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[1] Crustal growth and topography development in subduction-related arcs are intimately
related to magmatic processes and melt production above subducting slabs. Lateral and
temporal variations in crustal thickness and composition have been observed in nature, but
until now no integrated approach has been developed to comprehensively understand
magmatic activity in subduction-related arcs. Here we investigate the 4-D spatial, temporal,
and compositional character of continental crustal growth at active margins using a new 4-D
(space-time) petrological-thermomechanical numerical model of a subduction-related
magmatic arc. Based on a series of numerical experiments, we demonstrate that crustal
growth inside the arc is inherently clustered in both space and time. The characteristic
wavelength of variations in crustal thickness and topography along the arc is on the order of
30–80 km and is comparable to volcano clustering in natural arcs. The clusters of new crust
are formed mainly by basaltic melt episodically extracted from partially molten peridotite
due to lateral variation of water release and transport in the mantle wedge. Melts derived
from subducted oceanic crust and sediments could contribute up to 15–50 vol% to the arc
crust growth and their relative proportion is maximal at the onset of subduction. The total
amount of newly formed crust correlates mainly with the amount of convergence since the
beginning of subduction and is not strongly influenced by the plate convergence velocity.
Indeed, slower subduction and lower melt extraction efficiency helps partially molten
sediments and oceanic crust to be transported into the mantle wedge by hydrated, partially
molten diapiric structures. For the modeled regime of stable subduction, the maximum
crustal additional rate (25–40 km3/km/Myr) occurs when the amount of convergence
reaches around 700 km. Mantle wedge structures developed in our models correlate well
with available geophysical (seismological) observations for the Alaskan subduction zone. In
particular, partially molten mantle plumes found in our models could explain low seismic
anomalies in the mantle wedge, whereas mobile water and water release patterns could
reflect paths and sources for magmatic activity evidenced by seismic b-value and Vp/Vs
ratio analysis.

Citation: Zhu, G., T. V. Gerya, P. J. Tackley, and E. Kissling (2013), Four-dimensional numerical modeling of crustal
growth at active continental margins, J. Geophys. Res. Solid Earth, 118, 4682–4698, doi:10.1002/jgrb.50357.

1. Introduction

[2] The formation and growth of continental crust are a
subject of long-lasting debate in geophysical [e.g., Taylor,
1967; Reymer and Schubert, 1984; Von Huene and Scholl,
1991; Rudnick, 1995; Albarede, 1998; Dimalanta et al., 2002;
Hebert et al., 2009; Gerya and Meilick, 2011; Vogt et al.,
2012], petrological [e.g., Ringwood, 1990; Green, 1980;

Connolly, 2005], and geochemical [e.g., Allegre and Othman,
1980; Plank and Langmuir, 1988; Elliott et al., 1997;
Hawkesworth and Kemp, 2006] literatures. Since the beginning
of plate tectonics on the Earth, subduction-related magmatic
arcs are considered to be major sites of new continental crust
production by plutonic and volcanic processes [e.g., Aramaki
and Ui, 1978; Hess, 1989; Rudnick, 1995; Rudnick and Gao,
2003; Ramos-Velazquez et al., 2008; Mortimer et al., 2010;
Farris, 2010;Maxeine and Rayner, 2011]. As magmas intrude
into the arc crust and erupt to the surface, crust thickens and
differentiates as shown by topography [e.g., Lahitte et al.,
2012] and seismological profiles [e.g., Kodaira et al., 2006].
Dividing the total volume of arc crust by the time in which
it was produced and by the length of the arc, Reymer and
Schubert [1984] estimated crustal generation rates of
20–40km3/km/Myr for the western Pacific region during
intraoceanic subduction.More recent estimates for the same area
by Stern and Bloomer [1992] (early stage of Izu-Bonin-Mariana
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development), Taira et al. [1998] (Izu-Bonin island arc),
Holbrook et al. [1999] (Aleutian island arc), and
Dimalanta et al. [2002] (Tonga, New Hebrides, Marianas,
Southern and Northern Izu- Bonin, Aleutian island arcs)
are much higher and range from 40–95 km3/km/Myr
to 120–180 km3/km/Myr.
[3] According to both seismological [e.g.,, Kodaira et al.,

2006, 2007] and volcanological [e.g.,, Tamura et al., 2002;
Honda et al., 2007] constraints on the distribution of
magmatic activity, crustal thickness and composition in arcs
are strongly variable in space and time. For example, several
authors [e.g., Tamura et al., 2002; Honda et al., 2007; Zhu
et al., 2009; van Stiphout et al., 2009] analyzed the spatial
distribution of volcanism in Japan and Alaska and concluded
that several clusters of volcanism can be distinguished in space
and time. As shown in a 3-D representation in Figure 1,
the typical spatial periodicity of such volcanic clusters is
50–100km, whilst their active lifetime is 2–7 Myr. Two
trench-parallel lines of maxima in volcanic density can also be
distinguished for some periods of arc evolution [e.g., Tamura
et al., 2002; Honda et al., 2007, 2010]. Kodaira et al.
[2007] provided cross-arc lithospheric profiles for the
Izu-Bonin intraoceanic arc, which revealed two scales
(1000–10 km scale) of variation, one at the scale of the
Izu versus Bonin (thick versus thin) arc crust and the other at
the intervolcano (~50km) scale. Kimura and Yoshida [2006]
presented evidence of petrological variation in time along
the NE-Japan arc and proposed different amounts of fluid/
melting source parameters atop the subducting slab. Eiler
et al. [2005] showed that oxygen-isotope compositions of

Central American arc lavas vary systematically along the
strike of the arc, from a maximum at the northwest end
(Guatemala) to a minimum in the center (Nicaragua), to
intermediate values at the southeast end (Costa Rica), which
resembles slab dip and crustal thickness. Geochemical com-
positions of volcanoes at Spur [Nye and Turner, 1990; Nye
et al., 1995], Augustine [Roman et al., 2006], and Redoubt
[Nye et al., 1994] in southern Alaska also show significant
geochemical differences along the arc in the southern
Alaska subduction zone. Recent 3-D high-resolution to-
mography further displayed the source and path of these
volcanoes along the trench [van Stiphout et al., 2009].
[4] The composition and 3-D structure of arc crust with

lateral variations occurring globally [e.g., Plank and
Langmuir, 1988] are commonly related to dehydration of the
slab and hydration and melting of the overlying mantle in
subduction zones. Spatial and temporal clustering of volcanic
activity is also associated with a strongly variable crustal thick-
ness distribution along arcs [e.g., Kodaira et al., 2006, 2007]
and lateral seismic velocity anomalies in the mantle wedges
under volcanic arcs [e.g., Zhao et al., 2002; Zhao, 2001;
Tamura et al., 2002; Nakajima and Hasegawa, 2003a,
2003b; van Stiphout et al., 2009]. This further points toward
a strong relationship between mantle wedge processes and
crustal growth in subduction-related arcs. Consequently, inte-
grated approaches that combine seismic observations, petro-
chemical observations, and numerical simulations are
expected to be necessary for a comprehensive understanding
of the 4-D space-time character of magmatic activity and
crustal growth.

Figure 1. Sketch of clusters of volcanism and fluids/melts in the mantle wedge atop the subducting slab
shown in a right-hand coordinate system (x: parallel to plate motion, y: along the trench, z: along the depth).
During the subduction of the slab, oceanic crust/sediments/serpentinites dehydrate water and favor partial
melt of the mantle wedge atop the slab. Fluid/melts go upward according to local pressure gradient. The
presence of fluids/melts can be represented by high Vp/Vs ratio and b-value [van Stiphout et al., 2009].
Colors of composition: Orange: sediments; light grey: upper continental crust; dark grey: lower continental
crust; green: basalt; dark green: gabbro; red: partially molten mantle; light blue: hydrated mantle.
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[5] Until now, little has been done to explore, using
numerical thermomechanical models, the 4-D character of
crustal growth in volcanic arcs. Nikolaeva et al. [2008]
investigated crustal growth processes on the basis of a 2-D
coupled petrological-thermomechanical numerical model
of retreating intraoceanic subduction. They found that the
composition of new crust depends strongly on the evolution
of subduction. Four major magmatic sources contribute to
the formation of the crust: hydrated partially molten perido-
tite in the mantle wedge, melted subducted sediments,
melted subducted basalts, and melted subducted gabbro.
Recently, Vogt et al. [2012] identified three geodynamic
regimes of crustal growth during oceanic-continental sub-
duction related to overriding plate motion, partial melting
in the mantle, melt extraction, and melt emplacement in
the form of extrusive volcanics and intrusive plutons.
Honda and Yoshida [2005] explored flip-flop 3-D thermal
plumes applicable to Quaternary volcanoes in north-east
Japan. Zhu et al. [2009, 2011a] examined more complex 3-D
petrological-thermomechanical models of intraoceanic sub-
duction focusing on the geometries and patterns of hydrous
thermochemical upwellings (“finger-like/sheet-like/wave-like
plumes”) formed above the slab, and computed spatial and
temporal patterns of melt generation rate controlled by the
hydrous plume activities. However, previous numerical
models did not explore lateral variations in the thickness and
composition of newly formed crust, thus leaving a significant
gap in reproducing and understanding natural crustal growth
processes in subduction-related arcs.
[6] Here, we present the first results from a newly devel-

oped 4-D petrological-thermomechanical numerical model
of subduction-related magmatic arcs. The model includes
imposed convergence of oceanic and continental plates,
spontaneous slab bending and accounts for dehydration of
subducted crust, aqueous fluid transport, partial melting of
mantle wedge, melt extraction, and related crustal and topo-
graphic growth within a spontaneously forming magmatic
arc. With this new tool, we investigate the 4-D spatial,
temporal, and compositional character of continental crustal
growth at the intervolcano scale at active margins.

2. Thermal-Chemical Convection Models

2.1. Domain and Initial Setup

[7] The 4-D petrological-thermomechanical model simulates
subduction under an active continental margin through time.
The spatial domain is a 328km deep box that is 808km long
orthogonal to the trench and 200km wide. The origin of the
right-handed coordinate system is located at the left-top-back
corner of the box. The initial 3-D setup is laterally homogeneous
in the y-direction. The lithospheric/upper mantle section is
shown in Figure 2. The oceanic crust is represented by a 3km
thick upper layer of hydrothermally altered basalt above a
5 km thick gabbroic section. The oceanic crust does not include
sediments, but sediments spontaneously fill the trench after its
depth reaches 8km in order to mimic natural near-trench sedi-
mentation phenomena. The continental crust has a total thickness
of 35km and is composed of 23km thick felsic upper crust and
12km thick mafic lower crust. The mantle consists of initially
anhydrous peridotite, which can become hydrated by water
released from the subducting slab and partiallymolten as shown
Figure 1. For detailed material properties, see Table 1.
Subduction initiation is prescribed by a 20km wide rheologi-
cally weak fracture zone at the bottom of continental crust.
[8] The initial temperature field in the oceanic plate is

defined by the oceanic geotherm for a 30Ma lithospheric
cooling age [Turcotte and Schubert, 2002]. Within the first
98 km depth of the continental plate, the initial temperature
field linearly increases from 273K to 1628K; then from
98 km depth (in the asthenospheric mantle), an adiabatic
gradient of 0.5K/km is prescribed. Such an initial tempera-
ture setup is suitable for modeling subduction zones with
young subducting slabs, such as the Alaska subduction zone.

2.2. Boundary Conditions

[9] The thermal boundary conditions are constant temper-
ature (273K) at the upper boundary, thermally insulating
vertical boundaries, and an infinite half space-like condition
at the lower boundary [Gorczyk et al., 2007]. This condition
allows lateral variation of both temperature and heat flux at
the lower boundary in response to subduction.

Figure 2. Initial configuration and boundary conditions of numerical model for a lithospheric/upper
mantle section (see text (sections 2.1 and 2.2) for details). Isotherms are displayed in white for increments
of 200°C, starting from 100°C. Colors of composition: light grey: upper continental crust; dark grey: lower
continental crust; light green: sea water; dark green: basalt; green: gabbro; red: partially molten mantle;
blue: weak zone.
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[10] The front and back boundaries are free slip. The left
boundary is no slip and the right boundary is also no slip but with
the constant prescribed subduction velocity (2.0–6.5 cm/yr).
An “external no slip” condition along the lower boundary
means that velocities are set to satisfy a no-slip condition at a
hypothetical external mechanical boundary located at a depth
of 198 km below the bottom of the actual model. This external
no-slip condition, which is similar to the usual no-slip condi-
tion, allows global conservation of mass in the computational
domain and is implemented by the following conditions for
velocity components at the lower boundary:

∂vx=∂z ¼ �vx=ΔzexternalV ; ∂vy=∂z
¼ �vy=ΔzexternalV ; ; ∂vz=∂z ¼ �vz=ΔzexternalV (1)

where x is the horizontal coordinate parallel to plate motion, y
is the horizontal coordinate along the trench, and z is the ver-
tical coordinate and ΔzexternalV=198 km is the vertical distance
from the bottom of the model to the external mechanical
boundary where no slip is satisfied. A “sticky air/water” layer
[Schmeling et al., 2008; Crameri et al., 2012] with a thickness
of 12–15 km is used to impose a free surface condition at the
top of the lithosphere. The upper boundary condition is free
slip but also accounts for “sticky air” outflow (with constant
vertical velocity) in order to balance its continuous input
through the right boundary of the model where a constant sub-
duction velocity (i.e., inflow velocity) is prescribed.

2.3. Fluid/Melt Transport Mechanism

[11] To simulate the migration of water released by dehy-
dration, we used independentlymoving rock and fluid markers
[Gorczyk et al., 2007]. The maximum stable water content for
each lithology was calculated by free energy minimization
[Connolly, 2005] as a function of pressure and temperature
from thermodynamic data by the Perple_X program
[Connolly, 2005;Gerya et al., 2006]. The initial water content
is zero everywhere except in the basaltic and sedimentary crust
where, in addition to mineralogical water, a porous water
content is specified as a linear function of depth:

XH2O pð Þ wt%ð Þ ¼ XH2O p0ð Þ 1� 0:013Δzð Þ (2)

whereXH2O p0ð Þ = 2wt% is the porous water content at the sur-
face, Δz (km) is depth below the surface in km (0–75 km).

The subsequent release of this water also mimics the effects
of low-temperature (<300°C) reactions that are not included
in our thermodynamic database.
[12] A fluid marker with a particular water amount is gener-

ated when the local water concentration exceeds the maximum
concentration that can be held, and moves upward until it
reaches a lithology that assimilates water. Up to 2wt% of
water can be absorbed by hydrated mantle under supersolidus
conditions, in agreement with seismic constraints [Bostock
et al., 2002; Carlson and Miller, 2003]. Solid mantle that
could melt with the addition of water can absorb a maximal
bulk water content of 0.5wt%, consistent with typical condi-
tions of fluid-fluxed melting in subduction zones [Kelley
et al., 2006].
[13] The velocity of water in the wedge is computed

according to pressure gradients [e.g., Faccenda et al., 2009,
2012] as

vx waterð Þ ¼ vx � A
∂P
∂x

vy waterð Þ ¼ vy � A
∂P
∂y

vz waterð Þ ¼ vz � A
∂P
∂z

� ρfluidgz

� �

A ¼ vpercolation

gz ρmantle � ρfluid
� �

(3)

where z is the vertical coordinate with an axis directed down-
ward, x and y are respectively horizontal and lateral (along
strike) coordinates; vx, vy, and vz indicate the local velocity
of the solid mantle, A is a water percolation constant,
vpercolation= 10 cm/yr, a preassumed standard water percola-
tion velocity, which is in the range of the typical large-scale
water transport velocities (1–10 cm/yr) in the mantle wedge
[e.g., Peacock, 1990; Gorczyk et al., 2007; Nikolaeva et al.,
2008], gz = 9.81m/s2 is the gravitational acceleration,
ρmantle= 3300 kg/m3 and ρfluid= 1000 kg/m3 are the densities
of the mantle and fluid, respectively. The moving water is
consumed by hydration and melting reactions with the man-
tle located atop the slab.
[14] When the amount of melt reaches the melt extraction

threshold, a very fast upward melt migration rate is assumed
in all models [e.g., Hawkesworth et al., 1997; Hall and
Kincaid, 2001; Nikolaeva et al., 2008; Hebert et al., 2009;
Connolly et al., 2009]. This instantaneous upward melt move-
ment assumption does not account for lateral melt percolation
phenomena driven by horizontal pressure gradients [e.g.,
Spiegelman and McKenzie, 1987]. In a simple way, extracted
melt is assumed to be instantaneously removed from the source
region to the surface as extrusive volcanics without considering
its emplacement underneath the continental crust [Gerya and
Meilick, 2011; Vogt et al., 2012]. Also, similarly to Nikolaeva
et al. [2008], we concentrate on fluid-fluxed melting processes
atop the slab and do not model shallow decompression melting
of the dry mantle under back-arc spreading centers.

2.4. Partial Melting and Melt Extraction

[15] The degree of melting of hydrated peridotite is
computed as a function of pressure, temperature, and water
content using the parameterization of Katz et al. [2003]. The
degree of melting of subducted crustal rocks is calculated

Figure 3. Sketch of melt extraction episodes. Once total
amount of melt (M) in the rock is over melt extraction thresh-
old (Mmax), melts are extracted except nonextraction melt
fraction (Mmin).
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according to the simpler linear melting model [Gerya and
Yuen, 2003b; Zhu et al., 2009, 2011a]:

M0 ¼ 0 at T < Tsolidus;

M0 ¼ T � Tsolidusð Þ= Tliquidus � Tsolidus

� �
at Tsolidus < T < Tliquidus;

M0 ¼ 1 at T > Tliquidus ; (4)

where M0 is the volumetric fraction of melt for nondepleted
rock with no melt extraction with temperature T, Tsolidus
and Tliquidus are, respectively, solidus temperature (wet and
dry solidi are used for the hydrated and dry mantle, respec-
tively) and dry liquidus temperature; see Table 1.
[16] The actual melt fraction M is lower than M0 because

melt is extracted. For model simplicity, the melt extraction
threshold in our model is the same for all types of melt.
Although it can be lower for low-viscosity basaltic melts, it
can be notably higher for the more viscous granitic and
dacitic melts present in our models. Faul [2001] has shown
that a deep, volatile-rich melt with low viscosity and density
is mobile at 0.1% porosity, but basaltic melt only becomes
mobile at a porosity above 1%. Nikolaeva et al. [2008] have
varied melt extraction threshold from 0.2 to 30% melt frac-
tion to find its influence on crust production. Here we use
an intermediate value for the melt extraction threshold
Mmax of 4% or 6% and a nonextractable melt fraction (that re-
mains in the source region)Mmin of 2% or 3%, similar to pre-
vious 2-D models [Nikolaeva et al., 2008; Gerya and
Meilick, 2011; Vogt et al., 2012]. The amount of melt extrac-
tion is tracked by markers during the evolution of each exper-
iment. In order to avoid over-extraction of melts from the
moving rock markers and keep nonextractable melt in the
mantle, the total amount of available melt, M, for every
marker takes into account previously extracted melt and is
calculated as:

M ¼ M0 � ∑
n
Mext (5)

where∑
n
Mext is the total melt fraction extracted during the pre-

vious n extraction episodes. In our model, the rock is consid-
ered nonmolten (refractory) when the extracted melt fraction
is larger than the standard one (i.e., when ∑

n
Mext > M0 ). In

the case that the total amount of melt M exceeds the threshold
Mmax, the melt fraction Mext=M�Mmin is extracted and
∑
n
Mext is updated. After each melt extraction episode, only

nonextractable melt remains in the source region (M=Mmin).
Starting from this moment, the total amount of melt M in the

source region varies dynamically according to equations (4)
and (5) until it again reaches the Mmax threshold and another
melt extraction episode takes place. This is schematically
presented in Figure 3. The extracted melt fraction Mext is as-
sumed to propagate upward to the surface much faster than
the mantle rocks deform [Elliott et al., 1997; Hawkesworth
et al., 1997]. Hence, the instantaneous transmission of
extracted melt to the surface is reasonable. At the surface,
extracted melt markers create a volcanic arc and thereby retain
their volume and composition. The effective density, ρeff, of
partially molten rock is calculated from

ρeff ¼ ρsolid 1�M þM
ρ0molten
ρ0soild

� �
(6)

where ρ0soild and ρ0molten are the standard densities of solid
and molten rock respectively (Table 1) and ρsolid is the den-
sity of solid rocks at given P (MPa) and T(K) computed from

ρsolid ¼ ρ0solid � 1� αmoltenM þ αsolid 1�Mð Þð Þ T � 298ð Þ½ �
� 1� βmoltenM þ βsolid 1�Mð Þð Þ P � 0:1ð Þ½ � (7)

where α, β represent thermal expansion and compressibility
of rocks shown in Table 1. Due to the applied melt extraction,
the actual density difference between solid and partially molten
rocks is rather small in our models.

2.5. Rheological Model

[17] The viscosity in our models depends on strain rate
(defined in terms of deformation invariants), pressure, and
temperature according to standard experimentally determined
flow laws [Ranalli, 1995] as:

ηcreep ¼ ˙ε∐
� � 1�nð Þ=2n

ADð Þ�1=n exp
Ea þ PVa

nRT

� �
(8)

where ˙εΙΙ ¼ 1=2˙εij˙εij is the second invariant of the strain
rate tensor and AD, Ea, Va, and n are experimentally deter-
mined flow law parameters (Table 1).
[18] The ductile rheology is combined with a brittle/plastic

rheology to yield an effective visco-plastic rheology. For this
purpose, the Drucker-Prager yield criterion [Ranalli, 1995] is
implemented by a limiting creep viscosity, ηcreep, as follows:

ηcreep≤
cþ P sin ϕð Þ

4˙εIIð Þ1=2
(9)

where P is the complete (nonlithostatic) pressure (i.e., the
mean stress), c is the cohesion (residual strength at P=0),
and ϕ is the effective internal friction angle (Table 1).
Assuming high pore fluid pressure in hydrated rocks [Gerya
et al., 2008], the upper oceanic crust (basalts, sediments) are
characterized by c=1MPa, sinϕ =0.

2.6. Numerical Solution Method

[19] For performing numerical experiments, we used the
recently developed 3-D petrological-thermomechanical
modeling code I3ELVIS [Gerya and Yuen, 2007], which
uses a marker-in-cell method with velocity and pressure
discretized using conservative finite differences (finite
volume) [Gerya and Yuen, 2003a] and a multigrid solver. The
governing equations are given in section A1 and parameters
description is listed in Table A1. A new addition is the melting
model of Katz et al. [2003]] for hydrous mantle. The modeling

Table 2. Description of Selected Numerical Experiments, Among
Which Rlinvp Series of Runs Use Water-Saturated P-T Dependent
Melting Models for Hydrous Mantle and Others Use P-T-Water
Content-Dependent Melting Models

Model
Imposed Plate
Velocity (cm/yr)

Melt Extraction
Threshold (vol.%)

Rvp65 6.5 4
Rvp5 5.0 4
Rvp3 3.0 4
Rvp2 2.0 4
Brvp5 5.0 6
Brvp3 3.0 6
Brvp2 2.0 6
Rlinvp5 5.0 4
Rlinvp3 3.0 4
Rlinvp2 2.0 4
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domain is resolved by 405× 165× 101 grid points, which
implies grid cell size of 2 × 2× 2 km comparable to previous
2D subduction models [e.g., Nikolaeva et al., 2008; Gerya
and Meilick, 2011; Vogt et al., 2012; Faccenda et al., 2012].
The effective resolution of the marker field is 1 km (eight
markers per grid cell). Lithologically, 3 km thick basalt crust
is thus resolved with 1.5 cells and six markers, which is
enough to localize deformation in basaltic crust along the plate
interface [Gerya and Meilick, 2011; Faccenda et al., 2012].
Two-dimensional resolution tests for this type of subduction
model are presented elsewhere [Faccenda et al., 2012;
Naliboff et al., 2013].

3. Results

[20] This paper is the first to model and investigate spatial
and temporal variations of crustal growth in a 3-D active sub-
duction margin caused by flux melting dependent on pressure,
temperature, composition, and water content. Here we focus
on the influence of subduction velocity and melt extraction
efficiency on 4-D crustal growth. Thus, a series of runs with
different subduction velocities in the range 2.0–6.5 cm/yr and

a melt extraction threshold of 4% and 6% are performed, as
listed in Table 1. Model “Rvp65,”which has an imposed plate
velocity of 6.5 cm/yr and melt extraction threshold of 4%, is
regarded as the reference model (Table 2).
[21] In the following sections, we analyze the development

of crustal thickness, topography, and new crust fraction for
models “Rvp65” (Figure 4) and “Rvp2” (Figure 5). We
investigate the correlations between composition in the mantle
wedge, degree of melt extraction, melt extraction rate, concen-
tration of mobile water, and water release rate for these two
models (Figures 6 and 7). These trench-perpendicular vertical
profiles intersecting locations with relatively higher crust
growth clearly show the lateral variations of 3-D dynamics
of mantle wedge. Moreover, we analyze the amount of
magmatic rock and crustal addition rate during subduction
for cases with different subduction velocities and melt
extraction efficiencies (Figure 8). It is noteworthy that our
previously used “linear melting model” [Zhu et al., 2009,
2011a] and the “Katz melting model” produce quantita-
tively different amounts of new crust (cf. Figures 8b1 and
8e1 and Figure 9), but the results are still qualitatively
consistent, as discussed in the Discussion section.

Figure 4. Development of crustal growth in Model “Rvp65” (subduction velocity of 6.5 cm/yr) at 5.5
Myr (1: left panel), 16 Myr (2: middle panel), and 27 Myr (3: right panel). Shown in the panels are, respec-
tively, thickness of new crust (a1, a2, a3), topography (b1, b2, b3), time of new crust formation (c1, c2, c3),
granite fraction (d1, d2, d3), dacite fraction (e1, e2, e3), and basalt fraction (f1, f2, f3) of the newly formed
crust. Lines AA′, BB′, CC′, and DD′ shown in Figures 4a2 and 4a3 indicate the locations of vertical mantle
wedge profiles AA′, BB′, CC′, and DD′ in Figure 6. There are three types of newly formed crust, whose
distribution varies along the trench with a wavelength of 50–70 km. Topography grows rapidly as a result
of crustal thickening along the time. More is detailed in text sections 3.1 and 3.2.1. Note that in order to
highlight the lateral variations of crustal thickening at each time step, we use a scale of 0 – maximal values
at each time step rather than a uniform scale.
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3.1. Common 3-D Characteristics of Newly Formed
Crust and Topography Versus Time

[22] During the subduction of oceanic lithosphere beneath
the overriding continental plate, the distribution of three
types of newly formed crust (i.e., granitic, dacitic, and basal-
tic) varies in space and time (see Figures 4d, 4e, and 4f and
Figures 5d, 5e, and 5f). According to our model, granitic
crust is produced by melt extraction from partially molten
sediments and upper continental crust. Dacitic crust is pro-
duced by partially melting gabbros, basalts, and continental
lower crust. Basaltic crust is produced by partially melting
peridotite. All of these contribute to the accumulation of
new crust (Figure 4a and Figure 5a) and topography develop-
ment (Figures 4b and 5b).
[23] The volume of newly formed crust positively correlates

with the duration of subduction. One possible complexity is that
continental crust close to the trench might be recycled into the
mantle by subduction [e.g., Staudigel et al., 1981] or by delam-
ination of the lower crust [e.g., Rudnick and Gao, 2003]. In this
study, we do find that some new crust close to the trench (pro-
duced less than 2 Myr since the beginning of the calculation)

can be easily subducted into the mantle wedge. Thus, early-
formed crust (formed in the first 2 Myr of the calculation) is
not included in the calculation of new crustal thickness.
Comparing Figures 4a1 and 4a2 and Figure 4a3 for model
“Rvp65,” the thickness of the new crust increases with time.
Consequently, topography grows rapidly as a result of this
crustal thickening (see Figures 4b1, 4b2, and 4b3). Note that
in order to highlight the lateral variations of crustal thickening
at each time step, we use a scale of 0 – maximal values at each
time step rather than a uniform scale.
[24] At the onset of the subduction (at 5.5 Myr shown in

Figure 4(a–f)1), sediments and continental crust at the active
margin are first subducted along the slab then become partially
molten at shallow depth with the help of expelled water. The
newly formed crust is mostly granitic and forms a linear pattern
close to the trench (Figure 4d1). Some dacitic crust gradually
forms at a slightly greater distance from the trench because of
the partial melting of subducted gabbros and basalts
(Figure 4e1) and basaltic crust appears sporadically even farther
from the trench (Figure 4f1, and Figure 5f1). At 16 Myr and
27Myr, production of granitic and dacitic crust still continues be-
cause of the partial melting of newly subducted sediments and

Figure 5. Development of crustal growth in Model “Rvp2” (subduction velocity of 2.0 cm/yr) at 14.7
Myr (1- left panel), 38.7 Myr (2 - middle panel), and at 53.8 Myr (3 - right panel). Shown in the panels
are thickness of new crust (a1, a2, a3), topography (b1, b2, b3), time of new crust formation (c1, c2, c3),
granite fraction (d1, d2, d3), dacite fraction (e1, e2, e3), and basalt fraction (f1, f2, f3) of the newly formed
crust. Lines AA′, BB ′, CC′, and DD′ shown in Figures 5a2 and 5a3 indicate the locations of vertical mantle
wedge profiles in Figure 7. The distribution of these three types of newly formed crust varies strongly along
the trench, with a wavelength of 30–80 km at 38.7 Myr when it gets similar convergence amount to model
“Rvp65” at 16 Myr. More is detailed in text sections 3.1 and 3.2.1. Note that in order to highlight the lateral
variations of crustal thickening at each time step, we use a scale of 0 – maximal values at each time step
rather than a uniform scale.
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oceanic crust (compare Figures 4d1–e1, 4d2–e2, and 4d3–e3).
In contrast, there is a very large increase in the thickness of
basaltic crust (compare Figures 4f1, 4f2, and 4f3) due to the
large amount of partially molten peridotite (Figure 6). Similar
features can be found for model “Rvp2” shown in Figure 5f3.
[25] Basaltic crust is extracted quite unevenly along the

trench and causes prominent 3-D patterns of clusters.
Figures 4a2 and 4a3 show clusters of new crust with a wave-
length of around 70 km, ~100–200 km from the trench.
Topography also shows a similar scale (Figures 4b2 and
4b3). We note that our models overestimate the magnitude
of topography due to neglecting surface erosion processes.

3.2. 4-D Crustal Growth

3.2.1. Development of Clusters of the Newly Formed
Crust Along the Trench
[26] Crustal growth in response to arc volcanism is closely

related to subduction dynamics. Several studies have ex-
plored the relationships between volcanism and measurable
subduction parameters including convergent rate, slab dip

angle, age of subducting lithosphere [e.g., Syracuse and
Abers, 2006; England and Katz, 2010], and the crustal thick-
ness of the overriding plate [e.g., Plank and Langmuir,
1988]. In agreement with our previous 2-D studies on the
dynamics of crustal growth [Nikolaeva et al., 2008], the
amount of newly formed crust depends on the subduction plate
velocity and the efficiency of melt extraction. Our 3-D models
presented here can further indicate how 3-D features (and 2-D
surface distributions) respond to these two parameters.
[27] With a similar convergence amount, defined by sub-

duction velocity times duration of subduction (the units used
here are km, km/Myr, andMyr, respectively), the wavelength
or lengthscale of variations in the thickness of new crust and
corresponding topography along the trench are on the order
of 30–80 km (cf. Figures 4 and 5). Figure 5b3 also shows that
crustal growth clusters are not always correlated with the
topography growth (Figures 5(c–f)3): at distances of less
than 200 km away from trench, topography relaxation above
the deforming accretionary wedge seems to completely oblit-
erate volcanic crustal growth signatures.

Figure 6. Vertical sections showing mantle wedge dynamics for Model “Rvp65” subduction velocity of
6.5 cm/yr) at (a–j) 16 Myr and (k–t) 27 Myr. The locations of the sections are shown in Figure 4. Vertical
sections show composition (first column), degree of melt extraction (second column), melt extraction rate
(third column, in 1/Ma), concentration of mobile water (fourth column, in weight%), and water release rate
(fifth column, in weight%/Ma). Note that the water release rate is defined by the positive water concentra-
tion change in the mantle wedge between two time steps. Colors of composition: Orange: sediments; light
grey: upper continental crust; dark grey: lower continental crust; green: basalt; dark green: gabbro; red: par-
tially molten mantle; blue: serpentinite; light blue: hydrated mantle; brown: new crust; violet: dry mantle.
Cross sections at peaks of new crust show lateral variation of hydration/melting region in the mantle wedge
(first, second, third columns) and the corresponding source and path of magmatic activities in the mantle
wedge (fourth and fifth columns). See sections 3.2.2 and 3.3.3 for more details.
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3.2.2. Lateral Variation of Hydration/Melting Region in
the Mantle Wedge
[28] It is accepted that hydration of the mantle wedge

caused by the dehydration of the slab favors the melting of
peridotite mantle [e.g., Iwamori, 1998; Katz et al., 2003;
Grove et al., 2006]. As the slab subducts, water is expelled
from the oceanic crust by compaction and dehydration reac-
tions at shallow depth. Thus, serpentinized or hydrated over-
lying mantle wedge is formed due to hydration, and this
favors further melting. Our 3-D results indicate lateral varia-
tions of composition, degree of melt extraction, melt extrac-
tion rate (which is related to the amount of mobile water),
and water release rate in the mantle wedge (Figures 6 and 7).
[29] Vertical profiles of composition located at magmatic

clusters along lines AA′ and BB′ in Figure 4a2 and lines
CC′ and DD′ in Figure 4a3 for a higher subduction velocity

of 6.5 cm/yr (model “Rvp65”) show that the extent of the
partially molten mantle region controls the horizontal distri-
bution of new crust at the surface with time (first column in
Figure 6). Profiles AA′ and BB′ at 16 Myr show some lateral
variation in the form of the partially molten plumes mixing
with molten sediments and oceanic crust. They also show
differences in upwardly moving and underplating plumes
(compare profiles CC′ and DD′ of Figure 6 at 27 Myr) along
the trench. The degree of melt extraction (shown in the
second column in Figure 6) also shows lateral variation along
the trench at a specific time (see AA′ and BB′ profiles at 16
Myr; CC′ and DD′ profiles at 27 Myr). The melt extraction
rate outlines the envelope of the partially molten plumes
(see the third column in Figure 6). BB′ has more intense
extraction compared to AA′, and CC′ has higher melt extrac-
tion than DD′ (Figure 6).

Figure 7. Vertical sections showing mantle wedge dynamics for Model “Rvp2” subduction velocity
2.0 cm/yr) at 38.7 Myr and 53.8 Myr. The locations of profiles AA′, BB′, CC′, and DD′ are shown in
Figure 5.Vertical sections show composition (first column), degree of melt extraction (second column),
melt extraction rate (third column, in 1/Ma), concentration of mobile water (fourth column, in weight%),
and water release rate (fifth column, in weight%/Ma). Note that the water release rate is defined by the pos-
itive water concentration change in the mantle wedge between two time steps. Colors of composition:
Orange: sediments; light grey: upper continental crust; dark grey: lower continental crust; green: basalt;
dark green: gabbro; red: partially molten mantle; blue: serpentinite; light blue: hydrated mantle; brown:
new crust; violet: dry mantle. Cross sections at peaks of new crust show lateral variation of hydration/melt-
ing region in the mantle wedge (first, second, and third columns) and the corresponding source and path of
magmatic activities in the mantle wedge (fourth and fifth columns). Compared to Figure 6, it shows that
subduction velocity influences the size of hydration/melting region in the mantle wedge, the depth of melt
extraction, and water release. See sections 3.2.2 and 3.3.3 for more details.
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[30] Changing the subduction velocity results in notable
differences in the depths of plumes and in plume dynamics,
as indicated by fields of composition, melt extraction, melt
extraction rate, amount of mobile water, and water release
plotted for the two cases “Rvp65” and “Rvp2” in Figures 4
and 5. After a similar amount of convergence, a subducting
slab with a subduction velocity of 6.5 cm/yr (Figure 6) can
more efficiently carry oceanic crust and serpentinites down
the subduction zone [e.g., Tatsumi, 1989; Arcay et al.,
2005; Nikolaeva et al., 2008; van Keken et al., 2011] than a
slab with a smaller velocity of 2.0 cm/yr (Figure 7). Thus,
the depth of dehydration is deeper and the depth range of
the mantle column between the dehydrating slab and the
overlying crust is greater [e.g., Plank and Langmuir, 1988;
Arcay et al., 2005] which favors a wider area of hydration
and melting. In contrast, model “Rvp2” has narrow partially
molten plumes starting at shallower depth (first column in
Figure 7). This is because, due to the much slower subduc-
tion velocity in model “Rvp2,” there is more time for plumes
(containing oceanic crust and sediments) to develop in the
mantle wedge. Moreover, profiles AA′ and BB′ (Figure 7)
also show lateral variations in composition, degree of melt
extraction, and melt extraction rate at 39 Myr for model
“Rvp2.” The plume head develops more complexity by 54
Myr (profiles CC′ and DD′). Slower subduction velocity re-
sults in a tendency for plumes to penetrate through the

hydrated continental lithosphere (model “Rvp2”), rather than
underplating the lithosphere (compare Figures 6a and 7a).
The spatial distribution of melt extraction rate in “Rvp2”
(Figure 7, third column) shows that melt extraction occurs al-
most evenly inside the plume of partially molten rocks con-
tributing to the new crust.
3.2.3. Lateral Variations of the Source and Path of
Magmatic Activity
[31] The explanation for the location of volcanic arcs re-

mains in debate. Recently, Grove et al. [2009] proposed that
kinematic variables and water transport control the formation
and location of arc volcanoes. England and Katz [2010] ar-
gued that the arc is located above the place where the bound-
ary defined by the anhydrous solidus makes its closest
approach to the trench. In this study, we analyze 3-D varia-
tions in the concentration of mobile water and water release
rate in the subduction zone, which reflect the path and source
of the fluids/melts in the mantle wedge [e.g., Zhu et al.,
2011b]. Profiles of the mobile water concentration and water
release rate for the reference model “Rvp65” and the slow-
subduction-velocity model “Rvp2” are shown in the fourth
and fifth columns of Figures 6 and 7, respectively. These
profiles of water distribution are rather similar to our pre-
vious 2-D results [e.g., Nikolaeva et al., 2008] but differ
in some details from some of the other 2-D subduction
models [e.g., Cagnioncle et al., 2007; Hebert et al., 2009].

Figure 8. Influences of different melt threshold (maxmelt = 4% in the left panel and maxmelt = 6% in the
right panel) and different subduction rate (5.0, 3.0, and 2.0 cm/yr, respectively) on the generated amount of
magmatic rocks (a1, b1, c1; a2, b2, c2) and crustal addition rate (d1, e1, f1; d2, e2, f2) for the same conver-
gence amounts (calculate as time*subduction rate). It shows the influence of plate velocity and melt thresh-
old on the amount of magmatic rocks and crustal additional rate. See text section 3.3.
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These discrepancies are mainly due to the differences in the
initial water distribution inside the slab and the peculiarities
of water transport algorithms adopted in different models.
[32] Mobile water released from the slab causes the forma-

tion of serpentinized mantle and hydrated mantle (dependent
on the (p, T) conditions), and in situ partial melting of the
mantle. Partially molten rock has a low mobile water content
because a large amount of water can be contained in the melt.
We observe that the maximum in the mobile water concentra-
tion (fourth column in Figures 6 and 7) is below the maximum
of melt extraction (second column in Figures 6 and 7) and
above the area with a high water release rate (fifth column in
Figures 6 and 7). This indicates the relationship between melt
extraction, path, and source of the fluids/melts in mantle
wedge. The water is released by subducted oceanic crust and
serpentinites. As the slab subducts, partially molten plumes
propagate toward the mantle corner while subducted crust still
goes down together with subducting slab. At 27 Myr, profile
CC′ (Figure 6) has two regions with a high mobile water
concentration released by subducted oceanic crust, which is
also indicated by the profiles of water release rate. One region
is at the mantle wedge corner, and the other one is deeper than
that in profiles AA′ and BB′. It is noteworthy that a major
hydrated mantle front containing relatively high mobile water

concentration is formed at the bottom edge of the serpentinite
layer with an isotherm of 550°C [Faccenda et al., 2012].
Profile DD′ has similar features to profile CC′, but the depth
range of mobile water differs, which may be caused by lateral
variations in plume development.
[33] Model “Rvp2” with the slower subduction velocity also

displays lateral variations in amount of mobile water (fourth
column in Figure 7) and water release rate (fifth column in
Figure 7). Compared to Figure 6, water release for model
“Rvp2” in Table 1 occurs intensely in a narrow region closer
to the trench at shallower depth. The slab in this model subducts
more slowly and becomes steeper and hotter at the same amount
of convergence compared to the reference model “Rvp65.”

3.3. Influence of Subduction Velocity and Melt
Extraction Efficiency on the Volume of New Crust
Over Time

[34] In this section, we investigate the influence of subduc-
tion velocity and melt extraction efficiency on the volume of
new crust and the crustal addition rate. We focus on the
relationship between the volume of magmatic rock/crustal
addition rate and the amount of convergence, as a function
of imposed plate velocity (see Figure 8—top row: 5.0 cm/yr;
middle row: 3.0 cm/yr; bottom row: 2.0 cm/yr), with differ-
ent melt extraction thresholds of 4% (left panel) and 6%
(right panel).
[35] From these graphs, we distinguish a starting point

(SP) after which the volume of newly formed crust starts to
increase rapidly. After this SP, subduction velocity does
not have a strong influence on the total volume of newly
formed crust, but it has a strong effect on the relative amounts
of different components of the crust (granite, dacite, and ba-
salt). Figure 8a1 shows that the total amount of magmatic
rock is ~300 km3/km at a convergence of 1100 km with sub-
duction velocity of 5.0 cm/yr (model “Rvp5”). The predomi-
nant new crustal component is basalt, which is extracted by
melting mantle peridotite. Granitic and dacitic components
extracted from subducted crust and sediments contribute less
than 50 km3/km. Figure 8b1 shows that the amount of mag-
matic rock is ~370 km3/km for the same convergence amount
but with a subduction velocity of 3.0 cm/yr (model “Rvp3”).
The main component is also basalt; however, the granitic
and dacitic components are much more important than with
the higher subduction rate, with granite contributing
~130 km3/km and dacite ~50 km3/km. With an even slower
subduction rate of 2.0 cm/yr (model “Rvp2”; Figure 8c1), the
total amount of magmatic rock is even higher, exceeding
400 km3/km at the same convergence of 1100 km, of which
the granitic and dacitic fractions are no higher. Here we con-
clude that the slower the subduction velocity, the longer the
subducted crust and sediments have to develop in the mantle
wedge and partially melt to generate dacitic and granitic crust.
[36] The onset of major crustal production as indicated by

the start point SP also varies greatly with subduction velocity:
a higher subduction velocity results in an earlier (in terms of
both convergence and time) SP because more water is taken
into the mantle wedge and causes hydration of mantle atop
the subducting slab and melting of hydrous mantle. The SP
points are, respectively, at 200 km (Figure 8a1), 300 km
(Figure 8b1), 450 km (Figure 8c1) convergence for subduction
velocities of 5.0 cm/yr, 3.0 cm/yr, and 2.0 cm/yr. The plots of
crustal addition rate versus convergence emphasize these

Figure 9. Amount of magmatic rock and crust addition rate
for the case with a linear melting model for hydrous mantle.
Comparison to Figures 8b1 and 8e1 shows the strong influ-
ence of the melting model on the generated amount of mag-
matic crust.
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values of SP (Figures 8(d–f)1). A common feature is that the
crustal addition rate increases in a roughly linear manner until
it reaches a critical point (CP), which occurs at ~700 km con-
vergence for all velocities (Figures 8(d–f)1); just after CP, it
starts to fluctuate within a range of values (20–25 km3/km/
Myr, 15–25 km3/km/Myr in Figures 8(d–f)1), even in the
cases with a lower melt extraction efficiency shown in the right
panel of Figures 8(d–f)2.
[37] Lower melt extraction efficiency (Mmax = 6% and

Mmin = 3%) influences the crustal addition rate and the rela-
tive fractions of the different crustal components (compare
left and right parts in Figure 8). A lower melt extraction effi-
ciency allows the melts to remain longer in the mantle wedge
before extraction, thus creating favorable conditions for
subducted sediments and oceanic crust to develop in the
partially molten mantle plumes. For the fastest subduction
velocity of 5 cm/yr (case “Brvp5”), Figure 8a2 shows that
the amount of granitic crust increases to 100 km3/km at
1100 km convergence—much higher than the ~40 km3/km
observed in Figure 8a1. At the slowest subduction rate and
highest extraction threshold (model “Brvp2”), Figure 8c2
shows that granite crust is the main component at conver-
gence amounts between 600 and 800 km. Higher extraction
threshold also delays SP and CP, with the general character-
istics of the crustal production rate graphs remaining qualita-
tively similar. It shows that lower melt extraction efficiency
indeed enhances the probability of episodic extraction
[Schmeling, 2006] seen from the smoother curves in
Figures 8d1, 8e1, and 8f1 and big jumps in the curves in
Figures 8d2, 8e2, and 8f2.

4. Discussion

[38] This 3-D study can be regarded as a successor to
previous 2-D studies on crustal growth [Nikolaeva et al.,
2008; Gerya and Meilick, 2011; Vogt et al., 2012], to inves-
tigate lateral variations in newly formed crust and the corre-
sponding dynamics of the mantle wedge. Our study focuses
on 3-D stable subduction under an active margin, one of the
regimes identified inGerya and Meilick [2011] and Vogt et al.
[2012]. Generally, our results are consistent with a relatively
low magmatic addition rate (such as 20 km3/km/Myr) and
different sources of new crust, including melting of the
crustal part of the slab and melting of hydrated mantle
shown in a 2-D stable arc setting [Gerya and Meilick,
2011; Vogt et al., 2012]. The crustal addition rate in 3-D is
around 10–30 km3/km/Myr and has a tendency to fluctuate,
which indicates the probability of episodic crustal growth in
nature. Our results show that granitic and dacitic melts
dominate crustal growth in the early stages (before SP).
Basaltic melts extracted from partially molten peridotite
start to dominate crustal growth at a later stage (after SP).
The volume fraction of granitic-dacitic crust remains signif-
icant and varies from 15% to 50% depending on subduction
rate (Figure 8). Indeed, the average andesitic bulk composi-
tion of new continental crust is not obtained in most of the
models, implying more complex melt production and differ-
entiation processes in natural arc settings [e.g., Nye and
Turner, 1990; Rudnick, 1995; Kodaira et al., 2006; Castro
and Gerya, 2008; Castro et al., 2009, 2010; Hacker et al.,
2011; Straub et al., 2011].

Figure 10. (Top) Three-dimensional topographic pattern and (below) clipped composition field at 27Myr
after the beginning of the model calculation) for model “Rvp65.” Three-dimensional topographic patterns
express the features of new crust formation. The extent of the partially molten mantle region corresponds to
the horizontal extent of newly formed crust. Colors of composition: light grey: upper continental crust,
orange: sediments; dark grey: lower continental crust; green: basalt; dark green: gabbro; red: partially
molten mantle; blue: serpentinite; light blue: hydrated mantle; brown: new crust; violet: dry mantle.
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4.1. Comparison With Linear Melting Model for
Hydrous Mantle

[39] In order to understand the influence of different melting
models, we also perform selected experiments (Rvp5lin,
Rvp3lin, and Rvp2lin) with a water-saturated P-T dependent
linear melting model for hydrous mantle [Zhu et al., 2009,
2011a] instead of the model of Katz et al. [2003] used in other
experiments. Results for the case with a subduction velocity of
3 cm/yr (“Rvp3lin”) are shown in Figure 9, for comparison
with Figures 8b1 and 8e1. The linear melting model dramati-
cally overestimates the degree of hydrous mantle melting
and the amount of extracted basaltic melt due to the water-
saturation assumption [Plank and Langmuir, 1988]. The total
volume of crust increases rapidly after SP and is five to six
times more than that calculated using the “Katz melting
model.” The crustal addition rate (Figure 9b) increases linearly
to CP with 170 km3/km/Myr and then decreases linearly
toward zero due to the decreasing contribution from partially
molten peridotite been gradually compensated by increasing
recycling of the new crust into the subduction zone (i.e., by
subduction erosion of the new crust).

4.2. Possible Applications to Nature

[40] Topography responds directly to magmatic activities
at surface. In a simplified way, in our 3-D model, new crust
is assumed to erupt on the surface after melt extraction with-
out considering plutonic emplacement underneath continen-
tal crust as in most recent 2-D studies [Vogt et al., 2012].
Erosion is also neglected; thus, the magnitude of topography
is overestimated. However, the topographic response to new
crust is still obvious. Figure 10 shows the lithological field
and its corresponding topography for the reference model
“Rvp65” at 27 Myr since the beginning of model calculation.
It shows three key points:
[41] 1. The plumes of partially molten peridotite are the

dominant contributors to clusters of new crustal growth in
mature subduction. In addition, temporal variations in new
crust thickness/topography related to melt generation at
subduction zones are characterized by timescales of 10s of
millions of years, as found in nature [e.g., Straub, 2003].
The timescale is somewhat longer than the active lifetime
(2–7 Myr) of thermal-chemical plumes estimated from our
previous 3-D subductionmodels that neglected melt extraction
processes [Zhu et al., 2009, 2011a], but much less than the
100 Myr in Hall [2012].
[42] 2. Two trench-parallel lines of new crust are located

120–250 km away from the trench. This characteristic is
quite common in our models. The line close to the trench dis-
plays a clustered pattern along strike, which reflects the roots
of the plumes at depth. The line farther from the trench is
more constant along strike, which reflects the heads of the
underplating plumes [Zhu et al., 2009]. In nature, two paral-
lel lines of arc magmatism/batholiths can also be found, al-
though there are different proposed driving mechanisms of
formation; examples are Tertiary arc magmatic units in the
Cordillera region of Ecuador [Schütte et al., 2010], igneous out-
crops in northwest Mexico and batholith of the coastal Sonora
[Ramos-Velazquez et al., 2008], and northeast Japan [Zhao
et al., 2002; Tamura et al., 2002]. Another possible natural
example may concern two parallel volcanic belts in Northland
Peninsula in New Zealand [e.g., Mortimer et al., 2007;

Schellart, 2007; Booden et al., 2011; Schellart, 2012], where
several other controversial driving mechanisms have already
been proposed to explain the volcanism [e.g., Herzer, 1995;
Schellart, 2012; Crawford et al., 2003].
[43] 3. New crust is responsible for the development of

topography. Our models consistently predict spatial clustering
of the crustal growth and topography variation with charac-
teristic wavelengths of 30–80 km, comparable to clustering
of volcanoes in subduction-related arcs [e.g., Honda and
Yoshida, 2005; Zhu et al., 2009]. Reasons for this clustering
might be the lateral variations of mobile water released by
the subducting slab under conditions of water-induced grav-
itational instability and related temperature variations in the
mantle wedge [e.g., Gerya and Yuen, 2003b; Gerya et al.,
2006; Zhu et al., 2009; Honda et al., 2010]. Cases with
a subduction velocity of 5–6.5 cm/yr produce new crust/
topography clustering with a wavelength of 50–70 km, and
the setting is comparable to the distribution of volcanoes in
the southern Alaska subduction zone and highlands developed
in the back-arc region. However, southern Alaska subduction
does not have the second volcanic belt found in some of our
models. We speculate that in nature, melt extraction and
transport in the mantle wedge are likely to be more complex
compared to our models.
[44] Seismic structure provides information on the thermal

[e.g., Tamura et al., 2002] and/or chemical [e.g., Jung and
Karato, 2001] anomalies and dynamics of the subduction
zone. Low seismic velocity is generally interpreted as due
to the presence of fluids/melts in the mantle wedge due to
dehydration of the subduction slab and hydration processes
in the mantle wedge [e.g., Kissling and Lahr, 1991; Zhao,
2001; Syracuse and Abers, 2006]. Gerya et al. [2006] used
a coupled 2-D petrological-thermomechanical model to explain
the strong seismic velocity variations existing beneath volcanic
arcs [e.g., Zhao, 2001].
[45] It is widely accepted that b-value studies, that is, fre-

quency-magnitude distribution analysis of local earthquakes
[Aki, 1965; Utsu, 1966; Shi and Bolt, 1982], can image the
source of magma [Wiemer and Benoit, 1996; Wyss et al.,
2001]. More recently, a combined approach of 3-D high-
resolution Vp and Vs independent tomography and b-value
study in the southern Alaska subduction zone shows clustered
anomalies of high b-value and Vp/Vs ratio atop subducting
slab [van Stiphout et al., 2009], which correlate well with
results of this study: clustering in space and time. In section
A2, we show that hydrated plumes in the mantle wedge are
characterized by high Vp/Vs ratios (Figures A1, A2, and
A3), which are even higher than suggested by seismic data
[e.g., van Stiphout et al., 2009], but are within the realistic
range [Wang et al., 2012]. Such seismic effects are mainly
caused by water and melts present in the mantle wedges.
[46] In our present study, fluid markers are used to track

water release and fluid migration in the mantle wedge in or-
der to give insights into the source and path of fluids in our
simulations. The water release rate provides information
about the source of fluids and mobile water concentration
provides the information of the path of the fluids as shown
in Figures 6 and 7. van Stiphout et al. [2009] infer plumes
of rising fluids starting from the top of the slab at around
100 km depth and elaborate that dehydration of minerals is
a major role for high b-values. Such plumes of mobile water
are also found in our models, as visible in Figures 6 and 7.
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They proposed that preexisting cracks and fissures in initially
homogeneous oceanic crust are important factors for cluster-
ing of the arc volcanoes. Our initial model with a homoge-
neous oceanic crust without preexisting cracks and fissures
can also produce volcanoes in clusters due to spontaneous
clustering of dehydration and melting processes above the
slabs driven by water-induced buoyancy in the mantle wedge
[e.g., Zhu et al., 2009, 2011a, 2011b; Honda et al., 2010].
That means, preexisting cracks are not a prerequisite for
volcanic clustering when we take into account the role of
fluid in the subduction zone.

5. Conclusions

[47] We have for the first time modeled and investigated
4-D crustal growth processes in subduction-related arcs
using 3-D petrological-thermomechanical models of sub-
duction under an active continental margin. Subduction is
implemented by an imposed convergence of the oceanic
plate to the continental plate and spontaneous slab bending.
The model accounts for dehydration of subducted crust,
aqueous fluid transport, P-T-water content-dependent melt-
ing mode of hydrous mantle based on Katz et al. [2003], and
instantaneous melt extraction once the melt fraction reaches
a certain threshold. Due to the young oceanic lithosphere
(30Myr) used in our model, our results are more appropriate
for explaining young/warm subduction zones, like the Southern
Alaska subduction zone.
[48] The results show the following key points.
[49] 1. Crustal growth at a 3-D active margin is variable in

both space and time. Clusters of newly formed crust are distrib-
uted in a linear pattern parallel to the trench (Figures 4 and 5).
Model topography also expresses 2-D features in response to
newly formed crust (see Figure 10). The characteristic wave-
length of variations in crustal thickness and topography along
the arc is on the order of 30–80 km and comparable to volca-
noes clustering in natural arcs.
[50] 2. The clusters of new crust are mainly comprised of

basalt episodically extracted from partially molten peridotite
due to lateral variation of water release and mobile water con-
tent in the mantle wedge.
[51] 3. The total amount of newly formed crust correlates

mainly with the amount of convergence since the beginning
of subduction and is not strongly influenced by the plate
convergence velocity.
[52] 4. Convergence velocity influences crustal composition

in terms of the granitic-dacitic to basaltic crust ratio. This ratio
is higher (up to 1:1) for slower subduction or a relatively low
melt extraction efficiency (i.e., high melt extraction threshold).
The maximum of crustal addition rate (25–40 km3/km/Myr)
occurs at around 700 km of convergence.
[53] 5. Our model with 6.5 cm/yr subduction velocity is

comparable to the Southern Alaska subduction zone, and
we obtain plumes of mobile water that resemble the plumes
of rising fluids inferred from the seismological study of
van Stiphout et al. [2009]. Partially molten plumes might
be comparable to spatial clustering expressed in volcanism
and in seismic anomalies in the Southern Alaska mantle
wedge, which are now correlated with 4-D numerical model-
ing in spatial and temporal clustering. The water release rate
could reflect the observed distribution of high Vp/Vs ratio
and b-values atop the slab.
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