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This paper gives the results of a set of laboratory experiments de-

signed to analyse the petrological implications of mantle wedge

plumesçlarge buoyant structures predicted by thermomechanical nu-

merical modelling of subduction zones. A particular design of layered

capsule was used to simulate the complex multilayer formed by in-

tense flow within the mantle wedge as predicted by numerical

models. A basaltic [mid-ocean ridge basalt (MORB)-derived am-

phibolite] component was sandwiched between two adjacent layers

of a sedimentary (Bt-rich metagreywacke) component. Conditions

were fixed at temperatures of 1000^12008C at pressures of

1·5^2·0 GPa. Our results suggest that significant volumes of hybrid,

Cordilleran-type granodioritic magmas can be generated by

sub-lithospheric partial melting of a mechanically mixed source.

Partial melting of the end-members is not buffered, forming granitic

(melting of metasediment) and trondhjemitic (melting of MORB)

melts in high-variance assemblages Melt þ Grt þ Pl and Melt þ

Grt þ Cpx, respectively. However, the composition of melts formed

from partial melting of metasediment^MORB me¤ langes is buffered

for sediment-to-MORB ratios ranging from 3:1 to 1:3, producing

liquids of granodiorite to tonalite composition along a cotectic with

the lower-variance phase assemblage MeltþGrtþCpxþPl. Our

model explains the geochemical and isotopic characteristics of

Cordilleran batholiths. In particular, it accounts for the observed

decoupling between major element and isotopic compositions. Large

variations in isotopic ratios can be inherited from a compositionally

heterogeneous source; however, major element compositions are more

strongly dependent on the temperature of melting rather than on the

composition of the source.

KEY WORDS: granodiorite; tonalite; cordilleran batholiths; melting

experiments; subduction; silicic plumes; me¤ lange

I NTRODUCTION

The production of large silicic batholiths, dominantly com-

posed of rocks of granodiorite to tonalite composition, is

the most outstanding consequence of plate subduction
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below active continental margins (Wyllie,1977).These rock

assemblages are normally referred to as Cordilleran-type

granitoids; they are magnesian, calc-alkalic to calcic gran-

itoids according to the Frost et al. (2001) classification

scheme. For simplicity they are referred to as Cordilleran-

type granitoids subsequently. In addition to important

additions from underplated mafic magmas in intra-

cratonic areas (Frost et al., 2001), there is a general consen-

sus about the contribution of Cordilleran-type batholiths

to the growth of the continents since Late Archaean

times (Condie, 1997; Hawkesworth & Kemp, 2006).

Consequently, deciphering the petrogenesis of

Cordilleran-type batholiths is crucial to our understanding

of the generation and evolution of the continents.

Any petrogenetic model for Cordilleran-type magma-

tism at continental active margins must satisfy the import-

ant observation that both intrusive and extrusive rocks

have hybrid mantle^crust geochemical signatures, as evi-

denced by their Sr and Nd isotopic compositions (Fig. 1).

Available Nd^Sr isotope data support the involvement of

recycled crustal components (i.e. sediments) and unaltered

mantle materials (Alle' gre & Ben Othman, 1980; De

Paolo, 1981; McCulloch & Gamble, 1991). Geochemical

characteristics of Cordilleran-type magmatic rocks, such

as their high Ce/Yb and Sr/Y ratios, suggest that the

magmas equilibrated with garnet in a hybrid-source

region, requiring relatively high pressure of melt forma-

tion. Thus the application of any thermal model for

Cordilleran-type batholith generation requires the exist-

ence of a recycled sedimentary reservoir in a deep source

region, at either deep crustal or mantle conditions

(41GPa). Furthermore, petrogenetic models must be able

to produce the large isotopic (e.g. Sr and Nd) heterogene-

ities displayed by the granitoids while keeping their major

element composition nearly constant (i.e. granodiorite^

tonalite; e.g. Pankhurst et al., 1999). The solution of this

paradox is critical to understanding the origin of

batholiths.

There are numerous genetic models for Cordilleran-type

batholiths. They can be classified in two broad categories,

intra-crustal models and extra-crustal models, depending

on the location of the source region and the provenance of

the continental crustal component. Both models satisfy

one important observational feature of Cordilleran-type

batholiths: they constitute distinctive features of active con-

tinental margins whereas they are rare in intra-oceanic

arcs. These crustal components may be supplied directly

by the melting and/or assimilation of the continental crust

(intra-crustal models) or by subducted sediments derived

from continental crustal denudation (extra-crustal

models). In both cases silicic melts may evolve within

crustal reservoirs by means of further melting, assimila-

tion, storage, and homogenization (MASH) processes

(Hildreth & Moorbath, 1988).

Intra-crustal models postulate that whatever the process

involved in the generation of Cordilleran batholiths, they

are produced within the continental crust. Currently ac-

cepted intra-crustal models include: (1) assimilation of con-

tinental crustal rocks by basalt magmas (e.g. De Paolo,

1981; Patin‹ o-Douce, 1995); (2) coupled magma mixing and

crustal assimilation, involving hydrous basalts and contin-

ental crustal melts (Thompson et al., 2002); (3) continental

crustal melting fluxed by fluids released from crystallizing

wet basalts (Annen et al., 2006).

Assimilation of pelitic sediments by basaltic magmas

can yield liquid compositions approaching those of inter-

mediate granitoid rocks, as demonstrated in previous ex-

perimental studies (Patin‹ o-Douce, 1995; Castro et al., 1999;

Patin‹ o-Douce, 1999). Experimental studies and thermal

modelling indicates that a basalt-to-crust ratio of about 1:1

is required to satisfy thermal and compositional con-

straints (Patin‹ o-Douce, 1995; Annen et al., 2006). However,

the geological record provides little support for this pro-

cess. Gabbro^diorite rocks (from zoned calc-alkalic plu-

tons), which occur commonly at pluton margins in direct

contact with metasediments, do not show significant geo-

chemical or mineralogical indications of assimilation. For

example, Castro et al. (2003) showed that interaction be-

tween a wet basalt (appinite) and upper crustal migmatites

produced only minor amounts of granitoid melt, which

has a monzonitic^monzodioritic rather than a granodiori-

tic^tonalitic composition. However, assimilation can

locally be an efficient process when granodiorites and

tonalites are in contact with metasediments at the level of

emplacement (Ugidos & Recio, 1993; Fowler et al., 2001).

The efficiency of this process is enhanced by coupled dehy-

dration reactions and xenolith disaggregation (Beard

et al., 2005).

Two additional intra-crustal models involve the addition

of water to the hybrid-source system.This process is funda-

mental to reduce the solidus temperature and to enhance

the fertility of the source, but it inexorably leads to the for-

mation of water-rich magmas. Water-rich silicic magmas

of broadly dacitic to rhyolitic composition (Moore &

Carmichael, 1998; Costa et al., 2004; Grove et al., 2005)

and some peculiar intrusions of tonalitic^granodioritic

composition (e.g. Adamello Massif; Blundy & Sparks,

1992) can be generated by this mechanism in active contin-

ental margins. However, the general case for the

Cordilleran-type batholiths is one of strong water-

undersaturation (Presnall & Bateman, 1973) even for

near-solidus residual liquids formed after magma crystal-

lization. A universal feature of these Cordilleran-type

batholiths is the presence of late-stage, interstitial hydrous

minerals (hornblende and/or biotite), and euhedral to sub-

hedral, zoned plagioclase feldspar. Amphibole polycrystal-

line clots, derived from pyroxene reaction (Castro &

Stephens, 1992), are also common. These textural relations
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are the consequence of very low water contents. The com-

parison between experimental phase equilibria (Maaloe

& Wyllie, 1975; Naney, 1983; Scaillet & Pichavant, 2003)

and natural crystallization sequences strongly suggests

that the initial water contents of Cordilleran-type

magmas are less than 2wt % H2O. The temperature

required to stabilize these water-poor melts (410008C) ex-

ceeds the maximum temperature predicted by basalt-

fluxed models in the sub-arc lower continental crust. A

first-order estimate indicates that the water supplied

(c. 1wt %) by hydrous minerals (i.e. amphibole and bio-

tite) to the hybrid source is enough to satisfy the low

Fig. 1. Initial Sr^Nd isotope ratios of Jurassic^Tertiary batholiths and volcanic rocks from the Andes. The field for North Patagonian crust is
from Pankhurst et al. (1999) at 135 Ma. Data for the South Patagonia batholith are from Herve¤ et al. (2007) and from the North Patagonia batho-
lith from Pankhurst et al. (1999). Bold dashed line is a hypothetical mixing trend between an end-member DM component (MORB) and a crust-
al component. DM, depleted mantle; NVZ, Northern Volcanic Zone, Andes; CVZ, Central Volcanic Zone, Andes; SVZ, Southern Volcanic
Zone, Andes.
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water content (c. 2 wt %) of tonalite and granodiorite

magmas produced by 50% melting. However, according

to heat transfer models (Petford & Gallagher, 2001;

Annen & Sparks, 2002), the heat provided by the intrusion

of wet basalt at temperatures of 1100^12408C (Pichavant

et al., 2002) in the lower crust is not sufficient to produce

high melt fractions from an amphibole-bearing protolith.

Detailed numerical models that simulate the sequential

arrival of wet basaltic sills at varied emplacement rates

and depths (Annen et al., 2006) indicate that basalt-

to-crust ratios of about 3:2 in the lower crust are needed

to increase local temperatures to 11008C and to produce

high melt fractions (40·5 for typical intrusion rates of

5mm/year) corresponding to water-rich andesitic and da-

citic compositions.

The second group of models (extra-crustal models) pro-

pose formation of silicic magmas in the lithospheric

mantle either by differentiation of basaltic^andesitic par-

ental magmas, generated by mantle melting, or by melting

of silicic materials that were subducted and recently

emplaced into the supra-subduction zone mantle wedge

by diapiric structures rooted in the subduction channel

(Gerya & Stoeckhert, 2006; Gorczyk et al., 2007a). Annen

et al. (2006) discussed the role of differentiation of

mantle-derived wet basalt or basaltic andesite magmas in

producing silicic magmas within the continental crust.

They concluded that this process, coupled with interaction

with crustal rocks and melts, could produce the water-rich

silicic magmas that characterize many volcanic arcs.

However, Cordilleran-type plutonic rocks are character-

ized by strong water-undersaturation, with the implication

that the temperatures of magma generation may exceed

those of intra-crustal models.

We have suggested in a previous study (Castro & Gerya,

2008) that melting of subducted me¤ langes is a process cap-

able of generating Cordilleran-type batholiths. This

hypothesis is further explored in this study by means of

new experimental data and numerical experiments.

In applying intra-crustal or extra-crustal (mantle)

models for the generation of Cordilleran-type magmas,

the significance of the time^composition variations of

Cordilleran-type batholiths must be taken into account.

Repeated episodes of batholith generation at continental

margins should record distinctive patterns of time^com-

position evolution depending on the location of the source

region in either the continental crust or the mantle wedge.

Although a subducted crustal component can be injected

sporadically into the mantle wedge, allowing this

hybrid-source region to remain fertile for intermediate

magma production for protracted time periods, the contin-

ental crustal source should become progressively more

refractory by successive extraction of melt, reducing its

fertility with time. To show the importance of this

time-dependent aspect in deciphering active continental

margin magmatism, we summarize below the characteris-

tic features of Cordilleran batholiths from the active mar-

gins of the Americas.

Most batholiths exhibit a narrow compositional range

from granodiorite to tonalite within the most voluminous

bodies (490 vol. %). These rocks have limited major elem-

ent compositional ranges (SiO2 63^70wt %, FeO

2^5wt %, MgO 1^3wt %, CaO 3^5wt %, Na2O

2^4wt % and K2O 2^4wt %). Large batholiths of more

1000 km in length are composed of multiple intrusions

that are elongated parallel to the trench. Although the

peak of magmatic activity occurred during the

Cretaceous, the ages of the batholiths span long periods

of time of about 40 and 31 Myr in the Sierra Nevada and

Peninsular Ranges batholiths respectively (Lee et al.,

2007), 200 Myr in the Chilean Coastal batholith (Parada

et al., 1999), 130 Myr in the North Patagonian batholith

(Pankhurst et al., 1999) and 150 Myr in the South

Patagonian batholith (Herve¤ et al., 2007). During these

long time intervals the major element compositions of the

intrusions remain unchanged. However, there is a marked

compositional evolution with time of Sr and Nd isotopic

ratios, denoting an increase in the mantle contribution

with time. For instance, drastic changes from eNd¼ ^4

toþ 6 are characteristic of plutons forming the South

American batholiths (Pankhurst et al., 1999, and references

herein), evolving to positive values from Carboniferous to

Tertiary time. This time^composition evolution seems in-

compatible with the assimilation of sub-arc continental

crustal rocks as the cause of the silicic magmatism. It also

conflicts with their derivation from a volumetrically lim-

ited source within the continental crust. In the case of as-

similation, a parallel evolution to compositions richer in

silica and alkalis on the one hand, and with more radio-

genic Sr and less radiogenic Nd on the other, is expected.

For the case of an intra-crustal origin (basalt-fluxed

models), a localized source within the continental crust

will evolve to more refractory compositions as a result of

the continuous extraction of melts over tens of million

years. These features have been attributed to lithospheric

imprints transferred to the magmas by the effects of sub-

duction (Pankhurst et al.,1999).The uniform major element

composition of magmas emplaced in narrow zones

less than 100 km wide over more than 100 Myr (e.g.

Patagonia) strongly suggests a constant or episodic supply

of new, fresh basaltic magma to the source region, as ex-

pected in the active subduction zones of the western con-

tinental margins of the Americas during the last 200 Ma.

This study is an experimental and thermomechanical

test of an extra-crustal model for the generation of

Cordilleran-type magmas. Our test expands the thermal

conditions of crustal models to lithospheric mantle tem-

peratures, affecting water-poor protoliths composed of

mixed subducted metabasite and metasediment. A mixed
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protolith of this type, satisfying composition, water content

and hybrid isotopic fingerprints, is found in subduction

me¤ langes (Shreve & Cloos, 1986) formed at the subduction

channel by accretion of hydrated oceanic crust and sedi-

ments. Similar mixed subducted protoliths are expected in

the case of subduction erosion of continental fore-arc base-

ment and/or cover (von Huene & Scholl, 1991), which

have been identified as the potential source for the recycled

components of Cordilleran-type rocks (Stern, 1991).

Themomechanical modelling of subduction zones (Gerya

& Yuen, 2003b; Gerya et al., 2004; Currie et al., 2007) pre-

dicts that these subducted fertile materials can be trans-

ported as buoyant diapiric structures from the subduction

channel to the hot region of the sub-arc mantle wedge,

where high melt fractions can be attained. It will be

shown that our results account for the relevant geochem-

ical and thermal requirements emerging from recent

studies on Cordilleran-type batholiths, and that the pro-

posed alternative model is compatible with classical

models that consider differentiation of mantle-derived

magmas and melting^assimilation of continental crustal

rocks.

MANTLE WEDGE PLUMES AS THE

SOURCE OF CORDILLERAN-TYPE

BATHOLITHS

The subduction channel, which is composed dominantly of

oceanic crust and sediments (Shreve & Cloos, 1986), is a

composite source that potentially could produce silicic

magmas on melting. However, this hypothesis has received

little attention because of the absence of sufficiently de-

tailed models simulating the coupled thermal, rheological

and petrological evolution of subduction systems. New pet-

rological^thermomechanical subduction models have pre-

dicted a complex structure in the mantle wedge with the

formation of large ascending diapirs (‘cold plumes’; Gerya

& Yuen, 2003a; Gerya et al., 2004) as a result of Raleigh^

Taylor instabilities caused by hydration and melting atop

the subducting slab. The stability and compositional vari-

ations of such thermal^chemical plumes above slabs were

investigated numerically for a variety of tectonic settings,

including ocean^ocean (Gerya & Yuen, 2003a; Gerya

et al., 2004, 2006; Gorczyk et al., 2007a, 1007b; Nikolaeva

et al., 2008), ocean^continent (Gerya & Stoeckhert, 2006;

Currie et al., 2007; Gorczyk et al., 2007c; Gerya et al.,

2008), and continent^continent (Gerya et al., 2008) colli-

sion with both retreating and advancing subduction. It

has been demonstrated (e.g. Gerya & Yuen, 2003a; Gerya

et al., 2006; Currie et al., 2007) that such plume structures

could be common in subduction zones, caused by the posi-

tive buoyancy of hydrated, partially molten mantle and

crustal rocks subducted atop slabs. The geophysical impli-

cations of mantle wedge plumes were evaluated by Gerya

et al. (2006), who suggested that thermal^chemical plume

structures may explain the significant localized positive

and negative seismic velocity anomalies present in mantle

wedges.

The numerical experiments of Gerya et al. (2006) show

that two distinct types of plume can be generated in the

mantle wedge, as follows.

(1) Unmixed plumes form a few kilometres above the

slab; these consist of hydrated, partially molten

mantle located at a distance from the slab, which is

therefore not mechanically mixed with subducted

crustal rocks. Such plumes are expected to carry a

pronounced slab fluid signature and commonly pro-

vide major contribution for magmatic activity in

ocean^ocean (Nikolaeva et al., 2008) and ocean^con-

tinent (Gorczyk et al., 2007c; Gerya et al., 2009) sub-

duction zones.

(2) Mixed plumes form directly atop the slab and consist

of hydrated partially molten mantle and recycled

oceanic crust and sediments. Such plumes are ex-

pected to carry a strong crustal signature and can be

episodically present in all types of subduction zone

(e.g. Gerya & Yuen, 2003a; Gerya & Stoeckhert,

2006; Currie et al., 2007; Gorczyk et al., 2007a; Gerya

et al., 2008, 2009).

All types of mantle wedge plume will actively produce

melts during their growth, associated with both decom-

pression and heating of plume material supplied from the

slab in either a continuous or an episodic manner (Gerya

& Yuen, 2003a; Gerya et al., 2004; Gerya & Stoeckhert,

2006; Gorczyk et al., 2007a, 2007c).

Mixed thermal^chemical plumes can in particular

transport rock me¤ langes that originated in the subduction

channel (Shreve & Cloos, 1986) to hot regions within the

mantle wedge. Consequently, they offer a new model for

the generation of arc magmas that must be confirmed by

laboratory experiments. A preliminary study on melting

of composite me¤ langes (Castro & Gerya, 2008) showed

partial experimental results with a single me¤ lange compos-

ition (50% sediment) and further reaction of the resultant

silicic melts with mantle peridotite. The main implication

of these experiments is that partially molten mantle

wedge plumes may survive reaction with the surrounding

peridotite mantle. The reaction aureole is composed of

hybridized ultramafic mantle material, devoid of olivine,

that may serve as a potential source for the hydrous mafic

magmas that occur in minor amounts in most arcs.

Interestingly, the silicic melt of the interior of the plume re-

mains unchanged by reaction with the surrounding

mantle. These experiments tell us about the chemical sta-

bility of the silicic plume. However, to analyze the effect

of changing pressure and temperature on magma compos-

itions requires enlarging the experimental dataset to new
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conditions. Another point of interest, not checked by

Castro & Gerya (2008), is the effect of the fraction of sedi-

ments in the me¤ lange on the composition of the resultant

melts. In this study we report the results of a comprehen-

sive study of experimentally determined phase equilibria,

over a wide range of pressures (1·5^2·0GPa) and tempera-

tures (1000^12008C), using varied proportions of the sedi-

mentary component in the mixed source.

Numerical experiments with subducted
me¤ langes in active continental margins:
stationary and underplated plumes

To simulate the evolution of a subducting slab beneath a

continental plate, including the effects of sediment and

felsic crust subduction, a number of numerical experiments

were conducted by Sizova et al. (2009). Their models con-

sider a 2D, vertical profile through a hypothetical subduc-

tion orogen, parallel to the convergence vector. The size of

the modelled area was 200 km in depth and 4000 km in

length, and the convergence rate 5 cm/a. The modelled

oceanic crust included an upper layer of spilitized basalts

(2 km) overlying a layer of gabbros (5 km), and the initial

thickness of the continental crust was 30 km. A sediment-

ary wedge was placed at the transition between the contin-

ental and oceanic lithosphere. A non-uniform rectangular

grid was employed, with a high-resolution area

(2 km� 2 km) in the centre of the section, whereas in the

rest of the area the resolution was 10 km� 2 km. The

models considered free slip at the top and side boundaries,

external free slip at the lower boundary (i.e. free slip is

guaranteed for a boundary located 1000 km below the

lower boundary of the model), erosion and sedimentation

processes at the surface of the crust, dehydration^hydra-

tion processes, melting of rocks, fluid and melt migration

processes, and a viscoplastic rheology for the distinct

layers.They included the 2D continuity equation for creep-

ing flow with time-dependent density. Thermal and chem-

ical buoyancy forces and mechanical heating were

considered using the heat conservation equation. The nu-

merical experiments were conducted using the I2VIS nu-

merical code of conservative finite differences with a

non-diffusive marker-in-cell technique to model multiphase

flow (Gerya & Yuen, 2003a). Further details of the experi-

mental set-up and procedure have been given by Gorczyk

et al. (2007c) and Sizova et al. (2009).

Figure 2 shows one of the characteristic subduction re-

gimes obtained in the Sizova et al. (2009) experiments,

which is associated with the development of a large sedi-

mentary plume (e.g. Currie et al., 2007). This regime is

characterized by advancing subduction, shortening and

thickening of the overriding plate and steep slab inclin-

ation. As demonstrated by van Huenen et al. (2000), slab in-

clination strongly depends on the relative plate motion

and slab flattening is promoted by an active overthrusting

of the overriding continental plate. In contrast, in the

Sizova et al. (2009) model the overriding plate position re-

mains fixed, which often results in relatively steep slab

angles. The distinct feature of the Sizova et al. (2009)

model is the growth of a volcanic rock sequence on the

top of the overriding plate (Fig. 2) in response to melt ex-

traction from various partially molten regions (Gorczyk

et al., 2007c; Nikolaeva et al., 2008; Sizova et al., 2009)

within the mantle wedge: hydrated peridotite, subducted

oceanic crust and sediments. All of these melt sources are

present in different proportions both atop the slab and

inside the growing sub-lithospheric plume.

By conducting a series of experiments Sizova et al. (2009)

tested the geodynamic consequences of the rheological

weakening effects of fluids and melts. Pore fluid pressure

(�fluid¼1^Pfluid/Psolid) is an important parameter in the

tectonic evolution of the modelled subduction zone. Low

values of �fluid (50·1) (i.e. high fluid pressures) allow de-

formation of the subducted sediments and the growth of a

large accretionary wedge (Sizova et al., 2009, fig. 6). The

weak subducting slab interface results in a low degree of

coupling between the plates, with rapid trench retreat and

intra- and back-arc extension of the upper plate. The

amount of subducted sediments in the model is small and

the resulting magmas show minimal participation of

either sediment or basalt from the subducting slab in the

melting zone. However, when �fluid is40·1 (i.e. for low to

moderate fluid pressures) the subducting slab interface is

generally stronger, the plates are more rheologically

coupled and larger volumes of (stiffer) sediments are sub-

ducted atop the slab (Sizova et al., 2009, fig. 6). Subduction

of a large volume of sediment is necessary (Currie et al.,

2007) for the generation of silicic plumes of partially

molten sediment and basalt that underplate the continen-

tal lithosphere (Fig. 2) and are heated from the surround-

ing hot mantle.

A second important parameter controlling the develop-

ment of mantle wedge plumes is the melt-related weaken-

ing factor (�melt¼1^Pmelt/Psolid), which affects the

properties of the lithosphere above the area of melt extrac-

tion from partially molten mantle wedge regions (e.g.

Nikolaeva et al., 2008; Sizova et al., 2009). Three types of

sedimentary^basaltic plumes were obtained in the numer-

ical experiments (see Castro et al., 2009, fig. 7; Sizova

et al., 2009, figs 6 and 7): ascending plumes that break

through the continental lithosphere, stationary plumes

that remain in the localized area of mantle wedge corner,

often associated with rigid body rotation phenomena (‘sub-

duction wheel’, Gorczyk et al., 2007a), and plumes that

underplate the lithosphere, extending horizontally below

the overriding plate (Currie et al., 2007; Gorczyk et al.,

2007c; Gerya et al., 2009; Sizova et al., 2009, fig. 6).

Ascending plumes develop under moderate to high

melt-related weakening of the overlying lithosphere

JOURNAL OF PETROLOGY VOLUME 51 NUMBER 6 JUNE 2010

1272

 a
t B

ib
lio

te
c
a
 U

n
iv

e
rs

ita
ria

 d
e
 H

u
e
lv

a
 o

n
 J

u
n
e

 1
3

, 2
0
1

0
 

h
ttp

://p
e
tro

lo
g
y
.o

x
fo

rd
jo

u
rn

a
ls

.o
rg

D
o

w
n

lo
a

d
e

d
 fro

m
 

http://petrology.oxfordjournals.org


5.4 Myr
0

50

100

150

0 100 200 300 400 500 600

Model irfd

Horizontal distance (km)

Depth
(km)

lithosphere mantle

asthenosphere

oceanic crust

continental crust

sediments volcanic rocks

molten mélange

molten mantle
serpentinized mantle
hydrated mantle

100 °C

300 °C
500 °C

700 °C

900 °C

1100 °C

1300 °C

9.9 Myr
0

50

100

150

0 100 200 300 400 500 600

Depth
(km)

Horizontal distance (km)

25.9 Myr
0

50

100

150

0 100 200 300 400 500 600

Depth
(km)

Horizontal distance (km)

molten crust

40.8 Myr
0

50

100

150

0 100 200 300 400 500 600

Depth
(km)

Horizontal distance (km)

Fig. 2. Results of the numerical experiment showing the development of a cold ‘plume’ underplating the continental lithosphere of the overrid-
ing plate. The model considers �fluid¼1 and �melt¼ 0·1 (see text for explanation). A mature plume head is generated less than 26 Myr after
the start of the subduction process. The bottom figure shows the essentially underplated plume 40·8 Myr after subduction initiation; that is,
around 15 Myr after a mature plume head was generated. The numerical experiment indicates that the geometry of the underplated plume
can survive for as much as 25^30 Myr. Therefore, the plume head, which constitutes a large repository of subducted me¤ lange materials, can
have a long residence time within the mantle wedge, which has profound petrogenetic implications as discussed in the text. Large square in
the bottom figure refers to Fig. 11. Model results from Sizova et al. (2009)
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(�melt50·01), which is weakened along localized zones per-

mitting very rapid ascent of the plume to crustal depths

(Castro et al., 2009, fig. 7). The temperature in the ascend-

ing plumes does not exceed 9008C. Similar results are

obtained for stationary plumes (�melt� 0·01 and

0·34�fluid40·1; Sizova et al., 2009, figs 6 and 7), where

the subducted material is trapped in a vortex forming in

relatively cold hydrated mantle wedge corner. In contrast,

in models of underplating plumes (�melt� 0·01 and

�fluid� 0·3; Sizova et al., 2009, fig. 7), ascent of the plume is

prevented by the strong overlying lithosphere (Currie

et al., 2007), which is placed under compression, pushing

the plume head towards the back-arc region and forcing it

to extend horizontally beneath the shortening continental

lithosphere (Fig. 2). As follows from the distribution of

volcanic rocks above the plume (light green material form-

ing atop the overriding plate in Fig. 2) the most signifi-

cant melt production inside the plume is located in the

area where new plume material is detached from the slab

and it is subjected to decompression and heating. The

plume head, generated 10^25 Myr after the start of the

subduction process, constitutes a huge accumulation

(80^100 km in length and 20 km in thickness) of partially

molten material including sediment, continental crust and

basalt. An important feature of these underplating plumes

is their large residence time within the mantle wedge (sev-

eral million years; see below) and the high T reached at

moderate pressures. Temperatures within the plume head

may be higher than 11008C in the lower third of the

volume and between 900 and 11008C in the remainder of

the body at pressures of between 1·5 and 2·0GPa. The nu-

merical model also predicts the presence of wet molten

mantle beneath the plume head (Fig. 2). These conditions

for magma generation are taken as the basis for our experi-

mental study.

EXPER IMENTAL SET-UP AND

RESULTS

Charge designs, starting materials and
experimental procedures

As concluded from the numerical experiments, viscous

flow inside the partially molten composite plume may

mechanically mix (via stretching and duplications of

layers, Gorczyk et al., 2007a) the basalt (oceanic crust)

and sedimentary components. Homogenization by viscous

flow is also favoured by the large distance travelled hori-

zontally by the plume, over more than 200 km from the

subduction channel (Fig. 2). This flow may take millions

to tens of millions of years (Fig. 2). Such long residence

times allow thermal equilibrium to be reached with the

surrounding mantle (see the isotherms crosscutting the

plume structure, in Fig. 2, at 40·8 Ma). Based on these

model predictions and on our previous experiments

(Castro & Gerya, 2008) to model the reaction between

the plume interior and the peridotite mantle, we

designed a set of high-temperature experiments aimed to

determine the phase relations and melt compositions at

equilibrium.

Mixtures of subducted oceanic crust and sediments

dominate the composition of the buoyant plumes and, con-

sequently, we used these materials for our experimental

study. Natural rock compositions were preferred instead of

synthetic glasses for several reasons. First, the trace elem-

ent composition is preserved and trace element concentra-

tions in the melt (glass) can be determined and compared

with actual rocks. Second, the water content is fixed by

the mineral assemblage and remains unchanged in all

runs. The mineral assemblage in the starting materials

was selected in accordance with the conditions at which

the plume materials (i.e. oceanic crust and sediments)

leave the subduction channel and are introduced into the

mantle wedge, forming buoyant structures. Consequently,

a mid-ocean ridge basalt (MORB)-derived amphibolite

and a mica-rich metagreywacke (Bt-gneiss) were used in

this study.The gneiss has the typical major and trace elem-

ent compositions of greywackes (Ferna¤ ndez et al., 2008).

This is very close to the average composition of

Phanerozoic greywackes (Taylor & McLennan, 1985) and

is considered representative of subducted sediments. The

phase relations of these starting materials have been well

constrained in previous experimental studies (Castro

et al., 2000; Lo¤ pez & Castro, 2001). Table 1 shows their

major and trace element compositions together with the

composition of synthetic me¤ langes formed by variable

mixing proportions of these two components.

The aim of the experiments was to test the ability of

various me¤ lange compositions to produce hybrid melts

that can be compared with natural silicic magmas.

Additionally, we evaluated the role of the intensive vari-

ables, P andT, in controlling the composition of the result-

ant melts. The baselines for evaluating the compositional

changes were the melts formed from the pure end-member

starting materials at the same P andTconditions.

Three types of capsules were designed for this study: (1)

capsules containing the end-members (i.e. the amphibolite

and the mica-rich gneiss) separately; (2) capsules contain-

ing homogeneous mixtures in variable weight proportions

of the two end-members; (3) composite capsules containing

a layer of amphibolite sandwiched between two layers of

mica-rich gneiss. The conditions for the melting experi-

ments with composite and single capsules were fixed in

agreement with predictions from the numerical experi-

ments discussed above. Although mantle wedge plumes

are generated at the subduction interface at depths of

more than 100 km (Gerya & Yuen, 2003b; Gorczyk et al.,

2007a), the pressure conditions for the melting experiments

were fixed at the depth of final emplacement within the
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shallow mantle, where the underplated plumes reside for

long times (Fig. 2). Thus, the experiments were conducted

at 1000, 1050, 1100 and 12008C at pressures of 1·5 and

2·0GPa. These conditions were applied for time durations

of more than 10 days for the layered capsules to achieve

homogeneous hybrid melts. For single capsule runs and

homogeneous mixtures, durations of about 5 days were suf-

ficient to achieve chemical equilibrium.

The experiments were conducted in a Boyd^England

type piston-cylinder apparatus at the University of Huelva

(Spain). A 12·5mm (half-inch) diameter cell was used in

all the experiments. Details of the design of the cell have

been given by Castro et al. (1999). Gold capsules were used

for experiments at 10008C, and Au75Pd25 alloy capsules

for experiments at 1100^12008C. In all cases, the capsules

were filled, sealed by pressure folding and introduced into

MgO pressure containers. Temperatures were measured

and controlled with Pt100^Pt87Rh13 thermocouples wired

to Eurotherm 808 controllers. Oil pressures were measured

with electronic Druck PTX 1400 pressure transmitters,

connected to Omron E5CK controllers. Pressure was cor-

rected manually and maintained within a narrow range

of �5 bar oil pressure, equivalent to �250 bar on the

sample. Heating proceeded at the maximum rate allowed

by the system of 100K/min. After the desired run time,

the experiments were quenched by switching the power

off, assisted by an efficient water-cooling system, at a rate

of more than 100K/s. Fast cooling was essential to avoid

the formation of quench phases. After quenching, the cap-

sules were examined for tears and checked for the proxim-

ity of the thermocouple during the run. They were

mounted in epoxy, cut and polished for examination by

electron microprobe.

Experimental oxygen fugacity conditions were main-

tained close to those of the starting materials in the

Au75Pd25 capsules (Hall et al., 2004). Water contents in all

runs were those supplied by the hydrous minerals in the

starting materials. Thus, the experimental melts were

water-undersaturated. A direct proportionality between

the initial water content in each charge and the shortfall

from 100% of microprobe analyses of the experimental

glasses was observed, suggesting that water loss through

the wall capsule was minimal.

Microprobe analyses were obtained with a JEOL

JXA-8200 SuperProbe at the University of Huelva. A com-

bination of silicates and oxides were used for calibration.

A defocused 20 mm diameter beam was used for glass

(quenched melt) analyses to minimize Na migration

within the glass. In smaller melt pools in low melt fraction

experiments, a smaller beam was used to avoid contamin-

ation from surrounding phases. Runs were also checked

for Fe loss in the case of the Au75Pd25 alloy capsules. The

total content of Fe in the long-duration experiments was

estimated by mass balance and by averaging the modal

Table 1: Major and trace element compositions of

end-member starting materials and composite me¤ langes

used in the experimental study

Bt-gneiss
1
Amphibolite

2
Mél 1 Mél 2 Mél 3 Andesite

3

Xs: 1 0 0·25 0·5 0·75

Oxides (wt %)

SiO2 69·10 49·14 54·13 59·12 64·11 59·1–62·2

TiO2 0·52 1·61 1·34 1·07 0·79 0·6–1·1

Al2O3 315·23 16·00 15·81 15·62 15·42 16·9–17·8

FeOt 3·77 9·84 8·32 6·81 5·29 4·3–6·4

MgO 1·51 7·17 5·76 4·34 2·93 2·4–3·8

MnO 0·04 0·22 0·18 0·13 0·09 0·1–0·2

CaO 1·28 10·70 8·35 5·99 3·64 5·2–7·7

Na2O 3·06 3·29 3·23 3·18 3·12 2·8–4·3

K2O 3·81 0·09 1·02 1·95 2·88 0·7–2·3

P2O5 0·18 0·14 0·15 0·16 0·17 0·1–0·2

LOI 1·30 0·44 0·66 0·87 1·09

Total 99·80 98·64 98·93 99·22 99·51

Mg-no. 0·42 0·57 0·55 0·53 0·50

ASI 1·33 0·64 0·73 0·86 1·04

K/(KþCa), mol 0·64 0·00 0·07 0·16 0·32

Trace elements (ppm)

Sc 9·6 32·7 27·0 21·2 15·4

V 64·5 214·6 177·1 139·5 102·0

Cr 63·8 271·9 219·9 167·8 115·8

Co 40·0 36·5 37·4 38·3 39·2

Ni 16·6 80·6 64·6 48·6 32·6

Rb 167·2 20·5 57·2 93·9 130·5

Sr 131·8 208·4 189·3 170·1 151·0

Y 33·1 23·6 26·0 28·3 30·7

Zr 173·0 90·6 111·2 131·8 152·4

Nb 10·2 19·3 17·0 14·7 12·5

Ba 696·1 64·5 222·4 380·3 538·2

La 32·1 6·0 12·5 19·0 25·6

Ce 68·4 15·7 28·8 42·0 55·2

Pr 8·3 2·3 3·8 5·3 6·8

Nd 31·1 9·6 14·9 20·3 25·7

Sm 7·1 3·1 4·1 5·1 6·1

Eu 1·1 1·1 1·1 1·1 1·1

Gd 6·4 3·8 4·4 5·1 5·8

Tb 1·1 0·6 0·8 0·9 1·0

Dy 5·7 4·5 4·8 5·1 5·4

Ho 1·2 0·9 1·0 1·0 1·1

Er 3·0 2·7 2·7 2·8 2·9

Tm 0·4 0·4 0·4 0·4 0·4

Yb 2·5 2·4 2·4 2·4 2·5

Lu 0·3 0·4 0·4 0·3 0·3

1Hiendelaencina Ordovician gneiss from Iberia (Castro
et al., 2000).
2
MORB-derived amphibolite from the Aracena metamorph-
ic belt (López & Castro, 2001).
3Range of andesites 12–17 of Green (1982, table 1).
Xs, fraction of gneisses (sedimentary component) in the
mélanges. ASI, aluminium saturation index (ASI¼mol
Al2O3/Na2OþK2OþCaO).

CASTRO et al. CORDILLERAN-TYPE MAGMAGENERATION

1275

 a
t B

ib
lio

te
c
a
 U

n
iv

e
rs

ita
ria

 d
e
 H

u
e
lv

a
 o

n
 J

u
n
e

 1
3

, 2
0
1

0
 

h
ttp

://p
e
tro

lo
g
y
.o

x
fo

rd
jo

u
rn

a
ls

.o
rg

D
o

w
n

lo
a

d
e

d
 fro

m
 

http://petrology.oxfordjournals.org


abundances of minerals and glass determined by image

analysis. Similar values were obtained in each case, indi-

cating a maximum Fe loss to the metal capsule of �10%

relative. A slightly higher value of �16% relative loss was

directly measured in a run at 12008C (run 12, Table 2),

which was completely molten. The FeO content of this

melt is 5·71wt % after 75 h at 12008C, the initial value

being 6·81wt % FeO.

Selected capsules in which large areas of crystal-free

glass were observed were used for in situ trace element de-

terminations by laser ablation inductively coupled plasma

mass spectrometry (LA-ICP-MS) at the University of

Granada (Spain). LA-ICP-MS analyses were performed

with a 213 nm Mercantek Nd-YAG laser coupled to an

Agilent 7500 ICP-MS system with a shielded plasma

torch, using the NIST-610 glass as standard. The ablation

was carried out in a He atmosphere. The laser beam was

fixed on a 95 mm wide square section. The spot was

pre-ablated for 45 s using a laser repetition rate of 10Hz

and 40% output energy. Then the spot was ablated for

60 s at 10Hz with laser output energy of 75% [see Bea

et al. (2005) for analytical details on standards and routine

analyses].

Experimental results

Figure 3 shows representative images of textures in the

composite capsule runs. Systematic changes in the coexist-

ing assemblages are consistent with changes in the P^T

conditions. Garnet appears in the runs by either increasing

P from 1·5GPa to 2·0GPa at 11008C (runs AC08-103 and

AC08-113) or by decreasingT from 11008C to 10508C (run

AC08-109) at 1·5GPa (Fig. 3). Garnet breakdown in

favour of Opx is accomplished by a peritectic reaction of

the type Grt $ Opx þ melt at 1·5GPa. The run closest to

the liquidus is at conditions of 11008C and 1·5GPa and

this is devoid of Grt (Fig. 3e). Noteworthy features are the

euhedral habit of slightly zoned Opx crystals formed in

this run (Fig. 3f) and the high proportion of melt (480%)

compared with the other runs at lowerTor higher P. The

boundaries between adjacent layers are preserved at the

end of the run in all of the sandwich experiments (Fig. 3).

These boundaries are marked by an abrupt change in the

modal proportions of crystals. However, the composition

of the melt (glass) across the layers is almost constant.

Figure 4 shows compositional profiles of melt (glass)

across layered capsules at 10008C and 11008C, 1·5GPa

(runs AC08-100 and AC08-103). In both cases the melts

are almost identical in composition across the layered

structure, confirming chemical equilibrium between the

melt and the solid phases, independently of the distribution

of minerals in the capsule. Even in the low melt fraction

runs at 10008C, the apparently isolated pools of melt in

the amphibolite layer are equilibrated for most major

elements. Melts in this layer are several times richer in K

compared with the melts produced in the isolated capsule

runs, showing the efficiency of ionic diffusion in homoge-

nizing the melt composition across the layer interface.

Compared with the melts from the runs with the isolated

starting materials, the melts in the composite capsules are

hybridized for all the analyzed elements. In all runs,

either composite layers or homogeneous mixtures, the

hybrid melts are granodioritic to tonalitic in composition,

peraluminous [aluminium saturation index (ASI) 41·0]

and rich in K (K2O43·0wt %). An interesting result is

that there is no proportional correlation between the frac-

tion of gneiss in the starting mixture and the composition

of the resulting melt. Rather, the melts are very close in

composition for a wide range of end-member proportions.

This is illustrated in Fig. 5 in terms of the major element

compositions of melts produced at 11008C and 2·0GPa

versus the fraction of Bt-gneiss (Xs¼mass of gneiss/total

mass) in the me¤ lange from Xs¼ 0 (pure amphibolite

end-member) to Xs¼1 (pure gneissic end-member). For

low gneiss fractions (Xs50·25), the K2O content is close

to the minimum value, increasing from 0·1wt % in the

pure amphibolite (Xs¼ 0) to c. 4·0wt % at Xs¼1. A simi-

lar variation is observed in the other major element

oxides, showing a plateau in the hybrid region with no sig-

nificant variations over a wide range of sediment fraction

from Xs¼ 0·25 to Xs¼ 0·75. The CaO content of the melts

from the pure gneissic end-member is very low independ-

ent of the melt fraction as indicated in previous experimen-

tal studies (Ferna¤ ndez et al., 2008; Castro et al., 2009). A

small fraction of amphibolite in the composite me¤ lange

(Xs¼ 0·75) is sufficient to increase the CaO content from

1·2 wt % (Xs¼1) to almost 3·0wt % (Xs¼ 0·75). This

value remains almost constant for a wide range of me¤ lange

compositions, similar to K2O. A summary of these

coupled variations in CaO and K2O is shown in the

bottom part of Fig. 5 by plotting the mol K/(KþCa)

ratio against Xs. Granodiorite rocks characteristically

have values of mol K/(KþCa) within the range 0·3^0·8.

Projected phase relations of the experimental results are

shown in Fig. 6. The results at 11008C and 2·0GPa for

bulk compositions Xs¼1 (Bt-gneiss) and Xs¼ 0 (am-

phibolite) show contrasting three-phase assemblages, with

MeltþGrtþPl and MeltþGrtþCpx, respectively. The

compositions of the phases are also contrasted, with

Ca-richer garnets and FeþMgþMn-richer melts in the

latter. Importantly, the me¤ lange experiments (Xs from

0·25 to 0·75) develop a lower-variance four-phase assem-

blage MeltþGrtþCpxþPl, with intermediate phase

compositions. Thus, under isothermal^isobaric conditions,

clinopyroxene is lost, the grossular content of garnet de-

creases, and the melt changes towards a more silicic com-

position as the bulk-rock composition deviates from

MORB amphibolite.This systematic behaviour is expected

from the theory of phase equilibria. However, the change

in phase composition is subtle for the assemblage
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500 µmAC08-109 1050 °C-1.5GPa

AC08-103 1100 °C-1.5GPa

AC08-119  1100 °C-2.0GPa

(a) (b)

(c) (d)

(e) (f)

Grt

Melt

Cpx

Opx

Grt

Melt

Grt

Cpx

Qtz

Melt

Cpx

Opx

Pl

Fig. 3. Back-scattered electron images of representative run products from composite capsules simulating a multilayer me¤ lange: (a, c, e)
general views of the experimental capsules; (b, d, f) respective details of the interface between adjacent layers. It should be noted that
the interface is marked by an abrupt change in the modal proportions of minerals, recording the original compositional differences be-
tween the layers. Crosses in images in the left column show the position of LA-ICP-MS analyses. Several laser holes are shown in (b) as black
circles
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GrtþCpxþPlþMelt, even if it formed from contrasted

bulk-rock compositions such as Xs¼ 0·25 and Xs¼ 0·75,

indicating the buffering capability of this lower-variance

assemblage. This result is clearly illustrated by the almost

identical composition of the melts. Results at 1·5GPa with

the same starting materials and at the same temperature

of 11008C show a similar buffering effect for the liquid

compositions. However, the fraction of gneiss is more re-

stricted (Xs from 0·5 to 0·75) compared with the results at

2·0GPa. The melt produced at 1·5GPa and 11008C is not

buffered, with SiO2¼56·3wt %, below the lower limit

(63wt %) characteristic of granodiorites and tonalites.

The other me¤ lange compositions with Xs¼ 0·5^0·75 pro-

duced buffered melts with very similar compositions (runs

11 and 14 inTable 2). According to these results, the buffer-

ing effect is more marked at 2·0GPa.

An interesting result was the change in the composition

of the melts obtained at variable temperatures and con-

stant pressure from a particular me¤ lange composition

(Xs¼ constant). These changes are systematic and demon-

strate that our runs reached equilibrium. They also indi-

cate the effect of temperature on magma composition as a

response to variable coexisting solid phase assemblages.

Figure 7 shows these changes for runs at P¼1·5GPa and

T from 10008C to 12008C. Although the proportions of

the gneiss and amphibolite components are constant in all

these runs (Xs¼ 0·5), the compositions of hybrid melts

show important differences. This is due to the control

55 65 75 16 18 0 4 8 0 2 4 0 4 8 0 2 4 6 0 2 4 6

SiO Al O FeO MgO CaO Na O K O

16 1860 70 0 4 8 0 2 4 0 4 8 0 2 4 6 0 2 4 6

1
.6

 m
m

2
.7

 m
m

1000  C, 1.5 GPa

1100  C, 1.5 GPa

22322

(a)

(b)

Fig. 4. Compositional profiles of melts (quenched glass) in two runs with composite capsules at 1000 and 11008C (1·5GPa). The coexisting min-
eral assemblage is dominated by Qtz^Grt^Px^Pl at 10008C and by Px^Pl at 11008C. Noteworthy features are the homogeneous compositions
of the melts across the layers and the hybrid composition of these melts compared with melts derived from the pure end-members.These are rep-
resented by bold continuous lines (red) for the gneiss end-member, and by bold dashed lines (blue) for the amphibolite end-member. The grey
band represents the compositional range for Cordilleran granodiorite^tonalite rocks from the Peninsular Ranges and Sierra Nevada batholiths
in North America (Lee et al., 2007). Only rocks within the silica range 63^70 were considered in this selection. It should be noted that melts at
11008C fit this compositional range for all major elements. At 10008C the melts are out of this range for most elements.
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Fig. 5. Variations of melt composition as a function of the fraction of sediment in the composite me¤ lange at constant pressure (2·0GPa) and
temperature (11008C). The composition of melts from me¤ langes with low (25%) to high (75%) fractions of sediment does not vary significantly.
The data define a plateau for the most abundant major elements (Al, Si, Ca, Fe, Mg, Na, K).These results indicate the buffering effect of the co-
existing mineral assemblage.
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Projection points:
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+Rt
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Exchange vectors:
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(b)

Cordilleran granite batholiths
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Fig. 6. (a) Condensed AKCFand (b) ACFdiagrams for the experimental results at 11008C and 2GPa constructed after projection of the com-
positions of the studied starting bulk-rock compositions (triangles), experimental mineral and melts (squares), and natural granitic rocks
(grey circles) from the indicated phases and exchange vectors, with indication of ‘buffered’and ‘unbuffered’ phase assemblages. In (b), a line of
ASI¼1·0 is plotted for reference (dashed line). It should be noted that feldspar components are collinear in the AKCF (and ACF) diagrams be-
cause of projection through the exchange vectors AlCa(SiNa)^1 and NaK^1.
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imposed by the coexisting mineral assemblage and, hence,

by the temperature. The variation in K2O (Fig. 7c) follows

a distinct trend with a good proportionality with respect

to the composition of the gneiss baseline. The decrease

in K2O with increasingT is due to its dilution in the melt

as the increasing melt volume reduces the weight pro-

portion in the system. This differential behaviour with

respect to other components is due to the absence of

any K-bearing coexisting crystalline phase. The behav-

iour of SiO2 (Fig. 7d) is anticorrelated with that of MgO

(Fig. 7b), indicating the strong control of temperature

and coexisting minerals on the composition of the hybrid

melts.

Gravitational settling of crystals was observed in most

composite capsule runs (Fig. 3). These were selected for

LA-ICP-MS trace element analysis. Average melt compos-

itions are given in Table 3 for three selected experimental

runs. The small size of Grt, close to the 30 mm diameter of

the laser beam, made it difficult to obtain point analyses

devoid of contamination from the surrounding glass.

However, a good approximation was obtained by recasting

the mixed analyses (Grtþ glass) to the proportion of Grt

to glass in the mixture. This proportion was obtained by

linear regression of selected elements, not coordinated in

the Grt structure, and the measured abundance of the

same elements in the surrounding melt. The best correl-

ation (Pearson’s coefficient 40·99) was found for the

group of elements Li, Be, Rb, Sr and Ba; these were there-

fore used to estimate the proportion of contaminant in the

mixed analyses. The results after discounting the contam-

ination are given in Table 3, together with the calculated

Grt/melt partition coefficients (Kd). It should be appre-

ciated that melts produced in equilibrium with Grt are

strongly heavy rare earth element (HREE) fractionated
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compared with melts in equilibrium with a Grt-free min-

eral assemblage. Figure 8 shows MORB-normalized and

chondrite-normalized (REE) variation diagrams for in-

compatible elements determined in the experimental

glasses at the conditions of 1050^11008C, 1·5GPa and

11008C, 2·0GPa. These patterns are consistent with the ex-

pected behaviour of incompatible elements in silicate

magmas. The comparison with natural rocks is discussed

below.

DISCUSS ION

Our experimental results indicate that partial melting of a

composite source in subduction zone environments is an ef-

fective mechanism to produce hybrid melts of granodiorite

composition. Previous experimental studies with compos-

ite basalt^crust starting materials (Patin‹ o-Douce, 1995;

Castro et al., 1999) were aimed at investigating the behav-

iour of composite systems in assimilation processes.

Although these experiments were performed at crustal

Table 3: Laser ablation trace element compositions of melts and coexisting garnets from composite me¤ langes

Run: AC08-109 AC08-103 AC08-113

P: 1·5GPa 1·5GPa 2·0GPa

T: 10508C 11008C 11008C

Melt
1
(n¼ 3) SD Grt

2
Kd Melt (n¼ 3) SD Melt (n¼ 4) SD Grt

2
Kd

Li 43·4 1·6 — — 42·7 1·6 42·9 4·7 — —

Be 2·3 0·1 — — 2·9 0·0 2·2 0·2 — —

V 39·7 0·3 357·2 12·6 92·1 1·3 51·8 4·5 179·0 4·8

Cr 5·6 0·7 827·2 206·1 30·6 1·9 5·8 2·3 664·1 159·6

Co 10·0 0·7 153·4 21·4 7·4 0·2 10·2 1·2 133·4 18·4

Ni 1·0 0·3 24·1 33·9 0·6 0·1 2·7 0·3 21·9 11·5

Cu 0·8 0·2 2·2 3·7 0·7 0·6 0·9 0·2 16·0 24·3

Zn 136·3 3·0 335·5 3·4 18·5 1·1 33·7 4·4 86·0 3·6

Rb 181·2 5·3 — — 143·1 9·2 169·5 11·9 — —

Sr 120·3 2·9 — — 183·8 7·7 165·7 12·7 — —

Y 16·8 0·4 68·6 5·7 47·9 3·1 14·5 1·7 57·4 5·5

Zr 88·7 6·3 59·3 0·9 253·3 7·7 109·3 10·7 20·3 0·3

Nb 7·6 0·6 27·4 5·1 7·9 0·2 8·6 1·0 11·6 1·9

Cs 6·8 0·2 1·8 0·4 5·6 0·2 6·8 0·5 0·4 0·1

Ba 763·5 20·1 — — 788·4 22·2 727·6 70·9 — —

La 33·2 0·8 3·4 0·1 38·9 0·6 32·2 3·3 4·1 0·2

Ce 67·2 0·9 10·2 0·2 69·8 3·3 64·6 6·4 14·8 0·3

Pr 7·1 0·2 2·2 0·4 8·5 0·2 6·7 0·7 2·3 0·5

Nd 29·4 1·3 26·0 1·2 37·8 0·4 27·3 1·9 20·1 1·0

Sm 6·0 0·2 15·2 3·5 9·2 0·8 5·0 0·6 8·8 2·5

Eu 1·1 0·1 2·9 3·9 2·1 0·1 0·9 0·0 1·9 3·0

Gd 4·5 0·2 15·5 4·8 9·0 0·9 3·9 0·5 8·6 3·1

Tb 0·6 0·0 2·3 5·4 1·5 0·1 0·5 0·1 1·5 3·9

Dy 3·5 0·2 14·5 5·9 8·7 0·8 2·7 0·4 9·6 5·0

Ho 0·6 0·1 2·6 5·9 1·8 0·1 0·5 0·1 2·2 5·9

Er 1·6 0·1 7·5 6·7 5·0 0·3 1·3 0·2 6·8 7·6

Tm 0·2 0·0 0·9 5·7 0·7 0·0 0·2 0·0 1·0 8·4

Yb 1·3 0·1 5·6 6·0 4·3 0·3 1·0 0·2 6·1 8·7

Lu 0·2 0·0 0·8 6·3 0·7 0·0 0·2 0·0 1·1 10·1

Hf 2·8 0·5 1·1 0·6 6·8 0·1 3·0 0·3 0·4 0·2

Ta 0·7 0·1 1·8 3·6 0·7 0·0 0·6 0·0 1·1 2·4

Tl 1·1 0·1 0·1 0·2 0·1 0·0 0·1 0·0 0·1 1·0

Pb 29·1 1·2 4·4 0·2 0·3 0·0 0·6 0·1 0·7 1·6

Th 12·0 0·2 1·2 0·1 12·2 0·4 10·6 0·7 1·8 0·2

U 4·2 0·1 1·3 0·4 3·6 0·2 3·8 0·2 1·3 0·5

1Abundances in ppm normalized to 70wt % silica in AC08-109 and AC08-113, and to 65wt % silica in AC08-103.
2Garnet compositions calculated by mass balance from mixed melt–garnet analyses (see text).
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pressures (0·6^1·0GPa), they produced interesting results

that can be applied both to processes of crustal assimilation

and to shallow-level me¤ lange melting. The experimental

results presented here are a continuation of these previous

studies at conditions more appropriate for lithosphere

mantle depths (1·5^2·0GPa) at which mantle wedge

plumes are underplated, according to the numerical ther-

momechanical simulations (Fig. 2). We evaluate these new

experimental results to test the plume-to-batholith model

in three important respects: (1) the comparison of melt

compositions with those of typical Cordilleran-type batho-

liths; (2) the feasibility for homogenization of melts; (3)

the plausibility of generating relatively homogeneous

granodiorite^tonalite melt compositions from heteroge-

neous sources.

The comparison of experimental hybrid
melts with batholiths

Experimental melts from composite me¤ langes in the tem-

perature range 1050^11008C are silicic (SiO2463wt %),

consistent with the compositional range of the granodior-

ites to tonalites that form more than 90 vol. % of

Cordilleran-type batholiths (see below). This composition

is more dependent on temperature than the proportions of

basaltic and gneissic components in the me¤ lange (Fig. 5).

Melts developed at 10008C are too silicic, falling outside

the range of the most important major elements character-

istic of granodiorites and tonalites (Figs 4 and 7). The ex-

perimental melts are poor in Ca, Fe and Mg, below the

lower limit of granodiorites and tonalites. Melts of the

pure end-members are also out of range at any tempera-

ture. At 12008C the melt fraction approaches total melting

and, consequently, the composition of the melt approaches

that of the mixed source, which is, in broad terms, andesit-

ic (Table 1).The MORB-normalized trace element patterns

of the experimental melts at 10508C, 1·5GPa and 11008C,

2·0GPa (Grt-present) are almost coincident with the field

of Cordilleran-type batholiths (Fig. 8). Significant negative

anomalies (e.g. Nb, Sr, Ti) in the trace element patterns of

the batholiths are fairly well reproduced by the experimen-

tal melts in these MORB-normalized diagrmas. It should

be noted that rutile was identified forming large (450 mm)

polycrystalline aggregates in several of the experimental

runs with composite capsules (Table 2).This textural distri-

bution explains why rutile was not always identified in

thin section. This mineral may be responsible for the

observed depletion in Nb and Ti in the analyzed glasses.

The Grt-absent experiment at 11008C and 1·5GPa also

shows a melt composition coincident with the trace elem-

ent pattern of Cordilleran batholiths, with the exception

of the HREE, which are not depleted in comparison with

the batholiths. The chondrite-normalized REE patterns

for the experimental melts are also consistent with those

of the batholiths, with the exception of the Grt-free

experiment (Fig. 8d). Thus, we conclude that the

incompatible-element budget for Cordilleran batholiths

could be explained by partial melting at high T

(1050^11008C) of a composite me¤ lange comprising sub-

ducted basalt (MORB) and sediment in variable

proportions.

Figure 9 shows a comparison, in terms of major elem-

ents, between the experimental melts and Cordilleran-

type granitoid rocks from the North America active con-

tinental margin. Most hybrid melts formed from compos-

ite me¤ langes at 11008C and 1·5^2·0GPa plot within a

small field on these diagrams that overlaps with the com-

position of more than 90 vol. % of the outcropping pluton-

ic rocks in Cordilleran batholiths (i.e. granodiorites and

tonalites). The Coastal Batholith of Peru, which intruded

the continental margin of South America from

mid-Cretaceous to Neogene times, shows an area percent-

age of tonalite and granodiorite rocks ranging from 84 to

93% (see compilation by Cobbing et al., 1981), but only

7^10% of mafic rocks (gabbro and diorite), and minor

amounts of leucogranitic plutons. Similar proportions are

estimated for the Coastal Batholith of Canada.

Planimetry of cumulative areas of felsic, intermediate and

mafic plutons represented on a detailed geological map of

the British Columbia (Massey et al., 2005) shows that tonal-

ite and granodiorite represent an area fraction of around

91%, with subordinate gabbro and diorite (�7%) and leu-

cogranite plutons (�2%). Composition^size^depth rela-

tionships for Mesozoic intrusions of the western USA

presented by Barton et al. (1991) suggest that the relative

area of gabbro and diorite lithologies is less than 25%

across the entire Cordilleran crust of North America,

although mafic compositions may be more abundant in

the lowermost crust. More recent data by Ducea (2001) for

the California active margin (from �220 to �80 Ma) indi-

cate that upper crustal exposures are �97% tonalitic and

granodioritic with53% mafic intrusions. Mid-crustal ex-

posures show similar proportions within a very thick (up

to 30^35 km) mostly granodiorite^tonalite batholith

(Ducea, 2001). In summary, magmas of intermediate com-

position (tonalites and granodiorites) appear to be the

main product of subduction-related Cordilleran magmatic

arcs; a consistent proportion (�90%) is observed in west-

ern North America (Coastal Batholith of Canada, Sierra

Nevada and Peninsular Ranges Batholiths) and South

America (Coastal Batholith of Peru).

Other compositions, either more mafic (diorites and

gabbros) or more felsic (granites sensu stricto) are also pre-

sent in Cordilleran-type plutonic associations (Fig. 9). The

more silicic members may represent low-temperature

melts. Diorites may represent either extremely high-

temperature (�12008C) melts, developed from the same

source as the granodiorites and tonalites, or by-products

of reaction of silicic melts with the peridotite mantle

(Kelemen, 1995; Kelemen et al., 2003). Gabbroic rocks
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represent less than 2 vol. % in Cordilleran batholiths.

These are probably derived from a metasomatized mantle

source by processes of fluid-fluxed melting (Grove et al.,

2005). These compositions are predicted in the plume

model discussed here and in previously published numer-

ical experiments (e.g. Gerya & Yuen, 2003b).

Similar comparisons are evident in terms of trace elem-

ent characteristics. The presence of Grt in the source

region has an important effect on the HREE/LREE

(light REE) ratio in the coexisting melt. In general, deple-

tion in HREE in mantle-derived magmas is directly

related to the depth of magma generation, as a result of

the pressure-dependent stability of Grt. However, at

near-liquidus conditions below 2·3GPa, Grt is not stable

in systems with the composition of the me¤ langes used in

our experimental study [e.g. the andesite of Green (1982,

fig. 7); Table 1].

Figure 10 shows a comparison of the REE abundances in

our experiments and in the Cordilleran batholiths of the

American active continental margin. Experimental melts

in equilibrium with Grt are characterized by strong

REE fractionation with CeN/YbN410 and YbN510.

Granodiorites from the Peninsular Ranges batholith in

North America and the Patagonian batholith in South

America exhibit a wide spectrum of REE patterns from

strongly fractionated to unfractionated. Some granodior-

ites in these batholiths plot in the Grt-free region of the

diagram, whereas many others appear to be produced

from a source in equilibrium with Grt. Slight differences

in the P and/orTof melting may be the cause of these vari-

ations if the source region is at P^Tconditions close to the

upper stability limit of Grt. Interestingly, these wide differ-

ences in REE patterns are in marked contrast to the

narrow range in major-element composition, reinforcing

the idea of a buffering effect of the coexisting mineral as-

semblage on the major element compositions. In general,

the REE data (Fig. 10) for the batholiths follow a trend
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Fig. 10. REE patterns of experimental melts in Grt-present and Grt-free assemblages. (a) Progressive depletion in HREE (dashed curves) in
the melt as a function of the amount of Grt in the system, modelled with the Grt/liquid partitioning coefficients (Kd) obtained in our experi-
ments. Chondrite-normalized REE patterns are illustrated in (b) and the Grt/melt Kd values in (c). Numbers on the evolution lines in (a) indi-
cate the fraction of Grt left in the residue. The two model lines correspond to me¤ langes with a fraction of gneiss (Xs) of 0·25 and 0·5.
Cordilleran batholiths from South America and the Peninsular Ranges (d, e) show variable CeN/YbN andYbN contents.
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parallel to the theoretical trend of Grt fractionation. The

fractionation effect will depend on the amount of Grt in

the residue. A large abundance of Grt does not necessarily

mean a higher pressure in the source. It may also be due

to a lower temperature of melt generation. Melts de-

veloped within the range 1050^11008C (c. 60 vol. % melt-

ing) in the mixed source have a granodiorite composition

and can display significant HREE depletion as a result of

the presence of residual Grt in the source. It should be

noted that the abundance of Grt in the residue increases

with decreasing T. Thus, the fractionating effect will be

more pronounced in lower T melts developed at lower

melting degrees from the same source. These predictions

match the observed REE patterns of natural granitoids,

which vary from less fractionated and less silicic to more

fractionated and more silicic. In general terms, melts de-

veloped at higher T have a greater probability of being

generated in a Grt-free environment compared with lower

T melts.

The homogeneous composition of hybrid
melts from a heterogeneous source

The homogeneous composition of the melts produced in

the multilayer capsules, which preserved the original

layered structure, indicates that the melts are homogenized

by inter-diffusion. The end result is modal heterogeneity

in a composite system that reached chemical equilibrium.

Similar results were obtained by Johnston & Wyllie (1988)

in experiments with basalt^granite composite capsules.

Although the layered structure is preserved in the compos-

ite capsules, the composition of the melts is almost identi-

cal across the layers. Homogenization may be favoured

across the interface between the contrasting layers by a

combination of crystal dissolution and precipitation,

coupled with volume diffusion as proposed for peridotite

melting systems (Lo Cascio et al., 2008). The whole system

is finally in chemical equilibrium independently of the lo-

cation of phases in specific bands. The consequence is that

a composite source may produce a homogeneous hybrid

melt in equilibrium with a complex layered residue. Only

in the case where melts are extracted rapidly from the

composite source are two different magmas produced

(Skjerlie & Patin‹ o Douce, 1995). The long residence times

of mantle wedge plumes predicted by our numerical mod-

elling (several tens of million years, Fig. 2), favour the

equilibration of the melt compositions. Also, the sub-

lithospheric location of the mantle wedge plumes implies

that the melt is more likely to remain in the source for

longer, a process differing considerably from that of partial

melting in continental collision settings, where melt segre-

gation is normally accompanied by tectonically induced

deformation that favours fast melt segregation (Brown &

Rushmer, 1997).

Thermomechanical modelling predicts dynamic mixing

of the me¤ lange components (basalts and sediments) by

long-lived plastic flow during transport within the mantle.

Subducted me¤ langes are probably mixed at a scale of

metres before they reach melting conditions. The size

of blocks and layers of contrasted composition in

exposed subduction me¤ langes ranges from kilometre- to

millimetre-scale (Phipps, 1984). However, block sizes ex-

hibit negative power-law (fractal) distribution in many

me¤ langes (Medley, 2002) and, although there is not a typ-

ical size, most blocks are smaller than 10^20m. Coherent

interspersed horizons are also commonly less than a few

tens of metres in thickness (Bell, 1982; Lash, 1987). Simple

estimation of melt homogenization by ionic diffusion

across the interface of the contrasted layers and blocks in

me¤ langes shows that the time available for partial melting

inside mantle wedge plumes (up to 20^30 Myr) may be

sufficient to homogenize melt compositions over distances

approaching 100m.

The effect of heterogeneous layers and
variable proportions of end-members

An important result from this study is the relatively uni-

form composition of the granodiorite melts obtained from

the composite capsules with variable proportions of sedi-

mentary and basaltic components. It was noted earlier

that this is due to the buffering effect of the coexisting min-

eral assemblage GrtþCpxþPlþMelt, which is stable in

the broad range of the studied bulk compositions and

P^T conditions. This result is important in understanding

the geochemical characteristics of granodiorite batholiths:

they display very homogeneous major element compos-

itions (Kemp et al., 2003) but substantial variation in radio-

genic isotopic composition, suggesting widely varying

proportions of mantle and crustal components in their

source. Our results provide a satisfactory explanation for

both.

The buffering capability of the experimentally deter-

mined four-phase assemblage GrtþCpxþPlþMelt can

be clearly seen in the isothermal^isobaric AKCF diagram

of Fig. 6. Despite the large compositional variations

between the different bulk-rock compositions

(Xs¼ 0·75^0·25) used in the experiments, it can be readily

appreciated that the compositions of the experimental

melts are very similar. Except for the three-phase assem-

blage GrtþCpxþMelt, developed during melting of the

end-member MORB amphibolite sample and

GrtþPlþMelt during melting of the end-member sedi-

ment, all the other experiments have four phases

(GrtþCpxþPlþMelt; bulk-rock compositions Xs¼ 0·75

and 0·25). At constant P^T conditions, as the bulk-rock

composition changes from that of MORB amphibolite,

clinopyroxene is lost, the grossular content of the garnet

decreases and the melt composition changes from
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metaluminous to peraluminous. These changes in compos-

ition are, however, subtle for the lower-variance assem-

blage GrtþCpxþPlþMelt, confirming the buffering

capability of the assemblage. This result is clearly illu-

strated by the almost identical composition of the melts

from contrasted bulk-rock compositions in the range

Xs¼ 0·75^0·25 (Fig. 5).

In conclusion, our experimental results suggest that the

composition of melts formed by partial melting of the

end-member bulk compositions (Bt-gneiss and amphibo-

lite) is not buffered below 11008C, 2GPa, forming granitic

(melting of gneiss) and tonalitic (melting of amphibolite)

melts in high-variance assemblages MeltþGrtþPl and

MeltþGrtþCpx, respectively. However, the composition

of melts formed by partial melting of gneiss^amphibolite

me¤ langes is ‘buffered’ in the intermediate compositional

range (Xs¼ 0·25^0·75), forming granodioritic melts in the

lower-variance phase assemblage MeltþGrtþCpxþPl.

The implication is that granodiorites and tonalites repre-

sent cotectic melts that change to more mafic composition

with increasingTand melt fraction.

Geological implications: towards a new
scenario for arc magmatism

Cordilleran-type andesites and batholiths are closely asso-

ciated in space and time in active continental margins

and both are clearly related to subduction. Although the

petrogenesis of andesitic magmas is a hotly debated topic,

it is an observational fact that bulk mixtures of basalt plus

sediment can replicate the composition of andesites and

that, consequently, a high melt fraction derived from this

source may also have an andesitic composition. Melt frac-

tions of the order of 50 vol. % from a basalt^sediment me¤ l-

ange at a temperature of 1050^11008C will produce melts

of granodiorite to tonalite composition. According to the

results of our numerical modelling, underplated plumes of

partially molten me¤ lange material could be emplaced at

the base of the lithospheric mantle, more than 200 km

away from the trench, where they could reside for millions

of years. Figure 11 shows a detailed section of the under-

plated plume model used here to constrain the experimen-

tal conditions. At the interface of the me¤ lange with the

surrounding mantle reaction with peridotite results in a

Px-rich aureole that prevents further reaction, making it

possible for the silicic plume to survive in the mantle for a

long time (Castro & Gerya, 2008). There is a continuous

variation from top to bottom in the plume, in melt fraction

and melt composition. Extraction of melts from the plume

head to form a batholith within the crust needs a tectonic

change from compressional to extensional. Such a switch

from compressional to extensional tectonics in the overrid-

ing plate is commonly observed in the geological record

(Collins, 2002), and is related to changes in a number of

key parameters affecting the kinematics, dynamics and

rheology of the converging plates (age of the subducting

slab, subduction of oceanic plateaux, fluid pressure in the

sediments, rate of convergence, and weakness of the over-

riding lithosphere, among others). The cyclicity of mag-

matic and tectonic episodes in the North American

Cordilleran batholiths (DeCelles et al., 2009) is consistent

with the plume model. Plume generation at the Benioff

plane is repeated periodically with alternating mixed

(mantle and crust materials) and unmixed (only partially

molten peridotite) plumes on a timescale of millions to

tens of million years (Gerya & Yuen, 2003b; Gerya et al.,

2006). Ultrahigh-resolution numerical experiments

(Gerya et al., 2004; Gorczyk et al., 2007a) show that the

growth of a single large plume can also be cyclic on a time-

scale of around 1 Myr, which can potentially cause mag-

matic pulses within a batholith formed from the plume.

According to this silicic plume model for arc magma-

tism, a large part of the new material added to continental

margins is derived from subducted oceanic crust and sedi-

ments, with limited involvement of peridotite-derived

melts similar to those dominating crustal addition in

oceanic island arcs (e.g. Nikolaeva et al., 2008). The latter

are predominantly basaltic andesites and andesites, and

their equivalent plutonic rocks (diorites and gabbros).

Our new model implies a global process of partial melting

of subducted oceanic crust plus its sedimentary cover at

active continental margins, adding a net flux of diorite to

granodiorite composition to the continents. This melt flux

from silicic, mantle wedge plumes matches the overall

composition of the continental crust and strongly supports

the ‘andesite model’ for the origin of the continents

(Weaver & Tarney, 1982); it minimizes the need for re-

moval of a mafic component from the continental crust

required by models that assume a basaltic net flux from

the mantle in active margins. The refractory residue left

behind by the granodiorite^tonalite melts after extraction

from the plume can remain in the upper mantle or

become emplaced within the lower continental crust form-

ing mafic granulite complexes. Another significant form

of crustal addition, predicted by the numerical models

(e.g. Gorczyk et al., 2007a; Nikolaeva et al., 2008; Sizova

et al., 2009), consists of magmatic rocks produced by partial

melting of hydrated mantle formed atop the subducting

slab.

CONCLUSIONS

Our experimental results suggest that the composition of

melts formed by partial melting of a single end-member

(either greywacke or MORB) is not buffered, forming

either granitic (melting of greywacke) or tonalitic (melting

of MORB) liquids. In contrast, the compositions of melts

formed after by partial melting of greywacke^MORB me¤ l-

anges are buffered by GrtþCpxþPl in the residue.

These cotectic melts are geochemically (major and trace

elements) comparable with those of volcanic and plutonic
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rocks within magmatic arcs associated with subduction at

active continental margins. According to this model, the

growth of the continental crust at convergent continental

margins may take place by a net flux of primary silicic

magmas with bulk tonalitic to granodioritic composition,

generated by sub-lithospheric melting of tectonic me¤ langes

composed of a mixture of subducted oceanic crust and

sediment. Such me¤ langes are emplaced as underplated

cold ‘plumes’ at the base of the upper plate continental

lithosphere.

900 °C

1000 °C

1100 °C

1200 °C

1300 °C

250 km 300 km 350 km 400 km

Distance from the trench

Depth
(km)

50

75

100

25

0

Moho

< 60 % melt

> 60 % melt

Partially molten mantle

Granodiorite-tonalite/Dacite (<60% melt)

Diorite/Andesite (>60 melt)

Gabbro

700 °C

500 °C

300 °C

200 °C

Molten mélange

Lithospheric mantle

Asthenosphere

Continental crust

?

Andesites

Granodiorite
batholithsGabbro

Px (Hbl) aureole   

Fig. 11. Model scenario for the generation of granodiorite^tonalite batholiths by variable degree of partial melting of an underplated cold
mantle wedge plume emplaced near the bottom of the upper plate lithosphere (enlarged area from Fig. 2). The 11008C isotherm separates two
zones within the plume. Granodiorite and tonalite melt compositions may be developed within the upper zone of the plume at melt fractions
of about 60 vol. %. The model also predicts a partially molten region in the peridotite mantle that produces subordinate mafic melts that are
infrequently associated with granodiorite^tonalite batholiths in continental margin arcs.
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