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ABSTRACT

Subduction zones act as interfaces for exchanging materials between the Earth’s crust and mantle. The
western Pacific plate region is evolving within a convergent tectonic environment. Old oceanic plates
generally subduct beneath young oceanic plates, as exemplified by the Izu-Bonin-Mariana and Tonga-
Kermadec subduction zones. However, in some subduction zones, such as the Mussau Trench, the
Hjort Trench, and the Gagua Ridge, young and more buoyant oceanic plates have been recognized to sub-
duct underneath older and denser plates. What conditions promote atypical subduction, however, remain
elusive. In this study we take the Mussau Trench, the Hjort Trench, and the Gagua Ridge as examples to
explore the possible underlying factors that control the formation of atypical subduction. By anatomizing
the tectonic features of both the Mussau Trench and the Hjort Trench, we find that atypical subduction
may be feasible mainly when the plate boundary is characterized by strike-slip-dominated transpression;
that is, the strike-slip component overwhelms the compression component, which may argue against the
atypical subduction occurring at the Gagua Ridge, at least at present. Moreover, in light of the evolution of
both the Mussau Trench and the Hjort Trench, it is further suggested that subduction polarity reversal
and a strike-slip border are the keys to atypical subduction.

© 2022 International Association for Gondwana Research. Published by Elsevier B.V. All rights reserved.

1. Introduction

Subduction zones, the most extensive material recycling system
on Earth, are characterized by complex tectonic activities. The
main force driving plate motion has been primarily attributed to
the negative buoyancy of subducting slabs in response to the min-
eral phase transitions. Therefore, subduction zones serve as an
essential part of plate tectonics (Conrad and Lithgow-Bertelloni,
2002; Stern, 2002; Niu, 2013). It has been suggested that when
the age difference between two adjacent plates is above 30 Ma,
and the boundary between two plates is defined by either strike-
slip faults or fracture zones, the older, thick and dense lithosphere
is expected to sink underneath the younger, more buoyant litho-
sphere assisted by exerting extrusive stress on the system
(Gurnis et al., 2004; Eakin et al., 2015; Zhang et al., 2021). In real-
ity, however, subduction initiation is brutal (Mueller and Phillips,
1991; Toth and Gurnis, 1998). The controlling factors of subduction
initiation and developing mature subduction have not been well
understood, partly because the subsequent tectonic activities have
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modified most of the records of initiation dynamics, leading to a
lack of direct topographic and structural observations (Collot
et al., 1995; Eakin et al., 2015).

Stern (2004) has classified subduction initiation into two types,
namely induced and spontaneous subduction, according to the
force source of driving subduction initiation. Specifically, the con-
vergence of two plates is needed to promote induced subduction.
In contrast, spontaneous subduction occurs only when there is a
significant lateral density contrast between different lithospheres
and there is no previous plate relative motion (Stern and Gerya,
2017). Casey and Dewey (1984) proposed that the possible mech-
anisms for subduction initiation include two processes: (1) polarity
reversal along the weak back-arc or island-arc interfaces and (2)
plate boundary evolution related to plate boundary transform
and accreting plate boundaries into subduction boundaries. It is
widely realized that transform faults and fracture zones may rep-
resent the most possible subduction initiation sites due to their
weak strength (Fitch, 1972; Mueller and Phillips, 1991; Toth and
Gurnis, 1998). For instance, Boutelier and Beckett (2018) suggested
that in the absence of a pre-existing inclined weak zone, the weak
and younger plate may subduct beneath the older plate along a
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transform fault. A recent numerical modeling study on the polarity
of subduction initiation along a transform fault under compression
by Zhang et al. (2021) indicated that subduction polarity mainly
depends on three factors, namely the age offset between the two
adjacent plates, the strength of the transform fault and the plastic-
ity of the plate.

Unlike the normal subduction of the older plate subducting
beneath the younger one, some cases along the western Pacific
plate boundaries show that the more youthful, lighter, and thinner
oceanic lithosphere is subducting under the older, denser, and
thicker oceanic lithosphere (Hegarty and Weissel, 1988; Meckel
et al., 2005), which is recognized as atypical subduction. Atypical
subduction is intriguing because it is not commonly seen in reality.

According to previous research, both the Mussau Trench and
the Hjort Trench are in the initial stage of atypical subduction.
The Gagua Ridge is inactive in terms of tectonic activity so it is rec-
ognized as an “aborted” atypical subduction zone (Eakin et al.,
2015; Zhao et al., 2020). The focus of previous work in these
regions is mainly on subduction initiation (Hegarty et al., 1983;
Meckel et al., 2003; Eakin et al., 2015), and there is little research
on the formation mechanisms of atypical subduction.

By analyzing atypical subduction in-depth, this paper aims to
explore the underlying geologic conditions that lead to atypical
subduction and discuss whether the Gagua Ridge is of atypical sub-
duction or not.

2. Tectonic anatomy of three representative atypical subduction
zones

In the section, the tectonic characteristics of three atypical sub-
duction zones are identified by reprocessing and reinterpreting of
the available seismic profiles, shedding light on the conditions that
lead to the atypical subduction.

2.1. The Mussau Trench and its characteristics

The Mussau Trench, the result of the young Caroline plate sub-
ducting underneath the old Pacific plate at ~1 Ma ago (Fig. 1),
together with the northern strike-slip nature of the Sorol Trough
and NW-trending thrust fracture zone, contributes to forming the
Caroline-Pacific plate boundary (Hegarty et al., 1983).

The Caroline plate is interpreted as a back-arc basin that started
spreading in the Late Eocene and stopped in the Late Oligocene,
with the spreading ridge axis in the NEE-SWW direction (Hill
and Hegarty, 1987; Hegarty and Weissel, 1988). It is found that
the age of the Caroline plate on the west of the Mussau Trench is
Oligocene through analyzing the drilling core and geomagnetic
data of stations DSDP 62 and 63 (Bracey, 1975), and the Pacific
plate on the east of the Mussau Trench is Jurassic in age. The seis-
mic reflection profiles between the East Caroline Basin and the Lyra
Trough obtained by Hegarty et al. (1983) show substantial acoustic
similarity, indicating that the crust on both sides of the Mussau
Trench has a similar age. The sediment thickness and basement
depth in the east of the Lyra Trough are significantly larger than
those in the west, suggesting that the west of the Lyra Trough
may be part of the Caroline spreading system in the Oligocene
(Hegarty and Weissel, 1988).

It is found that the Mussau Trench is influenced by the relative
motion of the Caroline plate on the west, the Pacific plate on the
east and north, and the Australian plate to the south (Fig. 1). The
northern part of the Mussau Trench is a heavily fractured landmass
with the trench topography gradually diminishing, and the south-
ern part is connected with the Manus Trench (Erlandson et al.,
1976). Three seismic reflection profiles across the Mussau Trench
(Fig. 2) show clearly that deformation intensity increases from pro-
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filesI to IIl. The depth of the trench is more significant than 6750 m
with less sediment at the bottom, the eastern trench wall is stee-
per, the seismicity is inactive, and arc volcanic activity related to
subduction is absent (Fig. 2). Hegarty et al. (1983) showed that
about 10 km of Caroline crust had subducted beneath the Mussau
Ridge based on a gravity model. The northern part of the Mussau
Trench is recognized as an abnormal zone with severely damaged
seabed topography (Weissel and Anderson, 1978; Hegarty et al.,
1983; Hegarty and Weissel, 1988). Weissel and Anderson (1978)
analyzed the data collected from profiles A to F (Fig. 3), proposing
that the local topography within the deformation zone is particu-
larly conspicuous in the first four profiles of Fig. 3, which is repre-
sentative of the northeastward oceanic crust thrust belt. This
thrust zone accommodates 2-5 km of crustal shortening
(Hegarty and Weissel, 1988). The present-day Caroline-Pacific
plate boundary is thought to be newly formed based on a series
of observations, including (1) the small amount of crustal shorten-
ing, (2) low seismic activity in the Mussau Trench and northern
thrust zone, and (3) the young topography of the Mussau Trench
(Hegarty and Weissel, 1988). Weissel and Anderson (1978) con-
structed a simple elastic bending model of the Mussau Trench by
constraining horizontal compression stress, and also proved that
it is a recently formed subduction zone. The transition zone (3°-
4°N) between the Mussau Trench and its northern subduction zone
is the intersection of both the Kiilsgaard Trough and the Lyra
Trough with the Caroline-Pacific plate boundary, representing a
weakness zone with a sharp shift in structure formation and the
direction of underthrusting (Weissel and Anderson, 1978). The east
of the Mussau Trench is defined as the Lyra Trough, which has been
considered as the Caroline-Pacific plate boundary during the
spreading of the Caroline Basin (Hegarty et al., 1983; Hegarty
and Weissel, 1988). When the basin spreading ceased, the relative
motion along the Lyra Trough stopped.

In conclusion, based on the in-depth analysis of the tectonic set-
ting of the Mussau Trench, we speculate that the Caroline-Pacific
plate boundary was the Lyra Trough, formed in response to the
spreading of the Caroline Basin. With the cessation of the Caroline
Basin spreading, the movement along the Lyra Trough stopped
(Hilde et al., 1977; Hegarty et al.,, 1983; Hegarty and Weissel,
1988; Altis, 1999). The Lyra Trough and the part on the east of
the Mussau Trench are presumed to be captured by the Pacific
plate and become a part of the Pacific plate, inheriting the motion
and mechanical properties of the Pacific plate, i.e., the affiliation to
the Pacific plate formed a firm plate boundary. At ~1 Ma, thanks to
the absence of a weak zone at the plate boundary (i.e., the Lyra
Trough), concurrently assisted by the continuous NW-oriented
motion of the Pacific plate, the Caroline plate along an internal
transform fault started to subduct underneath the Pacific plate,
leading to atypical subduction in the Mussau Trench. In contrast,
due to the lack of strike-slip motion north of 3°N, the compression
between the Pacific plate and the Caroline plate leads to the Pacific
plate subducting underneath the Caroline plate. This evolutionary
process thus formed several types of plate boundaries, varying
from atypical subduction (the Mussau Trench) to normal subduc-
tion (the NW-oriented thrust zone) to strike-slip (the Sorol
Trough).

2.2. The Hjort Trench and its characteristics

The Hjort Trench, located in the southernmost part of the Mac-
quarie Ridge Complex (MRC) (Fig. 4a), is the product of the Aus-
tralian plate subducting underneath the Pacific plate that
commenced at ~11 Ma ago (Ruff et al., 1989; Meckel et al., 2003;
Meckel et al., 2005). The MRC is the active submarine portion of
the Australia-Pacific plate boundary to the south of New Zealand,
extending to the Macquarie Triple Junction (MTJ) (Collot et al.,
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Fig. 1. Bathymetry (a) and oceanic crust age map (b) overlapped with central tectonic units in the Caroline area. (a) The seismic lines (I to Il in Fig. 2 and A to F in Fig. 3) are
shown in green by Weissel and Anderson (1978), and the yellow star marks the triple junction of the Caroline-Pacific-Australia plates. DSDP sites (labeled as 62 and 63) are
indicated with solid circles; the dashed lines represent the locations of the extinct spreading ridges (Hegarty and Weissel, 1988). (b) The black lines indicate the plate
boundary, and the arrow shows the direction of the Pacific plate motion from Li et al. (2019). PSP: Philippine Sea plate; AUS: Australian plate; CP: Caroline plate. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

1995; Meckel et al., 2003). The Hjort Trench is found to be of west-
ward indentation, separating the oceanic crust formed by the
Southeast Indian Ridge on the south (SEIR crust) from the one cre-
ated by the extinct spreading center of the Australia-Pacific plate
on the north (MRC crust) (Fig. 4b) (Meckel et al., 2003). The eastern
part of the trench is the Hjort Ridge, with a joined valley at its crest,
which continues the paired ridge system identified in the northern
Macquarie region (Massell et al., 2000; Choi et al., 2017). In the
west of the trench, the magnetic anomaly bands are identified as
C4-C6, and the crustal age is less than 25 Ma. The eastern age is
uncertain, but the calibrated magnetic anomaly bands (C12 and
C13) indicate that the age of the crust in the east must be around
30 Ma (Falconer, 1972; Meckel et al., 2003). Seismic activities are
thought to be limited only to the vicinity of the Hjort Trench and
the Hjort Ridge, characterized by shallow seismicity (<20 km)
(Ruff et al., 1989; Meckel et al., 2003). Few earthquakes are located

in the east of the trench, and there is no prominent Wadati-Benioff
Zone, suggesting a subduction initiation phase. More importantly,
the focal mechanisms are characterized by both thrust and dextral
strike-slip types, indicating that the boundary is under the stress
condition of transpression (Fig. 4b). It is clear from the three tran-
sects across the Hjort Trench (Fig. 5) that the SEIR crust subducts
underneath the MRC crust. In contrast, the segment of the low-
gravity anomaly occurring in the Macquarie transect, opposite
the Hjort Trench, possibly represents a change in subduction polar-
ity. This scenario may directly reflect a process of the MRC crust
subducting underneath the SEIR crust (Meckel et al., 2003).

We speculate on the formation of the Hjort Trench based on the
evolution of the Australia-Pacific plate boundary south of New
Zealand. At about 45 Ma, the intra-ocean rifting formed the Mac-
quarie Spreading Center (MSC), which defined a new Australia-
Pacific plate boundary (Sutherland, 1995; Cande and Stock, 2004;
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Fig. 2. Three seismic reflection profiles across the Mussau Trench (left column) and the corresponding structural interpretations (right column). The locations of the survey
lines (I, II and III) are shown in Fig. 1. The arrows indicate the location of the Mussau Trench. TWTT means two-way travel time. Adapted from Weissel and Anderson, 1978
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Fig. 3. Seismic reflection profiles across the overthrusting segment of the Caroline-
Pacific plate boundary, north of the Mussau Trench. The locations of the survey lines
are shown in Fig. 1. The white lines represent thrust faults. Water depth is given in
the unit of seconds corresponding to the two-way travel time (TWTT), as indicated
by the yellow dashed lines (1 s ~ 750 m). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
Adapted from Weissel and Anderson, 1978

Shuck et al., 2021). From ~30 Ma, the Euler pole of the Australia-
Pacific plate boundary migrated southward relative to the Pacific
plate, resulting in gradual inclination of the seabed expansion
along the MSC. The strike-slip component in the plate boundary
was gradually increasing. Until 20 Ma, the plate boundary evolved

into an entire strike-slip border (Collot et al., 1995; Cande and
Stock, 2004; Gurins et al., 2019). Therefore, the series of evolution
processes led to a transpression stress regime in the south of the
Australia-Pacific plate boundary, assisted by continuous compres-
sion exerted by the Pacific plate movement, promoting the devel-
opment of subduction at the Hjort Trench. As a result, the
relative motion of the Australia-Pacific plate boundary evolving
from spreading to strike-slip also resulted in the plate boundary
transitioning from atypical subduction (the Hjort Trench) to possi-
ble normal subduction (the southern end of the Macquarie region)
to strike-slip (the Macquarie and McDougall regions) and normal
ocean-continent subduction (the Puysegur Trench).

2.3. The Gagua Ridge and its characteristics

The Gagua Ridge, located to the southeast of Taiwan, is an N-S-
trending aseismic ridge (Schnurle et al., 1998a; Sibuet et al., 1998).
It extends from the northeastern North Luzon Arc to the Ryukyu
Trench, characterized by approximately 300 km in length, 20-
30 km in width, and 2-4 km in height (Deschamps et al., 1998;
Eakin et al., 2015) (Fig. 6). To the north of 23° N, the Gagua Ridge
subducting beneath the Ryukyu edge has been evidenced by sev-
eral observations, including the maximum depth (6000 m) and
low-gravity anomaly (-120 mGal) of the crest of the Gagua Ridge,
a significant depression at the base of the Ryukyu accretionary
wedge, and the partial uplift and deformation of the Nanao forearc
basin (Deschamps et al., 1998; Schnurle et al., 1998a; Sibuet et al.,
1998). The Gagua Ridge is a narrow linear elevation associated
with early subduction that separates the Huatung Basin in the west
from the West Philippine Basin in the east (Li et al., 2007; Eakin
et al., 2015). The West Philippine Basin has experienced back-arc
spreading and intraplate magmatism and developed several Late
Mesozoic arc terranes (Yan et al., 2022). Hilde and Lee (1984)
showed that the West Philippine Basin was formed through two
stages (60-45 Ma and 45-35 Ma) of spreading of the Central Basin
Spreading Center (CBSC), while the Huatung Basin was formed in
the second stage of CBSC with magnetic anomaly bands of C16-
C19. Although E-W trending magnetic anomaly bands in the Hua-
tung Basin have been identified, only four magnetic anomaly bands
are insufficient to determine a reliable age (Deschamps et al.,
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Fig. 4. (a) Tectonic setting and Oceanic crust age map of the Hjort Trench; (b) Bathymetry map of the Hjort Trench. The area indicated with the green square (a) is zoomed in
at the right panel (b). The green lines (b) are four gravity survey lines (Macquarie, N Hjort, C Hjort and S Hjort), the red line is the Hjort Trench, the purple line is the plate
boundary, the white lines are fracture zones, and the black lines are magnetic anomalies from Weissel et al. (1977). The white, green and yellow circles represent the
earthquake locations of better-determined events from the International Seismological Centre Catalog (ISC), Relocations (EHB; Engdahl et al., 1998), and Harvard Centroid
Moment Tensor Catalog (CMT) (Adapted from Meckel et al., 2003), respectively. CMT catalog includes both thrust and strike-slip events as indicated with beachballs. Black
arrows show the directions of plate motion. Australian plate velocity (relative to Pacific plate fixed) from MARVEL (DeMets et al., 2010). AUS: Australian plate; PAC: Pacific
plate; ANT: Antarctic plate; NZ: New Zealand; MTJ: Macquarie Triple Junction; FZ: Fracture Zone; MRC: Macquarie Ridge Complex; SEIR: Southeast Indian Ridge. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

2000). The Huatung Basin is later identified as a Cretaceous ocean
basin by analyzing the gabbro samples collected by trawling at
RD19 and RD20 stations in the basement of the Huatung Basin
(Fig. 6), together with “°Ar/>°Ar dating of 131-119 Ma and
130 Ma (Deschamps et al., 2000; Zhao et al., 2020). Qian et al.
(2021) also confirmed a Cretaceous age for the Huatung Basin
based on the Gagua Ridge lava eruption age and the youngest zir-
con age.

The origin of the Gagua Ridge is still controversial. Deschamps
et al. (1998) suggested that the Gagua Ridge is an intra-oceanic
fracture zone uplifted during the Middle Eocene by compression
along a north-south fault zone which was formed during the sec-
ond spreading of the West Philippine Basin. Some studies sug-
gested that the Huatung Basin is a plate separated from the
Philippine Sea plate by the Gagua Ridge, accommodating the
NW-oriented shear movement of the Philippine Sea plate (Sibuet
and Hsu, 1997; Sibuet et al., 2002). Eakin et al. (2015) established
four wide-angle OBS velocity structure models across the Gagua
Ridge (Fig. 7), showing the negative gravity anomaly, and crustal
thickening asymmetry. Westward subduction of the West Philip-
pine Basin oceanic crust underneath the Huatung Basin was sug-
gested mainly based on the apparent deepening of the oceanic
crust of the West Philippine Basin near the east of the Gagua Ridge
(Li et al., 2007; Eakin et al., 2015). There are other different views.
Specifically, Qian et al. (2021) found that the Gagua Ridge zircons
are most likely to be affiliated to the Cathaysian block by con-
straining the zircon ages in the Gagua Ridge lavas, suggesting that
the Gagua Ridge broke away from the Eurasian margin with the
opening and spreading of the Huatung Basin. Zhang et al. (2020)
found a suit of N-S oriented, eastward dipping normal faults on
the east side of Gagua. The branch of the fault zone with these
faults inclining 60°-70°are distributed in an echelon pattern, sug-
gesting that the Gagua Ridge may undergo a strike-slip tectonic
evolution (Zhang et al., 2020; Zhang et al., 2022).

In summary, the genesis of the Gagua Ridge is still under
debate. This study aims to verify its atypical subduction as
described in section 3.2, but not to discuss its tectonic affiliation.

3. Results and discussion
3.1. The tectonic conditions of atypical subduction

For normal subduction, it is generally accepted that the nega-
tive buoyancy of the old oceanic lithosphere provides a sufficient
driving force of subduction (Vlaar and Wortel, 1976; Korenaga,
2013). However, atypical subductions at the Mussau Trench and
the Hjort Trench are referred to as the subduction of the young
oceanic lithosphere to the old. Therefore, negative buoyancy is
seemingly not decisive in plate subduction, especially at the initial
stage of subduction. A recent numerical simulation suggested that
atypical subduction may occur when the ocean age difference is
slight (~30-50 Ma) along the desired boundary (Zhang et al.,
2021), indicating that the age gap being favorable for atypical sub-
duction between two plates cannot be too large.

It is found that both the Mussau Trench and the Hjort Trench
are formed in similar geological settings and conditions; that is,
both experience intense compression but with significant strike-
slip activity, leading to strike-slip-dominated transpression, and
thereby promoting the atypical subduction. Specifically, atypical
subduction is formed at the Mussau Trench assisted by the oblique
compressional stress in response to the Pacific plate northwest-
ward moving toward the Caroline Basin. By contrast, at the Hjort
Trench, the strike-slip motion, attributed to the southward migra-
tion of the Euler pole of the Australia-Pacific plate boundary and
accompanied by an NW-directed compression occurs to the
strike-slip border, leading to strike-slip-dominated transpression,
and thereby promoting atypical subduction.
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To sum up, a transpression environment is most favorable for 3.2. The Gagua Ridge may not be of atypical subduction
forming atypical subduction, particularly when the plate boundary
is dominated by strike-slip movement and squeezed by the old Although the Gagua Ridge was recognized as an atypical sub-
plate moving towards the younger plate. duction setting, it is not evident that a strike-slip movement across
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the Gagua Ridge is active due to a lack of GPS observations of crus-
tal movement. Based on the tectonic setting of atypical subduction
formation as we proposed above, compression alone without
strike-slip movement is insufficient to start atypical subduction.
In addition, the young West Philippine Basin seems to move in
the NW direction toward the Huatung Basin, leading to compres-
sion between them, contrary to our proposal that the old plate is
extruding into the young plate, which further suggests that the
Gagua Ridge may not be of atypical subduction.

The velocity model of the T1B line across the Gagua Ridge has
been inverted using the first-arrival time (Eakin et al., 2015;
Fig. 7). Still, the structural interface of each layer at depth was
missing. To improve our understanding of the deep structure,
which is crucial to reveal how the Huatung Basin is contacting
the West Philippine Basin, a new velocity model was obtained
using both the first-arrival and second-arrival reflections by our
group (Pang et al., 2019; Fig. 8). Compared with previous studies,
the advantages of the new work are as follows: (1) Topographic
correction and basement correction of the seismic profile was car-
ried out, which is necessary to ensure accurate identification of the

refraction and reflection waves since the topography of the T1B
line fluctuates significantly from west to east (Fig. 8b); (2) The seis-
mic reflection from the Moho interface, PmP, determined by using
the multiple-wave identification technique, was incorporated into
the construction of the velocity model, which improves the relia-
bility of the model because the crustal refractions have been inter-
fered by the structure of the Gagua Ridge; (3) The finalized velocity
model was further confirmed by the acoustic forward modeling.
Therefore, the reconstructed velocity model of the T1B line is more
realistic and reliable, providing more in-depth information of the
tectonic activity in and around the Gagua Ridge.

From the constructed velocity structure across the Gagua Ridge
(Fig. 8c¢), it can be seen that the basement relief and the depth of
the Moho are highly variable. The crustal thickness below the
Gagua Ridge is ~15 km. More importantly, the velocity structure
on both sides of the Gagua Ridge is almost identical, with similar
gravity isostatic root features, showing no structural features of
subduction. Therefore, we conclude that the Gagua Ridge is not
at the phase of subduction, at least at present, although the two
plates across the ridge are of distinct ages.


https://www.ngdc.noaa.gov/trackline/request/?surveyIds
https://www.ngdc.noaa.gov/trackline/request/?surveyIds
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We further speculate why no subduction took place at the plate in the NNW direction. The internal deformation led to the
Gagua Ridge. Both the West Philippine Basin and the Huatung uplift of the Gagua Ridge rather than subduction due to the strong
Basin move in the NNW direction and subduct under the Ryukyu rigidity of the Huatung Basin. The lack of strike-slip movement also
Trench in response to the Pacific plate moving toward the Eurasian prevented the West Philippine Basin from subducting beneath the
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Huatung Basin. The structure of the Huatung Basin is thus con-
trolled by compression-related uplift only. As the Manila subduc-
tion started, it accommodated most of the deformation that
occurred at the Gagua Ridge. As a result, the subduction at the
Gagua Ridge becomes less likely unless the strike-slip movement
across it accelerates.

3.3. Possible evolution models of atypical subduction

Tectonic analysis of both the Mussau Trench and the Hjort
Trench and their surrounding tectonic settings shows that these
two atypical subductions are small in scale, located at the south
of the Caroline-Pacific plate boundary and the south of the
Australia-Pacific plate boundary in southern New Zealand, respec-
tively. It becomes clear that subduction polarity reversal and
strike-slip border in the north occur in both settings. Therefore,

atypical subduction may be relatively small in scale and usually
is feasible for a plate boundary with subduction polarity reversal
and strike-slip boundary.

Comparison between the Hjort Trench and the Mussau Trench
indicates that the former coincides with the extinct spreading cen-
ter, and the latter is nearly perpendicular to the direction of the
extinct spreading ridge. In view of this, we propose two possible
and more specific geological evolution models of atypical subduc-
tion according to the characteristics of their geological settings
(Fig. 9). The first scenario occurs when the plate boundary is
approximately parallel to or coincident with the extinct spreading
ridge affiliated with the young plate. It is assumed that the old
oceanic plate moves northwestward toward the young plate, and
the young plate begins to spread in the east-west direction
(Fig. 9a). As the Euler pole of the plate boundary migrates south-
ward, the plate boundary becomes increasingly curved, resulting
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in a strike-slip movement, and the continuous movement of the
old plate leads to the transpressional stress in the south of the bor-
der (Fig. 9b). Under this transpressional condition, the newly
formed, and thereby thermal and deformable plate will begin to
subduct, leading to atypical subduction (Fig. 9c).

The second scenario occurs when the plate boundary is approx-
imately perpendicular to the extinct spreading ridge affiliated with
the young plate. It is assumed that the old oceanic plate moves
northwestward toward the young plate, and the young plate starts
to spread in an NW direction, accompanied by a slow clockwise
rotation (Fig. 9d). In the early stage of the relative motion of the
two plates, the plate boundary is bounded by a trough (Fig. 9e).
As the young plate continuously rotates, the plate boundary grad-
ually bends. The extrusion of the old plate into the young plate
results in the transpression stress in the south of the border, which
eventually leads to the young plate subducting to the old plate
along another transform fault within it, forming atypical subduc-
tion (Fig. 9f).

4. Conclusions and prospect

In light of the tectonic features of three trenches, namely the
Mussau Trench, the Hjort Trench, and the Gagua Ridge, we suggest
that atypical subduction may form mainly when the plate bound-
ary is of strike-slip-dominated transpression, particularly favored
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by the older plate moving toward the younger one. Such a model
conflicts with the Gagua Ridge being of atypical subduction, as evi-
denced by the new velocity structure of the T1B survey line across
the Gagua Ridge, which shows no structure at depth associated
with subduction (Fig. 8). Two more specific geologic evolution
models (Fig. 9) are proposed for atypical subduction by introducing
a transpressional stress regime in some parts along their boundary.
It is further suggested that the following two specific situations are
favorable for starting new atypical subduction: 1) When the plate
boundary is parallel to or coincident with an extinct spreading
ridge affiliated with the young oceanic basin, the newly formed,
and thereby thermal and deformable plate is more prone to sub-
duct under the transpression environment; 2) When the plate
boundary is nearly perpendicular to an extinct spreading ridge of
the young oceanic basin, during the young basin spreading, a
trough acts as the plate boundary. With the increasing transpres-
sional stress, atypical subduction along another transform fault
inside the young basin will be formed anticipatively. More impor-
tantly, it is also suggested that atypical subduction is usually small
in scale and forms along a plate boundary with subduction polarity
reversal and strike-slip movement.

The Mussau Trench was formed at ~1 Ma and the Hjort Trench
at ~11 Ma, with no other new subduction zones surrounding them,
which makes us wonder whether atypical subduction at both the
Mussau Trench and the Hjort Trench can evolve into self-
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sustaining subduction or not. To answer this question, we should
first constrain the crustal age at the east side of the Mussau Trench
because it is still controversial. Further investigations are accord-
ingly needed to improve understanding of the nature of the Mus-
sau Trench and the initial conditions of atypical subduction. In
addition, whether the Gagua Ridge will evolve into atypical sub-
duction or not needs to be studied through numerical simulations
in the future.

CRediT authorship contribution statement

Xingyue Wang: Conceptualization, Investigation, Writing -
original draft. Lingmin Cao: Conceptualization, Writing - review
& editing. Minghui Zhao: Supervision, Writing - review & editing.
Jinhui Cheng: Writing - review & editing. Xiaobo He: Writing -
review & editing.

Declaration of Competing Interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared
to influence the work reported in this paper.

Acknowledgments

This work has benefited from simulative discussions with Wei-
wei Ding, Tianyao Hao, Lulu Zhang, and Weidong Sun, are deeply
acknowledged. We thank the Marine G&G group for providing
some comments and scientific suggestions which help to improve
the manuscript significantly. Four anonymous reviewers and edi-
tors are acknowledged for their thorough reviews and constructive
suggestions which greatly enhance the scientific level of the paper.
We thank Xiaoyun Tang from the School of Foreign Languages of
the China University of Geosciences for proofreading the final ver-
sion of the manuscript. The GMT software (Wessel and Smith,
1995) was used to draw some of the figures. Major Research Plan
supported this work on West-Pacific Earth System Multispheric
Interactions (project number: 91958212), the National Natural
Science Foundation of China (contracts 42106078, 41730532,
U20A20100, 42076068), and the Laboratory of Ocean and Marginal
Sea Geology, Chinese Academy of Sciences (contracts OMG2020-
07).

References

Altis, S., 1999. Origin and tectonic evolution of the Caroline Ridge and the Sorol
Trough, western tropical Pacific, from admittance and a tectonic modeling
analysis. Tectonophysics 313, 271-292. https://doi.org/10.1016/S0040-1951
(99)00204-8.

Boutelier, D., Beckett, D., 2018. Initiation of Subduction Along Oceanic Transform
Faults: Insights From Three-Dimensional Analog Modeling Experiments. Front.
Earth Sci. 6 (204). https://doi.org/10.3389/feart.2018.00204.

Bracey, D.R., 1975. Reconnaissance Geophysical Survey of the Caroline Basin. Bull.
Geol. Soc. Am. 86 (6), 775-784. https://doi.org/10.1130/0016-7606(1975)
86<775: RGSOTC>2.0.CO;2.

Cande, S.C., Stock, J.M., 2004. Pacific-Antarctic-Australia motion and the formation
of the Macquarie Plate. Geophys. J. Int. 157 (1), 399-414. https://doi.org/
10.1111/j.1365-246X.2004.02224.x.

Casey, J.F., Dewey, ].F., 1984. Initiation of subduction zones along transform and
accreting plate boundaries, triple-junction evolution, and forearc spreading
centres—implications for ophiolitic geology and obduction. Geol. Soc. Spec. Publ.
13 (1), 269-290. https://doi.org/10.1144/GSL.SP.1984.013.01.22.

Choi, H., Kim, S.S., Dyment, J., Granot, R., Park, S.H., Hong, ].K., 2017. The kinematic
evolution of the Macquarie Plate: A case study for the fragmentation of oceanic
lithosphere. Earth Planet. Sci. Lett. 478, 132-142. https://doi.org/10.1016/j.
epsl.2017.08.035.

Collot, J.Y., Lamarche, G., Wood, R.A., Delteil, ]., Sosson, M., Lebrun, J.F., Coffin, M.F.,
1995. Morphostructure of an incipient subduction zone along a transform plate
boundary: Puysegur Ridge and Trench. Geol. 23 (6), 519-522. https://doi.org/
10.1130/0091-7613(1995)023<0519: MOAISZ>2.3.CO;2.

Conrad, C.P., Lithgow-Bertelloni, C., 2002. How mantle slabs drive plate tectonics.
Science 298 (5591), 207-209. https://doi.org/10.1126/science.1074161.

11

Gondwana Research xxx (Xxxx) Xxx

DeMets, C., Gordon, R.G., Argus, D.F., 2010. Geologically current plate motions.
Geophys. J. Int. 181, 1-80. https://doi.org/10.1111/j.1365-246X.2009.04491 .x.

Deschamps, A.E., Lallemand, S.E., Collot, ].Y., 1998. A detailed study of the Gagua
Ridge: A fracture zone uplifted during a plate reorganization in the Mid-Eocene.
Mar. Geophys. Res. 20, 403-423.

Deschamps, A., Monie, P., Lallemand, S., Hsu, S.-K., Yeh, K.Y., 2000. Evidence for Early
Cretaceous oceanic crust trapped in the Philippine Sea Plate. Earth Planet. Sci.
Lett. 179 (3-4), 503-526. https://doi.org/10.1016/s0012-821x (00)00136-9.

Eakin, D.H., Mclntosh, K.D., Van Avendonk, H., Lavier, L., 2015. New geophysical
constrains on a failed subduction initiation: The structure and potential
evolution of the Gagua Ridge and Huatung Basin. Geochemistry. Geophys.
Geosystems 16, 380-400. https://doi.org/10.1002/2014Gc005548.

Engdahl, E.R., van der Hilst, R., Buland, R., 1998. Global teleseismic earthquake
relocation with improved travel times and procedures for depth determination.
Bull. Seismol. Soc. Am. 88 (3), 722-743.

Erlandson, D.L., Orwig, T.L., Kiilsgaard, G., Mussells, J.H., Kroenke, LW., 1976.
Tectonic interpretations of the East Caroline and Lyra Basins from reflection-
profiling investigations. Bull. Geol. Soc. Am. 87, 453-462. https://doi.org/
10.1130/0016-7606(1976)872.0.CO;2.

Falconer, R.K.H., 1972. The Indian-Antarctic-Pacific triple junction. Earth Planet. Sci.
Lett. 17 (1), 151-158. https://doi.org/10.1016/0012-821X(72)90270-1.

Fitch, T.J., 1972. Plate convergence, transcurrent faults, and internal deformation
adjacent to Southeast Asia and the western Pacific. J. Geophys. Res. 77 (23),
4432-4460. https://doi.org/10.1029/]B0771023p04432.

Gurnis, M., Hall, C.,, Lavier, L., 2004. Evolving force balance during incipient
subduction. Geochemistry, Geophys. Geosystems 5 (7). https://doi.org/10.1029/
2003gc000681.

Gurins, M., Van Avendonk, H., Gulick, S.P.S., Stock, ]J., Sutherland, R., Hightower, E.,
Shuck, B., Patel, J., Williams, E., Kardell, D., Herzig, E., Idini, B., Graham, K., Estep,
J., Carrington, L., 2019. Incipient subduction at the contact with stretched
continental crust: The Puysegur Trench. Earth Planet. Sci. Lett. 520, 212-219.
https://doi.org/10.1016/j.epsl.2019.05.044.

Hegarty, K.A., Weissel, ].K., Hayes, D.E., 1983. Convergence at the Caroline-Pacific
Plate Boundary: Collision and Subduction. Geophys. Monogr. Ser. 27, 326-348.
https://doi.org/10.1029/gm027p0326.

Hegarty, K.A., Weissel, ].K., 1988. Complexities in the development of the Caroline
plate region, western equatorial Pacific. In: Nairn, A.E.M,, Stehli, F.G., Uyeda, S.
(Eds.), The Ocean Basins and Margins. Springer US, Boston, MA, pp. 277-301.

Hilde, TW.C,, Lee, C.-S., 1984. Origin and Evolution of the West Philippine Basin: A
new interpretation. Tectonophysics 102 (1-4), 85-104. https://doi.org/10.1016/
0040-1951(84)90009-x.

Hilde, T.W.C,, Uyeda, S., Kroenke, L., 1977. Evolution of the western Pacific and its
margin. Tectonophysics 38 (1-2), 145-165. https://doi.org/10.1016/0040-1951
(77)90205-0.

Hill, K.C., Hegarty, K.A., 1987. New tectonic framework for PNG and the Caroline
plate: implications for cessation of spreading in back-arc basins. Proceedings,
Pacific Rim Congress 87. The Australian Institute of Mining and Metallurgy,
Victoria, Australia, pp. 179-182.

Korenaga, J., 2013. Initiation and evolution of plate tectonics on Earth: theories and
observations. Annu. Rev. Earth Planet. Sci. 41 (1), 117-151. https://doi.org/
10.1146/annurev-earth-050212-124208.

Li, C.F, Zhou, Z.Y,, Li, J.B,, Chen, HJ., Geng, ].H., Li, H., 2007. Precollisional tectonics
and terrain amalgamation offshore southern Taiwan: Characterizations from
reflection seismic and potential field data. Sci. China Ser. D-Earth Sci. 50 (6),
897-908. https://doi.org/10.1007/s11430-007-0025-9.

Li, S.Z., Cao, X.Z., Wang, G.Z,, Liu, B,, Li, X.Y., Suo, Y.H,, Jiang, ZX., Guo, L.L,, Zhou, J.,
Wang, P.C,, Zhu, ]J., Wang, G., Zhao, SJ., Liu, YJ., Zhang, G.W., 2019. Meso-
Cenozoic tectonic evolution and plate reconstruction of the Pacific Plate. J.
Geomech. 25 (5), 642-677. https://doi.org/10.12090/j.issn.1006-
6616.2019.25.05.060.

Massell, C., Coffin, M.F., Mann, P., Mosher, S., Frohlich, C., Duncan, C.S., Karner, G.,
Ramsay, D., Lebrun, J.F., 2000. Neotectonics of the Macquarie Ridge Complex,
Australia-Pacific plate boundary. ]. Geophys. Res. 105 (B6), 13457-13480.
https://doi.org/10.1029/1999jb900408.

Meckel, T.A., Coffin, M.F,, Mosher, S., Symonds, P., Bernardel, G., Mann, P., 2003.
Underthrusting at the Hjort Trench, Australian-Pacific plate boundary: Incipient
subduction? Geochemistry. Geophys. Geosystems 4 (12), 1099-1129. https://
doi.org/10.1029/2002gc000498.

Meckel, T.A,, Man, P.,, Mosher, S., Coffin, M.F., 2005. Influence of cumulative
convergence on lithospheric thrust fault development and topography along
the Australian-Pacific plate boundary south of the New Zealand. Geochemistry,
Geophys. Geosystems 6 (9). https://doi.org/10.1029/2005gc000914.

Mueller, S., Phillips, RJ., 1991. On the initiation of subduction. ]J. Geophys. Res. 96
(B1), 651-665. https://doi.org/10.1029/90]B02237.

Niu, Y.L, 2013. Subduction initiation, trench retreat and global tectonic
consequences: The origin of backarc basins in the western Pacific and effect
on eastern China geology since the Mesozoic. New Advances in Geological
Sciences, Plate Tectonics, Geological Events and Resources, pp. 1-25.

Pang, X.M., Zhao, M.H,, Liu, S.Q., Wang, Q., Zhang, H.Y., Ren, Y., Qiu, X.L,, 2019.
Seismic phase identification in OBS seismic record sections across the complex
geological structure. Chinese J. Geophys. (in Chinese) 62 (9), 3482-3491.
https://doi.org/10.6038/cjg2019M0452.

Qian, S.P., Zhang, X.Z., W, J., Lallemand, S., Nichols, A.R.L., Huang, C.Y., Miggins, D.P.,
Zhou, CY., 2021. First identification of a Cathaysian continental fragment
beneath the Gagua Ridge, Philippine Sea, and its tectonic implications. Geol. 49
(11), 1332-1336. https://doi.org/10.1130/G48956.1.


https://doi.org/10.1016/S0040-1951(99)00204-8
https://doi.org/10.1016/S0040-1951(99)00204-8
https://doi.org/10.3389/feart.2018.00204
https://doi.org/10.1130/0016-7606(1975)86&lt;775:RGSOTC&gt;2.0.CO;2
https://doi.org/10.1130/0016-7606(1975)86&lt;775:RGSOTC&gt;2.0.CO;2
https://doi.org/10.1111/j.1365-246x.2004.02224.x
https://doi.org/10.1111/j.1365-246x.2004.02224.x
https://doi.org/10.1144/GSL.SP.1984.013.01.22
https://doi.org/10.1016/j.epsl.2017.08.035
https://doi.org/10.1016/j.epsl.2017.08.035
https://doi.org/10.1130/0091-7613(1995)023&lt;0519:MOAISZ&gt;2.3.CO;2
https://doi.org/10.1130/0091-7613(1995)023&lt;0519:MOAISZ&gt;2.3.CO;2
https://doi.org/10.1126/science.1074161
https://doi.org/10.1111/j.1365-246X.2009.04491.x
http://refhub.elsevier.com/S1342-937X(22)00306-9/h0050
http://refhub.elsevier.com/S1342-937X(22)00306-9/h0050
http://refhub.elsevier.com/S1342-937X(22)00306-9/h0050
https://doi.org/10.1016/s0012-821x(00)00136-9
https://doi.org/10.1002/2014Gc005548
http://refhub.elsevier.com/S1342-937X(22)00306-9/h0065
http://refhub.elsevier.com/S1342-937X(22)00306-9/h0065
http://refhub.elsevier.com/S1342-937X(22)00306-9/h0065
https://doi.org/10.1130/0016-7606(1976)872.0.CO;2
https://doi.org/10.1130/0016-7606(1976)872.0.CO;2
https://doi.org/10.1016/0012-821X(72)90270-1
https://doi.org/10.1029/JB077i023p04432
https://doi.org/10.1029/2003gc000681
https://doi.org/10.1029/2003gc000681
https://doi.org/10.1016/j.epsl.2019.05.044
https://doi.org/10.1029/gm027p0326
http://refhub.elsevier.com/S1342-937X(22)00306-9/h0100
http://refhub.elsevier.com/S1342-937X(22)00306-9/h0100
http://refhub.elsevier.com/S1342-937X(22)00306-9/h0100
https://doi.org/10.1016/0040-1951(84)90009-x
https://doi.org/10.1016/0040-1951(84)90009-x
https://doi.org/10.1016/0040-1951(77)90205-0
https://doi.org/10.1016/0040-1951(77)90205-0
https://doi.org/10.1146/annurev-earth-050212-124208
https://doi.org/10.1146/annurev-earth-050212-124208
https://doi.org/10.1007/s11430-007-0025-9
https://doi.org/10.12090/j.issn.1006-6616.2019.25.05.060
https://doi.org/10.12090/j.issn.1006-6616.2019.25.05.060
https://doi.org/10.1029/1999jb900408
https://doi.org/10.1029/2002gc000498
https://doi.org/10.1029/2002gc000498
https://doi.org/10.1029/2005gc000914
https://doi.org/10.1029/90JB02237
http://refhub.elsevier.com/S1342-937X(22)00306-9/h0155
http://refhub.elsevier.com/S1342-937X(22)00306-9/h0155
http://refhub.elsevier.com/S1342-937X(22)00306-9/h0155
http://refhub.elsevier.com/S1342-937X(22)00306-9/h0155
https://doi.org/10.6038/cjg2019M0452
https://doi.org/10.1130/G48956.1

X. Wang, L. Cao, M. Zhao et al.

Ruff, LJ., Given, J.W., Sanders, C.0., Sperber, C.M., 1989. Large Earthquake in the
Macquarie Ridge Complex: Transitional Tectonics and Subduction Initiation.
Pure and Applied Geophysics PAGEOPH 129 (1-2), 71-129. https://doi.org/
10.1007/978-3-0348-9140-0_5.

Schnurle, P., Liu, C.-S., Lallemand, S.E., Reed, D.L., 1998. Structural insight into the
south Ryukyu margin: Effects of the subducting Gagua Ridge. Tectonophysics
288, 237-250. https://doi.org/10.1016/s0040-1951(97)00298-9.

Shuck, B., Van Avendonk, H., Gulick, S.P.S., Gurnis, M., Sutherland, R., Stock, ]., Patel,
J., Hightower, E., Saustrup, S., Hess, T., 2021. Strike-slip enables subduction
initiation beneath a failed rift: New seismic constraints from Puysegur Margin,
New Zealand. Tectonics 40 (5). https://doi.org/10.1029/2020TC006436.

Sibuet, J.-C., Deffontaines, B., Hsu, S.-K., Thareau, N., Le Formal, J.P., Liu, C.-S., 1998.
Okinawa trough backarc basin: Early tectonic and magmatic evolution. ].
Geophys. Res. 103 (B12), 30245-30267. https://doi.org/10.1029/98jb01823.

Sibuet, ].-C., Hsu, S.-K., 1997. Geodynamics of the Taiwan arc-arc collision.
Tectonophysics 274 (1-3), 221-251. https://doi.org/10.1016/S0040-1951(96)
00305-8.

Sibuet, ].-C., Hsu, S.-K., Pichon, X.L., Le Formal, J.P., Reed, D., Moore, G., Liu, C.-S.,
2002. East Asia plate tectonics since 15 Ma: Constraints from the Taiwan region.
Tectonophysics 344 (1-2), 103-134. https://doi.org/10.1016/s0040-1951(01)
00202-5.

Sibuet, J.-C., Zhao, M., Wu, ]., Lee, C.-S., 2021. Geodynamic and plate kinematic
context of South China Sea subduction during Okinawa trough opening and
Taiwan orogeny. Tectonophysics 817, 229050.

Stern, RJ., 2002. Subduction zones. Rev. Geophys. 40 (4), 1012-1050. https://doi.
org/10.1029/2001RG000108.

Stern, R.J., 2004. Subduction initiation: spontaneous and induced. Earth Planet. Sci.
Lett. 226 (3-4), 275-292. https://doi.org/10.1016/j.epsl.2004.08.007.

Stern, RJ., Gerya, T., 2017. Subduction initiation in nature and models: A review.
Tectonophysics 746, 173-198.

Sutherland, R., 1995. The Australia-Pacific boundary and Cenozoic plate motions in
the SW Pacific: Some constraints from Geosat data. Tectonics 14 (4), 819-831.
https://doi.org/10.1029/95tc00930.

12

Gondwana Research xxx (xXxx) xxXx

Toth, J., Gurnis, M., 1998. Dynamics of subduction initiation at preexisting fault
zones. J. Geophys. Res. 103 (B8), 18053-18067. https://doi.org/10.1029/
98jb01076.

Vlaar, N.J.,, Wortel, M.J.R,, 1976. Lithospheric aging, instability and subduction.
Tectonophysics 32 (3-4), 331-351. https://doi.org/10.1016/0040-1951(76)
90068-8.

Weissel, ].K., Anderson, R.N., 1978. Is there a Caroline plate? Earth Planet. Sci. Lett.
41 (2), 143-158.

Weissel, J.K., Hayes, D.E., Herron, E.M., 1977. Plate tectonics synthesis: The
displacements between Australia, New Zealand, and Antarctica since the late
Cretaceous. Mar. Geol. 25 (1-3), 231-277. https://doi.org/10.1016/0025-3227
(77)90054-8.

Wessel, P., Smith, W.H.F., 1995. New version of the generic mapping tools released.
Eos. Trans. 76 (33), 329.

Yan, Q., Shi, X,, Yuan, L., Yan, S., Liu, Z., 2022. Tectono-magmatic evolution of the
Philippine Sea Plate: A review. Geosystems and Geoenvironment 1 (2), 100018.

Zhang, LL., Zlotnik, S., Li, C.F., 2021. Atypical Subduction Initiation: Young Under
Old Oceanic Lithosphere. Geochemistry, Geophys. Geosystems 22 (6). https://
doi.org/10.1029/2020GC009549.

Zhang, T.Y., Li, P.F, Shang, LN, Cong, J.Y., Li, X, Yao, YJ., Zhang, Y. 2022.
Identification and evolution of tectonic units in the Philippine Sea Plate. China
Geol. 5 (2022), 96-109. https://doi.org/10.31035/cg2022003.

Zhang, Y., Yao, Y], Li, XJ., Shang, L.N,, Yang, C.P., Wang, Z.B., Wang, ].M., Gao, H.F,,
Peng, X.C., Huang, L., Kong, X.H., Wang, J., Mi, B.B., Zhong, H.X,, Cheng, H.J., Wu,
H., Luo, W.D., Mei, X., Hu, G., Zhang, ].Y., Xu, Z.Y., Tian, ZX., Wang, Z., Li, X,,
Wang, Z.L., 2020. Tectonic evolution and resource-environmental effect of China
Seas and adjacent areas under the multisphere geodynamic system of the East
Asia ocean-continent convergent belt since Mesozoic. Geol. China 47 (5), 1271-
1309. https://doi.org/10.12029/gc20200501.

Zhao, M.H., Wang, Q., Yang, F.D., Zhang, ].Z., Gao, H.F., Sun, L.T., Liu, S.Q., Zhang, G.X.,
2020. Seismic Survey in Huatung Basin and Its Tectonic Significance. Earth Sci.
46 (01), 359-368.


https://doi.org/10.1007/978-3-0348-9140-0_5
https://doi.org/10.1007/978-3-0348-9140-0_5
https://doi.org/10.1016/s0040-1951(97)00298-9
https://doi.org/10.1029/2020TC006436
https://doi.org/10.1029/98jb01823
https://doi.org/10.1016/S0040-1951(96)00305-8
https://doi.org/10.1016/S0040-1951(96)00305-8
https://doi.org/10.1016/s0040-1951(01)00202-5
https://doi.org/10.1016/s0040-1951(01)00202-5
http://refhub.elsevier.com/S1342-937X(22)00306-9/h0200
http://refhub.elsevier.com/S1342-937X(22)00306-9/h0200
http://refhub.elsevier.com/S1342-937X(22)00306-9/h0200
https://doi.org/10.1029/2001RG000108
https://doi.org/10.1029/2001RG000108
https://doi.org/10.1016/j.epsl.2004.08.007
http://refhub.elsevier.com/S1342-937X(22)00306-9/h0215
http://refhub.elsevier.com/S1342-937X(22)00306-9/h0215
https://doi.org/10.1029/95tc00930
https://doi.org/10.1029/98jb01076
https://doi.org/10.1029/98jb01076
https://doi.org/10.1016/0040-1951(76)90068-8
https://doi.org/10.1016/0040-1951(76)90068-8
http://refhub.elsevier.com/S1342-937X(22)00306-9/h0235
http://refhub.elsevier.com/S1342-937X(22)00306-9/h0235
https://doi.org/10.1016/0025-3227(77)90054-8
https://doi.org/10.1016/0025-3227(77)90054-8
http://refhub.elsevier.com/S1342-937X(22)00306-9/h0245
http://refhub.elsevier.com/S1342-937X(22)00306-9/h0245
http://refhub.elsevier.com/S1342-937X(22)00306-9/h0250
http://refhub.elsevier.com/S1342-937X(22)00306-9/h0250
https://doi.org/10.1029/2020GC009549
https://doi.org/10.1029/2020GC009549
https://doi.org/10.31035/cg2022003
https://doi.org/10.12029/gc20200501
http://refhub.elsevier.com/S1342-937X(22)00306-9/h0270
http://refhub.elsevier.com/S1342-937X(22)00306-9/h0270
http://refhub.elsevier.com/S1342-937X(22)00306-9/h0270

	What conditions promote atypical subduction: Insights from the Mussau Trench, the Hjort Trench, and the Gagua Ridge
	1 Introduction
	2 Tectonic anatomy of three representative atypical subduction zones
	2.1 The Mussau Trench and its characteristics
	2.2 The Hjort Trench and its characteristics
	2.3 The Gagua Ridge and its characteristics

	3 Results and discussion
	3.1 The tectonic conditions of atypical subduction
	3.2 The Gagua Ridge may not be of atypical subduction
	3.3 Possible evolution models of atypical subduction

	4 Conclusions and prospect
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgments
	References


