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Abstract  Flat subduction refers to low-angle (<10°) or sub-horizontal subduction of oceanic slabs. Flat subduction is only
recognized in ~10% of present-day subduction zones, but its impact on the behavior of the overriding plate is particularly strong.
For example, flat subduction zones are typically associated with stronger earthquakes. The deformation caused by typical flat
subduction will transfer from the trench to the overriding continental interior and form a broad magma belt. The formation
mechanism of flat subduction has been linked to the relative buoyancy of subducted oceanic plateaus, overthrusting of the
overriding plate, hydrodynamic suction, and trench retreat. However, these mechanisms remain debated. This paper system-
atically analyzes and summarizes previous studies on flat subduction, and outlines the possible geological effects of flat
subduction, such as intracontinental orogeny and magmatism. Using examples from numerical modeling, we discuss the possible
formation mechanisms. The most important factors that control the formation of flat subduction are associated with overthrusting
of the overriding plate and the arrival of an oceanic plateau at the subduction zone. In addition, trench retreat is necessary to
enable flat subduction. Hydrodynamic suction contributes to the reduction of the slab dip angle, but is insufficient to form flat
subduction. Future numerical modeling of flat subduction should carry out three-dimensional high-resolution thermo-me-
chanical simulation, considering the influence of crustal eclogitization (negative buoyancy) and mantle serpentinization (positive
buoyancy) of oceanic lithosphere, in combination with geological and geophysical data.
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Introduction

Subduction is the process by which a relatively dense (i.e.,
heavy) oceanic plate sinks into the deeper mantle at con-
vergent plate boundaries. It is a main driving force of plate
movement and oceanic spreading (Stern, 2002). Subduction
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zones are responsible for the production of new continental
crust through arc magmatism, which forms in response to
melting by the interaction of seawater, sediments, and
oceanic crustal materials (carried by the subducting plate)
with the surrounding hot mantle (Kelemen and Hanghoj,
2003; Grove et al., 2012). Ultimately, subduction zones al-
low material circulation and energy exchange between the
different layers of the Earth’s interior (Zheng et al., 2015;
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Zheng and Chen, 2016; Leng and Huang, 2018; Zheng et al.,
2019).

Oceanic subduction zones could be divided into two types,
Mariana type and Peru-Chile type, based on their subduction
dip angle and the degree of coupling between the upper and
lower plates (Uyeda and Kanamori, 1979; Uyeda, 1983), and
these represent steep subduction and flat subduction, re-
spectively (Figure 1). Mariana-type subduction zones are
characterized by high-angle subduction of an old oceanic
plate, a relatively narrow contact zone between the sub-
ducting slab and the overriding plate, relatively weak plate
coupling, significant trench retreat and backarc extension,
and widespread basaltic volcanism (Figure 1a). Peru-Chile-
type subduction zones are characterized by shallow or flat
subduction of a relatively young oceanic plate. This mode of
subduction involves a broad contact zone between the plates,
strong coupling, compression of the overriding plate, and a
broad belt of active volcanism dominated by andesite (Figure
1b). Most of the subduction zones in the present world have
steep subduction, and only 10% of them show flat subduc-
tion (Gutscher et al., 2000a). As shown in Figure 2, flat
subduction is currently active in central Chile (Barazangi and
Isacks, 1976; Marot et al., 2013), Peru (Barazangi and
Isacks, 1976; Ma and Clayton, 2014), Ecuador (Beate et al.,
2001), Costa Rica (Grafe et al., 2002; Gardner et al., 2013),
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southwestern Mexico (Suarez et al., 1990; Skinner and
Clayton, 2011), Cascadia (Defant and Drummond, 1993),
southeastern Alaska (Page et al., 1989; Fuis et al., 2008), and
Japan (Nankai Trough) (Jarrard, 1986; Morris, 1995). In
areas of flat subduction, the subducting slab extends sub-
horizontally for hundreds or even thousands of kilometers,
possibly due to the presence of oceanic aseismic ridges,
oceanic plateaus, or young oceanic lithosphere. Ongoing flat
subduction is also closely linked to the distribution of in-
tracontinental Quaternary volcanism and adakites (Figure 2;
Gutscher et al., 2000a).

Flat subduction has a pronounced impact on the behavior
of the overriding plate. For example, seismic activity in areas
of flat subduction is stronger than in high-angle subduction
zones (Cloos and Shreve, 1996; Conrad et al., 2004). The
formation of many large and giant ore deposits has also been
linked to flat subduction (Cao et al., 2011). In addition, it has
been speculated that flat subduction played a major role
during the early evolution of Earth (Vlaar, 1983, 1985; Ab-
bott et al., 1994; Murphy et al., 1999).

The concept of flat subduction was first proposed by
Barazangi and Isacks (1976), who studied seismic data along
the Andes. These authors found that the subducted Nazca
plate beneath Peru and central Chile is relatively flat, and is
coupled to the South American plate with almost no asthe-
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Figure 2 The current flat subduction distribution. The red pentagram represents the area where adakite is developed, the grey area represents the buoyant
geological block, the purple dots represent the distribution of seismicity, and the solid black line is the profile sideline, which corresponds to the subduction
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nospheric wedge separating the two plates. In other areas
along the Andes, the dip of the subducting Nazca plate is
relatively steep, and the two plates are separated by the
asthenosphere. The existence of flat subduction in Peru and
central Chile (Barazangi and Isacks, 1976) is further sup-
ported by the recognition of gaps in arc magmatism in areas
of flat subduction (Megard and Philip, 1976). A similar
model has also been used to explain the Laramide orogeny in
North America (80-50 Ma) (Dickinson and Snyder, 1978),
which was likely driven by flat subduction of the Farallon
plate (Liu et al., 2008, 2010; Liu and Gurnis, 2010; Liu and
Currie, 2016; Axen et al., 2018). In the South China, flat
subduction at 250-190 Ma has been used to explain the
spatio-temporal distribution of magmatism and the pro-
gressive migration of the orogenic front (Li and Li, 2007).
Wu et al. (2019) proposed, based on geological and geo-
chemical data, that flat subduction of the Paleo-Pacific plate

at 160—140 Ma led to the destruction of the North China
Craton.

The geological effects of flat subduction are generally well
understood (Gutscher, 2018), but the mechanisms that drive
flat subduction are debated. The following mechanisms have
been proposed: (1) anomalously buoyant material (e.g.,
oceanic plateaus, oceanic ridges, and seamount chains)
within the subducting oceanic plate; (2) trench retreat; (3)
hydrodynamic suction between the subducting and over-
riding plates; and (4) movement of the overriding plate to-
wards the trench (van Hunen et al., 2004; Manea et al., 2012;
Antonijevic et al., 2015). Based on a recent analysis of slab
geometry, the geochemical characteristics of arc magmas,
and seismic anisotropy data from three flat subduction zones
(in Mexico, Peru, and Chile), Manea et al. (2017) concluded
that the most important factors that control flat subduction
are trench retreat, the composition of the oceanic subducting
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plate, and structural heterogeneity in the overriding plate.
Although no uniform mechanism had been found to explain
these three flat subductions, they emphasized that the three-
dimensional dynamical simulation method is an effective
way to solve the mystery of flat subduction.

This paper presents a systematic analysis of the geological
effects, formation mechanisms, and numerical modelling of
flat subduction. Firstly, using information from previous
studies, we provide a review of the dynamic process of flat
subduction and its geological effects (e.g., magmatism and
intracontinental orogeny). Secondly, we present three ex-
amples where flat subduction has been used to explain tec-
tonic processes (the Laramide orogeny in North America,
intracontinental orogeny in South China, and the destruction
of the North China Craton). Thirdly, using information from
numerical modelling, we discuss key factors that control flat
subduction. Finally, we highlight outstanding problems and
directions for future research.

2. Dynamics of flat subduction

2.1 Evolution of flat subduction

The evolution of flat subduction usually can be divided into
three stages (Gutscher et al., 2000a; Cao et al., 2011) (Figure
3). During the first stage (Figure 3a), the slab dip angle is
relatively high. When the slab reaches a depth of ~100 km,
dehydration reactions within the slab lead to partial melting
in the overriding asthenospheric wedge. Accordingly, a
narrow calc-alkaline arc is developed ~300 km from the
trench. During the second stage (Figure 3b and 3c), the ar-
rival of anomalously buoyant oceanic lithosphere at the
subduction zone (e.g., associated with relatively young
oceanic crust or the presence of an oceanic plateau) leads to a
gradual flattening of the slab dip angle. The slab can then lie
sub-horizontally below the overriding plate, with the tongue-
shaped asthenospheric wedge migrating towards the con-
tinental interior. Partial melting of the flat slab can occur at
~80 km depth, when temperatures are higher than 700°C,
leading to a broad zone of adakitic magmatism located
~400 km from the trench (Figure 3b). The slab can remain
sub-horizontal over a distance of several hundreds, or even
thousands, of kilometers. As the tongue-shaped astheno-
spheric wedge between the two plates is continuously re-
tracted and cooled, partial melting occurs at a great distance
from the trench (Figure 3c). During the final stage (Figure
3d), cooling of the asthenospheric wedge results in a vol-
canic gap.

Previous studies have focused mainly on the evolution of
flat subduction, whereas the post-flat subduction processes
have received less attention. Flat subduction is a transient
process, meaning that the shape of the slab can be modified
during the evolution of the subduction zone. Based on geo-
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chemical and geophysical observations (Li and Li, 2007; Wu
et al., 2019), as well as numerical modelling (Taramon et al.,
2015; Hu et al., 2016; Axen et al., 2018), it has been sug-
gested that the buoyancy of flat slabs could be decreased by
eclogitization, thus leading to slab tear or rollback. This
change in subduction mode affects the topography of the
overriding plate forming, for example, intra-continental
shallow sea basins (Li and Li, 2007; Wu et al., 2019), and can
also lead to renewed magmatism closer to the trench (Hu et
al., 2016; Axen et al., 2018). Since the previous studies have
paid little attention to rock phase transitions (see Section
5.5.1 below), the post-flat subduction processes are still
poorly understood. This will be a possible breakthrough in
the future study of flat subduction.

2.2 Thermal structure of flat subduction

The thermal structure of the subduction zone affects the
negative buoyancy of the subducting slab, seismicity, mi-
neral phase transitions, dehydration reactions, and magma-
tism. Flat subduction can influence the temperature
distribution and rheological properties below the continental
margin, which in turn affects the deformation pattern and
volcanism in the overriding plate (Gutscher et al., 2000a;
Manea and Manea, 2011; Marot et al., 2014). During sub-
duction, hot asthenosphere at the base of the overriding
continental lithosphere is replaced by cold oceanic litho-
sphere, meaning that a large-scale cold thermal structure is
expected in the case of flat subduction (Sacks, 1983; Henry
and Pollack, 1988; Dumitru et al., 1991; Axen et al., 2018).
According to the plate age, subduction velocity and geo-
metrical parameters of the plate in the Andean flat subduc-
tion zone, Gutscher et al. (2000a) compiled the thermal
structure of the steep subduction by finite element method
(Peacock et al., 1994; Peacock, 1996) and the thermal
structure of the flat subduction (below 70 km) calculated by
Davies (1999) using analytical solutions together, building a
complete thermal structure of the flat subduction zone for the
first time. The model predicts the P-T-t path of the meta-
morphic reaction under flat subduction conditions, and ex-
plains the origin of the adakite in the subduction zone of
South America. However, it does not consider the dynamic
processes of shear heat generation, melting endotherm and
advection heat transfer, thus the predicted temperature is
lower than the actual. Syracuse et al. (2010) synthesized the
results of previous studies and used the Sepran software
package to model the temperature structure of 56 major
subduction zones around the world, and obtained a complete
global subduction thermal model. The results show that the
subducting plate and the overriding plate of all models re-
present local coupling characteristics. With the same sub-
duction model, different decoupling-point has little effect on
the Moho temperature of the subducting plate, the shallow
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Figure 3 The first stage is the steep subduction (a), and a narrow calc-alkaline magma arc is formed above the mantle wedge. The second stage is the
development process of flat subduction ((b), (c¢)), with the oceanic plateau entering the subduction zone, the subducting plate slipped horizontally for
hundreds of kilometers along the bottom of the overriding plate, causing magma and orogeny to gradually migrate inland. The third stage is the late stage of
flat subduction (d), as the disappearance of the wedge-shaped asthenosphere, a volcanic gap result.

temperature beneath the island arc, and the maximum tem-
perature in the mantle wedge. Recently, Penniston-Dorland
et al. (2015) studied the exposed blueschists and eclogites,
and found that under the same pressure conditions, the
thermal structure predicted by petrology experiments is
hotter than that predicted by Syracuse et al. (2010) using
kinematic models, especially in the shallower depth
(<2 GPa) which is 100-300°C higher on average. In addi-

tion, mineral phase transitions and dehydration reactions
affect the thermal structure of subduction zones (van Keken
et al., 2011). Given these considerations, the thermal struc-
ture of subduction zones, and particularly flat subduction
zones, remains poorly constrained.

Figure 4 shows the thermal evolution of a flat subduction
zone based on the results of two-dimensional thermo-me-
chanical modelling (I2VIS; Gerya and Yuen, 2003). During
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the early stage of subduction, the temperature in the asthe-
nospheric wedge is relatively high (Figure 4a). The flat
subduction process leads to closure of the wedge, which is
replaced by the colder subducting slab (Figure 4b and 4c). A
decrease in subduction angle is accompanied by cooling of
the mantle wedge. Accordingly, surface heat flow is lower
above flat subduction zones. For example, in Bolivia (steep
subduction), the surface heat flow is 50-120 mW m° (Henry
and Pollack, 1988), whereas in Mexico and Peru (flat sub-
duction) the heat flow is 13-22 mW m’ (Ziagos et al., 1985)
and 30-70 mW m ° (Henry and Pollack, 1988; Muioz,
2005), respectively. Due to the closure of the mantle wedge
and the coupling between the flat slab and the overriding
plate, the top of the flat slab can eventually (after a period of
>5 Myr) exceed the melting temperatures that lead to ada-
kitic magmatism. Under normal subduction conditions,
adakitic magma can be generated only if the subducting
oceanic lithosphere is very young (<5 Ma) (Defant and
Drummond, 1993; Peacock et al., 1994). Under the condi-
tions of flat subduction, melting of oceanic crust can occur at
the leading edge of the subducting slab and at the relatively
shallow depth of flat subduction (corresponding to pressures
of 2.0-2.5 GPa; Gutscher et al., 2000a). Under these condi-

tions, adakitic magma can also be generated from melting of
relatively old (40-50 Ma) oceanic lithosphere. This might
explain the occurrence of adakites in the Andes and Central
America. Cooling of the thermal structure in response to flat
subduction will also change the rheological behavior of the
subduction zone by enhancing the strength of the overriding
plate. This will lead to an increase in the depth of the seis-
mogenic layer, an increase in the energy released by earth-
quakes, and inboard migration of the deformation front
(Gutscher et al., 2000b). The colder thermal structure will
also delay the process of eclogitization (8—10 Myr later in
comparison with steep subduction), thus delaying the col-
lapse of the subduction zone and promoting further inboard
movement of the slab (Gutscher et al., 2000b).

3. Geological effects of flat subduction

3.1 Magmatism

In comparison with steep subduction, magma produced by
flat subduction differs in composition, spatial-temporal dis-
tribution, and metallogenesis (Table 1). In steep subduction
zones, magma is produced by melting of the mantle wedge in
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response to dehydration reactions in the subducting slab. In
an oceanic setting, such as the western Pacific (Mariana), this
magmatism gives rise to a chain of island arc volcanoes,
which are typically composed of basalts and minor andesite
with a relatively low value of Sr/Y. Magmatism in areas of
flat subduction commonly occurs far from the trench. During
flat subduction, this magmatic activity propagates towards
the continental interior, forming a magmatic belt at a distance
of >300 km (and even thousands of kilometers) from the
trench. Numerical modelling results show that magmatic
activity is likely to be dramatically weakened by flat sub-
duction (Gerya et al., 2009; Hu et al., 2016). Volcanism as-
sociated with flat subduction consists mainly of andesite-
dacite-rhyolite, with minor volumes of basalt and adakite
generated by partial melting of the subducting oceanic crust.
The latter is characterized by a high value of St/Y. Examples
of such magmatic rocks are found in South America, along
the Chilean flat subduction segment (Gutscher et al., 2000a;
Yogodzinski et al., 2001; Zheng et al., 2015). Backarc ex-
tensional basins, associated with Mariana-type subduction
zones (steep subduction), commonly host massive sulfide
deposits. In contrast, porphyry deposits are commonly found
in areas subjected to backarc compression in Chilean-type
subduction zones (flat subduction) (Uyeda and Kanamori,
1979; Wan et al., 2017). The occurrence of adakitic mag-
matism is closely linked to the formation of porphyry ore
deposits (Thiéblemont et al., 1997; Oyarzun et al., 2001).
Of the 10 known regions of flat subduction worldwide, 8
are linked to young (<6 Ma) adakitic magmas (indicated by
stars in Figure 2; Gutscher et al., 2000a). Cenozoic adakites
have been documented in many regions (Defant and Drum-
mond, 1990; Morris, 1995), and their origin has been at-
tributed to melting of the overriding continental crust (Kay
and Abbruzzi, 1996), the formation of a slab window
(Johnston and Thorkelson, 1997), and partial melting of the
subducting slab (Gutscher et al., 2000a). The generation of
adakitic melt in response to crustal thickening can explain
the occurrence of adakites in South America. However, the
thickness of the continental crust in Cascadia, southern
Alaska, and southwestern Japan does not exceed 40 km

Table 1 Magmatism in steep and flat subduction zones
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(Oleskevich et al., 1999), meaning that the formation of
adakites in these regions cannot be linked to the existence of
an anomalously thick crust. In southern Alaska, the existence
of a slab window during the Jurassic might explain the
generation of adakite by partial melting of the garnet-bearing
mafic basement (Cole et al., 2006). However, many other
occurrences of adakites, such as in Chile and Peru (Gutscher
et al., 2000a), cannot be explained by this model. Andesitic
and dacitic magmas are characterized by depletion in Y and
heavy rare earth elements, indicating that slab melting is a
possible source of adakitic arc magma. For example, the
geochemical and isotopic signature of late Miocene adakites
in Mexico is characteristic of a slab-like melt, which was
likely produced in response to a long period of flat subduc-
tion (Goémez-Tuena et al., 2003; Mori et al., 2007). In
Ecuador and Costa Rica, spatio-temporal changes from calc-
alkaline composition to adakitic magmas have been dis-
cussed in the context of subduction geometry (Defant et al.,
1992; Gutscher et al., 2000a; Bourdon et al., 2003). An early
stage of relatively steep subduction at Costa Rica (at 6 Ma)
produced calc-alkaline magmatism, followed (at ~5 Ma) by
flattening of the slab and uplift of the Talamanca Mountains
in response to subduction of the Cocos Ridge (Protti et al.,
1994) and melt derived from the subducting slab (Defant et
al., 1992).

In Peru and central Chile, Quaternary volcanism is absent
in areas of flat subduction, most likely because the mantle
wedge between the subducting plate and the overriding
continental plate has been removed (Gutscher, 2002; Kay
and Mpodozis, 2002). These gaps in arc volcanism coincide
with the spatial-temporal distribution of large and giant ore
deposits (Gutscher et al., 2000a; Cao et al., 2011). Numerical
simulations have shown that these flat subduction segments
in South America might also coincide with tears in the
subducting slab (Hu et al., 2016), thus revealing the me-
chanism that triggered melting.

3.2 Intracontinental orogeny

Intracontinental orogeny occurs far from the plate boundary

Distance to the Distribution

trench (km) range Lithology Chemical composition ~ Metallogenic type Typical example
Steep subduc- ~300 Narrow arc Mainly basalts and ande- Rich in Y, and low Massive sulphide Mariana
tion sites. Minor dacite Sr/Y ratios deposits
ADR: Rich in Y, and
Andesite-dacite-rhyolite 1 Pl
: Broad arc ; . a low Sr/Y ratio . )
Flat subduction 400-700 (ADR). Mainly andesite, Porphyry deposits Chile, Peru

(300-1000 km) Adakite: depleted in Y,

d minor basalts. Adakit
anc minor basafls. Adakie and high Sr/Y ratios

Zheng et al. (2015); Oyarzun et al. (2001);
Uyeda and Kanamori Uyeda and Kanamori
(1979); (1979);

Wan et al. (2017) Wan et al. (2017)

Stern (2002);
Oyarzun et al. (2001);
Yogodzinski et al. (2001)

Stern (2002);
Zheng et al. (2015)

Gutscher et al.
(2000a)

Gutscher et al.

References (2000a)
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and therefore cannot be easily explained by subduction
processes. Flat subduction, however, can extend hundreds or
even thousands of kilometers from the trench, triggering
deformation, crustal thickening, and uplift over a broad zone.
During the evolution of a flat subduction zone, deformation
is expected to migrate towards the continent (Figure 3). For
example, flat subduction caused by subduction of the Juan-
Fernandez Ridge resulted in shortening along the coastline of
central Chile and thickening in the Sierras Pampeanas
(Fromm et al., 2004). Flat subduction of the Cocos Ridge led
to rapid uplift of the Osa Peninsula in southern Costa Rica
(Marshall and Anderson, 1995; Gardner et al., 2013). In
Ecuador, flat subduction of the Carnegie Ridge was re-
sponsible for uplift of both the forearc and backarc areas,
more than 110 km from the trench (Michaud et al., 2009).
Flat subduction in Peru, formed by the subduction of the
Nazca Ridge, is linked to morphotectonic provinces, which
are, from west to east, the forearc, the Western Cordillera, the
northern part of the Altiplano, the Eastern Cordillera, and the
Subandes (Ramos and Folguera, 2009; Manea et al., 2017).

Recent numerical simulations have confirmed that in-
tracontinental orogeny can be triggered by flat subduction.
For example, Gerya et al. (2009) have demonstrated that the
topographic response to flat subduction migrates away from
the trench during flat subduction. Similar conclusions have
been drawn by Axen et al. (2018) based on numerical
modelling.

3.3 Summary

The continental lithosphere overriding a flat subduction zone
is typically subjected to compressive stresses. During the
evolution of flat subduction, the overriding plate is subjected
to compressional deformation, accompanied by -crustal
thickening and uplift. Magmatic activity migrates towards
the continent. Altogether, flat subduction effectively trans-
fers tectonic activity and magma activity towards the interior
of the overriding plate. In a later stage of flat subduction, the
hot mantle wedge is replaced by the cold subducting slab,
leading to a volcanic gap. Therefore, typical flat subduction
usually has the following characteristics: (1) The deforma-
tion of the overriding plate migrates to the intracontinent; (2)
Island arc magma activity migrates, weakens or disappears
into the intracontinent. These characteristics have also be-
come an important geological basis for judging or spec-
ulating the flat subduction.

4. Evidence of flat subduction in the geological
record

Flat subduction zones likely existed in past geological peri-
ods (Dickinson and Snyder, 1978; Li and Li, 2007). During
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the Archean, temperatures were higher, the oceanic crust was
thicker (i.e., oceanic plates were more buoyant), and the
viscosity of the mantle was lower. Accordingly, flat sub-
duction during the Archean might have been more common
than at present (Abbott et al., 1994; Murphy et al., 1999). In
the following section, we discuss three examples of flat
subduction from the geological record, linked to the Lar-
amide orogeny in North America, the Mesozoic in-
tracontinental orogeny in South China, and the destruction of
the North China Craton.

4.1 Farallon flat subduction and the Laramide orogeny
in North America

The Laramide orogeny in North America began in the Late
Cretaceous and ended in the Oligocene. It was associated
with uplift, compressional deformation, and volcanic activity
that migrated 1000-1500 km towards the foreland in the
western United States (Dickinson and Snyder, 1978; Rod-
gers, 1987; English and Johnston, 2004). A variety of me-
chanisms have been proposed to explain the origin of the
Laramide orogeny, including: (1) backarc thrusting (Price,
1981); (2) large-scale detachment of orogenic belts (Oldow
et al., 1990); (3) cordillera compression torque collision
(Maxson and Tikoff, 1996); and (4) flat subduction (Dick-
inson and Snyder, 1978; Bird, 1988). The first three me-
chanisms cannot explain the origin of intracontinental
deformation and the migration of magmatism towards the
continent. Therefore, flat subduction is regarded as the most
likely mechanism for the formation of the Laramide orogeny.
Livaccari et al. (1981) have suggested that flat subduction
was caused by the arrival of the Hess Ridge, which was a
crustal anomaly within the Farallon plate. Henderson et al.
(1984) considered the role of other ridges within the Farallon
plate, which was subduction from the Late Jurassic to the
Early Cretaceous. Using numerical modeling, Bird (1988)
tested the hypothesis that the Laramide orogeny was trig-
gered by flat subduction. The results showed that coupling
between the flat slab and the lithospheric mantle of the North
American continent was able to transmit shear stresses to the
overriding plate, thus leading to foreland uplift and de-
formation (Bird, 1988). Murphy et al. (1998, 2003) proposed
a model that combined a mantle plume with flat subduction.
These authors suggested that a mantle plume was responsible
for the formation of an oceanic plateau, which was subse-
quently subducted beneath North America, thus forming a
flat slab segment. Liu et al. (2010) combined an inversion of
mantle convection with a plate tectonic reconstruction of the
Farallon plate since 100 Ma. According to this model, flat
subduction occurred in response to the arrival at the sub-
duction zone of the Shatsky and Hess plateaus during the
Late Cretaceous. During flat subduction, eclogitization of the
oceanic crust led to regional uplift associated with the Lar-
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amide orogeny (Liu et al., 2010).

Axen et al. (2018) used a two-dimensional thermo-me-
chanical model to investigate the dynamic evolution of the
Farallon plate beneath the North American continent and the
formation of flat subduction (Figure 5). At an early stage of
the model, subduction of the Farallon plate is characterized
by a steep slab dip. Flattening of the slab commences when
the conjugate Shatsky Rise (CSR) enters the subduction
zone, which results in loading of the overriding plate and
compression. With the breakage of the dense front-end plate,
the flat subduction was further strengthened. The results of
Axen et al. (2018) show that flat subduction can scrape
20-50 km of thick continental lithospheric mantle from the
bottom of the overriding plate. The asthenospheric wedge is
replaced by a mixture of scraped lithospheric mantle and
oceanic crust, inhibiting melting of the asthenospheric wedge
and eventually leading to weakening or termination of arc
magmatism. The fate of the scraped material depends on its
density. If it is relatively light, it can accumulate at the front
of the subducting plate and form a ‘bulldozed keel’. How-
ever, if it is relatively dense, it can sink with the subducting
plate. The model of Axen et al. (2018) highlights the role of
flat subduction in scraping the bottom of the continental li-
thosphere and the formation of a bulldozed keel. The model
explains some of the main features of the Laramide orogeny.
For example, gravity anomalies in eastern New Mexico and
southwestern Texas might represent the remains of the
bulldozed keel, and the 50 km thick lithosphere in south-
western Colorado might represent a remnant of the flat-slab
retracement. The model of Axen et al. (2018) also predicts
horizontal extension above the bulldozed keel (Figure 5b),
thus explaining the rupture of the block that gradually be-
comes younger from west to east caused by the Laramide
orogeny. At the same time, it also answers why the top of the
Peruvian flat subduction is the active positive fracture rather
than the compression deformation (Gutscher, 2018).

4.2 Flat subduction and intracontinental orogeny in
South China

The South China Block contains three early Mesozoic oro-
gens: (1) along the northern margin of the South China
Block, the Qinling-Dabie orogenic belt records the collision
with the North China Craton (Xu et al., 1992; Zhang et al.,
1996); (2) the Longmenshan Belt, situated along the north-
western margin of the South China Block (Chen and Wilson,
1996), was likely developed due to collision with the
Qiangtang Block (Li and Li, 2007); and (3) the South China
(or Huanan) Orogenic Belt is a broad northeast-trending fold
belt that covers a large area in the South China Block (Cui
and Li, 1983). The latter is a 1300 km wide intracontinental
orogenic belt (Li and Li, 2007) that hosts widespread late
Mesozoic granites. The spatial-temporal distribution of these
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granites seems to correspond to the subducting plate
boundary, with older granites (250-190 Ma) situated rela-
tively close to the subduction zone (Li and Li, 2007) and
younger granites (190-90 Ma) showing a pattern of southeast
younging that corresponds to a migration rate of 7.5-10 km
Myr ' (Zhou and Li, 2000).

Various tectonic models have been proposed to explain the
origin of the South China Orogenic Belt, including subduc-
tion in the western Pacific (Cui and Li, 1983), continental
collision/accretion (Hsu et al., 1990), and collision between
the South China Block and the North China Craton (Li,
1998). None of these models, however, explains the spatial-
temporal distribution of magmatic rocks in the South China
Orogenic Belt. Li and Li (2007) proposed a flat subduction
model (Figure 6) in which the initial contact between the
South China and North China blocks commenced in the
earliest Permian (Zhao and Coe, 1987). During the middle
Permian, the onset of collision between these two blocks
might have triggered the initiation of an active margin along
the southeastern margin of the South China Block (Li et al.,
2006), leading to coastal uplift and transfer of terrestrial
sediments towards the interior of the South China Block
(Figure 6b). During the Triassic (Figure 6¢ and 6d), an
oceanic plateau arrived at the subduction zone, triggering flat
subduction. Flat subduction was accompanied by gradual
propagation of the volcanic arc, the orogenic front, and the
foreland basin towards the interior of the South China Block.
During the Jurassic (Figure 6e and 6f), due to the collapse of
the continental lithosphere and the reentry of the subducting
plate, the lower continental lithosphere of the migratory
orogenic belt was deflected, resulting in a broad basin, which
was accompanied by local extension and non-orogenic
magmatism.

The flat subduction model is a good explanation for the
1300 km wide intracontinental orogenic effect between 250
Ma and 190 Ma in the South China: not only explains the
development of a broad (~1300 km) intracontinental orogen
that migrated from the coastal region into the continental
interior between ca. 250 Ma and 190 Ma, but can also ac-
count for the puzzling chain of events that followed: the
formation of a shallow-marine basin in the wake of the mi-
grating foreland fold-and-thrust belt, and the development of
the foreland basin.

4.3 Destruction of the North China Craton in response
to flat subduction

The Archean North China Craton was subjected to litho-
spheric thinning and deformation during the Mesozoic
(Mengzies et al., 1993; Deng et al., 1994; Griffin et al., 1998;
Gao etal., 1998; Wu et al., 2008; Zheng and Wu, 2009; Xu et
al., 2009; Zhu et al., 2011, 2012), and its formation me-
chanism has been greatly promoted (Deng et al., 1994;
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Zheng and Wu, 2009; Zhu et al., 2012). Jurassic magmatic
rocks, consisting mainly of andesite, occur predominantly in
the eastern part of the North China Craton (Figure 7a) and
have an adakitic composition that indicates a relatively low-
temperature magma (Wu et al.,, 2019). Early Cretaceous
magmatism shows a wider distribution and different com-
positions to the Jurassic rocks. This spatial-temporal dis-
tribution of magmatism has been interpreted to reflect flat
subduction during the Jurassic (Wu et al., 2019).

During the Early Jurassic (Figure 7b), normal subduction
of the Pacific plate produced arc magmatism close to the
trench. Flat subduction of the oceanic slab took place during
the Late Jurassic (Figure 7c), due to the arrival of a relatively
buoyant oceanic plateau at the subduction zone. Flat sub-
duction was accompanied by lithospheric thickening and
westward migration of the magmatic arc. During the Early
Cretaceous (Figure 7d), the gravitationally unstable slab
subducted deeper into the mantle, promoting a direct contact
between the hot asthenospheric mantle and the root of the

craton. This process was accompanied by asthenospheric-
and lithospheric-derived magmatism, and resulted in litho-
spheric thinning. During the Late Cretaceous (Figure 7e), the
lithosphere was further destroyed by crustal stratification,
mechanical erosion, and hydration weakening. Accordingly,
the thick cratonic lithospheric mantle was replaced by a new
lithospheric mantle, giving rise to the formation of a broad
plateau (North China Altiplano).

5. Formation mechanism of flat subduction

The formation mechanism of flat subduction is debated.
Since van Hunen et al. (2000) first used numerical modeling
to explore the formation mechanism of flat subduction, in the
past 20 years, scholars have carried out much research and
gained an essential understanding of the formation me-
chanism of the subduction. Major factors that affect the
formation of flat subduction are: (1) the presence of an



1080 Yan Z, et al.  Sci China Earth Sci  August (2020) Vol.63 No.8
110°E 120°E 130°E
45°N | : : :“»./
@) N Central Asian Orogenic Belt )
U

gravity lineament

40°N

Ordos
Basin

35°N

. Early Cretaceous

. Jurassic
. Triassic

Qinling-Dabie-Sulu
Orogenic Belt

Great Xing’an-Taihangshan

Rimjingang

,,-;»EE

/$
/¥
/s 1
Yangtze // L)L,\"
Craton Y, \Q@

WNorth
Hina
Craton

() West

Early-Middle Jurassic
(~200-160 Ma)

Lithospheric
mantle

(d)

Early Cretaceous
(~140-110 Ma)

Late Cretaceous-Cenozoic

(c)

Late Jurassic
(~160-140 Ma)

(<100 Ma)

Figure 7 Schematic diagram of the flat subduction leading to the destruction of the North China Craton (modified after Wu et al., 2019). (a) The
distribution of Mesozoic intrusive rocks in the North China Craton; (b)—(e) conceptual model of flat subduction leading to the destruction of the Late

Mesozoic North China Craton.

anomalously buoyant material (e.g., oceanic plateau, oceanic
ridge, or seamount chain) within the subducting plate (van
Hunen et al., 2000, 2002a, 2004; Taramon et al., 2015; Hu et
al., 2016; Liu and Currie, 2016; Axen et al., 2018); (2)
overthrusting of the overriding plate (van Hunen et al., 2000,
2002b, 2004; Huangfu et al, 2016a; Liu and Currie, 2016);
(3) hydrodynamic suction at the interface between the sub-
ducting and overriding plates (van Hunen et al., 2004; Manea
etal., 2012; Rodriguez-Gonzalez et al., 2012; Hu et al., 2016;
Liu and Currie, 2016); and (4) trench retreat (Manea and
Gurnis, 2007; Liu and Stegman, 2011; Manea et al., 2012).
These mechanisms are discussed below, with insights from
dynamic simulations.

5.1 Subduction of oceanic plateaus, oceanic ridges, and
seamount chains

The formation of oceanic plateaus, oceanic ridges, and sea-

mounts has been linked to the voluminous magmatism as-
sociated with large igneous provinces (Ben Avraham et al.,
1981; Kerr, 2014). In these areas, the oceanic crust is
anomalously thick (21-26 km) and is characterized by a low
density of 2.79-2.84 kg m° (Tetreault and Buiter, 2014).
Therefore, an oceanic lithosphere consisting of oceanic
plateaus, oceanic ridges, and seamounts is anomalously
buoyant. The effect of oceanic plateaus on the formation of
flat subduction has been studied by van Hunen et al. (2002a)
using two-dimensional finite-element numerical modeling.
The authors considered an oceanic plateau (400 km across)
with a crustal thickness of 18 km, simulating the Nazca
Ridge (Figure 8). Their models also consider the transition
from basalt to eclogite (van Hunen et al., 2002a), and yield
the following results. (1) The ability of basalt to maintain a
metastable state in the eclogite stability domain is a key
factor in determining whether the oceanic plateau can
maintain buoyancy for a long time; in other words, for flat
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subduction to form, the rate of phase transition must be
sufficiently slow at temperatures of 600-700°C. (2) The
maximum Yyield stress of the subducting slab cannot exceed
600 MPa; otherwise, flat subduction cannot occur. (3) Flat
subduction is more likely to develop when the subducting
oceanic lithosphere is relatively young. (4) The transition
from steep to flat subduction requires weakening of the
mantle wedge. (5) Finally, the length of the flat slab (in the
direction of subduction) is less than 300 km if the flat sub-
duction is driven by an oceanic plateau; the formation of
larger flat slabs requires other mechanisms. The two-di-
mensional model of van Hunen et al. (2002a) did not con-
sider the effects of dragging the surrounding plates parallel to
the trench, which might offset the buoyancy of the oceanic
plateau.

Three-dimensional physical simulations by Martinod et al.
(2005) show that flat subduction is not produced if the linear
oceanic ridge is oriented perpendicular to the trench. How-
ever, the presence of a buoyant oceanic anomaly parallel to
the trench can lead to flat subduction. Other physical simu-
lations by Espurt et al. (2008) further confirmed that specific
conditions are required for the formation of flat subduction.
For example, the oceanic plateau must be hundreds of kilo-
meters in length to offset the negative buoyancy of the

oceanic plate.

Gerya et al. (2009) have investigated the roles of plate
dehydration, mantle wedge melting, and topographic devel-
opment during subduction. These authors used a two-di-
mensional thermodynamic simulation method (I2VIS) to
study relationships between oceanic plateau subduction and
flat subduction. The models considered a 200 km wide
oceanic ridge with a crustal thickness of 18 km, comparable
to the Nazca Ridge (Figure 9). The results showed that: (1)
subduction of a medium-scale oceanic plateau cannot cause
significant slab flattening and weakening of magmatism; (2)
The decrease of lithospheric mantle density in the subducting
plate is conducive to the formation of flat subduction. In
other words, the formation of flat subduction is mainly de-
pendent on the state of the subducting plate; and (3) flat
subduction leads to a dramatic decrease in magmatic activity,
directly linked to the disappearance of the hot mantle wedge,
but has nothing to do with the mechanism of forming flat
subduction.

Based on the results of two-dimensional thermo-mechan-
ical simulations, Axen et al. (2018) argued that the formation
of the 1000-km-long Laramide orogeny required subduction
of a very large (1000 km across) oceanic plateau (Shatsky
Rise). The authors also pointed out that lithospheric mantle
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serpentinite within the subducting slab can partially offset
the negative buoyancy generated by eclogite. The presence
of serpentinite also reduces the friction between the sub-
ducting and overriding plates (Reynard, 2013), thus further
promoting flat subduction (Marot et al., 2014).

5.2 Overthrusting of the overriding plate

Another important factor affecting the formation of flat
subduction is the movement of the overriding plate, which
can affect the dip angle of the subducting plate (Cross and
Pilger, 1978; Uyeda and Kanamori, 1979; Vlaar, 1983; Jar-
rard, 1986). In most present-day flat subduction zones, the
overriding plate is moving towards the trench (Lallemand et
al., 2005; Huangfu et al., 2016b). For example, the absolute
velocity of the South American plate in the plated subduction
zone of Chile, Peru, and Ecuador is 4.5, 4.5 and 3.8 cm afl,
respectively; The absolute velocity of Cascadia in the West
Coast of the United States is 2.4 cma . The effect of

overriding-plate motion on flat subduction has been in-
vestigated by van Hunen et al. (2000) using two-dimensional
finite-element numerical modelling. The authors found that
the movement of the overriding plate towards the trench has
a positive effect on the development of flat subduction. The
important role of the overthrusting continent has been con-
firmed in a subsequent study (van Hunen et al., 2004).

The influence of plate velocity on subduction angle has
been studied by Arcay et al. (2008) using thermochemical
convection numerical modelling. These authors found that
stationary or retreating overriding plates are characterized by
backarc extension and a steep subduction angle. In contrast,
an overriding plate that moves towards the trench promotes
flattening of the slab dip angle. However, three-dimensional
finite-element numerical modelling by Manea et al. (2012)
found that movement of the overriding-plate alone is in-
sufficient to explain the origin of the flat subduction segment
in central Chile.

Relationships between absolute plate velocities and flat
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subduction have been systematically analyzed by Huangfu et
al. (2016b), using two-dimensional thermodynamic numer-
ical modelling (I2VIS). The authors considered subduction
of a 40 Ma oceanic slab. The results show that when the
initial subduction angle is small, under the condition of low-
speed ocean subduction (<3 cm aﬁl), the smaller absolute
thrust rate (>1 cm aﬁl) can cause the flat subduction; for the
middle and high-speed ocean subduction (>3 cm aﬁl), the
occurrence of flat subduction requires that the absolute thrust
velocity of the overriding plate is not smaller than the ab-
solute subduction velocity of the ocean plate. For an initial
higher-angle subduction, a higher velocity of the overriding
plate (>10 cm afl) and low rates of oceanic subduction are
required to allow flat subduction. A higher initial subduction
angle plays an important role in suppressing the formation of
flat subduction segments. Finally, Huangfu et al. (2016b)
concluded that higher rates of subduction can suppress the
formation of flat subduction by overcoming the coupling
force between the plates.

5.3 Hydrodynamic suction

During subduction, corner flow is developed in the asthe-
nospheric wedge, in the area between the subducting plate
and the overriding plate. This flow exerts an uplift force on
the subducting slab (referred to as hydrodynamic suction),
which can partially offset the negative buoyancy of the slab
(Batchelor, 1967; Tovish et al., 1978). Therefore, hydro-
dynamic suction acts to reduce the slab dip angle, particu-
larly if the original dip angle is relatively low, thus
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contributing to the development of flat subduction (Jischke,
1975; Stevenson and Turner, 1977; Tovish et al., 1978).
Manea and Gurnis (2007) highlighted the importance of
hydrodynamic suction in determining the slab geometry.
They found that the negative pressure of the mantle wedge
increases when the low-viscosity wedge is shallower,
thereby resulting in a lower dip angle of the slab. Flat sub-
duction occurs when the viscosity of the wedge is lower than
that of the surrounding asthenosphere (Manea and Gurnis,
2007). Furthermore, the gradual closure of the mantle wedge
hinders heat- and asthenosphere-convection, leading to a
decrease in the slab dip angle (Arcay et al., 2008).

The presence of a thick cratonic root can also enhance the
role of hydrodynamic suction. Results from numerical
modelling have shown that hydrodynamic suction plays an
important role if the overriding plate is excessively thick and
cold, thus leading to flat subduction (Manea et al., 2012;
Rodriguez-Gonzalez et al., 2012). Rodriguez-Gonzalez et al.
(2012) have further suggested that the thermal state of the
overriding plate has a larger effect on the slab dip angle than
the age of the subducting lithosphere. Based on thermo-
dynamic numerical models, Taramén et al. (2015) have
shown that steep subduction occurs when the overriding
plate is not composed of a cratonic lithosphere (Figure 10a).
In the models, flat subduction was achieved when a craton
was added to the overriding plate close to the trench (Figure
10b). When a craton design is added to the overriding slab
away from the trench (Figure 10c), the results show a steep
subduction, because the tension increases while the plate was
subducting continuously, and the suction force of the plate is
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Figure 10 Model results of Taramon et al. (modified after Taramon et al., 2015). (a) Reference model without craton. (b) Based on the model (a), there is a
craton at 3° from the trench. (¢) Based on the model (a), there is a craton at 4° from the trench.
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not enough to bend the plate to a horizontal state. The si-
mulation results show that the craton creates a more favor-
able dynamic condition for the flat subduction of the
buoyancy subduction plate. For example, in the case of the
oceanic plateau subduction, the suction force of the craton
can offset the eclogite of the crust, making it more common
to see the oceanic plateau under the craton plate. Although
the model ¢ has no flat-slab effect, the subduction angle is
smaller than the model a, further indicating that the hydro-
dynamic suction has the effect of reducing the subduction
angle (Taramon et al., 2015). Antonijevic et al. (2015) also
consider the hydrodynamic suction is one of the conditions
for generating flat subduction. Liu and Currie (2016) used
the two-dimensional SOPALE finite element program to
study the dynamics of the Farallon plate, and also pointed out
that the thick Colorado Plateau increases the suction between
the plates to further reduce the subduction angle, therefore
conducive to the flat subduction of the plates.

5.4 Trench retreat

Trench movement affects the structure of the subduction
zone (Kincaid and Olson, 1987; Zhong and Gurnis, 1995;
Christensen, 1996). Manea and Gurnis (2007) used two-di-
mensional numerical simulation experiment to study the
relationship between the movement of the trench and the
angle of the subduction, and found that the retreat of the
trench would cause the change of the dip angle of the plate:
When the subducting plate reaches the depth of about
100 km, the angle of the plate can be reduced to less than
15°. They believe that the trench retreat is a necessary con-
dition for the formation of a plate dive. In the case of trench
advance, the models by Manea and Gurnis (2007) did not
develop flat subduction. We note, however, that these models
were based on the assumption that the rate of trench retreat is
equal to the velocity of the overriding plate (which is not
always the case). The role of trench retreat in reducing the
slab dip angle has also been shown by Liu and Stegman
(2011), who used finite-element modelling (CitcomS) to si-
mulate flat subduction of the Farallon plate. Antonijevic et
al. (2015) based on the three-dimensional numerical simu-
lation model of the shear wave velocity structure of the flat
plate region in Peru, also pointed out that the trench retreat is
one of the reasons for the plate flattening. Schepers et al.
(2017) argued in the study of the formation mechanism of the
Andean plate segment: the advancement of the South
American plate forced the retreat of the Andean Trench,
which is the driving force for the formation of the flat sub-
duction. When the trench retreat is equal to the plate rotation,
there is no plate subduction, and when the trench retreat is
greater than the plate rotation, the flat subduction occurs.
Trench retreat should not be confused with overthrusting
of the overriding plate. Trench retreat is an active process,
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which is commonly characterized by high plate velocities (e.
g., Tonga area), which is conducive to the opening of the
backarc basin and the formation of trench-arc-basin system.
In contrast, overthrusting of the overriding plate is a passive
process that is characterized by relatively low plate velocities
(e.g., western South America) and is not responsible for the
formation of a trench-arc-basin system. Trench retreat alone,
while promoting slab flattening, is insufficient for the de-
velopment of flat subduction. Western Pacific subduction
zones, for example, are currently subjected to trench retreat,
but are not associated with flat subduction. Recently, Sche-
pers et al. (2017) explored the relationship between the re-
treat of the trench and the thrust velocity of the overriding
plate. They found that the thrust of the overriding plate
forced the trench to retreat as an important factor in the
formation of flat subduction, but the thrust velocity of the
overriding plate is not equal to the retreat speed of the trench.
They are related to the rate and rotation of the subducting
plate. Only when the trench retreat rate is greater than the
plate rotation will the flat subduction occur.

5.5 Discussion

5.5.1 Relationships between factors that affect flat sub-
duction
Factors that affect flat subduction include the subduction of
oceanic plateaus, overthrusting of the overriding plate, hy-
drodynamic suction, and trench retreat. These factors may
operate simultaneously and affect each other during the
formation of flat subduction. In the following section, we
discuss the relative importance of the various factors.
Oceanic plateaus and oceanic ridges occur throughout the
Pacific Rim (Figure 2) and are generally considered to play a
major role in the development of flat subduction (e.g., van
Hunen et al., 2004). Conversely, based on numerical mod-
elling results, some authors have suggested that the sub-
duction of medium-scale oceanic plateaus is an insufficient
factor for the development of flat subduction (e.g., Gerya et
al., 2009). The relative buoyancy of an oceanic plateau is
attributed to the thickened basaltic crust and the depleted
underlying lithospheric mantle (Kerr, 2014). However, in the
course of subduction, the relatively light basaltic oceanic
crust is expected to change to eclogite, which is denser than
the mantle (van Hunen et al., 2004). This means that after
eclogitization, subducted oceanic plateaus cease to behave as
buoyant anomalies that can drive flat subduction. To sustain
buoyancy, it is possible that basalt remains metastable in the
eclogite stability field (e.g., at temperatures of 400-800°C;
Ahrens and Schubert, 1975; Rubie, 1990; Hacker, 1996).
Numerical modeling results show that thickened oceanic
crust can maintain buoyancy if phase transition occurs at
temperatures higher than 600°C (van Hunen et al., 2002a). In
such cases, flat subduction can be developed. Similar con-
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Figure 11 Relationship between flat subduction and eclogites (Arrial and
Billen, 2013). (a) The oceanic crust has no eclogitization and a flat sub-
duction occurs; (b) the oceanic crust is complete eclogitization and a steep
subduction occurs; (c) the oceanic crust has partial eclogitization and a flat
subduction occurs. White: basalt; Black: complete eclogitization; Gray:
partial eclogitization. The solid black line is the isoviscosity line.

clusions have been drawn by Arrial and Billen (2013), who
showed that flat subduction can be produced when the sub-
ducting oceanic crust is not subjected to complete eclogiti-
zation (Figure 1la and 1lc). In cases of complete
eclogitization, the slab dip angle remains steep (Figure 11b).
Therefore, in the future study of the oceanic plateau buoy-
ancy mechanism, we need to focus on the process of oceanic
eclogite lithification.

Serpentinization of mantle peridotite is also an important
factor, given that serpentine is ubiquitous in subducting
oceanic crust and its density is relatively low (<2700 kg m>;
Ranero et al., 2003; Grevemeyer et al., 2007; Lefeldt et al.,
2012; Reynard, 2013). Therefore, the presence of serpentine
in the subducting slab can offset the negative buoyancy
generated by eclogite, while also controlling deformation
and the volume of the oceanic crust (Angiboust and Agard,
2010). The presence of serpentine within the subducting
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oceanic plate has previously been considered to occur
1-2 km below the Moho (Ranero et al., 2003; Ranero and
Sallares, 2004), leading numerical modelers to incorporate a
1-km-thick serpentinite layer in their models (Gerya et al.,
2009). Based on more recent seismic studies, it has been
suggested that a major layer of serpentinite exist 4-5 km
below the Moho (Contreras-Reyes et al., 2008; van Aven-
donk et al., 2011; Lefeldt et al., 2012), thus significantly
increasing the positive buoyancy of the subducting slab. This
important factor has not received much attention in previous
studies that possibly underestimated the buoyancy of the
subducting plate. The results of many numerical models in-
dicate that the spatial extent of oceanic plateaus must be
large to cause flat subduction (Martinod et al., 2005; Arrial
and Billen, 2013; Betts et al., 2015). However, the subduc-
tion of many buoyant anomalies, such as the Emperor sea-
mount chain, the Magellan seamount chain, and the
Louisville oceanic plateau, did not seem to affect the slab
geometry (Skinner and Clayton, 2013). The abnormal
buoyancy of the oceanic plateau can promote the formation
of flat subduction. Due to the complexity of the subduction
zone, including: plate dehydration, material phase transfor-
mation, etc., the subducting plate’s own buoyancy and the
surrounding environment of the subduction zone are af-
fected. This mechanism needs further confirmation.
Numerical simulations by van Hunen et al. (2004) showed
that the overthrusting continent is considerably more im-
portant in promoting flat subduction than is an oceanic pla-
teau. However, there are many examples were flat
subduction is not developed regardless of the overriding
plate moving towards the subduction zone (Schellart et al.,
2008). In eastern Asia, the development of flat subduction
segments since the late Mesozoic was likely controlled by
buoyant anomalies (Li and Li, 2007; Wu et al., 2019), given
that overthrusting of the overriding plate is not apparent from
plate reconstructions (Yang et al., 2019). The movement of
the overridingplate towards the trench is unable to flatten
steep slabs (Manea et al., 2012) unless the overriding plate is
very thick (>200 km) or the rate of trench retreat is very high
(>4 cm yr ') (van Hunen et al., 2000; Cizkova et al., 2002).
The numerical simulation results of Manea et al. (2012)
show that the overriding plate movement of the normal
thickness lithosphere and the retreat of the trench are not
sufficient to explain the Chilean slab. Only the combination
of the movement of the thick craton lithosphere and the
trench retreat can reproduce the spatiotemporal evolution of
the slab attenuation and its associated upper plate deforma-
tion and volcanism. The thickness of the overriding plate can
cause the physical mechanism of the plate to be reduced by
the pressure in the mantle wedge caused by flow (Stevenson
and Turner, 1977). The narrowing of the mantle wedge or
decreasing the wedge viscosity will increase the negative
pressure and pull the plate upwards to bend it, and the sub-
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duction angle becomes smaller (van Hunen et al., 2004).
Ultimately, it is difficult to form a flat subduction by a single
overthrusting continent, but with other mechanisms, such as:
oceanic plateau, trench retreat or increased hydrodynamic
suction, and then can form a flat subduction (Figure 12a).

Three-dimensional dynamic modelling by Hu et al. (2016)
showed that the age of the oceanic plate, the presence of an
oceanic plateau, and hydrodynamic suction have all con-
tributed to the development of flat subduction segments in
South America. The thick overriding plate increases the
hydrodynamic suction and thus reduces the subduction an-
gle, while thick cratonic roots further lead to a smaller sub-
duction angle, and the addition of the oceanic plateau or
aseismic ridges flattens the young subducting plate, which in
turn produces a flat subduction. The results showed that
buoyancy characteristics (ocean plateau, oceanic ridge or
seamount chain) contribute significantly to the formation of
flat subduction in Peru and Chile; at the same time, it also
emphasizes that although buoyancy can effectively decrease
the plate angle, it is necessary to add other mechanisms (e.g.,
hydrodynamic suction, etc.) to be able to predict a larger flat
subduction.

The relative contributions of factors that control flat sub-
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duction have been explored by Liu and Currie (2016) using
two-dimensional dynamic models, with an emphasis on the
presence of the thick lithosphere beneath the Colorado Pla-
teau. These authors found that all three factors (overriding
plates’ motion, hydrodynamic suction generated by the
presence of the thick Colorado Plateau lithosphere, and the
oceanic plateau) can lead to the decrease of the angle of the
plate with time. Among them, the influence of the tren-
chward continental motion is the largest. As the speed of the
continent increases, the angle of the plate decreases gradu-
ally. However, in order to induce flat subduction of an old
oceanic plate, multiple factors are required. First, trenchward
continental motion causes slab dip to decrease. Once a low-
angle subduction zone forms, the transition to a sub-hor-
izontal geometry requires: (1) subduction of a low-density
oceanic plateau, and (2) a breakoff event that removes the
dense frontal slab. In addition, the model indicates that the
flat subduction does not depend on the Colorado Plateau, but
its lithospheric thickness controls the depth of the flat slab.
This result further emphasizes the mutual promotion and
close relationship between the mechanisms during the for-
mation of the flat subduction.

In summary, buoyancy, overthrusting continent, hydro-
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Figure 12 The relationship between the various factors that form the plate subduction. (a) The relationship between the overthrusting plate and the oceanic
plateau, trench retreat and hydrodynamic suction; (b) the relationship between hydrodynamic suction and trench movement. Modified after Manea et al.

(2012) and Liu and Currie (2016).
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dynamic suction and trench retreat are all conducive to the
formation of flat subduction, but there is no uniform factor as
the formation mechanism of the current flat subduction area.
It is difficult to distinguish between these factors based on
geological or geophysical observations. Flat subduction as an
uncommon subduction pattern may be controlled by multiple
factors. The origin of flat subduction in a particular area
requires a specific analysis and cannot be generalized. For
example, the development of flat subduction in South
America seems to correspond to the presence of oceanic
ridges and the westward movement of the South American
continent, whereas the subduction of an oceanic ridge in
other areas is not associated with flat subduction.

The presence of oceanic plateaus and the size of the
buoyant anomalies influence the development of flat sub-
duction. Overthrusting of the overriding plate also plays a
crucial role in the formation of flat subduction, which can
further be promoted by hydrodynamic suction and trench
retreat. Trench advance does not seem to contribute to the
formation of flat subduction (Figure 12b). In the flat sub-
duction mechanism, the overthrusting and the oceanic pla-
teau are the key factors, the hydrodynamic suction comes as
the secondary factor, and the trench retreat is a necessary
condition for the formation of flat subduction. Increasing the
hydrodynamic suction and trench retreat is more likely to
form a flat subduction, and also increase the length of the flat
subduction.

5.5.2 Model limitations and suggestions for future mod-
elling

Since the physical parameters inside the Earth cannot be
directly measured and cannot observe the ongoing process,
we can only rely on indirect measurements such as geolo-
gical observations, geochemical characteristics of volcanic
activities, and geophysical tools such as tomography. Geo-
logical and geophysical observations can only provide lim-
ited information on Earth dynamics, but numerical modeling
is an effective tool for simulating dynamic processes. Ac-
cordingly, numerical simulations play a vital role in the study
of flat subduction. However, the results are commonly biased
by the design of a simplified model. For example, the results
can be biased by the age of the oceanic crust, the abrupt
change in the thickness of the overriding plate, the size of the
buoyant anomalies, the shape of the subduction zone (i.e.
concave, convex, or straight), and the angle of the subduction
direction relative to the trench.

At the same time, due to the extremely complex internal
structure of the Earth, numerical modeling can’t completely
restore its parameters, so simplified means are used, which
may produce certain errors. Previous numerical models of
flat subduction have focused on the development of the flat
slab, but have not considered the subsequent evolution of the
slab. As a result, they are more of conceptual models or
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speculations. On the one hand, the numerical modeling re-
sults generally show that after the flat subduction occurs, the
front plate is broken, and the front plate is not dragged, which
is not conducive to the rollback of the subducting plate. On
the other hand, the current numerical model of flat subduc-
tion has less consideration of rock phase transition, and does
not fully consider the negative buoyancy generated by rock
phase transition, so it is difficult to let the flat subduction
self-consistency to disassembled or destroy. These two as-
pects should be taken more care of for the future research on
the flat subduction.

In addition, because of the irreversibility of mantle con-
vection, we cannot easily reverse the previous state from
existing data. Since the accompanying data assimilation
method has been widely used in atmospheric and marine
scientific research. Liu and Gurnis (2010) introduced it to the
geoscience research field and illustrated systematically the
application of such method in geosciences and its geophy-
sical significance. Liu and Gurnis (2010) use the accom-
panying data assimilation method to invert the flat
subduction process of the Late Cretaceous Farallon plate
under the North American plate. The flat subduction resulted
in large-scale dynamic subsidence and seawater intrusion in
the western North American continent, thus explained the
West Inner Sea of North American that has been forming
almost throughout the Late Cretaceous time. As the accom-
panying data assimilation method can invert an irreversible
physical process, it has broad application prospects in solid
geophysical research. It is not only suitable for large-scale
mantle convection, but also for medium- and small-scale
earth continuum motion.

Therefore, considering the actual geological and boundary
conditions, using the accompanying data assimilation
method (Liu and Gurnis, 2010), and carrying out three-di-
mensional high-resolution thermo-mechanical numerical si-
mulation research to explore the formation mechanism of flat
subduction and to quantify the proportion of various me-
chanisms is the key direction and means of future research.

6. Conclusions

We systematically analyzed and summarized previous results
on the origin of flat subduction and its geological effects. A
particular emphasis was given to numerical simulations. The
following three conclusions are drawn.

(1) During flat subduction, coupling between the upper and
lower plates significantly cools the thermal structure of the
overriding plate, thus reducing the surface heat flow and
triggering large intermediate and deep earthquakes. In-
tracontinental surface shows special geological phenomena
during flat subduction: The deformation of the overriding
plate migrates to the intracontinent; Island arc magma ac-
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tivity migrates, weakens or disappears into the in-
tracontinent. These characteristics are an important geolo-
gical basis for judging or speculating the flat subduction. In
addition, the adakite produced by the melting of the flat-slab
oceanic crust is closely related to large and giant ore de-
posits.

(2) Factors controlling the development of flat subduction
include buoyant anomalies within the subducting plate (e.g.,
oceanic plateaus, oceanic ridges, and seamount chains),
overthrusting of the overriding plate, trench retreat, and
hydrodynamic suction. The most crucial factors are the
overthrusting of the overriding plate and the presence of
oceanic plateaus. Hydrodynamic suction contributes to
lowering the slab dip angle, but is insufficient to form flat
subduction. Trench retreat is necessary for the formation of
flat subduction. Hydrodynamic suction and trench retreat
promote flat subduction and increase the length of the flat
slab segment.

(3) Flat subduction is a three-dimensional dynamic pro-
cess. Previous attempts to model this process in two di-
mensions have limited implications because they did not take
into account along-strike variations in the subduction zone
and the impacts of surrounding plates on the subduction
process. In addition, previous numerical experiments have
not fully considered the effects of magmatism, eclogitiza-
tion, and serpentinization. Future attempts to understand flat
subduction should use the accompanying data assimilation
method, and combine geological and geophysical observa-
tions with three-dimensional high-resolution thermo-me-
chanical modeling that considers the effects of crustal
eclogitization (negative buoyancy) and mantle serpentini-
zation (positive buoyancy).
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