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[1] Geochemical consequences of composite diapirs formed in subduction zones have been studied using a
thermomechanical numerical model of an ocean-continent subduction zone. This model includes dehydration
of subducted crust, aqueous fluid transport, partial melting, and melt emplacement. Subduction of crustal
material to sublithospheric depth results in the formation of a tectonic rock mélange composed of basalt,
sediment, and hydrated /serpentinized mantle. At asthenospheric depth, this rock mélange may evolve into
partially molten diapirs and rise through the mantle prior to emplacement (relamination) at crustal levels.
We have investigated the composition and the geochemical evolution of liquids derived from such composite
diapirs by analyzing the differing proportions of the crustal end-members in the source, i.e., basalt and
sediment. Our results show that the proportions of the components (in the diapiric mélange) are limited to
short-range variations within an interval of Xb [=volume fraction of basalt/(basalt + sediment)] = 0.4� 0.8,
yielding melt with a relatively stable granodioritic major element composition. Hence, granodioritic melt is
transported by rising composite diapirs to crustal levels, contributing to the growth of the continental crust. In
addition to this, we have calculated Sr and Nd isotopic initial ratios of the diapiric mélange as a function of time,
based on the fraction of the components in the mélange. Liquids derived from composite diapirs inherit the geo-
chemical characteristics of the composite source and show distinct temporal variations of radiogenic isotopes
depending on the changing values of Xb. Partial melting of composite diapirs is therefore expected to produce
melt with a constant major element composition but substantial changes in terms of radiogenic isotopes.
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1. Introduction

[2] The continental crust is believed to have formed
by melting and geochemical fractionation of the
mantle [Hofmann, 1988]. Although it is unclear if
continents have grown with time [Taylor and
McLennan, 1985; McCulloch and Wasserburg,
1978] or have reached a steady state by crustal recy-
cling after formation in the Archean [Amstrong,
1981], isotopic data demonstrate that continental
formation has been occurring throughout Earth
history [Rudnick, 1995]. However, partial melting
of the peridotite mantle produces basaltic magmas
that are less evolved (i.e., poorer in silica) than the
andesitic bulk composition of the crust. Accord-
ingly, different models have been suggested to
account for this differentiation: (i) partial melting
of the subducted oceanic crust [Drummond and
Defant, 1990; Defant and Drummond, 1990], (ii)
reaction of slab-derived melts with the overlying
perioditic mantle [Ringwood and Green, 1966;
Kelemen, 1995; Kelemen et al., 2003a, Behn et al.,
2011], and (iii) hydration and partial melting of the
metazomatized mantle [e.g., Schmidt and Poli,
1998; Iwamori, 1998, Tatsumi, 2005] followed by
intracrustal differentiation and lower crustal foun-
dering [Kay and Kay, 1991]. Although foundering
is probably an important mechanism in some places
[DeBari and Sleep, 1991; Kelemen et al., 2003b],
recent studies have shown that felsic material may
also detach from the slab because of the intrinsic
buoyancy of the sediment layer itself [Currie
et al., 2007, Behn et al., 2011, Hacker et al., 2011;
Miller and Behn, 2012] and hence modify the sub-
arc mantle. Alternatively, hydration and partial
melting atop the slab may trigger the formation of
composite diapirs composed of partially molten
basalt, sediment, and hydrated/serpentinized mantle
[Gerya and Yuen, 2003; Gerya et al., 2006; Gerya
and Meilick, 2011; Zhu et al., 2009, Zhu et al.,
2011a, 2011b; Vogt et al., 2012]. Some of these latter
studies were examined using laboratory experiments
in terms of major element compositions and phase
relations [Castro and Gerya, 2008, Castro et al.,
2009; Castro et al., 2010; Castro et al., 2012a]. The
cotectic behavior of liquid formed by partial melting
of subducted rock mélanges at sublithospheric
depths [Castro et al., 2010] is a prominent feature.
Cotectic liquids have an almost constant composi-
tion, buffered by the solid coexisting assemblage.
This phase equilibria experimental study shows,
therefore, that composite diapirs are favorable for
the production of silicic magmas with minor compo-
sitional variations in terms of major elements. This is

consistent with the production of large silicic batho-
liths, composed of rocks of granodiorite to tonalite
composition that yield a constant major element
composition despite their long-lived magmatism
[Castro et al., 2010 and references therein] and
contribute to the growth of the continental crust
[Condie, 1997; Hawkesworth and Kemp, 2006].
Geochemical (trace elements) and isotopic varia-
tions, on the other hand, are nearly independent of
the major element geochemistry, and large variations
in time and space have been reported for distinct
geological settings, where granodioritic intrusions
display a constant major element composition. These
differences are generally related to (i) changes in
crustal thickness with time [Haschke et al., 2002;
Mamani et al., 2010] and space [Hildreth andMoorbath,
1988] (ii) involvement of an enriched component
i.e., old lithosphere [Rogers and Hawkesworth,
1989] and (iii) source region contamination of the
sub-arc mantle by sediment subduction, crustal
erosion, and partial melting of the subducting slab
[Stern, 1991]. Sediment subduction and crustal sub-
duction erosion are apparent tectonic features of
modern plate boundaries von Huene and Scholl,
1991, von Huene and Lallemand, 1990], and partial
melting of these crustal rocks mixed with oceanic
crust may account for the geochemical and isotopic
variability observed in modern arc magmas. In
particular, the source composition of batholiths
generated at active continental margins may vary
between the two end-members, namely, sediment
and basaltic oceanic crust [Castro et al., 2010], im-
posing a wide variability in terms of trace elements
and isotopic ratios that has not been explored yet.

[3] We have therefore undertaken a detailed study
of 2-D petrological-thermomechanical numerical
experiments on subduction at continental margins
to (i) characterize the variability of geochemical
signatures of magmas produced by composite dia-
pirs, and (ii) investigate its implications for batholith
formation.

2. Methods

2.1. Numerical Model Setup

[4] The numerical model simulates forced subduc-
tion of an oceanic plate beneath a continental margin
on a lithospheric to upper mantle cross-section
(4000 km by 200 km; Figure 1). The rectangular grid
with 2041� 201 nodal points is non-uniform and

Geochemistry
Geophysics
GeosystemsG3G3 VOGT ET AL.: CRUSTAL RELAMINATION 10.1002/ggge.20072

471



contains a 1500 km wide high-resolution area of
1 km� 1 km in the center of the domain, while the
rest of the model remains at a lower resolution
(5� 1 km). The oceanic crust (2500 km) is pushed
towards a fixed continental crust (1500 km) at an
imposed convergence rate of 5 cm/year. A rheo-
logically weak shear zone at the bottom of the
oceanic-continental suture zone prescribes initiation
of subduction. The oceanic crust is composed of
2 km of hydrothermally altered basalt, underlain by
5 km of gabbroic rocks that cover 2500 km horizon-
tally. The continental crust is felsic and has a total
thickness of 30 km, composed of 15 km upper and
15 km lower crust that extend over 1500 km. The
total thickness of the continental crust corresponds
to extended continental crust of Western Europe
and Western North America (as opposed to orogens)
and was adopted according to Christensen and
Mooney [1995]. Above the trench, accretionary sedi-
ments are settled separating the continental crust from
the downgoing slab. In the course of subduction, these
layered sediments are exposed to erosion, sedimenta-
tion, and sediment subduction [Gerya and Meilick,
2011]. Both the asthenosphere and the upper mantle
are composed of anhydrous peridotite and are defined
by the temperature profile. The compositions and
detailed material properties used for these different
lithologies are given in Tables 1 and 2, respectively.
Because mineralogical reactions such as phase tran-
sitions, dehydration reactions, or melting reactions

may significantly affect the physical properties of
rocks, stable phase relations for these different
lithologies (Table 1) were computed as a function
of pressure and temperature using free energy mini-
mization [Connolly, 2005]. The thermodynamic

Figure 1. Initial setup of the numerical model (see section 2.1 for details). Staggered grid resolution is 2041� 201
nodal points, with more than 10 million randomly distributed markers. Grid step is 1� 1 km in the subduction zone
area (1500–3000 km) and 5� 1 km outside of this area. Isotherms are displayed in white for increments of 200�C,
starting from 100�C. Colors indicate materials (i.e., rock type or melt), which appear in subsequent figures. To illustrate
deformation, two layers with the same physical properties are distinguished using different colors for sediments, crust
(upper and lower crust), and mantle (asthenosphere and lithosphere).

Table 1. Composition of the Lithologies Used in the
Simulations

Composition
(wt%) Sediment Basalt Gabbro Mantle

SiO2 61.10 47.62 53.49 45.55
Al2O3 12.43 14.48 14.07 4.03
FeO 5.43 10.41 6.86 7.47
MgO 2.59 6.92 12.07 37.42
CaO 6.21 13.39 10.73 3.18
Na2O 2.54 2.15 1.22 0.33
K2O 2.13 0.58 0.09 0.03
H2O 7.6 2.78 1.47 1.98

Compositions used for the calculations of stable mineral assemblages
by Gibbs free energy minimization [Connolly, 2005] and subsequent
thermodynamic properties used in the numerical experiments (i.e.,
water content, effective density, isobaric heat capacity, thermal expan-
sion, adiabatic heating, latent heating, equilibrium water content, and
melt content). Sediment is the GLOSS average [Plank and Langmuir,
1998]; basalt is an average for the upper 500m 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 1.5wt% 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.
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database used for the properties of all end-member
species and mineral solutions are summarized
in Gerya et al., 2006. All mechanical boundary
conditions are free slip; only the lower boundary is
permeable, satisfying an external free slip boundary
condition [Gorczyk et al., 2007; Ueda et al., 2008].
To allow for topographic buildup of the lithosphere,
the top surface of the lithosphere is treated as an
internal free surface [Schmeling et al., 2008] by
using a top layer (of 8–12.5 km thickness) with
low viscosity (1018 Pas) and low density (1 kg/m3

for air, 1000 kg/m3 for sea water). The initial
temperature field of the oceanic plate is defined by
its oceanic geotherm [Turcotte and Schubert, 2002]
for a specific lithospheric cooling age of 40Myr.
The initial temperature field of the continental
plate increases linearly from 0�C at the surface to
1367�C at the lithosphere-asthenosphere boundary
at 72 km depth. For the asthenospheric mantle
(>72km), a thermal gradient of 0.5�Ckm�1 is used.
This is in accordance with recent studies, where
sharp lithosphere-asthenosphere boundaries have
been imaged at shallow depth (~60–90 km), such
as for instance beneath the western U.S. [Levander
and Miller, 2012].

[5] The model is based on the I2VIS code [Gerya
and Yuen, 2003] and uses conservative finite differ-
ences and a nondiffusive marker in cell technique
to simulate multiphase flow. The governing conser-
vation equations of mass, momentum, and energy
and the constitutive relationship between stress
and strain-rate (needed in the creeping flow regime)
are solved on a staggered grid in Eulerian con-
figuration. Conservation of mass is described by
the Lagrangian continuity equation for a compress-
ible fluid. The model includes spontaneous slab
retreat and bending, dehydration of subducted crust,
aqueous fluid transport, partial melting, melt

extraction, and melt emplacement in the form of
extrusive volcanics and intrusive plutons. For a
detailed description of the governing equations
and the numerical procedure employed in this
study, the reader is referred to Gerya and Yuen
[2003, 2007], and Gerya and Meilick [2011].

2.2. Rheology

[6] The rheologies used in this study are visco-
plastic. The viscous creep of rocks is defined in
terms of deformation invariants and depends on
temperature, pressure, and strain rate.

[7] The viscosity for dislocation creep is defined as
follows [Ranalli, 1995]:

�creep ¼
_e
1�n
n

A
1
n
D

exp
Ea þ PVa

nRT

� �

where _e ¼ 1

2
_eij _eij

� �1
2

is the second invariant of the

strain rate tensor. AD (pre-exponential factor), Ea (ac-
tivation energy), n (creep exponent), and Va (activa-
tion volume) are experimentally determined flow
law parameters, and R is the gas constant (Table 3).

[8] Plasticity is implemented using the following
yield criterion, which limits the creep viscosity, alto-
gether yielding an effective visco-plastic rheology.

�creep≤
syield
2_eII

syield ¼ cþ Psin ’dry

� �
lfluid

[9] The local plastic strength of a rock depends
on the mean stress, Ptotal =P (dynamic pressure),
ambient brittle/plastic strength c, which is the
strength at P= 0, on the effective internal friction

Table 3. Rheology: Flow Lawsa

Material Flow Law 1/Ad (Pans) E (J/mol) V (J/bar/mol) n sin(’) C (Pa)

Sediments wqz 1.97� 1017 154� 103 0.8 2.3 0.15 1� 106

Upper crust wqz 1.97� 1017 154� 103 1.2 2.3 0.15 1� 106

Lower crust wqz 1.97� 1017 154� 103 0.8 2.3 0.15 1� 106

Basalt wqz 1.97� 1017 154� 103 0.8 2.3 0.1 1� 106

Gabbro plag (An75) 4.8� 1022 238� 103 0.8 3.2 0.6 1� 106

(Dry) Mantle dry ol 3.98� 1016 532� 103 0.8 3.5 0.6 1� 106

Hydrated mantle wet ol 5.01� 1020 470� 103 0.8 4 0.6 1� 106

Shear zone wet ol 5.01� 1020 470� 103 0.8 4 0 1� 106

Serpentinized mantle wet ol 5.01� 1020 470� 103 0.8 4 0 1� 106

Magmatics (all) wqz 1.97� 1017 154� 103 0.8 2.3 0.15 1� 106

wqz =wet quartzite; plag (An75) = anorthite75; wet ol =wet olivine; dry ol = dry olivine.
aRanalli [1995] and references therein.
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angle of dry rocks, ’dry and the pore fluid pressure
factor lfluid. This factor is interpreted as:

lfluid ¼ 1� Pfluid

Ptotal

[10] The pore fluid pressure Pfluid reduces the yield
strength syield of fluid-containing porous or fractured
rocks. The weakening effect of ascending melts
is implemented in a similar manner. Extraction of
melt decreases the yield strength syield of rocks in
the column between the area of the melt generation
and emplacement, according to a prescribed melt
pressure factor:

lmelt ¼ 1� Pmelt

Ptotal

2.3. Plate Coupling

[11] Plate coupling is a direct function of the
rheological weakening effects of (i) aqueous fluids
percolating from the subducting slab into the man-
tle wedge and (ii) melts propagating from partially
molten areas formed in the mantle wedge toward
the surface. Strong fluid-related weakening (low
fluid pressure factor: lfluid< 0.1) promotes plate
decoupling and sediment accretion, forming large
growing accretionary prisms. In contrast, reduced
weakening by fluids (high fluid pressure factor:
lfluid ≥ 0.1) results in strong coupling of the plates,
leads to compression of the upper plate, and
enhances sediment subduction, which results in
small to medium sized accretionary prisms [Gerya
and Meilick, 2011]. Composite diapirs formed
at asthenosheric depth and thickening of the over-
riding plate are direct consequences. On the other
hand, melt extraction from hot regions in the mantle
wedge and above the slab weaken the lithosphere
below the arc controlling the formation of trans-
lithospheric diapirs (diapirs that rise directly from
the area of formation to the continental crust
traversing the lithosphere) and underplating diapirs
(diapirs that spread below the lithosphere). Where
melt propagation is assumed to weaken the litho-
sphere (by lowering its plastic strength) sufficiently,
rapid translithospheric diapir ascent is feasible
(Figure 2). If, however, melt percolation has little
effect on the lithospheric strength, diapiric ascent is
inhibited, and the diapir spreads below the lithosphere
(Figure 3).

Figure 2. Translithospheric diapirs. Localization and
partial melting atop the slab triggers Rayleigh-Taylor
Instabilities at asthenospheric depths. Hence, compos-
ite diapirs are formed composed of sediment, basalt,
and hydrated/serpentinized mantle. Rapid, buoyant
ascent through the mantle is followed by emplacement
at crustal levels. Continuous supply of crustal material
atop the slab promotes the recurrent formation of
composite diapirs.
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2.4. Geochemical Evaluation of Composite
Diapirs

[12] We have calculated the isotopic initial ratios of
Sr and Nd in the mélange (magma source) at any
given time during the simulations according to a
simple mass balance equation [Faure, 2001]:

Ri mð Þ ¼ Ri bð Þ � i½ �b� Xb þ Ri sð Þ � i½ �s� 1� Xbð Þ
Ri = isotopic initial ratio of Sr or Nd, i.e., (87Sr/86Sr)
initial and (143Nd/144Nd)initial, calculated at the time
of magma generation.

m=mélange; b = basalt; s = sediment
[i] = Concentration in ppm of Sr or Nd
Xb = fraction of basalt in the mélange

[13] The isotopic initial ratios of the mélange
(Ri(m)) depend on the isotopic ratios of the compo-
nents (Ri(b), Ri(s)), the element abundances of Sr
and Nd in the components (basalt: [i]b, sediment:
[i]s in ppm), and the fraction of the components in
the mixture/source (Xb). Our numerical simulations
provide the latter parameter (Xb). The initial ratios
and concentrations of Sr and Nd in basalt and sedi-
ment are summarized in Table 4 and were assumed
to be constant. In addition to this, we assume
the following: (i) no fractionation of radiogenic
isotopes (Sr, Nd) during melting or magma evolu-
tion and (ii) isotope homogenization in the source.

[14] In natural settings, crustal subduction erosion
by which crustal/continental material is scrapped
off the upper plate to be subducted and mixed with
oceanic crust and sediment from the accretionary
prism will affect the isotopic evolution of the system.
However, this process is strongly dependent on the
tectonic and chemical setting considered and is there-
fore difficult to assess. Accordingly, we assume that
isotopic ratios of all crustal components (continental
crust and sediment) are represented by terrigeneous
sediment (Table 4).

[15] Hybridization of the mélange with the surround-
ing mantle was calculated in a similar manner:

Ri hybridð Þ ¼ Ri mantleð Þ � i½ �mantle� Xmantle þ Ri mð Þ
� i½ �mantle� 1� Xmantleð Þ:

[16] Ri(hybrid) represents the isotopic ratio of the pa-
rental magma (i.e., partially molten diapiric mélange)

Figure 3. Underplating diapirs. Partial melting of
crustal material atop the slab enables the formation of
composite diapirs at asthenospheric depth. Once a diapir
of high volume is formed, it detaches from the slab, and
no more material is added (for up to 20Myr). Because of
the strong continental lithosphere, diapir ascent is inhib-
ited, and the diapir underplates the continental crust for
up to 20Myr until a final upwelling (magma pulse)
enables emplacement at crustal levels.

Table 4. Initial Ratios and Concentrations of Sr and
Nd in Sediment, Basalt, and Mantle

MORB Mantle
Sediment N-MORB CHUR

Nd (ppm) 35 6 -
Sr (ppm) 142 94 21
143Nd/144Nd 0.5120 0.5128 0.7045
87Sr/86Sr 0.72 0.7020 -

1 2 3

1, Taylor and McLennan [1985]; 2, Klein [2003]; 3, Sun and McDonnough
[1989].
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after reaction with the mantle. Xmantle corresponds to
the mass fraction of mantle involved in the reaction
and was varied from Xmantle = 0.8–0.95 to ensure
equilibrium between melt and mantle. Isotopic ratios
and element abundances (Nd and Sr in ppm) of the
primordial mantle are summarized in Table 4.

[17] The following assumptions have been made
concerning the geochemistry of composite diapirs,
composed of subducted oceanic crust and sediment.
The oceanic crust is relatively homogeneous in major
element composition (Mid-Ocean-Ridge-Basalt MORB
are among the most homogeneous rocks on Earth
in terms of major elements), but differences in
trace element compositions are significant between
normal, transitional, and primitive MORB. We have
chosen N-MORB to represent the composition of
the oceanic crust because the other two types
form oceanic plateaus (T-MORB) and sea mounts
(P-MORB and E-MORB), which are less abun-
dant and may not represent the average oceanic
crust. Sedimentary material, on the other hand,
displays a wide variety of trace element patterns,
which makes data selection more difficult. Never-
theless, greywackes are the most abundant terrige-
nous sediments found in flysch-type synorogenic
sedimentary basins (at continental margins) and
were chosen to represent the composition of sub-
ducted sediment and crustal material (Table 4).

[18] Our simplified geochemical assumptions are
aimed at evaluating first-order influences on the
geochemistry of melt derived from partially molten
composite diapirs. Compositional changes within
the diapir are related to differing proportions of
basalt and sediment that will affect the geochemical
evolution of melt derived from such sources.

3. Results

3.1. Dynamics of Diapir Formation

[19] Because of the large thermal contrast between
the leading edge of the subducting slab and the
overlying mantle, partial melting of the oceanic
crust occurs shortly after subduction initiation
(<5Myr). Aqueous fluids propagate from the sub-
ducting slab into the mantle wedge, hydrating the
overlying mantle. Such fluids may either form a
serpentinized channel at shallow slab interfaces
(<130 km) within the colder lithospheric portion
of the mantle wedge or generate subsolidus metaso-
matism at greater depth where the mantle is hotter.
Where these fluids encounter the wet mantle soli-
dus, they induce partial melting of the hydrated

mantle, enabling basaltic melt production. In
contrast, localization along the slab interface and
forced return flow of material within the serpenti-
nized layer enable the formation of a complex
tectonic rock mélange, composed of sediment,
basalt, and hydrated/serpentinized mantle. The
large density contrast (400–600 kg/m3, depending
on composition and degree of melting) between this
layer and the overlying mantle wedge finally
induces Rayleigh-Taylor instabilities atop the slab.
Composite diapirs are formed that enable buoyant
ascent of crustal material towards shallower levels
of the continental lithosphere (Figures 2 and 3).
Because of the differing proportions of the compo-
nents in the source (i.e., basalt and sediment), the
composition of these diapiric structures changes
with time. Both sediment and basalt are carried
into the subduction zone by the downgoing slab
and form an inexhaustible source of crustal compo-
nents. Their relative proportions are a result of the
tectonic setting and are not imposed by the model
design [Gerya and Meilick, 2011; Vogt et al.,
2012]. In particular, the relative proportion of
sediment and basalt is strongly dependent on the
rheological plate coupling. Strong plate coupling
promotes compression of the upper plate and
enhances sediment subduction, whereas low cou-
pling leads to upper plate extension and sediment
accretion, forming large growing accretionary prisms
[Gerya and Meilick, 2011]. Melt extracted from all
molten components (atop the slab and inside the
diapir) forms new volcanic crust at the surface and
intrusive plutons at deeper crustal levels. Depending
on the magnitude of melt weakening effects on
the overlying lithosphere, either translithospheric
(Figure 2) or underplating diapirs (Figure 3) will
form. Where melt propagation is assumed to weaken
the lithosphere (by lowering its plastic strength),
rapid translithospheric diapir ascent is feasible
(Figure 2). If, however, melt percolation has little
effect on the lithospheric strength, diapiric ascent
is inhibited, and the diapir spreads below the litho-
sphere (Figure 3).

3.2. Multiple Translithospheric Diapirs

[20] The incubation period (0–13Myr) of translitho-
spheric diapirs is characterized by large fluctuations
in the basalt fraction (Xb=basalt/(basalt + sediment) =
1–0.3) and an overall decrease in basaltic components
(Figure 4a). Localization at the slab interface and slab
melting at early stages of subduction introduces large
amounts of partially molten basalt into the (low vis-
cosity) subduction channel. Progressive sediment
subduction and sediment erosion eventually decrease

Geochemistry
Geophysics
GeosystemsG3G3 VOGT ET AL.: CRUSTAL RELAMINATION 10.1002/ggge.20072

477



the basalt fraction to a minimum of Xb= 0.3
(Figure 4a). This enables daipir formation (Figure 2),
increasing the volume of partially molten material
from 80 km3/km to 350 km3/km (Figure 4a). Diapiric
ascent is triggered, and crustal material is transported
throughout the hot mantle at speeds of 1.2 cm/year
(13–18Myr). Emplacement of these partially molten
structures at crustal levels results in large growing
magma chambers at mid- to upper crustal levels. In
spite of the rapid ascent, lower parts of the diapiric
structure (“diapir tail”) remain attached to the slab,
forming a weak zone, composed of partially molten
rock and hydrated mantle. This, in turn, enables new
material to be added at its base. Hence, the diapir
grows, reaching volumes of 550 km3/km (Figure 4).
New incoming magma promotes further diapir
formation resulting in multiple magma pulses (on
a 1–5Myr timescale) and diapir emplacement
(Figure 2). During this period of time, the basalt
fraction is limited to values of Xb = 0.4 to 0.8
and exhibits periodic variations, which reflect the
recurrent supply of magma of varying composition
(Figure 4a). After 28Myr, magmatic addition
reaches a steady state, the diapir detaches from the
slab, and no more magma is added to its base for
the next 10Myr at which the basalt ratio remains
fixed at Xb = 0.55. The volume of the diapir declines
from about 600 km3/km to 400 km3/km because of
melt extraction. Finally, an upwelling is formed
(~38Myr), and additional material (100 km3/km) is
added, but the basalt fraction shows little variations
(Figure 4a).

3.3. Single Underplating Diapir

[21] The basalt ratio decreases rapidly during the
incubation period (0–5Myr) form Xb = 1 to 0.5
until a composite diapir of high volume is formed
(Figure 5a). Shortly after (8Myr), the volume of
the diapir reaches its maximum of ~500 km3/km,
and no more material is added. The diapir detaches
from the slab and underplates the lithosphere for up
to 20Myr, not able to penetrate through the lithosphere
(Figure 3). During this period (8Myr–25Myr),
the basalt ratio remains limited to Xb = 0.7–0.5,
revealing periodic variations on a 10Myr timescale
(Figure 5a). Melt extracted from the composite dia-
pir travels through the mantle and forms volcanics
at the surface and flattened intrusions in the lower
crust. Thus, the volume of the diapir decreases from
300 km3/km to 200 km3/km (Figure 5a), and perco-
lating melt weakens the lithosphere. Because of the
constant supply of sediment and basalt at the slab
interface, the diapir finally detaches (24Myr) after

a)

b)

c)

Figure 4. Isotopic variations caused by translithospheric
diapirs. (a) compositional variations related to differing
material inputs of basalt and sediment (Xb = basalt/
(basalt + sediment) (blue dots) in relation to diapir growth
(red dots). (b) Isotopic variations of liquid/melt derived
from composite diapirs, based on the mass fraction of
sediment and basalt (i.e., Xb) in the source (diapir).
87Sr/86Sr initial ratios are shown in red, eNd ratios are
displayed in blue. An increase in basaltic components
leads to an increase in eNd and a decrease in 87Sr/86Sr.
The recurrent supply of magma of varying composition
(Xb) leads to periodic variations. (c)

87Sr/86Sr initial ratios
of melt derived from composite diapirs after reactions
with the mantle, shown for various melt-mantle fractions.
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a second upwelling is formed and emplaces at
crustal levels shortly after (25Myr) (Figure 3).

4. Discussion and Geochemical
Implications

4.1. Formation of Composite Diapirs

[22] Observations along active continental margins
have revealed that sediments and small crustal
bodies can be scrapped off the downgoing slab to
form large accretionary prisms [Von Huene and
Scholl, 1991, Cloos and Shreve, 1988]. Crustal
material can bypass the accretionary wedge, as it
remains attached to the oceanic crust, or be removed
from the upper plate in the process of crustal erosion
[Von Huene and Scholl, 1991; Clift and Vannucchi,
2004; Scholl and von Huene, 2007]. This is in
accordance with our numerical experiments on
diapir formation. Strong coupling of the plates
promotes sediment subduction and basal erosion of
the upper continental crust [Gerya and Meilick,
2011; Vogt et al., 2012]. Most of the incoming
sediments bypass the accretionary wedge, and only
small to medium sized prisms are formed. Recent
estimates on the net transfer of crustal material
on Earth surface suggest that crustal rocks are
recycled back into the mantle at the same rate
(25–50 km3/km/Myr) that continental crust is formed
[VonHuene and Scholl, 1991; Scholl and von Huene,
2007]. Consequently, sediments sink into the mantle
and intermix with the oceanic crust to form a hybrid
tectonic rock mélange (Figures 2 and 3). Natural
mélange occurrences comprise highly deformed
metasedimentary collages of incipient metamorphism
and chaotic hybrid mixtures of peridotite, basalt, and
sediment produced at blueschist-amphibolite- or
eclogite conditions, formed in forearc to sub-arc
regions [King et al., 2006 and references therein].
King et al. [2006] have argued that mélange forma-
tion is an intrinsic process to all subduction zones
and that the geochemistry of mélange will impart the
strongest control on the geochemistry of metasomatic
agents (hydrous fluids, silicate melts, or miscible
supercritical liquids) progressing to arc magmatic
source regions in the mantle wedge.

[23] Water released due to dehydration reactions of
hydrous phases [e.g., Schmidt and Poli, 1998] and
compaction of the sedimentary layer and hydrother-
mally altered oceanic crust [e.g., Peacock, 1990]
enables partial melting of the tectonic rock mélange.
According to our results, buoyant diapirs are formed,
composed of partially molten sediment and basalt

a)

b)

c)

Figure 5. Isotopic variations caused by underplating
diapirs. (a) compositional variations related to differing
material inputs of basalt and sediment (Xb = basalt/
(basalt + sediment) (blue dots) in relation to diapir growth
(red dots). (b) Isotopic variations of liquid/melt derived
from composite diapirs, based on the mass fraction of
sediment and basalt (i.e., Xb) in the source (diapir).
87Sr/86Sr initial ratios are shown in red, eNd ratios are
displayed in blue. An increase in basaltic components
leads to an increase in eNd and a decrease in 87Sr/86Sr.
The limited supply of new magma to the source (diapir)
leads to minor but distinct variations in isotopic ratios.
(c) 87Sr/86Sr initial ratios of melt derived from composite
diapirs after reactions with the mantle, shown for various
melt-mantle fractions.
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that detach from the slab, transporting fertile sub-
ducted material towards hotter zones of the mantle
wedge (Figures 2 and 3). Early on, it was suggested
that hydrous partial melting of the oceanic crust
(with a quartz eclogite mineralogy at 100–200 km
and 700–900�C) results in silicic magmas that rise
and react with the overlying peridotitic mantle to pro-
duce olivine-pyroxene diapirs, contaminated with the
elements enriched in silicic melts [Ringwood and
Green, 1966, Green, 1980, Ringwood, 1989). Later
on, phase equilibria and trace element partitioning
experiments on pelagic red clay at conditions
appropriate to the slab beneath arc volcanoes have
demonstrated that sediment melting is required for
critical elements (Th and Be) to be transferred to
the arc [Plank, 2005; Plank and Langmuir, 1998;
Johnson and Plank, 1999). In addition to this, Skora
and Blundy [2010] have suggested that serpentine
breakdown at sublithospheric depth (100 km,
800�C) may enable high degree melting (~54%melt)
of sedimentary rocks (i.e., radiolarian clay) by a
process coined “flush melting,” in contrast to fluid
absent melting, which yields negligible melt fraction
(<10%) [Skora and Blundy, 2010]. This led Tamura
et al. [2011] to propose that such hydrous sediment
melt may mix with the overlying mantle to form a
crystal-liquid mush (diapir) that is sufficiently buoy-
ant to initiate diapiric ascent, upon which equilibrium
between the crystals and the liquid will bemaintained
over the changing pressure-temperature conditions.

[24] Recent studies on the density structure of sub-
ducted sediments demonstrate that during sediment
subduction and sediment erosion more silica-rich
rocks are transformed into felsic gneisses that are
less dense than the peridotite mantle [Behn et al.,
2011; Hacker et al., 2011; Miller and Behn, 2012].
These felsic gneisses can relaminate to the base of
the crust, whereas mafic rocks become eclogite and
may sink into the mantle [Hacker et al., 2011]. Xeno-
liths of subducted crustal origin from the Pamir
Mountains display natural examples of this process
[Ducea et al., 2003; Hacker et al., 2005].

[25] The depth and temperature at which sedimen-
tary layers detach from the downgoing slab have
repeatedly been reported to vary between 40–100km
and 500–850�C [Behn et al., 2011; Hacker et al.,
2011;Miller and Behn, 2012], which is in accordance
with our study. The timescales over which these
instabilities grow depend on the viscosity contrast
between the sedimentary layer and overlying mantle,
temperature, buoyancy, and thickness of the sedimen-
tary layer but are generally believed to be rapid <3
Myr [Behn et al., 2011; Miller and Behn, 2012].

Analog studies on diapiric flow at subduction zones
have moreover indicated that the interaction between
buoyantly upwelling diapirs and subduction induced
flow in the mantle creates a network of low-density,
low-viscosity conduits through which flow is rapid
[Hall and Kincaid, 2001]. Timescales over which
such diapiric structures may transverse from the slab
(at 70 km depth) to the surface have been estimated
to vary between 104 to 6� 106 years [Hall and
Kincaid, 2001] and are comparable to our results on
translithospheric diapirs (1–5� 106 years).

[26] Although there is growing evidence for crustal
relamination of subducted material to the base of
the continental crust [e.g., Ringwood, 1989; Gerya
et al., 2004; Gerya and Meilick, 2011; Hacker
et al., 2011; Behn et al., 2011, Tamura et al.,
2011], transport mechanisms remain controversial.
Kelemen et al. [2003a] suggest andesitic melt
percolation along low viscosity conduits, while Behn
et al. [2011] assume buoyant ascent of small 3–4km
sized diapirs, in contrast to the large (5–30km) dia-
piric structures proposed by Gerya and Yuen [2003].
The transport of andesitic melt through a network
of conduits [Kelemen et al., 2003a] is compatible
with our study. However, we argue that hydrous
melting of basalt and sediment along the slab
interface may give rise to composite diapirs of
granodioritic composition that can relaminate the
continental crust, having a strong impact on the
petrological and geochemical evolution of the conti-
nental crust. Some of these consequences are discussed
below. However, further studies on the chemical
composition of rockmélange in terms of phase relation
and chemical partitioning are necessary to capture its
significance in relation to large-scale crustal recycling.

4.2. Diapir Composition and Melt
Generation

[27] Trace elements that form the sediment melt
signature of arc lavas are believed to retain in the
sediments until the rocks have experienced tem-
peratures exceeding 1050�C [Behn et al., 2011].
Melting experiments on basaltic and sedimentary
components at temperatures exceeding 1000�C
show that tectonic rock mélange are favorable for
the production of granodioritic liquids [Castro
and Gerya, 2008; Castro et al., 2010]. However,
these temperatures are higher than those at the
slab surface (700–900�C), where according to our
studies composite diapirs assemble and form before
they finally detach from the slab [Gerya and
Meilick, 2011; Vogt et al., 2012]. This led Behn
et al. [2011] to conclude that, although sediment
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melting may commence at lower temperature, the
key elements associated with the sediment melt
signature are not released until temperatures exceed
1050�C and to propose that sediments detach from
the slab to undergo dehydration melting in the
hot mantle wedge. However, our models show that
in spite of the intense heat exchange between the
ascending diapir and the hot asthenosphere, tem-
peratures inside the diapir rarely exceed 1050�C,
implying that the rapid ascent outgrows the time-
scales of thermal diffusion. Alternatively, basaltic
melt formed atop the slab at temperatures greater
than 1000�C may propagate and interact with
the ascending diapir, increasing its temperature
and changing its chemical composition. Because
of its low viscosity, basaltic melt is expected to
move significantly faster than the diapir itself,
but further studies on coupled fluid flow are neces-
sary to verify these assumptions. Nevertheless,
hybridization of slab-derived melts is strongly
supported in terms of experimental phase relations
and geochemical mixing line patterns [Carroll and
Wyllie, 1989; Johnston and Wyllie, 1989; Rapp
et al., 1999, Chauvel et al., 2008]. Recent labora-
tory experiments on MORB-Greywacke and Spinel-
lherzolite of Castro et al. [2012a] have demonstrated
that reactions between these components produce
andesitic melt with magnesium numbers (MgO/MgO/
FeO= 0.6), typical for rocks of the continental crust
[Kelemen, 1995].

[28] The compositional variations of the parental
magma (diapir) shown in this study are limited
to Xb = 04–0.8 (Figures 4a and 5a), which accord-
ing to Castro et al. [2010] is favorable for the
production of granodioritic melt. While partial
melts of the end-members—sediments and basalts—
form granitic and trondhjemitic melts, respectively,
mixtures of sedimentary and basaltic components
are buffered by the coexisting solid assemblage and
are likely to produce granodioritic melt if Xb is
limited to 0.25–0.75 [Castro et al., 2012a]. This melt
may hybridize with basaltic melt, formed by partial
melting of the hydrated mantle, reheat and form
High-Mg, low-silica andesite magmas. The compo-
sitional variations of the parental magma (Xb) are
related to material inputs at the slab interface. This
results in magmatic pulses that are transferred to
crustal levels and may represent different magma
batches. Many batholiths formed along the western
coast of North and South America show, despite their
long-lived magmatic activity over tens of millions
of years, evidence for cyclical growth [DeCelles
et al., 2009] by episodically intruded magma pulses
[e.g., Pankhurst et al., 1999, Hervé et al., 2007].

During emplacement, diapirs may segregate into
solid residues and melt, contributing to the genera-
tion of granulites in the lower crust and silicic
melt at upper crustal levels that may form batholiths
and dacitic volcanism [Castro et al., 2012a]. Hence,
composite diapirs may be an efficient mechanism by
which granodioritic melt is produced and transported.

4.3. Pressure-Temperature Evolution of the
Melting Zone

[29] We have traced the pressure-temperature
evolution of 16 different rocks (tracers in the 2D
domain) from the translithospheric and underplat-
ing diapir shown in Figures 2 and 3. The red dots
in Figure 6 represent partially molten rocks within
the diapir that have been traced through time. There
is a significant difference between the thermal
evolution of translithospheric (Figures 6a and 6b)
and underplating diapirs (Figures 6c and 6d). While
translithospheric diapirs ascend rapidly to cooler
regions after reaching peak temperatures of 800–
1000�C (Figures 6a and 6b), partial melting of under-
plating diapirs occurs mainly within the hot region of
the mantle (15–20kbar) at temperatures of around
1000� C (Figures 6c and 6d). Because of the strong
continental lithosphere, underplating diapirs cannot
penetrate towards shallower levels and spread along
the lithospheric base, where they remain for long
periods of time (20Myr). Although melting may
commence at lower temperatures (~800�C), most of
the material melts at temperatures of around 1000�C
that prevail at the base of the lithosphere (Figure 6d).
Translithospheric diapirs, on the other hand, move
quickly towards shallower crustal levels and are
characterized by the recurrent supply of new magma,
forming distinct magma batches. Hence, melting
occurs over a broad range of pressure-temperature
conditions (Figure 6a) rather than within a focused re-
gion. Once peak temperatures of around 800–1000�C
are reached, most of the partially molten material
undergoes rapid cooling (Figure 6b) because of
the rapid ascend of the diapir. These temperatures
(<1000�C) are unlikely to produce water-undersaturated
granodioritic melt [Castro et al., 2010], but basaltic
liquids from the hot mantle wedge may reheat the
diapir as they move towards the surface. Partial
melting of the hydrated mantle is believed to com-
mence at temperatures exceeding 1000�C [Kushiro,
1974; Green, 1973; Niida and Green, 1999], hence
any reaction between ascending hot basaltic melt
and the diapir may significantly change its thermal
structure. The close spatial association of mantle-
derived rocks (gabbros) and granodiorite-tonalite
intrusions in most Cordilleran [e.g., Sierra Nevada:
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Lee et al., 2006; Frost and Mahood, 1987], pre-
Cordilleran [e.g., Famatinan arc: Castro et al.,
2012b], and post collisional batholiths [e.g., Spanish
Central System: Bea and Montero, 1999; European
Caledonides: Stephens, 1988] suggest a genetic link be-
tween mantle-derived sources and crustal components.

4.4. Geochemical Implications

[30] According to experimental data [Castro et al.,
2010; 2012a], the major element composition
of melt derived from partially molten diapirs is
buffered for sediment to MORB ratios, ranging
from 3:1 to 1:3, producing melt of granodiorite

composition. Geochemical and isotopic variations,
on the other hand, will be inherited from a compos-
ite source, i.e., diapir. During equilibrium melting,
the isotopic features of the solid end-members,
i.e., basalt and sediment will be transferred to the
liquid. Although isotopic disequilibrium has been
reported with regard to Nd isotopes during crustal
anatexis [e.g., Barbero et al., 1995], the conditions
for mélange melting are more favorable for equilib-
rium melting because temperatures are expected to
be higher and timescales to be larger. Unlike crustal
anatexis, where crustal material undergoes rapid
cooling after reaching peak temperatures, diapir
melting occurs within the hot zone of the mantle,

b)a)

d)c)

Figure 6. Thermodynamic constraints on the melting zone showing pressure-temperature conditions of 16 rocks that
have been traced during the simulation. The dashed and solid lines represent PT paths of these rocks/tracers. Partially
molten rocks are represented by solid red dots. (a) and (b) show the pressure-temperature and temperature-
time evolution of rocks from different magma batches of the translithospheric diapir. (c) and (d) show the pressure-
temperature and temperature-time evolution of rocks from different magma batches of the underplating diapir. (a)
The rapid ascent of crustal material through the mantle results in a broad melting zone. Temperature and pressure vary
between 650–1000�C and 2–35 kbar, respectively. (b) After reaching peak temperatures of around 800�C–1000�C,
most rocks undergo rapid cooling. (c) Melting occurs mostly within a region of 800–1050�C and 10–25 kbar, which
prevails at the base of the lithosphere. (d) Most of the material remains at temperatures of around 1000�C for up to
20Myr, prior to emplacement.
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where partially molten crustal material remains hot
for several Myr (Figure 6).

[31] The compositional variations of the parental
magma (Figures 4a and 5a), produced by material
inputs of differing proportions (Xb = 04–0.8), are
manifested in the geochemical evolution of the
liquid (Figures 4b and 5b). Radiogenic isotopes
(Sr, Nd) change with time according to the basalt
fraction in the source. For example, an increase in
basaltic components (from Xb = 0.55 to Xb = 0.7)
leads to an increase in eNd (from �1 to +2) and a
decrease in 87Sr/86Sr (from 0.707 to 0.705) values.
Hence, the resulting liquid evolves towards a
more primitive (isotopic) composition. In contrast,
a decrease in basaltic components results in a more
evolved composition with increasing 87Sr/86Sr and
decreasing eNd values (Figures 4b and 5b). Never-
theless, melt extracted from partially molten diapirs
may intermix and react with the overlying mantle
as it percolates towards the surface. To account
for this behavior, we have calculated the isotopic
signatures that are expected to evolve by chemical
interactions of melt derived from composite diapirs
and the perioditic mantle (Figures 4c and 5c).
However, hybridization of these liquids with the
overlying mantle has little effect on the isotopic
characteristics as shown in Figures 4c and 5c because
the isotopic initial ratios of the hybrid system (dia-
pir +mantle) are related to the element abundances
of Sr and Nd in the components (diapir versus man-
tle). Crustal diapirs represent strongly fractionated
reservoirs, enriched in incompatible elements with
Nd and Sr abundances that are an order of magnitude
higher compared to the mantle, which is depleted in
Sr and Nd (Table 4). Therefore, any reaction of
these liquids with the overlying mantle may produce
strong enrichment in Mg, forming High Mg ande-
sites, but insignificant modification in terms of radio-
genic isotopes (Sr, Nd) that are mostly controlled by
the element abundances of incompatible elements.
If magma ascent occurs in a common place, this
reaction may be even less effective because reaction
aureoles may form and prevent further hybridiza-
tion. Hence, any temporal variation of the parental
magma in terms of radiogenic isotopes is transferred
to the liquids that may react with the peridotite
mantle but will not undergo any essential changes
in radiogenic isotopes that are imposed by the
parental magma. Emplacement of such composite
diapirs at crustal levels may finally lead to crustal
assimilation, including partial melting, magma
mingling, and crustal anatexis that will influence
the isotopic evolution of these magmas but are not
considered in this study.

4.5. Implications and Natural Observations

[32] Active continental margins are major sites of
magmatism. Silic magmas of intermediate compo-
sition form either plutonic intrusions or extrusive
volcanics. The former are assembled in form of
large batholiths along active continental margins
that contribute to the growth and evolution of con-
tinental crust [Condie, 1997; Hawkesworth and
Kemp, 2006; Kemp and Hawkesworth, 2003]. How-
ever, batholiths cannot be derived directly by partial
melting of the mantle, and their genesis may involve
largeamounts of recycled crustal material as evidenced
by Nd-Sr isotopic ratios [Allègre and Ben Othman,
1980;McCulloch and Wasserburg, 1978]. Other char-
acteristic features of calc-alkaline batholiths include
(i) the uniformity of major element compositions,
(ii) hybrid crust-mantle isotopic signatures, and
(ii) significant changes in isotopic signatures with
time and space. Although generally believed to have
formed by fractionation (“distillation”) of hydrous
mantle-derived magmas [Hawkesworth and Kemp,
2006; Annen et al., 2006], batholiths may also form
by partial melting of crustal components at sub-
lithospheric depth. For example, Takagi [2004]
argued based on 87Sr/86Sr, eNd and dO values of
granitic plutons in the Japan Arc that the temporal
variation of initial 87Sr/86Sr isotope ratios is mainly
attributed to source contamination, caused by melt-
ing of subducted materials in the mantle source
region, rather than to the properties of the lower
continental crust, which is in accordance with our
study on diapir formation.

[33] Partial melting of composite diapirs produces
homogenous liquids of granodioritic composition
because compositional variations of the parental
magma (diapir) are buffered by the solid residues
and are not transferred to the liquids [Castro
et al., 2010]. In contrast, isotopic and geo-
chemical variations will be inherited from a com-
positionally heterogenous source, i.e., basalt and
sediment (diapir) (Figures 4b 4c, 5b, and 5c).
Given the continuous supply of sediment and
basalt along the slab, magma supply and melt
production may sustain over long periods of
time, adding new material of granodioritic compo-
sition to the base of the crust with minor changes
in major element compositions but substantial
variations in radiogenic isotopes.

4.6. Long-time Isotopic Evolution
of Batholiths

[34] In some natural geological settings, batholiths
evolve towards a more primitive composition in
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terms of initial isotopic ratios (decrease in Sr/Sr,
increase in eNd), while their major element
composition remains constant over hundreds of
Myr of years [Pankhurst et al., 1999; Hervé et al.,
2007]. The progressive change from isotopically
evolved to isotopically primitive compositions has
been explained by the shielding effect of older
plutons, resulting in a decrease of crustal contam-
ination of mantle-derived magmas [Bruce et al.,
1991] or the simultaneous mixing and melting of
more primitive components [Pankhurst et al.,
1999]. However, if assimilation is the cause of
compositional variations, a parallel evolution of
major element compositions and isotopic patterns
is expected because assimilation and magma
mixing are not selective processes. Isotopically
more evolved rocks (increase in 87Sr/86Sr ratio
and decrease in eNd) should have higher silica
and alkali contents, in comparison to more primi-
tive rocks. However, this is not the case. Granites
with identical major element compositions plot in
both the mantle-like and crustal-like regions in
terms of Sr and Nd initial isotopic ratios (see
review in Castro et al. [2010]). Therefore, we
argue that differences in isotope ratios are inher-
ited from an already hybrid source (rock mélange
composed of basalt and sediment), which does not
affect the major element composition of melts de-
rived from it.

5. Conclusions

[35] Subduction of oceanic crust and sediments
results in the formation of tectonic rock mélanges
composed of basalt, sediment, and hydrated /
serpentinized mantle. Our numerical experiments
suggest that these rock mélanges may evolve into
partially molten crustal diapirs that rise through
the mantle prior to emplacement at crustal levels
(relamination). The proportions of basaltic and
sedimentary components in the mélange are
limited to short-range variations within an inter-
val of Xb (=volume fraction of basalt/basalt +
sediment) = 0.4� 0.8 and yield granodioritic melt.
Melt derived from composite diapirs inherits
the geochemical characteristics of the composite
source and shows distinct temporal variations
of radiogenic isotopes (Sr and Nd) depending
on the changing values of Xb in the source. The
decoupling between radiogenic isotopes and
major elements may explain short-range variations
observed in some batholiths along the Andean
Cordillera.
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