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Abstract: This chapter provides an overview of the current state of research on orogenic ande-
sites. While their importance as proxies to the evolution of the continental crust has long been
recognized, andesite genesis has remained highly controversial with a broader consensus yet to
be reached. The controversy is fuelled by the question of whether orogenic andesites are
primary melts of slab and mantle materials, or instead derivative products of basaltic mantle
melts that differentiate in the overlying crust. These hypotheses are addressed in three sections
of the book devoted to slab–mantle processes, the complexities of melt differentiation at crustal
levels, and models pertaining to arc crustal growth. We believe that cross-fertilization and discus-
sion among seemingly opposite and irreconcilable hypotheses will smooth the pathway towards a
holistic communal model of andesite petrogenesis.

Among the terrestrial planets, an andesitic continen-
tal crust is unique to Earth. Representing only c.
1 vol% of the silicate Earth, continents cover c.
40% of its surface and, by being permanently
emerged above sea-level, constitute the foundation
of human life and habitat. While the rate and mech-
anisms of continental growth have varied through
time (Taylor & McLennan 1995; Keller &
Schoene 2012), the discovery of Hadean detrital
zircons demonstrates that a felsic continental crust
must have existed as early as c. 4.4 Ga (Wilde
et al. 2001; Bell et al. 2011) and, since then, it has
constituted an enduring feature during planetary
evolution (Harrison 2009). Yet, and despite its
importance for habitability and as an archive of
Earth’s history, the formation of andesitic con-
tinents has long intrigued geoscientists because
their very existence presents a paradox. Andesitic
rocks have high abundances of silica, aluminium,
sodium and potassium, but are relatively depleted
in iron, magnesium, calcium and titanium. Hence,
unlike basalts, they cannot be direct partial melts
of the Earth’s peridotite mantle. However, the ande-
sitic crust is a major repository of incompatible
elements in the silicate Earth and complements
the depleted mantle, both of which were presum-
ably separated from the Earth’s primitive mantle
(Hofmann 1988; Rudnick 1995; Rudnick & Gao
2003). Yet how did an andesitic continental crust
form? By which processes did these elements

segregate to form a separate reservoir that is
nearly as old as Earth, but fundamentally different
from the crust produced by mantle melting? To
date, many models of andesite crust formation
have been proposed that range from sialic meteoritic
infall during the early history of the Earth (Donn
et al. 1965) to the gradual or episodic extraction of
continental crust from the mantle through geologi-
cal history (Harrison 2009; Cawood et al. 2013).

Much of the early continental crust and its
genetic information have been destroyed by tecton-
ism and erosion over the course of geological
time. On modern Earth, however, andesitic mag-
mas with remarkable compositional similarities
to the average continental crust are currently
being produced at convergent margins (Gill 1981;
Rudnick & Gao 2003). This observation gave rise
to the ‘andesite model’ (Taylor 1967), which pos-
tulates continental crust formation by cycles of
accretion of andesitic belts that had been created
directly above orogenic areas. Over 30 years ago,
the significance of orogenic andesites as an off-
spring of plate tectonics was recognized in the
books Orogenic Andesites and Plate Tectonics
(Gill 1981) and Andesites: Orogenic Andesites and
Related Rocks (Thorpe 1982). Illustrating develop-
ments and state-of-the-art scientific thinking in the
field of subduction-related igneous rocks, these
publications became landmarks for professional
geologists and scholars alike, as they provided an
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elegant explanation that linked old-school petrol-
ogy with the conceptual revolution of plate tecto-
nics. Since then, much progress has been made in
refining this approach, stimulated by novel analyti-
cal advances as well as by emerging geophysical
tools, both assisted by an invigorated computational
power and an increasing availability of global
data banks.

Most current studies on convergent margins have
confirmed the causal link between plate subduction
and andesite formation. The re-emergence of the
short-lived cosmogenic isotope 10Be in arc volca-
noes provided indisputable proof that subducted
sediments are recycled at convergent margins
(Tera et al. 1986; Morris et al. 1990). By now,
numerous studies have also demonstrated that the
budget of fluid-mobile large-ion lithophile elements
of arc magmas mostly derive from the various com-
ponents that constitute the subducted slab, such
as oceanic sediments, altered oceanic crust (AOC)
and possibly abraded crust from the upper plate
(Plank & Langmuir 1993; Miller et al. 1994; Elliott
et al. 1997; Kelemen et al. 2003; Plank 2005; Goss
& Kay 2006; Tonarini et al. 2011). Subducted
serpentinite from either within or beneath the sub-
ducted oceanic crust contributes water that plays
a vital role in mobilizing the elements from the
overlying oceanic crust (Schmidt & Poli 1998;
Ranero et al. 2003; Straub & Layne 2003; Hacker
2008). Importantly, quantifications of slab contri-
butions showed that the elemental flux from the
voluminous AOC rivals and exceeds the concomi-
tant flux from the highly enriched, but very thin,
sediment layer. Because the ratios of radiogenic
isotopes of the AOC are similar to those of subarc
mantle, a strong AOC flux thus buffers the flux
from the sediment and effectively conceals the
magnitude of the total slab flux in Sr–Nd–Pb–Hf
isotope space (Miller et al. 1994; Straub & Zell-
mer 2012). The strong link between slab input and
arc output is also emphasized by U series studies
that suggest recycling from slab to surface within
less than a few 100 ka and possibly even within
a few thousand years (e.g. Newman et al. 1984;
Elliott et al. 1997; Turner et al. 1997; Sigmarsson
et al. 1998).

While there is little doubt about the efficient
recycling of many trace elements, including climati-
cally active volatiles, the origin of the distinct major
element composition of arc magmas is less clear
(Fig. 1). The major contention is whether andesites
are primary melts of the subducted slab or the
subarc mantle, or a mixture of both (Kelemen
1995; Straub et al. 2011); or alternatively, whether
andesites derive from basaltic partial melts of peri-
dotites (the basalt-input model) and are only
created by secondary processing in the overlying
crust (Hildreth & Moorbath 1988; Plank &

Langmuir 1998; Annen et al. 2006; Reubi &
Blundy 2009). Because major elements make up
.99% of the melt mass, the question of slab and
mantle v. a crustal origin is of key importance for
the mode and rate of arc crustal growth. This is
illustrated by means of the arc output equation
(equation 1):

elemental flux = element abundance

× arc density × arc growth rate

(1)

where arc density is the density of the melts, the
elemental abundance is the concentration of an
element in the primary melt, and the arc growth
rate is the mass of melt added per unit time (given
in km3 per km of arc length per myr). Because the
range of possible arc densities is limited (c. 2.3–
2.8 g cm23), the elemental flux is principally a func-
tion of the arc growth rate and the element abun-
dance, and both depend on the composition of the
primary arc melts. For example, in a basalt-input
model, the calculation of the mode and rate of arc
crustal growth requires corrections to lower incom-
patible element abundances in the basaltic parental
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Fig. 1. Schematic diagram of the two contrasting
principal locations of andesite formation (red star). Left:
andesites form following hybridization of slab and
mantle components in the subarc mantle; right: andesites
evolve from parental arc basalts in the upper plate crust.
Note different mass proportions of source components
(estimated) that may result depending on mode of
andesite formation.

A. GÓMEZ-TUENA ET AL.2

 at Columbia University on January 11, 2014http://sp.lyellcollection.org/Downloaded from 

http://sp.lyellcollection.org/
http://sp.lyellcollection.org/


magmas (roughly by a factor of 2–3), as well as to
the original volumes of the basaltic melts that
arrive at the Moho. The latter is difficult to estimate
since it needs to account for the mafic residues that
must be periodically delaminated from the base of
the crust, an inescapable condition in order to stabil-
ize continents with an intermediate composition
over geological time (Arndt & Goldstein 1989;
Kay & Kay 1993). Clearly, upon this model, forma-
tion of an andesitic crust will require time. On the
other hand, if the flux to the Moho was an andes-
itic hybrid of slab and mantle components, correc-
tions to lower incompatible element abundances,
and to the effective melt volume added to crust,
are less incisive and may not even be required,
because there is no need for delamination or exten-
sive melt differentiation in the crust. This would
then imply fast and efficient crustal growth with a
strong connectivity between arc output and slab–
mantle input.

The articles compiled in this book demonstrate
that the dichotomy about the origin of andesitic
melts from crust v. mantle is very much alive and
far from being resolved. Rather than favouring a
singular view, it was the goal of the editors to
incite discussion to a point that may open a path-
way for new research on the petrogenesis of ande-
site, as well as to identify its role in the context of
the broader geochemical cycles of Earth.

The slab–mantle connection

Slab fluids, slab melts, slab diapirs and

melt-rock reactions

At convergent margins, the downgoing sedimentary
and igneous oceanic crust gradually transforms with
increasing depth to greenstone, amphibolite and
finally to eclogite at c. 80 km depth. Concomitantly,
the slab expels aqueous fluids that with increasing
depth grade into solute-rich fluids, partial hydrous
silicic melts or supercritical fluids, and potentially
‘slab diapirs’ (Rapp et al. 2003; Kessel et al. 2005;
Savov et al. 2005; Gómez-Tuena et al. 2008; Behn
et al. 2011). ‘Slab diapirs’, or thermochemical slab
plumes, are mechanical mixtures of hydrous mantle
and partially molten basalts and sediments (Gerya
et al. 2004) that may detach buoyantly from the
slab and rise into the hot core of the mantle wedge
(Gerya & Yuen 2003; Behn et al. 2011; Marschall
& Schumacher 2012), and that may ‘relaminate’ to
the base of the overriding crust (Hacker et al.
2011). Recent experimental data suggest that melt-
ing of the slab and diapirism may be the rule
rather than the exception beneath arc front depths
in most subduction zones (Hermann & Spandler
2008; Klimm et al. 2008; Plank et al. 2009; Behn

et al. 2011), and either mechanism can produce
melts that strongly resemble andesitic arc magmas
and that may add to arc crustal growth (Castro
et al. 2013; Behn et al. 2011; and see also Gómez-
Tuena et al. 2013). Thus, the simplest concept is
that andesite arc crust grows through addition of
such slab components that may or may not be
additionally modified in the mantle wedge (Ring-
wood 1974).

Arc volcanic rocks with the characteristics of
slab melts, such as SiO2 . 56 wt%, fractionated
heavy rare earth element (HREE) and high Sr/Y
ratios (Defant & Drummond 1990), have been
found in many arc settings, and are broadly referred
to as ‘adakites’ after their type locality of Adak
Island in the Aleutians (Kay 1978). In a landmark
study, Defant & Drummond (1990) proposed that
adakitic melts were linked to the subduction of
young (,25 Ma) and warm oceanic crust, for it
was only there that the thermal structure of the
modern Earth allowed for melting of subducted
metabasalts. Later studies, however, showed that
adakitic rocks are found in a variety of settings
that depart from warm slab geotherms, or from con-
vergent margins (see Castillo 2012 for a recent over-
view). Other authors have also shown that adakitic
compositions can be produced by crustal differ-
entiation (Müntener et al. 2001; MacPherson et al.
2006; Alonso-Perez et al. 2009; Zellmer et al.
2012). For instance, Zellmer et al. (2012) recently
proposed that the adakitic signatures in western
Honshu were caused by fractional crystallization
in the presence of garnet that was stabilized in
the lower crust by the comparatively higher water
abundances of the parental melts. However, a con-
tribution by Shibata et al. (2013) confronts the frac-
tionation hypothesis of Zellmer et al. (2012) for the
SW Japanese arc, and relates the emergence of arc-
front adakites in northern Kyushu to the abrupt
change in the age of the subducted slab from the Phi-
lippine Sea in the south to the younger and hotter
Miocene plate in the north. While these studies
demonstrate that the term ‘adakite’ has indeed lost
much of its genetic connotation, it is also true that
their petrogenetic significance is still far from
being resolved.

All the same, and despite the widespread occur-
rence of adakites, there is no doubt that the majority
of modern arc volcanics lack tell-tale garnet signa-
tures that may be traced to slab melting at eclogite
facies conditions. The absence of garnet signatures
is a key argument in models that propose most ande-
sites to ultimately derive from basaltic parental
melts that contain only a few mass-per cent of slab
contributions (Gill 1981; Tatsumi & Eggins 1995).
Intriguingly, some experimental evidence shows
that peridotite melting under hydrous conditions
can produce andesite melts with SiO2 abundances

AN INTRODUCTION TO OROGENIC ANDESITES AND CRUSTAL GROWTH 3
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as high as 60 wt% (Baker et al. 1994; Hirose 1997;
Gaetani & Grove 1998; Carmichael 2002). How-
ever, primitive magnesian andesites are only pro-
duced by hydrous melting if (a) the temperatures
and pressures of the last equilibration are extremely
low (,1000 8C and 1 GPa), (b) water contents are
kept at levels close to saturation (.7 wt%) and (c)
the residual mantle has the paragenesis of a refrac-
tory harzburgite (Hirose 1997; Parman & Grove
2004; Grove et al. 2012). Since subtle variations
in these parameters will inevitably render the melts
basaltic, and in view of the rarity of water contents
.7 wt% H2O in arc magmas (Ruscitto et al. 2012;
Plank et al. 2013), andesite production by hydrous
peridotite melting should be exceptionally rare in
most arcs.

However, does the lack of a garnet signature in
arc magmas indeed preclude a link between andes-
ite genesis and slab melting or diapirism? Two
contributions to this volume argue otherwise. First,
Straub et al. (2013) present a study of young mag-
nesian arc basalts to andesites from the central
Mexican Volcanic Belt. While these rocks lack a
garnet signature and have low, non-adakitic Sr/Y
ratios, it had been inferred earlier on the basis of
the high-Ni olivines that they contained .15–
18% of a silicic slab component consequent to
melt-rock reaction in the mantle wedge (Straub
et al. 2011). Here, Straub et al. (2013) show that
this reaction process is capable of blending a
strongly fractionated slab component (10–30%)
with steep HREE pattern with the subarc mantle in
such ways that the HREE (Ho–Lu) and TiO2

remain controlled by the mantle (which produces
partial melts with flat HREE and negative TiO2

anomalies) with all other elements controlled or at
least significantly augmented by slab additions.

Second, Gómez-Tuena et al. (2013) suggest that
the lack of a garnet signature was due to recycling
by means of ‘slab diapirs’. In western Mexico,
garnet signatures are strongly recorded in arc-front
magmas, located about 140 km above the subducted
plate (Gómez-Tuena et al. 2011), but conspicuously
absent in rear-arc andesitic stratovolcanoes, despite
their location at .300 km depth above one of the
warmest slabs on Earth. This observation defies
models of depth-progressive slab transition from
amphibolite to eclogite. Moreover, over an area of
2000 km2, peripheral volcanism exhibits highly
variable trace element patterns within a few kilo-
metres of each other, suggesting a highly hetero-
geneous mantle source region. These observations
can be explained by a model in which the subducted
materials are detached from the deeper slab as
buoyant diapirs and subsequently melt in the hot
core of the mantle wedge at relatively shallow
depths. A multitude of plumes that may partially
melt at different pressures and temperatures may

then create the exceptional diversity of erupted
melts in western Mexico.

Timescales of melt transfer from slab and

mantle to surface

An important question is the timescale of mass
transfer from slab to crust and surface, as this pro-
vides unique information on the rate of arc crustal
growth. The application of uranium-series isotope
analysis of arc magmas in the past two decades
provides strong arguments in favour of a rapid
mass transfer. Uranium-series isotopes enable pro-
cesses to be traced on the timescales ,350 ka
(238U–230Th), ,150 ka (231Pa–235U) and ,8 ka
(226Ra–230Th) (Condomines et al. 1988; Turner
et al. 2003). Therefore, uranium-series disequilibria
in young arc magmas should trace events that
caused the respective parent/daughter elements in
the uranium series isotope chain to fractionate.
Dependent on the geochemical behaviour of the
elements, however, uranium-series isotopes have
been proposed to trace either release of slab fluids
(Elliott et al. 1997; Turner et al. 1997; Sigmarsson
et al. 1998; Zellmer et al. 2000) or the onset of
slab and/or mantle melting (Avanzinelli et al.
2012). Thus, the disequilibria detectable in arc
magmas imply time spans between release of the
slab component and eruption in the order of at
most 104–105 years (Elliott et al. 1997), melt
ascent rates of at least several metres per year
(Turner et al. 2003) and possibly multiple slab dehy-
dration events within less than 1000 years prior to
eruption (Turner et al. 2000). However, these time-
scales must still be considered against the back-
ground of an ongoing debate on the U-series
elemental behaviour. For example, Pa is normally
considered as fluid immobile (Elliott et al. 1997;
Bourdon et al. 1999) and, therefore, 231Pa excesses
should be controlled by dynamic melting of the
mantle (Turner et al. 1996). However, Avanzinelli
et al. (2012) recently argued that a slab component
probably includes significant amounts of Th and
Pa and thus traces slab melt release at timescales
of ,150 ka prior to eruption.

Despite substantial advances in this field over the
last few decades, high-precision U-series analyses
remain challenging and progress is slow. The con-
tribution by Dosseto & Turner (2013) serves well
to illustrate the promise and complexity of U-series
studies. The authors report new high-precision
data on previously analysed samples from Kam-
chatka, which results in a re-interpretation of an
earlier genetic model proposed by Dosseto et al.
(2003). Rather than mixing of slab fluids into the
mantle wedge within ,150 ka, it is now argued
that (238U/230Th) disequilibria and 226Ra and
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231Pa excesses are best explained by dynamic melt-
ing of a recently (,10 ka) metasomatized mantle
source followed by late-stage overprinting in the
crust. This model is thought to be superior to
models of multiple dehydration events (Bourdon
et al. 2003) or melting under high oxygen fugacity
(Beier et al. 2010) in producing the observed
U-series systematics.

The role of the overriding crust

The basalt-input model implies that orogenic ande-
sites would not exist without the overriding crust.
Clearly, the overriding crust is a physical barrier
that forces ascending mantle magmas to stagnate,
cool and differentiate by various processes, such
as fractional crystallization, assimilation of crustal
basement and mixing between stagnating and
newly ascending magmas. There is also a well-
documented global correlation between crustal
thickness and melt silica abundances (Leeman
1983) that holds despite the more recent discovery
of common silicic rock series in intra-oceanic arcs
(Kodaira et al. 2007; Haase et al. 2011; Smith
2013; Stern et al. 2013). A plethora of petrographic
and geochemical studies on arc magmas, often sub-
stantiated by the presence of crustal xenoliths, also
provide irrefutable evidence of melt modification
in the crust (Eichelberger 1978; Davidson &
Tepley 1997; Nishimoto et al. 2005; Davidson
et al. 2007; Ortega-Gutiérrez et al. 2008; Reubi &
Blundy 2009). Moreover, rare mantle xenoliths
(Blatter & Carmichael 1998) and high-Mg# basalt
magmas that lack garnet signatures demonstrate
that peridotite is present in the subarc mantle and
contributes to arc magma genesis.

The evolution of silicic andesitic magmas from
basaltic parental melts, however, entails one signifi-
cant problem: the disposal of large volumes of mafic
and ultramafic cumulates. Simple mass balance
calculations require mafic cumulates and restites to
comprise at least half of the basaltic melt volume
that crosses the Moho (Jull & Kelemen 2001;
Tatsumi et al. 2008). Because the average continen-
tal crust is andesitic, such mafic residues should be
periodically removed and recycled back into the
mantle in a process that is often referred to as ‘dela-
mination’ or ‘lithospheric foundering’ (Arndt &
Goldstein 1989; Kay & Kay 1993; Tatsumi et al.
2008; Stern & Scholl 2010). While active founder-
ing has been deduced from seismic profiles (Zandt
et al. 2004) and interpreted to play a significant
role in the magmatic evolution of the Andes (Kay
et al. 2013), evidence from exposed crustal sections
indicates that delamination does not seem suffi-
cient to render an andesitic bulk continental crust
(Greene et al. 2006). Indeed, other studies in active

arcs even suggest that lithospheric foundering
may be counterbalanced by triggering voluminous
basaltic volcanism, and thus not necessarily displace
the bulk crust to more felsic compositions (Elkins-
Tanton 2007; Mori et al. 2009).

Melt evolution in the crust

The importance of intra-crustal processing and
differentiation in andesite genesis is reflected in
eight contributions to this book. Two studies con-
sider fractional crystallization a principal mechan-
ism of crustal differentiation (Elburg et al. 2013;
Smith 2013), while the other six papers emphasize
the importance of melt mixing. This triage agrees
with the new wealth of microbeam data that
became available in recent years that invariably
demonstrate the ubiquity of melt mixing on the
microscopic scale of otherwise macroscopically
inconspicuous rocks (Davidson & Tepley 1997;
Reubi & Blundy 2009; Kent et al. 2010; Straub
et al. 2011). The overwhelming evidence of melt
mixing is noteworthy, as fractional crystallization –
with or without contamination – was the key
concept behind the classical model of andesites as
derivative melts of parental basaltic magmas in the
overlying crust (Gill 1981; Hildreth & Moorbath
1988; Plank & Langmuir 1988).

Smith (2013) suggests that the common occur-
rence of high-Mg# andesite in the late Cenozoic
Papuan volcanic arc is linked to extensional tec-
tonics, and emphasizes the importance of crustal
thickness in defining fractionation assemblages.
The two magma series of low-Mg# and high-Mg#
andesites are proposed to derive from a primary
basaltic magma through either high-pressure frac-
tionation of amphibole (high-Mg# andesites) or
low-pressure fractionation of olivine and clinopyr-
oxene (low-Mg# andesites). Elburg et al. (2013)
investigate basalt to rhyolite series from three
Quaternary Aegean volcanoes, Methana, Santorini
and Nisyros, that are evenly distributed within a
c. 400 km-long segment along the Aegean arc
volcanic front. They suggest that dacitic and rhyo-
litic magmas evolve from parental basalt within
the crust with only minor crustal contamination.
Apatite, titanomagnetite and amphibole are recog-
nized as important fractionating phases, whereby
the variable amphibole stability at different crustal
thickness is thought to control various levels of
depletion of middle and heavy rare earth elements
at different volcanoes.

However, while such models are qualitatively
convincing, they still require confirmation by mod-
elling of the purported liquid lines of descent
(LLD) for the major element oxides. The lack of such
models, evident also in other studies that provide
otherwise compelling evidence for melt evolution

AN INTRODUCTION TO OROGENIC ANDESITES AND CRUSTAL GROWTH 5
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by fractional crystallization (Wade et al. 2005) has
several reasons. First, there is the problem of how
to recognize the ‘true’ liquid line of descent from
magma series that do not represent continuous stra-
tigraphic sections of individual volcanoes (see also
Smith 2013). Volcanic time series that should best
record the LLD are even more difficult to establish
from individual volcanoes that undergo multiple
eruptions from various vents (see Elburg et al.
2013). Second, even if time series are recognized,
mixing of newly ascending magma with stagnating
crustal magma bodies (i.e. ‘recharge melt mixing’,
see Kent 2013) may overprint and erase the origi-
nal LLDs. Moreover, in two contributions to this
book, Zellmer et al. (2013a, b) describe an
extreme variant of recharge melt mixing from
basalts (SW Japan) and andesites (Chile), in which
newly ascending aphyric magmas take up crystals
from previous batches of partially crystallized
magmas of similar composition within the same
magmatic system, that ultimately erupt as porphyri-
tic lavas. Thus, if the crystal cargo in the rocks con-
sists mostly of antecrysts and xenocryst, the mineral
compositions may be decoupled from the melt
compositions, and thus have little meaning for the
LLD along which melts may evolve. Third, des-
pite the continuous development of sophisticated
algorithms, such as MELTS and its later improve-
ments (Ghiorso & Sack 1995; Ghiorso et al. 2002),
quantitative models still fail to capture the comp-
lexities of LLDs that evolve along changing temp-
eratures and pressures, melt fO2, volatile content
and mineral/melt partitioning behaviour.

An important aspect of melt evolution by frac-
tional crystallization with minor or negligible
crustal contamination is that many key signatures
of the basaltic parental melts (e.g. ratios of radio-
genic isotopes and incompatible elements) are pre-
served until andesitic and dacitic compositions are
reached. Thus, after correction for mass and abun-
dance level, silicic arc magmas are still able to
provide estimates of slab and mantle fluxes. In the
alternative model of mixing of basaltic and silicic
melts, such assessments are much more difficult
and depend on the origin of the silicic end-member
(see also Gómez-Tuena et al. 2013). The silicic end-
member may have different origins, such as the
ambient crust (Eichelberger 1978), a derivate melt
of an earlier basalt injection into the same magma
system or a combination of both (Annen et al.
2006; Reubi & Blundy 2009). If the silicic end-
member is derived from pre-existent crust, the
mass and elemental abundance of juvenile mantle
melts may be small, and probably less than half of
the melt volume produced.

Several contributions to this book and many
other published studies show that bimodality is a
common characteristic of arc magmas world-wide.

Respective end-members are mafic (basalt to basal-
tic andesitic) and silicic (dacitic–rhyolitic), and
andesites are quite often produced by melt mixing.
The mixing process, however, may not be complete.
For example, bimodality of dacitic and basaltic
andesite magmas at the Holocene Guatemalan
Volcán de Santa Marı́a is well preserved. Here,
Singer et al. (2013) propose that these dacites
formed by crystal fractionation from previous intru-
sions of basaltic andesite at .5 km crustal depth
over tens of thousands of years. Their eruption
was ultimately triggered by newly ascending basal-
tic andesitic melts, which incompletely mingled
during ascent, and did not yet produce intermediate
andesites. Stern et al. (2013) propose a similar scen-
ario in order to account for the strongly bimodal
series of basaltic–andesites and dacite–rhyolites
erupted at the Quaternary Diamante cross-chain vol-
canoes, which are part of the 110 km long Anatahan
Felsic Province along the southern Mariana Volca-
nic arc. However, in this model, the silicic series
originate from a pre-existing tonalitic middle crust
that was reheated by hot and newly ascending
mantle-derived magmas.

Mixing of mafic and silicic magmas can be
very efficient in creating homogeneous melts. For
instance, a study of phenocryst compositions of
apparently homogeneous andesites from Mt Hood
in the Cascades arc indicated an origin by homo-
genization of basaltic and silicic melts (Kent et al.
2010). In this volume, Kent (2013) further sug-
gests that the cryptic bimodality is a consequence
of ‘mafic recharge’ where hydrous mafic magma
intrudes into a pre-existing crustal silicic magma
or mush. Such ‘eruption filtering’ may be instru-
mental in the preferential eruption of only highly
hybridized andesites, whereas the original silicic
and mafic parental magmas are retained in the
crust. Lastly, Steiner & Streck (2013) propose
that mixing of tholeiitic basaltic mantle melts with
ambient crust may play a key role in the evolution
of calc-alkaline andesitic magmas with their
typical low FeO/MgO at high SiO2. This claim is
substantiated by the fact that it was reported in a
non-subduction setting, namely the intra-continen-
tal Miocene Strawberry Volcanic Suite in proximity
to the Columbia River flood basalt province in the
western USA.

Residence times of magmas in the crust

An important complement to understanding the
processes of crustal differentiation is the question
of residence times of melts in the crust. Do
erupted melts pass rapidly through the crust or is
there an extended stagnation period? Within the
past two decades, a wide array of geochronometers
have become available, which include U-series

A. GÓMEZ-TUENA ET AL.6

 at Columbia University on January 11, 2014http://sp.lyellcollection.org/Downloaded from 

http://sp.lyellcollection.org/
http://sp.lyellcollection.org/


disequilibrium studies of bulk rocks and mineral
separates (e.g. Condomines et al. 2003), crystal
size distribution analysis (e.g. Cashman & Marsh
1988; Higgins 1996), chemical diffusion profiles
of minerals (e.g. Lasaga 1983; Costa et al. 2003;
Zellmer et al. 2003; Morgan & Blake 2006;
Ruprecht & Plank 2013), the study of isotopic var-
iations between growth zones within individual
crystals (e.g. Davidson & Tepley 1997) and U–Th
dating of accessory minerals (e.g. Schmitt 2011).

Although the determination of melt residence
times in the crust is still a developing field where
results do not always agree, it is evident that the
timescales of magma storage in the crust are quite
variable. Thus far, the data provide evidence for
rapid passage as well as extended time of melt
migration and differentiation, as magma bodies
may evolve within c. 103–105 years. There are
also distinct variations among different lithologies:
porphyritic lava domes in intermediate to felsic
systems may record short timescales reflecting last-
minute mixing at the onset of eruption, but also
complex and protracted crystallization episodes of
the order of tens of thousands of years or longer
(Zellmer 2008). Mafic melts may traverse the crust
more rapidly, despite frequently recording uptake
of old cumulate crystals (Zellmer et al. 2005). Extre-
mely rapid ascent of some arc magmas from great
depths to the surface (within a few days) has been
suggested on the basis of seismic studies (Blot
1972; Fedotov et al. 1983) and the preservation of
ultramafic hornblende–peridotite mantle xenoliths
in their host magmas (Blatter & Carmichael 1998).
The two Zellmer et al. (2013a, b) contributions in
this volume provide further, albeit circumstantial,
evidence for extremely rapid melt transfer from
depth through the crustal lid.

Temporal evolution and crustal growth

Volcanic arcs are active over tens of millions of
years, which means that the timescales of arc
crustal growth well exceed the timescales of cru-
stal differentiation. Thus, a simple way to assess a
causal relation between arc crust thickening and
melt SiO2 abundances in orogenic andesites is to
observe arc evolution through time. Three contri-
butions to this book discuss the complex interplay
between evolving tectonic parameters and rock
compositions through time. Kay et al. (2013)
review the Miocene to Holocene arc magmatism
of the central Argentine and Chilean Andes,
Yoshida et al. (2013) present a detailed summary
of the Cenozoic evolution of the NE Japan arc and
Bryan et al. (2013) report the occurrence of early
to middle Miocene syn-extensional andesitic mag-
matism in the context of the Cenozoic evolution of

the Gulf of California. At the Andean margin, Neo-
gene magmas show the influence of crustal thicken-
ing and foundering, plateau uplift and landward
frontal arc migration, subduction erosion and
slab–mantle mixing over a continuously changing
Benioff zone (Kay et al. 2013). The NE Japan arc
is characterized by clear secular changes of mode
of magmatic activity and style of magma plumbing
system, which affect eruption volumes and mag-
matic compositions in response to geotectonic evol-
ution and mantle wedge convection (Yoshida et al.
2013). In the Mexican margin, a middle Miocene
phase of calc-alkaline andesite magmatism occurs
in an active rift environment without evidence of
concurrent plate subduction, further questioning
the belief that the orogenic andesites are confined
to active convergent margins (Bryan et al. 2013;
and also see Steiner & Streck 2013).

All of these studies illustrate the complexity of
andesite formation that varies strongly within and
among different settings. However, they have one
remarkable common factor, namely the lack of uni-
directional trends of arc chemistry with time that
would be interpreted as an effect of increasing
crustal thickening and maturing. These findings
agree with results from the 50 myr Izu-Bonin
Mariana arcs in the NW Pacific, which has been
well investigated for temporal trends (Lee et al.
1995; Straub 2003; Straub et al. 2010; Ishizuka
et al. 2011). The results suggest that crustal thick-
ness is not a singular controlling factor on the com-
position of orogenic andesites, but merely one of
many controlling factors.

Summary and outlook

The contributions to this book mostly confirm and
expand the notion that a fundamental connection
exists among convergent margins, andesites and
continents (Gill 1981; Thorpe 1982). At the same
time, it is also obvious that the genesis of orogenic
andesites remains enigmatic and that no consensus
model exists. Because of substantial progress with
respect to confirming the validity, magnitude and
efficiency of slab recycling, however, it is more
important than ever to determine mass fluxes associ-
ated with convergent margin volcanism. The rate
and mode of arc crustal growth is intimately
linked with the flux of elements – including clima-
tically active gases – that are perpetually cycled
through the subduction interface and, as such, can
strongly influence the evolution of global climate
(Kennett & Thunell 1977; Huybers & Langmuir
2009; Kutterolf et al. 2013).

A hallmark of orogenic andesites is their con-
sistent calc-alkaline composition despite highly
variable geological parameters, such as crustal
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thickness and architecture, convergence rate, ther-
mal structures, age of subducted crust, and so on.
In view of such constancy, it seems unlikely that
more than one fundamental process produces oro-
genic andesites and, in particular, not two processes
that are so different, such as the slab–mantle models
and the crustal differentiation (basalt-input) model
outlined above. Does the diversity observed reflect
innumerous variations of one of these models, or
possibly a complex combination of both? How can
such questions be answered?

Although the contributions to this book do not
provide a consensus model of orogenic andesite
formation, they show what it is needed at this junc-
tion to achieve further progress. The core of the
problem lies with the fact that the genetic process
cannot be directly observed, but needs to be inferred
indirectly from the mixed and processed ‘products’
of andesite formation, namely the erupted mag-
mas. This book highlights the diverse models and
hypotheses by which these data are interpreted,
and illustrates the lack of consensus about the
mechanisms and loci of melt differentiation. For
example, while the dominance of melt mixing is
obvious, it is not clear where and how the mag-
mas differentiate (i.e. evolve a broader spectrum
of basaltic to dacitic–rhyolitic rocks) in the first
place. Does this happen below or above the
Moho? Is this done by melting of various slab and
primary and secondary mantle lithologies under
the subduction influence, or does this happen by
fractional crystallization and/or contamination in
the overriding crust?

In the past decades, the widely supported
basalt-input model triggered many studies with a
focus on the most mafic series in arc settings, on
the assumption that these best reflect initial signals
of slab and mantle processes. However, the possibil-
ity that much of the geochemical diversity found in
arcs is created by sub-Moho processes opens up a
different perspective, and emphasizes the need to
study equally all mafic and evolved end-members
without a preconceived notion of a probable ori-
gin. Regardless of a crustal v. mantle origin, silicic
arc magmas must carry vital genetic information
that is an essential complement to their basaltic
counterparts. Basaltic to silicic magma series emit-
ted from individual vents should be ideally suited
to unravelling the processes of melt differentiation,
and to obtain insights through quantitative models
that are essential to understanding the genesis of
orogenic andesites and the global continents.
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administrative support throughout the editorial process.
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S. L., Pérez-Arvizu, O. & Solı́s-Pichardo, G.
2009. Lithospheric removal as a trigger for flood
basalt magmatism in the Trans-Mexican Volcanic
Belt. Journal of Petrology, 50, 2157–2186, http://
dx.doi.org/10.1093/petrology/egp072

Morris, J., Leeman, W. & Tera, F. 1990. The subducted
component in island arc lavas: cEonstraints from Be iso-
topes and B–Be systematics. Nature, 344, 31–36.

Müntener, O., Kelemen, P. & Grove, T. 2001. The role
of H2O during crystallization of primitive arc magmas
under uppermost mantle conditions and genesis of
igneous pyroxenites: an experimental study. Contri-
butions to Mineralogy and Petrology, 141, 643–658.

Newman, S., Macdougall, J. D. & Finkel, R. C. 1984.
230Th–238U disequilibrium in island arcs: evidence
from the Aleutians and the Marianas. Nature, 308,
268–270, http://dx.doi.org/10.1038/308268a0

Nishimoto, S., Ishikawa, M., Arima, M. & Yoshida, T.
2005. Laboratory measurement of P-wave velocity in
crustal and upper mantle xenoliths from Ichino-megata,
NE Japan: ultrabasic hydrous lower crust beneath
the NE Honshu arc. Tectonophysics, 396, 245–259,
http://dx.doi.org/10.1016/j.tecto.2004.12.010

Ortega-Gutiérrez, F., Elı́as-Herrera, M. & Dávalos-
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Tuena, A., Straub, S. M. & Zellmer, G. F. (eds)
Orogenic Andesites and Crustal Growth. Geological
Society, London, Special Publications, 385. First pub-
lished online June 11, 2013, http://dx.doi.org/10.
1144/SP385.2

Smith, I. E. M. 2013. High-magnesium andesites: the
example of the Papuan Volcanic Arc. In: Gómez-
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& Gómez-Tuena, A. 2010. Slab and mantle controls
on the Sr–Nd–Pb–Hf isotope evolution of the post
42 Ma Izu–Bonin Volcanic Arc. Journal of Petrology,
51, 993–1026, http://dx.doi.org/10.1093/petrology/
egq009.
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