Dynamical causes for incipient magma chambers above slabs
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ABSTRACT
Using a regional upper-mantle model with an unprecedented spatial resolution of ;100
m, we have investigated at multiple resolutions the character of incipient magma chambers
forming under oceanic arcs. The magma chambers are formed from wave-like structures
propagating upward along descending slabs and consist of compositionally buoyant, hydrated, partially molten subducted crustal and mantle material. These wave structures
are 300–500 8C colder than the mantle wedge and may have an upward velocity of .1
m/yr. Inverted temperature structures and transitory bimodal magmatism are plausible
consequences of finger-like penetration of relatively cold, hydrated material of the incipient magma chambers into the hot mantle wedge. Apart from forming and periodic feeding
of the magma chambers, ‘‘cold’’ waves may also transport upward thousands of cubic
kilometers of subducted material and may cause the rapid exhumation of ultrahighpressure rocks along slabs.
Keywords: subduction zones, numerical modeling, partial melting, mantle plumes, exhumation
of ultrahigh-pressure rocks.
INTRODUCTION
Diapiric flows or upwellings in the mantle
are propelled by either thermal or chemical
buoyancy and have various morphologies
(Hansen and Yuen, 1988; Bercovici and Mahoney, 1994; Cserepes and Yuen, 2000). Another plausible mechanism of mass transport
in the mantle involves porous melt or fluid
flows (Davies and Stevenson, 1992; Stern,
2002). Similar features are also expected to
develop under volcanic arcs, because of hydration and melting on the top of the subducting slabs (Marsh, 1979; Davies and Stevenson, 1992; Tamura et al., 2002; Hall and
Kincaid, 2001; Stern, 2002). Some geodynamic and volcanologic aspects of the hydration, partial melting, and mantle circulation
atop subducting slabs have already been addressed by numerical (Davies and Stevenson,
1992; Gerya and Yuen, 2003a) and laboratory
(Hall and Kincaid, 2001) experiments. However, up to now, there has been no coupled
thermal-chemical-mechanical-rheological
model of an incipient magma chamber accounting for the combined effects of both hydration and partial melting (Marsh, 1979;
Stern, 2002). We describe below a new
ultrahigh-resolution two-dimensional numerical model that can reproduce these enigmatic
features above subducting slabs.
NUMERICAL MODEL
We have designed a regional twodimensional upper-mantle model (Fig. 1) with
a kinematically prescribed subducting plate
(Gerya and Yuen, 2003a). The boundary con*E-mail: taras.gerya@ruhr-uni-bochum.de.

ditions correspond to the corner-flow model,
which accounts for asthenospheric mantle
flow under the overriding plate. The top surface is calculated dynamically like a free surface by using an 8-km-thick top layer with a
lower viscosity (1016 Pa·s) and density (1 kg/
m3 for the atmosphere, 1000 kg/m3 for the
seawater).
In a situation where the availability of water

controls the progress of the mantle hydration
(e.g., Peacock, 1987), spatial changes in the
hydration rate (vh) along the hydration front
(Fig. 1) should mainly depend on spatial
changes in the rate of fluid release along the
surface of the subducting plate (Kerrick and
Connolly, 2001). Using a simplified linear dehydration model of the subducting slab (Gerya
et al., 2002), we assume that the hydration rate
can be roughly approximated as follows:
nh 5 0.07ns when x , xlim ,
nh 5 0

when x . xlim ,

(1)

where vs is the subduction rate (m/s) and xlim
5 150 km is the limiting horizontal distance
(x) from the trench to the right of which the
fluid release from the subducting plate is negligible (Gerya et al., 2002).
We assume that partial melting occurs in the
pressure-temperature (P-T) region between the
wet solidus and the dry liquidus (Table 1), defined experimentally for three hydrated petrologic components: hydrated mantle, subducted sediments, and oceanic crust. As a first

Figure 1. Numerical upper-mantle model designed for our two-dimensional numerical experiments. An intermediate stage of calculation with well-developed hydrated mantle zone
is shown. Initial conditions for calculation (Gerya and Yuen, 2003a) are taken as follows:
initial position of subduction zone is prescribed by weak, 8-km-thick, hydrated peridotite
layer; initial temperature field in subducting plate is defined by an oceanic geotherm T0(z)
with specified age; initial temperature distribution in overriding plate T1(z) corresponds to
equilibrium thermal profile with 0 8C at surface and 1350 8C at 32 km depth; initial structure
of 8-km-thick oceanic crust is taken as follows (from top to bottom): sedimentary rocks 5
1 km, basaltic layer 5 2 km, gabbroic layer 5 5 km. Serpentine stability field (Table 1) is
taken according to the experimental data for antigorite (Schmidt and Poli, 1998). Further
details of model design and limitations are given by Gerya and Yuen (2003a).
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TABLE 1. MATERIAL PROPERTIES USED IN TWO-DIMENSIONAL NUMERICAL EXPERIMENTS
r0

Material

(kg/m3)
Sedimentary rocks

Basaltic crust

2700 (solid)

2400 (molten)
3100 (solid)

Thermal
conductivity
[W/(m·K)]

Rheology

0.64 1 807/(T
1 77)

constant viscosity

1.18 1 474/(T
1 77)

Gabbroic crust

3100 (solid)

1.18 1 474/(T
1 77)

2900 (molten)
Serpentinized mantle
Hydrated
unserpentinized
mantle*

3000
3200 (solid)

1
1
1
1

1293/
77)
1293/
77)

3000 (molten)

Dry mantle

3300

References

(Turcotte and
Schubert, 1982)

1019 Pa·s
constant viscosity

plagioclase (An75)

flow law
0.73
(T
0.73
(T

constant viscosity
1019 Pa·s
wet olivine
flow law

0.73 1 1293/
(T 1 77)
(Clauser and
Huenges,
1995)

HL
(kJ/kg)

1262 1 0.09P

300

1423 1 0.105P

380

1423 1 0.105P

380

–

–

1240 1 49800/(P 1 323)
at P , 2400 MPa,
1266 2 0.0118P 1 0.0000035P 2
at P . 2400 MPa
–

2073 1 0.114P

300

–

–

(Schmidt and Poli, 1998;
Poli and Schmidt, 2002)

(Schmidt and Poli, 1998;
Poli and Schmidt, 2002)

(Turcotte and Schubert, 1982;
Bittner and Schmeling, 1995)

(K)

1019 Pa·s

2900 (molten)

Tliquidus
(K)

Tsolidus

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

889 1 17900/(P 1 54) 1
20200/(P 1 54)2
at P , 1200 MPa,
831 1 0.06P at P . 1200 MPa
973 2 70400/(P 1 354) 1
77800000/(P 1 354)2
at P , 1600 MPa,
935 1 0.0035P 1
0.0000062P 2 at P . 1600 MPa
973 2 70400/(P 1 354)
1 77800000/(P 1 354)2
at P , 1600 MPa,
935 1 0.0035P
1 0.0000062P 2 at P . 1600 MPa
–

Note: reference model parameters (Fig. 2): box size—400 km 3 200 km; grid resolution—401 3 201 regularly spaced points, ;12 3 106 markers randomly distributed; subducting
lithosphere age 80 m.y.; subduction rate ns 5 2 cm/yr; lateral viscosity variation 1016–1026 Pa·s.
*Hydrated mantle beyond the antigorite stability field (Schmidt and Poli, 1998): T . 751 1 0.18P – 0.000031P 2 at P , 2100 MPa, T . 1013 2 0.0018P 2 0.0000039P 2 at P .
2100 MPa.

approximation, the volumetric degree of melting M is taken to increase linearly with the
temperature:
0


1

T 2 Tsolidus
M 5 T
liquidus 2 Tsolidus


at T , Tsolidus
at Tsolidus , T
, Tliquidus
at T . Tliquidus,
(2)

where Tsolidus and Tliquidus are, respectively,
wet solidus temperature and dry liquidus temperature at a given pressure and rock composition (Table 1). An effective density (reff) of
partially molten rocks is calculated as
reff 5 rsolid 2 M(rsolid 2 rmolten),

(3)

where rsolid and rmolten are, respectively,
densities of solid and molten rock. Effective
heat capacity of partially molten rocks is expressed as
Cp,eff 5 Cp 1 HL/(Tliquidus 2 Tsolidus), (4)
where Cp 5 1000 J/(K·kg) is the heat capacity
of solid rocks and HL is latent heat of melting
(Table 1).
The effective creep viscosity of solid rocks
(M , 0.1), depending on the stress and temperature, is represented by experimentally determined flow laws (Table 1). The effective
viscosity of molten rocks (M . 0.1) is calculated as (Pinkerton and Stevenson, 1992)
90

h 5 ho exp{2.5 1 [(1 2 M)/M] 0.48
3 (1 2 M)},

(5)

where ho 5 1013 Pa·s is taken for the basic
oceanic crust and hydrated peridotite and ho
5 5 3 1014 Pa·s is used for the felsic sedimentary rocks (Bittner and Schmeling, 1995).
We have solved the momentum, continuity,
and temperature equations within the framework of the two-dimensional creeping-flow
approximation and have considered both thermal and chemical buoyancies along with mechanical heating from adiabatic work and viscous dissipation. We have employed the code
I2VIS (Gerya and Yuen, 2003b), which is
based on finite differences with a nondiffusivemarker-in-cell technique. Altogether we have
carried out ;50 high-resolution numerical
runs with various subduction rates (2–10 cm/
yr) and slab ages (40–130 m.y.) on a 401 3
201 regular Eulerian grid with ;12 3 106
markers for the chemical components, the
temperature field, and other transport properties represented. This algorithm allows us to
resolve fine details with an unprecedented spatial accuracy of ;100 m, which is necessary
to capture incipient magma chambers.
RESULTS OF SIMULATION
Figures 2 and 3 summarize the results of our
reference model (Table 1). Further details for this
model and related numerical experiments are
available at http://www.msi.umn.edu/;esevre/
people/taras/, or http://tomo.msi.umn.edu/;max/
webis/. The initial stages, younger than 10

m.y., are characterized by the progressive hydration of the mantle wedge, resulting in the
propagation upward of a sharp hydration front
from the subducting slab. The hydrated mantle
is subdivided into two parts: an upper, serpentinized, subduction channel developing within
an upper, colder, lithospheric part (T , 1000
8C) of the wedge, and a lower, hydrated, but
not serpentinized, peridotite zone developing
within a lower, hotter, asthenospheric part (T
. 1000 8C) outside of the P-T stability field
of serpentine (Fig. 1, Table 1). These two
zones are separated by the zone of narrowing
(Figs. 2 and 3) caused by the forced flow of
the asthenospheric mantle toward the subducting plate. The narrowing also produces a
wedge-shaped closure of the serpentinized
subduction channel, forcing a backward flow
(Gerya et al., 2002) within the channel (Figs.
2 and 3).
Afterward, 10–17 m.y. later, there emerges
a wave-like Rayleigh-Taylor instability (Ramberg, 1981) along the upper surface of the
serpentine-free hydrated peridotite zone. This
buoyancy-driven instability is caused by the
strong (100–200 kg/m3) density contrast (Hall
and Kincaid, 2001) between the hydrated,
lower-density peridotite mixed with partially
molten subducted oceanic crust and the
higher-density, overriding dry asthenosphere.
On the other hand, the effective dynamic viscosity of the hydrated mantle wedge (1017–
1019 Pa·s) is several orders of magnitude lower (Fig. 2, right column) than either the
effective dynamic viscosity of the cold subGEOLOGY, January 2004

Figure 2. Dynamics of development of incipient magma chamber under oceanic arc during
early (12–17 m.y.) stages of ongoing subduction. Three columns show temporal evolution
of material field (left column), temperature distribution (middle column), and viscosity field
(right column) of mantle wedge. Sketches represent 240 km 3 150 km areas of original 400
km 3 200 km model. Left: Evolution of distribution of rock types shading: 1—weak layer
on top of model (air, seawater); 2—sedimentary rocks; 3 and 4—solid and partially molten
oceanic crust, respectively; 5—dry mantle; 6—serpentinized mantle; 7—hydrated unserpentinized mantle; 8—partially molten hydrated mantle; 9—mantle quenched after partial melting. Close-up area reveals details of initial (finger-like) stage of propagation of incipient
magma chamber into hot mantle wedge; arrow shows direction of motion for this structure.

ducting slab (.1020 Pa·s) or that of the overriding dry mantle (1019–1022 Pa·s). Therefore,
favorable conditions are created for the rapid
escape of buoyant wave-like features upward
along the subducting plate within the hydrated
and partially molten, low-viscosity hydrated
peridotite zone (Fig. 2, right column).
The shape and the internal geometry of the
wave-like structures are very complex (Fig. 2,
11.9 m.y.), reflecting the internal deformation
and rotation of rocks within these waves (Fig.
3). This shape results from an interaction of
several competing processes: (1) subduction
of material along the bottom of a wave, (2)
deformation of the dry mantle atop the wave,
GEOLOGY, January 2004

(3) growth of the wave amplitude, which tends
to produce diapiric structures (Ramberg,
1981), and (4) upward propagating escape of
the wave, which tends to preserve its shape
within the low viscosity zone, which is analogous to solitary waves (Olson and Christensen, 1986).
The upward velocity of the waves often exceed the subduction speed (Fig. 3). In the reference model shown in Figures 2 and 3, the
wave velocity varies from 0.3–25 cm/yr; in
other numerical experiments, this velocity
reaches .1 m/yr. Apart from strong density
contrast between the dry mantle and hydrated,
partially molten rocks composing waves, this

high velocity is controlled by the low effective
viscosity (1019–1021 Pa·s) of the dry mantle
deforming atop the waves (Fig. 2, right
column).
Merging of several wave-like structures rising with different velocities (Fig. 3A) commonly occurs and may cause the growth of
rapidly propagating diapiric and finger-like
structures at a shallower level (Fig. 2, 12.6
m.y.), giving rise to the formation of an incipient magma chamber. The inverted temperature gradient within the source area of the diapir at the subducting slab results in an
intriguing geologic phenomenon: the hydrated, partially molten, finger-like structure rising
through the mantle wedge is 300–500 8C colder than the surrounding wedge material (Tamura, 1994; Gerya and Yuen, 2003a). Increase
in temperature in the outer zones of this rising
‘‘cold’’ plume results from both shear heating
and thermal interaction with the hot mantle
wedge (Gerya and Yuen, 2003a). As suggested by Tamura (1994), this may form favorable
conditions for transitory bimodal magmatism
because of both the compositional and the
thermal zoning of the incipient magma chamber (Fig. 2, 12.6 m.y.), which would generate
basalts from its water-depleted, hot rind, and
boninites from its water-enriched, cooler interior. Further massive heating of this structure
from the wedge eliminates thermal zoning and
causes underplating of the lithospheric mantle
below the volcanic arc by the flattened (30–
50 km wide and 5–15 km thick) magma
chamber composed of hydrated, partially molten material (Fig. 2, 13.9 m.y., 16.9 m.y.) connected with the hydrated, planar subduction
channel by the radial conduit (Figs. 3B and
3C). The newly discovered partially molten
wave-like structures (‘‘cold’’ waves) ascending along the slab may penetrate through the
radial conduit and periodically feed the magma chamber (Fig. 3B). This rapid penetration
may cause a new period of bimodal magmatism owing to the renewal of thermal and
compositional zoning within the magma
chamber (Fig. 2, 13.9 m.y., Fig. 3B). The
physical nature of ‘‘cold’’ waves rising
through the radial conduit is apparently similar to ‘‘hot’’ solitary waves propagating outward in a radial magmatic channel (Olson and
Christensen, 1986).
The ‘‘cold’’ waves represent a very efficient, rapid, upward-transport media. In contrast to finger-like and diapiric structures penetrating the relatively hot mantle wedge, the
‘‘cold’’ waves rising along the slab interface
are not subjected to the strong heating from
the wedge mantle and are characterized by a
relatively stable temperature varying between
800 and 1100 8C. Therefore, similar waves
can transport thousands of cubic kilometers
(Fig. 3) of previously subducted, relatively
91

Figure 3. Close-up view
of incipient magma chamber and selected wavelike structures developed
in numerical simulations.
See left column of Figure
2 for location of these
structures and shading
code. Arrows show direction of propagation of
‘‘cold’’ waves.

cold, but chemically buoyant material upward
from depths of .100 km toward the bottom
of the serpentinized subduction channel,
where further exhumation of this material due
to the backward flow in the serpentinized
channel (Fig. 3C) can occur (Gerya et al.,
2002). Therefore, ‘‘cold’’ waves may explain
the rapid exhumation of ultrahigh-pressure
coesite- and diamond-bearing rocks of both
crustal and mantle origin found in several orogenic belts and characterized by 750–1100 8C
temperatures at peak metamorphism (Rosen et
al., 1972; Chopin, 1984; Sobolev and Shatsky,
1990; Dobrzhinetskaya et al., 1996; Stöckhert
et al., 2001).

agation of incipient magma chambers above
slabs depends strongly on the dynamics imposed by the subduction rate and the thermal
constraints posed by the age of the slab and
the asthenospheric circulation above the slab
(Davies and Stevenson, 1992; Gerya and
Yuen, 2003a; Stern, 2002).
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