offshore Chimei Canyon (Figure 4), suggesting that the present
transport pathway may have been long lived and antecedent to thrusting, which is consistent with offshore
thickness and facies distributions pointing to such a paleo‐pathway (Figures 12c and 12d). Our analysis con-
cludes that the strata of the Chimei Canyon‐Fan may be considered distal (<2 Ma) and in‐part younger
(<1 Ma) equivalents of Taiwan‐derived orogenic strata in the Coastal Range.

The sedimentary strata of the Huatung Basin are subdivided into three seismic sequences based on seismic
facies analysis, with their ages interpreted by comparison of sedimentation rates and facies between the
Coastal Range (Figure 5) and the offshore Chimei Fan (Table 2), and comparison of sediment volume of
the Chimei Fan and with sediment fluxes of the Hsiukuluan River drainage (Table 3). The lowest seismic
sequence is dominated by pelagic seismic facies that we interpret as the Early Cretaceous to Neogene
pre‐collisional sequence deposited on the stable Huatung Basin oceanic crust (Figure 8). The uppermost
lower sequence shows the addition of chaotic seismic facies (Figure S1) that may be derived from the
Luzon Arc after it was established ~15 Ma. The base of the middle seismic sequence marks the onset of orga-
nized orogenic source‐to‐sink transport from the mountain belt, across a spill point in the arc and into the
deep Huatung Basin, triggered by filling of the forearc basin to a critical height. The middle and upper seis-
mic sequences are syn‐collisional sequences that show high energy seismic facies (Figures 8–11) and thick-
ness variations (Figure 12) characteristic of submarine fan and channel environments. We propose a model
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for the development of the Chimei Canyon‐Fan in which Taiwan‐derived sediment was largely trapped in
the Luzon Trough forearc basin prior to ~2 Ma (Figure 5). The distal Chimei Canyon and Fan were initiated
as the middle seismic sequence ~2 Ma when the adjacent Taiwan mountain belt was uplifting rapidly and
the forearc basin strata of the Coastal Range were being deposited at rates of 2–7 km/my. No marine strata
exist in the Coastal Range younger than ~1 Ma, indicating termination of the forearc depocenter. The
Chimei Fan grew most rapidly in the upper seismic sequence, which we interpret to be deposited largely
after ~1Ma, reflecting a shift in dominant depocenter along the paleo‐Hsiukuluanchi/Chimei Canyon trans-
port pathway from the forearc basin to the Huatung Basin, caused by the uplift of the Coastal Range thrust
belt. The Offshore East Taiwan thrust belt also grew at this time, resulting in a wedge‐top pathway for the
sediments coming from the Central Range (Figures 4, 5, and 17). The total shortening of the combined
onshore‐offshore thrust belts is >62 km, which at the present geodetic shortening rate of ~60 mm/yr is con-
sistent with ~1 Ma of deformation for the observed structures, with ~20 mm/yr in the offshore and ~40 mm/
yr onshore.

Data Availability Statement

The seismic and gridded bathymetry data are stored in the Ocean Data Bank of MOST (http://www.odb.ntu.
edu.tw/en/). Most seismic profile data were processed at the Seismic Exploration Lab, Institute of
Oceanography NTU. ProMAX seismic data processing software was used to obtain poststack
time‐migrated profiles. EMERSON Paradigm ECHOS and GeoDepth seismic data processing software was
used to generate two pre‐stack depth‐migrated profiles. Kingdom software was used for displaying seismic
reflection profile. GMT was used for geographic plots. StructureSolver software was used for restoration
and measurement of shortening distances. Paradigm software was donated by EMERSON and
StructureSolver software by Nunns and Rogan LLC to University of Houston.
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