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Highlights:

(1) Flat slab subduction can significantly hydrate and modify the overriding cratonic
lithosphere for a region of about 600 km from the trench.

(2) Sub-crustal serpentinite layer in the subducting slab controls deep water cycling
and overriding plate modification in the big mantle wedge.

(3) The destruction of North China Craton is more likely to be controlled by the flat

subduction of paleo-Pacific plate in the Mesozoic.
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Abstract

Subduction-induced deep hydration and water cycling may play significant roles
in the modification and destruction of the overriding cratonic lithosphere. Two
contrasting modes are generally proposed: (1) flat subduction (FS) regime with slab
subducting sub-horizontally beneath the overriding lithosphere, and (2) big mantle
wedge (BMW) regime with slab flattening in the mantle transition zone. Here,
systematic petrological-thermomechanical models are conducted to investigate the
fluid/melt activities in the contrasting subduction regimes as well as their effects on
the modification of overriding lithosphere. The model results indicate that the
dehydration process in the FS regime can significantly modify the overriding
lithosphere for a region of about 600 km from the trench. During the progressive flat
subduction, the partial melting and magmatism migrate towards the inner land of the
overriding plate, which will be reversed and backward to the trench during the
transition from flat to steep subduction. On the other hand, the deep hydration in the
BMW regime is strongly dependent on the sub-crustal serpentinite layer in the
subducting slab, whereas the oceanic crust cannot carry water to the transition zone.
The modification of the overriding lithosphere in the BMW regime occurs in a larger
region of >1000 km from trench, which is however generally slower and weaker. The
modification and destruction of North China Craton is more likely to be controlled by
the flat subduction of paleo-Pacific plate in the late Jurassic to early Cretaceous,

which may be accompanied by the effects of deep water cycling in the BMW regime.
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1. Introduction

Water transportation from the surface to Earth’s deep interior and its circulation in
the mantle is crucial for better understanding the evolution of the planet (e.g.,
Faccenda, 2014; Magni et al., 2014; Nakagawa and Nakakuki, 2019). There are
several ways for the water transportation upward, e.g., through mid-ocean ridge,
mantle plume, and island arc; however, the subducting slab is the only path to
transport water downward to the mantle. The subduction-induced water cycling is
critical to various subduction-zone phenomena, for example, the widely studied arc
magmatism (Schmidt and Poli, 1998) and intraslab earthquakes (Yamasaki & Seno,
2003), as well as the plausible overriding craton modification/destruction (Zhu et al.,
2012).

Two subduction modes are generally proposed (Wu et al., 2019; Zhu et al., 2019),
i.e. flat subduction and big mantle wedge (Figure 1), which may result in contrasting
deep hydration processes and thus play different roles in the overriding lithospheric
modification. The “flat subduction” model indicates slab subducting sub-horizontally
beneath the overriding cratonic lithosphere, like the present-day flat slab beneath Peru
and central Chile (Espurt et al., 2008). In this regime, the flat subducting slab carries
and liberates water beneath the overriding lithosphere, which may lead to hydration
and weakening of the cratonic root and further contribute to its modification (Figure
1a). In addition, the mechanical bottom erosion of the overriding lithosphere by flat
slab may also play a certain role (Axen et al., 2018). On the other hand, the ‘big
mantle wedge’ model concerns the subducted and flatly stagnant slab in the mantle
transition zone (MTZ). A certain amount of water may be carried by the sinking slab
to the MTZ, which would liberate later after the slab being heated by the surrounding
hot mantle. The upward migration of the water and its further interaction with the
overriding lithosphere may lead to the craton modification. The key to compare and
distinguish these two models is to constrain the subduction-induced deep hydration

processes in the whole upper mantle, which is however far from better understanding.
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Figure 1. Two contrasting models of subduction-induced deep hydration and
overriding craton modification. (a) Flat subduction model. (b) Big mantle wedge

model.

It is generally accepted that the oceanic crust can contain a certain amount of
water, which could be carried into the mantle by subduction and then liberate into the
mantle wedge during the heating of sinking slab. However, the oceanic crust can only
carry water to shallower depth (Maruyama and Okamoto, 2007), which thus prevent
the deep hydration processes in the MTZ (Nakao et al., 2016; Li et al., 2019).
Alternatively, the mantle serpentinites within the subducting slab could remain colder
and thus carry water to greater depths than crustal rocks, which therefore may

significantly contribute to the water flux at intermediate and deep depths (e.g., Rlpke
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et al., 2004; Hacker, 2008; Van Keken et al., 2011). The topmost lithospheric mantle
of oceanic plate could be hydrated during its evolution through time (Deschamps et
al., 2013; Evans et al., 2013), which may occur (i) along the mid-ocean ridge, where
the hot mantle and extracted magma are exposed to seawater (Sauter et al., 2013); (ii)
around the scarps and transform fault, where the seawater may penetrate downward to
the sub-crustal depth (Bideau et al., 1991; Morishita et al., 2009); and (iii) in the
outer-rise region near the trench, where seawater may flow through the outer-rise
faults into the oceanic crust and underlying lithospheric mantle (Ranero et al., 2003;
Faccenda et al., 2009; Key et al., 2012). The properties of sub-crustal hydrous layer
of oceanic lithosphere are widely investigated with multiple geophysical observations
(Table 1). The results indicate that the thickness (Hserp) and water content (Wserp) Of
this hydrous mantle layer are quite variable among different subduction zones in

nature, i.e. Hserp € (0, 30) km and Wierp € (0, 4) Wt% as compiled in Table 1.

Table 1. Geophysical observations of the subducting slab hydration in nature.

Subduction-zone  Slabage  Crustal  Hger Wserpb Reference
(Segment) (Ma)  thickness (km) (wt%)
(km)

Cocos (Nicaragua) 14-24 5-20 14 <3.9 Raneroetal., 2003
Cocos (Nicaragua) - 5-6.5 3-4 <3 Ivandic et al., 2010
Cocos (Nicaragua) 24 6 7-14 3.5  vanAvendonk et al., 2011
Cocos (Nicaragua) 27 - 10 1.2 Lefeldt et al., 2012
Cocos (Costa Rica) 215 10 ~3 1-2  van Avendonk et al., 2011
Nazca (N. Chile) 44 - 20 2.5 Ranero and Sallares, 2004
Alaska 50-55 - 3-4 1.8 Shillington et al., 2015
Tonga 80 7-20 <30 <3.9 Contreras-Reyes et al., 2011
Kuril 130 - - 2.6  Fujieetal, 2013
N. & W. Pacific 100+50 - 5-15 0.5-2 Emry and Wiens, 2015
Mariana 150 6.5+1.5 2445 2 Caietal., 2018

@ Hserp defines the thickness of hydrated lithospheric mantle layer in the subducting slab.
® W, is the estimated water content of the hydrated mantle layer.

In this study, we do not aim to clarify the formation mechanism of this hydrous
mantle layer, but instead investigate its controls on the deep water cycling in the

subduction zone as well as the contributions to the overriding craton modification.
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Systematic thermomechanical models are conducted with thermodynamic fluid-melt
activity, which are thus suitable for investigating both the subduction dynamics and

the correlated deep hydration and water cycling.

2. Numerical model setup

The numerical models are conducted with the code 12VIS (Gerya, 2010), with
integrating the deep water activity down to 30 GPa in the deep mantle (Li et al., 2019).
The detailed numerical methods and implementations are shown in the supporting
information.

Large-scale models are configured in a Cartesian box of 5000 x 1400 km (Figure
2). The initial model mainly comprises two domains: an oceanic plate on the left and a
continental plate on the right, with an initial weak zone in between. The oceanic
lithosphere is composed of an upper crustal layer (3 km), a lower crustal layer (5 km)
and a mantle layer with the thickness dependent on the age of the lithosphere (60 Ma).
In addition, a sub-crustal serpentinite layer with variable thickness (0~25 km) is
applied for the oceanic lithosphere. The initial thermal structure of oceanic lithosphere
is defined by the half-space cooling model (e.g., Turcotte and Schubert, 2002). The
continental lithosphere is set up by an upper crust (20 km), a lower crust (15 km) and
a mantle layer (100 km or 150 km). The initial thermal structure of continental
lithosphere is laterally uniform with a linear gradient defined by 0°C at the surface
and 1350°C at the bottom of lithosphere. The initial thermal gradient in the
sub-lithospheric mantle is about 0.5 °C/km. On the top of the model domain, a “sticky
air’ layer with low density and viscosity is applied (Schmeling et al., 2008; Crameri et
al., 2012), which allows the direct calculation of topography evolution, i.e. the
spontaneous deformation of crustal surface. Detailed numerical parameters are shown

in the supporting information (Tables S1 and S2).
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Figure 2. Initial model setup. (a) Composition field in the framework of 5000 x 1400
km, in which the 410 km and 660 km discontinuities are shown with yellow dashed
lines. (b) The enlargement of initial subduction zone, with white lines showing the
isotherms, starting from 200°C with the interval of 400°C. The colors in (a) and (b)
indicate for rock types as specified by the colorbar in (c): 1-sticky air; 2-water;
3,4-sediment; 5-partially molten sediment; 6-continental upper crust; 7-partially
molten continental upper crust; 8-continental lower crust; 9-partially molten
continental lower crust; 10,11-oceanic upper and lower crust, respectively;
12-partially molten oceanic crust; 13,14-lithospheric and subjacent mantle,
respectively; 15,16-hydrated and serpentinized mantle, respectively; 17-partially
molten mantle. (d-e) The density and effective viscosity structures of the model

domain, which are validated in Li et al., (2019).

For the velocity boundary conditions, free slip is satisfied for all boundaries. The
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convergence velocity is applied for subduction initiation, and will be canceled after 20
Myrs, leaving the subduction driven purely by the internal buoyancy. For the thermal
boundary condition, fixed values of 0°C and 1975°C are applied for the top and
bottom boundaries, respectively. The horizontal heat flux across the vertical
boundaries is zero.

The current model includes most critical processes of hydration, partial melting,
and multiple phase transitions (Li et al., 2019). There are still some uncertainties and
limitations. One uncertainty of the deep hydration model is the water capacity of
nominally anhydrous minerals (NAMSs) of the mantle, which is not included in the
thermodynamic database (Figure S1) and is not well constrained by the laboratory
experiments. The high-pressure experimental studies have shown that the water
capacity in upper- and lower-mantle NAMs is generally less than 0.1~0.2wt%,
whereas the NAMs in the transition zone may contain more water, e.g., on the order
of 1.0wt%, or even as much as 3.0wt% (Bolfan-Casanova et al., 2000; Murakami et
al., 2002; Bercovici and Karato, 2003). The upwelling of a hydrous MTZ may lead to
magmatism in the overriding plate, which is numerically studied recently (Chen and
Faccenda, 2019; Yang and Faccenda, 2020). In order for simplicity, a reference value
of 0.1wt% is applied for the water capacity of the mantle NAMs, the effect of which
is further tested with additional models. Another limitation lies in the partial melting
of mantle rocks, which is only applied for the depths of <300 km, according to the
parameterization of Katz et al. (2003). Thereby, the partial melting of mantle rocks is
neglected in the depths of >300 km. It thus prevents the test of partial melting or the
water filter model of the MTZ (Bercovici and Karato, 2003), which require further

studies.

3. Model results

3.1. General model without initial serpentinite layer in the oceanic plate
In the general model setup (Figure 2), the initial water is only present in the

oceanic crust which is constrained by the thermodynamic database (Figure S1),

8
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whereas the lithospheric mantle is absent of water (Figure 3a’).

The converging plates are initially pushed with a constant velocity of 6 cm/yr
(Figure 3e), which includes a subducting plate velocity (Vsp = 4 cm/yr) and an
overriding plate velocity (Mop = -2 cm/yr). The prescribed velocities are cancelled
after 20 Myrs, during which the oceanic slab subducts and stagnates in the MTZ due
to the resistance of the 660-km discontinuity (Figure 3b). Afterward, the free
subduction accompanied with trench retreat leads to slab flattening in the MTZ
for >1000 km (Figure 3c). Finally, the steep subduction with negligible trench retreat
results in slab penetration into the lower mantle (Figure 3d). During the whole
subduction processes, most water of the sinking slab is lost in the sub-arc depth,
whereas a certain amount of water is carried up to 250 km (Figure 3b’-d”). However,
the water taken to the MTZ is very limited (<0.1wt% in the present study), which is

controlled by the prescribed water capacity of mantle NAMs (i.e. 0.1wt%).
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Figure 3. The general model evolution with initial water only present in the oceanic
crust. (a-d) Composition field evolution with colors for rock types as specified in
Figure 2c. The yellow dashed lines represent the 410 km and 660 km discontinuities,
respectively. The white solid line denotes the isotherm of 1000 °C. (a’-d’) Water
content evolution with colorbar shown in (a’). The white line denotes the constant

water content of 0.01wt%. (e) The kinematic evolutions of the converging plates, with
10
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the red line for subducting plate velocity (Vsp), the green line for overriding plate
velocity (-Vop) and the blue line for the whole subduction velocity (Vs = Vsp - \Vop).
The initial convergence velocity is 6 cm/yr, with VVsp = 4 cm/yr and Vop = -2 cm/yr,

which are cancelled after 20 Myrs.

3.2. Reference model with an initial serpentinite layer of 20 km thick

In this model, an initial serpentinite layer is prescribed beneath the oceanic crust,
which is rheologically weak and has a unified thickness of 20 km (Figure 4). All the
other parameters are identical to the general model (Figure 3).

At the initial stage, the oceanic slab is sub-horizontally subducted beneath the
overriding continental lithosphere (Figure 4a). The water is carried by the slab to the
inner continent within about 600 km from the trench, during which a certain amount
of water is liberated and migrates upwards to hydrate the continental lithosphere
(Figure 4a’). The flat subduction region is characterized by cold thermal condition
(Figure 4a), which thus prevents the partial melting of hydrous mantle rocks above the
flatly subducting slab. The partially molten rocks (red color) are only predicted in the
leading end of the flat subduction region, which has relatively high temperature due to
the contact with hot asthenosphere (Figure 4a). The increasing of slab pull leads to
gradual transition from flat to steep subduction (Figure 4b). The previously hydrated
mantle rocks above the flat slab will be heated by the incoming asthenospheric flow,
which results in the lateral migration of partial melting towards the trench (Figure
4a-c). On the other hand, a large amount of water is carried by the sinking slab,
mainly by the sub-crustal hydrated mantle rocks, to the MTZ (Figure 4b’). After 20
Myrs, the prescribed convergence velocity of 6 cm/yr is canceled (Figure 4e). Then
the slab subducts freely under its own negative buoyancy.

The continued subduction with trench retreat (Figure 4e) results in the formation
of a big mantle wedge with the length scale of >1000 kilometers (Figure 4c). The
stagnant and flatten slab at the bottom of MTZ is gradually heated by the surrounding
hot mantle, which is shown by the evolution of isothermal contours (Figure 4c-d). The

increasing temperature of the slab leads to the decomposition of high pressure
11
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hydro-silicates. The liberated water migrates upwards, hydrates the upper mantle as

well as the overriding lithosphere (Figure 4c’-d’). The hydration process leads to the

vigorous partial melting at the bottom of the continental lithosphere (Figure 4d, d’).
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Figure 4. The model evolution with an initial serpentinite layer of 20 km thick

beneath the oceanic crust. All the other parameters are identical to the general model

in Figure 3. (a-d) Composition field evolution with colors for rock types as specified

in Figure 2c. The yellow dashed lines represent the 410 km and 660 km

discontinuities, respectively. The white solid lines denote the isotherms, starting from

200 °C with the interval of 400 °C. (a’-d’) The water content evolution with initial

configuration of hydrated layers in the oceanic plate as shown in (a’). The white line
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converging plates, with the same definitions as in Figure 3e.

The complex processes of melt extraction and further emplacement of magmatic
rocks are not well constrained, which are thus not directly simulated in the current
study. In order to give implications for the potential magmatic activity, the
spatiotemporal distributions of partial melting are plotted (Figure 5a-b). It shows that
the partial melting migrates far away from the trench during the progressive flat slab
subduction, which goes instead towards the trench during the transition from flat to
steep subduction, i.e. flat slab rollback. At the late stages, the partial melting occurs at
the bottom of the overriding lithosphere, due to the hydration in the big mantle wedge
regime, which can locate far from the trench, i.e. >1000 km.

The overriding continental lithosphere is significantly modified by the fluid and
melt activities from both the flat subduction and big mantle wedge regimes (Figure
5c¢c-d). The flat subduction can affect the regions of about 600 km from the trench,
where the cratonic lithosphere is significantly modified. The thickness of unmodified
lithospheric mantle is changing from the original 100 km to 0-35 km after 60 Myrs
(Figure 5c¢), with the thickness of the whole lithosphere from 135 km to 35-70 km
(Figure 5d). The flattened slab in the MTZ, i.e. the big mantle wedge regime, can
affect larger regions of >1000 km from the trench; however, the degree of hydration

and related cratonic modification is lower (Figure 5c-d).
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Figure 5. (a-b) The spatiotemporal distribution of partial melting during
subduction-induced deep hydration. (a) Absolute positions of partial melting projected
on the surface (red circles) with time-dependent trench positions (blue triangles). (b)
Relative positions of partial melting projected on the surface (red circles), calculated
with the distance from the trench at each time-step. (c-d) The thickness evolution of
the unmodified (i.e. not hydrated) overriding continental lithospheric mantle (c) and

the whole lithosphere including continental crust (d).

3.3. Effect of the thickness of initial serpentinite layer
The thickness of serpentinized mantle in the subducting slab is changing among
different subduction zones in nature (Table 1), the effects of which are studied in this

section (Figure 6). The model results indicate that flat subduction is not predicted if
14
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the serpentinite layer is thin, e.g., Hserp = 5 km (Figure 6a, a”) or Hserp = 10 km (Figure
6b, b’). The steeply subducting slab flattens in the MTZ, with forming a big mantle
wedge. The amount of water carried by the subducting slab to the MTZ is limited,
which only affects the neighboring regions of the stagnant slab, but does not
contribute to the modification of overriding continental lithosphere (Figure 6a, b).

In contrast, if the initial serpentinite layer is thicker, e.g., Hserp = 15 km or 25 km
(Figure 6c-d), the subduction evolution is similar to the reference model with Hgerp =
20 km (Figure 4). Flat subduction is formed at the initial stage, which gradually
changes to the steep subduction due to the increasing of slab pull. Then the slab
stagnates and flattens in the MTZ with forming a big mantle wedge. A large amount
of water is carried by the slab to the MTZ, which liberates later and significantly
contributes to the hydration of upper mantle and the modification of overriding

continental lithosphere (Figure 6c, d).
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Figure 6. The model results with variable thickness of the serpentinite layer beneath
the subducting oceanic crust, i.e. 5 km in (a-a’), 10 km in (b-b’), 15 km in (c-c’) and
25 km in (d-d’). (a-d) Composition field evolution with colors for rock types as
specified in Figure 2c. The yellow dashed lines represent the 410 km and 660 km
discontinuities, respectively. The white solid lines denote the isotherms, starting from
200 °C with the interval of 400 °C. (a’-d’) The water content evolution with colorbar

shown in (a’). The white line denotes the constant water content of 0.01wt%.

The subduction-induced hydration and modification of overriding lithosphere is
further compared in Figure 7. In the models with thinner initial serpentinite layer, the
overriding lithospheric modification is restricted to a narrower region of 200-300 km
with Hserp = 5 km (Figure 7a) and 300-400 km with Hsep = 10 km (Figure 7b). In
contrast, a wider region of about 600 km in the overriding lithosphere is modified by
flat subduction-induced hydration in the models with thicker initial serpentinite layer
(Figure 7c-d). In addition, the hydration in the big mantle wedge regime may lead to

an additional overriding lithospheric modification of about 600 km (e.g., Figure 7d).
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Figure 7. The thickness evolution of the unmodified (i.e. not hydrated) overriding
continental lithosphere in the models with variable thickness of the serpentinite layer
beneath the subducting oceanic crust, i.e. 5 km in (a), 10 km in (b), 15 km in (c) and

25 km in (d).

The formation mechanism of flat subduction is an important issue, although not
the focus of this study, which has been systematically investigated previously (e.g.,
van Hunen et al., 2004; Huangfu et al., 2016; Manea et al., 2017). It could be
attributed to many factors, for example, the young subducting slab, the oceanic
plateau subduction, as well as the seaward movement of overriding plate. In this study,
the complex density variation during mantle hydration is not applied, which indicates

the same reference density for the dry and hydrated mantle rocks, although the density
17
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will be decreased during partial melting (Table S2). The model results show that the
thick serpentinite layer contributes to the formation of flat subduction at the initial
stages (c.f. Figures 3, 4 and 6), which may be due to the hydration-induced
rheological weakening of the slab. Thus, the slab unbending occurs more easily when
subducting to the sub-lithospheric depth, which finally results in the flat slab

subduction beneath the overriding lithosphere.

3.4. Effect of a thick overriding continental lithosphere

In the previous models, the overriding continental lithosphere has a normal
thickness of 135 km, which may be thinner than the stable craton (Sleep, 2005;
Peslier et al., 2010). In this section, an additional model with a thick overriding plate
of 185 km is further conducted (Figure 8). All the other parameters are identical to the
reference model (Figure 4).

The general model evolution with a thick overriding plate is similar to the
reference model (c.f. Figures 8 and 4). The flat slab subduction is resulting at the
initial stages, which changes to steep subduction style and forms a big mantle wedge.
The dehydration occurs during either the flat subduction or the slab stagnation in the
MTZ. The length scale of flat subduction is similarly around 600 km from the trench,
with intense hydration and modification of the overriding lithosphere (Figure 8d, d’).
In contrast, the dehydration from stagnant slab in the MTZ may influence a further
region from the trench, although the effects are much weaker (Figure 8d, d’).

The different phenomenon in this model with a thick overriding lithosphere is the
limited partial melting in either the flat subduction or big mantle wedge regimes (c.f.
Figures 8 and 4). This is due to the increased solidus temperature according to the
larger pressure at the bottom of the thick overriding lithosphere. Thus, the conditions
of partial melting are more difficult to be achieved with the similar degree of
hydration. The partial melting in this model could be promoted by increasing the

water capacity of the mantle NAMs (Figure S2 in the supporting information).
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Figure 8. The model results with a thick overriding lithosphere of 185 km. All the
other parameters are identical to the reference model in Figure 4 which has a normal
overriding lithosphere of 135 km. (a-b) Composition field evolution with colors for

rock types as specified in Figure 2c. The yellow dashed lines represent the 410 km
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and 660 km discontinuities, respectively. The white solid lines denote the isotherms,
starting from 200 °C with the interval of 400 °C. (a’-b”) The water content evolution
with colorbar shown in (a’). The white line denotes the constant water content of
0.01wt%. (c, ¢’) The absolute and relative positions of partial melting projected on the
surface (red circles) with trench positions (blue triangles). (d, d’) The thickness

evolution of the unmodified (i.e. not hydrated) overriding continental lithosphere.

3.5. Effect of a high water capacity (1.0wt%) of NAMs in the MTZ

The NAMs in the transition zone, i.e. primarily wadsleyite and ringwoodite, may
contain more water on the order of 1.0-3.0wt% (e.g., Bercovici and Karato, 2003). Its
effect is tested with an additional model (Figure 9), in which a high water capacity of
1.0wt% is applied for the mantle NAMs in the MTZ. The model result shows that the
water released from the slab in the MTZ is totally absorbed by the neighboring mantle
rocks which have a high water capacity. Thus, it differs significantly from the
reference model with upward migration of hydration front (e.g., Figure 4). This model
represents an end-member regime with an initially dry MTZ, which instead has a high
water capacity. Not surprisingly, the limited water carried by the subducting slab can
only be used to feed the ‘thirsty” rocks in the MTZ. However, it is worth noting that
either the pre-existing water content or the actual water capacity of the NAMs in the
MTZ are not well constrained in the natural Earth. Thus, the initial water content and

special water capacity of the MTZ rocks are not considered in the reference models.
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Figure 9. The model result with a high water capacity (1.0wt%) of NAMs in the MTZ.
All the other parameters are identical to the reference model in Figure 4. (a)
Composition field with colors for rock types as specified in Figure 2c. The yellow

dashed lines represent the 410 km and 660 km discontinuities, respectively. The white
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solid lines denote the isotherms, starting from 200 °C with the interval of 400 °C. (a°)
The water content with colorbar shown in (a’). The white line denotes the constant

water content of 0.01wt%.

4. Discussion

4.1. Subduction-induced deep water cycling

The numerical models indicate that the water carried by the oceanic crust to the
MTZ is negligible (Figure 3), which is mainly attributed to the low temperature
condition of the ‘choke point’ in the water capacity diagrams of basalt and gabbro
(Figure S1b-c). On the other hand, the oceanic crust is generally thin, i.e. 6-8 km,
which can be easily heated by the thermal conduction during slab subduction. Even
for an oceanic plateau with thicker crust of up to 32 km, it is still hard to carry water
to the MTZ (Figure S3). It thus indicates that most of the water contained in the
oceanic crust cannot pass through the ‘choke point’ of hydrous phase transitions at
about 300 km depth (Figure S1b-c).

The sub-crustal serpentinite layer is an efficient way to carry water to the deeper
mantle (e.g., Figure 4). The ‘choke point’ in the water capacity diagram of mantle
rock locates at about 600 °C with the pressure of about 6 GPa (Figure S1d). The
temperature condition (~600 °C) is higher than those of crustal rocks (~400-500 °C),
whereas the pressure condition (~6 GPa) is lower than the crust (~10 GPa). Both
conditions help to keep the temperature lower than the threshold value of *‘choke point’
of the hydrated mantle rocks. Consequently, significant amount of water can still be
contained in the sub-crustal hydrous layer of the subducting slab and carried to the

deeper mantle.

4.2. Comparisons of slab dehydration in flat subduction versus big mantle wedge
regimes
The numerical models indicate that the hydration processes in both the flat

subduction and big mantle wedge regimes can contribute to the overriding craton
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modification (e.g., Figure 4). In order to further compare their efficiencies and
timescales, two simplified models are conducted (Figure 10), in which the subduction
process is not simulated. In the flat subduction model, an oceanic slab (60 Ma old and
500 km long, with a 15-km-thick sub-crustal serpentinite layer is prescribed directly
beneath the overriding continental lithosphere, whereas a slab with the same

configuration is put at the bottom of MTZ in the big mantle wedge model.

| Flat subduction regime || Deep hydration in the Big Mantle Wedge (BMW) regime
0 200°C, 200°C
7@ Initial water content in the stagnant slab
200 1400°C| | (Hserp = 15 km)
£ a00 |
N (a’) Initial water content (Hserp=15 km)

800 (a) 0 Myr

0.01wt%
L&~ contour

(e) 30 Myr

800 (c) 30 Myr (f) 62 Myr
0 300 600 900 1200 0 300 600 900 1200 0 300 600 900 1200 1500
X (km) X (km) X (km)

Figure 10. Comparison of water migrations in the simplified flat subduction versus
big mantle wedge regimes. An initial serpentinized layer of 15 km is configured in
both cases. (a-c) and (a’-c’) Composition field and water content evolutions of the flat
subduction regime, with an oceanic slab (60 Ma old and 500 km long) prescribed
directly beneath the overriding continental lithosphere. (d-f) and (d’-f”) Composition
field and water content evolutions of the big mantle wedge regime, with an oceanic
slab (60 Ma old and 500 km long) prescribed at the bottom of MTZ. The colors of

rock types and water contents are the same as those in the above subduction models.

In both models, the dehydration occurs firstly from the edges of the oceanic slab,
which then migrates to the center (Figure 10). Finally, most of water in the prescribed

slab will be transported to the overriding lithosphere and upper mantle. However, the
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total dehydration in the flat subduction model is much faster (~30 Myrs) than that in
the big mantle wedge model (~62 Myrs), because the threshold temperature condition
for dehydration at a shallower depth is much lower than that with higher pressure in
the MTZ (Figure S1d). Consequently, the slab dehydration in the MTZ requires high
temperature condition and thus long time for heating.

Finally, the resulting hydration of overriding lithosphere is more intense in the
flat subduction model than the big mantle wedge model, due to the much longer
pathway of water transportation in the latter, which leads to the loss of water during
the upper mantle hydration. Alternatively, most of water in the flat slab will be
transferred into the cold core of the overriding lithosphere and absorbed in the
hydrous minerals. Thus, the hydration-induced craton modification is more efficient
in the flat subduction regime than the big mantle wedge regime, which agrees with the

result of complex subduction models (e.g., Figure 4).

4.3. Implications for the modification/destruction of North China Craton (NCC)
The NCC used to have an ancient (~2.5 Ga), thick (180-200 km), and cold (~40
mW/m?) lithosphere (e.g., Menzies et al., 1993; Xu, 2001); however, a present thin
and hot lithosphere is observed beneath the eastern NCC (Figure 11), which suggests
that the ancient cratonic root has been thinned for ~100 km. It is generally believed
that the peak stage of NCC modification occurs in the early Cretaceous, or more

precisely at ~125-120 Ma (Zhu et al., 2012; Zheng et al., 2018).
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Figure 11. Tectonic background of North China Craton (NCC). Colors represent
topography as shown in the colorbar at the bottom, which is produced by GMT
(Wessel et al., 2013) with the data from ETOPO1 Global Relief Model
(https://www.ngdc.noaa.gov/mgg/global/). The thin black lines are shown for the
boundary faults and/or suture zones of the NCC and surrounding regions (Zhu et al.,
2012). The thin colored lines are the contours of lithospheric thickness of NCC with
the open-sourced data from ‘http://www.craton.cn/data’ (Chen, 2010; Chen et al.,
2014). The thick yellow lines denote the trenches of present Pacific and Philippine
plate subduction zones, respectively. The thick blue line is the estimated trench
position of paleo-Pacific subduction zone in Jurassic before the major modification of

eastern NCC (Wu et al., 2019).

It is generally accepted that the destruction of NCC is related to the fluid/melt
activity during the paleo-Pacific (Izanagi) plate subduction in Mesozoic (Liu and Li,
2018; and references therein). The previous numerical models are generally focusing
on the big mantle wedge regime. It can be further divided into two types, i.e. thermal
convection (He, 2014) and hydrous MTZ upwelling (Wang et al., 2016), both of

which may be followed by the bottom erosion of the overriding lithosphere. In this
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study, the subduction-induced hydration and overriding lithospheric modification in
the flat subduction and big mantle wedge regimes are systematically compared, which
are further compared to the geological records of NCC.

One of the most important geological responses of the lithospheric modification
is the resulted magmatism. The most prominent magmatism in the NCC occurs in
early Cretaceous, which appears to have an eastward younging trend (Wu et al., 2019).
In contrast, the magmatism in Jurassic, i.e. before the NCC destruction, is
characterized by a reverse, westward younging trend. The numerical model shows that
the progressive flat subduction leads to the partial melting migrating further away
from the trench (Figures 5 and 8), which is thus consistent with the westward
younging trend of Jurassic magmatism in NCC. However, we need to keep in mind
that it is just the potential agreement because the complex processes of magma
migration as well as the further crustal-level partial melting and magmatic
emplacement are not directly simulated. Afterwards, the magmatism migrates towards
the trench during the transition from flat to steep subduction (Figures 5 and 8), which
agrees with the eastward younging trend of early Cretaceous magmatism in NCC. On
the other hand, the magmatism in the big mantle wedge regime does not show clear
spatiotemporal trends, which may occur simultaneously in multiple cratonic regions
above the stagnant slab (Figure 5). If constrained by the distribution of magmatism, it
indicates that the flat subduction may play more important roles in the NCC
modification/destruction.

A problem is the temporal and spatial scales of progressive flat subduction, which
are generally short in the current numerical models, e.g., ~15 Myrs and ~600 km from
the trench (e.g., Figure 4a). However, if constrained by the westward younging
distribution of magmatic rocks in NCC, the progressive flat subduction may exist for
the entire Jurassic of ~50 Myrs and ~2000 km from the trench (Wu et al., 2019). Such
long flat subduction is not obtained in the current numerical models, which does also
not exist in the present Earth. It is worth noting that Wu et al. (2019) finally estimated
the flat subduction lasting for 20 Myrs, i.e. ~160-140 Ma, which is comparable to the

current models (Figures 4, 8). In addition, the spatial scale of 2000 km includes the
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later back-arc extension and the marginal sea formation (Figure 11). If all the
marginal seas are closed, backward in time to the Cretaceous, the width of east NCC
is just around 600 km, which is thus consistent with not only the current numerical
models, but also the maximal length of present-day flat slab beneath Peru and central
Chile (Espurt et al., 2008).

In the big mantle wedge regime, the water liberates from the stagnant slab in the
MTZ, which may further contribute to the hydration of overriding cratonic lithosphere
(Figure 4). In the region close to the trench, i.e. within the flat subduction scale, the
effects of both regimes are overlapped. In contrast, the region beyond the flat
subduction may be purely controlled by the dehydration of stagnant slab in the MTZ,
the craton modification of which is thus much weaker. The spatial scale of cratonic
hydration in the big mantle wedge regime is >1000 km in the current numerical
models, which is however hard to quantify and is strongly dependent on the length
and thermal conditions of the stagnant slab in the MTZ. It is worth noting that the
length scale of stagnant slab in the MTZ is much larger than the flatly subducted slab
beneath the overriding lithosphere in both the numerical models (e.g., Figure 4) and

the present-day natural Earth (Espurt et al., 2008; Fukao and Obayashi, 2013).

5. Conclusions

Systematic numerical models are conducted to investigate the dynamics of
subduction-induced deep hydration processes and the effects on the overriding craton
modification. The main conclusions from this study include the following:

(1) Subducting oceanic crust cannot carry water to the deeper mantle, i.e. the MTZ;
however, the sub-crustal serpentinite layer in the sinking slab is an efficient way for
the deep water cycling.

(2) Flat slab subduction can significantly hydrate the overriding cratonic lithosphere
for a region within about 600 km from the trench. During the progressive flat
subduction, the partial melting and magmatism migrate far away from the trench,

which will be reversed and backward to the trench during the transition from flat to
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steep subduction.

(3) Subduction-induced deep hydration in the MTZ and big mantle wedge is strongly
dependent on the sub-crustal serpentinite layer in the sinking slab. It can contribute to
the overriding craton modification for a larger region of >1000 km from the trench,
which is however generally slower and weaker than the flat subduction regime.

(4) The modification/destruction of North China Craton is more likely to be controlled
by the flat subduction of paleo-Pacific plate in the late Jurassic to early Cretaceous,
although the slab stagnation in the MTZ, i.e. the big mantle wedge regime, may also

play a certain role.
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