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Abstract:
Subducted crust refertilizes the subarc mantle wedge as well as the deep convecting mantle. In the subarc region, mass transfer occurs mainly through
fluids, melts, or supercritical liquids. Experiments show that devolatilization reactions may occur at almost any depth in the chemically complex
subducting lithosphere. Extreme temperature gradients across the slab lithosphere, the subduction channel, and the mantle hanging wall promote
diachronous fluid production. Fluids are dominated by H2O, and the temperature of melting is controlled by the availability of H2O and CO2. The
exact nature of the transfer agent and its composition depends on the source lithologies and the temperature regime, which vary significantly
between different subduction zones. Nevertheless, P–T paths calculated from mechanical subduction-zone models suggest that, in most subduction
zones, the subducted crust remains at subsolidus conditions in the subarc regime. In a few, the pelitic solidus is overstepped, and fluid-saturated
melting may be induced by flushing of H2O derived from more deep-seated metamorphic reactions. A steady volatile flow into the subarc wedge
does not imply a steady supply of most trace elements, because low temperatures prevent diffusive equilibration, and, thus, the reactive volumes, in
combination with the residual minerals formed through the devolatilization reactions, determine the efficiency of trace element transfer to the
mantle wedge.
Three main lithologies contribute to the devolatilization signal: peridotites, the mafic oceanic crust, and pelitic sediments + eroded continental
crust, all three of which may contain carbonates that were added through hydrothermal or sedimentary processes. Most of the subducted CO2
survives the subarc regimen, while most of the H2O is lost to the subarc mantle, making CO2 the dominant volatile that is transported into the deeper
mantle. At > 200–250 km depth, a fairly high temperature stability of hydrous phases relative to a typical subduction P–T path, in combination with
relatively low melting temperatures for carbonated lithologies, leads to the possible formation of carbonatites within the subducting crust.
Finally, examination of volcanic arcs worldwide reveals that their position is controlled not by devolatilization from the slab, but mainly by
convection in the mantle wedge, which generally does not reach steady state, and to a minor extent by the structure of the overriding plate.
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Subduction zones constitute the geotectonic environment
where the volatile-rich magmas that ultimately yield highly
explosive arc volcanoes are generated, where the subarc mantle
is refertilized, where many heterogeneities of the deep mantle
originate, and where the continental crust is formed. Subduction itself consumes oceanic, and to a more limited extent,
continental crust. The recycling of crust replenishes the mantle
with a suite of litho- and hydrophile elements that otherwise
would, with time, become strongly depleted in the mantle.
Subduction has, thus, a major role in maintaining Earth’s magmatic environments and tectonic style over geologic history.
In order to understand the recycling process, it is necessary
to understand the reactions that occur during subduction, in
particular, those that allow for transfer of material from the
subducting lithosphere to the mantle wedge.
Prograde metamorphism of subducting oceanic crust causes
a series of fluids or melts involving mineralogical reactions that
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inevitably result in eclogites that may or may not contain hydrous phases and/or carbonates. Alternating continuous and
discontinuous reactions cause devolatilization, yielding a mobile phase. This mobile phase may be a low-density fluid, a highdensity solute-rich fluid, a silicate melt, or a carbonatite melt.
This chapter reviews the reaction mechanisms and conditions
resulting in the generation of the various mobile phases and also
examines the restite(s) that are subducted to great depths.
In general, four different regimes can be recognized in the
oceanic crust to depth equivalents of 10 GPa that produce
fluids or melts (Figure 1):
1. High dehydration rates at low to medium P, low T
(< 2.5 GPa, <600  C), where hydrous phases are abundant
and dehydration reactions are often perpendicular to typical subduction geotherms. All subducted lithosphere goes
through this first stage, which produces low-density, dominantly aqueous fluids that have small to moderate CO2
fractions in the presence of carbonates.
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Figure 1 Devolatilization regimes during subduction, mainly based on phase relations in MORB (compare with Figure 3). Numbers in ovals refer to
the subsections in Section 321.3. The P–T region with high dehydration rates (marked 1) is bounded by the amphibole stability and the wet solidus;
the P–T region with less dehydration (marked 2) is bounded by zoisite and lawsonite stabilities. H2O-saturated melting takes place in MORB and
sediments at the wet solidus; fluid-absent melting to 2.5 GPa is dominated by amphibole (MORB) or biotite (pelite) and above 2.5 GPa by phengite
(only in pelites). The classic melting regime (marked 3) is replaced by a continuous dissolution of hydrous phases in a solute-rich liquid at
higher pressures (compare to Figure 4). The serpentine stability field in peridotite (dashed line) is given for reference (compare to Figure 5).
The yellow and orange fields mark P–T paths for average cold (yellow) to intermediate (orange) thermomechanical subduction models of
Arcay et al. (2007) and the warm W1300-model of Syracuse et al. (2010), respectively.

2. Medium to low dehydration and low decarbonation rates at
medium to high P, low T (2.5–10 GPa, 500–800  C),
where hydrous phases are already largely reduced in volume
and dehydration reactions are often subparallel to possible
slab P–T paths. In this range, fluids become increasingly
rich in dissolved matter, but thermodynamic calculations
predict very small CO2 fractions, generally decreasing with
increasing pressure.
3. Melting, where the amount of melt depends mostly on H2O
availability and the composition of melts is, in addition,
strongly pressure sensitive:
a. Flush melting (1–4 GPa, 650–850  C) at temperatures
between the wet granite solidus and the fluid-absent
amphibole, biotite, and phengite melting curves.
In this case, additional fluid is provided from underlying
dehydrating lithologies.
b. Fluid-absent melting at high temperatures (>800–900  C).
At relatively low P, amphibole and biotite (1–2.5 and
1–3 GPa, respectively) are the principal hydrous phases to
melt. Adakitic magmas, that is, slab melts (with Na > K),
are likely to occur. At medium to high P (> 2.5 GPa),
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phengite is the principal hydrous phase to melt, and
melts have K> Na.
4. Dissolution at high P, high T (>5–6 GPa, >800  C), where
the solvus between fluid and melt is closed and solute-rich
liquids might dissolve hydrous phases.
In the following discussion, the mechanisms of exemplary
devolatilization reactions are illustrated, including consideration of ‘real-world’ aspects, such as chemically heterogeneous protoliths and kinetically hindered reaction progress
(compared to a chemical homogeneous protolith and an equilibrated ideal situation). We describe and, as far as possible,
quantify the four different devolatilization/melting regimes,
principally investigating the three major types of bulk compositions of the oceanic lithosphere, that is, pelites, mid-ocean
ridge basalts (MORB), and harzburgite with H2O and CO2, as
major volatile components. Phase petrology is then applied to
understand the behavior of trace elements. Finally, we argue for
the necessity of integrating fluid–melt-producing processes
over the entire oceanic lithosphere, as pressure–temperature
conditions of the different lithologies within a given column
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Major volatile-carrying phases in subduction zones

Mineral

Chemical formula

Phengite
Biotite/phlogopite
Paragonite
K-richterite
Glaucophane
Barroisite
Hornblende
Pargasite
Lawsonite
Zoisite/epidote
Chloritoid
Chlorite
Talc
in Si-rich veins
Serpentine
Phase A
Phase E
10 Å phase
Aragonite/calcite
Dolomite
Magnesite

H2O (wt%)

phe
bt–phl
par
K-rich
amp
amp
amp
amp
law
zo/epi
cld
chl
tc

K(Mg,Fe)0.5Al2Si3.5O10(OH)2
K(Mg,Fe)2.8Al1.4Si2.8O10(OH)2
NaAl3Si3O10(OH)2
KCa(Mg,Fe)4AlSi8O22(OH)2
NaCa(Mg,Fe)3Al3Si7O22(OH)2
Na2(Mg,Fe)3Al2Si8O22(OH)2
Ca2(Mg,Fe)4Al2Si7O22(OH)2
NaCa2(Mg,Fe)4Al3Si6O22(OH)2
CaAl2Si2O7(OH)2H2O
CaAl2(Al,Fe3 þ)Si3O12(OH)
(Mg,Fe)2Al4Si2O10(OH)4
(Fe,Mg)5Al2Si3O10(OH)8
(Mg,Fe)3Si4O10(OH)2

serp
‘A’
‘E’
10A
ara/cc
dol
mgs

(Mg,Fe)48Si34O85(OH)62
(Mg,Fe)7Si2O8(OH)6
(Mg,Fe)2.2Si1.1O2.8(OH)3.2
(Mg,Fe)4Si3O10(OH)2H2O
CaCO3
CaMg(CO3)2
MgCO3

Pelite, graywackes

Basalts

Mg-gabbros

Peridotite

4.3
4.1
4.6
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þþþ
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Here, some aspects that are crucial for the production and
quantification of mobile phases in the oceanic lithosphere
are summarized (Figure 2). The unaltered igneous oceanic
crust is described in detail by White and Klein (2012) and
Coogan (2012), while the overlying sediments are discussed
by Plank (2012) and Li and Schoonmaker (2012) and the
alteration processes by Staudigel (2012).
A well-stratified oceanic crust is composed of a sedimentary
cover layer (including pelites, carbonates, cherts, and volcanoclastic sediments), a basaltic layer built of pillows and sheeted
dikes, and a gabbroic layer with an upper part chemically close
to MORB but a lower part mostly composed of differentiated
high-Mg gabbros, FeTi gabbros, troctolites, norites, and other
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cumulates (Nicolas, 1989). The crust is underlain by a partly
serpentinized, depleted, mostly harzburgitic peridotite (Snow
and Dick, 1995).
All sediments have some natural porosity and begin expelling fluids during compaction. They generally remain fluidsaturated during prograde metamorphism, and equilibration
for major elements can be generally assumed (Carlson, 2002),
as field evidence for prograde disequilibrium is essentially
absent. Also, eclogites and blueschists having a basaltic precursor generally appear to be fully hydrated during high-pressure
metamorphism; thus, assuming fluid saturation and equilibrium during subduction is a reasonable simplification. By contrast, gabbros are mostly only partly hydrated in veins and
adjacent alteration zones (Coogan, 2012). Field studies show
that, when pervasive alteration of coarse-grained gabbros takes
place, hydration reactions are often limited to the grain boundaries. Thus, the gabbroic layer may not generally experience
fluid-saturated conditions and may fail to reach equilibrium.
Like the gabbros, serpentinization of peridotite is very heterogeneous. Veins and fractures represent important infiltration
pathways for fluids, and zones of intensive serpentinization
probably alternate with very weakly serpentinized peridotite.
Mammerickx (1989) estimated that 20% of the Pacific Ocean
floor is affected by fracturing, but for both peridotite and
gabbros, quantitative estimates of the volume affected by hydration have been difficult to come by. Additionally, the extent
of hydration/carbonatization also depends on the spreading
velocity at the mid-ocean ridge (MOR); oceanic lithosphere
produced at slow-spreading ridges appears to undergo higher
degrees of hydration than that produced at fast-spreading
ridges.
Alteration of the igneous parts of the oceanic crust also
leads to veins containing carbonates, and although pervasive
carbonatization is rare, carbonate contents might be locally

T

of subducted lithosphere are strictly related to each other, and
fluid and melt-forming processes are often interdependent
(Table 1).
The purpose of this chapter is to give an overview of the
mechanisms leading to the transfer of matter from the subducting lithosphere to the mantle wedge and to characterize
the oceanic crust residual to the subarc devolatilization and
melting processes, which then subducts further and forms
chemical heterogeneities in the deeper mantle. The geochemistry of subducted sediments is further reviewed by Plank
(2012), and the geochemistry of subduction-zone lithologies
is reviewed by Bebout (2012). In addition, Hermann and
Rubatto (2012) review the chemical changes accompanying
subduction of continental crust, which is directly relevant for
material added to the subducting crust through subduction
erosion (Section 321.2.2).
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P

chlorite breakdown in the deep lithospheric mantle of the
subducting plate. If the lower seismic zone is related to the
presence of such hydrous minerals, hydration of the lithosphere at tens of kilometers depth below the seafloor would
be required.
Once the oceanic lithosphere is subducted, continued alteration of the upper layers results from any fluid or melt expelled
from deeper levels. Thus, during ongoing subduction, the igneous oceanic crust will interact with fluids passing through
it from the serpentinized peridotite, and the sediments will
interact with fluids coming from the basaltic and the serpentinized peridotite layers (Gieskes et al., 1990). This process may
constitute the main mechanism allowing for melting in the
uppermost part of the subducting crust.
The building blocks of the oceanic crust define the major
lithologies involved in devolatilization and melting. To a first
approximation, the major players are mixed clays and limestones, basalts, and serpentinized harzburgites, including some
ophicarbonates. We consider here pelites and carbonates as the
main components of the sedimentary layer (see also Plank,
2012). From a phase petrological point of view, graywackes
and volcanoclastic sediments of broadly andesitic to dacitic
composition can be regarded as intermediate between pelites
and basalts.

T

high in such veins and in their immediate surroundings. Such
carbonatization may extend to more than 1000 m below the
seafloor (Bach et al., 2001), leading to total amounts of CO2 of
several wt%.
The well-stratified oceanic crust paradigm applies to the
circum-Pacific, where 53% of the total length of present Earth’s
oceanic crust subduction takes place. Fast-spreading Pacifictype oceanic crust, however, is not found in the Atlantic and
Indian Oceans, where 4% and 16%, respectively, of present
subduction occurs (the remainder being subduction of oceanic
crust from comparatively small basins). The slow-spreading
Atlantic has an oceanic lithosphere that is more complex structurally, and in which lateral heterogeneity is an important
feature (Cannat, 1993; Gente et al., 1995). In the Atlantic,
it is common to have serpentinites cropping out on the ocean
floor; such bodies are uncommon in the Pacific. Large transforms are often accompanied by the emplacement of ultramafic rocks in the shallowest portions of the lithosphere
(Constantin, 1999). The Indian Ocean, where the crustal architecture may be intermediate between Atlantic and Pacific
Oceans, currently subducts in the Macran arc, and from Burma
to Sunda. Caution is, thus, necessary when applying a simple
layered oceanic crust model to infer the geometry of subducted
lithologies in the past, and in some present subduction zones
as, for example, South-Sandwich, Antilles, or Sumatra.
Determining the state of the oceanic lithosphere before
subduction is crucial for understanding how the different
lithologies evolve. Most of the alteration takes place close to
the mid-ocean ridges; however, it has been shown that some
fluid–rock interaction also takes place in older oceanic crust
away from the ridge axis (Kelley et al., 2001; Staudigel, 2012),
which is especially important for the generation of carbonates
(Caldeira, 1995). Fracturing at the seafloor and fractures
caused by bending of the subducting lithosphere at the trench
provide pathways for fluids and, hence, further possibilities
of hydration. The occurrence of double seismic zones in the
subducted lithosphere (Yamasaki and Seno, 2003) is commonly regarded as evidence of antigorite or, eventually,

R
O

Figure 2 Schematic representation of hydrothermal alteration of the igneous oceanic crust in a fast-spreading setting. The insert to the right gives
H2O and CO2 contents in a depth profile of the oceanic crust; the two horizontal bars indicate typical H2O contents in norites, troctolites, and other
cumulates, and in intensively serpentinized ultramafic rocks. In slow-spreading ridges, deep tectonic fragmentation and amagmatic spreading promote
exposure of lower crustal sequences and peridotites on the ocean floor. Ophicarbonate breccias are abundant in deep axial valleys.
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321.2.2

Accretion Versus Erosion

The oceanic crust does not survive the beginning of subduction
unmodified: at present, accretionary prisms form over about
half of the integrated global trench length. These accumulate
20–30% of the oceanic sediments that enter the trench (Clift
and Vannucchi, 2004) and also some mafic oceanic crust. The
other half of global trenches does not form accretionary prisms
and may undergo subduction erosion (Von Huene and Scholl,
1991); that is, continental material of the overriding plate is
mechanically eroded and subducted. Von Huene and Scholl
(1991) estimated that, in heavily eroding margins such as
N. Japan and Peru, the amount of continental material that is
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321.2.3

Rock Hybridization at the Slab–Mantle Interface

p0110

Field studies increasingly reveal the occurrence of mélange
complexes at the slab–mantle wedge interface that are attributed to heavy deformation, boudinage, and chemical rehomogenization between the various lithologies involved
therein (see review in Bebout, 2012). Rock hybridization is
promoted by high strain rates and pervasive fluid flow
(Bebout, 2007; Miller et al., 2009; Spandler et al., 2007). Volatile availability, deformation, and fluid–rock interaction lead
to phyllosilicate- and, eventually, carbonate-rich rocks, which
may approach mono- or bimineralic compositions, such as
chlorite schists, talc–magnesite schists, antigorite–magnesite
schists, phengite-rich blueschists, and eclogites. Although the

321.2.4

The production of fluids and melts during subduction (the
latter occurring in strictly prograde, relatively low-temperature,
high-pressure conditions) is dominated by a succession of
equally important (in terms of fluid productivity) continuous
and discontinuous reactions taking place in both the sedimentary and mafic layers of the oceanic crust. Discontinuous reactions are related to modifications of the stable phase
association (terminal and cross reactions) causing abrupt variations in mineral abundances, whereas continuous reactions
lead only to change(s) in composition and proportion of the
phases already present.
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volumes involved in hybridization are still poorly defined, their
position is critical in controlling fluid pathways (KonradSchmolke et al., 2011) and may act as chromatographic filters
fixing or releasing elements at variable P–T conditions
(Figure 3).
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scraped off the overriding plate adds several 100 m to the
subducting crust; Clift and Vanucchi (2004) suggested that
in such margins, eroded forearc crust may exceed the volume
of subducted sediments by 20%, doubling the thickness of
subducted material with felsic composition.
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Figure 3 Schematic illustration of fluid migration pathways in a subduction zone (used by permission of Oxford University Press from
Konrad-Schmolke M, O’Brien PJ, and Zack T (2011) Fluid migration above a subducted slab – Constraints on amount, pathways and major element
mobility from partially overprinted eclogite-facies rocks (Sesia Zone, Western Alps). Journal of Petrology 52, 482, Figure 14). Within the subducted slab,
fluid flux is channelized, and in the slab–mantle transition zone, fluid flux is controlled by the extent of viscous deformation. In the mantle wedge
immediately overyling the subducting crust, fluid flux is pervasive or might be controlled by viscous deformation. For examples see Bebout and Barton
(1993), Franz et al. (2001), John and Schenk (2003), Kostenko et al. (2002), Mukherjee et al. (2003), Peacock (1987), Sorensen (1988), and
Wain (1997).
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composition, pressure, and temperature. Different bulk compositions result in different phase compositions and, thus,
cause a given reaction to shift in P–T space, that is, to commence in a given bulk composition at shallower or deeper
levels. In peridotites, amphibole, and to some extent chlorite,
are controlled by continuous and discontinuous reactions.
However, the other volumetrically important hydrous phases
(e.g., brucite, serpentine, talc/10 Å phase, and ‘phase A’) in
altered harzburgites display a relatively restricted compositional range, at least compared to those present in mafic eclogites. As a result, breakdown reactions of hydrous phases in
harzburgites are dominated (to a first approximation) by discontinuous reactions taking place over a restricted depth range
of only a few kilometers.

Fluid Production

s0040
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There has been a misconception in the literature that hydrous
phases will break down in the absence of a free fluid phase and,
thus, that the stability fields of hydrous phases are affected by a
supposed lowering of H2O activity when the fluid leaves the
rock. This is fundamentally wrong: H2O and CO2 are chemical
species, just like any other species (e.g., SiO2, Al2O3, MgO,
etc.). The only difference is that the phase corresponding to
the composition of such chemical species (i.e., H2O, CO2, etc.)
happens to have a physical state (i.e., fluid) that is different
from other phases having the exact composition of a chemical
species (e.g., quartz, corundum, periclase, etc.). It should be
remembered that the thermodynamic treatment of all these
phases is identical for the entropy and enthalpy terms, and that
they only differ for the P–V–T (pressure–volume–temperature)
relation adopted. As SiO2 saturation is not a prerequisite for
the stability of the silicates olivine or enstatite, H2O saturation

S

F
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Extensive solid solutions (amphiboles, micas, pyroxenes,
garnets) result in continuous reactions that release fluids
over a range of several tens of kilometers’ depth. This can be
exemplified by the disappearance reactions of amphibole
(Figure 4(a)) within the amphibole–eclogite facies (Poli,
1993; Poli and Schmidt, 2002). At the minimum pressure
necessary for the formation of omphacite in basaltic bulk
compositions (1.5 GPa at 650  C), more than 50% amphibole
remains in the eclogitic assemblage: omphacite–garnet–
amphibole–epidote–quartz  paragonite. Within this assemblage, amphibole decomposes progressively, forming mainly
omphacite and garnet, until 22% amphibole remains at
its upper pressure stability at 2.2 GPa. Within this pressure
interval, amphibole composition changes from calcic and
tschermakite-rich to sodic–calcic and barroisite-rich, and the
continuous reaction from 1.5 to 2.2 GPa produces more
fluid (i.e., 0.7 wt% H2O) than the discontinuous terminal
amphibole breakdown at 2.2 GPa (i.e., 0.4 wt% H2O), which
results in chloritoid as an additional hydrous phase. As for
mafic compositions, amphibole decomposition and abundance in peridotites are controlled by continuous reactions
that decompose 50–70% of the amphibole present at
0.5–1 GPa before its terminal breakdown between 3.2 and
3.4 GPa (e.g., Fumagalli et al., 2009; Niida and Green, 1999;
Figure 4(b)). Experimental studies demonstrate the equal importance of continuous reactions and discontinuous terminal
breakdown reactions for amphibole and contradict the earlier
models (e.g., Tatsumi, 1986), which related fluid flow and the
position of the volcanic front within a subduction zone directly
to amphibole breakdown at a given depth.
In sediments and the mafic portion of the subducted
crust, all reactions involving hydrous phases and carbonates
involve solid solutions whose compositions depend on bulk
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Figure 4 Continuous versus discontinuous reactions contributing to the disappearance of amphibole in (a) H2O-saturated, CO2-free MORB (adapted
from Apted MJ and Liou JG (1983) Phase relations among greenschist, epidote-amphibolite, and amphibolite in a basalt system. American Journal
of Science 283A: 328–356; Poli S (1993) The amphibolite-eclogite transformation: An experimental study on basalt. American Journal of Science
293: 1061–1107) and (b) phlogopite-bearing peridotite, where phase abundances up to 3.4 GPa are estimated at 900–1000  C and data at 4.8 GPa are
at 680  C (reproduced from Fumagalli P, Zanchetta S, and Poli S (2009) Alkali in phlogopite and amphibole and their effects on phase relations in
metasomatized peridotites: A high-pressure study. Contributions to Mineralogy and Petrology 158: 723–737). AMP, amphibole; CHL, chlorite; CPX,
clinopyroxene; CTD, chloritoid; EPI, epidote; GAR, garnet; OL, olivine; OPX, orthopyroxene; PAR, paragonite; PHL, phlogopite; PLG, plagioclase;
QTZ, quartz.
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hydrous phases, fluid availability, and reaction progress depend on complex paths in a P–T–nH2O space, where nH2O
stands for the mass proportion of H2O in a bulk composition
(e.g., Clarke et al., 2006; Guiraud et al., 2001). The calculation
and analysis of pseudosections in complex multicomponent
chemical systems is a powerful tool to inspect variations in
mineral assemblages as a function of variable bulk composition, including volatile component abundances. However,
when carbonates and/or graphite/diamond occur, such calculations assume that H2O undersaturation results from the presence of a mixed H2O–CO2 fluid. This is not always true.
Thermodynamic calculations based on measured compositions of solid phases yield the chemical potential of H2O in these
phases (mH2O). Under equilibrium, the chemical potential of
H2O is equal in all phases, and only if some additional constraint
implies the presence of a fluid phase (e.g., fluid inclusions),
the composition of this fluid phase can be calculated from P, T,
and mH2O. This can be illustrated in the simple system CaO–
Al2O3–SiO2–H2O–CO2, where a given chemical potential of
H2O at a given P and T (4 GPa, 600  C, Figure 7 in Poli and
Schmidt, 1998) may correspond to either a fluid-absent situation (with lawsonite þ zoisite þ aragonite þ coesite þ kyanite
present) or to the presence of a mixed H2O–CO2 fluid phase
(with lawsonite þ aragonite þ coesite þ kyanite þ fluid present).
Note that both cases are described by the (ambivalent) term
‘H2O undersaturated.’
Furthermore, although largely overlooked, graphite (and,
in some cases, diamond) is a common accessory phase in a
variety of rocks metamorphosed at high-pressure conditions,
from metapelites (Sisson et al., 1997) to marbles (Korsakov
and Hermann, 2006), felsic gneisses (Stockhert et al., 2001),
mafic eclogites (Faryad et al., 2006), serpentinite melanges
(Harlow, 1994), and, most notably, in metasomatized peridotites (van Roermund et al., 2002). Graphite may also occur as a
‘cryptic’ mineral, interlayered on a nanoscale in the phlogopite
structure (Ferraris et al., 2004; Finero peridotite body, W. Alps),
and, as such, is difficult to detect.
Hydrous minerals, carbonates, graphite/diamond, and
mixed H2O–CO2 fluid inclusions (Scambelluri and Philippot,
2001) are not the only volatile-bearing species recovered in the
geological record. Hydrogen or CH4-bearing fluid inclusions
(Fu et al., 2003; Peretti et al., 1992; Shi et al., 2005) reveal that
redox processes in C–O–H-bearing systems should be carefully
evaluated in defining speciation at high-pressure conditions.
The chemical system C–O–H is characterized by two large
phase fields (Figure 5). In the upper portion of the phase
diagram, two phases coexist, a carbon polymorph (at the top)
and a fluid phase (given by the green line) saturated in carbon.
At lower carbon contents (gray fields), a single fluid phase,
with variable abundances of H2, CH4, H2O, CO2, and CO
species, occurs. The boundary that defines the graphitesaturated system is often referred to as the graphite boundary
(Holloway and Reese, 1974) or graphite saturation surface
(Connolly, 1995). Along the graphite saturation surface, fluid
speciation is fixed if a redox condition, fO2, is imposed externally. With reference to the common oxygen buffer fayalite–
magnetite–quartz (FMQ), Connolly and Cesare (1993)
illustrated that, at very low temperatures, fluids are ‘reduced,’
that is, CH4-bearing (red dash on the saturation surface in
Figure 5), while at low-temperature, high-pressure conditions
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is not required for the stability of hydrous phases. In fact, for a
given bulk composition and phase assemblage, it is quite
possible (when following a suitable P–T trajectory) to pass
from a fluid-absent to a fluid-present regime and back again
to a fluid-absent regime.
A hydrous fluid is produced only if a given rock volume is
already completely hydrated (fluid saturated). If fluid saturation is not realized at the beginning of subduction, a number
of fluid-absent reactions will take place. These reactions are of
the type A þ V1 ¼ B þ V2 (where A, B are volatile-free phases and
V1, V2 hydrous phases or carbonates), involve hydrates and/or
carbonates, and change the mineralogy of a rock volume
according to the stability fields of the minerals, but do not
liberate a fluid. Prograde subduction-zone metamorphism (as
is true for any type of prograde metamorphism) generally reduces the amount of H2O that can be stored in hydrous minerals with depth. Thus, almost any part of the oceanic crust
sooner or later becomes fluid saturated. In an equilibrium
situation, the volatile content bound in hydrous phases
and carbonates remains constant until fluid saturation occurs.
Either continuous or discontinuous reactions might lead
to fluid saturation in a rock. The point at which this occurs
depends on initial water content and pressure as well as
temperature, and, somewhat counterintuitively, initially low
water contents do not cause early complete dehydration, but
delay the onset of fluid production to high pressures.
Due to heterogeneous alteration (and, thus, varying initial
H2O and CO2 contents), there is a wide depth range over
which different volumes of the oceanic lithosphere become
fluid saturated. A second complication arises from the scale at
which equilibrium is effective. A few grains may locally form a
fluid-saturated environment, but it is questionable whether
the fluid produced on a local grain scale is able to escape.
Field evidence argues for equilibration of fluids in eclogites
on a centimeter to meter scale until they are able to collect
and escape in veins (Philippot, 1993; Widmer and Thompson,
2001; Zack et al., 2001; see also Ague, 2012). Most fluidproducing reactions occur in response to an increase in pressure and temperature. At the same time, ascending fluids may
change the fluid composition in the overlying layers and cause
reactions therein, which may lead to an increase or decrease in
their volatile content. Furthermore, fluid pathways, fluid–rock
interaction, and the efficiency of metasomatism are expected
to vary as a function of strain rate and volume changes
related to devolatilization or hydration–carbonation. KonradSchmolke et al. (2011, Figure 3) showed that K, Ca, Fe, and Mg
in mobilized fluids affect, in a stepwise process, the rock volumes flushed by migrating fluids. In the mantle wedge directly
overlying the subducted crust, low strain rates and low permeability, coupled to positive volume changes resulting from
metasomatic reactions, may facilitate a pervasive flow and
fluid–rock exchange.
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Fluid Availability Versus Multicomponent Fluids
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The advent of powerful phase-diagram calculators (Connolly,
1995; de Capitani and Brown, 1987; Holland and Powell,
1998) as well as the widespread application in the last
10 years of forward modeling based on thermodynamic
databases has led to a common perception that formation of
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An oxidized mantle wedge has recently been questioned
(Lee et al., 2005, 2010), mostly on the basis of V/Sc and Fe/
Zn systematics in arc lavas. In this case, the undoubtedly
oxidized nature of typical evolved arc magmas is attributed to
the incompatibility of Fe3 þ with prolonged magma differentiation, similar to the highly differentiated FeTi gabbros in the
oceanic crust.
Hydrous subduction-zone fluids are known to dissolve significant quantities of silicates, and complete miscibility between hydrous melts and aqueous solutions may be achieved
at  5 GPa, that is, beyond the ‘second critical endpoint’ of
the solidus (see Section 321.3.4, which discusses dissolution
regimes). At lower pressures and temperatures below the solidus, aqueous fluids in equilibrium with silicates are very dilute
solutions. Although increased H2O ionization and fluid polymerization (Manning et al., 2010) at high P and T enhance
solute concentrations (Dolejs and Manning, 2010), subductionzone fluids bear only two to three times the total dissolved
solids of seawater (Manning, 2004). Ligands, such as Cl, promote dissolution, but the range of chlorinities in high-pressure
fluids remains unclear (Franz et al., 2001; Scambelluri and
Philippot, 2001). As Cl strongly partitions into any fluid present, most Cl is expected to be expelled upon the first squeeze,
that is, when porous fluids and fluids from clays and zeolite–
pumpelleyite facies minerals are expelled from subducted
crust. Chlorine in aqueous fluids strongly influences carbonate
solubility (Newton and Manning, 2010), but relatively high
and, from calculations, unpredicted solubilities of CaCO3 in
pure H2O (up to 0.6 wt%) were demonstrated by Caciagli and
Manning (2003) at 1 GPa, suggesting that carbonate dissolution at high pressure may be a viable mechanism to mobilize
carbon in fluids.

P

they are nearly ‘aqueous,’ that is, the graphite saturation surface
bends very close to the H2O end member and fluids reach a
maximum H2O content very close to fO2 ¼ FMQ, whereas at
high temperatures, FMQ-buffered fluids move to an ‘oxidized’
state, that is, they are CO2-rich fluids.
Notably, in hydrothermal regimes on the seafloor, methanebearing vents are observed along the Mid-Atlantic Ridge
(Charlou and Donval, 1993; Charlou et al., 2002) and were
experimentally reproduced by Berndt et al. (1996) through
serpentinization of ultramafic rocks. Coprecipitation of carbon
and magnetite (a mineral with 69 wt% Fe2O3), together with
release of a CH4 fluid, demonstrates that intuitive concepts of
‘reduced’ and ‘oxidized’ conditions are somewhat arbitrary
when qualitatively based on common sense. Following a similar reasoning, Poli et al. (2009) showed that diamond is
potentially stable with hematite above 5 GPa at temperatures
in the order of 800  C.
At the high-pressure, low-temperature conditions that are
typical for the slab or its hanging wall (the lowermost mantle
wedge), oxygen fugacity conditions, fluid speciation, and the
oxygen budget are highly variable when carbon is present.
Experimental studies, theoretical calculations, and natural
findings suggest that the variability in CH4 or CO2 contents is
modulated on a scale of just a few tens of mole percent across
the maximum H2O condition in C–O–H systems (the bend in
the C-saturation surface in Figure 5), resulting in nearly aqueous fluids. Whether relatively high oxygen fugacities retrieved
from high-pressure, subduction-related samples (Malaspina
et al., 2009, 2010) or inferred from arc magmas (Kelley and
Cottrell, 2009) are indicative of bulk oxidation, or rather record variations in the chemical potential of oxygen as a function of phase assemblage and variable chemical potential of
nonvolatile components, is still to be determined.
The oceanic crust is comparatively oxidized with respect to
the mantle wedge. However, to what extent this oxidation may
be transferred from the slab to the mantle wedge as well as the
extent to which strong redox gradients are preserved is entirely
open. Addition of pure H2O fluid does not lead to oxidation of
the mantle wedge; only the transport of oxidized cations, that
is, Fe3 þ, C4 þ (as CO2 or HCO3), and oxidized S will lead to
wedge oxidation, these three being the only ones with geologically sufficient abundance to cause any major net oxygen
transfer.

O
F

Figure 5 Schematic isobaric–isothermal composition diagram for the C–O–H system illustrating the displacement of the carbon-saturation surface
(green) with pressure and temperature (from (a) to (c)), and the shift of fluid speciation (red dash) at redox conditions buffered by the equilibrium
fayalite–magnetite–quartz (FMQ). When FMQ is adopted as a reference, fluids move from ‘reduced’ (methane bearing) in oceanic environments
to ‘aqueous’ during devolatilization of the slab at high pressure, and then to ‘oxidized’ (CO2 bearing) at mantle wedge conditions.
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Real-World Effects

The compilation of available phase equilibria aims at understanding equilibrium situations in typical (homogeneous)
average bulk compositions. However, different ‘real-world
effects’ with amplitudes that may depend upon the rock type
are to be expected.
In the real world, the following factors contribute to
the continuous character of the devolatilization signal from
the downgoing slab: highly variable bulk compositions in the
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Once the oceanic crust starts subducting, most of its remnant
porosity will be immediately lost by compaction and its pore
fluids expelled. At this stage, zeolites, pumpelleyite, and prehnite are the major H2O-bearing minerals, and H2O contents
of hydrous minerals amount to 8–9 wt% H2O in the bulk rock
(Peacock, 1993). Beyond depths of roughly 15 km, the oceanic
crust enters into the blueschist facies, in which the major
hydrous minerals are chlorite; Na-rich, Ca-poor amphiboles
(glaucophane to barroisite); phengite (white mica); lawsonite
or zoisite; and paragonite (e.g., Sorensen, 1986). Bulk water
contents at the beginning of the blueschist facies are around
6 wt% (Figure 6(a)). Initially, abundant chlorite has high H2O
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321.3.1 High Dehydration Rates and Fluid Production
(Typically to 600  C, 2.5 GPa)
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Based on phase relations in volatile-bearing MORB, four distinct P–T regions with characteristic mobile-phase production
mechanisms can be identified (Figure 1). These are discussed
sequentially.
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Devolatilization Regimes in MORB
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sedimentary and gabbroic layers, as well as possibly different
degrees of depletion caused by different amounts of melt
extracted in the hydrated peridotitic layer (Constantin, 1999);
inhomogeneous distribution of carbonates versus hydrous
minerals, resulting in an inhomogeneous XCO2 in the fluid
phase (Gillis and Robinson, 1990); large temperature gradients
within the subducting lithosphere (Arcay et al., 2007); and,
finally, kinetic effects that inhibit reactions and, thus, displace
and widen reaction zones. Kinetic effects are mainly related to
fluid availability, to effective strain (and thus to deformation
history) (Austrheim and Engvik, 1997; Molina et al., 2002),
and to thermal retardation of sluggish solid–solid transformations (Schmeling et al., 1999).
All of the above effects lead to release of a fluid–melt ‘pulse’
occurring over a broad depth range. By contrast, the single
known focusing mechanism for fluid–melt flow is mechanical:
fluids–melts may ascend through channelized flow,
hydrofractures, or preexisting fractures, which focus a broadly
distributed fluid into distinct pathways. The relative importance of these mechanisms is largely conjectural and whether
macroscopic fluid–melt focusing is achieved depends on the
extent and spacing of such pathways.
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Figure 6 (a) Major phase stability boundaries in H2O-saturated MORB and H2O contents (numbers in italics, in wt%) stored in hydrous phases
(Schmidt and Poli, 1998). Data below 550  C are based on natural blueschists and greenschists; all other data are based on experiments. Compare
with Figure 1. (b) Phase boundaries in a CO2-bearing MORB system; within the lawsonite, epidote, and amphibole stability fields, the coexisting
fluid is a C–O–H fluid, with CO2 contents that vary as a function of redox conditions imposed on the system (see Figure 5). At pressure and/or
temperature conditions beyond the stability limit of hydrous phases, the system degenerates to a carbonated MORB, where carbonate species depend
on the amount of volatile component and Ca/(Mg þ Fe) ratio of the bulk composition. The yellow and orange fields mark P–T paths for average cold
(yellow) to intermediate (orange) thermomechanical subduction models of Arcay et al. (2007) and the warm W1300-model of Syracuse et al. (2010),
respectively. MP00: Molina and Poli (2000); HB70: Hill and Boettcher (1970); YG94: Yaxley and Green (1994); D04: Dasgupta et al. (2004); P09:
Poli et al. (2009); H03: Hammouda (2003).
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321.3.2 Low Dehydration Rates and Little Fluid
Production (2.5–10 GPa and 500–800  C)

s0065

Until the 1980s, it was believed that oceanic crust is fully
dehydrated after pressure-induced amphibole breakdown.
However, experiments and natural occurrences of epidote/
zoisite, lawsonite, talc, chloritoid, phengite, staurolite, OHrich topaz, and many other minor hydrous minerals in eclogites that had already lost their amphibole demonstrated
that dehydration continues above 2.4 GPa. In particular, the
discovery of coesite- and diamond-bearing hydrated eclogites
has demonstrated that most of the hydrous minerals listed
above are stable at pressures beyond 2.5 GPa (e.g., coesite–
lawsonite-bearing eclogites (Tsujimori et al., 2006), some of
which occur in xenoliths of the Colorado Plateau (Helmstaedt
and Schulze, 1988; Usui et al., 2001)). Generally, the natural
occurrence of coesite-, and sometimes diamond-bearing hydrous eclogites (the most famous being Dora Maira, Western
Gneiss Region, Dabie Shan, and the Kokchetav Massif; see Liou
et al., 1998; Rumble et al., 2003; or Hermann and Rubatto,
2012; for concise reviews) are in good agreement with
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Most information concerning amphibole-bearing phase assemblages is obtained from natural occurrences and experiments. Unfortunately, thermodynamic modeling of phase
relations in MORB remains unsatisfying when incorporating
the amphibole solid solution; both the calculated amounts
and stabilities of amphiboles are far from what is observed
in nature and experiments. For example, the stability of amphibole in MORB is calculated to 4–5 GPa, instead of the
2.3–3 GPa observed in experiments and deduced from natural
eclogites.
Many blueschist minerals contain significant amounts of
Fe3 þ (e.g., Brown and Forbes, 1986; Maruyama et al., 1986).
The heterogeneous oxidation within the altered oceanic crust
adds another compositional variable, shifts reactions in P–T
space, and complicates the geochemistry of trace elements
having variable oxidation states (e.g., U). The fraction of
Fe3 þ/Fetot is generally highest at the onset of subductionzone metamorphism, and decreases with increasing grade
(Groppo and Castelli, 2010).
Fully hydrated oceanic crust loses about two-thirds of its
initial water content in the pressure interval to 2 GPa; most of
this fluid will either serpentinize the cold corner of the mantle
wedge, or eventually pass through veins to the ocean floor in
the forearc region (e.g., Mariana arc, Fryer et al., 1999). The
high dehydration rates, in conjunction with a thin mantle
wedge close to the trench, should lead to rapid (i.e., within
0.8–3 Ma) and complete serpentinization of the cold corner if
fluids percolate pervasively through the mantle wedge (Arcay,
2005; Gerya et al., 2002). The rheological behavior of a serpentinized mantle wedge corner and whether the corner develops counterflows (Davies and Stevenson, 1992), plumes
(Gerya and Yuen, 2003) or induces thermal erosion of the
lithosphere (Arcay et al., 2005) are still matters of discussion.
Such different scenarios have a profound impact on the way we
reconstruct volatile pathways in the wedge: Do volatiles stagnate in a cold corner, or are they dragged to the deeper mantle?
Do they rapidly percolate to the shallowest levels, or are they
advected with buoyant masses?
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contents (12 wt%) and decomposes completely in this depth
range through various continuous and discontinuous reactions. Lawsonite (11 wt% H2O) has a maximum abundance
of 25 vol% at the onset of blueschist facies metamorphism
and decreases to about 10 vol% at the amphibole-out reaction.
Anhydrous minerals typically comprise 5–25 vol% (e.g., Okay,
1980; Thurston, 1985) at 5–10 km depth and some 100  C,
grow in volume to about 50 vol% just before the amphiboleout reaction, and increase to > 70 vol% at pressures beyond
amphibole stability. As a consequence, dehydration rates are
considerable within this P–T regime; a fully hydrated MORB
loses about 4–6 wt% H2O when passing through the blueschist
stage within the forearc region.
At pressures of 2.2–2.4 GPa, that is, the maximum pressure
stability of amphibole in MORB (65–70 km), dehydration reactions are numerous, and their orientations in P–T space are
mostly oblique to a typical subduction-type P–T path, resulting
in final high dehydration rates for most P–T paths. Forneris
and Holloway (2003, 2004) observed glaucophane to be stable
up to 2.8–3.0 GPa in a relatively Fe–Al-rich basaltic composition at 600–650  C. However, amphibole at 2.6 GPa, 650  C,
already represents less than 10 vol% in these experiments, and,
therefore, has a limited impact on the devolatilization at
subarc depth.
Molina and Poli (2000) and Poli et al. (2009) demonstrated the effect of mixed C–O–H fluids on phase relations
in mafic compositions (Figure 6(b)). With increasing pressure,
the stable carbonates at 665–730  C are calcite (<1.4 GPa),
dolomite, and dolomite þ magnesite (>2 GPa). Fluids coexisting with calcite are CO2-rich (XCO2 ¼ 0.4–0.7), but at higher
pressures, fluids coexisting with dolomite only have CO2 mole
fractions of 0.02–0.2. This implies that carbon tends to fractionate into the solid with increasing pressure (Kerrick and
Connolly, 1998; Molina and Poli, 2000). The effect of CO2
on the stability of hydrous phases is surprising. In a carbonated
system, plagioclase disappears at the same pressures as in the
pure H2O system (1.5 GPa at 650  C), but its breakdown
does not cause omphacite formation, which is delayed by
about 0.5 GPa. Rather, at 680  C plagioclase breakdown produces 20 vol% paragonite, which is a hydrous phase. Amphibole breaks down at 2.5–2.6 GPa (Poli et al., 2009; Yaxley
and Green, 1994), that is, 0.3 GPa higher than in the pure H2O
system. The fluid-saturated solidus is located at 730  C at
2.2 GPa, as expected in the presence of H2O-rich fluids
at such conditions. Differences in the fluid-saturated solidus
at 2.0 GPa, as determined by Hill and Boettcher (1970) (HB70
in Figure 6(b)) and by Yaxley and Green (1994) (YG94 in
Figure 6(b)), can be largely explained by a different speciation
of the H2O–CO2 mixed fluid, due to different oxygen fugacities
attained in the experiments.
The extensive stability of aragonite, dolomite, and magnesite (Figure 6(b)) inhibit effective decarbonation at pressures
of or above amphibole disappearance, meaning that significant carbon transfer to the mantle wedge is feasible only in
the relatively low-pressure field of the forearc region. In experiments buffered at hematite–magnetite–H2O hydrogen fugacities, relatively high CO2 proportions can be maintained.
However, in such experiments, the source of volatiles is
technically unlimited (an unlikely scenario in nature) and the
H2 potential is imposed externally.
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conditions exceeding the stability of lawsonite and epidote,
the breakdown of hydrous minerals other than phengite is
complete, and carbonates (magnesite, dolomite, or Mg calcite
as a function of pressure and of chemographic relationships)
are the only volatile-bearing phases, persisting to approximately 1000  C. Assuming that fluids released from dehydration reactions migrate upward, and almost instantly leave the
reactive system, phase relationships in altered H2O–CO2bearing MORB degenerate into the system MORB–CO2. The
latter system is then bound by a carbonatite-forming solidus
(see Section 321.3.3) at temperatures commonly not achieved
in Phanerozoic subduction zones (but which may have been
achieved in older subduction zones in a hotter Earth?).
Dissolution of carbonates in aqueous fluids (Caciagli and
Manning, 2003; Dolejs and Manning, 2010) generated in the
cold, serpentinized peridotitic core of the slab appears to be, as
of now, the only viable mechanism by which to transfer carbon
to the overlying mantle wedge in this pressure range where
decarbonation is inhibited (Gorman et al., 2006). However,
the efficiency of this mechanism depends first on fluid production in the subducting peridotite itself, and second on the
mode of fluid percolation (channeled vs. pervasive) through
the oceanic crust. Further, such a flush dissolution involves
variable redox conditions in the reactive lithologies, which
still need to be investigated experimentally.

T

321.3.3

Melting Regimes (650–950  C to 5 GPa)

Two principal modes of crust melting may occur in subduction
zones: melting at either fluid-saturated or fluid-absent conditions. The principal hydrous phases involved are epidote/
zoisite and amphibole, and, to a much lesser extent, biotite,
and phengite. If melting of the oceanic crust occurs at pressures
below 2.5 GPa, the MORB will not have previously passed
through a blueschist and eclogite stage, but through the greenschist and epidote–amphibolite facies at lower pressures (not
discussed here).
Evidence for melting of the oceanic crust is seen in the
so-called adakites, which form volcanic suites of andesitic to
rhyodacitic composition (Drummond et al., 1996; Kay, 1978)
and are interpreted to be partial melts of the oceanic crust
that were modified (mainly Mg enriched) during their ascent
through the mantle wedge. The interpretation of adakitic
suites s.l. is complex, as key trace element ratios (i.e., high
La/Yb and Sr/Y, Martin, 1999) reflect an assemblage of
garnet þ hornblende  plagioclase in the source, and such an
assemblage may be produced by a variety of processes, that is,
melting of subducted crust (Sen and Dunn, 1994), melting of
underplated basalt or lower crust in deep continental arc roots
(Atherton and Petford 1993; Jagoutz, 2010), and fractionation
of garnet and hornblende within calc–alkaline series magmas
(Alonso-Perez et al., 2009; Jagoutz et al., 2011). Nevertheless, a
combination of high La/Yb and Sr/Y with anomalously high
XMg values and MgO, Cr, and Ni concentrations (testifying to
absorption of olivine during the passage of slab melts through
the mantle wedge) at intermediate SiO2 contents still suggests
their origin as slab melts. Melting of subducted crust was possibly predominant on the Archean Earth (Martin et al., 2005),
favored by a combination of higher mantle temperatures with
more buoyant oceanic plates that were probably thicker, hotter,
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experimental findings, and the discussion below is based on
experimental P–T conditions and mineral abundances.
Above 2.4 GPa, a maximum of 1.5 wt% H2O remains stored
in hydrous phases of the igneous oceanic crust. The major
water hosts are lawsonite, zoisite, chloritoid, talc, and phengite. Lawsonite is the most water-rich of these phases (12 wt%
H2O), and may host > 50% of the water present; however, it is
restricted to relatively low temperatures (Figure 6). Zoisite is
stable to about 3.3 GPa, and occurs at the wet solidus until
3 GPa. Talc is only a minor phase in MORB, but becomes
abundant in bulk compositions with high XMg, that is, Mg
gabbros. Phengite has an important role, as virtually any K2O
present in the oceanic crust at pressures below 5 GPa will be
stored in phengite, irrespective of the bulk composition
(Schmidt, 1996). Above this pressure, potassium also enters
into clinopyroxene (cpx) (Okamoto and Maruyama, 1998;
Schmidt and Poli, 1998) and the relative amounts of phengite,
cpx, and coexisting fluid will depend upon the quantity of
dissolved potassium and its dissolution rate into the fluid.
Above 2.4 GPa, continuous reactions dominate over a few
discontinuous ones, and most reactions (including the wet
solidus) are subparallel to typical subduction P–T paths. As a
consequence, a particular rock volume crosses most reactions
over wide depth intervals. Thus, dehydration rates are rather
low, and the (postamphibole) remnant of 1.5 wt% H2O is lost
over a wide depth range. The pressure–temperature range that
defines this ‘low dehydration rate’ regime corresponds to most
of the depth interval of the subarc region (Figures 1 and 6).
The hydrous phases in oceanic crust with the widest pressure stability field are lawsonite and phengite, both of which
reach into the stishovite field. The breakdown of these two
phases corresponds to the ‘end’ of any major dehydration of
the oceanic crust.
Because many reactions are parallel to typical P–T paths
during subduction, effective H2O contents, mineral assemblages, and mineral compositions are fairly sensitive to temperature. A K2O-free MORB passing 600–650  C at a depth of
100 km has 1 wt% H2O stored in lawsonite and chloritoid, and
will arrive at 200 km with about 0.4 wt% H2O in lawsonite.
Passing 100 km at a temperature of 700  C causes the loss of
the last hydrous phase (zoisite) near this depth, and our MORB
volume becomes a dry eclogite and, thus, irrelevant for any
further production of mobile phases. On the other hand, if the
100-km depth is achieved at a temperature of 750  C, MORB is
already above the wet solidus, and any fluid infiltrating from
below should cause partial melting. As is evident from these
considerations, the major difficulty in predicting the type and
quantity of mobile phase produced at high-pressures stems
from the uncertainty in temperature distribution in the subducting oceanic crust. Unfortunately, a difference of 100  C has
a significant impact.
Addition of carbonates to the altered MORB compositions does not shrink the stability fields of hydrous phases
at > 1.5–2 GPa. Somewhat counterintuitively, the temperature
stability of lawsonite is increased by approximately 30  C, due
to Ca–Mg partitioning between garnet and carbonates (Poli
et al., 2009; Figure 3). Hill and Boettcher (1970), who investigated the supersolidus phase relationships of a basaltic composition with mixed H2O–CO2 fluids, observed a similar effect
for amphibole at 1.0–2.5 GPa. At pressure and temperature
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1972; Schmidt et al., 2004; Figure 7(a)). Although a small
quantity of free fluid (< 0.1 vol%) is likely to be present in
any lithology affected by dehydration, such a volume would
not be sufficient to produce a significant melt portion through
fluid-saturated melting. In subduction zones, fluid-saturated
melting could be achieved at relatively low temperatures
through flush melting, that is, by addition of aqueous fluid
from below. In this case, the melt productivity at the solidus is
mainly controlled by the amount of fluid added to the system
and may yield 20–30% melt (Kessel et al., 2005b; Klimm et al.,
2008; Figure 8). Thus, volumetrically significant melt fractions
in MORB will be achieved only by means of added fluids
that stem from dehydrating serpentinized peridotite situated
below the MORB. Analogously, important sediment melt fractions could result from flushing with fluids from underlying
MORB or serpentinized peridotite; these are discussed in
Section 321.5.4. For fluid-saturated melting, the wet granite
solidus is the most relevant, both for K-bearing mafic systems
and for sediments (Schmidt et al., 2004).

321.3.3.2

Fluid-absent melting

Most adakite suites contain andesites that appear to have
formed via fluid-absent melting of a basaltic source (but not
by melting of mica-dominated sediments only, which would
have a lower melting point at any given pressure). Fluid-absent
melting is defined as the production of a silicate melt with low
water contents from an assemblage that contains hydrous (or
carbonate) minerals, but not a separate fluid phase. At pressures below 2.5 GPa, both metapelites and metabasalts contain
a pair of hydrous phases with equal water contents (Figure 7).
In pelites, phengite (4.3 wt% H2O) has a lower modal abundance than biotite (4.1 wt% H2O), but it melts at 100–150  C
lower temperature than biotite. In basaltic compositions,
epidote/zoisite (2.0 wt% H2O, typically 10 vol%) melts approximately 100  C below amphibole (2.2 wt% H2O, typically
50–30 vol%, decreasing with increasing pressure; Vielzeuf and
Schmidt, 2001; and references therein). In both cases, the first
fluid-absent melts are produced through the volumetrically
less important phase, that is, phengite in metapelites and epidote/zoisite in metabasalts. These first melts are thought to be
dacitic and probably amount to less than 10 vol%. (At fluidabsent conditions, reaction rates are sluggish below 800  C,
leading to a lack of equilibration during fluid-absent epidote
and phengite-dominated melting below 2.5–3 GPa, and hence
the lack of experimental data.) It is likely that the primary melts
of adakites result from amphibole-dominated fluid-absent
melting of MORB, with melt proportions of 20–35 wt%. The
garnet þ cpx  amph residue thus produced is consistent with
the geochemical features of adakties, particularly the strongly
fractionated rare-earth element (REE) patterns (Martin, 1999).
Nevertheless, the temperature distribution in a stratified
oceanic crust is such that subducted sediments are typically
at higher temperatures than the igneous oceanic crust. Thus,
if the amphibolites are melted, the overlying sediments
must also melt through mica-dominated fluid-absent melting.
This complexity needs to be taken into account in geochemical
slab-melting models. Fluid-absent melting of amphibolite
or metapelite cannot be fully described in a closed system or
in a system open only to melt extraction. The temperatures
necessary for fluid-absent melting of the MORB layer
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and more difficult to subduct (Sleep and Windley, 1982). There
is consensus that, on the modern Earth, dehydration dominates
in the subducting mafic crust. However, when young, hot crust
is subducted when the thermal field within a subduction
zone is disturbed at plate boundaries (i.e., at the lateral ends
of subducting plates), or when flat slabs form due to ridge
subduction, melting of the oceanic crust may also occur.
The compositions of slab melts principally depend on the
bulk composition of the oceanic crust, the degree of melting,
and the pressure of melting. Nevertheless, at low to moderate
melt ratios, where cpx is a major residual mineral, Na/K ratios
of the melt mostly depend on pressure. At any pressure in
basaltic compositions, potassium is strongly partitioned into
the melt. Nacpx/melt partition coefficients are small (< 0.5)
below 2 GPa, close to unity around 3 GPa, and increase to
cpx=melto
¼ 3–7 at 4 GPa (Schmidt et al., 2004; Thomsen and
DNa
Schmidt, 2008a). The latter corresponds to 50–70% jadeite
component in residual cpx, which, thus, retains most of the
Na2O, but leaves the K2O for the melt.
As a consequence, melts from amphibole-dominated fluidabsent melting have Na > K as typical for adakites, which,
together with the requirement of garnet þ hornblende in the
residue, thus generally form at 1–2.5 GPa. Even in the relatively
K-poor igneous oceanic crust, melts resulting from fluidpresent or fluid-absent melting at higher pressures involve
phengite and are thus strongly potassic peraluminous granites
(with K > Na). Such granites, which would migrate into the
mantle wedge at > 70 km depth, are not observed at the surface. This is either because they never form or because it is
impossible for them to traverse the thick mantle wedge retaining their peculiar chemistry far out of equilibrium with peridotite. Absorption reactions with mantle minerals would
largely modify the major element composition of these melts.
There is little consensus on the role of melting at the slab–
mantle wedge interface (where most subducted sediments
reside, see Section 321.5). P–T paths generated from thermal
models cover almost the entire P–T range. Here, we select two
recent models that typify ‘very hot’ (Syracuse et al., 2010) and
‘average cold’ (Arcay et al., 2007) thermomechanical models.
The ‘very hot’ type of model (Syracuse et al., 2010) indicates
that shear heating and the mechanical coupling of slab and
mantle wedge would lead to a relatively abrupt temperature
increase of the slab–wedge interface near the coupling depth
(50–80 km). Feeding the geometrical parameters of modern
subduction zones into their model, Syracuse et al. (2010)
obtained a P–T path for the slab surface that slightly oversteps
the wet pelite solidus in about half the cases. Temperatures
of the wet solidus for a K-free MORB are predicted to be
attained in only a few modern subduction zones. The ‘average
cold’ P–T path (Arcay et al., 2007) incorporates the effects
of plate decoupling and thermomechanical ablation of the
overriding plate and results in P–T paths that only exceptionally would intersect the (wet) minimum solidus of sediments,
but not with that of a K-free MORB. We return to the issue of
MORB melting after discussing sediment melting.
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Fluid-saturated melting of K-bearing basaltic crust begins
at temperatures of 650  C at 1.5 GPa, increases to 750  C at
3 GPa, and ends at 5.5 GPa, 950  C (Lambert and Wyllie,

Fluid-saturated (flush) melting
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Figure 7 Compilation of melting reactions in (a) MORB and (b) pelite. (a) Position of the wet solidus (solid red lines) for a K-enriched MORB (Schmidt
et al., 2004) and a K-free MORB (Kessel et al., 2005b) with respect to subduction-zone temperatures as modeled by Arcay et al. (2007, yellow field) and
Syracuse et al. (2010, orange field). The dashed red line reproduces the wet pelite solidus of panel (b) for reference. Note that the dichotomy of fluid or
melt ends at the second critical endpoint (SCP) near 5 GPa, at which pressure a chemical and physical continuum exists between H2O-rich fluid and
silicate-rich melt at the solidus (for details see text). The solidus of K-free MORB below 3 GPa is modified from Lambert and Wyllie (1972). Metabasalts
contain two hydrous phases stable above the wet solidus: epidote and amphibole. Both would lead to fluid-absent melting when they break down at low
pressures; epidote-dominated fluid-absent melting is expected to produce only a few percent melt, while amphibole-dominated fluid-absent melting
is thought to be responsible for adakite generation. Also shown are two solidi for the MORB–CO2 system (green lines): The lower temperature one,
from Dasgupta et al. (2004), is for MORB þ CO2 and has dolomite or magnesite as the stable carbonate at subsolidus conditions. The higher temperature
one is for MORB þ calcite, from Yaxley and Brey (2004); the shift in Ca/(Ca þ Mg þ Fe2 þ) resulted in high-Mg calcite as subsolidus carbonate. The
most likely first-order explanation for the temperature difference is the nature of the carbonate mineral. At 3–6 GPa, the minimum melting in carbonate
systems is near the dolomite composition (Buob et al., 2006; Irving and Wyllie, 1975). Compare subsolidus reactions with Figure 6. For comparison,
the pelite solidus (b) is reported as dashed red line. (b) Solidi for pelites: red lines are for the wet solidus in a system with >5 wt% excess H2O
(Nichols et al., 1994; to 3 GPa, Hermann and Spandler, 2008; at 3–4.5 GPa) and for a system with <1 wt% excess H2O (1–1.5 wt% H2O being bound in
phengite, Schmidt et al., 2004). The wet solidus ends slightly above 5 GPa, above which pressure phengite disappears through a continuous
solution process (upper reddish gray field) even with less than 1 wt% excess H2O. The lower reddish gray field locates the melting out of phengite in
the <1 wt% excess H2O (2 wt% total bulk H2O) system. The fluid-absent phengite-dominated solidus is unknown. The thick black line denotes the
likely location of the phengite-out in fluid-absent systems but is deduced from different experiments (Irifune et al., 1994; Ono, 1998). The brown
lines give the melting reactions and the carbonate–silicate melt immiscibility gap for a fluid-absent pelite–H2O–CO2 system (Thomsen and Schmidt,
2008a; to 5 GPa, Grassi and Schmidt, 2011a; at >5 GPa). Note that to 5 GPa, a silicate melt forms first, but above 5 GPa, it is a carbonate melt. Compare
brown lines to the topology of Figure 11. Green lines: interpolated solidus for pelite–CO2 system (2–3 GPa, Tsuno and Dasgupta, 2011; >5 GPa,
Grassi and Schmidt, 2011a). Also in the latter system, a silicate melt forms at 2–3 GPa and a carbonate melt at > 5 GPa. At low pressures,
fluid-absent melting of biotite would occur (Auzanneau et al., 2006; Vielzeuf and Montel, 1994). A few very warm P–T paths may intersect the wet
pelite solidus, but expected melt fractions are small (compare to Figure 8) and the efficiency of element transfer at such conditions has recently been
questioned (Behn et al., 2011). A06: Auzanneau et al. (2006); D04: Dasgupta et al. (2004); GS11: Grassi and Schmidt (2011a, 2011b); HS08:
Hermann and Spandler (2008); I94: Irifune et al. (1994); K05: Kessel et al. (2005a, 2005b); N94: Nichols et al. (1994); O98: Ono (1998); S97:
Schmidt (1997); S04: Schmidt et al. (2004); SP98: Schmidt and Poli (1998); TD11: Tsuno and Dasgupta (2011); TS08: Thomsen and Schmidt
(2008a, 2008b); VM94: Vielzeuf and Montel (1994); VS01: Vielzeuf and Schmidt (2001); Yaxley and Brey (2004).
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(800–900  C) are such that the hydrated peridotite below
would reach the serpentine stability limit, thus possibly providing a significant amount of fluid. This fluid would strongly
increase the melt fractions in amphibolites and metapelites,
and might be required to produce a sufficient quantity of
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primary melts, which then give rise to adakite suites. This
important indirect feedback mechanism, that is, the temperatures necessary for melting in one lithology causing dehydration reactions in an adjacent lithology and thus increasing melt
fractions in the former one, has not yet been investigated.
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Figure 8 Silicate melt fractions for fluid-saturated and fluid-absent melting with various combinations of H2O–CO2 volatiles present. Red: pelites
with H2O as volatile component, brown: pelites with H2O þ CO2 as volatile component, green: pelites with CO2 as volatile component. Purple:
graywacke with H2O as volatile component. Black: MORB with H2O as volatile component. Closed symbols denote fluid-saturated melting experiments,
and open symbols, fluid-absent ones. Bulk H2O contents (in wt%) are indicated for experiments with H2O as the only volatile component.
Melt fractions for carbonated sediments and basalts that produce carbonatite melts are not shown, as these correspond to the amount of
carbonate present at 50–1000  C above the solidus. Pelites and graywackes: full circles: Schmidt et al. (2004); open circles: Auzanneau et al. (2006);
triangles pointing down: Hermann and Spandler (2008); squares: Skora and Blundy (2010); open diamonds: Thomsen and Schmidt (2008a);
six-pointed stars: Tsuno and Dasgupta (2011). MORB (black): Full diamonds: Kessel et al. (2005a); full squares: Klimm et al. (2008); open triangle
pointing left: Sen and Dunn (1994).
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p0315

The typical low-pressure concept of low-density H2O–CO2
fluids (with small to moderate amounts of solute) in the
subsolidus and high-density silicate liquids above the solidus
(with typically 1–15 wt% H2O dissolved) does not apply to the
subduction environment at pressures above 5–6 GPa. At such
high pressures, a chemical continuum exists between fluids
and melts (Boettcher and Wyllie, 1969), and a continuous
dissolution process leaches hydrophile species out of sediments, basalts, and peridotite.
The fluid–melt dichotomy ends at the ‘second critical endpoint’ (Ricci, 1951) of the solidus, where the critical curve,
defined by the (critical) closure points of the fluid–melt miscibility gap, intersects with the fluid-saturated solidus (Figure 9,
inspired from Stalder et al., 2000). At crustal pressures, the large

p0320

miscibility gap between a low-density aqueous fluid and a highdensity hydrous silicate melt leads to ‘fluid’ and ‘melt’ phases
with quite distinct chemical and physical properties (e.g., solubilities and composition, viscosity, compressibility). Nevertheless, with increasing pressure, the solubilities of silicates or
silicate components in fluids and of H2O in silicate melts
both increase, the miscibility gap between classical ‘fluid’ and
‘melt’ shrinks, the critical curve intersects the solidus, and a
chemical continuum between the two extremes – a dry silicate
melt and a pure H2O fluid – is possible (Figure 9). At pressures
above this intersection, that is, the critical endpoint of the
solidus, the phase boundary between fluid and melt no longer
exists, and a single phase field for a supercritical liquid results.
This implies a continuum between the chemical and physical
properties of former melt and fluid, but does not imply that a
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Figure 9 Simplified phase relations at the endpoint of the solidus and the end of the aqueous fluid–hydrous melt dichotomy, where continuum
properties of a supercritical liquid exist. (a) With no hydrous phases stable above the solidus (as applicable for MORB at >3 GPa). (b) With hydrous
phases (H) stable above the solidus (as applicable for pelites where the hydrous phase is phengite). A, anhydrous silicate. As is characteristic of
supercritical liquids, a boundary between a noncritical and a supercritical fluid or melt or liquid cannot be drawn. (c) P–T diagram showing the wet
solidus (red line), the critical curve (green line) that corresponds to the crest of the fluid–melt immiscibility gap, and the fluid-absent solidus for a
hydrous phase (brown line). At low pressures, a broad miscibility gap exists between a hydrous fluid and an H2O-bearing melt. With increasing pressure,
reciprocal solubilities increase, until the immiscibility gap becomes metastable at the wet solidus. At this point, a continuum between fluid-like and
melt-like properties and compositions emerge for all pressures above the soldus’ endpoint. The T–x section on the backside of panels (a) and
(b) gives the continuum curve for pressures above the critical endpoint of the solidus. Fluid-absent melting is not affected by the endpoint, and the
peritectic reaction H ¼ A þ melt is stable at all pressures of (b) and (c). Note that the influence of CO2 on the critical endpoint of the solidus of
natural rock compositions is unknown, but the few available experiments seem to indicate that, in the CO2-only system, carbonatite melts form
between 3–5 and 23 GPa.
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The residue of oceanic crust remaining from this process is
subducted to depths of > 300 km, where it may ultimately
be mechanically mixed with mantle material (Allegre and
Turcotte, 1986). Dixon et al. (2002) deduced from the geochemistry of ocean island basalts, which are widely believed
to contain some recycled oceanic crust in their sources (see
Hofmann, 2012), that dehydration is > 92% efficient during
subduction.
In order to evaluate how much water is subducted to great
depths in the mantle, it is necessary to (i) determine the amount
of H2O stored in peridotite after pressure-induced decomposition of serpentine, and (ii) understand the state of the oceanic
crust at pressures just above the phengite breakdown reaction.
Any oceanic peridotites that pass beyond 220 km depth and any
oceanic crust that passes beyond 300 km depth is unlikely to
liberate a liquid phase within the context of ongoing continuous subduction. Only a few hydrous phases may exist beyond
200 and 300 km depth in peridotite and oceanic crust, respectively, and temperature stabilities for these phases (‘phase A,’
‘phase E,’ and ‘phase D’ in peridotite (Angel et al., 2001; Frost,
1999; Ohtani et al., 2000; Ulmer and Trommsdorff, 1999)
and the hydrous aluminosilicates topaz-OH and ‘phase egg’ in
aluminous sediments( Ono, 1998)) increase faster than any
subduction geotherm, at least to 20 GPa (see Figure 3 in Ohtani,
2005). Furthermore, hydrous phases become much less important at pressures beyond 10 GPa; the volumetrically dominant,
nominally anhydrous phases such as olivine, wadsleyite, garnet, and cpx dissolve considerable amounts of hydrogen at
these pressures, and become the principal hydrogen reservoirs
at greater depths (3000 ppm OH in natural cpx from 6 GPa,
1000  C (Katayama and Nakashima, 2003) up to 3.3 wt% H2O
in wadsleyite (Kohlstedt et al., 1996)).
Whether a significant amount of water is subducted beyond
200 km in peridotitic compositions depends on the exact P–T
path experienced by the slab. As can be seen in Figure 10, any
serpentine-bearing peridotite descending along geotherms that
are cooler than 580  C at 6 GPa (termed the ‘choke point’ by
Kawamoto et al., 1995) will conserve H2O and form ‘phase A’
(and subsequently phases E, B, and D). In oceanic lithosphere
subducting along geotherms that pass between 580  C,
6 GPa and 720  C, 7 GPa, the 10-Å phase forms upon serpentine breakdown (Fumagalli and Poli, 2005; Fumagalli et al.,
2001) and holds 0.6 wt% H2O in the peridotite. Entering the
stability field of ‘phase A’ at greater depths will not lead to
a significant increase in the bulk H2O content of the slab, as
most of the fluid produced from serpentine breakdown would
have already escaped.
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liquid phase with chemical and physical properties otherwise
characteristic of lower pressure silicate melts or fluids may not
exist at pressures beyond the second critical endpoint. The term
‘supercritical fluid’ is not adequate to name the liquid phase at
pressures above the second critical endpoint, as this term is
already used for aqueous/carbonic fluids above the first critical
endpoint (at a few 100 bars and  C), which are already supercritical. We thus adopt the term ‘supercritical liquid.’ Formation
of such a supercritical liquid leads to greater dissolution of
many key (trace) elements than silicate melt itself, and thus
such liquids are effective agents of element transfer from the
subducting crust to the mantle wedge (see Section 321.7).
At conditions of the second critical endpoint, the wet
solidus vanishes, the concept of melting loses its definition,
and solid assemblages continuously dissolve in an initially
volatile-rich but, with increasing temperature, more and more
silicate-rich liquid phase. Pressures for this endpoint have been
determined to between 1 and 13.5 GPa and strongly depend
on the chemical system. However, the exact pressures are still
uncertain because of inherent experimental difficulties in identifying complete liquid miscibility versus two coexisting, but
increasingly similar, liquids. A variety of experimental strategies based on both ex situ (Kennedy et al., 1962; Kessel et al.
2005b; Nakamura and Kushiro, 1974; Paillat et al., 1992;
Stalder et al., 2001) and in situ (Mibe et al., 2007; Shen and
Keppler, 1997) observations have been developed, but none
of these resolve all complexities deriving from the behavior of
solubility and critical curves in multicomponent systems.
In the simple system SiO2–H2O, the second critical endpoint is only at 1 GPa 1100  C (Kennedy et al., 1962); in albite–
H2O, it moves to ca. 1.5 GPa (Stalder et al., 2000); and in
CaO–SiO2–H2O–CO2, it occurs at 3.2 GPa, 500  C (Boettcher
and Wyllie, 1969); however, in the model ultramafic system
MgO–SiO2–H2O (MSH), the solidus terminates at 12 GPa,
1100  C for compositions in olivine–opx (orthopyroxene)–
H2O (Stalder et al., 2001), and at 13.5 GPa for more magnesian
compositions (Melekhova et al., 2007). In MORB, graywackes,
and pelites, the miscibility gap closes somewhere between 5
and 6 GPa (Hermann and Spandler, 2008; Kessel et al., 2005b;
Schmidt et al., 2004). Consequently, up to 5 GPa, a classical
sequence of melting reactions and quenched melts is observed
in experiments on basalts and pelites, whereas at 6 GPa, initially
abundant phengite (in the pelite) becomes less and less abundant until it disappears, and an alkali- and SiO2-rich quench
precipitate becomes more and more abundant at grain boundaries. In the MORB–H2O system, the supercritical liquid near
the critical endpoint contains between 50 and 30 wt% H2O and
resembles a peralkaline granite when recalculated on a volatilefree basis (Kessel et al., 2005b).
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321.4 How Much H2O Subducts into
the Transition Zone?
It is well known that refertilization of the mantle takes place
through transfer of fluids or melts from the subducting lithosphere to the overlying mantle wedge, as described above.
A portion of the elements transferred into the mantle wedge
is partitioned into partial melts, which ultimately produce
arc volcanism and, thus, do not refertilize the deep mantle.
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321.5.1

Devolatilization in Sediments
Pelites þ H2O

While subduction-zone metamorphism leads to a continuous
decrease of H2O stored in MORB, this is not necessarily true
for pelites at pressures upto 2.5–3 GPa. By far the most abundant hydrous minerals in metapelites are the potassic micas,
phengite, and biotite. The amount of H2O stored in micas
(containing 9–10 wt% K2O and 4–4.5 wt% H2O) is easily calculated from the bulk K2O content. Other important hydrous
phases in subduction-zone metapelites are talc, chloritoid, and
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chlorite (see compilation in Poli and Schmidt, 2002). The
stabilities of these minerals strongly depend on XMg, which
varies in oceanic pelagic sediments from 0.2 to 0.8 (e.g.,
Plank, 2012; Plank and Langmuir, 1998). Biotite is generally
expected to transform to garnet þ phengite-bearing assemblages at 2.5–3 GPa (Poli and Schmidt, 2002), but extremely
high bulk XMg values may stabilize biotite to 4 GPa (Hermann,
2002a). By contrast, phengite is stable to 8–9 GPa (Domanik
and Holloway, 1996; Ono, 1998).
The absolute amount of hydrous phases, and therefore the
maximum amount of H2O in metapelites, is strongly controlled by the amount of quartz, which is highly variable in
mica schists. An average of nine metapelites (containing
between 12 and 46 vol% quartz) from the Nome Blueschist
Terrane, Alaska (Thurston, 1985) yields 2.7 wt% H2O stored
in phengite, chlorite, paragonite, epidote, and glaucophane.
The same average bulk composition would contain about
2.0 wt% H2O in the hypothetical assemblage phengite–talc–
chloritoid–lawsonite (þ garnet þ coesite), stable at 3 GPa,
600  C (Chmielowski et al., 2010), and would contain
1.1 wt% H2O where phengite is the only hydrous phase closer
to the solidus. Thus, during subduction from 20 to 80 km
depth, 300 m of mica schist would yield only 2–6% of the
total mass of H2O released from 2 km of underlying, fully
hydrated MORB. These numbers are fairly approximate, as
further experimental work is required to explore the significance of talc, chlorite, and chloritoid in the critical pressure
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range of 2–4 GPa. Nevertheless, metapelites contain generally
less H2O than MORB in a low-pressure blueschist stage, but
more H2O at pressures beyond 2.5 GPa.
Typically, only a few 100 m of sediments may be subducted,
and the quantity of volatiles stored in pelites is small when
compared to MORB and serpentinized peridotite. The importance of pelites to subduction-zone geochemistry lies in their
relatively high concentration of K2O and other highly incompatible minor and trace elements, which may be concentrated
in accessory phases (typically rutile, allanite, zircon, phosphates, ellenbergerite (Klimm et al., 2008)). Thus, sediments
can impart a strong enrichment of incompatible trace elements
to slab fluids or melts, which is quite distinct from that derived
from the igneous oceanic crust (Plank, 2012). For example, if
present, allanite (an LREE-enriched epidote that may be residual during melting) contains more than 90% of the whole rock
LREE and Th; rutile contains more than 95% of Ti, Nb, and Ta;
zircon contains 95% of the whole rock Zr and Hf; and phengite, at a modal abundance of 20–35%, incorporates more
than 95% of the bulk rock Rb, Ba, and Cs (see also Hermann,
2002b). Finally, as discussed above, pelites may strongly impact melting, because carbonate-free pelites have the lowest
melting temperature of all subducted lithologies at subarc
conditions, and experience the highest temperatures within
the subducting oceanic crust.
Like metabasalts, the solidus of wet pelites ends between
5 and 6 GPa (Schmidt et al., 2004). At high pressures, the solvus
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Graywackes and Volcanoclastic Sediments

p0370

Graywackes and volcanoclastic sediments of andesitic to dacitic composition are a significant component of sedimentary
columns at trenches (Plank, 2012; Plank and Langmuir, 1998).
Phase diagrams of graywackes and andesites (Schmidt, 1993;
Vielzeuf and Montel, 1994) suggest that, for our present purpose, these systems can be viewed as being intermediate
between pelites and MORB. The typically 1–3 wt% K2O in
graywackes and volcanoclastic sediments of intermediate composition lead to abundant micas (phengite or biotite) and,
thus, they experience reactions and have phases similar to
those in pelites. On the other hand, CaO contents are significant enough for the formation of amphibole and zoisite, thus
leading to phases and reactions similar to those in intrinsically
CaO-rich MORB. Obviously, compared to MORB and pelites,
reactions are shifted in the P–T space because of different
phase compositions. Furthermore, the proportions of phases
are highly variable.
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metasediments (Grassi and Schmidt, 2011a,b; Tsuno and
Dasgupta, 2011). In the subsolidus, aragonite þ magnesite
replace the ternary ankeritic calcite at 5–6.5 GPa. Both calculations (Kerrick and Connolly, 1998, 2001a,b) and experiments
(Thomsen and Schmidt, 2008b) show that, at low to intermediate temperatures (up to 800  C at 4 GPa), a very small
amount of CO2 saturates the system in carbonate, and fluids
are buffered to compositions with 10 mol% CO2, with CO2
fractions decreasing with increasing pressure.
As XCO2’s are low in fluids produced from carbonated
lithologies during subduction-zone metamorphism, the only
efficient decarbonation processes are either flushing with aqueous fluids from below or melting at relatively high temperatures. A scenario describing decarbonation reactions caused
by fluid infiltration during subduction would be a layer of
carbonaceous sediment overlying hydrated oceanic lithosphere. At any time, the metacarbonate would probably contain a very small amount of equilibrated fluid having 5–15 mol%
CO2 at depths beyond 60 km (the exact CO2 fraction depending on pressure and temperature (Gorman et al., 2006; Kerrick
and Connolly, 2001a,b; Molina and Poli, 2000; Poli et al.,
2009)). Aqueous fluid produced in serpentine and basalt
below the carbonate layer will migrate upward, replacing the
CO2-bearing fluid, and then will locally equilibrate, that is,
consume carbonate, in order to increase the CO2 content in
the fluid. If the aqueous fluid passes pervasively through a
carbonated sediment or limestone, the entire carbonate layer
may eventually dissolve, and the fluid migrating into the
wedge may transport significant quantities of CO2 over time.

P

between fluid and melt closes and a chemical continuum is
realized (Figure 9). Estimates of the amount of solute in such
liquids above 6–7 GPa range from 50 to 70 wt% (a molar H2O:
K2O ratio slightly above 1 is, in fact, sufficient for completely
dissolving micas), which is close to the solubility of H2O in
water-saturated melts near 3 GPa. Due to the high solubility
of K2O (and probably other components that are less soluble
at low pressures), it is expected that only a small part of
the subducted potassium and related trace elements would
reach great depths. A large portion of the potassium is likely
to be transferred to the overlying mantle wedge, where, in a
MgO-rich, SiO2-poor chemical environment, phlogopite or
K-richterite (potassic amphibole) may reprecipitate (Konzett
and Ulmer, 1999; Sudo and Tatsumi, 1990; Trnnes, 2002)
and then be dragged to greater depths in the mantle directly
overlying the subducted slab. The potassium remaining in the
oceanic crust after dehydration and leaching is stored in
the anhydrous phase K-hollandite (KAlSi3O8), which is stable
to > 25 GPa (Grassi and Schmidt, 2011a).
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321.5.3

Carbonated Pelites

p0375

The subducted mass of H2O in most subduction zones is much
larger than that of CO2, and at many trenches, the sediments
do not contain much carbonate (Rea and Ruff, 1996). Neartrench sediment columns have molar CO2:H2O ratios mostly
below 1:3, and a ratio above 1:1 was only found along the
middle-American to Peruvian margin (Plank and Langmuir,
1998; Rea and Ruff, 1996; compiled in Poli and Schmidt,
2002). For a more detailed understanding of fluid-producing
processes, it is necessary to evaluate the effect of CO2 on
hydrous and carbonate phase stabilities, on fluid and meltforming reactions, and on melt and fluid compositions.
Somewhat different from metabasalts, the succession of
carbonate minerals in carbonated pelites is expected to be
ankeritic calcite ! aragonite þ magnesite with increasing pressure (Figure 7(b)). The calcite–dolomite solvus on the high
XMg side of the Ca–Mg–Fe ternary (relevant for peridotites and
MORB) is closed at the low XMg side (Franzolin et al., 2011),
and, thus, a ternary carbonate is generally present in Fe-rich
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321.5.4 High-Pressure Melting Systematics
of Sediments and MORB

s0115

In some subduction zones, melting of the downgoing oceanic
crust might be achieved at pressures above amphibole and
biotite stability (> 3 GPa). In order to understand which lithologies might melt under high-pressure conditions, it is necessary to compare the melting relations of sediments and MORB
under the various fluid-availability conditions. The lowest
melting temperatures (at > 3 GPa) are achieved for the assemblage phengite þ jadeitic cpx þ coesite þ aqueous fluid, that
is, 700  C at 3 GPa and 800  C at 4.5 GPa (Hermann and
Spandler, 2008). Pelitic sediments are highly variable in composition and, apart from fluid availability, melt productivity
depends on how closely the bulk sediment composition plots
to the peritectic phengite:coesite:cpx ratio. Within 50  C above
the solidus, typical melt fractions of 20–40% are achieved in
experiments at 7 wt% bulk H2O, while small H2O excesses
of 1–2 wt% yield only 10–15% melt (Figure 8, and references
therein).
Melting temperatures for K-rich MORB, graywackes,
and pelites remain very similar, as long as the phengite þ
coesite þ cpx assemblage is present (Schmidt et al., 2004). The
wet MORB solidus is situated 20–50  C above the wet pelite
solidus (Figure 7(a) and 7(b)). All three lithologies melt to
produce siliceous granites, which become increasingly potassic
with pressure as residual cpx becomes increasingly more abundant and jadeitic (Schmidt et al., 2004). Any carbonate addition results in the presence of ankeritic calcite in the sediments
and, in case of fluid saturation, a mixed H2O–CO2 fluid phase.
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Unfortunately, experiments determining the fluid-saturated
solidus for a mixed C–O–H fluid are not yet available. It is
speculated that the addition of carbonates to the system
causes only a small increase in melting temperatures: XCO2 in
the fluid, which increases the solidus temperature, remains low
at > 3 GPa, but CO2 solubilities in silicate melt, which decrease
the solidus temperature, become significant. Thus, these effects
may almost cancel out.
An interesting feature of melting at pressures above 3 GPa
arises from the fact that MORB (Okamoto and Maruyama,
1999; Schmidt, 1996), pelites (Domanik and Holloway, 1996;
Ono, 1998), and also intermediate andesite (Poli and Schmidt,
1995), graywacke (Schmidt et al., 2004) and continental crust
compositions, (Hermann and Green, 2001) all contain garnet,
cpx, phengite, and coesite (Schmidt et al., 2004). Peraluminous
graywackes and pelites also have kyanite. Thus, all the lithologies
of the oceanic crust contain the same assemblage, and fluidsaturated melting occurs through the identical reaction
phengiteþ cpx þ coesiteþ H2O ¼ melt  garnet. If a significant
amount of free water is not available, only minor melting might
occur at the wet solidus, and the production of major melt
fractions occurs only through phengite þ cpxþ coesite ¼
garnetþ melt  kyanite. This reaction takes place about 150–
200  C above the wet solidus (at 3 to at least 5 GPa) and leads
to 20–30 wt% melt in the metasediments, and to a few percent
melt in the mafic rocks (dependent on the bulk K2O content,
Figure 8). In MORB, phengite is immediately consumed upon
melting, and the temperature must rise by > 100  C to significantly increase melt fractions through the reaction cpx ¼ garnet þ melt (25–30% melt). Nevertheless, temperatures necessary
for these high-pressure melting reactions are high and unrealistic
at the slab–mantle interface (for discussion see Section 321.8).
At truly fluid-absent conditions, melting temperatures for the
assemblages phengite þ jadeiteþ coesite, phengite þ calcite þ
jadeite þ coesite, and K-feldspar þ calcite þ jadeiteþ coesite become exceedingly high: 910–960  C at 3 GPa and 1030–1100  C
at 4.5 GPa (Thomsen and Schmidt, 2008a; Tsuno and Dasgupta,
2011). As might be expected, the H2Oþ CO2-bearing fluid-absent
system with phengite þ calcite melts at lower temperatures than
the H2O-free, CO2-bearing system with Kfsp þ calcite. The fluidabsent solidus in the H2O-only system, with phengite as the
only volatile-bearing phase, has not been determined yet. It is
approximated indirectly from other experiments in Figure7(b)
(Irifune et al., 1994; Ono, 1998). The temperatures necessary for
fluid-absent melting, for any combination of H2O and CO2 as
volatiles, are not predicted by any model for the slab surface. Thus,
fluid-absent sediment melting is not expected to occur, unless
cold diapirs involving metasedimentary material rise from the
slab surface into the mantle wedge (Gerya and Yuen, 2003; see
discussion below).
An interesting feature of CO2 þ H2O-bearing carbonated
sediments occurs at 5 GPa, when the solidus reaction yielding
a phonolitic silicate melt changes to one that yields an alkalirich carbonate melt (Figures 7(b) and 11). The high-pressure
solidi at > 5 GPa (with or without H2O), which lead to carbonate melts, have negative slopes in the P–T space for both
the H2O-bearing and H2O-free systems (Grassi and Schmidt,
2011a,b). Thus, they could be intersected by hot slab P–T paths
(Figure 7(b)). Such alkali-rich carbonatites from carbonated
pelites would form between 6 and 9 GPa, that is, beyond the

Silicate melt + CO2
3

1100⬚ C

Sil. melt
+
phengite

Sil. melt
+ carbonate

P

Carbonate
+
CO2

880 ⬚C

Phen + carbonate

(GPa)
2

Phengite

Carbonate

CO2

X
Figure 11 PTx-block diagram visualizing the change from a
silicate to a carbonate melt solidus, and the miscibility gap
between these two melts for sedimentary systems (following
Schmidt and Grassi, 2011a). Projected from quartz, kyanite,
jadeite, and garnet. To 5 GPa, the solidus of a carbonated pelite
(brown line) yields a silicate melt that is suddenly replaced by a
carbonate melt at >5 GPa. Between 3.5 and 5 GPa, a
silicate–carbonate immiscibility gap appears (ochre brown line).
The intersection of this immiscibility gap with the solidus causes
the sudden jump (in x, thus not visible in Figure 7(b), brown lines).
Note that only the phase relations close to the solidus are well
known. The melting of carbonates in this system is drawn such
that a melt þ fluid phase results (as indicated by experimental
studies observing equilibrium bubbles in the melt of such
systems, Thomsen and Schmidt, 2008a, b; Tsuno and Dasgupta,
2011). The carbonate melt could well dissolve more CO2
than necessary for stoichiometric carbonate, as indicated
at higher T in this diagram. For subduction zones,
melting in this system could occur only at >5 GPa, where
the carbonate solidus has a strongly negative P–T slope and
could intersect warm P–T paths at depths beyond the subarc
region (compare to Figure 7).
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the oceanic crust. The degree of serpentinization in this layer is
difficult to quantify because it is highly variable both on a
regional and local scale, as distinctly localized hydrothermal
systems near the ridge and transform faults of all dimensions
are the primary sites of hydration. Hydration has also been
suggested to occur in extensional faults that parallel the trench
and are caused by bending of the subducting plate at the onset
of subduction (Peacock, 2001). Our best estimate is an average
of 20% serpentinization to a few kilometers’ depth (Schmidt
and Poli, 1998). Although there might be some localized
serpentinization along faults much deeper in the oceanic lithosphere, large-scale serpentinization and the resulting lowdensity peridotite (2.3–2.5 g cm3) would cause a buoyancy
problem during subduction.
While a number of reactions at intermediate to elevated
temperatures are important for hydration of peridotite in
the overlying mantle wedge directly adjacent to the top of
the oceanic crust (Figure 10), almost any subduction P–T
path will keep the slab in the serpentine stability field to at
least > 2 GPa (Ulmer and Trommsdorff, 1995). As a consequence, hydrated peridotite in the downgoing lithosphere
will contain serpentine and chlorite (þ olivine þ cpx), while a
multitude of reactions are taking place in the oceanic crust
above. The serpentinized peridotite layer of the oceanic lithosphere will not produce any significant fluid to pressures of
3–6 GPa, at which, depending on temperature, serpentine
breakdown may occur (Figure 10). The H2O contents of
Figure 10 are calculated for average harzburgite. However,
oceanic alteration not only adds H2O but also removes MgO.
Peridotite sitting just above the slab surface experiences metasomatism by fluids that derived or passed through generally
quartz- or coesite-saturated sediments and MORB, and, thus,
these fluids are most likely somewhat SiO2-enriched. If the
MgO/(MgO þ SiO2) ratio in the peridotite is shifted from between olivine and serpentine to a value between serpentine and
talc, then talc stabilizes to higher pressures (talc þ serpentine
reaction; Bailey and Holloway, 2000; Ulmer and Trommsdorff,
1999). In monomineralic veins, talc might persist to its maximum pressure stability limit at 4.5–5.0 GPa (Pawley and Wood,
1995). Potassium addition and formation of phlogopite has
long been considered a feature of fluid-related metasomatism
in mantle wedge peridotites (Sekine and Wyllie, 1982; Wyllie
and Sekine, 1982). Fumagalli et al. (2009) have shown that the
mineral chemistry of phlogopite can be highly variable at very
high pressures and temperatures below 900  C. The ‘talc/10-Å
phase’ substitution ([v]SiAl1K1) promotes increased modal
proportions of a ‘potassium-deficient’ phlogopite beyond the
stability of talc (Figure 4(b)), and therefore H2O transfer in
wedge peridotite that is dragged downward by the slab. The
transformation of phlogopite to K-richterite, an amphibole
with a K/OH ratio very similar to phlogopite, at >6 GPa
(Konzett and Ulmer, 1999) is responsible for further H2O
fixation in the solid, for limited fluid release, and for inhibition
of melting in this setting.
With respect to the subducting lithospheric peridotite, subduction zones can be divided into two types: those with hotter
geotherms where the serpentine-out reaction overstepped
below 6 GPa (and major dehydration of serpentinized peridotite occurs), and those with cooler geotherms where the
serpentine stability boundary is overstepped at > 6 GPa.

E

L

S
E

V

IE

p0425

R

F

IR

S

p0420

subarc pressure range. Due to their low viscosity and good
wetting properties, these carbonatite melts are expected to
travel into the mantle, but probably enter into a larger mantle
cycle than represented by the subduction system.
In order to achieve flush melting of the sediments, a concomitant dehydration within the underlying hydrated layers
(MORB þ ultramafics) is required. This scenario requires a very
particular thermal regime: first, the sediments have to pass
through the temperature range of 700–800  C at 3.0–4.0 GPa
(subarc region) and, second, the temperature within the lower
part of the oceanic crust and serpentinized mantle must be
high enough to provide a significant quantity of fluid via lawsonite (MORB) or antigorite or chlorite breakdown reactions
(peridotite). Within the temperature range where flush melting
occurs in the sediments, in a ‘normal’ temperature gradient
within the slab (i.e., temperatures decreasing with depth in
the oceanic crust by almost 200  C within 10 km, see Figure 6
in Arcay et al., 2007), mafic eclogites would retain H2O in
lawsonite and serpentinized peridotites would remain in the
chlorite þ serpentine stability field and, thus, not produce any
fluid. For the same reason, flush melting of MORB near the wet
solidus by fluids derived from underlying serpentinite is improbable in the depth range of interest (compare with Figure 1,
see Syracuse et al., 2010). Warmer regimes, where extensive
dehydration of serpentinite promotes fluid flow, are therefore
expected to result in (unrealistic) sediment melting at forearc
conditions.
The combined conditions necessary for significant flush
melting to occur might well be realized in some subduction
zones; however, the large range of calculated P–T paths demonstrates that realization of these conditions will not be the
general case, and that it is not expected for most of the fast
subduction zones that dominate the Pacific rim. For these,
thermal models predict temperatures too low for melting in
the 3–4 GPa depth range (Gerya et al., 2002; Kincaid and Sacks,
1997; Syracuse et al., 2010).
Fluid-absent melting at lower pressure conditions, involving biotite in sediments or amphibole in MORB, produces
melts with distinct compositions at different P–T conditions
(Figure 7), with different pressure dependencies of the melting
reactions. The amphibole-melting reaction bends strongly
backward around 2 GPa and, near the solidus, amphibole
disappears at 2.4 GPa (Figure 7(a)). In MORB, epidote/zoisite
remains stable at the solidus to 3 GPa, allowing for minor
fluid-absent melting up to these pressures. Any fluid-absent
but H2O-present melting in MORB at higher pressures depends
on the K2O content of MORB and the related presence of
minor biotite/phengite. In average metapelites and graywackes, biotite is completely replaced by phengite around
2.5–2.8 GPa (Auzanneau et al., 2006; Vielzeuf and Schmidt,
2001), but at high Mg/(Mg þ Fe), biotite stability extends
to 4 GPa (Hermann, 2002a).
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Serpentinized Peridotite
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The serpentinized peridotite layer that lies just below the igneous oceanic crust (and is often brought to the surface in
slow-spreading oceans such as the Atlantic) constitutes a H2O
reservoir in the subducted lithosphere comparative in mass to
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Furthermore, if chlorite would occur on the wet solidus,
fluid-absent melting of chlorite must exist. No evidence for this
is observed either in nature or in the MgO–Al2O3–SiO2–H2O
system. Nevertheless, addition of CaO and/or FeO might shift
the solidus and, thus, intersection of the chlorite þ cpx/opx
stability field with the solidus may occur in the CFMASH
system. Such a possibility should be experimentally explored.
We further note that an 800  C solidus of peridotite would
lead to melting in orogenic peridotites metamorphosed to granulite facies, such as Beni-Bousera (Kornprobst, 1969) and/or
peridotite bodies in the Western Gneiss Region (Norway)
(Carswell and van Roermund, 2005), and that such melting
has not yet been described.
Addition of carbonates, as in ophicarbonate breccias, is not
expected to alter significantly the picture described above
at temperatures below 950  C, although the details of phase
relationships for the H2O þ CO2-present solidus are still debated (Olafsson and Eggler, 1983; Tumiati et al., 2009; Wallace
and Green, 1988).

P

321.7 Implications for Trace Elements and an
Integrated View of the Oceanic Lithosphere

s0125
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321.7.1 Mobile Phase Production and Trace
Element Transfer

s0130

Devolatilization of the oceanic crust is a process that combines
continuous and discontinuous reactions in a variety of heterogeneous bulk compositions. In addition, within a vertical
column, the sedimentary, mafic, and serpentinized peridotite
layers, all experience a significant thermal gradient. The result
is a continuous, but not constant, production of a fluid or melt,
with the rate of mobile phase production generally decreasing
with depth. Peaks in the volatile flux result from significant
discontinuous reactions. However, despite the continuous
fluid flux, trace elements may not necessarily be released
continuously.
All dehydration reactions in oceanic lithosphere take place
at temperatures where diffusion rates in most minerals are
insignificant compared to the available time span for fluid
production in subduction zones. Thus, in terms of trace

p0475

T

Trace elements and isotopes such as 10Be, B, Li, Ba, Cs, and
elements of the U–Th series provide important information on
element transfer processes in arcs and are reviewed in Morris
and Ryan (2012), Kelemen et al. (2012), and Plank (2012).
Such studies may allow one to distinguish between a sediment
and an altered MORB signal in island arc volcanic rocks
(Morris et al., 1990) to deduce across-arc variations as a function of slab depth (Ishikawa and Nakamura, 1994; Moriguti
and Nakamura, 1998; Ryan et al., 1995), yield time constraints
on element transfer (Sigmarsson et al., 1990; see Turner et al.,
2003; for review), and might allow a distinction between
dehydration and melting processes (Martin et al., 2005;
Sigmarsson et al., 1998). On the other hand, the correct interpretation of trace element concentrations and their spatial
distributions rely on major element phase relations and on
the understanding of the nature and quantity of the mobile
phase, as discussed in this chapter.
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As discussed above, almost no fluid production is expected when
serpentine reacts directly to ‘phase A’ (see Figure 10) and the
H2O stored in the hydrated peridotite subducts deeply. By contrast, if the stabilities of serpentine and ‘phase A’ do not overlap
along a given slab geotherm, a significant flushing zone (over
20–30 km depth) is expected due to the reactions: serpentine–
chlorite peridotite ! chlorite peridotite ! anhydrous garnet
peridotite. The width of such a zone is controlled by the stability
of chlorite, which is stable at least 100  C higher than serpentine
in complex systems approaching natural rocks (Fumagalli and
Poli, 2005). Up to 3.5 GPa, chromium appears to enlarge the
temperature stability of chlorite (Grove et al., 2006), although
the roles of chlorite and the wet peridotite solidus are still heavily
debated (Figure 10; see below).
The above dehydration sequence changes along a cooler
P–T path, producing the succession serpentine ! 10-Å
phase ! ‘phase A’ (Dvir et al., 2011; Fumagalli and Poli, 2005).
In this case, a moderate amount (max. 0.8 wt%) of H2O subducts
to great depth, while > 75% of the initially subducted H2O of
the serpentinized peridotite is lost via dehydration.
In a number of arcs (NE Japan–Kuriles–Kamchatka,
Aleutians, N. Chile), the so-called double seismic zones are
observed. Whereas the upper seismic zone is located within the
oceanic crust, it has been suggested (Peacock, 2001; Seno and
Yamanaka, 1996) that the lower seismic zone corresponds to
the limit of serpentine stability in the lower part of the oceanic
lithosphere (see Figure 10). Lower seismic zone earthquakes
are triggered by reactivation of ancient faults due to fluid
saturation, where the fluids derive from serpentine or, in
some cases, chlorite dehydration (Dorbath et al., 2008).
It has recently been suggested that the wet solidus of peridotite occurs at temperatures sufficiently low to intersect chlorite stability at subarc depths (Grove et al., 2006). As a result,
flush hydration and melting of the hanging mantle wall of
the slab has been proposed as a possible mechanism for the
production of arc magmas (Grove et al., 2006). However,
discrepancies in experimental determination of the wet peridotite solidus at 2.0–3.5 GPa are dramatic and amount to
300  C (Fumagalli et al., 2009; Green, 1973; Green et al.,
2010; Grove et al., 2006; Kawamoto and Holloway, 1997;
Kushiro, 1970; Kushiro et al., 1968; Millholen et al., 1974;
Mysen and Boettcher, 1975). Such differences in the location
of the solidus correlate with differences in the pressure stability
of pargasitic amphibole, which is 1.8 GPa for Grove et al.
(2006) and 3.0 GPa for Niida and Green (1999) and Fumagalli
et al. (2009). Differences are even more extreme at higher
pressures. At 6 GPa, Till and Grove (2010) suggested the occurrence of a wet solidus for peridotite at 810  C, whereas Green
et al. (2010) found the wet solidus at 1370  C. Green et al.
(2010) suggested that these discrepancies could be mostly
ascribed to the amount of H2O added to the run charge, to
Na partitioning into the fluid phase, and to the interpretation
of the amorphous quench phase found in the experimental
charges. This phase has been variably interpreted as a melt or a
precipitate from a solute-rich high-pressure fluid. However,
as discussed in the context of the critical endpoint of the
solidus, a reliable determination of the physical state(s) of
the liquid (melt, fluid, or both, or supercritical liquid) cannot
be obtained from textural observation of interstitial quench
products from H2O-rich melts or solute-rich fluids.
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element partitioning, it is necessary to distinguish between
the mineral mode in a given bulk composition and the
reactive volume, which will be much smaller. For example,
an altered MORB at 4 GPa, 700  C has 48 vol% garnet, 39 vol%
cpx, 5 vol% lawsonite, 2 vol% phengite, and 6 vol% coesite.
The breakdown of lawsonite can be modeled via the reaction
lawsonite þ cpx þ garnet1 ¼ garnet2 (grossular enriched) þ
H2O, which produces about 8 vol% garnet in the rock
(Schmidt and Poli, 1998). The garnet that grows from the
breakdown of lawsonite is in equilibrium with the fluid,
while the preexisting garnet is not. Diffusion rates at 700  C
for garnet and cpx are so slow that, in the available time span
(several tens of thousands of years, based on radioactive disequilibrium, see review by Turner et al., 2003), the volumes of
the nonreacting garnet and cpx affected by diffusion are negligible (< 0.1 vol%). Thus, the trace elements formerly residing

in lawsonite and the 3 vol% of cpx that decompose with
lawsonite are redistributed between the newly formed garnet
and fluid. More than 85 vol% of the rock remains unequilibrated and, thus, cannot be included when calculating geochemical residua or trace element contents of the fluid. As a
consequence of slow solid-state diffusion, in most cases, the
only elements that may be mobilized are those hosted in minerals that decompose, and it is necessary to quantify the trace
element redistribution among the minerals in subduction-zone
lithologies (Figure 12).
The following cases may be distinguished:
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Highly soluble elements (e.g., B, Cs, or Rb; Ryan et al.,
1995; Figure 13) where the mineral/fluid partition coefficient is 1. The concentration of such elements may continuously decrease in the fluid with increasing depth.
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Figure 12 Distribution of Be, B, Rb, Sr, Y, Ce, and Ba between minerals of average MORB and pelite in blueschist and eclogite facies (assuming
representative mineral modes for natural blueschists and experimental epidote-eclogite; trace element concentration data mostly from Domanik et al.,
1993). At subsolidus temperatures, diffusive equilibration is ineffective (except for micas) and the equilibrating volume that needs to be taken into
account for trace element modeling is defined by the reacting minerals. Thus, a given trace element equilibrates with the fluid only when its host phase(s)
break(s) down.
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Elements that partition strongly into mica (e.g., Ba and, to
some extent, Be in the sediments). As mica dissolves with
increasing depth and temperature, these elements enter
into the fluid only at greater depth, its flux at low temperature and pressure being small.
Elements that strongly partition into cpx or garnet (HREE)
or into accessory minerals that are stable during devolatilization (e.g., rutile, zircon, monazite, allanite; Hermann and
Rubatto, 2009; Klimm et al., 2008). Such elements will
be returned to replenish the deep mantle trace element
reservoir.

The layered structure of oceanic lithosphere originating from
fast-spreading ridges, combined with temperature gradients
within the subducting lithosphere, defines the relationship
between the amount and depth range of fluids and/or melts
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Figure 13 Liquid/solid residue partition coefficients for fluid/MORB (blue diamonds), melt/MORB (red diamonds and red array), supercritical liquid/
MORB (green array), and melt/pelite (gray array). In all cases, the residue is composed of garnet þ cpx  quartz/coesite with rutile þ epidote/allanite
for the gray melt/MORB field, and with phengite þ ilmenite þ rutile for the red melt/pelite field. Data from Kessel et al. (2005a) – K05: diamonds
and green array, Klimm et al. (2008) – K08: red array, and Skora and Blundy (2010) – SB10: gray array.
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321.7.2 Integrating Fluid Flux over the Entire Subducted
Oceanic Crust: An Example
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Concentrations might already be very low in fluids produced at moderate depths due to the effective removal
from the subducting crust at shallow levels. Such behavior
is also expected for any salt that is present in the altered
oceanic crust.
Elements with partition coefficients close to 1 (e.g., Be;
Marschall et al., 2007). In this case, the concentration in
the fluid does not change as subduction progresses
(Figure 13).
Elements that partition strongly into a particular hydrous
phase (e.g., La, Ce, Sr into lawsonite or epidote, the latter
also hosting most of the Th, Figure 6) and have only
moderate to low cpx/fluid and gar/fluid partition coefficients. These elements will quantitatively enter into the
fluid at the breakdown reaction(s) of the given mineral,
and cause a pulse in their concentrations that is not at all
proportional to the fluid flux. The transfer of such elements
to the mantle wedge is much more effective than in a bulk
equilibrium situation.
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321.8.1 Predicting Element Transfer and the
Role of Sediments
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This chapter is a plea for geocomplexity (Holloway, pers.
comm.). Petrology provides a geochemical toolbox that contains mineral phases and reactions, which produce mobile
phases that have well-defined major and trace element characteristics. For each type of subduction zone, a few ingredients
have to be chosen from this toolbox, ultimately leading to
different mechanical properties of the rock volumes under
consideration and to distinct chemical characteristics of the
mobile phase as a function of lithological input and P–T paths.
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Natural processes, that is, heterogeneous bulk compositions,
heterogeneous volatile distribution, equilibrium on different
scales, and kinetic effects, give rise to complexities in individual
subduction zones. Nevertheless, there is no reason for pessimism. Today, the dehydration and decarbonation behaviors
of the two volumetrically predominant lithologies, basalt and
peridotite, are fairly predictable. The resulting mobile component then has a sediment signal added. This signal can be
predicted when the composition of the subducting column of
sediments and the temperatures to which these sediments are
exposed are well known. There is geochemical evidence for a
correlation between the subducted sediment composition and
the ‘sediment signal’ in arc magmas (e.g., Morris and Ryan,
2003; Plank, 2012; Plank and Langmuir, 1993; Turner et al.,
2003). Nevertheless, the temperatures necessary for effective
extraction of trace elements from sediments are very much
under discussion.
Traditionally, petrologists, geochemists, and modelers have
always liked clear and sharp boundaries between the subducting plate and the overlying mantle wedge. Nevertheless,
this need not be so, and an interesting class of models (Gerya
and Yuen, 2003) removes this conceptual boundary (see also
Figure 3), allowing for sediment diapirs rising into the mantle
wedge. Moving crustal material into the mantle wedge leads to
temperatures characteristic for the mantle, thus enabling largedegree melting in such diapirs. Behn et al. (2011) argue, on the
basis of natural metapelites, that the mobility of trace elements
that are characteristic of sediments (Th, Be, Nd, Pb) is negligible until temperatures of 1050  C are reached. Thus, even if the
slab surface temperature might slightly exceed temperatures of
the fluid-saturated solidus of sediments, a different mechanism
to achieve high temperatures would be needed, making the
case for sediment-containing diapirs into the mantle wedge.
The rise of such diapirs would be facilitated through partial
melting, as long as the melts do not escape.

P

generated by devolatilization in the sedimentary and mafic
layers and fluids generated from the ultramafic layer. The
interdependence between sediment and MORB melting and
dehydration in serpentinized peridotite was illustrated in
Section 321.3.3. Here, an example of the effects on trace element transfer as a function of fluid to rock ratios is illustrated.
The layered structure of the oceanic lithosphere may cause the
fluid to rock ratio in the sedimentary layer to be greater than 1
(as fluids from the underlying mafic and peridotitic layers must
rise through the sediments). Thus, some of the trace elements
commonly considered to be efficiently mobilized only by melts
(e.g., Be, Th) could also be quite effectively mobilized by fluids,
if the entire subducted lithosphere is considered.
An apparent contradiction was put forward to argue for
melting of sediments contemporaneously with dehydration
of MORB. It was estimated that >30–40% of the subducted
Be and Th, which are strongly enriched in sediments, are
recycled into the mantle and extracted via arc volcanism
(Johnson and Plank, 1999, and references therein). At the
same time, B, which is strongly enriched in altered MORB,
and U appear to be effectively recycled into arc magmas by
fluids. Based on bulk partition coefficients xtl/fluidD of 2–4.8
and xtl/meltD of 0.7–1.5 for Be and Th, Johnson and Plank
(1999) argued that recycling of >30–40% is possible only
when sediments melt, while MORB dehydrates (mobilizing B
and U). It was then shown by thermal modeling that such a
temperature distribution is possible (van Keken et al., 2002).
However, this scenario treats sediments, MORB, and hydrated
peridotite as independent systems. Considering that the bulk
partition coefficients for Be and Th are not extremely high, that
is, <2–5, that most of the Be partitions into phengite, and that
phengite is the only phase where diffusive reequilibration at
subsolidus temperatures is possible, it follows that an elevated
fluid to rock ratio can dissolve >80% of the Be (and probably
Th) in the sediments if pervasive fluid infiltration from the
lower layers occurs. Employing the above partition coefficients,
the fluid produced from MORB dehydration below 3 GPa
would be sufficient for leaching 60% of Be (and possibly Th)
out of 200 m of pelagic sediments. Thus, sufficient Be could be
mobilized before typical melting depths are reached. This estimate is conservative in that partition coefficients for relatively
low-pressure fluids are employed. Solute-rich, high-pressure
fluids and continuous dissolution of phengite would greatly
facilitate the transfer of Be to the mantle wedge and, in fact,
significant mobilization of Be could simply be taken as evidence that micas dissolve away in a dissolution regime.
Finally, trace element transport by supercritical solute-rich
liquids is more efficient than by silicate melts: a comparison of
liquid/bulk residue partition coefficients (Figure 13) for fluids,
silicate melts, and supercritical liquids (Kessel et al., 2005a;
Klimm et al., 2008; Skora and Blundy 2010) demonstrates that
liquid/residue partition coefficients of supercritical liquids are
greater than for melts, which in turn are greater than for fluids.
Unfortunately, full sets of mineral/liquid partition coefficients
that allow calculation of liquid/bulk residue partition coefficients are rare and, thus, the comparison of Figure 13 is limited
to few datasets. The partition coefficients express a somewhat
relative mobility of characteristic elements, which has to be
modified considering the reactive volumes and limited bulk
equilibration during devolatilization.
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The Formation of the Volcanic Arc

The complexity of natural processes in subducting slabs is
reflected by the complex distribution of volcanic emissions
in subduction zones. First, it should be emphasized that only
69% of modern subduction zones on Earth (totaling 40 900 km
trench length; Schmidt and Poli, 2003) show active volcanism
in the Quaternary. The rest (18 500 km) are not volcanic
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because of either unfavorable thermomechanical environments (e.g., flat slabs, initiation of subduction, etc.) or possibly
the lack of a sufficient amount of volatiles released at depths
where melting could take place.
Even though we believe there is no straightforward relationship between the location of fluid release in the slab and
volcanic emissions, the variability of reaction patterns illustrated in this chapter is recorded by a large variability in the
distribution of volcanic arcs on Earth’s surface (Figure 14, see
also England et al., 2004). The spatial onset of volcanism,
the arc, is probably primarily controlled by the thermal structure
in the mantle wedge, that is, when a sufficient thickness and
convection intensity in the mantle wedge is reached in order to
allow temperatures necessary for the formation of primitive
arc magmas (Kushiro, 1987; Schmidt and Poli, 1998). The
depth of the slab below the volcanic front was often regarded
as a relevant parameter to characterize petrologic processes
occurring in subduction zones (Gill, 1981; Tatsumi, 1986).
This parameter has often been expressed as single values with
some sort of standard deviation (128  38 km (Gill, 1981),
110  38 km (Tatsumi, 1986), 108  14 km (trench-side
chain), 173  12 km (backarc-side chain) Tatsumi and Eggins,
1995) on the basis of a fairly arbitrary ‘volcano counting’ in
selected arcs. On the contrary, our compilation (Schmidt and
Poli, 2003) is based on the available slab surface tomographies
and on the spatial extent of volcanic activity and shows that,
although some maximum is found at 100 km depth, a continuum in the ‘depth of the slab surface below the volcanic
front’ is observed (Figure 14(a) and 14(b)). Again, despite the
fact that a majority of volcanic arcs are fairly well focused on
the surface (< 50 km wide), volcanic activity across more than
100 km of arc width is not unusual (Figure 14(c)). Such an
arc width corresponds to a comparative depth range of the
slab surface.
As a first-order observation, the ‘depth of the slab below the
arc front’ has a clear distribution maximum in the histogram
for continental arcs, while such a maximum is absent in that
for intraoceanic arcs. This somewhat surprising observation
suggests that the crust of the overriding plate may play an
important role in the focusing of melts from the mantle
wedge. In fact, in some continental arcs (e.g., Sumatra, the
Southern Volcanic Zone in the Andes, Figure 15), a narrow
volcanic arc is the result of virtually all volcanoes being situated
on a major fault oriented subparallel to the trench. In such
a case, it appears likely that the volcano distribution is not
directly related to processes taking place below the lithosphere
of the overriding plate.
For many decades, a correlation between petrological and
geochemical processes at depth and geometric subduction parameters (convergence or burying velocity, slab dip, etc.) was
sought with the volcano distribution at the surface. The only
robust correlation observed so far is a negative one between
the width of the volcanic arc and the subduction angle. This
correlation can be interpreted as a simple geometric correspondence of a slab depth interval with a surface width. It is beyond
the scope of this review to discuss in detail the statistical
parameters of subduction zones, but the absence of other
correlations and the wide range of slab surface depths below
the volcanic front (Figure 14(a) and 14(b) suggest that conditions attained in subducting slabs are highly variable, even for
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Figure 14 Subduction-zone statistics: histograms of depths of the slab
surface below the volcanic front subdivided into (a) continental arcs
and (b) intraoceanic arcs. (c) Histogram of the width of volcanic arcs.
The vertical axis denotes arc lengths in km measured at the trench.
This is our own compilation (unpublished) based on locations of
quaternary volcanoes and slab surfaces from tomography (if available),
otherwise earthquake depths.

similar convergence parameters, and that the interplay between thermomechanical properties and reaction paths is responsible for a complex pattern of fluid release and magma
genesis.
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Figure 15 Compilation of arc volcanoes, slab surface isobaths, and
selected tectonic features for the South American subduction zone,
which represents a relatively simple geometry. Although subductionrelated volcanism is known in South America since the Ordovician,
volcanically active sectors and the geometry of the slab continuously
change at present; this is mostly due to (aseismic and mid-oceanic) ridge
subduction. See text for further details and references.

Comp. by: PPonraj Stage: Proof Chapter No.: 321
Date:31/3/12 Time:16:07:39 Page Number: 26

Title Name: TGC2

p0570

S

rid

ida

300

38

rid

ge

350

Na
zc
a

rid
ge

5

38

O
F

23

COC

p0565

R
O

50
5
10 0
0
15
0

10

B

NA

There is general agreement that, in most arcs, the parental
melts form by melting in the mantle wedge (Kushiro, 1987).
Thus, arcs that differentiate from a primitive basaltic parent are
the surface manifestation of volatile-assisted decompression
melting in the mantle wedge (Grove et al., 2006) and of mantle
flow, rather than volatile transfer from the subducted lithosphere. In this spirit, the volcanic arc forms where mantle
melting is sufficiently important to cause surface volcanism
(Schmidt and Poli, 1998). An assumption tacitly built into a
correlation between (subduction) kinematics and temperature
distribution (in the mantle wedge) is that the kinematics directly governs the temperature distribution, that is, that subduction zones are in steady state. The down drag of the
subducting lithosphere on the mantle wedge plays a major
role in convection in the wedge, and the coupling depth between slab and mantle wedge is crucial in all models (e.g.,
Arcay et al., 2007; Syracuse et al., 2010). Nevertheless, a correlation between the (orthogonal) subducting plate velocity or
the (orthogonal vertical) burying velocity and the ‘height of the
volcanic front above the slab’ is either weak and can be identified for only a selected set of arcs (England and Katz, 2010),
or is completely absent (our unpublished compilation, and
Syracuse and Abers, 2006). It is important to emphasize that
both of these studies concur with the concept that anhydrous
melting in the mantle wedge governs the primary melt production in arcs.
Why is it that a correlation between kinematic parameters,
thought to govern the thermal field in the mantle wedge, and
the position of the volcanic arc, resulting from melting in the
mantle wedge, is mostly absent? Most likely this is because
the present-day kinematics has not been constant long enough
in time to achieve a close correspondence between the presentday kinematics and the present-day thermal field. In other
words, subduction zones are unlikely to achieve steady-state
kinematics and thermal structure as (i) geometrical changes
occur on faster time scales than those on which steady state
could be achieved, and (ii) part of the flow in the mantle wedge
results from Rayleigh–Taylor instabilities, which are not stable
over time (Gerya et al., 2003).
From a petrological perspective, the approach to a thermomechanical steady-state condition requires a stable threedimensional geometry of the subducted lithosphere and constant
kinematic response of the overriding plate for periods on the
order of tens of million years. This is not the case for most
subduction zones.
In the Andes, two segments produce adakitic magmatism
(Martin et al., 2005), while the Central and Southern volcanic
zones produce calc–alkaline suites that derive from primitive
mantle basalts (Figure 15). One adakite segment is in Equador,
where the subducting aseismic Carnegie Ridge, formed from
the Galapagos hotspot, causes a flat slab style subduction
(Gutscher et al., 1999) resulting in the melting of the Carnegie
Ridge (Beate et al., 2001). The second adakitic segment is the
Austral volcanic zone (e.g., Sigmarsson et al., 1998), where
subduction of the MOR separating the Nazca and Antarctic
plates is considered responsible for anomalously high temperatures in the subducting lithosphere. In between the volcanic
segments are two nonvolcanic segments with flat slabs, which
are thought to result from subduction of the Juan Fernandez
and Nazca ridges (Figure 15). This enormous along-strike
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the large igneous provinces (LIPs) and, consequently, by
some of the fastest reversals in subduction polarity and opening of back-arc basins.
In the North Island, New Zealand, complexities in volcanic
activity, shifting in space from subduction- related to intraplate
and anorogenic magmatism, are attributed to the interplay
of W-directed subduction of oceanic crust, to the subduction
of the Hikurangi LIP, and to the behavior of sutured Zealandia
blocks. The volcanic activity along the Tonga–Kermadec system has a large gap corresponding to the intersection between
the subduction trench, the Louisville Ridge (a track of the
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variation in the Andes, where subduction has been occurring
since several 100 Ma in a relatively simple geometry, underlines the degree to which regional scale plate configurations
influence the surface volcanism. To understand this surface
volcanism, mass transfer from the subducting plate to the
mantle wedge is one key player, but certainly not the only one.
In the Southwest Pacific (Figure 16), more than 9000-kmlong subduction systems from the Puysegur and Hjort trenches
in the South to the Bismarck plate in the NW are heavily
influenced by movements of the Australian and Zealandia
continental blocks, by the impact of some of the largest of
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Figure 16 Compilation of arc volcanoes, slab surface isobaths, and selected tectonic features of the South Pacific subduction zones. Reversals in
subduction polarity, gaps in volcanic activity, and location of volcanic fronts are heavily influenced by movements of continental blocks, subduction
of oceanic plateaus, and fragmentation of oceanic crust inherited from its history, from the mid-ocean ridge to the trench. See text for further
comments and references.
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The general picture of mass transfer in subduction zones
(Figure 17) includes the devolatilization of the downgoing
lithosphere, the variable mode of mass transfer to the mantle
wedge, melting in the mantle wedge intimately linked to convection, and the rise of these melts to the base and into the
crust of the overriding plate, where they differentiate into the
typical intermediate to felsic arc magmas and where new continental crust is formed.
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Variability in the constituents of the oceanic crust inherited
during the long journey from the MOR to the trench and the
involvement of wandering continental terranes are not a
unique feature of the Southwest Pacific and Andes, but occur
at most subduction zones. Complexities in the lithological
structure and in the devolatilization pattern of the subducted
material are therefore the rule rather than the exception.
Thermomechanical modeling and phase-diagram framework
should be applied to transient specific geological scenarios, as
overly generalized schemes are expected to fail in explaining
natural complexities.
At present, the resolution of thermal models for the oceanic
crust, with its large temperature gradients, is not sufficient. This
is because the thermal field strongly depends on the flow field
and on the degree of mechanical coupling between the subducting slab and the mantle wedge (e.g., Syracuse et al., 2010),
which, in turn, depend on the viscosity of the materials at the
slab–wedge interface, which is a function of P and T and
the materials present. The latter then depend on the chemical
reactions taking place, which, in turn, depend on the temperature field. Determining a temperature distribution model is,
thus, a fairly complex problem and needs input from a large
variety of disciplines.
An example of feedback between temperature field and
phase petrology is serpentinization in the mantle wedge directly overlying the subducted slab (Gerya et al., 2002). First,
the calculated temperature distribution from thermomechanical models results in a pressure–temperature region where
serpentine would be potentially stable. Second, dehydration
rates and fluid transport mechanisms (pervasive vs. channeled
flow) allow one to model the amount of serpentine formed.
However, the serpentinized peridotite has 4–6 orders of magnitude lower viscosity than dry peridotite. This strongly influences the coupling of the subducting slab and convection in
the mantle wedge. It also influences the possible amount of
shear heating at the slab surface. If convection patterns change
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Figure 17 Cartoon of events in a typical cold subduction zone in which melting of the oceanic crust does not occur. Modified from Poli S and Schmidt
MW (2002) Petrology of subducted slabs. Annual Review of Earth and Planetary Sciences 30: 207–235.
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hotspots presently located near the intersection of the Eltanin
Fracture Zone, and the Southwest Pacific–Antarctica Ridge)
and the Osborn Trough, which is a portion of the spreading
system rifting apart the Hikurangi and Manihiki plateaus.
Extreme variations in short-range convergence rates along
the Tonga–Kermadec subduction zone are coupled to a profoundly variable behavior of back-arc basins. The spreading
rates range from 85 to 92 mm year1 in the Central Lau Spreading Center to 40 mm year1 at the southern end of the Eastern
Lau Spreading Center (Taylor and Martinez, 2003), down to
27 mm year1 in the Havre trough (Campbell et al., 2006), west
of Kermadec. Moving to another complex sector of the Southwest Pacific, the structure of Vanuatu arc is the result of the
collision with several major submarine ridges (West Torres
Massif, d’Entrecasteaux Ridge, the Loyalty Island Ridge) and
of the spreading of the North Fiji Basin. Further North, the
Solomon Islands arc experienced the collision of the Ontong
Java Plateau (Mann and Taira, 2004), the initiation of a second
subduction zone, and the subduction of a young oceanic
spreading ridge. These processes have led to volcanism on
the plate being subducted and, in the forearc, the production
of picritic magmas and of high magnesian andesites and adakites, as well as of alkaline magmas (Schuth et al., 2009; Smith
et al., 2009).
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