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The phase and melting relations in subducted pelites have been

investigated experimentally at conditions relevant for slabs at

sub-arc depths (T¼ 600^10508C, P¼ 2�5^4�5 GPa). The fluid-

present experiments produced a dominant paragenesis consisting

of garnet^phengite^clinopyroxene^coesite^kyanite that coexists

with a fluid phase at run conditions. Garnet contains detectable

amounts of Na2O (up to 0�5 wt%), P2O5 (up to 0�56 wt%),

and TiO2 (up to 0�9 wt%) in all experiments. Phengite is stable

up to 10008C at 4�5 GPa and is characterized by high TiO2

contents of up to 2 wt%. The solidus has been determined at

7008C, 2�5 GPa and is situated between 700 and 7508C at

3�5 GPa. At 8008C, 4�5 GPa glass was present in the experiments,

indicating that at such conditions a hydrous melt is stable. In

contrast, at 7008C, 3�5 and 4�5 GPa, a solute-rich, non-quenchable

aqueous fluid was present.This indicates that the solidus is steeply

sloping in P^T space. Fluid-present (vapour undersaturated) par-

tial melting of the pelites occurs according to a generalized reaction

phengiteþ omphaciteþ coesiteþ fluid ¼meltþgarnet. The H2O

content of the produced melt decreases with increasing temperature.

The K2O content of the melt is buffered by phengite and increases

with increasing temperature from 2�5 to 10 wt%, whereas Na2O

decreases from 7 to 2�3 wt%. Hence, the melt compositions

change from trondhjemitic to granitic with increasing temperature.

The K2O/H2O increases strongly as a function of temperature

and nature of the fluid phase. It is 0�0004^0�002 in the aqueous

fluid, and then increases gradually from about 0�1at 750^8008C to

about 1at 10008C in the hydrous melt. This provides evidence that

hydrous melts are needed for efficient extraction of K and other

large ion lithophile elements from subducted sediments. Primitive

subduction-related magmas typically have K2O/H2O of �0�1^0�4,

indicating that hydrous melts rather than aqueous fluids are respon-

sible for large ion lithophile element transfer in subduction zones

and that top-slab temperatures at sub-arc depths are likely to be

700^9008C.

KEY WORDS: experimental petrology; pelite; subduction; UHP meta-

morphism; fluid; LILE

I NTRODUCTION
Subducted sediments play a key role in the recycling of
incompatible elements in subduction zones. The compari-
son of primitive arc lavas with mid-ocean ridge basalts
(MORB) provides evidence that arc lavas are enriched in
H2O, large-ion lithophile elements (LILE) and, to a lesser
extent, light rare earth elements (LREE) (Tatsumi &
Eggins,1995).The enrichment of these components is inter-
preted to be related to the addition of a ‘slab component’
to the locus of partial melting in the mantle wedge
(Hawkesworth et al., 1993). Detailed chemical analyses of
oceanic crustal material have revealed that subducted sedi-
ments are the dominant host of LILE in the slab (Plank &
Langmuir, 1998; Tenthorey & Hermann, 2004). The funda-
mental role of sediments in the recycling of LILE has also
been demonstrated by the matching of trace element ratios
of sediment input and arc output in several subduction
zones (e.g. Plank & Langmuir, 1993; Peate et al., 1997).
Therefore, the systematic study of subducted sediments is
crucial for understanding the LILE transfer. The pressure
range where this transfer occurs is constrained by
the depth (70^170 km) of the subducted slab below the
volcanic arc (Tatsumi, 1986; Syracuse & Abers, 2006).
Hence, it is important to study phase and melting relations
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in subducted sediments that experienced pressures in the
range of 2�5^5GPa.
One approach to study such phase relations is through

investigation of ultrahigh-pressure (UHP) metamorphic
rocks (Hermann et al., 2006). Subducted continental crust
occasionally contains relics of coesite and diamond, pro-
viding evidence that these rocks were metamorphosed
at 100^150 km depth (Chopin, 1984; Sobolev & Shatsky,
1990). Metapelites, metagranites and metacarbonates in
such terrains can be used as natural laboratories to study
phase and melting relations in subducted sediments
(Philippot et al., 1995; Sto« ckhert et al., 2001; Hermann
et al., 2006). Bulk-rock and mineral trace element analyses
of such rocks have shown that phengite plays a key role as a
repository for LILE (Sorenson et al., 1997; Spandler et al.,
2003). However, one major problem with the interpretation
of such data is that deeply subducted rocks cool relatively
slowly during exhumation and hence it is not clear whether
the original chemical signature of phases is preserved.
Moreover, in these rocks the record of the fluid phase is,
at best, only fragmentarily preserved, and so little infor-
mation on the composition and nature of the fluid phase
present at UHP conditions can be obtained.
High-pressure experiments on sedimentary bulk compo-

sitions provide a second way of investigating element
recycling in subduction zones. Experimental studies are
important for understanding mineral relations in sub-
ducted sediments and for directly constraining the compo-
sition and nature of the fluid phase. Experimental studies
have confirmed that phengite is the stable K-phase in
subducted sediments at sub-arc depths (Domanik &
Holloway, 1996; Schmidt, 1996; Ono, 1998; Hermann,
2002b; Auzanneau et al., 2006). Consequently, an under-
standing of phengite melting relations is crucial for
understanding the recycling of LILE. One of the problems
with experimental studies is that piston cylinder techni-
ques are used at pressures �3�5GPa, whereas multi-anvil
experiments are used at pressures �3�5GPa (Schmidt
et al., 2004). This might introduce some systematic errors
exactly in the critical pressure range where the subduc-
tion-zone fluids leave the slab.
There are contrasting views on the nature and composi-

tion of the fluid phase that transports the key elements
from the slab to the mantle wedge. Geochemical studies
of arc magmas have attempted to constrain the nature
of the fluid phase on the basis of element ratios. Two
end-members have been proposed corresponding to a sedi-
ment fluid component and a sediment melt component
(Class et al., 2000; Elliott, 2003). However, it must be
stressed that the actual phase relations and buffering
phases in the slab are often ignored. A second approach to
constrain the nature and composition of the fluid phase
involves detailed solubility studies of minerals in fluids
and calculation of fluid compositions in equilibrium with

the determined high-pressure phases (Manning, 1998,
2004). Such an approach has provided excellent results for
major element concentrations in the aqueous fluid. To
establish whether an aqueous fluid or a hydrous melt is
leaving the subducted slab, it is necessary to combine
expected top-slab temperatures with experimental studies
on the solidus of sedimentary rocks (Nichols et al., 1994;
Hermann et al., 2006). To date, this approach has been
inconclusive because there exists a large variation in pre-
dicted top-slab temperatures according to different
models, as well as discrepancies in the position of the wet
solidus for typical subducted sediments. A further compli-
cation arises as a consequence of the potential presence
of the second critical endpoint (Kessel et al., 2005b). In the
pelitic system the termination of the wet solidus at the
second critical endpoint might be reached at pressure and
temperature conditions relevant for subducted sediments
at sub-arc depth, and hence transitional supercritical
fluids could be the transporting agent (Manning, 2004;
Kessel et al., 2005a; Hermann et al., 2006).
In this paper we present the results of an experimental

study on the phase and melting relations in a pelite compo-
sition. We used piston cylinder experiments for the entire
dataset covering a P^T range of 2�5^4�5GPa and
600^10508C, appropriate for sub-arc conditions. This elim-
inates any potential systematic errors involved in using
two different experimental techniques. We systematically
investigated the stability and melting behaviour of phen-
gite to constrain the recycling of K2O from subducted sedi-
ments. Fluid-present melting is explored and special
emphasis is placed on constraining the position of the wet
solidus. We show that the compositions of aqueous fluids
and hydrous melts vary as a function of temperature,
and we use this information to postulate that sediment
melts provide the simplest way to explain the K2O and
H2O systematics of primitive arc lavas. We also report
how the common UHP phases garnet, omphacite and
phengite change their composition as a function of pres-
sure and temperature and how this information can be
used as a guide to evaluate how well UHP rocks preserve
original phase compositions.

EXPER IMENTAL METHODS
Starting material
A starting material has been synthesized with a major-
element composition similar to average global subducting
sediment (GLOSS; Plank & Langmuir,1998) and the aver-
age upper continental crust (Fig. 1; Taylor & McLennan,
1985). The starting material was produced using a ‘sol^gel’
method to eliminate problems of sluggish reaction of
refractory minerals during experiments. Most major
elements and some trace elements (Spandler et al., 2007b)
were combined as nitrate solutions and mixed with
tetraethyl orthosilicate [Si(C2H5O)4] and slowly dried
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to a gel. From this basic gel, two starting materials were
prepared that differ only in their H2O content. For the
anhydrous starting material, the gel was combined with
appropriate amounts of Al2O3, TiO2 and MnO powders,
finely milled and then fused at 15008C and quenched to
glass. Multiple analyses of the glass for major elements
(by energy-dispersive spectrometry; EDS) and trace ele-
ments (by laser ablation inductively coupled plasma mass
spectrometry; LA-ICP-MS) indicate homogeneity within
analytical precision. Iron was then added to the glass in
the form of synthetic fayalite. The fayalite and glass mix-
ture was ground for 30min to form a fine powder. For the
hydrous starting material, no Al2O3 was added prior to
melting. Instead, Al(OH)3, in a quantity sufficient to pro-
duce the same amount of Al2O3 as in the anhydrous start-
ing material, was added together with fayalite at the end.
This second starting material contains 6�8wt% H2O.
Blending of the hydrous and anhydrous starting materials
permitted us to obtain precise but variable H2O contents
in the experiments, which provide the basis for determina-
tion of melt H2O contents using mass balance. The water
content of high-pressure melts increases with decreasing
temperature (Hermann, 2003). To maintain 15^25% of
hydrous melt in the experiments, which facilitates accurate
analysis, it is, therefore, necessary to increase the amount
of H2O in the starting material with decreasing tempera-
ture (Tables 1 and 2). The final hydrous and anhydrous
starting material compositions are presented inTable 2.

Experimental technique
Arc-welded gold capsules of 2�3mm outer diameter
containing the starting material were placed in an
end-loaded, 1�27 cm piston-cylinder apparatus using a
‘low-friction’ and ‘dry’ furnace assembly, assembled from
Teflon foil, a salt outer sleeve, Pyrex glass, a graphite

heater and MgO inserts. Some experiments were also run
without the Pyrex glass to test if the glass introduces some
friction at low-T, high-P conditions. No systematic differ-
ence was observed, indicating that friction was fully
released during the long duration of the experiments.
In some experiments (labelled ‘a’ inTable 1), two gold cap-
sules with different compositions (one carbonate-bearing)
were run in one assembly. Temperature was controlled
using type-B thermocouples (Pt94Rh6/Pt70Rh30) and is
accurate to �108C. Pressure is converted from load and is
accurate to 0�1GPa. For the 4�5GPa experiments, the
assembly was initially held at 7008C, 3�5GPa, for 2 h to
allow the vessels and assembly to compact. In the 4�5GPa
experiments piston travel was monitored throughout the
duration of the experiments. Minimal piston travel after
30^40 h indicates that friction has been released. The use
of the ‘dry’ furnace assembly, gold capsules and the rela-
tively low temperatures of the runs produces conditions
close to the Ni^NiO transition (W. O. Hibberson, personal
communication). Hydrogen loss from the glass or alloying
of Fe with the gold capsule would potentially yield more
oxidized mineral assemblages containing acmite and
andradite components in pyroxene and garnet, respec-
tively. Normalization of the experimental run products
(see the Electronic Appendix, available for downloading
from http://www.petrology.oxfordjournals.org) did not
provide evidence for any significant acmite and andradite
component, which suggests that no significant hydrogen
loss occurred.

Diamond traps

For experiments with diamond traps we used 3�5mm
diameter gold capsules that were filled first with 18mg of
40^60 mm diamonds as a fluid trap, followed by 65mg of
the hydrous starting material containing 6�8wt% H2O.

Al2O3

K2O MgO+FeO

SiO2/10

Na2O K2O

EPSM, this study
GLOSS
Upper continental crust
Pelite
Greywacke
Tonalite
Red Clay

Fig. 1. Triangular projection of the experimental pelite starting material (EPSM) used in this study compared with global oceanic subducted
sediment (GLOSS; Plank & Langmuir, 1998), and upper continental crust (Taylor & McLennan, 1985), as well as starting materials from other
experimental studies [pelite from Schmidt et al. (2004); greywacke from Auzanneau et al. (2006); tonalite from Patin‹ o Douce (2005); red clay
fromJohnson & Plank (1999)].
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The length of the fully loaded capsule was about 7mm;
this was placed in the hotspot of a 30mm long MgO^
graphite^Pyrex^NaCl assembly with the diamond trap
located close to the thermocouple. Following each experi-
ment, the gold capsule was pierced and dried to precipitate
the remaining solutes in the fluid. In the experiments
of Spandler et al. (2007b) performed with an identical start-
ing material, the fluid was analysed for major and trace
elements after the experiment. The fluid contained
50�3wt% Na2O and 50�05wt% K2O. It is expected
that the vapour coexisting with such a fluid contained
considerably less of these elements. Hence, the major and
trace element content of the escaping vapour is at least
an order of magnitude lower than that of the fluid phase
at the P andTconditions of the experiments and therefore
is considered to be negligible.The capsule was then opened
at the end containing the diamond trap and the diamond
aggregate was extracted. The diamond trap was either
powdery (Fig. 2a) or cemented together (Fig. 2b).

The diamonds and accompanying quench material were
subdivided into three fractions taken at different distances
from the residue (Tenthorey & Hermann, 2004). Fraction 1
was sampled from the uppermost section of the diamond
trap, fraction 2 from the intermediate part and fraction 3
from the part of the diamond trap that was in contact with
the pelite residue. A small sample of each fraction was
mounted on a glass slide and covered by immersion oils.
Optical inspection of these samples with a polarized light
microscope allowed distinction between isotropic amor-
phous quench material and anisotropic hydrothermal
minerals that formed by solution precipitation reactions
during the relatively long experimental runs. Fraction 3
always contained significant amounts of minerals, whereas
fraction 2 was dominated by amorphous quench and con-
tained less than 5 vol.% of minerals. Only in the experi-
ment at 2�5GPa, 6008C, was the overall amount of
minerals higher in all fractions. Interestingly, fraction 1
generally contained more precipitated minerals than

Table 1: Experimental conditions and run products

Run no. P (GPa) T (8C) hours wt% H2O Phases

C-2098D 2�5 600 168 6�8 Am, Phe, Qtz, Rt, All, Ap

C-1866a 2�5 700 183 6�6 Am, Phe, Qtz, Rt, All, Ap, Gl ?

C-2099D 2�5 700 168 6�8 Am, Phe, Qtz, Gl, Rt, All, Ap

C-2246� 2�5 750 168 6�8 Grt, Am, Qtz, Phe, Bt, Gl, Rt, All, Zir, Ap

C-1846a 2�5 800 166 6�8 Grt, Am, Qtz, Phe, Bt, Gl, Ky, Rt, All, Zir, Ap

C-1928a 2�5 900 190 2�0 Grt, Cpx, Qtz, Kfs, Bt, Gl, Rt, Ky, Mon, Zir

D-48 3�0 850 284 3�4 Grt, Cpx, Coe, Phe, Gl, Ap, Rt, Mon

C-2082D 3�5 600 144 6�8 Ctd, Cpx, Coe, Phe, Q, Ap, Rt, All, graph

C-1857a 3�5 700 163 6�6 Grt, Cpx, Coe, Phe, Q, Ky, Rt, All, Ap

C-2083D 3�5 700 144 6�8 Grt, Cpx, Coe, Phe, Q, Ap, Rt, All, Zir

C-2247� 3�5 750 168 6�8 Grt, Cpx, Coe, Phe, Gl, Ap, Rt, All, Mon, Zir

C-1848a 3�5 800 168 6�8 Grt, Cpx, Coe, Phe, Gl, Ky, Ap, Rt, Mon, Zir

C-1578a 3�5 900 164 6�1 Grt, Cpx, Coe, Gl, Phe, Ky, Ap, Rt, Mon, Zir

C-1699a 3�5 900 260 3�1 Grt, Cpx, Coe, Phe, Gl, Ky, Ap, Rt, Mon

C-1867a 3�5 950 170 2�0 Grt, Cpx, Coe, Phe, Gl, Ky, Rt, Ap, Mon

C-2097D 4�5 700 168 6�8 Grt, Cpx, Coe, Phe, Q, Ky, Ap, Rt, All

C-2590� 4�5 750 144 6�8 Grt, Cpx, Coe, Phe, Q, Rt, All, Ap

C-2596� 4�5 800 120 6�8 Grt, Cpx, Coe, Phe, Q, Ap, Rt, Mon, Zir

C-1872a 4�5 800 162 6�8 Grt, Cpx, Coe, Phe, Gl, Ky, Ap, Rt, Mon, Zir

C-1614a 4�5 900 75 6�8 Grt, Cpx, Coe, Phe, Gl, Ky, Rt, Mon, Zir

C-1563a 4�5 1000 138 2�8 Grt, Cpx, Coe, Gl, Phe, Ky, Rt, Mon, Zir

C-1868a 4�5 1050 120 2�0 Grt, Cpx, Coe, Gl, Ky, Rt, Ap

Phases in bold have a modal abundance of45%, phases in regular font have a modal abundance between 5 and 1%, and
phases in italics are accessory phases. Experiments with suffix ‘a’ were run in assemblies containing two capsules; suffix
‘D’ indicates experiments with a diamond trap. Am, amphibole; Phe, phengite; Qtz, quartz; Coe, coesite; Grt, garnet;
Bt, biotite; Gl, glass; graph, graphite; Kfs, K-feldspar; Ctd, chloritoid; Cpx, clinopyroxene; Ky, kyanite; Rt, rutile; All,
allanite; Ap, apatite; Mon, monazite; Q, quench material from fluid; Zir, zircon.
�

Experiments where no Pyrex sleeve was used.
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fraction 2, indicating that the fluid in the diamond trap
was circulating through the pelite residue to some extent.
This observation also shows that special care needs to be
taken to obtain meaningful data from diamond traps.
The three fractions of the diamond trap were then
mounted on sticky carbon tape and the residue was sec-
tioned longitudinally and mounted in epoxy. Both the sec-
tioned residue and the diamond trap material were then
examined in detail with a JEOL 6400 scanning electron
microscope (SEM) equipped with EDS. The main miner-
als precipitated in the trap were quartz and phengite
although minor amounts of omphacite were also observed.
All analytical results presented in this paper derive from
fraction 2, which contained nearly pure amorphous
quench.

Analytical techniques
The phase relations were obtained from detailed studies
of backscattered electron (BSE) images. Mineral composi-
tions were mainly determined using a JEOL 6400 SEM

(Electron Microscopy Unit, ANU) with EDS operating
at 15 kVand a focused beam of 1nA. At such low beam cur-
rent, no alkali loss occurs in phengite (Hermann & Green,
2001). Also, because of the high resolution, mixed analyses
can be avoided. Garnets were also analysed by wavelength-
dispersive spectrometry (WDS) for major elements and,
in particular, for accurate determination of the minor
elements P, Na, Ti and Mn. TheWDS analyses were con-
ducted using a Cameca SX-100 electron microprobe at the
RSES, ANU, operating at 15 kV and a beam current of
20 nA. The comparison of major element concentrations
between the SEM EDS and the electron microprobe
WDS analyses showed excellent agreement. Major-element
melt compositions were also analysed by EDS by scanning
glass pools over an area of 5 mm�10 mm. The scanning
and the low beam current prevent destruction of the vola-
tile-rich glass and permit accurate determination of the
alkali elements (Hermann & Green, 2001).
Material from the diamond trap, mounted on carbon

tape, was analysed for major and trace elements by

Table 2: Composition of the anhydrous and hydrous starting material (EPSM) and of experimentally produced glasses

normalized to 100% anhydrous

Exp.: EPSM EPSM 2246 1846 1928 D29 2247 1848 1578 1699 1867 1872 1614 1563 1868

P (GPa): 2�5 2�5 2�5 3 3�5 3�5 3�5 3�5 3�5 4�5 4�5 4�5 4�5

T (8C): 750 800 900 900 750 800 900 900 950 800 900 1000 1050

SiO2 68�83 64�15 73�43 74�59 71�32 72�72 74�87 73�77 73�57 73�18 72�24 72�72 72�31 70�66 68�72

TiO2 0�67 0�63 0�21 0�17 0�25 0�31 0�27 0�31 0�35 0�44 0�43 0�46 0�55 0�60 1�03

Al2O3 14�70 13�70 14�47 14�90 17�26 15�32 13�56 13�78 14�43 14�85 15�02 12�32 13�63 15�21 14�91

FeO 4�67 4�35 0�89 0�78 0�65 0�81 0�62 0�88 0�88 0�77 1�12 0�93 0�94 1�04 1�29

MnO 0�11 0�10 50�05 50�05 50�05 50�05 50�05 50�05 50�05 50�05 0�06 50�05 0�08 50�05 50�05

MgO 2�51 2�34 0�27 0�50 0�52 0�55 0�27 0�43 0�40 0�29 0�23 0�31 0�61 0�35 0�40

CaO 2�45 2�28 1�17 1�59 0�94 1�25 1�10 1�42 1�19 1�06 0�84 1�86 1�62 0�79 0�81

Na2O 2�62 2�44 6�93 4�16 3�77 5�09 6�23 5�96 3�76 3�44 2�94 6�87 3�65 3�16 2�28

K2O 2�94 2�74 2�61 3�39 5�09 4�06 3�08 3�29 5�19 5�76 7�01 4�45 6�37 7�93 10�05

P2O5 0�32 0�30 50�20 50�20 0�34 50�20 50�20 0�22 0�25 0�26 0�10 50�20 0�29 0�26 0�49

Sum 99�8 93�01 99�97 100�08 100�14 100�10 99�99 100�07 100�01 100�06 100�00 99�91 100�05 100�00 99�98

Meas. 85�28 84�76 93�81 86�79 79�03 80�88 86�00 85�61 86�18 70�32 83�28 90�96 88�89

% melt 35 60 40 25 23 30 55 20 26 21 40 35 30

H2O wt% 6�8 16 10 5 10 25 20 11 11 6 29 16 8 6

K2O/H2O 0�14 0�30 0�97 0�37 0�09 0�13 0�42 0�47 1�10 0�11 0�33 0�91 1�57

XMg 0�35 0�53 0�59 0�55 0�43 0�46 0�45 0�40 0�27 0�37 0�53 0�37 0�36

ASI 0�89 1�12 1�29 1�02 0�87 0�86 1�03 1�07 1�08 0�63 0�86 1�00 0�93

Ab 75 57 49 60 70 67 48 44 37 63 42 36 24

An 7 12 7 8 7 9 8 7 6 9 10 5 5

Or 18 31 44 32 23 24 44 48 58 27 48 59 71

The measured total (Meas.) is given. The melt fraction (% melt) in each experiment and the water content of the melt has
been estimated on the basis of mass balance. XMg refers to the Mg/(Mgþ Fe) atomic ratio and ASI is the alumina
saturation index Al/(NaþKþ 2Ca). Percentages of albite (Ab), anorthite (An) and orthoclase (Or) components as used in
Fig. 7 are also given.
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LA-ICP-MS at the Research School of Earth Sciences
(ANU) using a pulsed 193 nm ArF Excimer laser with
100mJ output energy at a repetition rate of 5Hz (Eggins
et al., 1998) coupled to an Agilent 7500 quadrupole ICP-
MS system. Laser sampling was performed in a He^Ar
atmosphere. Data acquisition was performed by peak hop-
ping in pulse counting mode, acquiring intensity data
for each element during each mass spectrometer sweep.
The sample stage was driven by a step motor, allowing
continuous analysis along scans through the mounted
material. Four scans per fraction were run using a spot
size of 112 mm diameter with 25 sweeps of background fol-
lowed by 80^100 sweeps of data collection. A synthetic
glass (NIST 612) was used as external standard; reference
values were taken from Pearce et al. (1997). Experiments
were also doped with Cs in the hope of using this element

as an internal standard as previously done in ultramafic
(Tenthorey & Hermann, 2004) and K-free mafic systems
(Kessel et al., 2005b). However, the residual phengite in
the experiments retained the great majority of the Cs and
thus this technique did not provide satisfactory results.
Because no reliable internal standard is available for the
aqueous fluids absolute solubilities could not be directly
determined. However, element ratios can be accurately
determined with this method.

RESULTS
Phase relations
Phase relations were examined in detail by SEM (Fig. 2)
and results are summarized in Table 1 and Fig. 3. In runs
where glass is present experimental mineral phases are

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Fig. 2. Backscattered electron and secondary electron image (g) of experimental run products. For abbreviations seeTable 1. F, quench products
from aqueous fluid; D, diamond; M, melt (hydrous glass). Scale bar in all images represents 10 mm. (a) Powdery quench material in the diamond
traps. (b) Diamonds from the trap are glued together by a hydrous melt indicating appearance of melt at 7008C, 2�5GPa. (c) Hydrous melt
coexisting with hydrous phases, garnet and accessory minerals. (d) Bubble-rich hydrous melt at 7508C, 3�5GPa, coexisting with small crystals of
clinopyroxene, rutile, monazite and zircon. (e) Large melt pools and idiomorphic garnet at 8008C, 3�5GPa. (f) Phengite is still stable at 9508C,
3�5GPa and is in textural equilibrium with the main assemblage garnet^kyanite^coesite^garnet^melt. (g) Idiomorphic garnet and fine-grained
phengite at 7008C, 4�5GPa; no glass. (h) The first appearance of bubble-rich hydrous glass at 8008C, 4�5GPa with the typical high-pressure
pelite assemblage. (i) Phengite is still present at 10008C, 4�5GPa; zircon and apatite have not melted out.
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well crystallized and euhedral. The mineral grain sizes
are in the range 20^100 mm for garnet and some coesite,
10^20 mm for other major and minor phases, and510 mm
for accessory phases. In experiments where hydrous
quench was present, the phases had significantly smaller
grain sizes and were more difficult to analyse.

Solid phases

At 2�5GPa phase relations are complex with the phase
assemblage changing over small temperature intervals.
The assemblage is dominated by hydrous phases. At
6008C amphibole, phengite and quartz are the major
phases and they coexist up to at least 8008C. Biotite and
garnet appear at 7508C (Fig. 2c). At 9008C K-feldspar
and clinopyroxene appear at the expense of phengite and
amphibole, respectively, whereas biotite is still stable
(Fig. 3). At the higher investigated pressures, phase rela-
tions are simpler. The assemblage garnet, clinopyroxene,
coesite, phengite and minor kyanite is stable over nearly
the entire range of investigated P^T conditions (Fig. 2f, h
and i). Only at 7008C, 3�5GPa, is chloritoid present instead
of garnet. Phengite is stable up to 9508C at 3�5GPa
(Fig. 2f) and breaks down between 10008C and 10508C at
4�5GPa (Fig. 2i). Kyanite is a minor phase in almost all
experiments.
Rutile is the stable accessory Ti phase over the entire

investigated P^T range. Apatite is also found in all experi-
mental charges. Allanite is present at 2�5GPa up to 8008C
(Fig. 2c), and at 3�5 and 4�5GPa up to 7508C. At higher

temperatures monazite is stable up to 10008C. Only at the
highest conditions of 4�5GPa, 10508C was monazite not
found. Zircon grains are very small and difficult to detect,
but zircon has been observed in nearly all experiments.
It is definitely present up to 9008C at 2�5 and 3�5GPa and
up to 10008C, 4�5GPa (Fig. 2i).

Fluid phases

The water added to the experiments always exceeded the
capacity of the hydrous phases to store H2O, resulting
in the presence of a fluid phase in all experiments. At the
higher investigated temperatures this fluid phase quenched
to a hydrous glass, which indicates that a hydrous melt
was present. The added water content was always lower
than that required to obtain vapour-saturated melting for
the given pressure range (Huang & Wyllie, 1981), and thus
the experiments constrain fluid-present, vapour undersatu-
rated melting in subducted sediments. No mineral quench
phases have been observed within experimentally pro-
duced glass.
At 2�5GPa, clean bubble-free glass was observed down to

temperatures of 7508C (Fig. 2c). In experiment C-1866 at
7008C, 2�5GPa no glass pools were observed. However,
the experimental phases were well cemented together, as
was generally observed in charges where glass is present.
In a repeat experiment, a diamond trap was added to the
starting material (C-2099D) to facilitate separation of
fluid from solid phases. After opening the capsule, the dia-
mond trap could be extracted as a coherent block.
Inspection of the diamond trap under the SEM revealed
that the diamonds were cemented together by a hydrous
glass (Fig. 2b). In contrast, at 6008C, 2�5GPa, the diamond
trap after the experiment was powdery and appeared very
different under the SEM (Fig. 2a). A very fine hydrous
quench powder, which is not stable under the electron
beam, was found. These observations indicate that at
6008C a solute-rich aqueous fluid was present, whereas at
7008C there was a hydrous melt.
At 3�5GPa hydrous glass is present in experiments

down to temperatures of 7508C (Fig. 2d). At 900 and
9508C the glass is bubble free, whereas at 800 and 7508C
bubbles are abundant in the glass (Fig. 2e). At 7008C
(C-1857) fine-grained minerals were observed, the grains
were loose and significant porosity was present in the
charge, indicative of an aqueous fluid during the run.
To further test this hypothesis, a diamond trap experiment
was run at the same conditions (C-2083D). The diamond
trap showed the same characteristics as observed at
6008C, 2�5GPa, indicating the presence of an aqueous
fluid. At 6008C, 3�5GPa the diamond trap again contained
fine-grained, amorphous hydrous quench material.
At 4�5GPa a hydrous glass was observed from 10508C

down to 8008C. The glass in the 1050 and 10008C runs is
bubble free. A small amount of bubbles appears in the
9008C experiment and a significant amount of bubbles
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is present in the 8008C experiment (Fig. 2h). This suggests
that some aqueous fluid exsolved during quenching from a
melt that contained high water contents. In a second
experiment at 8008C (C-2596), no glass pools were found.
This might be related to the fact that the first experiment
was run with two capsules, which produced a slight hot-
spot, in which the melt pooled. At 7508C the run products
were fine-grained and the charge was not well cemented.
A Si-rich hydrous quench was observed in pores between
mineral phases. The experiment at 7008C contained a
diamond trap and the residual minerals were generally
fine grained and not well cemented (Fig. 2g). Examination
of the trap after the experiment revealed the presence of a
powdery, amorphous quench material, similar to runs
2099D and C-2083D. From all these observations we sug-
gest that the transition from quenchable hydrous glass to
non-quenchable solute-rich fluid occurs at �8008C at
4�5GPa.

Phase compositions
The average composition of all analysed phases in the
experiments is given in the Electronic Appendix (http://
www.petrology.oxfordjournals.org)

Garnet

Large idomorphic garnet is generally slightly zoned.
The cores are characterized by high TiO2 contents (often
�1wt%) and by slightly higher MnO and CaO contents,
whereas the MgO content is generally lower than in
the rim.The following discussion is based on rim composi-
tions, which are interpreted to be in textural equilibrium
with the other phases.Themost prominent feature in garnet

is the increase of pyrope content with increasing tempera-
ture (Fig. 4a). Grossular contents decrease slightly with
increasing pressure. The cation sum of garnet when
normalized with all iron as ferrous iron is within error
of 8�0, indicating that there are insignificant amounts of
ferric iron. There is no evidence for supersilicic garnet
[Si43 cations per formula unit (p.f.u.)] in any of the experi-
ments. An interesting feature of the garnet compositions is
the relatively high amounts of minor elements such asTiO2,
P2O5 and Na2O; elements that are buffered in the
experiments by coexisting rutile, apatite and omphacite,
respectively. In all analysed garnets theTiO2 content varies
between 0�4 and 0�9wt%. Generally, the TiO2

content increases with increasing temperature. P2O5 con-
tents range from 0�2 to 0�56wt% and increase with increas-
ing pressure. Na2O was detected in all garnets and ranges
from 0�1to 0�5wt%. Na2O increases with pressure and tem-
perature. Figure 4b displays the variation of Na vs P cations
(p.f.u.) contouredwith the experimental conditions. At 700^
8008C, Na and P (p.f.u.) values plot on a 1:1line indicating
that at these conditions these elements enter garnet via a
coupled substitution NaPM2þ

�1Si�1. At higher temperatures,
Na (p.f.u.) is much higher than P (p.f.u.) and thus Na
must be incorporated by other substitutions such as
NaTi½o	M2þ

�1Al�1: Some of theTi might also be accommo-
datedby the coupled substitutionTi½o	Al½T	Al½o	�1Si�1.

Clinopyroxene

Clinopyroxene generally forms small grains that are
difficult to analyse. It often exhibits zoning in FeO, with
higher contents in the core than in the rim. Because of the
small grain size it has not always been possible to analyse
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the rim only. The average analyses presented in the
Electronic Appendix are based preferentially on rim
compositions. Clinopyroxene is omphacitic in composition
in all experiments. The jadeite component strongly
increases with increasing pressure and reaches a maximum
of 74% at 7008C, 4�5GPa (Fig. 5a). At 3�5GPa the jadeite
content is nearly constant over the entire investigated
temperature range. In contrast, at 4�5GPa the jadeite con-
tent decreases significantly from 700 to 10508C (Fig. 5a).
TiO2 content ranges from 0�1 to 0�6wt% and generally
increases with increasing temperature and decreases with
increasing pressure. In some omphacite grains K2O was
detected when analysed by WDS; however, the rather
large variation indicated that the analyses were affected
by contamination from neighbouring phengite. In fact,
when omphacite was analysed by SEM using a finer beam
and a lower beam current, K2O was always below the
detection limit of �0�2wt%. All omphacite analyses exhi-
bit Al4Na (p.f.u.). Therefore, no ferric iron is required
to charge balance Na. The excess Al, which is not
bound in a jadeite (NaAlSi2O6) or a Ca-Tschermak’s
(CaAl2SiO6) component, provides evidence for the pre-
sence of a Ca-eskolaite (Ca0�5œ0�5AlSi2O6) component
in the omphacite. Because Ca-eskolaite contains a vacancy,
it is expected that the sum of the cations should decrease
with increasing Ca-eskolaite component. Figure 5b dis-
plays the correlation between excess Al and the sum of
cations in relation to the theoretically expected line. The
good agreement provides evidence that the experimentally
produced omphacite contained up to 15% eskaloite compo-
nent. The Ca-eskaloite component increases mainly as
function of increasing temperature and does not change
systematically with pressure. This is in good agreement

with a recent comprehensive experimental study of
Konzett et al. (2007), who reported that the Ca-eskolaite
component in the assemblage clinopyroxene^garnet^
coesite^rutile increases with increasing temperature, but
that no significant increase with pressure can be observed.

Phengite

Phengite grains are relatively large and easy to analyse.
We preferred to analyse phengite by EDS using a low
beam current and, where possible, a rastered beam.
Under such analytical conditions, no K loss during the
analysis occurred. Phengite displays a systematic change
in the celadonite component [KAlMgSi4O10(OH)2] with
changing conditions. The Si content (p.f.u) increases with
increasing pressure and decreasing temperature (Fig. 6a).
An interesting feature is the systematic change in TiO2

content. The highest TiO2 content of 2 wt% has been mea-
sured at 10008C, 4�5GPa. Overall, TiO2 increases strongly
with increasing temperature and decreases slightly with
increasing pressure (Fig. 6b). Na2O was detected in all
phengites and the paragonite component reaches 19%
at the lowest pressure investigated. At higher pressure
the paragonite component is typically between 4 and 8%.
All phengites contain MgþFe4Si� 3, indicating that
there is a biotite component present, as previously
observed by Green & Hellman (1982). This biotite compo-
nent is highest when phengite coexists with biotite (i.e. at
2�5GPa) and at this pressure it increases with increasing
temperature to reach more than 30% at 8008C, 2�5GPa.
Incorporation of Ti presumably on the octahedral site of
phengite could either be charge balanced by substitution
of Al for Si on the tetrahedral site or by a coupled substi-
tution M2þTiAl�2 on the octahedral site. The first
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substitution produces phengite with a higher Al content,
whereas the second substitution produces phengite with
an Al content that is lower than would be expected for
the celadonite and biotite substitution alone. We observe
an Al deficit in all Ti-rich phengites, which indicates
that Ti is dominantly incorporated by the M2þTiAl�2

substitution.

Other minerals

Only three runs at 2�5GPa contained biotite. The TiO2

content of biotite increases from 2wt% at 7508C to
4wt% at 9008C, whereas the FeO content significantly
decreases over the same temperature interval. All biotites
contain about 0�5wt% Na2O and are characterized
by high Si content (p.f.u.) of 3�0. Four runs at 2�5GPa
contained sodic^calcic amphibole. With increasing tem-
perature from 600 to 8008C, the Na2O, SiO2 and FeO con-
tents decrease, whereas theTiO2, K2O and Al2O3 contents
increase. The NaM4 (when normalized to 23 oxygens)
decreases from 0�98 p.f.u. (6008C) to 0�56 p.f.u. (8008C),
the NaA is approximately constant at 0�33 p.f.u., whereas
the Al[T] increases from 1 to 1�5 p.f.u. Only one run at
9008C, 2�5GPa contained K-feldspar with the composition
Or58Ab39An3. The K-feldspar also contains detectable
amounts of FeO (0�25wt%).

Hydrous glass (quenched melt compositions)

Table 2 presents the glass analyses normalized to 100%
on an anhydrous basis, whereas the Electronic Appendix
contains the originally measured element concentration
data. All normalized melt compositions are broadly gra-
nitic with SiO2 contents between 69 and 75wt% and
Al2O3 contents from 12 to 17wt%. K2O and Na2O vary

strongly as a function of temperature. Na2O decreases
from about 7wt% to 2�3wt% from 750 to 10508C. K2O is
buffered in the melt by coexisting phengite up to tempera-
tures of 10008C at 4�5GPa and increases from 2�6wt% at
7508C to 10wt% at 10508C (Fig. 7a). Consequently,
the K2O/Na2O ratio varies over about an order of magni-
tude (Fig. 7b). Melt compositions have low anorthite
components and trend from trondhjemitic to granitic com-
positions with increasing temperature (Fig. 7c). Low-
temperature melts are typically peralkaline (Table 2),
whereas only one melt composition determined at 9008C,
2�5GPa is clearly peraluminous. The low totals of the
glass provide evidence that there is a significant amount
of H2O dissolved in the melt, in agreement with the occur-
rence of bubbles in the glass. Mass-balance calculations
using the known starting material composition and the
compositions of all phases in the runs (Electronic
Appendix) allowed determination of the amount of melt
in each experiment (Table 2). From the known amount of
water in the starting material of each experiment (Table 1)
and the amount of OH stored in hydrous phases (deter-
mined by mass balance), the H2O content of the melt
could also be calculated. The principal source of error
in this approach derives from the amount of melt deter-
mined from mass balance, and this error can be significant,
especially at very low melt fractions. Our experiments
were designed to produce relatively high amounts (420%)
of melt in each experiment, which results in estimated
uncertainties in the H2O content of the melt of 10^15%
relative at the lower melt fractions and of 5^10% relative
at the higher melt fractions. Figure 7d shows the H2O
content of the melt as a function of pressure and tempera-
ture. The resulting H2O isopleths are characterized by
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a modest positive slope of 88C/kbar. The highest amount
of �30wt% H2O was determined for the experiment at
8008C, 4�5GPa. Fluids with higher amount of H2O were
not quenchable.

Diamond traps

To constrain the composition of the non-quenchable fluid
phase, some experiments were run with diamond traps.
Fraction 2 of the diamond traps contained more than
95% precipitates formed from the fluid during quenching.
Therefore, this fraction was analysed by LA-ICP-MS to
provide major element ratios in the quench material.
The total sum of the major elements was then normalized
to 100% (Table 3). Experiment 2099 provides a good test
for the applied method. Detailed textural investigations
showed that this trap contains hydrous melt rather than
an aqueous fluid (Fig. 2b). The normalized values display
all the characteristics of hydrous melts similar to the com-
positions reported in Table 2 and the data obtained
plot along the trends established from where the melt
pools have been directly measured. The quench materials
in the other four low-temperature experiments have a

significantly different major element composition from the
hydrous melts, and are interpreted to represent quench
from aqueous fluids.Whereas the SiO2/Al2O3 value varies
in a very limited range (4^6) in the hydrous melt, the
aqueous fluids are characterized by much higher values
(7^34; Fig. 7e). The aqueous fluid is also characterized
by very high Na2O and low K2O contents, resulting in
K2O/Na2O values that are much lower than those of the
hydrous melts, but still consistent with the general tem-
perature trend of this ratio (Fig. 7b). The relatively high
Na2O in conjunction with low Al2O3 makes the aqueous
fluids strongly peralkaline. Therefore, Na2O/Al2O3 is
another effective ratio for distinguishing between aqueous
fluid and hydrous melt compositions (Fig. 7f). Similar ele-
ment ratios were reported for hydrous fluids trapped
as synthetic fluid inclusions equilibrated at 2�2GPa and
600^6508C by Spandler et al. (2007b); those results further
support the validity of using these chemical criteria for dis-
tinguishing aqueous fluids from hydrous melt.

Element partitioning
The compositions of solid and fluid phases (Electronic
Appendix) permit determination of the partitioning of
major and minor elements among the phases present.
Omphacite always contains higher Na than coexisting
hydrous melts at all conditions investigated. The DCpx=Melt

Na
increases with pressure as well as with temperature from
�1�5 at 7508C, 3�5GPa to �4�5 at 10508C, 4�5GPa (Fig. 8a).
Interestingly, inthetwoexperimentswhereamphibole ispre-
sent DAm=Melt

Na is below unity.The general affinity for Na2O
incorporation is omphacite4melt4amphibole4phengite
4biotite4garnet. Because Na in garnet increases and Na in
phengite decreases with increasing pressure and tempera-
ture, DPhe=Grt

Na is close to unity at 10008C, 4�5GPa. Ti is a
minor element that can be detected in all major phases.The
general affinity for TiO2 incorporation is biotite4
phengite4amphibole4garnet4melt� omphacite. The Fe
andMgpartitioningof coexistingminerals isbest illustrated
using XMg¼Mg/(MgþFe), which decreases in the follow-
ingway: biotite4phengite4omphacite4amphibole4melt
4garnet. Amphibole andomphacitehave notbeen observed
in the same run and the relative position is inferred from
phengite^omphacite^melt and from phengite^amphibole^
melt partitioning. An interesting observation concerns
the XMg in coexisting garnet and melt. Generally the XMg

in the melt is higher than in garnet. However, at 9508C,
3�5GPa and at 10008C,10508C at 4�5GPa XMg of garnet is
higher than in the melt. Such an inversion in the XMg is
in excellent agreement with previous studies. Rubatto &
Hermann (2007) found in an experimental study at 2GPa
that garnet has a lower XMg than the melt up to 9508C,
at 9508C it is identical, and at 10008C garnet has a higher
XMg than the melt. Moreover, previous experiments
by Green (1977) and Ellis (1986) showed that melts have
ahigherXMg thangarnetbelow10008Cat 3�0GPa.

Table 3: Composition of quench material in fraction 2 of the

diamond traps determined by LA-ICP-MS

Exp.: 2099 2098 2082 2083 2097

P (GPa): 2�5 2�5 3�5 3�5 4�5

T (8C): 700 600 600 700 700

SiO2 72�47 75�38 69�02 75�05 88�47

TiO2 0�24 0�32 0�42 0�27 0�22

Al2O3 14�78 10�21 8�80 7�74 2�61

FeO 1�83 1�87 2�93 3�09 0�27

MnO 0�04 0�08 0�14 0�26 0�01

MgO 0�60 2�47 3�00 1�80 3�93

CaO 1�84 0�97 1�68 1�83 0�61

Na2O 5�78 7�86 12�55 8�48 3�20

K2O 2�09 0�83 1�46 1�47 0�69

Sum 100 100 100 100 100

H2O 20 95 92 89 85

K2O/H2O 0�084 0�0004 0�0013 0�0018 0�0012

XMg 0�37 0�70 0�65 0�51 0�96

ASI 0�98 0�65 0�35 0�41 0�37

Alb 71 88 87 81 80

An 12 6 6 10 8

Or 17 6 7 9 11

Analyses are normalized to 100% anhydrous. The water
content of experiment 2099 has been determined by mass
balance. Other water contents are rough estimates based
on published total solubilities in similar systems (see text for
discussion). Other entities are as defined in Table 2.
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It has long been known that the KD of the Fe^Mg
exchange in minerals is very sensitive to temperature
(Ellis & Green, 1979; Green & Hellman, 1982). Figure 8b
shows the variation of the Fe^Mg partitioning between
garnet and phengite as a function of inverse temperature
at 4�5GPa. Data from lower pressure experiments have
larger errors, so for simplicity these data are not plotted
in the figure. Three important observations can be made
from examination of the plot: (1) there is a clear trend in
ln KD with inverse temperature; (2) this trend is in very
good agreement with the formulated thermometer of
Green & Hellman (1982); (3) the propagated errors of the
variability in analyses are rather large. Although there is
also a general trend in garnet^clinopyroxene partitioning
with inverse temperature, the large error in determining
the FeO content in clinopyroxene because of zoning pre-
vents a sensible test of garnet^clinopyroxene thermometers
with the existing dataset.

DISCUSSION
The results of this experimental study provide informa-
tion on two main aspects of research on the behaviour
of deeply subducted sediments. The first part of the discus-
sion addresses issues related to the use of ultrahigh-pressure
(UHP) rocks as a natural laboratory for subduction
processes. The second part focuses on the phase and
melting relations in subducted sediments and how the
nature and composition of the fluid phase determines
the way these elements are recycled in the subduction
factory.

UHP indicators in mineral compositions
It is not always easy to distinguish between minerals that
formed at UHP conditions and minerals that formed
or equilibrated during retrograde evolution. Most UHP
rocks occur within subducted continental crust. Hence,
detailed phase compositions in a pelitic starting material
are useful to evaluate whether or not there are clear com-
positional signatures that can indicate a UHP origin of
crustal rocks. Generally UHP conditions are deduced
from the presence of coesite and/or diamond. In this sec-
tion we compare the major and minor element composi-
tion of the main phases garnet and phengite in the
experiments with data from UHP rocks as well as from
deep-seated xenoliths to provide some constraints on possi-
ble UHP indicators in rock-forming minerals.

Garnet

The experimental garnets are characterized by high Na,
Ti and P. At temperatures of 700^8008C the exchange
NaPM2þ

�1Si�1 seems dominant for the incorporation of P
and Na.This exchange has been experimentally confirmed
and a complete solid solution series has been documented
at very high pressures (15^17GPa) and high temperatures
(Brunet et al., 2006). In our experiments at temperatures
higher than 8008C, a second substitution linked to Ti such
as NaTi½o	M2þ

�1Al�1 is proposed to accommodate Na in
excess of P. This substitution was first documented experi-
mentally by Ringwood & Major (1971) at 5GPa. Those
workers also produced experimental garnets at 3�5GPa
and 12008C with significant amounts of Na and Ti.
Our results are in agreement with the conclusion of
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Ringwood & Major (1971) that, in the presence of Ti,
Na can enter garnet at relatively modest pressures.
Previous experiments in the pressure range of 2�0^3�5GPa
in natural compositions suggested that Na, P and Ti are
incorporated into garnet. Thompson (1975) conducted
anhydrous melting experiments in basaltic compositions
and found up to 0�4wt% Na2O, 0�6wt% P2O5 and up to
3wt% of TiO2 in garnet. Auzanneau et al. (2006) investi-
gated phase relations in a hydrous metagreywacke and
reported garnet compositions with significant amounts of
TiO2 (�1wt%) and 0�1^0�3wt% of Na2O in runs at
2�2^2�4GPa, 800^9008C. In experiments on a natural
tonalite composition, Patin‹ o Douce (2005) found garnets
with Na2O �0�1wt% and TiO241wt%, even at 1�5GPa,
9508C.
Garnet grains in UHP rocks occasionally display

exsolution of Ti-, Na- and P-rich phases, indicating that
there was a P- andTi-rich garnet precursor.Ye et al. (2000)
found such garnets in the Sulu UHP belts of China, and
Mposkos & Kostopoulos (2001) described similar garnet
from the Rhodope UHP belt in Greece. By integrating
the inclusions in garnet Ye et al. (2000) obtained 0�34wt%
Na2O, 0�28wt% P2O5 and 1�07wt% TiO2, and Mposkos
& Kostopoulos (2001) obtained similar values of 0�6wt%
Na2O, 0�33wt% P2O5 and 1�03wt% TiO2. These values
were used by both groups to postulate that the rocks
originated from more than 200 km depth. However, the
concentrations of these elements are very similar to what
we find in garnet at 3�5^4�5GPa (100^150 km equivalent
depth), indicating that such compositions are not unequi-
vocal proof of an ultra-deep origin of subducted crust.
According to our experiments and literature data,

garnets with highTi, Na and P should be the rule and not
the exception in UHP terrains. However, it is interesting
to note that most reported garnet analyses from UHP
rocks display rather low concentrations of these minor
elements. For example, garnet from diamond-bearing
meta-granitic to meta-pelitic rocks from the Kokchetav
massif and the Erzgebirge generally has TiO250�25wt%
and Na2O50�1wt% (Zhang et al., 1997; Massonne, 2003;
Massonne & Nasdala, 2003). Only in some rare garnets
from eclogites did Zhang et al. (1997) find some elevated
TiO2 contents of 0�34wt% and Na2O of 0�14wt%.
However, all these values are significantly lower than
what is expected based on our experiments, given the dia-
mond-facies metamorphic conditions of these rocks
(T¼ 950^10008C, P�4�5GPa). This inconsistency
between garnet compositions from experiments and nat-
ural UHP garnet compositions provides evidence that
element re-equilibration occurred during exhumation.
Such re-equilibration for P and Ti has been documented
in UHP mafic rocks from the Northern Dabie Complex
(Malaspina et al., 2005). It is expected that garnet grains
in crustal xenoliths are less affected by such retrograde

modification. Although available literature data are
restricted to mafic UHP xenoliths in which the buffering
of P andTi is not always clear, there is convincing evidence
that garnet from such rocks contains much higher Na,
P and Ti than is generally observed in UHP rocks of simi-
lar composition and metamorphic grade. For example,
Sobolev & Lavrent’ev (1971) observed that Na2O contents
of 0�1^0�22wt% are common in eclogitic garnet from
diamond-bearing rocks, whereas 0�01^0�02wt% Na2O is
generally present in garnet from UHP eclogite-facies
rocks. Bishop et al. (1978) reported garnet compositions
from eclogite xenoliths with up to 0�1wt% P2O5, 0�14wt%
Na2O and 0�8 wt% TiO2.
In summary, there is clear evidence that garnet formed

in subducted metapelitic rocks contains significant
amounts of Na2O, P2O5 and TiO2. The much lower
content of these elements in garnet from UHP felsic rocks
indicates that, in most cases, garnet is not able to retain its
original UHP chemical signature in such slowly cooling
rocks. Garnet is one of the most important phases for
thermobarometry. Therefore, the application of thermoba-
rometers using garnet in relatively slowly cooled UHP
rocks should be done with care, as in some cases these ther-
mobarometers may be unable to provide meaningful con-
straints on peak metamorphic conditions.

Phengite

The Si content of phengite increases strongly with increas-
ing pressure but depends also on the buffering mineral
paragenesis, as has been demonstrated in several
earlier studies (Massonne & Schreyer, 1987; Massonne &
Szpurzka, 1997; Hermann, 2002b). The Si content of phen-
gite must therefore be used in conjunction with the compo-
sitions of coexisting phases to estimate pressure. The most
interesting observation on experimental phengite is the
systematic change in TiO2 content when buffered with
rutile and quartz^coesite, a feature that has not been
described before. The TiO2 content increases strongly
with increasing temperature and decreases moderately
with increasing pressure (Fig. 6b), and provides a useful
semi-quantitative tool to evaluate whether or not phengite
compositions record peak conditions or equilibrated
during exhumation. For example, Meyre et al. (1999)
reported phengite containing 0�5^0�6wt% TiO2 from
high-pressure pelites that experienced peak conditions of
T �6508C, P �2�5GPa. This is in very good agreement
with the experimental values of 0�59 wt% TiO2 (6008C,
2�5GPa) and 0�63wt% TiO2 (7008C, 2�5GPa). Phengite
in metapelites of the Dora^Maira massif (peak conditions
T �7308C, P �4GPa) have �0�4wt% TiO2 (Hermann,
2003), in good agreement with the measured 0�42wt%
TiO2 in the experiment at 7508C, 4�5GPa. Phengite-
bearing eclogites of the Erzgebirge equilibrated at
significantly higher temperatures of �8508C with less
precise pressure estimates of �3�5GPa (Schma« dicke &
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Mu« ller, 2000). These phengites contain 1�1^1�5wt% TiO2,
which again is consistent with our experimental results
(Fig. 6b). Even higher TiO2 contents in phengite of 1�75^
2�04wt% have been described from UHP metapelites of
the Greenland Caledonides, for which peak metamorphic
conditions of �9708C and 3�6GPa have been proposed
(Lang & Gilotti, 2007). This is in very good agreement
with theTiO2 content of 1�9wt% determined in an experi-
ment at 9508C, 3�5GPa. Because phengite breaks down at
significantly lower temperatures of 700^7508C at crustal
pressure (Vielzeuf & Holloway, 1988) than at UHP condi-
tions (Fig. 3), phengite with such very high TiO2 contents
might be used as an indicator for UHP conditions. For
phengites that do not contain a major biotite component
(520%), TiO2 contents of42wt% seem to be stable only
at pressures43GPa (i.e. at UHP conditions). In fact, such
phengite has been observed as inclusions in zircon from the
diamond-bearing gneisses of the Kokchetav massif
(2�7wt% TiO2; Hermann et al., 2001) and as inclusions
in garnet from the Erzgebirge (3�3wt% TiO2; Massonne
& Nasdala, 2003). These first results are promising;
however, clearly more experimental data are needed to
fully understand and quantify the TiO2 incorporation in
phengite as a function of pressure, temperature, bulk-rock
composition and buffer paragenesis.

Implications for garnet^clinopyroxene^
phengite barometry
Although the composition of single minerals, as discussed
above, can give some insights into the conditions of poten-
tial UHP metamorphism, the most complete approach
is to obtain pressure information by combining the
composition of garnet, clinopyroxene and phengite. The
compositions of these three phases are related through
the fluid-absent, pressure-sensitive equilibrium

6 diopsidecpx þ 3 muscovitephe

¼ 2 grossulargrt þ 1 pyropegrt þ 3 celadonitephe:
ð1Þ

The large stability field of garnet^phengite^clinopyroxene
in a great variety of subducted crustal rocks makes
this assemblage ideal for determination of pressure in
UHP terrains (Carswell et al., 1997; Krogh Ravna &
Terry, 2004). In the following discussion we compare the
calculated pressure at the nominal run temperature from
phase compositions in experiments using the recently
formulated garnet^phengite^clinopyroxene barometer of
Krogh Ravna & Terry (2004) with the nominal pressure
of the experimental runs (Fig. 8c). This barometer
has been calibrated empirically and has so far not been
tested by experiments. The calibration uncertainty at
3�5^4�5GPa is �10%, as indicated by the grey band in
Fig. 8c. For most of the runs the pressure obtained from
the barometer is within this grey band, indicating that
it can be successfully used to identify UHP rocks.

However, there is a clear trend in the data at 3�5
and 4�5GPa, showing that the barometer is probably
underestimating pressures at the low-temperature end
(i.e. 7008C) and overestimating the pressures at the
high-temperature end (i.eT �9508C).

Pelite phase relations at sub-arc depths
The experiments of this study on a pelitic starting material
document an important change in phase relations from
fore-arc to sub-arc depth. There are complex phase rela-
tions in subducted sediments that involve a variety of
hydrous phases at P52�7GPa (Patin‹ o Douce &
McCarthy, 1998; Hermann, 2002b; Poli & Schmidt, 2002;
Auzanneau et al., 2006). In our experiment this is mani-
fested by the presence of amphibole, phengite and biotite
at 2�5GPa. Amphibole is stable only in runs at 2�5GPa
and below 9008C, as has also been found in experimental
studies on mafic hydrous systems (e.g. Liu et al., 1996; Poli
& Schmidt, 2002). In contrast, the lack of garnet at 600
and 7008C, 2�5GPa and at 6008C, 3�5GPa is not consistent
with natural phase assemblages or thermodynamic grids of
high-pressure, low-temperature metapelites (Yardley, 1989;
Powell & Holland, 1990) or other experimental studies.
Experiments on pelitic compositions at 2^3GPa by
Nichols et al. (1994) produced garnet as part of the solid
assemblage at temperatures down to 6008C. Spandler
et al. (2007b), using the same starting compositions as used
here, formed garnet in runs down to 6008C at 2�2GPa.
It should be noted, however, that in the experiments
of Spandler et al. (2007b), garnet growth at subsolidus run
conditions was achieved only by adding pyrope seeds to
circumvent the sluggish nucleation of new garnet grains.
Therefore, we expect that the lack of garnet in the lowest
temperature experiments reported here is an artefact of
sluggish nucleation of garnet at these conditions.
With increasing pressure from 2�5GPa amphibole trans-

forms to clinopyroxene and biotite reacts to form phengite.
The transition from biotite-bearing to phengite-bearing
parageneses has been investigated in detail by Auzanneau
et al. (2006) in a greywacke bulk composition. They found
that biotite disappears at 2�3^2�4GPa at 800^9008C.
At higher pressure, the paragenesis garnetþ clinopyroxene
þ phengiteþ coesite� kyanite is stable over a large P^T
range (Fig. 9). Interestingly, this paragenesis is stable not
only in metapelites but also in greywacke and K-bearing
MORB (Schmidt et al., 2004). This confirms that at sub-
arc depths phengite will be the stable K phase in
subducted crust.Within this dominant sub-arc paragenesis,
a fluid-present melting reaction can be postulated based on
the observed proportions and compositions of phases.
Especially useful are those experiments in which the P^T
conditions are constant, but the added water content
changes. At 9008C, 3�5GPa we performed two experiments
with 6�8 and 3�1wt% H2O added. Based on mass balance
using the compositions given in the Electronic Appendix,
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a significant decrease in the abundance of clino-
pyroxene, phengite and, to a lesser extent, coesite
has been observed in the experiment with the higher
water content, whereas there is a strong increase in the
amount of melt and a smaller increase in the amount of
garnet. These observations suggest the following melting
reaction:

Cpxþ Pheþ Coeþ Fluid ! GrtþMelt: ð2Þ

Such a melting reaction has been proposed previously
(Schmidt, 1996; Schmidt et al., 2004) but is different from
that of Auzanneau et al. (2006), who suggested that garnet
is on the reactant side and not on the product side, which
creates considerable problems in balancing Fe and Mg.
Phengite is stable to surprisingly high temperatures at

sub-arc depths. At 3�5GPa, it was still stable at 9508C,
whereas at 4�5GPa phengite disappeared between 1000
and 10508C. Our experiments provide information on the
minimum stability of phengite because we did not perform
fluid-absent melting experiments. In fact, it has been
observed in a natural tonalite composition (no fluid
added, �1wt% H2O) that phengite was stable up to
10108C at 3GPa and up to 10508C at 3�2GPa (Patin‹ o
Douce, 2005).

The new data in combination with literature data
provide evidence for the key role of phengite as a K (and
other LILE) carrier at sub-arc depths. Other trace
elements are likely to be controlled by accessory phases
such as apatite, zircon, rutile, allanite and monazite,
which are stable to high temperatures and pressures
(Table 1). The influence of accessory phases on the trace
element contents of the liberated liquids will be presented
elsewhere. The new data support previous suggestions that
significant liberation of a range of trace elements is most
probably related to fluid-present metamorphic conditions
in the subducted sediments (Domanik & Holloway, 1996;
Hermann & Green, 2001).

The position of the wet solidus
Experimental determination of the position of the wet
solidus at low pressures (P 52�5GPa) in felsic systems
is relatively straightforward, as a clear transition from
glass-absent to glass-present runs can be observed (Huang
& Wyllie, 1981). For example, Spandler et al. (2007b) deter-
mined that the wet solidus for the same chemical system
as investigated here is at 6758C at 2�2GPa. However,
at higher pressures, experimental determination of the
solidus becomes more complex, as the amount of dissolved
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H2O in the hydrous melts at the solidus increases with
increasing pressure (Huang & Wyllie, 1981). In this experi-
mental set we found that the melt produced is quenchable
to a glass only if the H2O content is530wt% (Fig. 6a).
Thus we are confident that we were able to track the wet
solidus up to pressures of 3�5GPa, where it is situated
between 700 and 7508C. This is in very good agreement
with the study of Nichols et al. (1994), who determined
the wet solidus in subducted red clay sediments up to pres-
sures of 3GPa (Fig. 9). However, the wet solidus deter-
mined is very different from that in other studies. For
example, Johnson & Plank (1999) reported a wet solidus
in the red clay system that is more than 1008C higher
than our results. This might be related to a difference in
the starting material, because the red clay they used has
significantly lower SiO2 and higher FeOþMgO contents
than the starting material used in the present study
(Fig. 1), or to sluggish reaction in the lower temperature
runs of their experiments because of the use of an already
crystalline starting material. The locus of fluid-present
melting for a metagreywacke composition (Auzanneau
et al., 2006), which is very similar in composition to our
starting material (Fig.1), is also at considerably higher tem-
peratures (�1008C) at 3�5GPa than the results of our
study.
As pointed out above, at higher pressures we are only

able to determine the transition from glass to non-quench-
able fluid. From theoretical considerations of melting
topologies it is evident that the wet solidus must have a
steeper slope than the H2O isopleths in the hydrous melt
(Hack et al., 2007). This means that, for the investigated
system, the wet solidus should have a steeper slope than
808C/GPa (Fig. 9). Interestingly, the proposed wet solidi
of Schmidt et al. (2004) and Auzanneau et al. (2006) at
P43�5GPa are very similar to the 25wt% H2O isopleth
determined in this study (Fig. 9). It is important to note
that these two studies were not well designed to trace
the wet solidus. The amount of excess water in these
experiments is very small and ranges from 0�4wt% in the
metagreywacke to 0�9wt% in the metapelite. Considering
that hydrous melts contain at least 25^30% of water at
the wet solidus at P43�5GPa (Fig. 8b), this will result in
extremely low melt fractions of 1^3%. Such low melt frac-
tions are very hard to detect and virtually impossible
to trace by mass balance. In contrast, in this study we
have applied a different approach by increasing the water
content at decreasing temperatures to keep the amount of
melt produced high at about 20%. Such melt proportions
are much easier to detect and provide larger pools for
accurate analyses of the melt composition.

Composition of the fluid phase
The first-order control on the composition of the fluid
phase is given by the H2O content. Where the fluid phase
is able to quench to a glass we classify it as a hydrous

melt (Hermann et al., 2006). For the studied pelite
composition the transition from quenchable glass to non-
quenchable fluid occurs at 30wt% H2O. With increasing
temperature the H2O content in the hydrous melt
decreases in a systematic way (Fig. 9b). The liquidus deter-
mined by Nichols et al. (1994) for a red clay composition
with 8wt% H2O is situated between the 5 and 10wt%
H2O isopleths and thus is consistent with the isopleths
determined in this study. At the low-temperature side of
the solidus, the fluid phase is dominated by H2O and thus
represents an aqueous fluid (Fig. 9). In our study we were
unable fully to quantify the amount of solute in the dia-
mond traps. However, a comprehensive compilation of
major element solubilities by Manning (2004) indicates
that such aqueous fluids are surprisingly dilute and are
likely to contain 55wt% of total dissolved solutes at
P52�0GPa and T �6008C. At 2�2GPa and 600^6508C,
Spandler et al. (2007b) constrained the solubilities of
elements with synthetic fluid inclusions using a starting
material identical to that in this study. They found that
total dissolved solutes range from �4 to 5�5wt%. This
value is likely to be representative also for our run at
6008C, 2�5GPa (Table 3). Solubilities tend to increase with
increasing pressure and temperature (Manning, 2004),
and guided by the general topology of the solubility iso-
pleths (Hack et al., 2007) we have estimated that the total
dissolved solutes are �8 and 11wt% at 3�5GPa at 600 and
7008C, respectively. This seems reasonable considering
that Kessel et al. (2005b) reported total solute contents of
�12wt% at 4�0GPa, 7008C in the MORBþH2O system.
This system produced a mineral assemblage (apart from
phengite) similar to that in the pelite system and, consider-
ing that the main solutes are SiO2, Al2O3 and Na2O
(Table 3), total solute contents are likely to be comparable.
For the run at 4�5GPa, 7008C we estimated a total amount
of solutes of 15% based on the findings of Kessel et al.
(2005b) in the MORBþH2O system; those workers
reported aqueous fluids with total dissolved solutes of
7^17wt% in the range 4�0^5�0GPa and 700^8008C.
As solute contents increase along the solidus for the

aqueous fluid and the H2O increases in the hydrous melt,
the two compositions merge together until they are the
same at the second critical endpoint where the solidus
terminates. The solubility isopleths obtained in this study
indicate that at 3�5GPa the second critical point has not
been reached for the pelitic bulk composition. However, it
must be noted that the design of our and the Schmidt et al.
(2004) experiments is not suitable to detect any closure of
the miscibility gap between aqueous fluid and hydrous
melt. The position of the second critical endpoint cannot
be determined with such experiments because the melts
are no longer quenchable along the solidus above 3�5GPa.
It is necessary to conduct experiments at high and variable
water contents to locate the second critical endpoint.
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As long as solubilities in the fluid phase are considered,
the actual position of the second critical endpoint is not
of paramount importance because there is a strong
increase in solubilities over a temperature interval of
�1008C (as observed, for example, between 7008C and
8008C, 4�5GPa) whether or not the wet solidus is still pre-
sent (e.g. Manning, 2004; Hermann et al., 2006).
The large melt pools obtained in this study permit

accurate analysis of the experimental melts as a function
of increasing temperature (Fig. 7). The melts are essentially
granitic in composition. The most significant observed
change within the granite field is the change of Na2O and
K2O with temperature. Close to the wet solidus the melts
are trondhjemitic with Na2O4K2O. At higher tempera-
tures, the melts are granitic sensu stricto with K2O4Na2O.
It is interesting to note that a very similar trend has
been observed at lower pressures by Patin‹ o-Douce &
McCarthy (1998). Fluid-present melting in a muscovite
schist at 700^7508C, 0�6^1�0GPa produced trondhjemitic
melt compositions, whereas melting at higher temperatures
produced granitic melt compositions. This similarity
in melt composition evolution with temperature at
high and low pressures is not expected, as the buffering
paragenesis changes significantly from quartz^
plagioclase^muscovite^biotite^garnet (low pressure) to
coesite^clinopyroxene^phengite^garnet (high pressure).

Because of the large stability field of phengite, most experi-
mental melts are buffered in K2O. In fact, there is a
systematic increase in K2O with increasing temperature,
as is expected for an element that has a constant composi-
tion in the buffering phase (Fig. 7a). In conjunction with
the decrease in H2O with increasing temperature, there
is a very pronounced and systematic change of K2O/H2O
as a function of temperature (Fig. 10a). Figure 10a is used
to show how efficiently K2O can be removed from sub-
ducted sediments as a function of temperature, nature of
the fluid phase and available H2O. At low temperatures
an aqueous fluid is stable, and hence a very high fluid^
rock ratio is needed to strip substantial K2O out of sub-
ducted sediments. In contrast, at higher temperatures,
much less H2O is required to efficiently remove K2O with
a hydrous melt. Figure 10 can also be used to predict,
in experiments with a given K2O/H2O, at which tempera-
ture it is expected that the solid K phase is completely
dissolved in the produced fluid. The temperature range
of phengite dissolution, used as an argument for the
presence of supercritical fluids by Schmidt et al. (2004),
can be readily explained in terms of this diagram.
A K2O/H2O �1�2 in their starting material is reached
by the hydrous melt at 1000^11008C, in agreement
with the disappearance of phengite observed by Schmidt
et al. (2004).
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primitive arc lavas and the K2O/H2O that would result from fluid-absent melting of phengite- or phlogopite-bearing rocks. (b) P^Tdiagram
illustrating the three fundamentally different scenarios for element transfer in subduction zones when thermal models for top-slab temperatures
are compared with the position of the wet solidus and the stability of phengite. In scenario 1, elements are transferred by an aqueous fluid; in
scenario 2, by fluid-present melting; in scenario 3, by fluid-absent melting. Top-slab temperatures from numerical and analogue models: 1, 278
angle of subduction, 10 cm/year convergence rate, 50Myr old oceanic crust; 2, 278 angle of subduction, 10 cm/year convergence rate, 20Myr old
oceanic crust; 3, 278 angle of subduction, 3 cm/year convergence rate, 20Myr old oceanic crust; [numerical models 1^3 are from Peacock et al.
(1994)]; 4, scaled analogue model: 498 dip, 3�5 cm/year convergence rate (Kincaid & Griffiths, 2004); 5, numerical model with enhanced coupling
with the mantle wedge, 608 dip, 4�5 cm/year convergence rate, 10Myr old oceanic crust (van Keken et al., 2002).
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We have already highlighted the difficulties of constrain-
ing the nature of the fluid phase based on textural observa-
tions when the amount of fluid phase is low and/or the
fluid phase does not quench to a glass. However, in this
study we have observed some compositional characteristics
that might help researchers in future studies to constraint
the nature of the fluid phase. Element ratios are particu-
larly useful, because determination of absolute concentra-
tions is often difficult in the hydrous quench from aqueous
fluids. We found that SiO2/Al2O3 and Na2O/Al2O3

abruptly increase from hydrous melts to aqueous fluids
(Fig. 7e and f). This is in excellent agreement with the
calculated solubilities in aqueous fluids in equilibrium
with eclogite, showing that Si and Na are the main cations
and Al is a minor component (Manning,1998). The Na2O/
Al2O3 of aqueous fluids in equilibrium with a high-
pressure metapelite has also been determined in fluid
inclusions trapped in experiments at 2�2GPa, 600^6508C
and is close to unity (Spandler et al., 2007b), in agreement
with our data (Fig. 7f). Green & Adam (2003) analysed the
quench material precipitated from aqueous fluids that had
been equilibrated with a basaltic eclogite assemblage at
650^7008C, 3�0GPa. The quench material was character-
ized by high SiO2/Al2O3 of 12^20 and high Na2O/Al2O3

of 0�7^0�8, providing further evidence for the distinct char-
acteristics of these ratios in aqueous fluids.
A surprising feature is the very low K2O content of the

aqueous fluids, which is between 0�04 and 0�16wt% when
the H2O content of the fluid is taken into account
(Table 3). Such low K2O contents have also been observed
in the fluids present in the K-bearing basalt experiments
of Green & Adam (2003). Although their starting material
contained only 0�3wt% K2O and they applied a high
H2O/starting material ratio of unity, all experiments pro-
duced residual phengite.This provides strong evidence that
the solubility of K2O in the aqueous fluid must be smaller
than 0�3wt%. In fact, if the K2O content of the fluid is
normalized to a total solute content of 5 wt%, as suggested
by Green & Adam (2003), then it reaches values of
0�07^0�11wt%; these values are in excellent agreement
with the low concentrations found in our study.

Element recycling and
top-slab temperatures
One of the most remarkable characteristics of primitive
arc lavas compared with MORB is the distinct enrichment
of H2O and LILE (Tatsumi & Eggins, 1995). A range of
isotopic and geochemical criteria provide strong evidence
that these components are derived from the subducted
slab (Hawkesworth et al., 1993; Plank & Langmuir, 1993,
1998). Although the H2O may be sourced from a number
of lithologies in the slab (Poli & Schmidt, 2002), several
studies have confirmed that subducted sediments play a
key role in the LILE budget of subduction zones (Plank &
Langmuir, 1993, 1998; Peate et al., 1997). In particular,

pelites are regarded as the most important component
of the subducted sediment for hosting most lithophile
trace elements (Plank & Langmuir, 1998). It is, therefore,
of prime interest to understand the nature and composition
of the fluid phase that is formed at sub-arc depths in sub-
ducted pelites. To evaluate the process of LILE recycling, it
is necessary to compare the position of the wet metapelite
solidus (and the extension of the transition of hydrous melt
to non-quenchable fluid) to thermal models of top-slab
temperatures. Figure 10b shows a variety of thermal
models with respect to the wet pelite solidus, the field
where hydrous melts are stable and the stability of phen-
gite. Thermal modelling has shown that temperatures
at the top of the subducting slab are mainly controlled by
the age of the incoming plate (the older the cooler) and
the speed of subduction (the faster the cooler (Peacock
et al., 1994). Recent thermal and mechanical modelling has
also highlighted the importance of coupling between the
slab and mantle wedge, which may dramatically influence
temperatures on top of the slab (van Keken et al., 2002;
Kincaid & Griffiths, 2004).The variety of controlling para-
meters results in vastly different model conditions at sub-
arc depths that range from very cold (400^6008C) to very
hot (950^10008C). This highlights the need to obtain inde-
pendent constraints on top-slab temperatures.
To characterize recycling of elements from the subducted

sediments to themantlewedge, we canconsider three funda-
mentally different scenarios. In the first scenario, the top-
slabtemperature iswithintheaqueous fluid fieldat relatively
low temperatures at sub-arcdepths.This is thecase forallbut
the hottest proposed geotherms of the models given by
Peacock et al. (1994). Under such conditions effective extrac-
tion of K2O and other LILE will be difficult. Our experi-
ments have shown that the K2O content and, more
importantly, the K2O/H2O ratio of such fluids are very low
(Fig. 10a). This means that LILE can be removed by fluids
only in zones where there is a very high fluid^rock ratio.
Also, the solubility of LREE, which are often enriched in
arc lavas, is extremely low (Hermann, 2002a; Spandler et al.,
2007b). In the second scenario, top-slab temperatures are
high enough (47008C) for fluid-present melting at sub-arc
depths, but no fluid-absent melting of phengite occurs.
Kincaid&Griffiths (2004) reported results from scaled ana-
logue models that produced top-slab temperatures that fall
within this scenario. K2O and LILE will be efficiently
removed from the sediments depending on the availability
of an externally derived fluid that triggers melting. It has
been suggested that the breakdown of hydrous phases in
mafic and ultramafic rocks in the deeper and cooler parts of
the slab might provide the fluids necessary for melting the
sediments on top of the slab (Hermann & Green, 2001).
Alternatively, hybrid chlorite- and talc-rich rock types that
form as a result of interaction between the subducted slab
and the mantle wedge might liberate significant amounts of
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fluid at 700^8008C at sub-arc depths and thus will trigger
melting of the sediments (Spandler et al., 2007a). In the third
scenario, very high top-slab temperatures of 950^10008C
might lead to fluid-absent melting of phengite in subducted
sediments. Such high top-slab temperatures could occur
where there is enhanced coupling with a hot mantle wedge
(van Keken et al., 2002) or where asthenospheric inflow
occurs in response to slab rollback (Kincaid & Griffiths,
2004). In such a case, nearly complete transfer of K2O and
LILE from the subducted sediments to the mantle wedge
occurs at sub-arc depths independent of whether or not
there is additional fluid fluxing.
One interesting aspect of fluid-present melting in sedi-

ments is that the amount of K2O in the melt (buffered
by phengite) increases systematically with increasing
temperature. It was suggested previously that in many
island-arc systems there exists a relationship between the
K2O content of primitive lavas and the depth to the top of
the subducting slab beneath the volcanoçthe so-called
‘K^h’ or ‘potash^depth’ relationship (Dickinson, 1975).
Consequently, it has been postulated that pressure is the
primary control on K2O release from the slab. Our study,
however, suggests that temperature and not pressure is
the controlling parameter. Because the temperature at
the top of the subducting slab increases with increasing
depth, the observed ‘potash^depth’ relationship still holds.
We suggest that the systematic change in the K2O/H2O

ratio in the slab fluid as a function of temperature and, to
a lesser extent, pressure, provides a useful tool to distin-
guish between the three scenarios outlined above. K2O is
buffered by residual phengite and is a good proxy for
the behaviour of the LILE, which are the most important
elements in the subduction component of arc lavas. The
rationale behind normalizing to the water content is that
the amount of water added to the mantle wedge will be a
principal factor in determining how much basaltic melt
is produced during wet melting of the mantle wedge peri-
dotite, which in turn will have an influence on the final
concentration of LILE in the resultant arc magmas.
The K2O/H2O of the fluid phase leaving the subducted
sediments at the top of the slab is extremely low (
0�002)
in scenario 1 (Fig. 10a). As soon as hydrous melts are pre-
sent (scenario 2) the K2O/H2O increases drastically to
0�1^1 for the temperature range of fluid-present melting.
For fluid-absent phengite melting at sub-arc depths, as out-
lined in scenario 3, the K2O/H2O is bracketed between �1,
given by the high temperature of melting, and �2�3, given
by the stoichometry of phengite (10�5wt% K2O, 4�5wt%
H2O).
These constraints can now be compared with the K2O/

H2O ratio of primitive arc lavas. Primitive lavas from a
range of volcanic arcs have between 0�2 and 0�8wt%
K2O (Kelemen & Hanghoj, 2003) and between 2 and
4wt% H2O (Sobolev & Chaussidon, 1996; Stern, 2002),

giving K2O/H2O ratios of between 0�05 and 0�4. An
excellent dataset has been recently published on melt inclu-
sions in olivine from the Kamtchatka arc, where K2O
and H2O have been measured in the same inclusions
(Portnyagin et al., 2007). The observed K2O/H2O values
range from 0�05 to 0�42, with the majority of data cluster-
ing at 0�25. The depleted mantle source of arc magmas is
expected to contain of the order of 0�007wt% K2O and
0�01wt% H2O (Salters & Stracke, 2004) and so is unlikely
to contribute significantly to the budget of these elements
in arc magmas. Therefore, we can reasonably assume that
the K2O/H2O ratio of primitive arc magmas is primarily
derived from slab contributions.
To make a link between the K2O/H2O of arc magmas

and the K2O/H2O of the slab-derived sediment flux, we
have to consider potential alteration of this ratio in the
mantle wedge according to the three different scenarios.
For models predicting cool top-slab temperatures (sce-
nario 1), aqueous fluids leaving the slab will interact with
the mantle wedge and form a variety of hydrous phases
such as antigorite, amphibole, talc, chlorite and phlogopite
(Poli & Schmidt, 2002). Talc, chlorite and phlogopite,
in particular, are stable up to considerable pressures
and temperatures and the formation of these phases will
alter the H2O and K2O content of the residual fluid.
However, overall it is expected that the solubilities in
the peridotite system are lower than in the pelite system
and that the residual fluids are likely to be H2O-rich,
aqueous fluids with very low K2O/H2O. An interesting
alternative model is that the fluid, which transports
the slab signature to the locus of partial melting in the
mantle wedge, derives from the breakdown of the hydrous
chlorite^talc assemblage, which will occur at �8008C
(Spandler et al., 2007a). We can estimate the proportion of
hydrous minerals from the interaction of peridotite with
aqueous fluids derived from the subducted sediments.
For a fluid composition such as that determined at 6008C,
3�5GPa (Table 3), we obtain an estimated talc:chlorite:
phlogopite ratio of 30:15:1. If upon dehydration of such an
assemblage at 8008C all the K2O hosted in phlogopite
enters the fluid phase, the resulting K2O/H2O ratio
would be �0�03. This is a maximum value as potentially
some phlogopite will remain. This calculated ratio is
considerably higher than in the original aqueous fluid
leaving the slab, but is still significantly lower than
the K2O/H2O ratio in arc lavas (Fig. 10). Therefore, it
is very difficult to explain the K2O/H2O of arc lavas with
scenario 1. Clearly, more experiments are needed to con-
strain the solubility of K2O in aqueous fluids in such
systems.
In the second scenario a hydrous melt is produced from

the subducted sediments. This melt will most likely enter
the mantle wedge at pressures above the amphibole
stability field (Fumagalli & Poli, 2005) and at temperatures
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that exceed the stability of antigorite, talc and chlorite
(Poli & Schmidt, 2002). Hence, the only mineral phase
capable of altering the K2O/H2O is phlogopite. Sekine &
Wyllie (1982) have shown that interaction of granitic
melts with peridotite will generally produce phlogopite.
The extent of phlogopite formation depends on the tem-
perature and especially on whether the melts are in
contact with olivine or are shielded by the formation of
new orthopyroxene. Malaspina et al. (2006) have investi-
gated garnet-orthopyroxenites that have been interpreted
as the products of interaction of peridotites with hydrous
silicate melts at sub-arc pressures. They have observed
that a residual fluid was trapped in the garnet that was
enriched in incompatible elements. These garnet-ortho-
pyroxenites are surrounded by layers of phlogopite,
which probably formed during the interaction process
(N. Malaspina, personal communication, 2007). Phlogopite
has K2O/H2O of �2, given by the stoichiometry. Figure 10
shows that hydrous melts released from the slab at
temperatures of 700^9008C have a K2O/H2O of 0�1^1,
which is lower than the K2O/H2O of phlogopite. Thus
if phlogopite is formed in the mantle wedge peridotite,
this will lower the K2O/H2O of the residual fluid
that will enter the locus of wet melting. The observed
K2O/H2O of �0�05^0�4 of primitive arc lavas thus
constrains the likely minimum K2O/H2O in the slab-
derived fluid phase.Therefore, estimated top-slab tempera-
tures based on the K2O/H2O of arc lavas would represent
minimum values, and would depend on the amount
of interaction of the slab-derived fluid with the mantle
wedge. In the case of channel flow, such interaction would
be minimal and the slab signature could be transported
nearly entirely to the locus of partial melting. In such
a case K2O/H2O temperature estimates based on this
work would be accurate. On the other hand, if the fluid is
transported via porous flow, extensive interaction
and phlogopite formation is expected. K2O/H2O would
then be determined by the solubility of phlogopite in
aqueous fluids in the peridotite system. No experimental
results are available yet to quantify this process, but it
is expected that K2O/H2O would increase systematically
with increasing temperature.
Fluid-absent melting of phengite at high temperatures

(scenario 3) produces melts that have virtually the same
K2O/H2O as phlogopite. Therefore in such a case,
the K2O/H2O is not significantly changed by the potential
formation of phlogopite in the mantle wedge. It is also
worth noting that fluid-absent melting of a phlogopite-
peridotite would produce melts with K2O/H2O of �2.
These values are significantly higher than what is observed
in primitive arc lavas and consequently we do not consider
this scenario to be likely.
The combination of our experimental results on the

systematics of K2O/H2O variation in the fluid phase

released from subducted sediments with considerations of
the interaction of these fluids with the overlying mantle
wedge suggests that the easiest way to explain the observed
K2O/H2O in arc lavas is if fluid-present melting (scenario
2) at top-slab temperatures of 750^9008C occurs in the
subducted sediments (Fig. 10). Although this study clarifies
the nature and composition of the fluid phase present
in subducted sediments, clearly more experiments are
needed to constrain the interaction of these fluids with the
mantle wedge for a complete understanding of LILE recy-
cling in subduction zones.

CONCLUSIONS
(1) Phengite is the most important host for K (and other
LILE) in the subducted crust. This study shows that phen-
gite is stable to high temperatures at sub-arc depths (9508C
at 3�5GPa; 10008C at 4�5GPa) and hence fluid-absent
phengite breakdown is not a viable process to release K
from the subducted slab in most subduction zones.
(2) The pelite solidus is steeply sloping and is located at

7008C at 2�5GPa and between 700 and 7508C at 3�5GPa.
At higher pressures we could only determine the transition
from hydrous glass to non-quenchable fluid, at 8008C,
4�5GPa. Hence, the solute content of the fluid phase
released from subducted sediments will strongly increase
in the temperature interval from 700 to 8008C at sub-arc
depths.
(3) The K2O and H2O content of the fluid phase is

buffered by the phengite-bearing residue and changes
drastically as a function of the nature of the fluid phase
and the slab temperature. Aqueous fluids, which are stable
at temperatures lower than the wet solidus, are dilute and
contain K2O 51wt% and H2O 480wt%. In contrast,
hydrous melts display increasing K2O and decreasing
H2O contents, with typical K2O/H2O of 0�1^1. Thus,
efficient extraction of LILE from the subducted sediments
requires wet melting.
(4) The comparison of K2O/H2O produced in hydrous

experiments with primitive arc basalts provides evidence
that the most important process for element recycling
from the slab to the mantle wedge occurs via fluid-present
melting of the sediments and suggests that top-slab
temperatures must be in the range of 700^9008C. Once
the interaction of the fluids with the mantle wedge is
understood, the K2O/H2O of primitive arc basalts can
be used to obtain independent constraints on top-slab
temperatures.
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