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subducted crust
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Abstract

Synthesis piston-cylinder experiments were carried out from 2.0 to 4.5 GPa and 850 to 1150³C in order to determine
phase and melting relations in a model composition for subducted crust (K2O^CaO^MgO^Al2O3-SiO2^H2O). As
subduction zone magmas are enriched in H2O and large ion lithophile elements (LILE), this study concentrates on the
stability of phases that host these elements. Biotite and phengite were found to be the stable phases able to transport
H2O and LILE to mantle depths. At pressures below 3.0 GPa biotite is stable to higher temperatures than phengite and
melting related to biotite breakdown occurs at about 950³C. At higher pressure, only phengite melting occurs along the
reaction phengite+clinopyroxene+coesiteCgarnet+kyanite+melt+K-feldspar, which has a positive slope to 1050³C,
4.5 GPa. Biotite reacts to phengite under subsolidus conditions with the conservation of LILE and H2O stored in the
rock. The stability of phengite to high pressures and temperatures prevents liberation of LILE and H2O by `fluid
absent' melting in subduction zones with a normal thermal gradient. It is suggested that these elements are probably
released by melting in the presence of fluids, which derive from dehydration of the mafic or ultra-mafic layer of the slab.
The experiments demonstrate that melts produced by mica melting or by addition of small amounts of H2O at lower
temperatures are granitic in composition and display an increase of K2O with increasing temperature. Determination of
trace element partitioning between melt and residue indicates that the heavy rare earth elements will be incorporated in
garnet and strongly enriched in the residue whereas the LILE preferentially enter the melt even if there is phengite in the
residue. The light rare earth elements (LREE) are not significantly enriched in the granitic melts because of small
amounts of LREE-rich allanite in the residue. Such hydrous granitic melts could participate in the metasomatism of the
mantle wedge and might be partly responsible for the characteristic trace element patterns of subduction zone
magmas. ß 2001 Elsevier Science B.V. All rights reserved.

Keywords: experimental studies; partial melting; subduction; phengite; trace elements; crust

1. Introduction

Subduction zone magmas are characterized by

depletion of high ¢eld strength elements (HFSE)
and enrichment of K, Rb, Sr, Ba and Cs (large
ion lithophile elements, LILE) with respect to
MORB [1^3]. Based on correlation between the
composition of sediment inputs and magma out-
puts in subduction zones, it has been suggested
that the elevated LILE composition derives from
a `sediment component' which is transferred from
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the subducting oceanic crust to the mantle [4].
There has been a long-running debate as to
whether these elements are transferred by melts
[5] or £uids [6,7]. However, the ¢nding of the
`second critical point' in silicate+H2O systems at
high pressures, beyond which separate £uid and
melt cannot exist [8,9], blurs this distinction. In-
stead we need to know which minerals incorpo-
rate these elements, under which conditions these

minerals break down, what are the reaction prod-
ucts and what is the partitioning of elements be-
tween solid and melt/£uid phases.

Studies on high pressure rocks from paleo-sub-
duction zones demonstrate that phengite is the
most important K phase in high pressure rocks
with crustal protoliths [10^13]. Trace element
studies on natural phengite from eclogites re-
vealed that most of the LILE are hosted in phen-

Table 1
Composition of the starting materials and of those melts, which have been analyzed for trace elements

Sample P1 P2 C-825 UHP50 C-983 C-896 C-905 C-907 UHP60

T (³C) 950 1000 950 1000 1000 1150 1080
P (GPa) 3.5 4.52 3.0 3.5 3.0 3.5 4.2
Major elements (wt%):
SiO2 61.5 59.5 66.45 63.57 66.67 65.92 66.17 66.88 65.98
Al2O3 21 21 12.34 12.36 12.72 12.33 12.39 13.61 13.40
MgO 8 8 0.71 0.41 0.54 0.57 0.71 1.00 0.53
CaO 6 6 1.77 1.21 1.48 2.52 2.00 4.06 1.57
K2O 3 3 8.05 8.87 8.49 6.96 7.17 6.50 10.03
Na2O 0.2 2.5 0.22 0.39 0.18 0.17 0.10 0.21 0.26
Sum 89.54 86.80 90.07 88.47 88.54 92.25 91.76
Calculated or estimated values:
H2O 10 9 7 7 6 5 8
% melt 15 20 35 40 40 40 35
Al* 1 0.99 1.04 0.99 1.07 0.92 0.95
Kfs 50 58 53 44 45 40 62
Plag 11 10 9 15 12 23 11
Qtz 37 31 36 40 40 38 28
Trace elements (ppm):
Rb 357 946 606 580 728 658 808 929
Sr 226 861 541 304 425 399 537 562
Y 251 25 7.5 5.8 15 11 46 6.6
Zr 271 276 222 127 203 236 457 230
Ba 299 873 595 422 583 521 730 744
La 235 123 171 151 359 360 592 534
Ce 283 151 209 175 416 415 673 584
Nd 121 60 79 48 126 139 234 129
Sm 107 45 34 12 38 54 105 29
Eu 129 53 30 12 39 72 103 27
Gd 100 25 13 6 14 14 44 10
Yb 136 7.2 1.9 1.7 3.7 3.4 15 1.6

The 0.2% of Na in the starting material P1 originates from contamination of the ingredients. The trace element content of the
starting material represents an average of 14 ICP-MS analyses. Runs in italics contain melts bu¡ered in all components. The
H2O content of the melts can be estimated on the basis of three constraints. (1) A maximum content of H2O is given by the dif-
ference from 100% to the totals of the oxide components of microprobe analyses. (2) When the melt is the only phase containing
H2O and potassium, the H2O content can be calculated from the K2O/H2O ratio of the starting material (Fig. 6a). (3) H2O con-
tent can be estimated from mass balance based on approximate volume and measured composition of the di¡erent phases. For
run in italics, approach 3, for the other runs approach 2 was mainly used to estimate the water content. Estimated relative errors
for the H2O content of melts are V20%. Vol% of melt is estimated from run product analyses and from the K2O content of the
melts. Excess Al* is calculated as molar Al/(Na+K+2*Ca). Calculated amounts of K-feldspar, plagioclase and quartz are given in
oxygen%. Typical relative 1c errors are 1^2% for SiO2, 2^4% for Al2O3, 10^25% for MgO, 3^5% for CaO and K2O and 10^15%
for trace elements.
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gite and thus this hydrous mineral is crucial for
LILE transfer from subducted crust to the mantle
[10,14]. There is a number of experimental studies
on the stability of phengite in K-MORB, grey-
wacke and sedimentary compositions which all
point to a stability of phengite to great depth
[15^17].

This study has sought to complement the exist-
ing experiments by conducting experiments in the
K2O^CaO^MgO^Al2O3-SiO2^H2O (KCMASH)
synthetic system. This is the simplest system in
which it is possible to generate the high pressure
phases phengite, coesite, garnet, clinopyroxene
and kyanite. These minerals occur in di¡erent
proportions in all rock types of subducted crust.
The advantage of using a synthetic system is to
have a strong control on phase relations and re-
actions. We report a petrogenetic grid for the
melting of biotite and phengite in KCMASH
and evaluate the pressure (P) and temperature
(T) dependence of fully bu¡ered melt composi-
tions. Experiments were doped with trace ele-
ments in order to determine rock/melt partition-
ing. On the basis of the experimental data,
possible mechanisms for LILE release during sub-
duction are discussed and the consequences of
partial melting for the properties of subducted
crustal material are emphasized.

2. Starting material

The oxide proportions of the starting material
(Table 1) were chosen in order to obtain satura-
tion of kyanite and quartz/coesite, and similar
amounts of the high pressure phases garnet, cli-
nopyroxene and phengite. A combination of key
trace elements was added at a 100^350 ppm level
(Table 1). The starting material P1 was prepared
using the `sol^gel procedure' [18] in order to ho-
mogenize the trace elements. MgO, K-carbonate,
Al-nitrate and the trace elements as carbonates or
nitrates were dissolved in HNO3 and the resulting
acid solution was slowly evaporated until it
started to crystallize. The brine was then diluted
with water and ethanol and silica was added as
tetra-orthosilicate. Gel formation was triggered by
addition of ammonia. A part of the dried gel was

fused to a glass at 1400³C for 20 min to increase
the density of the starting material. In experi-
ments labeled P1, water was added using a micro-
syringe. Two additional mixes were also made in
which H2O was added as hydrous phases, to more
precisely control the amount of free H2O in the
experiments. P1b consists of a sintered oxide mix
with addition of natural Mg-phengite and Mg-talc
and has the same major element composition as
P1. Al(OH)3 is the H2O source in the oxide mix
P1c which contains 10 wt% of H2O and identical
oxide proportions as P1. The desired amount of
H2O in various experiments conducted was ob-
tained by blending P1c and P1 mixes in di¡erent
proportions. P2a contains 2.5 wt% Na2O replac-
ing 2.5 wt% of SiO2, but with no other change to
P1. H2O was added to P2a as natural Mg-phen-
gite. The amount of H2O added in most experi-
ments was 2.5 wt%, which exceeds H2O contents
able to be stored in micas in the chosen bulk
composition by about 1.2 wt%. The experiments
are thus slightly oversaturated in H2O to enhance
reaction rates at the low experimental tempera-
tures, but not so H2O-rich as to risk losing the
K phases by solubility of components in the melt
at signi¢cantly lower temperatures than their
breakdown reaction.

3. Experimental and analytical techniques

Synthesis experiments were run in an end-
loaded 1.27 cm piston-cylinder apparatus at the
Research School of Earth Sciences (ANU). 15^
20 mg of sample was loaded in a Pt capsule (out-
side diameter = 2.3 mm) sealed by arc welding.
The capsule was maintained below 100³C during
welding by immersion in water-soaked tissue pa-
per. A low friction assembly was used consisting
of te£on foil, NaCl and pyrex sleeves, a graphite
heater and sintered MgO inserts, in which the Pt
capsule was embedded. Pressure calibration
against the quartz/coesite transition demonstrated
that there is no need for a friction correction with
this assembly. Thus, pressure in the experiments is
measured by load on the piston and is accurate to
þ 0.1 GPa. Runs at P = 4.0 GPa were conducted
with a highly polished piston and pusher in a 200
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ton end-load press or in a 500 ton end-load press
(labeled as UHP runs) using a shorter piston (2.2
cm instead of 3.8 cm). In order to maintain
enough piston travel on the 500 ton press to reach
high pressures, a longer steel plug was used and
an internal pressure of about 1.0 GPa was ob-
tained by applying the con¢ned pressure at about
2 mm of piston travel. Hardened steel plugs were
used in both types of experiments. Pressure was
adjusted several times during the ¢rst 24 h of runs
to compensate pressure drop due to the release of
internal friction. Temperature was controlled us-
ing type B thermocouples (Pt94Rh6/Pt70Rh30) and
is accurate to þ 10³C. The sample was quenched
at the end of the run by terminating the power to
the furnace. Capsules were recovered, cut in half
with a diamond saw and mounted in epoxy.

Phase relations were analyzed in polished
mounts by back-scattered electron (BSE) images
on a JEOL 6400 scanning electron microscope
(SEM) (Electron Microscopy Unit, ANU). The
phase compositions were determined by EDS, us-
ing an acceleration voltage of 15 kV and a beam
current of 1 nA. The K2O content of glasses an-
alyzed using focussed 1 Wm spots were found to
be systematically low compared to 6 Wm per 10
Wm area scans. A correction procedure accounting
for the decrease of K2O in time (Fig. 1) was es-
tablished in order to determine the K2O content
of small melt pools, where scan analyses could not
be applied. The K2O concentration of melts, an-
alyzed with area scans, reaches a plateau during
the 110 s of counting for an electron probe EDS
analysis and represents the best possible estimate
for the K2O content of the melt. The K2O con-
centration decreases as a function of time when
melts are analyzed with a 1 Wm spot due to the
instability of K2O in glass under an electron
beam. The K2O content obtained at the end of
a spot analyses is typically 15^20% lower than the
one determined by scan analysis. The scan value
can be satisfactory approached by extrapolating
the spot-time series to a `0-time'.

Melt trace element analysis was performed on
the laser ablation-inductively coupled plasma
mass spectrometry (ICP-MS) at the RSES
(ANU) [19]. Ablation was done with a pulsed
193 nm ArF excimer laser with an energy £ux

of about 20 J/cm2 at a repetition rate of 5 Hz
and pit size of 23 Wm. A mixed Ar^He stream
was used to transport the aerosol into the Fisons
PQ2+ICP-MS where 22 masses were analyzed.
Detection limits were of the order of 0.05 ppm
for most rare earth elements (REE). The trace
element composition of the starting glass material
was measured in every batch of analyses as a sec-
ondary standard.

4. Experimental results

The experimental conditions and synthesized
phase assemblages are presented in Table 2 and
plotted in Fig. 2. The minerals form euhedral to
subeuhedral grains with 5^20 Wm in diameter
(Fig. 3) and can easily be determined with the
SEM^EDS system. The shape of coexisting min-
erals suggest that textural equilibrium was
reached in the experiments (Fig. 3). Clinopyrox-
ene, kyanite and quartz/coesite are the most com-
mon phases and occur nearly over the whole P^T

Fig. 1. Time series for scan analyses (¢lled symbols) and
spot analyses (open symbols) of K2O in two di¡erent hy-
drous granitic glasses. The `0-time' value of spot analyses is
very close to the value obtained from scan analyses (black
stars). This procedure permits analysis of small melt pools in
the experimental run products.
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range investigated. Kyanite disappears at the low-
est pressure, highest temperature conditions inves-
tigated, most probably because of the large
amount of garnet and melt present. Garnet is gen-
erally isometric and poikiloblastic with irregular
coesite inclusions and appears at the high temper-
ature/high pressure part of the grid (Fig. 2). The
amount of garnet with respect to clinopyroxene
increases with increasing pressure and tempera-
ture and at 1080³C and 4.2 GPa, there is no cli-
nopyroxene left. Biotite is stable up to 900³C and
3.0 GPa, whereas phengite was found at lower
temperatures below 3.0 GPa. Above 3.0 GPa,
phengite is stable to higher temperatures (up to
1000³C) and its upper pressure stability has not
been reached within the investigated P^T space.

Orthopyroxene appears in a small ¢eld between
the biotite and garnet stability ¢elds. K-Feldspar
was found in three runs. Run C-910 and C-1191
contained no excess H2O, whereas C-870 most
probably experienced water loss during welding,
which could explain the presence of K-feldspar
(see below). Allanite was found as accessory min-
eral in nearly all runs doped with trace elements.
It was possible to quench the melt in all experi-
ments and no quench phases were observed.

5. Mineral composition

Representative mineral compositions of the ex-
perimental run products are provided in the

Table 2
Experimental run conditions and products. Phases in bold are present in the run products in the range of 10^50 vol%, others at
1^10%

Run No. Mix P T h wt% H2O Phases
(GPa) (³C)

C-810 P1 3.5 900 187 2.6 Cpx, Cs, Phe, Grt, Ky, Melt, Opx, All
C-825 P1 3.5 950 304 2.5 Cpx, Cs, Phe, Grt, Ky, Melt, All
C-879 P1 3.5 850 155 5.3 Cpx, Cs, Phe, Opx, Ky, Melt, All
C-870 P1 3.5 1050 186 3.1? Cpx, Cs, Grt, Melt, Kfs, Ky, All
C-896 P1 3.5 1000 99 2.9 Cpx, Cs, Grt, Ky, Melt, All
C-905 P1 3.0 1000 95 2.7 Cpx, Cs, Grt, Ky, Melt, Opx
C-907 P1 3.5 1150 65 2.4 Cpx, Cs, Grt, Ky, Melt
C-910 P2a 3.5 970 119 1.1 Cpx, Cs, Grt, Melt, Kfs, Phe, Ky
C-929 P1b 2.0 900 140 2.2 Cpx, Qtz, Bt, Melt, Opx, Ky, (Grt)
C-934 P1b 2.5 1000 189 2.2 Cpx, Qtz, Grt, Melt, (Bt)
C-936 P1 3.0 900 240 3.5 Cpx, Cs, Grt, Ky, Melt, Opx, Phe, Bt, All
C-939 P1b 2.5 1050 171 2.2 Cpx, Qtz, Grt, Melt
C-940 P1b 2.0 1000 163 2.2 Cpx, Qtz, Grt, Melt, Opx
C-942 P1c 2.5 840 80 4.5 Cpx, Qtz, Ky, Bt, Melt, All,
UHP50 P1c 4.52 1000 72 2.5 Cpx, Cs, Phe, Grt, Ky, Melt, All
C-982 P1c 2.5 950 165 2.5 Cpx, Qtz, Ky, Opx, Grt, Melt, All
C-983 P1c 3.0 950 168 2.5 Cpx, Cs, Ky, Grt, Melt, Opx, All
UHP56 P1c 4.05 1000 72 2.5 Cpx, Cs, Phe, Grt, Ky, Melt, All
C-988 P1c 2.0 850 266 2.5 Cpx, Qtz, Bt, Ky, Zo/All, Melt
C-989 P1c 3.0 850 264 2.5 Cpx, Cs, Phe, Bt, Ky, Melt, All
UHP60 P1c 4.2 1080 72 2.5 Cs, Grt, Ky, Melt
C-1080 P1c 2.5 900 187 2.5 Cpx, Qtz, Bt, Ky, Melt?, All
C-1115 P1c 4.5 1050 73 2.7 Cs, Grt, Ky, Melt, Cpx, All
C-1187 P1c 3.0 940 98 1.3 Cpx, Cs, Phe, Bt, Ky
C-1191 P1c 2.5 1000 96 1.3 Cpx, Qtz, Ky, Grt, Melt, Kfs

Italics refer to accessory minerals (6 1%). Phases in parentheses are stabilized by traces of Ti and Fe which occur in the natural
phengite and talc used in the P1b starting material and are not considered as stable phases in the KCMASH system. Abbrevia-
tions (also valid for the following ¢gures and tables): P = pressure, T = temperature, h = time in hours, Cs = coesite, Qtz = quartz,
Phe = phengite, Cpx = clinopyroxene, Opx = orthopyroxene, Grt = garnet, Ky = kyanite, M = melt, Bt = biotite, Kfs = K-feldspar,
Zo = Zoisite, All = Allanite.
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EPSL Online Background Dataset1. Mineral com-
positions are generally homogeneous through the
whole section of the capsule and display little zon-
ing. An exception is clinopyroxene, which often
displays Al-rich cores and occasionally whole
grains with Al contents well above average.

Nevertheless, clinopyroxene rims and grains be-
longing to the major compositional population
display a regular increase of the CaAl2SiO6 com-
ponent with temperature (Fig. 4a) but no signi¢-
cant pressure e¡ect. The Ca content of garnet in-
creases with increasing pressure at a ¢xed
temperature (Fig. 4b) and to a lesser extent with
increasing temperature at a ¢xed pressure. These
trends are in agreement with calculated trends us-
ing the Berman thermodynamic dataset [20]. The

Fig. 2. Results of the experimental runs and the stability of the di¡erent phases. Major phases are shown in black and minor
phases are given in gray. Melt coexists with phengite because of small amounts of excess H2O in the experiments (Fig. 6). The
main parageneses in the di¡erent P^T regions are indicated. The dashed lines indicate limits of a phase due to complete con-
sumption during melt formation and cannot be used to constrain univariant reactions. In experiments labeled with (T) trace ele-
ment composition of the melt could be analyzed (see Table 1). The coesite/quartz transition is taken from Mirwald and Massone
[48].

1
http://www.elsevier.nl/locate/epsl, mirror site: http://www.

elsevier.com/locate.epsl
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Fig. 3. Back-scattered electron images of run products. Scale bar is 10 Wm. (a) Melt patch at a triple junction between clinopy-
roxene, phengite and coesite. Run C-825 (950³C, 3.5 GPa). (b) Larger melt patches contain small kyanite inclusions and are often
associated with garnet. Run C-825 (950³C, 3.5 GPa). (c) Melting is £uxed by excess H2O in run C-879 at 850³C, 3.5 GPa. Tex-
tures indicate equilibrium between melt and phengite. (d) At 2.0 GPa, 900³C (run C-929) biotite has a higher thermal stability
than phengite and coexists with melt. (e) Allanite coexists with melt in run C-896 (1000³C, 3.5 GPa). (f) Typical subsolidus para-
genesis of subducted crust with garnet, phengite, clinopyroxene, coesite and kyanite (UHP56, 4.05 GPa, 1000³C). For abbrevia-
tions see Table 2.
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regular trends of mineral compositions with
changing pressure and temperature and the agree-
ment with trends based on thermodynamic data
provide further indication that the experiments
reached equilibrium.

The Si content of phengite reaches the highest
value of 3.45 pfu at 1000³C, 4.52 GPa. The very
similar Si contents of 3.37 at 950³C, 3.5 GPa and
3.38 at 1000³C, 4.05 GPa indicate that Si-iso-

pleths in phengite, which coexists with garnet, ky-
anite and coesite, have a positive slope, in agree-
ment with other studies [21]. The Si content of
biotite increases with pressure from 2.9 pfu at
2.0 GPa to 3.05 at 3.0 GPa. The accessory min-
eral allanite contains several wt% of La2O3 and
Ce2O3 and up to 6 wt% of MgO at the expense of
Al2O3 in order to compensate the incorporation
of trivalent cations on the Ca site.

Fig. 4. The regular trends of mineral compositions with temperature and pressure indicate that the experiments attained chemical
equilibrium. Bars refer to 1c errors of multiple analyses. (a) The Si content of clinopyroxene decreases with increasing tempera-
ture indicating an increasing amount of CaAl2SiO6 component. Note that the Na-bearing experiment (¢lled symbol) also plots
perfectly on the trend. (b) The Ca content of garnet increases with increasing pressure.

Table 3
Analyzed major element melt compositions (see Table 1 for explanations)

Sample C-870 C-879 C-910 C-929 C-936 C-942 UHP56 C-988 C-810 C-1191 C-934 C-939 C-940 C-982 C-1115

T (³C) 1050 850 970 900 900 840 1000 850 900 1000 1000 1050 1000 950 1050
P (GPa) 3.5 3.5 3.5 2.0 3.0 2.5 4.05 2.0 3.5 2.5 2.5 2.5 2.0 2.5 4.45
Major elements (wt%):
SiO2 67.74 66.36 67.14 66.49 66.28 66.10 65.56 66.44 67.07 67.78 67.31 66.91 66.87 68.80 64.12
Al2O3 13.85 11.19 13.47 13.25 12.40 11.93 13.33 13.53 12.54 13.49 12.62 12.91 13.58 12.83 13.21
MgO 0.36 0.77 0.61 1.23 0.91 0.77 0.91 0.87 0.40 0.54 1.02 1.29 1.85 0.71 0.39
CaO 1.18 3.05 0.57 2.97 2.09 4.18 1.48 2.76 1.17 1.64 2.02 2.79 3.78 1.59 1.40
K2O 9.78 4.07 8.08 4.99 6.73 2.97 9.50 5.74 6.38 9.05 7.42 5.31 4.85 8.10 10.42
Na2O 0.12 0.15 1.59 0.14 0.19 0.35 0.17 0.27 0.25 0.21 0.17 0.19 0.12 0.18 0.31
g 93.03 85.59 91.46 89.06 88.59 86.30 90.95 89.62 87.82 92.72 90.55 89.39 91.05 92.21 89.84
Calculated or estimated values:
H2O 5 14 7 6 10 13 8 8 12 5 5 4 4 7 8
% melt 25 15 10 10 25 15 5 10 10 25 40 55 60 35 30
Al* 1.07 1.1 1.09 1.2 1.09 1.05 1.01 1.16 1.33 1.03 1.05 1.16 1.1 1.07 0.92
Kfs 59 26 50 31 42 19 59 36 40 55 46 33 30 49 66
Plag 7 18 18 17 13 26 9 17 9 10 12 16 20 10 10
Qtz 31 53 29 46 41 53 29 42 45 33 39 45 44 38 25

EPSL 5833 7-5-01

J. Hermann, D.H. Green / Earth and Planetary Science Letters 188 (2001) 149^168156



6. Melt composition

The analyzed melts all have granitic composi-
tions (Tables 1 and 3) and possess very similar
contents of SiO2 and Al2O3 when normalized on
an anhydrous composition (Fig. 5a). They also
have very low ma¢c component contents with
MgO generally below 1 wt% (Tables 1 and 3).
These melts are only slightly peraluminous with
the highest Al over Ca and total alkali ratio oc-

curring at lower temperatures and lower amounts
of partial melting (Fig. 5b). The estimated H2O
content of the melts decreases with increasing
temperature (Tables 1 and 3) and does not exceed
15 wt%. This relatively low amount of dissolved
H2O characterizes the `liquid phase' as hydrous
melts (e.g. [8,9])

In experiments where melt coexists with anoth-
er K phase, the melt is bu¡ered in all components
of the KCMASH system (Fig. 6) and its compo-

Fig. 5. Major element composition of the melts. (a) All melts have a `granitic' (Na-free) composition and display only small var-
iations when normalized on an anhydrous basis. The extraction of di¡erent amounts of granitic melt leads to a decrease of SiO2

and increase of Al2O3 content in the residue, re£ected by increasing garnet and kyanite in the restite. (b^d) Filled dots: com-
pletely bu¡ered melts; open triangle: K is not bu¡ered; diamond: completely bu¡ered melt in the NKCMASH system. (b) The
melts are only slightly peraluminous and only a small degree of partial melts occurring at lower temperatures contain excess Al.
(c) Normative composition of the melts in terms of quartz, plagioclase and K-feldspar (given in oxygen%). The bu¡ered melts de-
scribe a trend with decreasing plagioclase and increasing K-feldspar component. (d) This trend is mainly a function of tempera-
ture and does not display a systematic change with pressure (indicated in GPa for selected experiments). Filled squares display
the trend in K-enrichment in the melt for a ¢xed pressure of 3.5 GPa. The deviation from the trend line indicates the degree of
K-undersaturation of unbu¡ered partial melts (open triangles).
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sition may change as a function of pressure and
temperature only. In the granite triangle, with
plotted normative contents of plagioclase, K-feld-
spar and quartz, a clear compositional trend is
visible with decreasing plagioclase and quartz
contents and increasing K-feldspar content (Fig.
5c). The increase of normative K-feldspar with
respect to quartz correlates with increasing tem-
perature but does not show a correlation with
pressure (Fig. 5d). Interestingly, one experiment
performed in the NKCMASH system shows an
increase of only about 10% of plagioclase compo-
nent relative to the Na free system and still con-
tains much more K-feldspar than plagioclase
(black diamond in Fig. 5c, Table 3). This can be
explained by the preferential incorporation of
Na into the pyroxene relative to the melt in this
run (partitioning Na cpx/melt V3.4). This melt
composition plots precisely on the trend of
K-feldspar enrichment with increasing tempera-
ture (Fig. 5d).

7. Phase relations

Because kyanite, quartz/coesite and clinopyrox-
ene are stable over almost the whole investigated
grid (Fig. 2) it is possible to project from these
phases into the composition space (Fig. 6a). Cli-
nopyroxene is completely consumed only at high
pressures due to the continuous reaction:

Ky� Cpx�Melt1 ! Grt� Cs�Melt2 �1�

In the remaining P^T space there exist ¢ve solid
phases and a melt in the phengite stability ¢eld
and four solid phases and melt above phengite
breakdown. This is consistent with the phase
rule. In the KCMASH composition space, a di-
variant ¢eld should contain six phases including
melt and a potassium phase. Above the break-
down of biotite and phengite, K-feldspar coexists
with melt if no excess H2O is added (Fig. 6a).
With excess H2O, melt is the only phase contain-

Fig. 6. Composition space for bulk rock and run products in molar proportions in di¡erent projections. (a) Almost all experi-
ments contain clinopyroxene, kyanite and coesite/quartz permitting projection from these phases. Most of the starting composi-
tions were slightly oversaturated in H2O and therefore plot above the biotite^phengite tie-line. Run C-825 at 950³C, 3.5 GPa
contains melt, phengite and garnet (dark gray triangle) and therefore the melt composition is bu¡ered in all components. At
50³C higher temperatures (run C-896) phengite is not stable anymore. Because of the excess H2O in the starting material there is
no formation of K-feldspar and the K/OH ratio of the melt is determined by the starting material. If the starting composition is
situated on the biotite^phengite tie-line (no excess H2O), phengite breakdown produces garnet, melt and K-feldspar (light gray
triangle) as in run C-870 at 1050³C, 3.5 GPa. (b) Because most experiments contain small amounts of excess H2O, it is possible
to use a second projection from kyanite, coesite/quartz and H2O. The position of the bulk with respect to the phases determines
which phases are completely consumed during the univariant reactions (Fig. 7, right).
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ing H2O and potassium (Fig. 6a) and thus com-
ponents (CMAS^KOH) and coexisting phases are
reduced to ¢ve. The only exception to this general
rule is the ¢eld with biotite and melt, which
should contain six phases instead of ¢ve. How-
ever, as Fig. 6a demonstrates, there is a degener-
ation due to the chosen bulk composition being
situated on a tie-line between biotite and melt.
The fact that the phase rule is satis¢ed, provides
an argument for the lack of metastable phases in
these synthesis experiments.

Several reactions can be postulated in the
KCMASH system on the basis of observed phases
and their composition. The analysis of phase re-
lations is presented in two steps. Firstly, the ac-

tual system with about 1.2 wt% of excess H2O is
discussed (Fig. 7, left) and secondly the results are
extrapolated to a system without excess H2O (Fig.
7, right). At 3.5 GPa, 950³C (run C-825; Table 2)
melt patches occur at triple junctions between co-
esite, clinopyroxene and phengite (Fig. 3a). Large
melt pools always coexist with garnet and kyanite
(Fig. 3b). These textural relationships indicate
that the phengite melting reaction is:

Phe� Cpx� Cs! Grt�Ky�Melt �2a�

This is also consistent with the chemography (Fig.
6b), where the crossing of tie-lines phengite^clino-
pyroxene to garnet^melt indicate complete con-

 

Fig. 7. Proposed reactions on the basis of textural observations, chemical composition of phases and their geometrical relations
in the composition space (Fig. 6). Left: Limiting reactions in the system with small amounts of excess H2O. Disappearing phases
are given in bold. Right: Constructed P^T grid for `£uid absent' melting. The phases in bold are consumed along the univariant
reactions as a result of the chosen bulk composition (Fig. 6). Absent phases along univariant reactions are labeled with round
brackets and absent phases at an invariant point are shown with square brackets. Metastable univariant reactions are shown
with dashed lines. Stable invariant points are shown with a ¢lled square and metastable invariant points are indicated with an
open square.
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sumption of phengite. Because there is a slight
amount of excess H2O, the reaction could be writ-
ten as:

Phe� Cpx� Cs�H2O! Grt�Ky�Melt

�2b�

However, under these conditions and in the chos-
en bulk there is no distinction between vapor and
melt and therefore the probably best representa-
tion of the reaction is :

Phe� Cpx� Cs�Melt1 ! Grt�Ky�Melt2

�2c�

The melt volume continuously increases during
this continuous reaction whereas the amount of
phengite decreases. At a low water to phengite
ratio, the maximum stability of phengite can be
reached. Otherwise phengite is completely con-
sumed before the breakdown reaction is reached.
At pressures below 3.0 GPa, biotite has a higher
thermal stability than phengite. Analogous to
phengite, the disappearance of biotite is caused
by the reaction:

Bt�Ky� Cpx� Cs�Melt1 ! Opx�Melt2

�3�

The £uid absent reaction, which describes the
transition from biotite to phengite in the KMASH
subsystem, is una¡ected by the amount of excess
H2O:

Bt�Ky� Cs! Opx� Phe �4�

Another £uid absent reaction describes the tran-
sition from orthopyroxene to garnet in the CMAS
subsystem:

Cpx�Ky�Opx! Grt� Cs �5�

This reaction cannot be exactly located in P^T
space because garnet and orthopyroxene occur
together in a transition zone of about 50³C (Fig.
2).

A further e¡ect of the excess H2O is the general
absence of K-feldspar as a run product. In experi-

ments where no excess water was added, K-feld-
spar is formed during partial melting. This is in
agreement with the chemical composition of fully
bu¡ered melts. At 3.5 GPa, the melts between 950
and 1050³C contain more OH with respect to K
than phengite (Fig. 6a). Consequently, the break-
down of phengite will result in the formation of
melt, K-feldspar and a Mg phase (Fig. 6a). On the
basis of this information, a fully consistent grid
for the `£uid absent' system can be constructed
using the experimental results, phase relations
and Schreinemaker's rule (Fig. 7, right). The po-
sition of £uid absent reactions 4 and 5 are not
a¡ected and remain in the same position. The
continuous reaction 2c consuming phengite trans-
lates in a discontinuous breakdown reaction:

Phe� Cpx� Cs! Grt�Ky�Melt�Kfs �6�

The transfer of structurally bound H2O in hy-
drous phases to melt constrains `£uid absent'
melting (e.g. [22,23]). The position of this reac-
tion must be situated at the same or higher tem-
peratures than the investigated disappearance of
phengite in the system with small amounts of
excess water. At 3.5 GPa the reaction is thus
at temperatures above 950³C. On the other
hand, experiment C-910 contained no excess
water and phengite breakdown was observed at
970³C. This experiment was conducted in a Na-
bearing bulk system. Because Na partitions pref-
erentially into clinopyroxene, which is on the re-
actant side of reaction 6, 970³C represent the
upper temperature stability of phengite. This in-
dicates that with addition of 1.2% of excess
water and with 27 wt% of phengite in the start-
ing material, phengite is not dissolved completely
prior to its breakdown, which occurs at about
960³C at 3.5 GPa. At 3.0 GPa the shift of the
reaction is higher because higher amounts of ex-
cess H2O (2.4 wt%) have been used in experi-
ment C-936. In fact, run C-1187 without excess
H2O still produced phengite and biotite at
940³C, indicating that phengite melting is at
higher temperatures. From the orientation of re-
actions 4^6, the rest of the multisystem can be
constructed (Fig. 7, right). It reveals that phen-
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gite melting occurs below 3.0 GPa by the reac-
tion:

Phe� Cpx� Cs! Bt�Ky�Melt�Kfs �7�

and biotite melting is related to reaction:

Bt�Ky� Cpx� Cs! Opx�Melt�Kfs �8�

The disadvantage of adding small amounts of
excess H2O in order to determine `£uid absent'
melting is compensated by the advantage of pro-
ducing small amounts of melts, even in regions
where the hydrous phases are stable. These melts
are bu¡ered in all components and permit analy-
sis of melt composition as a function of P and T.
Additionally, the presence of melts enhances min-
eral growth (Fig. 3) and helps attain equilibrium.
At higher amounts of partial melting the melt
pools were large enough for analysis by micro-
probe and laser ablation-ICP-MS.

8. Trace element partitioning

Trace elements were measured in runs where
the melt pools were large enough to be analyzed

with a 23 Wm diameter spot on the laser ablation-
ICP-MS (Table 1) using Ca as the internal stan-
dard. Each time-resolved spectrum was carefully
checked for possible contamination by trace ele-
ment-rich phases. BSE images show that in large
melt pools, small kyanite inclusions are often
present (Fig. 3). However, kyanite does not con-
tain detectable amounts of trace elements and Ca
and therefore did not compromise the analyzed
trace element composition of the melt. In order
to visualize element enrichment or depletion in
the melts, their compositions have been normal-
ized to the starting material (Fig. 8a). In a second
step, residue/melt partitioning has been calculated
using the measured starting material/melt ratio
and the estimated percentage of melt present in
each experiment (Table 3). The partitioning be-
havior obtained provides ¢rst order constraints
on trace element redistribution during partial
melting of crustal material at high pressure
(Fig. 8b).

The heavy rare earth elements (HREE) are all
strongly compatible in the residue and re£ect the
high garnet/melt distribution coe¤cients of about
100^200. The bulk rock/melt partitioning at the
mica melting curve is very similar over the inves-
tigated range, i.e. from 950³C, 3.0 GPa to

Fig. 8. (a) Trace element composition of melts normalized to the starting composition. Runs labeled in bold contain melt and
phengite. (b) The residue/melt ratio is calculated from measured (starting material/melt) ratios and estimated amounts of melt in
the runs (Table 1) using the equation D(residue/melt) = {D(starting material/melt)3X}/{13X} with X = percentage of melt.
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1080³C, 4.2 GPa. At signi¢cantly higher temper-
atures (1150³C, 3.5 GPa), the distribution coe¤-
cient of garnet/melt seems to decrease resulting in
a less pronounced HREE enrichment in the high
temperature residue (Fig. 8b). Rb, Sr and Ba
(LILE) are incompatible and are enriched in the
melt even if phengite is still stable (Fig. 8a) as in
runs C-825 and UHP50. Microprobe analyses for
Ba in phengite in run C-825 (950³C, 3.5 GPa)
yield a phengite/melt partitioning of about 1.2.
Given there is about 15 vol% of both melt and
phengite in this run and phengite is the only sig-
ni¢cant solid sink for Ba, the whole rock/melt
partitioning is of order 0.2, in agreement with
the determined value (Fig. 8b). This example
demonstrates that the Ba partitioning between
whole rock and melt is strongly determined by
the melt/mica ratio in the rock. The most surpris-
ing feature is the behavior of the light rare earth
elements (LREE). In the high temperature runs
with about 35^40% melt, the LREE are incom-
patible and display similar partitioning to Ba, Rb
and Sr. Under the conditions of phengite melting,
however, the LREE are compatible in the resi-
due. This indicates the presence of a phase which
strongly incorporates the LREE. In fact, in all
these runs allanite has been observed (Fig. 3e).
Allanite is an epidote group mineral that can in-
corporate LREE at percent levels. Accordingly
minor amounts of allanite in the residue are
able to change the LREE behavior from incom-
patible to compatible. A detailed study on the
in£uence of allanite on REE distribution in sub-
ducted crust will be presented elsewhere.

9. Discussion

9.1. Stability of biotite and phengite

The experimental study demonstrates stability
¢elds of biotite and phengite in crustal rock com-
positions such that these phases are able to trans-
port H2O and LILE to mantle depths. The pres-
ence of two hydrous phases complicates the
phase relations and `£uid absent' melting is not
restricted to one single breakdown curve [24].
This study demonstrates that there is a

KCMASH invariant point at about 950³C and
3.0 GPa, related to the melting of biotite and
phengite (Fig. 7, right). At lower pressures, bio-
tite melting (reaction 8) is at higher temperatures
than phengite melting (reaction 7), which is con-
sistent with observations in amphibolite to gran-
ulite facies terrains and low pressure experiments
[22,23,25]. According to reaction 7, phengite
melting produces biotite also and therefore the
hydrous phases biotite and phengite are in a peri-
tectic relationship during £uid absent melting as
suggested by previous studies at lower pressures
[22,23,25]. The subsolidus transition of biotite to
phengite (reaction 4) conserves £uid, K and
LILE which are then able to be retained at
Ps 3.0 GPa until melting of phengite through
reaction 6. The reactant of this reaction is the
assemblage Phe+Cpx+Cs, which is stable over a
wide P^T range and over a large compositional
range of subducted crustal rocks from K-MORB
to pelitic sediments to granitic rocks [10^13]. Re-
action 6 is therefore fundamental for phengite
breakdown in all rock types of subducted crust
at eclogite facies conditions.

The inferred region of phengite stability deter-
mined in this study extends V200³C higher than
previously reported by Schmidt [15] in the system
MORB+K2O (curve 5 in Fig. 9). We suggest that
the small amount of K2O in the presence of small
amounts of excess H2O in the experiments of
Schmidt [15] led to a complete solution of K2O
in the melt and thus to loss of phengite well be-
fore the £uid absent phengite melting curve was
reached. In fact, recent experiments of Schmidt
and Vielzeuf [26] with higher K2O/H2O ratios
for K-MORB, greywacke and pelite with natural
compositions, yield a very similar position for the
phengite breakdown curve to that of the
KCMASH system (curve 3 in Fig. 9). The change
from the synthetic KCMASH system to the nat-
ural systems does not lead to a signi¢cant shift of
reaction 6. This could be explained by opposite
e¡ects of Fe and Ti on reaction 6. Fe strongly
partitions into and stabilizes garnet (shifting reac-
tion 6 to lower T) whereas Ti stabilizes phengite
(shifting reaction 6 to higher T) so that the net
shift of reaction 6 is minor. The extension from
KCMASH to Fe- and Ti-bearing systems is likely
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to be much more important for the biotite to
phengite transition (reaction 4) as with addition
of Fe, the Opx ¢eld disappears and biotite+kyan-
ite react to phengite+garnet. Vielzeuf and Hollo-
way [22] proposed the occurrence of this transi-
tion at about 1.8 GPa for a bulk with Mg# = 0.5
(Fig. 9). Accordingly, the KCMASH system prob-

ably re£ects a maximum pressure stability for bi-
otite coexisting with kyanite and coesite. The in-
£uence of Na on phengite melting is likely to be
of only minor importance because Na preferen-
tially enters the clinopyroxene at high pressure
(partitioning clinopyroxene/melt V1^3). More-
over, a single experiment (C-910; Table 2) in

Fig. 9. Compiled P^T diagram with experimentally determined stability ¢elds of phengite from di¡erent studies compared to cal-
culated P^T loci from thermal modelling of subduction zones and P^T conditions of selected eclogite facies terrains. The gray
band shows the best estimate for the position of phengite melting. (1) This study (see Fig. 7, right). (2) Biotite and phengite
stability in metapelites in KFMASH [22]. (3) Location of main melt production in K-MORB, metapelite and metagreywacke
[26]. (4) Titanian^phengite out-reaction in metapelite [17]. (5) Phengite out in K-MORB+small amounts of excess H2O [15]. (6)
Phengite out in a carbonate-bearing metapelite [29]. Major dehydration reactions in other slab materials: (7) Lawsonite (Law)
stability in ma¢c rocks [31]. (8) Antigorite (Atg) stability in ultra-ma¢c rocks [30]. P^T data from exhumed ultra-high pressure
terrains: (9) coesite^eclogite facies oceanic crust from Lago di Cignana, Western Alps [33]. (10) Coesite^eclogite facies continental
crust from the Dora-Maira massif, Western Alps [12,49,50]. (11) Diamond facies gneisses from the Kokchetav massif, Kazakhstan
[34]. P^T loci for top of subduction zones: (A) calculated for a 30³ dip of the subduction surface and a velocity of 7.2 cm/yr
[27]. A higher subduction angle would result in signi¢cantly lower temperatures for a given pressure. (B) Numerical model for
subduction of a 25 Ma old lithosphere, subducting at 6 cm/yr and £attening at 80 km depth [37]. (C) P^T conditions of exhumed
eclogites given in points (9)^(11) display higher temperatures than predicted by models like A).
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NKCMASH at 3.5 GPa, 970³C contained phen-
gite and melt indicating that the melting reaction
was not shifted signi¢cantly due to the presence of
Na.

With the addition of Na, Fe and Ti only rutile
will form as an additional phase and therefore the
univariant reaction 6 in KCMASH will turn into
a tri-variant ¢eld in natural rocks. The melting of
phengite will therefore occur over a temperature
interval that is determined by the bulk rock com-
position. Clinopyroxene will be the ¢rst phase
completely consumed in pelitic rocks whereas
phengite is most likely the limiting phase for re-
action 6 in a K-MORB composition.

9.2. Release of LILE during subduction

Fig. 9 shows a compilation of phengite stability
in the P^T space. Phengite melting has a positive
slope and occurs under conditions of about
800³C, 2.0 GPa up to at least 1000³C, 5.5 GPa.
The upper pressure stability of phengite is not
reached even at 8 GPa [15,16]. Generally, the pub-
lished P^T loci calculated for the hot, uppermost
part of a subducting oceanic crust of a mature
subduction zone [27,28] are situated well within
the stability ¢eld of phengite. Not even the addi-
tion of phengite-destabilizing components such as
CO2 [29] will reduce the phengite stability close to
the calculated P^T loci. These observations con-
stitute a dilemma given the well established en-
richment of LILE in subduction zone magmas
[1^3], which as a consequence can probably not
be explained by a simple breakdown of the phase
hosting these elements in deeply subducted crustal
rocks. We propose three possible solutions to this
dilemma.

9.2.1. Fluid £uxes partial melting
Partial breakdown of phengite may take place

due to `£uid present' instead of `£uid absent' melt-
ing as suggested by Domanik and Holloway [16].
The source of such excess `£uid' (or hydrous melt)
could be dehydration of serpentine in the ultra-
ma¢c layer [30] or of lawsonite in the ma¢c layer
[31] of the subducted slab (see Fig. 9). The con-
sumption of phengite is caused by the continuous
reaction 2c during which the phengite content of

the rock decreases and melt volume increases with
increasing temperature for a ¢xed amount of
available H2O. Because of the inverted isotherms
in subduction zones, temperature increases up-
wards in the top part of the subducted oceanic
crust. Therefore, the melt volume produced by a
certain amount of £uid in potassium-bearing
rocks should increase with the upward movement
of the melt. Such an increase in melt volume
might enhance permeability and could help to ef-
¢ciently remove partial melts from the slab. Trace
element residue/melt partitioning (Fig. 8) demon-
strates that signi¢cant amounts of LILE can be
moved with the ascending melt even if phengite
remains in the residuum. In such a scenario, the
amount of consumed phengite is strongly depen-
dent on the amount of H2O available. The experi-
ments revealed that the K content of bu¡ered
melts increases with temperature (Fig. 5d) while
the H2O content decreases (Tables 1 and 3). This
¢nding suggests that the extraction of K becomes
more e¤cient with increasing temperature, i.e. at
greater depth of subduction for a constant posi-
tion in the slab. It has to be evaluated if this
increase in K content could be responsible for
the observed increase in K content in subduction
zone magmas with increasing depth [32].

If partial melting is triggered by £uids, it is
likely, that trace element and isotopic signatures
of the resulting hydrous melts are complex and
inherit components of several rock types present
in subducted crust. On the other hand, in H2O-
poor sections of the subducted slab phengite does
not break down and some of the LILE are prob-
ably able to be transported to depths of at least
300 km [15,16].

9.2.2. Hot subduction
Some subduction zones may be hotter than

conventional models predict, in which case `£uid
absent' phengite melting could be responsible for
LILE release. Substantive evidence for higher
thermal gradients in subduction zones comes
from eclogite facies rocks. The deepest known
subducted oceanic crust found today at the
Earth's surface is represented by the coesite eclo-
gites from Lago di Cignana, Western Alps, which
underwent peak metamorphism at 600³C, 2.8
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GPa [33]. They plot on much hotter P^T when
compared to calculated values (Fig. 9). Even high-
er temperature for a given pressure is documented
in ultra-high pressure metamorphosed continental
crust (Fig. 9) of the Dora-Maira massif (Western
Alps) and the Kokchetav massif (Kazaksthan).
The latter is of potential signi¢cance because there
exists evidence for partial melting during diamond
facies, high pressure metamorphism [34^36]. This
indicates that, at least in some subducted conti-
nental crust, phengite melting might be important
for the release of LILE.

Recent thermal modelling has also demon-
strated that slab melting could be caused by £at
subduction [37]. The calculated P^T loci of
Gutscher et al. [37] are at higher temperature
than the determined stability of phengite and bio-
tite in the interval of 2.8 ^4.5 GPa (Fig. 9) and
therefore signi¢cant amounts of LILE could be
liberated during biotite and phengite melting at
80^150 km depth. In such a model, slab melting
is not restricted to fast subduction of young oce-
anic crust with signi¢cant shear heating [28], and
it follows that £at subduction may reconcile, at
least partly, the discrepancy between calculated
and reconstructed P^T loci. Partial melting of
subducted ma¢c oceanic crust has been proposed
for the origin of trondhjemite^tonalite^dacite
(TTD) series [38]. Partial melting of sediments
may contribute to the chemical signature of such
rock suites. While major element composition of
the experimentally determined partial melts have
too low Al2O3 and too high K2O contents com-
pared to TTD, the trace element trends ¢t very
well [39]. Especially the high Sr/Yb ratio of about
100 in the melts (Fig. 8a) indicates that partial
melting of subducted sediments could contribute
to the observed elevated LILE contents in TTD
(e.g. [38]).

9.2.3. High pressure phengite breakdown
The LILE could be liberated when phengite

breaks down to K-hollandite at depths of more
than 300 km [15,29]. LILE partitioning between
K-hollandite and phengite will need to be estab-
lished in order to evaluate whether the LILE
could be released e¤ciently by this phase transi-
tion.

9.3. Change in rock properties during partial
melting of subducted crust

9.3.1. Chemical changes
Our results show that the extraction of granitic

melt from crustal rock types leads to a fundamen-
tal change in the chemical character of the resi-
due. For the investigated bulk composition and
melt extraction of up to 30%, the silica content
drops from 60 to 55 wt% (Fig. 5a). The residue is
a kyanite^eclogite and contains the same minerals
as an eclogite derived from ma¢c rocks. However,
the amount of kyanite and probably the Fe/Mg
ratio are much higher than in an eclogite derived
from a ma¢c protolith. Reactions 2c or 6 lead to a
signi¢cant redistribution of trace elements as dem-
onstrated by the measured rock/melt partitioning
(Fig. 8). Most of the LILE enter the melt while
the HREE are retained in residual garnet. The
LREE are bu¡ered by the presence of accessory
allanite and are not e¤ciently removed from this
bulk composition at melt volumes below 30%.
Allanite has been stabilized in the experiments
by addition of 200^300 ppm of La and Ce and
it is not a priori clear if allanite is present in sub-
ducted crust. However, allanite has been found as
accessory phase in eclogite facies gneisses from
China [40] and is present in eclogitic metagabbros
[41], phengite eclogites and ultra-high pressure
gneisses from the Western Alps [42]. This indi-
cates that allanite is an important high pressure
accessory mineral which probably in£uences the
release of trace elements during partial melting.
Hydrous melts extracted from subducted crust
containing allanite are thus likely to be enriched
in LILE but much less in LREE. This is consis-
tent with observed chemical characteristics of sub-
duction zone magmas, which have signi¢cantly
higher LILE contents than MORB but do only
show a moderate LREE enrichment [3,32]. The
very low HREE content of the melts compared
to LILE and LREE (Fig. 8a) suggests that the
HREE characteristics of subduction zone magmas
are not in£uenced by sediment melting, in agree-
ment with geochemical studies of arc lavas [3].
Another characteristic of subduction zone mag-
mas is their depletion in HFSE [1,3,32], which
was not addressed in the present study. However,
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previous experimental studies demonstrated that
these elements strongly partition into rutile
[43,44], which is expected to be a residual acces-
sory phase in Ti-bearing, subducted crustal mate-
rials. Therefore, it is likely that residual rutile in
subducted crust is at least partly responsible for
the observed HFSE depletion [43,44].

This study proposes that silica-rich hydrous
melts may contribute to the transfer of chemical
tracers from subducted crust to subduction zone
magmas. It must be considered that such a trans-
fer is complex because these granitic melts prob-
ably react with the silica undersaturated mantle
rocks and produce pyroxenes, garnet and phlogo-
pite if the overlying mantle is at a similar temper-
ature [45,46]. The stability and trace element par-
titioning of these phases modi¢es the trace
element composition of the subduction-related
component during later partial melting of the
peridotite [7]. However, our experiments suggest
that the estimated H2O/K2O ratio of the granitic
melts extracted from the subducted crust is about
0.8^2 (see Tables 1 and 3) which is signi¢cantly
greater than that of phlogopite (V0.45). Conse-
quently, crystallizing phlogopite and/or pargasite
in the mantle wedge are not able to store the
entire H2O content of the hydrous melt. If the
temperature of the mantle wedge is above the
thermal stability of the hydrous phases chlorite
and serpentine there is no trap for such excess
H2O. It is therefore possible that a trace-ele-
ment-rich £uid or hydrous melt may reach the
locus of partial melting in the mantle wedge. In
such a particular scenario, the chemical signature
from slab components could be transferred to the
subduction zone magmas via a hydrous melt or
£uid. The chemical changes occurring during par-
tial melting in subducted crust are not only im-
portant for the better understanding of arc-related
magmatism but could in£uence within-plate mag-
matism because the residual kyanite^eclogite and
the refertilized surrounding peridotite could par-
ticipate in plume magmatism when recycled on a
larger scale [47].

9.3.2. Physical changes
The removal of a K- and Si-rich granitic melt

produces a kyanite- and garnet-rich residue. This

transformation is coupled with a large increase in
the density of the subducted rocks. Considering
30% of partial melting, the density of the inves-
tigated rock will change from about 3.15 to 3.4
g/cm3 (i.e. from less dense to denser than the sur-
rounding mantle rocks). If extensive £uid present
melting occurs, the residue consists of kyanite and
garnet only and such rocks would be the densest
part of the down-going slab. Partial melting might
also a¡ect the rheology of subducted rocks. In the
case of the deeply subducted, diamond facies
gneisses from the Kokchetav massif, Hermann et
al. [36] concluded that partial melting may have
enhanced detachment of the rocks undergoing
melting from the slab and that the melts might
also have lubricated contacts during fast exhuma-
tion.

10. Conclusions

Phengite is the most important host for H2O
and LILE in potassium-bearing rocks at pressures
above 2 GPa. The observed reaction: Phe+
Cpx+Cs þ £uidCGrt+Ky+Melt þ Kfs is funda-
mental for melting of subducted crust because
phengite, coesite and clinopyroxene are present
in nearly all crustal rock types at high pressure.
Phengite breakdown in hot or £at subduction
zones might be responsible for the liberation of
LILE and H2O, which are generally enriched in
subduction zone magmas. However, the stability
of phengite to high temperature and pressure pre-
vents LILE release in subduction zones with a
typically `cold' thermal gradient. We suggest
that, in such a tectonic setting, £uids originating
from the dehydration of subducted ma¢c and ul-
tra-ma¢c rocks most probably react with phen-
gite-bearing rocks in order to produce hydrous
granitic melts, which then transfer H2O and
LILE from the slab to the mantle wedge. Trace
element and isotopic signatures of such melts are
likely to be complex and they should inherit sig-
nals from all the di¡erent rock types involved.
The observed increase of K2O and decrease of
H2O content in the melt with increasing temper-
ature suggests that the extraction of K is more
e¤cient at greater depths of subduction. As the
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H2O/K2O ratio of hydrous granitic melts is sig-
ni¢cantly higher than that of phlogopite, it is un-
likely that the entire granitic melt reacts and crys-
tallizes when it comes into contact with
peridotites from the mantle wedge. Consequently
it is possible that at least some of the released
H2O and trace element inventory from the sub-
ducted crust may reach the locus of subduction
zone magma genesis.
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