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Abstract
We use a coupled petrological–thermomechanical model to investigate the dynamical effects of metamorphic reactions and
melting on the seismic structure of thermal–chemical plumes beneath volcanic arcs. Plume generation is driven by the subduction
of buoyant crustal rocks and expulsion of aqueous slab fluids that causes hydration and partial melting of the mantle wedge. The
model demonstrates two chemically distinct types of plumes. Unmixed plumes initiate from the melting front within the mantle that
arises as a consequence of infiltration of slab-derived water-rich fluids, whereas mixed plumes initiate from the slab itself and entrain
both slab- and mantle-derived magmas. Mixed plumes explain magmas such as adakites with crustal signatures, while primitive arc
tholeiites are attributed to unmixed plumes. As a consequence of the interplay between water content and temperature both positive
and negative seismic velocity anomalies are associated with the plumes. Positive anomalies are prevalent close to the slab due to
the lowered temperatures associated with regions of cold plume initiation. Negative seismic anomalies develop at shallower depth
due to the partially molten rocks that form plume heads. Flat lying partially molten regions that form beneath volcanic arcs as a
consequence of cold wet plumes are manifest by >20% variations in the local Poisson ratio, as compared to variations of ∼2%
expected as a consequence of temperature variation within the mantle wedge. In contrast to models that attribute a purely thermal
origin for mantle wedge seismic anomalies, the petrological–thermomechanical model is able to explain the strong seismic velocity
variations existing beneath volcanic arcs.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction
Seismic structures with strong both positive and
negative velocity anomalies in the mantle wedge above
subduction zones (Zhao et al., 2002; Tamura et al.,
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2002) have been interpreted as thermally (Tamura et
al., 2002) or chemically (e.g., Jung and Karato, 2001)
induced phenomena. In this study, we employ numerical
models to examine an alternative hypothesis that these
anomalies are caused by the plume-like structures that
(Gerya and Yuen, 2003a; Gerya et al., 2004a) evolve
from the subducted plate. For this purpose we develop
a coupled petrological–thermomechanical model that
allows us to predict seismic velocity anomalies in the
wedge. Previous models of the seismic structure of
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subduction zones (e.g., Peacock and Wang, 1999; Zhao,
2001; Connolly and Kerrick, 2002; Hacker and Abers,
2004) were based on prescribed thermal and lithological
structures and/or assumed mineralogical distributions.
In contrast, we employ a thermodynamic model to
compute mineralogies and their physical properties,
including compressional and shear wave velocities,
from the thermal and chemical fields obtained by geodynamical modeling. The computed rock properties, such
as density, heat capacity, thermal expansion and water
content, feedback in turn on the geodynamic evolution.
In previous work (Gerya and Yuen, 2003a) we demonstrated that hydration and partial melting along the subducting slab can trigger Rayleigh–Taylor instabilities
that evolve into partially molten diapiric structures (“cold
plumes”). However, our previous model did not account
for the effects of metamorphic reactions on the dynamics
of slab dehydration and mantle melting. Incorporation of
the thermodynamic model in the present work allows us
to explore this effect and in particular to test whether the
model is able to explain the seismic velocity variations
observed in mantle wedges beneath volcanic arcs.

Table 1
Model rock compositions (weight %)

SiO2
Al2 O3
FeO
MgO
CaO
Na2 O
K2 O
H2 O a

Sediment

Upper oceanic
crust (altered
basalt)

Lower oceanic
crust (gabbro)

Mantle
(peridotite)

61.10
12.43
5.43
2.59
6.21
2.54
2.13
7.60

47.62
14.48
10.41
6.92
13.39
2.15
0.58
2.78

53.49
14.07
6.86
12.07
10.73
1.22
0.09
1.47

45.55
4.03
7.47
37.42
3.18
0.33
0.03
1.98

Sediment is the GLOSS average (Plank and Langmuir, 1998); basalt
is an average for the upper 500 m of the igneous section of the oceanic
crust (Staudigel et al., 1989); gabbro is a synthetic composition for the
gabbroic section of the oceanic crust (Behn and Kelemen, 2003), modified to contain up to 1.5 wt.% water to represent the effects of lower
crustal hydrothermal alteration (Carlson, 2003), and peridotite is the
LOSIMAG composition (Hart and Zindler, 1986) chosen to represent
mantle peridotite. The compositions have been simplified by the omission of minor elements such as Mn, P, Ti, and Cr and the assumption
that all Fe is ferrous, additionally CO2 has been removed from the
GLOSS sediment composition.
a Maximal H O content in the rocks (cf. Section 2 for details of water
2
balance at elevated P and T).

2. Petrological model
The model oceanic crust consists of a relatively thin
(1000 m) heterogeneous layer of marine sediments, an
upper 2 km thick sequence of hydrothermally altered

basalts (metabasalts), and a lower 5 km section comprised largely of gabbroic rocks (Table 1). The subjacent mantle is considered to be anhydrous peridotite,
whereas the overlying mantle is either anhydrous or

Table 2
Phases and thermodynamic data sources
Phase

Formula

Source

Antigorite
Clinoamphibole

Mg48x Fe48(1−x) Si34 O85 (OH)62
Ca2−2w Naz+2w Mg(3+2y+z)x Fe(3+2y+z)(1−x) Al3−3y−w Si7+w+y O22 (OH)2 ,
w+y+z≤1
KMg(3−w)x Fe(3−w)(1−x) Al1+2w Si3−w O10 (OH)2 , x + y ≤ 1
Mg(5−y+z)x Fe(5−y+z) (1−x) Al2(1+y−z) Si3−y+z O10 (OH)8
SiO2
Na1−y Cay Mgxy Fe(1−x)y Aly Si2 O6
H2 O
Fe3x Ca3y Mg3(1−x−y) Al2 Si3 O12 , x + y ≤ 1
Al2 SiO5
CaAl2 Si2 O7 (OH)2 ·(H2 O)
Kx Na1−x Mgy Fez Al3−2(y+z) Si3+y+z O10 (OH)2
Na–Mg–Al–Si–K–Ca–Fe hydrous silicate melt
Mg2x Fe2(1−x) SiO4
Mgx(2−y) Fe(1−x)(2−y) Al2y Si2−y O6
Nax Ca1−x Al2−x Si2+x O8
Nax K1−x AlSi3 O8
SiO2
Mg(3−y)x Fe(3−y)(1−x) Al2y Si4−y O10 (OH)2

Rupke et al. (2004)
Wei and Powell (2003); White et al.
(2003)
Powell and Holland (1999)
Holland et al. (1998)

Biotite
Chlorite
Coesite
Clinopyroxene
Fluid
Garnet
Kyanite
Lawsonite
Mica
Melt
Olivine
Orthopyroxene
Plagioclase
Sanidine
Stishovite
Talc

Holland and Powell (1996)
Holland and Powell (1998)
Holland and Powell (1998)

Holland and Powell (1998)
Ghiorso et al. (2002)
Holland and Powell (1998)
Holland and Powell (1996)
Newton et al. (1980)
Thompson and Hovis (1979)
Holland and Powell (1998)

Unless indicated otherwise thermodynamic data was taken from (Holland and Powell, 1998) (revised 2002). The compositional variables w, x, y,
and z may vary between zero and unity and are determined as a function of pressure and temperature by free energy minimization. Thermodynamic
data for the iron endmember for antigorite solution was estimated as described in reference (Rupke et al., 2004).
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hydrated (≤2 wt.% water) peridotite depending on the
kinematic model for the propagation of slab fluids discussed below. Although mantle wedge rocks have the
capacity to absorb up to 8 wt.% water during serpentinization (Connolly, 2005), we adopt 2 wt.% water as an
upper limit to account for incomplete and heterogeneous
hydration (Peacock, 1987) resulting from channelization of slab-derived fluids (Davies, 1999). Water contents
in this ranger are also consistent with observed mantle
wedge seismic velocities (Bostock et al., 2002; Carlson
and Miller, 2003).
The stable mineralogy for each lithology were
obtained by free energy minimization (Connolly, 2005)
as a function of pressure and temperature from thermodynamic data (Table 2). For this purpose, phase relations
were resolved on a grid with a resolution of 5 K and
25 MPa. The range of physicochemical conditions considered here requires extrapolation of the silicate melt
model (Ghiorso et al., 2002). Therefore, to ensure consistency with experimentally constrained melting boundaries employed in our earlier work (Gerya and Yuen,
2003a), calculations were done for each lithology both
with and without the silicate melt model. Physical properties were then computed from the appropriate results
depending upon whether melt was predicted to be stable from the experimentally constrained phase relations
(Table 3).
Seismic velocities were calculated as outlined by
(Connolly and Kerrick, 2002), with shear moduli as
summarized in (Connolly, 2005). In the absence of textural information, aggregate elastic moduli are typically
computed as an equally weighted combination of the
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geometric and arithmetic means of the moduli of the
constituent minerals, i.e., Voigt–Reuss–Hill averaging
(Bina and Helffrich, 1992). Because the geometric
mean vanishes if a constituent modulus approaches
zero, as is the case for the shear modulus of the melt,
the Voigt–Reuss–Hill scheme leads to profound shear
wave velocity anomalies even if the amount of melt is
negligible. As we are concerned with the prediction of
such anomalies, we have computed aggregate velocities
from volumetrically weighted arithmetic mean moduli.
This approach assures a conservative model in that it
minimizes the effect we are attempting to simulate. The
aggregate velocities include the effects of silicate melt
but do not account for the presence of free water, the
amount of which is assumed to be negligible. The seismic
velocities for sediment and hydrous peridotite (Fig. 1)
demonstrate that although subsolidus phase transitions
have a significant effect on velocity, this effect pales in
comparison to that resulting from melting. The terraced
variation in velocities within the melt field for hydrated
peridotite (Fig. 1a and b) is primarily an artifact resulting
from the coarse resolution of melt composition specified
for the calculation. In contrast, the larger steps evident in
the velocity field for the sedimentary lithology (Fig. 1c
and d) primarily reflect supra-solidus phase transitions.
At the onset of subduction the lithologies in the
oceanic crust are assigned the water contents indicated
in Table 1 and the surrounding mantle is anhydrous. To
simulate the migration of water released by dehydration reactions, if water is found to be a stable phase at a
particular depth the water is propagated instantaneously
upward, until it reaches a rock which contains amount

Table 3
Material properties used in 2D numerical experiments
Material

Thermal conductivity (W/(m K))

Rheology

P–T conditions of wet solidus

Sedimentary rocks

0.64 +

807
T +77

Wet quartzite flow law

Upper oceanic crust
(altered basalt)

1.18 +

474
T +77

Wet quartzite flow law

20200
889 + 17900
P+54 + (P+54)2 at P < 1200 MPa,
831 + 0.06P at P > 1200 MPa
70400
973 − P+354
+ 778000002 at P < 1600 MPa,

Lower oceanic crust
(gabbro)
Serpentinized mantle

-//0.73 +

Plagioclase (AN75 ) flow law
1293
T +77

Hydrated unserpentinized
mantlea

-//-

Dry mantle
References

-//Clauser and Huenges (1995)

Constant viscosity,
1018 –1019 Pa s
Wet olivine flow law

Dry olivine flow law
Gerya et al. (2002), Ranalli
(1995)

(P+354)

935 + 0.0035P + 0.0000062P2 at
P > 1600 MPa
-//–
49800
1240 + P+323
at P < 2400 MPa,
1266 − 0.0118P + 0.0000035P2 at
P > 2400 MPa
–
Schmidt and Poli (1998), Poli and Schmidt
(2002)

a Hydrated mantle beyond the serpentine stability field (Schmidt and Poli, 1998), T > 751 + 0.18P − 0.000031P2 at P < 2100 MPa,
T > 1013 − 0.0018P − 0.0000039P2 at P > 2100 MPa.
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Fig. 1. Computed shear (vs ) and compressional (vp ) wave velocities for (a and b) hydrated peridotite and (c and d) sediments as a function of
pressure and temperature. The abrupt decrease in seismic velocities at temperatures of 1000–1200 K is due to the presence of silicate melt.

of water which is less than: (i) upper limit of water content adopted for this specific rock type (Table 1) or (ii)
the amount of water that can be consumed by all waterbearing minerals of the equilibrium mineral assemblage
stable in the rock. Although the limits of water content
are to some degree arbitrary, this approach provides a
rough estimate for the position of the hydration front
that develops in the mantle wedge as a result of slab
devolatilization. To formulate this process analytically
we compute the vertical velocity of the hydration front
from the transport equation (Gerya et al., 2002)
∂zh(x)
vx ∂zh(x)
= vz −
− vh(x) ,
∂t
∂x

(1)

where zh(x) is the depth of the hydration front at the horizontal coordinate x, vh(x) the substantive hydration rate
along the hydration front and vz and vx are the vertical and horizontal components of the material velocity
vector at the hydration front. To obtain vh(x) , the mass

balance equation for water as
 zmax
D(XH2 O(x,z) )
ρ(x,z) dz
Dt
z=zh(x)
= −vh(x) XH2 O(x,zh(x) ) ρ(x,zh(x) ) ,

(2)

where z is depth (zmax corresponds to the lower boundary
of the model); XH2 O(x,z) and ρ(x, z) are the local water
content (weight fraction) and density (kg/m3 ) of the
rocks beneath the hydration front; XH2 O(x,zh(x) ) and
ρ(x,zh(x) ) are, respectively, water contents and density of
hydrated mantle on the hydration front; D/Dt represents
the substantive time derivative computed for moving
rocks by using a marker method. Eqs. (1) and (2) are
solved after each time step of the thermomechanical
model, using the densities and water contents determined
by free energy minimization for the relevant lithologies
and pressure–temperature conditions. In addition to
water-bearing minerals at low temperature (T < 573 K)
and pressure (P < 1 GPa), free water is present in sedi-
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ments and basaltic crust. Pore water content (XH2 O(p) )
is assumed to decrease linearly with both P and T as

XH2 O(p) = XH2 O(p0)

573 − T(K)
300





× 1 − P(GPa) ,
(3)
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where XH2 O(p0) is the water content at T = 273 K
and P = 0.1 MPa. Here we conservatively estimate
XH2 O(p0) = 2 wt.% for both sediments and basaltic
crust. Eq. (3) limits the influence of connate fluid to
low temperatures. At the higher temperatures relevant
for plume generation the water present in connate fluids

Fig. 2. Numerical upper-mantle model (Gerya and Yuen, 2003a) used in our two-dimensional numerical experiments. Initial conditions (a) for
calculation are taken as follows: the initial position of the subduction zone is prescribed by a weak, 6 km-thick, hydrated peridotite layer; initial
temperature field in subducting plate is defined by an oceanic geotherm T0 (z) with a specified age; initial temperature distribution in overriding plate
T1 (z) corresponds to equilibrium thermal profile with 0 ◦ C at surface and 1350 ◦ C at 32 km depth; initial structure of 8 km-thick oceanic crust is taken
as follows (from top to bottom): sedimentary rocks = 1 km, basaltic layer = 2 km, gabbroic layer = 5 km. Boundary conditions and hydration model
(b) are shown for the intermediate stage of calculation with well-developed hydrated mantle zone. A and B are intersection points of serpentine
stability field (Table 3, note) with respectively upper and lower surface of the oceanic crust. Further details of model design and limitations are given
in our previous paper (Gerya and Yuen, 2003a).
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is assumed to be negligible compared to the amount of
water stored in hydrous phases and melts.
3. Thermomechanical model
We employ a 2D numerical thermomechanical model
(Fig. 2) with a kinematically prescribed velocity of the
subducting plate (Gerya and Yuen, 2003a). The boundary
conditions account for incoming and outgoing asthenospheric flow under the overriding plate. The top surface
of the oceanic crust is calculated dynamically as a free
surface by using an 8 km-thick hydrosphere with low
viscosity (1018 Pa s) and density (1 kg/m3 for the atmosphere, 1000 kg/m3 for seawater). The interface between
this weak layer and the top of the oceanic crust deforms
spontaneously and is treated as an erosion/sedimentation
surface (Gerya and Yuen, 2003a). Accounting for the
thermal and density effects of phase transformations
poses a significant challenge (Bittner and Schmeling,
1995; Barboza and Bergantz, 1997; Vasilyev et al., 2004)
because abrupt changes associated with the appearance
of a phase are difficult to handle numerically, particularly
in the continuity condition. To overcome these difficulties, we employ the incompressible fluid approximation
for the continuity equation and numerical smoothing of
thermal and density effects due to phase changes for
the momentum and temperature equation (Gerya et al.,
2004b). Transport and physical properties are then com-

puted by finite differences and a marker-in-cell technique
(Gerya et al., 2000; Gerya and Yuen, 2003b).
The momentum, continuity, and thermal equations for
the two-dimensional creeping-flow equations, accounting for both thermal and chemical buoyancy, are solved
using the I2VIS code (Gerya and Yuen, 2003b) based
on conservative finite differences and a nondiffusivemarker-in-cell technique. The thermal equation is formulated as (Gerya and Yuen, 2003b)

ρCp

DT
Dt


=−

qx = −k(T, C)
Ha = Tα

DP
,
Dt

∂qx
∂qz
−
+ Hr + H a + H S + H L ,
∂x
∂z

∂T
,
∂x

qz = −k(T, C)

∂T
,
∂z

HS = σxx ε̇xx + σzz ε̇zz + 2σxz ε̇xz , (4)

where D/Dt is the substantive time derivative; x and z
denote, respectively, the horizontal and vertical coordinates; σ xx , σ xz , σ zz the components of the deviatoric
stress tensor; ε̇xx , ε̇xz , ε̇zz the components of the strain
rate tensor in; P the pressure; T the temperature; qx and
qz the heat fluxes; ρ the density; g the gravitational acceleration; k(T, C) the thermal conductivity, a function of
composition and temperature (Table 2, e.g., Thompson
and Connolly, 1995); Cp the isobaric heat capacity; Hr ,
Ha , HS and HL denote, respectively, radioactive, adiabatic, shear and latent heat production.

Fig. 3. Development of unmixed and mixed plumes due to hydration of the mantle wedge by fluids released from the slab. Results from highresolution numerical model (Model 10 in Table 4) are shown. The corrugations along the hydration front reflect dynamics of slab dehydration (Eq.
(1)–(3)). Zoomed area shows lithological structures of mixed and unmixed plumes.
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Table 4
Parameters of selected numerical experiments
Model

Slab rate
(cm/year)

Slab age
(Myear)

ηserp
(Pa s)

Grid step
(km)a

Erosion, sedimentation
rate (mm/year)

Plumes initiation
Time
(Myear)

Length of
subduction (km)

Depth
(km)

Rocksb

1. (04 19 01H)

1

40

1019

2

0.3

19.1
30.2
56.4
68.2
77.4

191
302
564
682
774

160
80
192
185
198

p
c+p
p
c+p
c≈p

2. (04 19 05H)

5

40

1019

2

0.3

2.9
5.4
6.0
6.0
7.8
12.8

145
270
300
300
390
640

91
57
65
95
112
116

p
p
p
c+p
c+p
p

3. (04 18 05H)

5

40

1018

2

0.3

2.9
5.4
5.4
12.2
13.1
14.6

145
270
270
610
655
730

89
59
78
119
87
100

p
c≈p
cp
p
c+p
c+p

4. (04 18 03)c

3

40

1018

2

0.3

5.7
9.3
11.5
38.6

171
279
345
1158

81
178
193
200

p
c≈p
c+p
cp

5. (04 19 03S)c

3

40

1019

2

1

5.2
19.5
38.7

156
585
1161

93
110
78

p
p
p

6. (04 18 02HR)

2

40

1018

1

0.3

3.8
8.6
11.8
12.5
15.5
20.3
26.6

76
172
236
250
310
406
532

63
50
197
72
112
118
200

p
c+p
c+p
c+p
p
p

7. (02 18 02)c

2

20

1018

2

0.3

11.5
13.6
19.3
45.0

230
272
386
900

65
72
87
150

p
c≈p
c≈p
cp

8. (10 18 02)c

2

100

1018

2

0.3

8.5
13.0
30.2
37.2

170
260
604
744

90
175
100
200

p
cp
cp
c+p

9. MAXA)c,d

5

40

1019

2

0.3

3.3
16.4

163
822

76
140

p
c+p

10. (HIGH)

2

40

1019

1

0.3

3.9
6.6
15.2
47.7

78
132
304
934

58
58
67
90

p
p
c+p
c+p

Grid step: 1 km, 401 × 201 nodes, ∼8 million markers; 2 km, 201 × 101 nodes, ∼0.5 million markers.
Rock abbreviations: p = peridotite, c = subducted crustal rocks (sediments, oceanic crust).
c Simplified hydration model (Gerya and Yuen, 2003a): subducted oceanic crust dehydration v
h(x) = 0.05vsubd when 0 < x < xA ; serpentine dehydration in the slab vh(x) = Kvsubd , when xA < x < xB ; no deep dehydration of the slab vh(x) = 0 when x > xB , where vh(x) is the substantive hydration
rate along the hydration front (Eq. (1)) as the function of horizontal distance x, xA and xB are imposed limits for the interval of serpentine dehydration
in the slab (Fig. 2, Table 3), K is mantle hydration constant (K = 0.5 for the mantle below wet solidus, K = 0.15 for the mantle above wet solidus, see
Section 4).
d Simplified density model (Gerya and Yuen, 2003a).
a

b
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The effective creep viscosities of solid rocks are represented as a function of temperature and stress by
experimentally determined flow laws (Table 3). The consequences of variation in rheology on subduction zone
dynamics are discussed by (Gerya and Stoeckhert, 2002,
2006). Partially molten rocks are assigned a reduced
effective viscosity of 1017 Pa s which represent upper
bound for partially molten systems (1014 –1017 Pa s, e.g.,

Pinkerton and Stevenson, 1992) but still much lower then
that of solid rocks (1018 –1025 Pa s).
A total of 102 numerical experiments were done (partially summarized in Table 4) as a function of subduction
rate (1–5 cm/year) and slab age (20–100 Myear). The use
of a large number of markers (0.5 − 8.0 × 106 ) allows
spatial resolution approaching100 m (cf. Fig. 3, Models,
6, 10 in Table 4, see also Rudolph et al., 2004).

Fig. 4. Evolution of lithological field and isotherms (white lines labeled in ◦ C) during the propagation of unmixed (left column) and mixed (right
column) plumes. Results from medium-resolution numerical model (Model 9 in Table 4) are shown. Color code is the same as in Fig. 3.
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4. Dynamics of thermal–chemical plumes
In this section, we focus on plumes that develop in
the numerical experiments above the descending lithosphere. Plume development is enhanced by hydration
of the mantle wedge by volatiles released from the
subducted slab (e.g., Gerya et al., 2002). At asthenospheric depths, corrugations along the hydration front
(Fig. 3) that arise through the dynamics of slab dehydration (Eqs. (1)–(3)), provide perturbations that excite
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the Rayleigh–Taylor instabilities from which the plumes
develop (Figs. 3 and 4). The computed widths of the
hydrated zone in the mantle wedge vary from several
kilometers to a few tens of kilometers (Fig. 3) as consistent with seismic data (Bostock et al., 2002).
Systematic study shows that the length of subduction after which plumes first initiate decreases with:
(i) increasing subduction rate (cf. Models 1 and 2 in
Table 4), (ii) increasing amount of subducted sediments
due to the increase in erosion/sedimentation rate (cf.

Fig. 5. Evolution of temperature (color code) and movement rate (arrows) computed for the model shown in Fig. 4 (Model 9 in Table 4). Variations
in temperature are computed relative to the vertical profile in the mantle wedge at x = 350 km.
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Models 4 and 5 in Table 4), and (iii) increasing slab age
(cf. Models 7 and 8 in Table 4). Variation in viscosity
of serpentinized mantle (Fig. 3) does not significantly
affect the onset of plume initiation but does affect plume
dynamics at greater depth (cf. Models 2 and 3, Models 6 and 10 in Table 4). Initiation of plumes at later
stages of subduction are affected by several factors which
cannot always be isolated by varying model parameters. Most important among these factors are: (i) changes
in effective viscosities due to P–T-strain rate dependent

rheology, (ii) changes in density due to mineral reactions
including hydration and melting, (iii) changes of plume
growth rate due to the Rayleigh–Taylor instability, (iv)
movement of the subducting plate and (v) circulation of
asthenospheric mantle in the wedge as affected by propagation of early formed plumes.
In contrast to models that did not account for
the effects of metamorphic reactions and melting,
the present models show two distinct sources for
Rayleigh–Taylor instabilities may initiate plumes. As in

Fig. 6. Evolution of compression wave seismic velocity (vp ) field computed for the model shown in Fig. 4 (Model 9 in Table 4). Variations in vp
are computed relative to the vertical profile in the mantle wedge at x = 350 km.
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the models of Gerya and Yuen (2003a), hydrous minerals and melts within the subducted slab form a source
from which plumes are expected to carry a strong crustal
signature. Such plumes consist of partially molten mantle and crustal rocks mixed on length-scales of 1–100 m
(Rudolph et al., 2004). The second source originates
from the upward propogating hydration front that forms
within the mantle wedge as a consequence of slab dehydration (Figs. 3 and 4). Once physical conditions behind
this front reach those of mantle melting (Table 3) a layer
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of partially molten mantle forms behind the hydration
front. The lower boundary of this partially molten layer
(melting front, Fig. 3) varies depending on the temperature of the wet solidus at a given depth, but is subparallel
to, and a few kilometers above, the slab (Fig. 3). Upward
propagation rates for plumes (Fig. 5) from either source
are of the order 0.01–1 m/year; thus the plumes offer a
mechanism by which thousands of cubic kilometers of
material can be transported through the mantle wedge.
The two sources generate distinct types of plumes: mixed

Fig. 7. Evolution of shear wave seismic velocity (vs ) field computed for the model shown in Fig. 4 (Model 9 in Table 4). Variations in vs are
computed relative to the vertical profile in the mantle wedge at x = 350 km.
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plumes (Figs. 3 and 4, right column) consist of partially
molten crustal and mantle rocks; and unmixed plumes
(Figs. 3 and 4, left column) consist of partially molten
mantle. This distinction leads us to hypothesize that arc
magmas with crustal melt geochemical signatures are
derived from mixed plumes, whereas primitive magmas
with slab fluid signatures derive from unmixed plumes.
The time and depth of generation for mixed and unmixed
plumes does not vary systematically (Table 4). However,
at the initial stages of subduction unmixed plumes are

prevalent and form nearer to the trench than is generally
the case for mixed plumes (Figs. 3 and 4).
5. Synthetic seismic tomographic images
The volatiles/melts and temperature fields (cf.
Figs. 4 and 5) resulting from plume propagation compete
in shaping the seismic structure of the mantle wedge.
The relative importance of these factors causes the seismic signal to change during plume propagation. Positive

Fig. 8. Evolution of Poisson ratio (ν) field computed for the model shown in Fig. 4 (Model 9 in Table 4). Variations in Poisson ratio are computed
relative to the vertical profile in the mantle wedge at x = 350 km.
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anomalies are characteristic of the roots of plumes
(Figs. 5 and 6), whereas negative seismic anomalies are
common at shallower depth due both to the presence
of partially molten rocks composing plume heads and
the formation of 30–50 km wide flattened melting
regions that form beneath volcanic arcs (e.g., Fig. 4,
at 20.6 Myear) as a consequence of cold wet plumes
(Gerya et al., 2004a). The negative velocity anomalies
are generally greater then 10% and stronger than those
associated with variations in temperature within the
mantle wedge (<6%, cf. Figs. 5–7). Poisson ratio anomalies are even more pronounced: the positive anomaly for
molten plumes often exceeds 20% and is several times
larger than that for variations caused by temperature.
For comparison, the core of the subducting slab which is
500–1000 K colder then the wedge (Fig. 5) is manifest
by a Poisson ratio anomaly of only 2–5% (Fig. 8).
6. Discussion and conclusions
The advantage of our coupled petrological–
thermomechanical model is that it naturally specifies
many rock properties that vary as a function of pressures
and temperature, e.g., density, heat capacity, thermal
expansion, latent heat, and water content. These properties are not the subject of arbitrary choice, but rather
are computed using natural rock compositions (Table 1)
and an extensively tested thermodynamic data base
(Holland and Powell, 1998, Table 2). The parameters in
this data base are subject to strong autocorrelation and
therefore cannot be viewed as independently variable.
Thus, the number of independently variable model
parameters in our model is no greater than in conventional thermomechanical subduction zone models; these
parameters include subduction rate, lithology, slab age
and rheology. These computed rock properties from the
petrological model feedback to the thermomechanical
model, thereby assuring internally consistency of the
overall solution. Models inevitably represent a simplification and may entirely neglect important natural
processes, in this regard areas that must be explored
more thoroughly are: the consequences of variations in
the rheology and structures of the subducting slab and
overriding plate; effects of mineral reaction kinetics;
and multi-phase flow models pertinent to melt extraction
and magmatic arc growth.
Our models reveal that two distinct types of plumes
(mixed and unmixed) form in the mantle wedge. These
distinct plume types can explain the presence of different magmas in volcanic arcs (e.g., Stern, 2002): magmas
with distinct crustal signatures (e.g., adakites) and primitive magmas from peridotitic source (e.g., arc tholei-
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ites). Thermal zoning inside rapidly rising unmixed
cold plumes can result in transitory bimodal magmatism because of both the compositional and the thermal
zoning of these structures (Fig. 4, left column), which
would generate basalts from its water-depleted, hot rinds,
and boninites from its water-enriched, cooler interiors
(Tamura, 1994; Gerya et al., 2004a). Rates of plume
propagation vary between several centimeters to meters
per year (Gerya and Yuen, 2003a; Gerya et al., 2004a)
corresponding to 0.1–3 Myear transfer time through the
athenospheric portion of the mantle wedge (Fig. 4). This
is consistent with U–Th isotope measurements from
island arc magmas that suggest short transfer times for
fluids (0.03–0.12 Myear) and slab-derived melts (several Myear) (Hawkesworth et al., 1997). Intense melting of subducted sediments and oceanic crust in the
mixed plumes occurs at the temperature above 650 ◦ C
(Fig. 4, 16.7 Myear) after penetration of these structures into the hot portion of the mantle wedge. This
behavior agrees well with geochemical models suggesting sediment melting beneath the arc, behavior which
is otherwise difficult to reconcile with low slab surface
temperature inferred from thermal models for subduction zones as discussed by George et al. (2003).
The models presented here are two-dimensional;
thus the plume dynamics correspond to development
of planar, sheet-like instabilities. An important question, therefore, concerns implications of our study for
the initiation and propagation of cold plumes in threedimensions. According to numerical studies of diapirism
(Kaus and Podladchikov, 2001) both finger-like and
sheet-like diapiric structures are stable in 3D and have
similar initial growth rates. Therefore, it is reasonable to
expect that the dynamics of plume initiation dynamics
established in our study are applicable for 3D subduction process where both sheet-like and finger-like (e.g.,
Gerya and Yuen, 2003a) structures can form.
The role of volatiles in subduction dynamics has
received recent attention (e.g., Regenauer-Lieb et al.,
2001). There may be several competing mechanisms
of fluid/melt transport in subduction zones including
hydrofracture (e.g., Clemens and Mawer, 1992), diffusion (e.g., Scambelluri and Philippot, 2001), porous
flow (e.g., Scott and Stevenson, 1986; Connolly and
Podladchikov, 1998; Vasilyev et al., 1998) reactive flow
(e.g., Spiegelman and Kelemen, 2003) and diapirism
(e.g., Hall and Kincaid, 2001; Gerya and Yuen, 2003a;
Manea et al., 2005). Since the upward propagation rate
of partially molten diapirs can reach several meters per
year and the volume of these finger-like and sheetlike structures can reach thousands of cubic kilometers,
we hypothesize that the transport of hydrated partially
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molten rock is efficient in the hot asthenospheric part of
the mantle wedge (e.g., Gerya and Yuen, 2003a; Gerya
et al., 2004a). In the Earth’s crust similar processes are
responsible for the formation of partially molten cupola
and diapiric structures (e.g., Ramberg, 1981; Bittner
and Schmeling, 1995) including “cold diapirs” from
Bushveld complex (Gerya et al., 2003) that are similar
to the phenomena investigated here. Other mechanisms,
such as hydrofracture, diffusion and porous flow, may
dominate in relatively cold areas of subduction zones,
for example within and immediately above the slab (e.g.,
Scambelluri and Philippot, 2001; Davies and Stevenson,
1992) and lithospheric portion of the mantle wedge (e.g.,
Peacock, 1987).
An important related issue concerns possible role
of melt segregation from partially molten plumes. It is
assumed in our model that the melt does not escape
quickly, an assumption that increases plume buoyancy
and the resulting transport velocities. This assumption
cannot be strictly valid, since arc volcanoes attest to melt
segregation. In this regard, the validity of the models
hinges on the depths at which segregation becomes significant. Thus, the models are valid if segregation occurs
in the flattened partially molten region formed below
the arc (Fig. 4, 20.6 Myear). Several factors may hinder early melt segregation in cold plumes. In the initial
stages of plume growth melt segregation must compete
with melt production induced by volatile fluxes from the
slab. During plume upwelling melt segregation competes
with melt production due to conductive and shear heating
and decompression melting (Gerya and Yuen, 2003a). In
contrast, once plumes begin to stagnate beneath the arc
there is more time for melt segregation. At this late stage
melt segregation would decrease the buoyancy of partially molten rocks underplating volcanic arcs, an effect
that might trigger downwelling.
Seismic tomography (Smith et al., 2001; Zhao, 2001;
Zhao et al., 1992) can shed light on the nature of plumes
and/or diapiric structures rising from the subducted
slab. The tomographic image of the subduction zone
beneath Japan (after Zhao (2001), Fig. 9) shows how
such images constrain the path of rising structures. The
thermal–chemical plumes studied here are dynamical
structures such that the positive seismic anomalies associated with plume initiation evolve to negative anomalies
at shallower depth (Fig. 6) due to the conductive and
shear heating and decompression melting (Gerya and
Yuen, 2003a). The model tomographic variations are
consistent (cf. Figs. 6 and 9) with strong seismic anomalies detected in mantle wedges (e.g., Zhao, 2001). Other
models proposed to explain these anomalies (e.g., Honda
and Saito, 2003; Honda et al., 2002) based entirely on

Fig. 9. Tomographic structure of the mantle wedge beneath Japan
(modified after Zhao, 2001). Blue arrow in the middle section shows
presumed trace of cold plume propagation below the volcanic arc
marked by positive vp anomaly. Blue question marks denote negative
compressional wave seismic velocity anomaly which may correspond
to the partially molten head of cold plume (cf. Figs. 4–6). Original orientation of vertical sections is mirrored to facilitate comparison with
numerical modeling results. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of
the article.)

thermal variations, are unable to explain such strong seismic anomalies. In particular, vp seismic anomalies of
5–6% relative (Fig. 9) are detected in mantle wedges
(e.g., Zhao, 2001). To explain such anomalies purely
by thermal effects require local temperature variations
of 500–600 K (cf. Figs. 5 and 6) in the asthenospheric
portion of the mantle wedge. Variations of this magnitude are significantly lager than anticipated by thermal models (e.g., Honda and Saito, 2003; Honda et al.,
2002).
Our high-resolution tomographic images can be
employed for testing out various seismic nonlinear
inversion algorithms (Bijwaard and Spakman, 1999)
and assess the accuracy of ray-tracing algorithms
on realistic structures (Gorbatov et al., 2000), which
have been obtained from realistic and high-resolution
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geodynamical modeling and include both thermal and
compositional contributions to the seismic anomalies.
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