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Abstract

The widespread Cenozoic basalts in northeast China are commonly thought to be related to the
stagnation of the Pacific slab in the transition zone and its deep dehydration. By incorporating
experimentally constrained phase diagrams of hydrous mantle and melting conditions at high
pressures into 2-D petrological-thermomechanical models, here we model the interaction of a
subducting slab with a hydrous transition zone (TZ) and examine its potential role in generating
intracontinental magmatism. The model results show that descending of the oceanic slab first
forces up the material in the TZ. Depending on the water content in the TZ, the upwelling hydrous
material may undergo dehydration melting above the TZ. As a large slab stagnates within the TZ
owing to the lower mantle resistance, the deep melting migrates progressively towards the
overriding continent’s interior, generating plutonic/volcanic rocks in the continental crust far away
from the trench. The amount of deep melting and surface magmatism is obviously related to the
amount of water stored in the TZ. In contrast, the water stored in the cold core of the subducting
slab and released in the transition zone does not generate melting as it is entirely absorbed by
mantle transition zone nominally anhydrous minerals. Comparing the model results with the
distribution of the late Cenozoic basalts in northeast China, we suggest that the intracontinental
magmatism there was likely caused by deep dehydration melting induced by the slab-transition

zone interaction.
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1 Introduction

Volcanism at plate boundaries can be understood well in the framework of plate tectonics,
whereas the origins of the volcanism occurring within plate's interiors (intraplate volcanism)
remain elusive. It is generally thought that intraplate volcanism is caused by mantle plumes
originating from a hot thermal layer at the core-mantle boundary [Morgan, 1971]. However, some
intraplate volcanism does not fit the mantle plume model. For example, Cenozoic basalts are
widely distributed in northeast China, which is more than 1000 km away from the Japan trench
(Figure 1). Because there is neither slow seismic anomaly in the lower mantle [Montelli et al.,
2004; Zhao, 2004], nor evidence for a flood basalt and hot-spot track associated with the
impingement of a mantle plume [Tang et al., 2014), mantle plume is unlikely the cause for the
intraplate Cenozoic volcanism in northeast China.

Seismic tomography models show that low-velocity anomalies extend to the deep part of the
upper mantle [Zhao et al., 2004; Lei and Zhao, 2005] and subhorizontal high-velocity zones are
present in the mantle transition zone (TZ) under northeast China [Huang and Zhao, 2006; Figure
1), indicating that the subducting Pacific slab is stagnant in the transition zone. [Zhao and Ohtani,
2009] proposed that the upper mantle above the stagnant slab under northeast China is part of a
big mantle wedge (BMW), and suggested that the dehydration of the stagnant slab in the TZ and
associated mantle upwelling in the BMW cause the intraplate volcanism in East Asia. Some
researchers argued against the BMW model on the basis of the absence of any island-arc
geochemical signature in the erupted basalts, and suggested that piling up and thickening of
stagnant slab in the TZ drives upwelling of normal asthenosphere and leads to decompression
melting at shallow depths [Chen et al., 2007; Zou et al., 2008]. Recent seismic studies based on a

denser seismic array show that a continuous slow seismic anomaly extends from the TZ to the
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surface beneath the Changbai volcano (the largest active volcano in NE China; [Tang et al., 2014;
Guo et al., 2018], suggesting subduction-induced mantle upwelling. Although all these studies
point to a link between the intraplate volcanism and slab-transition zone interaction, the origin and
dynamics of mantle upwelling are still much enigmatic and debated.

The above-mentioned controversy in part arises from our incomplete understanding about the
water distribution in Earth's mantle and its influence on mineral physical properties [e.g., Ohtani
et al., 2004; Hirschmann, 2006; Karato, 2011; Faccenda, 2014]. The TZ, sandwiched between the
upper and lower mantle, has the capability of storing large amounts of water due to the presence
of the nominally anhydrous minerals (NAMs) wadsleyite and ringwoodite (e.g., [Ohtani et al.,
2004; Hirschmann, 2006; Pearson et al., 2014; Fei et al., 2017]). A hydrous TZ has been suggested
to play a key role in cratonic lithospheric thinning [ Windley et al., 2010; Kusky et al., 2014] and
intracontinental magmatism [Wang et al., 2015], although such correlations remain enigmatic. It
is also well established that even small amounts of water have significant effects on the mantle
melting conditions [/noue, 1994; Hirschmann, 2006] and rheological properties [Mei and
Kohlstedt, 2000]. Therefore, to advance our understanding of the dynamics of slab-transition zone
interaction, it is necessary to incorporate our current knowledge of the water distribution in Earth's
interior into geodynamic models.

Previous numerical studies on slab-transition zone interaction mainly focused on the cause
for slab stagnation above the 660 km discontinuity or its penetration in the lower mantle (see the
review by [Goes et al., 2017], and highlighted the roles of viscosity jump, phase changes and
density jump between upper and lower mantle, trench mobility, and/or slab strength in shaping
slab morphologies in the mantle [e.g., Cizkova and Bina, 2013; Garel et al., 2014; King et al.,

2015]. A few numerical studies have paid attention to the high H>O storage capacity of the TZ and
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its role in modifying mantle flow and slab behavior during subduction [Richard and Iwamori,
2010; Nakao et al., 2016; Wang et al., 2016]. Nevertheless, the potential link between slab -
hydrous transition zone interaction and terrestrial magmatism has not been systematically
investigated.

Here we use 2-D petrological-thermomechanical models to investigate the effects of varying
water distribution on the subduction dynamics by incorporating: (1) stability of hydrous phases in
peridotite [/wamori, 2004] and basalt [Poli and Schmidt, 2002], (2) water storage capacity of
NAMs and wet solidi in peridotite at the whole upper mantle and TZ conditions [Litasov, 2011;
Litasov et al., 2014], and (3) peridotite melt density at high pressure [Suzuki et al., 1998; Suzuki
and Ohtani, 2003]. These factors are either not considered or oversimplified in previous studies
[e.g., Richard and Iwamori, 2010; He, 2014; Wang et al., 2016]. Our emphasis is on the interaction
of a subducting oceanic plate with a hydrous TZ and its magmatic expression on the overriding
continental plate. The simulations will demonstrate that water content in the TZ controls the
magmatism volume and distribution in the upper plate. Finally, the model results will be applied

to explain the mechanism for the intraplate Cenozoic magmatism in northeast China.

2 Numerical modeling approach

We use 2D petrological-thermomechanical code 12VIS [Gerya and Yuen, 2003] to investigate
the interaction of subducting slab with TZ. The code solves the coupled mass, momentum and
energy conservation equations on a Eulerian frame, subject to the boundary conditions described
below, using the finite difference method and marker-in-cell technique. At each time-step, the
model velocity field is used to advect the Lagrangian markers. In turn, the new distribution of the
markers is used to update the physical properties at the Eulerian mesh by distance-weighted

bilinear interpolation [Gerya and Yuen, 2003]. All materials deform according to a composite
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rheological model, which accounts for plastic yielding at shallow depths and low temperatures,
and dislocation creep at greater depths and temperatures (see Supplementary Information for
details). We use a thermodynamic model to compute mineral assemblages and their physical

properties, such as density and heat capacity [e.g., Connolly, 2005; Gerya et al., 2006].

2.1 Model design

In order to simulate a large-scale slab stagnation in the TZ as observed beneath East China
[Huang and Zhao, 2006; Fukao and Obayashi, 2013], the computational domain is set as a two-
dimensional Cartesian box, 6000 km wide and 700 km deep (Figure 2). The whole domain is
resolved with 1501 x 351 Eulerian nodes with a uniform resolution of 4 X 2 km?. There are 21
million Lagrangian markers randomly distributed in the domain. This allows us to monitor the
material deformation on a fine scale.

The initial model is made up of two types of plates: a continental plate on the left side and an
oceanic plate on the right side. The continental plate is composed of a 36-km-thick crust (a 16-km-
thick felsic upper crust and a 20-km-thick mafic lower crust) and a 94-km-thick lithospheric
mantle, giving a total lithosphere thickness of 130 km. The oceanic plate is composed of a 7-km-
thick crust (a 2-km-thick basaltic upper crust and a 5-km-thick gabbroic lower crust) and an 85-
km-thick lithospheric mantle, giving a total lithosphere thickness of 92 km. A weak zone is placed
at the continental right margin to initiate subduction (Figure 2). The initial continental geotherm
linearly increases from 273 K at the model surface to 1603 K at the lithosphere base, while the
initial temperature field for the oceanic plate is defined using the half-space cooling model with a
slab age of 70 Ma and a diffusivity of 10® m?/s. An adiabatic gradient of 0.5 °C/km is used for the

sub-lithosphere mantle. Mechanical boundary conditions are free slip on the top, no slip on the
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bottom, and periodic side boundaries. The thermal boundary conditions are constant temperature
(273 K) on the top, remote fixed temperature on the bottom [Gerya et al., 2006], and periodic side
boundaries. A convergence rate of 5.0 cm/yr is imposed at the distal end of the oceanic plate

(x=5348 km) to drive the model evolution.

2.2 Hydration and dehydration processes

Water can be present as a free fluid phase in pores, as hydrogen or hydroxyls incorporated in
NAMs, or structurally bonded in hydrous phases [Faccenda, 2014]. Throughout this paper, we use
'hydrous' to mean water in NAMs, and 'hydrated' to mean stable hydrous minerals such as
serpentine.

At shallow depths, the pore water in sediments is expelled due to compaction. To formulate
this process, we assume that the pore water content linearly decreases from 2 wt.% at the seafloor

to 0 wt.% at 75 km depth [e.g., Gerya and Meilick, 2011]:

Xu, 00wty = (1 — 0.013Ay) Xk, 0(p) (1)

where Xy, 0(p) = 2 Wt% is the water content at the seafloor and Ay is depth below the seafloor
in km (0-75 km).

Incorporation or release of water in the H,O-saturated oceanic crust is computed with a
thermodynamic model down to 300 km, below which a constant Xy, owto) = 0.1. is imposed for
NAMs of the mafic crust (Katayama et al., 2003, GRL). For the mantle, we adopt the phase
diagram of the H>O-saturated peridotitic rocks by [Iwamori, 2004] (Figure 3). We account for

heterogenous mantle serpentinization by downscaling the water contents in the original phase
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diagram such that Xy, o(wte) = 2.0 for hydrated mantle rocks at shallow depths, corresponding to
about 30% serpentinization. The hydrogen solubility in mantle NAMs is estimated from the wet
solidi [Litasov, 2011] which indicate the maximum water content at given P-T conditions before
melting. For intermediate temperatures, hydrogen solubility is estimated by linearly interpolating
the water content of the two adjacent solidi (see Text S3).

We assume that the oceanic crust forming the seafloor is uniformly hydrated (Xy,o(wto) =
1.0), while the underlying lithospheric mantle becomes hydrothermally altered for sufficiently
large amounts of brittle deformation related to the bending at the trench-outer rise system
(Xu,0(wtw) = 2.0; [Faccenda et al., 2008]). More in detail, lithospheric mantle hydration occurs
when the plastic strain exceeds 0.01 and down to a maximum depth of 15 km below the Moho.

Upon subduction, temperature increases within the slab, such that water-bearing minerals
decompose at a particular depth, releasing free aqueous fluids [Gerya et al., 2006]. Similarly, with
increasing temperature or decreasing pressure, the hydrogen solubility in NAMs decreases and
excess free fluids are produced. In both cases, a new Lagrangian particle is generated which

migrates according to the Darcyan velocity:

Vx(water) = Vx — k0€f aps/ax (2)

Vy(water) = Vy — koef(aRs/ay - pfgy) (3)

where vy and vy are the local velocity of the solid mantle, P is the solid pressure, py =
1000 kg/m? is fluid density, g, the vertical component of acceleration of gravity, koef =

K/¢us = 1.33-107" m3s/kg, K and ¢ are the rock permeability and porosity, yi, the fluid
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viscosity. Once free water encounters a rock capable of incorporating water by hydration or

wetting, moving water is consumed.

2.3 Partial melting and melt extraction
We assume that the melt fraction is a linear function of temperature (T) and pressure (P), and
calculate the volumetric fraction of melting (M) for a given pressure and rock type using the

following equation [e.g., Gerya and Yuen, 2003]:

, T, <T<T (4)

where Ts(P, Xy,0) and Tj(P) are the solidus and liquidus temperature of a given rock type,
respectively. The dry/wet solidus and liquidus curves have been parametrized from [Litasov, 2011]
according to the equations reported in Text S3. At a given pressure, melting temperatures for
different water contents are computed by linear interpolation of the two adjacent wet solidi.

The effective density of partially molten rocks (psf) is calculated according to the relation:

Perr = Psolia — M(psolid - pmolten) )

where pgoriqa and pmoicen are the densities of solid and molten rocks at given temperature and
pressure. M is the total amount of melt after melt extraction, and its relationship with M, is given

in Eq. (10).
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The effect of latent heating from equilibrium melting or crystallization is included implicitly

by varying the effective heat capacity (C,.) and thermal expansion (a,) of melting/crystallizing

rocks:
Cpe = Cp + QL[(aM/aT)P=const] (6)
ae = a+ pQ[(OM/0P)r=contl/T (7)

where C,, is the heat capacity of the solid rock, and @, is the latent heat of melting.

The effective viscosity of partially molten rocks (M>0.05) is calculated according to [e.g.,

Katz et al., 2006]:

Mmelt = 7,01, €XP [28 * (M = 0.05)] (8)

where ngyctire 1S the pre-melt creep viscosity of the rocks, which depends on composition,
pressure, temperature and strain rate (see Table S1 for details).

The solidi for the peridotite with varying water contents (i.e., the white lines in Fig. 3) are
based on the compilation of [Litasov, 2011]. We adopt the empirical formula from [Suzuki et al.,
1998] and [Suzuki and Ohtani, 2003] to estimate density and thermal expansion for molten

peridotitic rocks at high pressure.

Pmolten = 2605 + 73.1  Pgpy — 1.9 * P, + 2.916 x 1072 x P35, — 6 1072

(2633.15—T) (9)

10
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where Pgp, is the pressure in GPa.

Melt extraction at depth and emplacement of plutonic and volcanic rocks at the surface occurs
when the melt fraction exceeds a critical threshold (e.g., [Sizova et al., 2010]; see below). In the
modeling, we use markers to track the amount of extracted melt. The total amount of melt (M) for

each marker is calculated as:

M= MO - Zn Mext (10)

where Y., M is the total melt fraction extracted during the previous n extraction episodes.
Rocks are viewed as refractory when the extracted melt fraction is greater than the standard one
(i.e., Xn Mokt > My ). If the total amount of melt exceeds a pre-defined threshold, M,,;, (we use a
reference M,,;, = 5% and test its effect on the generation of intracontinental magmatism), the
melt fraction Mgy = M — M;, is extracted and )., M, is updated. The water content in the
residual mantle is scaled by a factor M,,;,/M, which increases its melting temperature. It is
assumed that extracted melts are transmitted instantaneously to emplacement areas in the form of
plutonic/volcanic rocks, as segregated magma migrates faster than rocks deform [e.g.,

Hawkesworth et al., 1997].

3 Model results
We performed ten simulations to examine the effects of different water contents in the TZ
(ranging from 0 to 0.5 wt%), slab age, convergence rate and M,,;, on slab-transition zone

interaction and magmatism in the upper plate. For each simulation, we observe quite similar

11
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geodynamic processes. Therefore, we first present the detailed model results from the reference
model (0.3 wt% H20 in the TZ), and then we will demonstrate how different key parameters may
modulate the interaction of the subducting slab with the TZ and intracontinental magmatism. A

summary of all the simulations is given in Table 1.

Table 1 Parameters and results of conducted simulations *

V. Water content M,in Slab age Intracontinental .
Model name 0 0 TZ (wt %) (%) (Ma) magmatism Figures
Sta0 5.0 anhydrous 5 70 No 5,7
Stal 5.0 0.1 5 70 No 5
Sta2 5.0 02 5 70 Yes 5.7
Sta3 (ref.) 5.0 03 5 70 Yes 1,3-5,7
Stad 5.0 0.4 S 70 Yes 5
Sta5 5.0 05 5 70 Yes 5.7
Sta6 5.0 03 1 70 Yes 6,7
Sta7 5.0 03 S 40 Yes 7,81
Sta8 25 03 5 70 Yes 7,82
Sta9 5.0 03 2 70 Yes 7,3

2V, convergence rate, and M, is the minimum threshold of melt fraction for melt extraction.

12
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3.1. Reference model with a 0.3 wt % TZ

The reference model (‘Sta3’ in Table 1) is characterized by a prescribed hydrous TZ with 0.3
wt% H>O. Subduction initiates through bending and descending of the oceanic lithosphere along
the preexisting weak zone. After 10.6 Myr of subduction, the oceanic lithosphere plunges into the
upper mantle with a steep dip angle (Figure 4a). The subducted oceanic crust continuously
dehydrates in depths ranging from 20 to 300 km, forming a thin highly hydrous layer atop the slab
(Figure 4b). Meanwhile, a serpentinized layer (yellow material in Figure 4) forms beneath the
oceanic crust due to the bending-related brittle deformation at the trench -outer rise system. Fluids
released from the slab at shallow depths are expelled upward, generating partial melting and arc-
volcanism in the overlying rock column and serpentinization within the upper plate forearc mantle.
Deeper, the slab drives the upwelling of the hydrous TZ material in front of the slab. As a
consequence, a hydrous melt emerges at the tip of the upwelling flow due to the change of the
local melting conditions (see the solidus temperature shown in Figure 5).

After 19.3 Myr of subduction, the sinking slab reaches the base of the TZ, where it is sub-
horizontally deflected due to the resistance of the bottom boundary and from the increase in density
and viscosity resulting from the post-spinel transition (Figure 4c). At this stage, the interaction of
the sinking slab with the TZ triggers more vigorous upwelling of the hydrated mantle and water
content (Figure 4c, d). The upwelling material undergoes hydrous melting above ~400 km depth
due to the lowering of solidus (Figure 5b), and the melting front arrives at ~200 km depth. This is
accompanied by melt extraction, which leads to the emplacement of plutonic/volcanic rocks in the
crust of the overriding continental lithosphere (see magenta material in Figure 4c). The

emplacement of the plutonic/volcanic rocks is up to ~700 km away from the trench. We will

13
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discuss the relationship between the intracontinental magmatism and water content in the TZ
below.

At the mature stage of subduction (>38 Myr), the cold and strong subducting slab
continuously tunnels the hydrous TZ, leading to a large-scale slab stagnation in the TZ (>1000 km
in the horizontal direction; see Figure 4e). The stagnant slab evacuates large amounts of the
hydrated mantle and water out of the TZ and results in extensive hydrous melting above ~400 km
depth (Figure 4f and Figure 5c). The accompanied melt extraction produces more
plutonic/volcanic rocks in the upper plate’s crust, which extend up to ~900 km away from the

trench.

3.2. Effects of the water content in the TZ

In this section, we investigate the correlation between the water content in the TZ and the
extent of intracontinental magmatism by conducting a series of experiments, in which the water
content in the TZ is systematically varied.

Figure 6 shows a comparison among the models with different water contents in the TZ. For
comparison purposes, all the model snapshots are selected with an equivalent amount of
subduction (i.e., ~38 Myr of subduction). It is clear that all the models exhibit similar slab
stagnations in the TZ. The differences mainly lie in the following two aspects: (1) the amount and
distribution of hydrous melt in the upper mantle; and (2) the amount of the plutonic/volcanic rock
volume in the upper plate crust. The model with an anhydrous (Figure 6a) or lowly hydrous (0.1
wt%; Figure 6b) TZ predicts hydrous melting in the upper mantle and related arc-volcanism only
in the region close to the trench. In contrast, the models with higher water contents in the TZ

produce hydrous melting above the stagnant slab and broader distribution of magmatic rocks

14
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within the overriding continental crust (Figure 6c-f). The amounts of hydrous melting and
magmatic rocks depend obviously on the amount of water stored in the TZ. The more water the
TZ holds, the larger the amounts of hydrous melt and associated plutonic/volcanic rocks are
generated during the interaction of subducting slab with the TZ. For instance, when the water
content in the TZ is up to 0.5 wt% (‘Sta5’ in Table 1), large portions of the hydrated TZ partially
melts and the distribution of the resultant magmatic rocks in the upper plate can reach >1000 km
away from the trench (Figure 6f). It should be noted that the results of this experiment are shown
for the sake of the discussion as they reflect the evolution of an extreme case that is not

representative of the Earth’s mantle where little or no partial melting is observed.

3.3. Effects of slab age, convergence rate and M,;,

Reducing the slab age (‘Sta7’, Fig. S1) and convergence rate (‘Sta8’, Fig. S2) essentially
reduces the slab thermal parameter (® = sindv,,pptsian, Where 8 is the slab dip, vy, the
convergence rate and tg,, 1s the slab age), which translates in an increase of the slab mean
temperature. As a consequence, slab dehydration reactions occur at shallower depths and closer to
the trench. This is visible mainly in the forearc where large serpentinized plumes form due to the
shallow crust dehydration, but also in a larger arc-magmatism in the model with a slower
convergence rate. In the model with a younger oceanic plate, the slab dip is lower so that most of
the fluids are released in the forearc region and a lower volume of arc-magmatism is observed.

We have also tested the amount and distribution of extracted magmatic rocks when using
a lower minimum threshold for melt extraction M,;, (‘Sta6’, Fig. 7; ‘Sta9’, Fig. S3). This is
justified by the experimental evidence that pore interconnectivity and subsequent melt migration

could be achieved at very low melt fractions [e.g., Laumonier et al., 2017]. Decreasing M ,;, from

15



Confidential manuscript submitted to Journal Geophysical Research -Solid Earth

5% ('Sta3") to 1% ('Sta6') leads to an obvious increase in the overall volume of volcanic and
plutonic magmatic rocks and a progressive migration of the magmatism toward the continental

interior (Fig. 7, S3).

3.4. Intracontinental magmatism

To illustrate the relationship between the water content in the TZ and intracontinental
magmatism, we compare the distribution of magmatic rock volumes resulted from the models with
different water contents in TZ after about 1950 km of subduction (Figure 8a). All the models
except ‘Sta0’, which has an anhydrous TZ, exhibit a bimodal-type distribution of magmatic rocks.
The primary peak is associated with arc-volcanism and we refer to it as subduction zone arc-
magmatism. The second peak is relatively smaller and situated in the intracontinental setting (>500
km away from the trench). As we have illustrated above, its generation is associated with hydrous
melting triggered by the slab-transition zone interaction. In comparison, we refer to the second one
as intracontinental magmatism. According to our models, a prerequisite for generating
intracontinental magmatism during slab-transition zone interaction is that the TZ should hold a
considerable amount of water (= 0.2 wt%). The interaction of an anhydrous or lowly hydrous TZ
with a descending slab produces no hydrous melting in the upper mantle and thus no
intracontinental magmatism in the overriding continent. In addition, as the water content in the TZ
increases or M, is reduced, the volume of intracontinental magmatism increases and the
distribution of volcanic/plutonic rocks migrates progressively towards the continental interior
(Figure 8b). The convergence rate or slab age has no significant influence on the generation of the

intraplate volcanism.

16
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3.5. Fate of the water stored in the slab mantle

The water that is still present in the slab past the volcanic arc (mainly within the sub-Moho
mantle) is transported down to the TZ either by the formation of Dense Hydrous Magnesium
Silicate (DHMS) phases or, when dehydration reactions occur, due to unbending-related stresses
which favor water migration slab-inward and wetting of the slab NAMs [e.g., Faccenda and
Mancktelow, 2010; Faccenda et al., 2012].

The hydrous minerals within the sub-Moho mantle decompose entirely in the TZ due to the
increasing temperature, generating TZ NAMs and free fluids. However, in our models the released
water does not generate any partial melting as it is entirely absorbed by the relatively cold TZ
NAMs within or nearby the stagnating slab. As a consequence, a thin wet TZ layer characterized
by high hydrogen solubility forms above the slab (see inset in Fig. 4e). Hence, differently from
what is commonly envisaged, the fluids generated from the decomposition of DHMS phases in the
TZ should not readily generate intracontinental magmatism, but they should rather contribute to
rehydrate this mantle level. Upon TZ mantle thermal relaxation occurring over the following
several Myrs, this water could then be gradually released (because of the decreasing hydrogen
solubility with increasing temperature or of the decomposition of Al-rich hydrous phases) and
redistributed over a larger, metasomatized mantle portion and/or eventually induce partial melting
within the TZ. Upon slab avalanching, such a metasomatized mantle portion would sink into the
lower mantle and experience partial melting given the low hydrogen solubility of lower mantle
minerals. It is important to notice that the employed petrological model ignores the potential
rehydration of the oceanic crust where Al-rich hydrous phases could stabilize at those P-T

conditions [e.g., Pamato et al., 2015], thus absorbing most of the released water.
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4 Discussion

4.1. Water distribution in the TZ

The main assumption in the simulations presented in this study is that water is present in the
TZ before the beginning of the subduction event associated with intraplate volcanism. Water can
be delivered to the TZ by, for example, previous episodes of subduction of relatively cold plates,
where DHMS phases are stable to great depths. Dehydration of slabs stagnating in the TZ would
rehydrate this mantle level where olivine polymorphs can host up to 2-3 wt. % H2O at relatively
low temperatures [e.g., Litasov et al., 2011]. For large water contents (> 1 wt. %; [Mao et al.,
2008]), seismic velocity are significantly reduced and such a wet thin layer could explain the
negative reflectors identified by receiver function studies in proximity of the Pacific slab below
the Japan Sea and of the Juan de Fuca Plate stagnating beneath Western U.S. [Tauzin et al., 2017].
These volatiles reside in the TZ until the next subduction episode causing TZ upwelling and
magmatism at upper mantle depths. During its ascent, magma interacts with the solid matrix,
possibly becoming more enriched in volatiles and incompatible elements. Accordingly, the
intraplate volcanism might display a geochemical signature typical of dehydrating slabs. This
mechanism is consistent with hydrogen enrichment on melt inclusions recently found in
magnesium-rich olivine in from komatiitic lavas that implies a deep hydrous mantle reservoir
fueled by subduction of a seawater-altered oceanic lithosphere [Sobolev et al., 2019].
Alternatively, delamination of wet lithospheric roots in old suture zone that will tend to stagnate
in the TZ can also contribute to increase the water content at these depths [Green et al., 2010]. The
water concentrations tested in the transition zone are consistent with the high electrical
conductivity measured for example beneath the Philippine Sea [Fukao et al., 2004], which is

explained with 300-4000 wt ppm H20O [Hae et al., 2006], or throughout the Pacific [Utada et al.,
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2003], which implies an average content of 0.1-0.2 wt % in the Pacific mid mantle [Huang et al.,
2005]. The assumption of a homogeneously hydrated TZ obviously yields upper bound estimates
of magmatism, and it was chosen just to simplify the model and to see where potentially
anorogenic magmatism can be generated provided water is present in the TZ. We envisage that in
nature water is likely to be heterogeneously distributed in the TZ and the amount of intraplate

volcanism is lower than here estimated.

4.2. Implications for the Cenozoic magmatism in northeast China

Cenozoic intracontinental magmatism is widespread in Northeast China [Zhou and
Armstrong, 1982; Peng et al., 1986; Miyashiro et al., 1986] with over 590 volcanic edifices and
~50,000 km? of basaltic lavas exposed (Liu et al., 2001). The Cenozoic volcanic rocks were mostly
formed after 20 Myr [Peng et al., 1986], and consist mainly of basanite, alkali olivine basalt, and
tholeiite, with minor evolved trachyte and alkaline to peralkaline rhyolite [Chen et al., 2007].
Ultramafic xenoliths, mainly spinel lherzolite and harzburgite, are common in basanite and alkali
basalt [Fan and Hooper, 1989]. The Changbai basalts first erupted in the Early Miocene and
continue to the present with several interruptions [Liu, 1999]. The last eruption age at Tianchi (the
youngest volcano in the Changbai volcanic field) is about 1000 years ago [Wei et al., 2007, 2013].
Chifeng basalts were mainly erupted between 23.8 and 6.1 Myr, which forms 100-450-m thick
sheet-like lava flows covering an area of ~3000 km? and becomes younger westward [Han et al.,
1999; Wang et al., 2015]. The occurrence of these Cenozoic basalts is over 1000 km away from
the Japan trench, and lies above the stagnant Pacific slab (Figure 1; [Zhao et al., 2004; Huang and
Zhao, 2006]). Slow P-wave anomalies lie beneath the Changbai and Chifeng volcanic fields (Fig.

1b), although below the latter the P-wave anomaly appears to be deeper and smaller in magnitude
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possibly because of (i) the extinguished volcanic phase in the area and/or (i1) the incomplete and
heterogeneous sampling of the medium of P-waves that could affect the resolution ad could
generate artefacts in presence of seismic anisotropy [Bezada et al., 2016]. The intracontinental
magmatism has been attributed to either shallow processes, such as continental rifting [e.g., Liu et
al.,2001] and decompression melting during asthenospheric upwelling induced by slab subduction
or stagnation [e.g., Chen et al., 2007; Zou et al., 2008; Zhao et al., 2009], or to deep processes,
such as (1) wet and cold mantle plumes originated from dehydration of the stagnant Pacific slab
[e.g., Richard and Iwamori, 2010; Zhao and Ohtani, 2009] and/or from instabilities in the hydrous
TZ [e.g., Wang et al., 2015], and (ii) deep hot mantle upwelling induced by the Pacific plate
subduction [e.g., Faccenna et al., 2010]. A recent compilation of water contents in the Cenozoic
alkali basalts and peridotite xenoliths from eastern China indicates that the Cenozoic basalts were
likely sourced from the TZ, instead of from the lithospheric mantle [Xia et al., 2017]. However,
while some geochemical studies highlight the role of the subducted crust in the mantle source of
this volcanism [Sakuyama et al.,2013; Guo et al., 2016], others indicate that volcanic rocks and
associated mantle xenoliths in NE China are rich in alkaline and incompatible trace elements, and
have significant *°Th excesses and low U/Th ratios, arguing against a significant influence of the
fluids released from the subducted Pacific slab [Chen et al., 2007; Zou et al., 2008]. In particular,
the Changbai basalts are characterized by high Ba/Th and 2*’Pb/?*Pb ratios and an EM1-like
(enriched mantle-1) isotopic signature, which led [Kuritani et al., 2011] to suggest that these
geochemical features record an ancient hydration event in the transition zone occurred more than
1 Gyr ago, probably as a result of dehydration of an ancient subducted slab. Similarly, the
Wudalianchi basalts are characterized by K>O enrichment and an EM1-like isotopic signature

[Kuritani et al., 2013], which was again interpreted as caused by an upwelling of a hydrous mantle
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plume originated from the TZ that was hydrated through the stagnation of the ancient subducted
slab and the recent Pacific slab. The ancient hydration event, combined with a recent hydration
event associated with dehydration of the subducted Pacific slab, can lead to a remarkably hydrous
TZ beneath eastern China consistent with the observed high electrical conductivity [Karato, 2011].

Our model results demonstrate that the interaction between the subducting slab and the
hydrous TZ can cause the upwelling of the wet TZ. The resulting stagnant slab forces up the water-
bearing minerals in the TZ and triggers dehydration melting above the TZ owing to low water
storage capacity of the upper mantle minerals. Such hydrous melting in the deep upper mantle and
associated magmatism can occur far from the trench. Figure 9 shows the evolution of the intraplate
magmatic rocks through time. The presence of intraplate magmatism occurs after 10-15 Myr of
subduction initiation. For a moderately hydrous TZ (0.3 wt; see the dark green curve in Fig. 9),
the cumulative volume of the intraplate magmatic rocks increases fast in the first 10 Myr, and then
gradually becomes steady. A recent plate reconstruction study based on a high-resolution model
of P-wave tomography and paleo-age data of ancient seafloor shows that the stagnant Pacific slab
beneath East China has been in the TZ for no more than ~10-20 million years [Liu et al., 2017].
The young ages for the stagnant Pacific slab are in agreement with the eruption ages of the
Cenozoic basalts in NE China and our model results. By assuming an average subduction of 7
cm/yr (e.g., [Liu et al., 2017]), we estimate the time for the slab reaching the 660-km discontinuity
to be 9.4 Myr since subduction. This is consistent with the estimation by [Liu et al., 2017]. We
conclude that the subduction-induced upwelling of a hydrous can explain the generation of the late

Cenozoic basalts in northeastern China.

4.3. Model limitations
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Our models focus on the interaction of subducting slabs with the TZ and the potential
magmatic expressions and capture some key processes, such as the presence of water in the upper
mantle and TZ, hydration/dehydration reactions, hydrous melting. They have been simplified in
some other aspects, which will be discussed below.

Limited vertical dimension. The vertical dimension of all the models is confined to a depth
of 700 km. This allows us to have a high spatial resolution to examine the subduction dynamics in
the upper mantle and TZ. Extension of the model depth to a greater depth (e.g., 1000 km), which
is not presented here, demonstrates that the dip angle of the subducting slab is smaller, the stagnant
slab in the TZ is more deflected, and the distribution of the intracontinental magmatism is more
diffuse when compared to the presented model with a 700-km bottom. However, the basic results
from the presented models, such as deep dehydration melting and occurrence of intracontinental
magmatism, still hold.

Limited amount of trench retreat. The subductions in all the models are driven by a prescribed
convergence at the distal end of the oceanic plate, which allows to control the slab thermal age at
depth. This is different from the free-subduction models [e.g., Cizkova and Bina, 2013; Garel et
al.,2014; King et al., 2015], which have a mobile trench and favor trench retreat. Goes et al. (2017)
indicated that older and stronger oceanic plates are more capable of resulting in trench retreat, and
trench retreat facilitates slab flattening in the TZ. Models with dynamical trench motion show that
variable trench mobility controlled by slab internal and external forcing is the most likely cause
for various modes of subduction-transition zone interaction [e.g., Cizkova and Bina, 2013; Garel
et al.,2014]. It is reasonable to believe that the stagnant slab will extend over a larger distance and

the associated intracontinental magmatism will be farther away from the trench if trench retreat is
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included in our models. Furthermore, trench retreat would facilitate the formation of a back-arc
basin, simulating the formation of the Japan Sea.

Melt extraction. In our model, melt segregates from the residual mantle when the melt fraction
exceeds the pre-defined threshold M,,;,, and it is then extracted directly at the surface neglecting
important petrological and thermo-mechanical interactions with the porous matrix. In nature, melt
migration to the surface occurs via reactive porous flow, whereby the melt and porous matrix
compositions continuously change through a series of petrological reactions [for example,
Kelemen et al., 1995; Rampone et al., 2004]. In order to simulate such an interaction, a
thermodynamic melting model is necessary. However, due to technical limitations of the
laboratory experiments at extreme P-T conditions, existing thermodynamic melting models [e.g.,
Ghiorso et al., 2002; Jennings and Holland, 2015] have been calibrated to depths < 150 km. For
this reason, we have chosen to not model reactive porous flow in such a petrological system that
is poorly constrained at high pressures typical of the lowermost upper mantle. It is important to
highlight that magma rising paths can be deflected from the vertical direction assumed here by
additional flow and pressure components generated in a strongly deforming porous matrix [ Butler,
2009]. Nevertheless, for typical upper mantle conditions, buoyance forces are larger than matrix
shear-induced forces, and rising porous waves should not deviate much from the vertical direction.

The role of CO,. The release of water alone from dehydrating stagnant slabs can hardly
produce wet plumes and anorogenic volcanism as the water is absorbed by the thick mantle bearing
NAMs with high hydrogen solubility. However, it has been suggested that the release of both H>O
and CO; from the sediments, crust and serpentinized mantle could locally generate particular redox
conditions and low melting temperatures which would led to volatile-bearing plumes upwelling

from the TZ to the Lithosphere — Asthenosphere boundary [Safonova et al., 2015]. This mechanism
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represent an alternative explanation to the intraplate volcanism that is in line with the BMW
hypothesis, and that deserves to be tested in the next generation of numerical simulations
accounting for the presence of a larger number of volatile species other than only water. Here we
note that pre-existence in the TZ of both water absorbed by NAMs and carbon precipitated through
redox-freezing reactions [Sun and Dasgupta, 2019], which were eventually released by an old
subduction event and did not interact sufficiently to be mobilized, could also explain the formation
of anorogenic volcanism with the mechanism proposed in this study, i.e., by the upwelling of the

metasomatized, volatile-bearing TZ induced by the latest subduction episode.

5 Conclusions

In this study, we investigate the interaction of subducting slab with a hydrous TZ and its
potential role in generating intracontinental magmatism by incorporating the hydrous phase
relations and melting conditions at high pressures into 2-D petrological-thermomechanical models.
The main findings are as follows.

1. The descending of the oceanic slab forces up the hydrous mantle in the TZ and induces
dehydration melting in the deep upper mantle. As the slab stagnates in the TZ, the deep dehydration
melting progressively migrates towards the continental interior, generating plutonic/volcanic rocks
in the overriding continental crust.

2. The amounts of deep dehydration melting and associated magmatic rocks depend on the
water content hosted in the TZ. Our models demonstrate that deep hydrous melting and associated
surface magmatism can be formed only by the interaction of subducting slab with a markedly
hydrous (>0.2 wt%) TZ. The results hold also in the more realistic case of a heterogeneously

hydrous TZ.
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3. Fluids released in the TZ by DHMS phases decomposition are entirely absorbed by the
relatively cold TZ NAMs within and above the slab. Because of the relatively low temperature
within the slab, no partial melting is produced during the subduction timescale. Hence, deep
dehydration of the Pacific plate likely does not contribute to the Cenozoic intracontinental
magmatism in northeastern China.

4. Subduction-induced upwelling and dehydration melting in the deep upper mantle provides

an alternative explanation for the intracontinental magmatism in northeast China.
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Figure 1. Distribution of the Cenozoic intracontinental volcanism in East Asia and stagnant slab
in the TZ. (a) Topography map showing the distribution of the Cenozoic intraplate volcanism in
East Asia. The red color indicates the location of the Cenozoic basalts, which are derived from
[Wang et al., 2015]. (b) A seismic tomography image showing the big mantle wedge and stagnant

slab in the TZ beneath Northeast China (modified after [ Huang and Zhao, 2006)).
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Figure 2. Model setup and boundary conditions. The upper panel (a) shows the whole model

domain and boundary conditions. The lower panel (b) shows the zoomed-in configuration at the

convergent margin. White lines overprinted on the composition fields show isotherms with an

interval of 300 °C (the same below). The composition codes are shown at the bottom, with: 0,

sticky air; 1, sea water; 3 and 4, sediment; 5, upper continental crust; 6, lower continental crust; 7,

upper oceanic crust; 8, lower oceanic crust; 9, lithospheric mantle; 10, asthenospheric mantle; 11,

hydrated mantle; 12, weak zone; 13, serpentinized mantle; 14, recrystallized (previously partially

molten) mantle; 15, lower mantle; 16, extracted molten basalt; 17, extracted molten sediment or
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upper continental crust; 23-24, partially molten sediment; 27, partially molten basalt; 28, partially

molten gabbro; 34, partially molten wet peridotite
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Figure 3. Phase relations and water contents of peridotite under hydrous conditions, modified after
[Iwamori, 2004]. The white curves are solidi of peridotite with different water contents, compiled
from the experimental results in [Litasov, 2011]. The water content in hydrous phases are taken
from [Iwamori, 2004] and downscaled by about 3 times (see text). The maximum temperature at
which hydrous phases are stable is indicated by the thick grey line. Water contents in NAMs (i.e.,

for temperature beyond the thick grey line) are taken from the wet solidi [Litasov, 2011] and
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linearly interpolated for intermediate temperatures. In b) we show only water contents < 1.0 wt%
to better highlight the decreasing hydrogen solubility of NAMs as a function of the increasing P-
T conditions in the upper mantle and transition zone. The dashed red lines indicate the main phase
transitions and the gray line indicates the mantle adiabat [Litasov et al., 2014]. Ol, olivine; Wd,

wadsleyite; Rw, ringwoodite.
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Figure 4. Time evolution of the reference model with 0.3 wt% water in the TZ (‘Sta3’ in Table 1).
The left column shows the temporal evolution of the compositional field, while the right column
shows the corresponding evolution of the water distribution. White arrows indicate the motion of

the material. Dashed lines outline the unperturbed TZ. Color codes and isotherms as in Fig. 2.
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Figure 5. Snapshots of solidus temperature for the reference model with 0.3 wt% in the TZ. In
grey material for which it is not possible to define a melting temperature (air, water, serpentinized

rocks).
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Figure 6. Comparison among the models with different water contents in the TZ. The left column
(i) shows the snapshots of the compositional field resulted from the models with (a) an anhydrous
TZ (‘Sta0’), (b) a 0.1 wt% hydrous TZ (‘Stal’), (¢) a 0.2 wt% hydrous TZ (‘Sta2’), (d) a 0.3 wt%
hydrous TZ (‘Sta3’), (e) a 0.4 wt% hydrous TZ (‘Sta4’) and (f) a 0.5 wt% hydrous TZ (‘Sta5’),

while the right column (ii) shows the corresponding snapshots of the water distribution.
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Figure 7. Time evolution of the model 'Sta6' (Table 1). This model is identical to the reference
model except that it has a smaller minimum threshold of melt fraction for melt extraction (M, =
1%). The left column shows the temporal evolution of the compositional field, while the right
column shows the corresponding evolution of the water distribution. White arrows indicate the

motion of the material. Dashed lines outline the unperturbed TZ.
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Figure 8. Volume of magmatic rocks resulted from different models. All the models are compared
after the equivalent amount of subduction (~1950 km). The black arrow shows the position of the
trench, and the orange arrow indicates the direction of intracontinental magmatism migration as

the water content in the TZ increases.
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Figure 9. Evolution of intracontinental magmatism through time. The cumulative magmatic
volumes are only counted for the region ranging from 0 < x < 2000 km (i.e., intracontinental

magmatism; see Figure 8). The arc magmatic rocks are not considered here.
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