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(compared to non-molten rock), which can be decreased due to rapid melt extraction and removal to the
surface. Our simulations show that a large to moderate density contrast (A p) of >200 kg/m? between non-
molten (1,_m) and partially molten rock (7p_m). (i.e. low to moderate degree of melt removal from rock)
promotes the development of three distinct patterns of plumes (finger-like, ridge-like and wave-like).
In contrast, a low density contrast (A p) of 0-50 kg/m? (i.e. high to complete melt removal) suppresses
pronounced plumes and is associated with low-amplitude (50-100 km wide and 10-15 km high) domal
structures developing atop the slab due to the chemical buoyancy of subducted hydrated non-molten
rock types (oceanic crust, sediments, serpentinites). Variation in partially molten rock viscosity (7p-m)
also notably affects plume patterns and lateral dimensions: wave-like plumes are most pronounced at
higher (17p_-m = 10'® Pass) viscosity, which also favors the development of larger plumes compared to mod-
els with lower (7,-m =108 Pas) viscosity. Integrated melt productivity above the slab is notably higher
for cases with pronounced hydrated thermal-chemical plumes developed in the mantle wedge. Indeed,
all models are characterized by periodic (5-10 Myr long episodes of enhanced productivity), spatially
clustered (30-50 km distance between productivity maxima) melt production, which may explain the
periodicity and clustering of volcanic activity observed in magmatic arcs such as in North-East Japan and
New Zealand.
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1. Introduction

Subduction zones are the dominant physical and chemical sys-
tems of Earth’s interior (Stern, 2002). It is widely accepted that
ambient mantle rock melting with the help of dehydration of sub-
ducting slabs is an important interactive process between fluid
and solid mantle in the mantle wedge (e.g. Mysen and Boettcher,
1975; Peacock, 1990; Davies and Stevenson, 1992; Iwamori, 1998;
van Keken et al., 2002; Arcay et al., 2005; Hebert et al., 2009).
Since the fluid is released from the subducting slab, it alters
physical-chemical properties of the overlying mantle rock (e.g.
Karato and Wu, 1993; Poli and Schmidt, 1995; Schmidt and Poli,
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1998; Connolly and Petrini, 2002; Asimow and Langmuir, 2003;
Gerya and Yuen, 2003b; Grove et al., 2006; Plank et al., 2009), for
instance, by lowering their melting temperature, viscosity and den-
sity. Multiple numerical studies using coupled thermal-chemical
models have already been performed on subduction processes in
different geodynamic settings exploring various physical param-
eters, such as slab age (Gorczyk et al., 2006; Nikolaeva et al.,
2008; Hebert et al., 2009), convergence velocity (Gorczyk et al.,
2006; Cagnioncle et al., 2007; Faccenda et al., 2008), slab dip angle
(Hebert et al., 2009; Cagnioncle et al., 2007; Grove et al., 2009),
and fluid propagation velocity (Gerya and Yuen, 2003b; Nikolaeva
et al,, 2008; Honda et al., 2010; Gorczyk et al., 2007). It was also
demonstrated that the shape of seismic velocity anomalies in the
mantle wedge and the volcano distribution can be reproduced by
the thermal-chemical models (Gerya et al., 2006, 2004c; Gorczyk
et al,, 2006,2007; Hebert et al., 2009; Cagnioncle et al., 2007).
Presently, the inherently three-dimensional (3-D) subduction
process and its resultant geophysical, petrological and magmatic
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phenomena (Tamura et al., 2002; Honda and Yoshida, 2005; Zhao
et al., 2002; Zhao, 2009) have been mostly studied by using two-
dimensional (2-D) thermal-chemical subduction models including
ad hoc fluid migration and melting processes (e.g. Gerya and Yuen,
2003b; Arcay et al., 2005; Gorczyk et al., 2006; Cagnioncle et al.,
2007; Nikolaeva et al., 2008; Hebert et al., 2009; Grove et al., 2009).
These 2-D studies allowed the delineation of important regularities
in the spatial distribution and dynamics of hydration and melt-
ing above slabs (e.g. Davies and Stevenson, 1992; Cagnioncle et al.,
2007; Hebert et al., 2009; Grove et al., 2009) but lateral variability
of these processes along magmatic arcs (e.g. Tamura et al., 2002;
Honda and Yoshida, 2005) remained unknown.

Three-dimensional thermal-chemical subduction modeling
efforts with high enough spatial resolution are still rare. Using
3-D petrological-thermomechanical models of subduction, Zhu
et al. (2009) explored the influence of the effective viscosity of
partially molten rock on the development of strongly chemically
buoyant plumes above retreating slabs. Their results show that
three types of 3-D Rayleigh-Taylor instabilities (cold plumes) may
develop in the mantle wedge: finger-like plumes that form a
sheet-like structure parallel to the trench; ridge-like structures
perpendicular to the trench; and flattened wave-like instabili-
ties propagating upwards along the upper surface of the slab and
forming zig-zag patterns subparallel to the trench. It also demon-
strated that a lower viscosity of partially molten rock above slabs
(np-m=1018-1012Pas), one to two orders less than the viscos-
ity in the surrounding mantle (Fig. 2d in Zhu et al., 2009), favors
plume development at short wavelengths, which is consistent with
the conditions for small-scale thermal convection in the mantle
wedge as derived from 3-D modeling (Honda et al., 2002; Honda
and Yoshida, 2005). Recently, Honda et al. (2010) developed a sim-
plified 3-D model of convection in the mantle wedge driven by
both thermal and chemical buoyancy above the kinematically pre-
scribed subducting slab. They found that the chemically altered
region tends to stay in the corner of the mantle wedge and suppress
3-D thermal instability in the mantle wedge.

Comparison of numerical results from the 3-D subduction mod-
els of Zhu et al. (2009) and Honda et al. (2010) suggests that 3-D
thermal-chemical convection patterns (and hence melt productiv-
ity distribution) in the mantle wedge can be strongly variable and
depend on both the magnitude and spatial distribution of chemical
buoyancy above slabs. In the relatively simple constant viscos-
ity model of Honda et al. (2010) with kinematically prescribed
slab velocity only transient mushroom-like and sheet-like plumes
were developing during subduction and the stability of other
thermal-chemical buoyant structures such as ridge-like plumes,
wave-like plumes, zig-zag plume patterns etc. in our self-consistent
free subduction model (Zhu et al., 2009) were not revealed. Also,
in their model, Honda et al. (2010) used the assumption that the
density of hydrated mantle remains constant and does not depend
on P-T conditions. However, notable density variations with tem-
perature and pressure are expected due to influences of phase
transformations and melting processes (e.g. Hebert et al., 2009;
Zhu et al., 2009). On the other hand, the more complex subduc-
tion model of Zhu et al. (2009) used a thermodynamic database
for computing the density of partially molten hydrated rock based
on the assumption of negligible melt removal from the rock. This
resulted in relatively large density contrasts (up to A p>300kg/m3)
between non-molten (7n—m) and partially molten rock (np-m).
However, the positive buoyancy of partially molten rock should
be significantly influenced by melt extraction and rapid removal to
the surface (e.g. Nikolaeva et al., 2008; Hebert et al., 2009; Connolly
et al., 2009). These processes are clearly indicated by the magmatic
activity and crustal growth occurring in volcanic arcs fueled by the
intense fluid release from subducting slabs. The efficiency and rates
of melt extraction and removal can be variable in nature and depend
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Fig. 1. Conceptual model of spontaneously retreating intraoceanic subduction. (a)
Initial subduction setup with old oceanic plate and young oceanic plate. All the rock
is non-molten with a density of p,_m. (b) Water release from the subducting slab,
which is shown by blue arrows, during spontaneously retreating subduction. The
water front is shown by the blue dashed line. A spreading center forms underneath
the overriding plate. All the rock is non-molten with a density of p,_m, before melting.
(c) Serpentinized mantle forming inside the overriding plate, while sediments and
oceanic crust are subducted with the slab. Once mantle rock gets hydrated at high
temperature, it partially melts. The melt front is shown by red dashed line. The water
front is shown by blue dashed line. Non-molten rock still keeps the reference density
of pn—m, and partially molten rock has a density of pp_m. Arrows show the tendency
to move upwards because of buoyancy: red arrows are for partially molten rock
while black arrows are for subducted serpentinites, sediments and oceanic crust.
(For interpretation of the references to color in this sentence, the reader is referred
to the web version of the article.)

on several factors including rock grain size, melt composition, melt
channeling dynamics etc. (e.g. Hawkesworth et al., 1997; Connolly
et al., 2009). A high degree of melt extraction and fast removal to
the surface can be generally expected for primitive low-viscosity
basaltic melts generated from the mantle (e.g. Connolly et al., 2009).
In contrast, alower degree of extraction should be characteristic for
more viscous silicic melts that can form (Castro and Gerya, 2008)
in the ascending thermal-chemical plumes composed of subducted
tectonic mélanges (Gerya and Yuen, 2003b; Zhu et al., 2009).

In our self-consistent free subduction model, water release from
the slab favors serpentinized mantle and partially molten plumes.
Serpentinites, sediments and oceanic crust were subducted along
the subducting slab. The density contrast (Ap) between non-
molten (7n—m) and partially molten rock (7p-m) would influence
plume patterns and melt productivity atop the slabs, as shown in
Fig. 1. The aim of this paper is to investigate how the effective
buoyancy of partially molten rock affects the stability of various
thermal-chemical plumes morphologies (Zhu et al., 2009) and melt
productivity in the mantle wedge. In our 3-D intra-oceanic subduc-
tion model we impose an upper cutoff value (Ap) for the density
contrast between non-molten (on_m) and partially molten rock
(pp—m). As a first order approximation, this cutoff value reflects
melt removal from rock: the lower is the cutoff value, the smaller
is the maximal melt fraction that can be present in partially molten
rock.

2. Thermal-chemical convection models
2.1. Model set-up and boundary condition

We use the 3-D numerical I3ELVIS code based on a conser-
vative finite difference method with a marker-in-cell technique
and multigrid solver (Gerya and Yuen, 2003a, 2007; Gerya, 2010).
The initial thermal-chemical model setup (including initial con-
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ditions, boundary condition and fluid/melt transport mechanism)
and numerical approach are the same as was used in our previous
paper (Zhu et al., 2009) and are also detailed in the Appendix.

2.2. Effective density of partially molten rock

In our models, the in situ rock density is interpolated to every
marker at each time step from look-up density tables (in P-
T space) pre-computed with the Perple_X program for each of
the four rock compositions involved (see Appendix). Additional
density correction is performed for hydrated rock based on a con-
stant effective water density (1050 kg/m3) and the actual water
content computed for every marker at each time step from the
water migration model (see Appendix). According to results of 2-D
numerical experiments, melt removal from partially molten rock
has a strong influence on the development of thermal-chemical
plumes atop the subducting slab (Nikolaeva et al., 2008; Hebert
et al.,, 2009). In order to simulate the influence of a variable
degree of melt removal on plume growth in 3-D, we prescribe
an upper cutoff value Ap for the density contrast between refer-
ence non-molten (on—m) and partially molten rock (op—m) (in our
numerical experiments, Ap ranges from 0 to 300 kg/m3). A higher
value of Ap is interpreted as a larger melt fraction remaining in
the partially molten rock. With these limitations, then the effec-
tive density of partially molten rock pp,_mefry can be described as
follows:

) pn—m — Ap;  if(on—m — Pp-m) = Ap
IOP*m(eff) - Pp-m; if(pn—m . pp—m) < Ap

where pp-m and pn_m are the density of respectively partially
molten and reference non-molten rock calculated with the Perple_X
program at the same local P-T conditions and rock composition
(see Appendix). In these calculations, the density of the reference
non-molten rock (on—m) was computed with the melt-absent ther-
modynamic database. It is worth noting that our model limits the
density difference between reference non-molten (pp_m) and par-
tially molten rock (pp-m) and not between pure solid and pure melt
phases. By this we assume that melt fraction in partially molten
rock may be reduced by processes of rapid melt extraction and
removal to the surface (e.g. Nikolaeva et al., 2008; Hebert et al.,
2009). These processes are, however, not modeled explicitly due to
technical limitations in 3-D. In contrast to Honda et al. (2010), no
density limitation is applied to hydrated rock that is not partially
molten.

In order to isolate influences of the density contrast between
non-molten and partially molten rock on 3-D plume morpholo-
gies, the viscosity of partially molten rock is taken to be constant
and does not depend on the imposed limitation for the den-
sity contrast. Indeed, different viscosities of partially molten rock
(7p-m =1018-101° Pass) are tested.

3. Numerical results

3.1. Influence of partially molten rock buoyancy on plume
stability

In order to investigate the influence of partially molten rock
buoyancy on plume development atop the slab, we have performed
two sets of runs with a lower effective viscosity of partial molten
rock (np—m=10'8-10'9 Pas), with each set of runs having a dif-
ferent density contrast cutoff Ap for partially molten rock (see
Table 1): Ap=300kg/m3 (taking ~500 kg/m? difference in density
between pure solid and pure melt phases, this A p implies that up to
~60vol.% melt can be present in partially molten rock), 200 kg/m3
(up to ~40% melt), 100kg/m3 (up to ~20% melt), 50kg/m3 (up

to ~10% melt), 30kg/m> (up to ~6% melt), 10kg/m3 (up to 2%
melt), and 0 kg/m?3 (complete melt removal). Below, we concentrate
on analyzing reference models with moderate density contrast
(Ap=200-300kg/m3) and zero density contrast (Ap=0kg/m3).

In Fig. 2(a-c), we show plume development in model 2 of
Table 1, in which the effective viscosity of partially molten rock is
Np—m =108 Pas and Ap=200kg/m>. In the early stages (1-6 Myr
after the beginning of the numerical calculation), finger-like plumes
develop atop the flat slab in a trench-parallel roll-like structure
close to the trench (Fig. 2a), but it is much easier to form a zig-
zag pattern compared to the case without a limit on the density
contrast (Zhu et al., 2009), and the distribution obviously varies
along the trench. During the time period 6-11 Myr, the finger-like
plumes decay and the front of the thermal-chemical instabilities
with small random finger-like plumes becomes sheet-like and in a
zig-zag pattern followed by several trench-normal ridge-like insta-
bilities (Fig. 2b). These changes in plume dynamics are the result
of both changing slab dip and evolution of the non-steady ther-
mal structure of the model (e.g. cooling of the overriding plate)
after subduction initiation. Afterwards, pronounced plumes grad-
ually disappear with the bending of the subducting slab and the
cooling of the overriding plate (Fig. 2c). Compared to the case with-
out a limit on the density contrast (Zhu et al., 2009), there are no
wave-like plumes in the late stages (>25 Myr) of these numerical
experiments.

In Fig. 2(d-f) we show the case with zero density contrast
between reference non-molten (pn_m) and partially molten rock
(Pp-m) (Ap=0kg/m3, model 7 in Table 1), which may be expected
for complete instantaneous melt removal. In the early period
from the beginning of the calculation, random trench-parallel
and trench-normal instabilities tend to develop along the slab
(Fig. 2d), then low-amplitude (50-100km wide and 10-15km
high) dome-like instabilities (Fig. 2e) form, and afterwards there
is no temperature anomaly atop the slab (Fig. 2f). The dome-
like instabilities are caused by the lowered density of hydrated
non-molten rock present atop the slab (sediments, oceanic crust,
hydrated/serpentinized mantle that typically have 50-300 kg/m3
density contrast with dry mantle, see Appendix) and appear
in all experiments with prescribed low density contrast cutoff
(Ap=50kg/m3) between reference non-molten (pn_m) and par-
tially molten rock (op—m).

In Fig. 3(a-f), the dynamics of plumes is shown by the
1350K temperature isosurface in the models with increased
effective viscosity (7p_m =102 Pas) of partially molten rock and
Ap=200kg/m3 (model 2’ in Table 1).In this case, in the early period
(1-4 Myr from the beginning of the numerical calculation), finger-
like plumes show up atop a trench-parallel sheet-like structure,
and flattened instabilities seem to crawl upwards along the slab in
a trench-normal way (Fig. 3a). With the upward propagation of the
plumes, trench-normal ridges tend to develop and small finger-like
plume clusters develop at the top of the ridges (cf. Fig. 3b and c).
With the steepening of the subducting slab and the cooling of the
overriding plate, small finger-like plumes disappear, and trench-
normal ridges clearly develop atop the slab until they gradually
decay (cf., Fig. 3d-f). Afterwards there is no pronounced tempera-
ture anomaly above the slab. However, at a later stage (8-28 Myr)
wave-like structures appear in such models (Table 1), and the wave
plume breaks up into several pieces at greater depth with the
entrainment of upper plate materials toward the trench, the cooling
and thickening of the overriding lithosphere.

Now we discuss plume development in the model with higher
density contrast cutoff of 300 kg/m3 (model 1’ in Table 1) between
reference non-molten (on-m) and partially molten rock (op—m).
Here we observe a mature plume development (Fig. 4(a-f)).
In the early stages (1-6 Myr from the beginning of the calcu-
lation), finger-like plumes develop in trench-parallel structures
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Model (run time, Myr)  Effective viscosity

of partially molten

Density difference cutoff
due to partially melting

Development of thermal/chemical plumes

rock (Pas) (kg/m3)
Plumes description Time of appearance  Spacing along the
(Myr) trench (km)

Finger-like plumes developing atop a 1-6 20-50
trench-parallel roll-like structure
Ridge-like trench-normal plumes 6-9 30-50
Randomly distributed unpronounced 9-32 50-70
temperature anomaly

2(27) le+18 200 Finger-like plumes developing atop a 1-4 30-50
trench-parallel sheet-like structure
Randomly distributed small 5-12 30-50
finger/sheet/ridge-like plume cluster along
the slab
Randomly distributed with unpronounced 12-32 50-100
temperature anomaly

3(27) le+18 100 Finger-like plumes developing atop a 1-3 30-70
trench-parallel sheet-like structure
Randomly distributed small finger-like 3-17 20-100
plumes
Randomly distributed unpronounced 17-27 >100
temperature anomaly

4(27) le+18 50 Roll/sheet-like instabilities along the slab 1-2 >100
Dome-like instabilities atop the slab 3-9 >100
Randomly distributed with unpronounced 9-27 >70
temperature anomaly

5(27) 1le+18 30 Finger/sheet-like instabilities developing 1-1.5 50-70
along the slab
Dome-like instabilities atop the slab 1.5-6 >70
Without any pronounced temperature 6-27
anomaly

6(28) le+18 10 Roll/sheet-like instabilities developing 1-1.5 *
along the slab
Dome-like instabilities atop the slab 1.5-9
Without any pronounced temperature 9-28
anomaly

7 (27) 1le+18 0 Roll/sheet-like instabilities developing 1-1.5 *
along the slab
Dome-like instabilities atop the slab 1.5-8
Without any pronounced temperature 8-27
anomaly

1 le+19 300 Finger-like plumes developing atop a 1-6 20-50
trench-parallel roll-like structure

(29) Ridge-like trench-normal plumes with 6-13 50-70
strong finger/sheet-like plumes on the top
Wave-like plumes forming zig-zag 13-26 70-100
structures
Ridge-like trench-normal plumes with 26-29 50-100
finger-like plumes on the top

2’ (30) le+19 200 Finger-like plumes developing atop a 1-4 50-100
trench-parallel sheet-like structure
Ridge-like trench-normal plumes with 4-11 50-100
small finger plume cluster along the slab
Ridge-like trench-normal plumes 11-16 50-100
Without any pronounced temperature 16-30
anomaly

3'(29) le+19 100 Sheet-like instabilities along the slab 1-4 *
Small-finger like plumes in zig-zag pattern 4-15 50-100
Without any pronounced temperature 15-29 *
anomaly

4'(32) le+19 50 Randomly distributed small domes 1-4 80-100
Without any pronounced temperature 4-33 *
anomaly

5'(33) le+19 30 Randomly distributed big domes 1-5 *
Without any pronounced temperature 5-33 *
anomaly

6'(29) le+19 10 Randomly distributed big domes 1-6 *
Without any pronounced temperature 5-29 *
anomaly

7' (34) le+19 0 Randomly distributed big domes 1-6 *
Without any pronounced temperature 5-34 *

anomaly

*means the wavelength of the plume is infinite.
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Fig. 2. Development of thermal-chemical structures (plumes, domes) shown by the 1350 K isosurface (models 2 and 7 in Table 1) with A p=200 kg/m? (a-c) and A p=0kg/m?
(d-f). In these models, the effective viscosity of partially molten rock is p_m =10'8 Pas.

Model 2" : Ap=200 kg/m*; =10 Pas

Fig. 3. Development of plumes shown by the 1350K isosurface in models with an increased viscosity of partially molten rock (,-m =10'° Pas), and Ap=200kg/m? (a-f),
see model 2’ in Table 1.

close to the trench, but they tend to propagate along the slab, front. In the later stage (13-26 Myr), big wave-like plumes appear
not directly away from the subducting slab. Gradually, another (Fig. 4d) and are followed by the trench-normal ridges (Fig. 4(e
episode (6-13 Myr) occurs from the middle of the slab in a zig- and f)). These ridges then grow strongly. The dynamic process is
zag pattern (cf. Fig. 4(a-c)), and finger/sheet-like plumes form as a generally similar to the case without any density contrast limita-

Model 1": Ap=300kg/m’; 1 =10"Pas

Fig. 4. Development of plumes shown by the 1350K isosurface in the models with an increased viscosity of partially molten rock (1,-m =10'° Pas), and A p=300kg/m?
(a1-f1), see model 1’ in Table 1.
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Model 1" : Ap=300 kg/m?
N,m=10" Pas

Model 7" : Ap=0 kg/m?
N,,—10" Pas

Fig. 5. (a) Dome-like instability shown by the 1350 K isosurface (model 7’ in Table 1) with an increased viscosity of partially molten rock (1p_m =10'® Pas) and A p=0kg/m>.
Dashed lines show the dome-like pattern above the slab. (b) Cross sections for the composition fields are located at a depth of 83 km shown with a plus (+) sign in Fig. 5(a). Cross
section perpendicular to the trench (x-z plane) is shown in the upper panel with marks for the other two orthogonal cross-sections, and white lines show the temperature
isolines on the profile. a-a’ is the horizontal cross-section (x-y plane), b-b’ is the vertical cross-section along the trench (y-z plane). (c) Finger-like plume shown by the 1350 K
isosurface (model 1’ in Table 1). (d) Cross sections (at the depth of 88 km) for the compositional field of finger-like plumes in a zig-zag pattern marked with plus (+) in
Fig. 5(c). Cross section perpendicular to the trench (x-z plane) is shown in the upper panel with marks for the other two orthogonal cross sections, and white lines show the
temperature isolines on the profile. a-a’ is the horizontal cross-section (x-y planes), b-b’ is the vertical cross-section along the trench (y-z plane). The color legends for the
composition field are as follows: 1=sea water; 2, 3 =sediments (2 =solid, 3 =molten), 4, 5=basaltic crust (4=solid, 5=molten); 6, 7 =gabbroic crust (6 =solid, 7=molten);
8 =serpentinized mantle, 9 =solid hydrated mantle, 10 =dry lithospheric mantle; 11 =dry asthenospheric mantle; 12 = partially molten hydrated mantle.

tion (Zhu et al., 2009), but is notably less vigorous. This implies
that rapid melt removal from partially molten rock will indeed
influence the wedge flow dynamics. Comparing Fig. 3(a-f) and
Fig. 4(a-f), we can conclude that a higher density contrast between
reference non-molten (pn-m) and partially molten rock (op-m)
favors the development of more vigorous cold plumes atop the
slab.

3.2. Variation in lithology distribution in the mantle wedge

Here we examine the case with zero density contrast between
reference non-molten (on-m) and partially molten rock (pp-m),
which implies instantaneous and complete melt removal (e.g.
Hebert et al., 2009) (model 7’ in Table 1), with an effective partially
molten rock viscosity (7p-m) of 10'®Pas. Randomly distributed
wide dome-like instabilities develop atop the slab in a roll-like
structure parallel to the trench and partly in a trench-normal way,
then they separate into two parts (see Fig. 5(a)), and finally the
dome-like instabilities disappear quickly. It is noteworthy that
there are still instabilities (domes) atop the subducting slab for the
cases without any density contrast between reference non-molten
(on-m) and partially molten rock (pp—m). These instabilities are
formed due to the chemical buoyancy of relatively cold hydrated
non-molten rock subducted atop the slab (serpentinites, oceanic
crust, sediments, Fig. 5(b)) which may induce complex slab topog-
raphy even in the case of complete melt removal. The composition

field atop the slab indicates the details. Cross-sections (lateral sec-
tion shown in the upper panel of Fig. 5(b), a-a’ section and b-b’
section are other orthogonal sections) of the composition field
are located at the depth of 83 km (the coordinate of the point is
(3,154,783 km), indicated with plus (+) symbol in Fig. 5(a), which
show the compositional field corresponding to the development of
a dome-like instability. Neutrally buoyant (according to prescribed
Ap=0kg/m?3) partially molten rock is the main components for
the outer shell of these domes, but hydrated/serpentinized man-
tle, oceanic crust and sediments appear in the inner core of the
domes, providing a notable source of positive buoyancy responsi-
ble for the domal growth. We also notice that the partially molten
peridotite layer becomes thinner with the cooling of the overriding
plate and material movement along the slab due to bending of the
subducting slab.

In comparison to model 7/ with Ap=0kg/m3, models with a
higher prescribed density contrast cutoff have distinctly different
lithological structure above the slab, which is dominated by finger-
like plumes (Model 1/, A p=300kg/m3, Fig. 5¢ and d). In contrast
to the dome-like structures (Fig. 5b) these plumes penetrate deep
into the hot asthenospheric wedge and contain partially molten
sedimentary rock intermixed with hydrated partially molten peri-
dotite (Fig. 5d). As follows from high pressure melting experiments,
such lithologically mixed plumes can produce silicic melts of
trondhjemite and granodiorite compositions (Castro and Gerya,
2008).
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Fig. 6. Area diagram showing stability of different types of thermal-chemical struc-
ture developed atop the subducting slab as a function of density contrast cutoff (A p)
and effective viscosity of partially molten rock. F: Finger-like plumes; R: Trench-
normal ridges; W: Wave-like plumes; and D: Dome-like instabilities and without
pronounced temperature anomalies. For the case of unlimited density contrast, we
used data from Zhu et al. (2009).

Viscosity of partially molten rocks

4. Discussion

4.1. Influence of partially molten rock buoyancy on the
thermal-chemical plume patterns

In our previous work (Zhu et al., 2009), we found that the viscos-
ity of the partially molten rock is the main controlling factor on the
geometry and wavelength of thermal-chemical plumes in the man-
tle wedge. In particular, the lowered viscosity (1018-10'9 Pas) of
partially molten rock promotes aligned finger-like plumes originat-
ing from flattened and moderately inclined slabs, which indicates
that slab dip indeed influences plume patterns (Cagnioncle et al.,
2007; Grove et al., 2009). Here we additionally investigated the
influence of partially molten rock buoyancy on plume morpholo-
gies. The 2-D domain diagram in Fig. 6 shows the influence of these
two parameters (the effective viscosity of partially molten rock
and the density contrast A p between reference non-molten (0n_m)
and partially molten rock (op-m)) on the geometry and patterns
of the plumes. By analyzing this diagram, the following important
points can be made. Given a moderate limitation on the density con-
trast (A p=300-200 kg/m3) between reference non-molten (on_m)
and partially molten rock (pp—m), it is more difficult to develop
wave-like plumes atop the slab in the models with lower viscos-
ity (1018 Pas) of partially molten rock. Finger-like plumes develop
in all of our models that have a density contrast cutoff Ap larger
than 50 kg/m3. The three patterns of plumes (finger-like, ridge-like
and wave-like) shown in our previous work (Zhu et al., 2009) can
also occur for cases with density contrast larger than 200 kg/m? and
partially molten rock viscosity of 101° Pas.

Plumes in cases with higher effective viscosities of partially
molten rock develop slowly after subduction initiation and have
a larger spacing between them. However, these plumes are larger
since they start out later and accumulate larger volumes of
hydrated partially molten rock.

4.2. Influence of partially molten rock buoyancy on the melt
productivity patterns

Melt productivity above slabs directly influences volcanism.
The magmatic productivity dynamics was systematically investi-
gated in 2-D for Pacific-type convergent margins (Gorczyk et al.,
2007) and retreating intraoceanic subductions (Nikolaeva et al.,
2008) and the first 3-D results were reported in our previous
paper (Zhu et al., 2009). Here we focus on the difference in

Model 1": Ap=300 kg/m? ;17p_m:l()19 Pas

Fig. 7. Evolution (at 3.31, 5.16, 7.58, 18.64 and 25.74 Myr) of volumetric melt
production rate (1/Ma) shown inside the model and two projection planes with
colormap for model 1’ with A p=300kg/m?, n,_m =10'° Pas Golden yellow shows
the 1250 K temperature isosurface, which represents slab.

time-dependent melt productivity between two 3-D models with
moderate (Ap=300kg/m?) and zero (Ap=0kg/m3) density con-
trast between reference non-molten (pn-m) and partially molten
rock (pp—m) (cf. model 1’ and 7’). The calculation method for melt
production is the same as described in Zhu et al. (2009) (see also
Appendix): we compute melt production in situ (i.e. at depth),
which is generally more than the actual amount of melt transported
to the surface since part of the produced melt will remain in rock.

In Fig. 7 we show the evolution of volumetric melt production
rate (1/Ma) for model 1’ with a density contrast cutoff of 300 kg/m?3.
The 1250K temperature isosurface is shown in golden yellow to
delineate the slab, and volumetric melt production rate above the
slab is shown inside the model and two projection planes with a
colormap. These results show that the volumetric melt production
rate changes spatially and episodically atop the slab. The highest
volumetric melt production rates appear in the cores of the cold
plumes as a result of both decompression and heating of the par-
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Fig. 8. Evolution (at3.02,5.11,11.06 Myr) of volumetric melt production rate (1/Ma)
shown inside the model and two projection planes with colormap for model 7’
with Ap=0kg/m3, np_m=10"'"Pas Golden yellow shows the 1250K temperature
isosurface, which represents slab.

tially molten hydrated rock composing the plumes. The intensity of
melt production is maximal after the initiation of subduction and
then decreases with time because of the cooling of the overlying
mantle wedge above the spontaneously retreating slab.

In Fig. 8 we show the evolution of volumetric melt production
rate for model 7’ with a density contrast cutoff of 0 kg/m?3. Similar
to the model with moderate density contrast (Fig. 7), a higher volu-
metric melt production rate appears at the beginning of subduction,
and then decays rapidly. Also, the distribution of melt production
intensity atop the slab is strongly heterogeneous and is maximal
in the cores of domal and ridge-like structures formed atop the
slab. Indeed, the overall intensity of melt production in the model
with Ap=0Kkg/m?3 is notably lower (cf. Figs. 7 and 8) than in the
model with Ap=300kg/m3, where pronounced plume structures
are formed.

In Fig. 9 we show the melt productivity variation in space and
time by visualizing an isosurface of melt production intensity in
x-y-time space (at each moment of time, vertically integrated melt
production was projected to the upper model surface to produce
a series of x-y melt productivity maps). For model 1’ with a den-
sity contrast cutoff of 300 kg/m? between non-molten (pn_m) and
partially molten rock (pp—m), melt productivity is relatively high.
In Fig. 9(a and b) the isosurface of 0.23 km3/km2/Myr (km/Myr)
shows, in two different viewpoints, the evolution of melt produc-
tivity for this model in both space and time. In Fig. 9(e) we have
also shown variations in the spatial intensity of the melt produc-
tion beneath the surface for model 1’. During the first 6 Myrs of the
numerical simulation, high magmatic productivity is distributed
in a large area, then it decays to almost zero, then later it grows
again. The trench-parallel two line structure (with 50-150 km
trench-orthogonal spacing) varies with time. For model 7 with zero

density contrast between non-molten (pn_m) and partially molten
rock (pp—m), the overall melt productivity is high within the first 4
million years after subduction initiation (Fig. 9f; 3.02-3.59 Myr) but
then it decreases notably compared to model 1’ (cf. Fig. 9e and f).
In both models, initially high magmatic productivity is distributed
in a relatively large area, and then focuses into a trench-parallel
line of magmatic maxima keeping a spatially variable small-scale
pattern corresponding to the activity of individual dome-like and
finger-like structures. It is also noteworthy that a high intensity of
melt production was indeed suggested for the initial stages of spon-
taneous subduction initiation based on geological data (e.g. Stern,
2004) that is consistent with our models (Figs. 7-9).

We conclude that the density contrast (Ap) between non-
molten (pn-m) and partially molten rock (pp—m) notably affects the
magnitude of melt productivity: it is higher in models with larger
density contrast (A p). On the other hand, the following gross-scale
melt productivity pattern is characteristic for all models: there is a
higher magmatic productivity in a wide area above the steepening
slab during 5-10 Myr after subduction initiation, this productivity
decays later on, then grows again episodically in a much narrower
area. Trench-parallel two line structures (with 50-150 km trench-
orthogonal spacing) chaining contemporaneous melt productivity
centers appear episodically in time. Inherent clustering and period-
icity of melt production in our thermal-chemical models is mainly
related to the growth dynamics of individual thermal-chemical
plumes and domal structures atop the slab. Thermal-chemical
plumes and related melt production in the presented models occur
episodically (Figs. 4f and 7; Model 1’) during a long time through
the entire model development (up to >30 Myr from subduction ini-
tiation). Therefore, our model could possibly explain volcanism in
both young and mature subduction systems. For example, modeled
periodicity and spatial clustering of melt production correlate well
with periodicity and spatial clustering of volcanism in North East
Japaninferred from the chronological and stratigraphic studies (e.g.
Honda and Yoshida, 2005; Zhu et al., 2009).

It is also important to mention that the melt productivity pat-
tern characteristic of the beginning of our experiments (i.e. for
the first 5-10 Myr) is strongly affected by the subduction initia-
tion process (e.g. Stern, 2004) associated with changes in the slab
dip angle and significant cooling of the overriding plate. Changes
in the melt productivity distribution and intensity from subduction
initiation toward more mature stages are shown in Fig. 9 where an
initially broad (150-200 km) melt production area narrows toward
the more focused (50-70 km wide) magmatic front in 5-10 Myr
after the initiation of retreating subduction.

4.3. Dynamical influences of H,0 migration velocity

The addition of water results in a reduction of the melting tem-
perature of the surrounding mantle, and subsequently lowers its
density and viscosity due to the melt presence. Thus, the H,O
migration velocity from the slab is one of the key parameters to
impact the distribution and amount of partially molten rock in the
mantle wedge. In our models discussed above, we have taken a
constant H,O migration velocity of 10 cm/year. Indeed, the actual
velocity can be greatly variable in nature depending on the mantle
permeability and the viscosity of the aqueous fluid (e.g. Iwamori,
1998; Cagnioncle et al., 2007). The degree of melting increases with
water content in the HyO-undersaturated conditions at the same
P-T conditions (Hirose and Kawamoto, 1995). Smaller H,O migra-
tion velocity may thus decrease the extent of the hydrous (i.e. fluid
fluxed) melting in the mantle wedge. To test this effect, we have
run additional simulations with smaller H,O migration velocity
(1cm/year and 0.1 cm/year) for the model with no cutoff value
for the density contrast between non-molten (pn_m) and partially
molten rock (pp_m). The effective viscosity of partially molten rock
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Fig. 9. Spatial and temporal evolution of the intensity of melt production shown by isosurfaces of melt production beneath the surface of the model. The numerals for time
indicate the time since the beginning of the experiments. (a and b) and (c and d): Isosurfaces from two different viewpoints of melt productivity at 0.23 km?/km?2/Myr for
model 1" and 7’; (e) and (f):Variation in the spatial intensity of melt production beneath the surface (in x-y plane) of the model 1’ and 7’ with time since the beginning of

experiment. Note that the time scales for Model 1" and Model 7’ are different.

in these runs was np_m = 10'8 Pas. During the first 30 Myr from the
start of calculation and for the case with lowered (1 cm/year) H,O
migration velocity, there are mushroom-like plumes and wave-like
plumes in a zig-zag pattern, but there are no obvious ridge-like
plumes except at the beginning of the subduction. Furthermore,
for the case with the lowest (0.1 cm/year) H,O migration velocity,
there is only a weak tendency to develop Rayleigh-Taylor instabil-
ities. Indeed, in this case there is not enough melt-related positive
buoyancy atop the slab to develop pronounced thermal-chemical
plumes propagating away from the slab and only low-amplitude
domal structures are formed. This result is very similar to the cases
with high (10 cm/year) H,O migration velocity where melt-related
positive buoyancy atop the slab was reduced by prescribing a low
(Ap=0-50kg/m3) cutoff value for the density contrast between
non-molten and partially molten rock (Fig. 2d-f). In both cases, par-
tially molten rock is mainly distributed atop the slab with a thinner
partially molten layer (Fig. 5b). Also, in experiments with low-
ered H,O migration velocity, a thinner rheologically weak hydrated
layer is formed atop the slab. Therefore, plates are more coupled
and the retreating trench velocity is notably reduced, which is con-

sistent with 2-D results on plate coupling and decoupling processes
(Gorczyk et al., 2007).

5. Conclusions

In this study, we investigate how the buoyancy of partially
molten rock affects the development of thermal-chemical plumes
and melt productivity in the mantle wedge in 3-D by using a
simplified cutoff approach for the density contrast (Ap) between
non-molten (on—m) and partially molten rock (pp—m). We find that
the three patterns of thermal-chemical plumes (finger-like, ridge-
like and wave-like) found in our previous paper (Zhu et al., 2009)
are only stable in experiments with Ap>200kg/m3 (i.e. low to
moderate degree of melt removal). Finger-like plumes develop for
a broader range of density contrast cutoff values (Ap>50kg/m3,
implying moderate to high degree of melt removal). Strongly
lowered density contrast cutoffs (0-50 kg/m3, implying high to
complete melt removal) suppress pronounced plumes and are asso-
ciated with low-amplitude (50-100 km wide and 10-15 km high)
domal structures developing atop the slab due to the chemical
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buoyancy of subducted hydrated non-molten rock types (oceanic
crust, sediments and serpentinites).

Magmatic productivity below the surface varies in both space
and time: clustering of the melt productivity in space (with
20-100 km lateral spacing) and time (with 1-6 Myr periodicity) is
observed in all models. The density contrast (Ap) between non-
molten (pn-m) and partially molten rock (op—m) mainly affects the
magnitude of melt productivity: overall productivity is notably
higher for cases with pronounced hydrated thermal-chemical
plumes developed in the mantle wedge. Melt productivity cluster-
ing is mainly related to the activity of individual thermal-chemical
structures growing atop slabs (plumes, domes). This clustering may
explain spatial and temporal variations of magmatic activity and
crustal growth in intraoceanic arcs, such as spatial-temporal peri-
odicity of the quaternary volcano distribution in North-East Japan
(Honda and Yoshida, 2005; Kimura and Yoshida, 2006), the average
spacing between volcanic centers along Kermadec arc (de Ronde
et al.,, 2007), and the spatial periodicity of crustal thickness varia-
tions along the Izu intra-oceanic arc (e.g. Kodaira et al., 2006).
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