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Abstract The stability of the high-pressure phase Mg-
sursassite, previously MgMgAl-pumpellyite, in ultra-
mafic compositions has been determined in experiments
in the system MgO–Al2O3–SiO2–H2O (MASH). The
breakdown of Mg-sursassite + forsterite + enstatite to
pyrope + vapour with increasing temperature was
bracketed at 6.0 and 7.0 GPa. Below 6.0 GPa, Mg-
sursassite + forsterite + vapour reacts to chlorite +
enstatite. This reaction provides a mechanism for
transfer of water from chlorite- to Mg-sursassite-bearing
assemblages. At pressures of 7.0 GPa and above, the
assemblage Mg-sursassite + phase A + enstatite was
found. Phase relations involving Mg-sursassite and
phase A are considered. For bulk compositions with a
low water content, the vapour-absent reaction Mg-
sursassite + forsterite = pyrope + phase A + enstatite
determines the upper-pressure stability of Mg-sursassite,
and provides a mechanism for the complete transfer of
water from Mg-sursassite to phase A-bearing assem-
blages. Mg-sursassite plays an important role in peri-
dotite compositions in the subducting slab because, at
temperatures below 700 �C, it can transfer water from
hydrous phases such as antigorite and chlorite to high-
pressure stable phases such as phase A.

Introduction

The high-pressure hydrous phase Mg-sursassite
[Mg5Al5Si6O21(OH)7], previously known as MgMgAl-

pumpellyite, was first synthesised by Schreyer et al.
(1986) at 5.0 GPa, 700 �C. Schreyer et al. (1986) assumed
this phase to be a Ca-free analogue of the MgAl-
pumpellyite synthesised by Schiffman and Liou (1980),
and termed the new phase MgMgAl-pumpellyite. The
composition of this phase is close to that of a hydrated
pyrope, and on the basis of preliminary work on its
stability, Schreyer (1988) suggested that it could play an
important role as a hydrous phase stable in a range of
compositions under subduction zone conditions.
The crystal structure of Mg5Al5Si6O21(OH)7 was

reinvestigated using full-profile Rietveld analysis in two
separate studies (Artioli et al. 1999; Gottschalk et al.
2000). Artioli et al. (1999) proposed a pumpellyite-type
structure with a P21/m space group showing extensive
stacking disorder along the [001] direction (i.e. a
pumpellyite-type structure with a certain amount of
sursassite domains). In contrast, Gottschalk et al. (2000)
demonstrated that the phase is, in fact, isostructural with
Mn-sursassite, Mn2+4Al2Al4[Si6O22(OH)6], with Mg

2+

replacing Mn2+ and one Al3+ replaced by Mg2+ +
H+. Gottschalk et al. (2000) also conducted a HRTEM
investigation of the phase to support their crystal model,
and proposed that the phase should be renamed Mg-
sursassite.
The P–T stability field of Mg-sursassite in the system

MgO–Al2O3–SiO2–H2O (MASH) was determined in
two preliminary studies by Schreyer (1988) and Liu
(1989), and in a comprehensive study by Fockenberg
(1998). Fockenberg (1998) demonstrated that Mg-sur-
sassite is stable over a considerable temperature range
from 3.4 to over 10 GPa, and suggested that it should be
stable under subduction zone conditions in a range of
compositions, including ultramafic compositions. How-
ever, as the composition of Mg-sursassite is significantly
richer in Al and Si than normal ultramafic compositions,
its stability in such compositions is unlikely to be
determined by its stability in a bulk composition based
on its own stoichiometry, as defined by Fockenberg
(1998). Reactions determining the stability of Mg-
sursassite, and other hydrous phases, in ultramafic
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compositions are listed in Table 1. Fockenberg (1998),
Mysen et al. (1998) and Artioli et al. (1999) suggested
that the high-temperature stability of Mg-sursassite will
be determined, in ultramafic compositions, by reac-
tion (1) (see Table 1). This implies that the stability of
Mg-sursassite in peridotite compositions is defined by
the stability of the pyrope-vapour tie-line.
Mysen et al. (1998) and Artioli et al. (1999) proposed

consistent petrogenetic grids demonstrating how reac-
tion (1) fits in with other reactions involving hydrous
phases in peridotite compositions at high pressure. Both
suggest that reaction (1) intersects reaction (2) (see
Table 1), which marks the upper pressure stability of
chlorite in peridotitic compositions. Artioli et al. (1999)
determined phase relations for the phases MgMgAl-
pumpellyite (Mg-sursassite), chlorite, pyrope, forsterite
and enstatite in the MASH system using thermodynamic
data from a variety of sources and the volume of
MgMgAl-pumpellyite that they derived from Rietveld
analysis of their synthetic samples. Figure 1 is based on
Fig. 6 of Artioli et al. (1999) and shows the P–T slopes
that they calculated. Intersection of reactions (1) and (2)
results in an invariant point that governs the stability of
Mg-sursassite towards lower pressures. The low-pres-

sure stability of Mg-sursassite in ultramafic composi-
tions is determined by the stability of the enstatite +
chlorite + pyrope assemblage (Artioli et al. 1999), which
will act as a ‘compositional barrier’ where forsterite is
present, as shown by reaction (3).
Another reaction of possible importance is also

shown in Fig. 1. On either side of the invariant point, the
stability of chlorite towards higher pressure is defined by
the stability of the chlorite + enstatite tie-line, which
either breaks down to forsterite + pyrope through re-
action (2), or breaks down to form forsterite + Mg-
sursassite through reaction (4). Therefore, this reaction
provides a mechanism for the formation of Mg-sursas-
site in subducting slabs following breakdown of chlorite-
bearing assemblages, and thereby the transport of water
in ultramafic parts of the subducting slab to significantly
greater depths.
Artioli et al. (1999) suggested that only the vapour-

absent reaction (3) has a positive slope. Reaction (1) was
suggested to have a steep negative slope. The stability
field of Mg-sursassite mapped out by Fockenberg (1998)
was bounded by reactions with steep positive slopes.
Because reaction (1) is expected to lie within the stability
field of Mg-sursassite determined by Fockenberg (1998),
this difference in P–T slope for the reactions implies that
the stability of Mg-sursassite in peridotitic compositions
should be significantly smaller than the stability based
on its own stoichiometry. However, Mg-sursassite can
still potentially play a pivotal role as a hydrous phase in
peridotitic compositions because its stability field has
been suggested to overlap that of chlorite towards lower
pressures (Mysen et al. 1998), and could overlap that of
other higher pressure hydrous phases towards higher
pressures. Several dense hydrous magnesium silicates
(DHMS) have been shown to be stable below 10 GPa
and have stability fields that overlap that of Mg-sur-

Fig. 1 Schreinemaker’s web for
the phases Mg-sursassite
(Mg-S), chlorite (Chl), enstatite
(En), forsterite (Fo), pyrope
(Py) and vapour (V) in the
system MASH, taken from
Artioli et al. (1999)

Table 1 Important reactions considered in the text that determine
the stability of Mg-sursassite, chlorite and phase A in ultramafic
compositions in the system MASH

(1) Mg-sursassite+forsterite+enstatite=pyrope+water
(2) Chlorite+enstatite=pyrope+forsterite+water
(3) Mg-sursassite+forsterite=enstatite+chlorite+pyrope
(4) Chlorite+enstatite=Mg-sursassite+forsterite+water
(5) Forsterite+water=phase A+enstatite
(6) Mg-sursassite+forsterite=phase A+pyrope+enstatite
(7) Mg-sursassite+phase A+enstatite=pyrope+vapour
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sassite as determined by Fockenberg (1998). These
include phase A (Luth 1995), clinohumite-OH and
chondrodite-OH (Wunder 1998; Pawley 2000), and 10 Å
phase (Chinnery et al. 1999).
Despite the possible importance of Mg-sursassite in

the peridotite + vapour system, no experimental infor-
mation is available on its high-pressure stability in this
system. The aim of the present study was to experi-
mentally determine the stability of Mg-sursassite in a
model peridotite + vapour system under subduction
zone conditions, and thereby to assess its importance as
a hydrous phase in ultramafic parts of the subducting
slab.

Experimental method

In order to determine the stability of Mg-sursassite in ultramafic
compositions a series of high-pressure phase-equilibria experiments
were performed.

Synthesis and characterisation of Mg-sursassite

Mg-sursassite was synthesised from a 5:2.5:6 mix of reagent grade
brucite, corundum and finely ground quartz in three separate
experiments. The starting mix was loaded into 5.08 mm o.d. Pt
capsules that were then welded shut. Because of the high water
content of the starting mix, no additional water was added. The
capsules were loaded into sample assemblies for use in a multi-anvil
device of the Walker design (Walker et al. 1990; Walker 1991). An
Inconel foil furnace was used to maximise space inside the pressure
medium. Tungsten-carbide anvils were used with a truncated edge
length of 12 mm. Samples were run at 6.5 GPa, 550 �C for 48 h, and
run products were identified optically and by powder X-ray dif-
fraction (XRD). One of the samples was also prepared as a grain
mount for analysis using a scanning electron microscope fitted with
an energy-dispersive spectrometer (SEM-EDS) for quantitative
analysis.
Water was released on piercing the retrieved capsules, indicat-

ing that the reaction had occurred. Run products were analysed by
powder XRD using a Philips diffractometer with a copper filament
running at 40 kV and 20 mA. XRD traces revealed that the starting
mix had broken down to form Mg-sursassite with small amounts of
coesite and topaz-OH [Al2SiO4(OH)2]. No significant difference
between the XRD peaks of different synthesis experiments was
noted. Over 30 Mg-sursassite peaks in the traces were matched with
peak data from Schreyer et al. (1991). Topaz-OH peaks were
matched using data from Wunder et al. (1993). Because the starting
mix used in the synthesis experiments had a bulk composition
corresponding to that of Mg-sursassite, the presence of small
amounts of topaz-OH and coesite indicates that the composition of
the Mg-sursassite synthesised was slightly Mg-rich. SEM-EDS
analysis of one of the run products was conducted using a JEOL
6400 SEM with an accelerating voltage of 15 keV, a probe current
of 1.5·10–6 A and a working distance of 39 mm. Mg-surassite
crystals were elongated, euhedral crystals of typically only a few
microns in length (ranging up to 10 lm). The stoichiometry of the
Mg-sursassite crystals was determined to be 5.28(11) MgO, 2.51(14)
Al2O3 and 5.81(13) SiO2. Point analysis of over 50 grains showed
no significant variation in composition. Slight Mg-enrichment is in
accordance with the formation of small amounts of coesite and
topaz-OH. In contrast, Fockenberg (1998) synthesised slightly
Al-rich Mg-sursassite.
Lattice parameters for Mg-sursassite were determined from

XRD data. Refinement was carried out based on a monoclinic cell
with space group A2/m, to allow comparison with the values of
Schreyer et al. (1991) and Artioli et al. (1999). These values are

given in Table 2. Values of cell parameters for the sample syn-
thesised in the present study are in good agreement with the values
for the sample synthesised by Schreyer et al. (1991). However, the
parameters are noticeably smaller than the cell parameters for the
sample synthesised by Artioli et al. (1999), especially the a and c
parameters. Gottschalk et al. (2000) note that the values obtained
by Artioli et al. (1999) are considerably different from those of
samples synthesised in previous studies. Cell parameter data
therefore suggest that the sample synthesised in the present study is
Mg-sursassite, as opposed to a distorted pumpellyite structure as
proposed by Artioli et al. (1999).

Phase equilibrium experiments

A series of experiments were conducted to determine the high-
temperature stability of Mg-sursassite in ultramafic compositions as
defined by reaction (1). Experiments were performed in the simpli-
fied end-member system MgO–Al2O3–SiO2–H2O (MASH). A
starting mix was made up of the synthetic Mg-sursassite and syn-
thetic, pure Mg end-member enstatite, forsterite and pyrope.
Enstatite and pyrope were synthesised from oxide mixes in a Boyd
and England (1960) design piston-cylinder apparatus under the
conditions listed below. The forsterite used was from a batch
synthesised at Manchester by S.J. Kohn. Synthesised phases were
examined optically and by XRD. Cell dimensions were determined
from XRD peak data using UNITCELL (Holland and Redfern
1997) with a Si standard, and referenced using the following JCPDS
cards.
Enstatite was synthesised at 2.0 GPa, 900 �C for 48 h from an

oxide mix. The cell dimensions were a=9.606(5) Å, b=8.817(4) Å,
c=5.171(5) Å, b=108.25(6)� and V=415.9(1) Å3 (JCPDS card
35-0610). The XRD pattern of enstatite suggested that it was low
clinoenstatite (P21/c), in agreement with Shinmei et al. (1999).
Pyrope was synthesised at 2.5 GPa, 900 �C for 48 h from an

oxide mix. The cell dimension was a=11.455(3) Å (JCPDS card
15-0742).
The forsterite cell dimensions were determined as being

a=5.983(3) Å, b=10.195(2) Å, c=4.754(2) Å and V=290.0(2) Å3

(JCPDS card 34-0189).
A bulk composition for the starting mix corresponding to a

model peridotite composition was chosen (Fig. 2), and consisted of
a stoichiometric mix of the phases according to reaction (1), and
subsequently enriched in forsterite and enstatite (bulk composition
3 MgO: 0.2 Al2O3: 2.2 SiO2). The projection of this composition
from the vapour apex of the MASH compositional tetrahedron lies
within the 3-phase pyrope–enstatite–forsterite field (Fig. 2). Careful
examination of the geometry of these phases in compositional
space reveals that the bulk composition chosen can be used to
bracket reaction (1) as long as a significant amount of excess water
is always present. The reaction can be bracketed by determining the
stabilities of Mg-sursassite- and pyrope-bearing assemblages (the
assemblages Mg-sursassite + forsterite + enstatite + vapour and
pyrope + forsterite + enstatite + vapour are stable in areas 4 and
5 of the Schreinemaker’s plot shown in Fig. 1).
Aliquots of 6–7 mg of the starting mix were loaded into 2.5–

3-mm-long 2-mm-o.d. Pt capsules with 20 wt% distilled water, and
the capsules welded shut. Capsules were loaded into a sample

Table 2 Cell parameters for the phase Mg5Al5Si6O21(OH)7 from
the present study compared with values from Schreyer et al. (1991)
and Artioli et al. (1999). Numbers in parentheses are standard
deviations on the last quoted decimal place

Parameter Present study Schreyer
et al. (1991)

Artioli
et al. (1999)

a (Å) 8.547 (5) 8.544 (1) 8.5759 (4)
b (Å) 5.699 (3) 5.717 (1) 5.7295 (2)
c (Å) 18.452 (8) 18.491 (2) 18.5376 (9)
Beta (deg.) 97.63 (4) 97.75 (1) 97.691 (39)

Volume (Å3) 890.7 (6) 893.4 (1) 902.66 (9)
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assembly for use in the Walker-type multi-anvil device. Heating
was achieved using an internal graphite resistance furnace, and
temperatures were measured using a Pt/Pt10%Rh (S-type) ther-
mocouple. No correction for the effect of pressure on thermocouple
e.m.f. was applied. For pressures up to 7 GPa, 12 mm truncated
edge length (TEL) tungsten carbide anvils were used. For higher
pressure runs, 8 mm TEL cubes were used. MgO ceramic octahedra
with integral gaskets were used as pressure media. Pressure was
calibrated at 1,000 �C using the quartz–coesite transition in SiO2
(Bohlen and Boettcher 1982), the garnet–perovskite transformation
in CaGeO3 (Susaki et al. 1985), and the coesite–stishovite transition
in SiO2 (Yagi and Akimoto 1976). Pressure and temperature
uncertainties, without taking into account the effect of pressure
of thermocouple e.m.f., are estimated to be ±4% and ±20 �C
respectively.
After quenching, recovered capsules were weighed, carefully

pierced and reweighed to check for the presence of water. Water
was clearly seen to be present in most runs when the capsules were
pierced. Runs in which excess water was not noted were discounted.
Run products were recovered and examined both optically and
using XRD. Two run products were also prepared as powder
mounts for examination using SEM (EDS).

Experimental results

Results of experiments to determine the high-pressure
stability of Mg-sursassite in the peridotite + vapour
analogue MASH system are listed in Table 3 and plotted
in Fig. 3. Results are given in terms of the stable
assemblage determined by comparison between the
XRD patterns of run products and starting materials. In
most cases, the reaction went to completion. In cases
where the reaction did not go to completion, the amount
of reaction was estimated from changes in peak heights.
In all cases, except run PP9, run direction could be
unequivocally discerned.

In experiment PP1, at 5.5 GPa, 660 �C, the assem-
blage chlorite + forsterite + enstatite was noted. No
trace of Mg-sursassite from the starting mix was noted
in the XRD pattern.
In experiments above 7.0 GPa and below 800 �C, and

in both low-temperature experiments at 7.0 GPa (PP8
and APP1), the presence of an additional phase was
inferred from the presence of a number of new peaks in
XRD patterns. The appearance of this phase coincided
with the disappearance of forsterite, an increase in
enstatite, and a marked lowering of the amount of excess
water contained in capsules after the experiments. Peak
positions for this additional phase are in accordance
with data for the dense hydrous magnesium silicate
(DHMS) phase A [Mg7Si2O8(OH)6] first synthesised by
Ringwood and Major (1967). However, the peaks are
small and broad compared with peaks for the other
phases present in the run products.
XRD data suggested that enstatite in all of the run

products was low clinoenstatite (P21/c). Between 6.5 and
7.0 GPa, Shinmei et al. (1999) suggested that a phase
transition occurs in clinoenstatite, from the low-pressure
P21/c to the high-pressure C2/c form. However, this
transition is non-quenchable, and was not noted in the
run products.
Averaged results of SEM-EDS analysis of the run

products formed in APP1 and APP2 are given in Table 4.
Analysis of APP1 revealed that the run products con-
sisted of approximately 100-lm-diameter polycrystalline
aggregates. These contained some individually distin-
guishable grains of enstatite and Mg-sursassite (and
some relic pyrope), but mainly consisted of a crypto-
crystalline intergrowth of grains that could not be

Fig. 2 Relationships between
the phases considered in Fig. 1
in compositional space and the
bulk composition chosen for
experiments, shown in a ternary
plot (projected from V) and in a
3-D view of part of the MASH
tetrahedron (in the same orien-
tation as the small MASH
tetrahedron also shown).
Vapour axis has been shortened
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individually distinguished. Point analyses of this inter-
growth revealed that it consisted of phase A, enstatite
and Mg-sursassite. Individual analyses for the inter-
growths are listed in Table 4. Analyses were performed
by rastering the beam over a small area of the sample.
The extremely small grain size of phase A in APP1 could
explain why the XRD peaks for phase A in other run
products are small and broad. Compositions of analysed
Mg-sursassite grains were similar to the composition of
Mg-sursassite used in the starting mix. Analysed ensta-
tite grains contained a negligible amount of Al2O3.
SEM analysis of APP2 revealed the presence of

enstatite, forsterite and pyrope only, with compositions
close to ideal values, except enstatite, which contained
small amounts of Al2O3 (less than 0.9 wt%). Grain size
varied between 2 to 15 lm for all three phases, and there
was no evidence of zoning. The absence of Mg-sursassite
indicates complete reaction to the new assemblage
(pyrope + enstatite + forsterite).

Discussion of experimental results

Reaction (1), the breakdown of Mg-sursassite with
increasing temperature, was bracketed at 6.0 and
6.5 GPa (Fig. 3). If the reaction line is drawn so that
it lies close to the data point PP9, in which both Mg-
sursassite and pyrope were present, then the reaction has
a large positive gradient. This is in contrast with the
negative slope suggested by Artioli et al. (1999) based
on thermodynamic calculation. However, the calcula-
tions of Artioli et al. (1999) assumed that the phase

Table 3 Results of experiments
to determine the stability of
Mg-sursassite in the system
MASH (peridotite + H2O
analogue)

Exp. no. Pressure Temp. Duration Resultsa Notesb

(GPa) (�C) (h)

PP1 5.5 660 52 Chl + Fo + En No Mg-S left; minor
Py left

PP2 5.5 700 62 Py + Fo + En Complete reaction
PP5 6.0 660 53 Mg–S + Fo + En 50% reaction
PP6 6.0 690 54 Py + Fo + En Complete reaction
PP7 6.0 720 60 Py + Fo + En 75% reaction
PP3 6.5 680 55 Mg–S + Fo + En 50% reaction
PP4 6.5 720 63.5 Py + Fo + En Complete reaction
PP8 7.0 660 57 Mg–S + En + Ph–A No Py or Fo left;

large growth in En
peaks

PP9 7.0 700 48 Py + Mg–S + Fo + En No reaction in terms
of Mg-S and Py;
close to reaction
curve

PP10 7.0 730 61 Py + Fo + En Complete reaction
PP12 8.0 650 57 Mg–S + En + Ph–A Complete reaction
PP11 8.0 700 50.5 Mg–S + En + Ph–A Complete reaction
PP13 8.0 740 48 Py + En + PhA Complete reaction
PP14 9.0 730 55 Mg–S + En + Ph–A Complete reaction
PP15 9.0 770 47 Py + En + PhA Complete reaction
APP1 7.0 630 49 Mg–S + En + PhA SEM analysis
APP2 8.0 800 51 Py + Fo + En SEM analysis

aResults are given in terms of the stable assemblage suggested on the basis of XRD peak height
comparison
bReaction given in terms of approximate change in peak heights

Fig. 3 Plot of results of experiments to determine the stability of
Mg-sursassite in the system MASH (peridotite + V). Broken lines
indicate reaction positions determined from unseeded runs.
Positions of the reaction phase A + enstatite = forsterite +
water determined by Luth (1995) and Wunder (1998) are shown in
grey. Stability field of Mg-sursassite as determined by Fockenberg
(1995) is shown as a dotted line
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Mg5Al5Si6O21(OH)7 had a distorted pumpellyite struc-
ture, and were based on data for a sample that
Gottschalk et al. (2000) suggests differs significantly
from samples synthesised in other studies.
At 5.5 GPa, 660 �C (PP1), the assemblage chlorite +

forsterite + enstatite was noted (with small amounts of
pyrope). This assemblage is stable in areas 1, 2 and 6
of the Schreinemakers’ web shown in Fig. 1. The results
of experiments PP1 and PP5 may, therefore, be tenta-
tively used to locate the position of reaction (4), marking
the low-pressure stability of Mg-sursassite. The position
of this reaction is in good agreement with position
estimated by Mysen et al. (1998). However, it should be
noted that chlorite was not seeded in the starting mix.
Chlorite growth in PP1 could have been metastable, and
the results of experiments listed here cannot be consid-
ered a bracket for reaction (4). At 5.5 GPa and 700 �C
the assemblage pyrope + forsterite + enstatite formed,
as would be expected in area 3 of the Schreinemakers’
web shown in Fig. 1.
The observed changes in phase proportions in higher

pressure experiments where phase A formed are in ac-
cordance with reaction (5). This reaction was bracketed
by Luth (1995) and Wunder (1998). For pressures above
7 GPa, the position of reaction (5) inferred in this study
(as shown in Fig. 3) lies between the reaction positions
determined by Luth (1995) and Wunder (1998). How-
ever, the gradient of reaction (5) shown in Fig. 3 is
slightly smaller than suggested by Luth (1995) and sig-
nificantly smaller than suggested by Wunder (1998). It

should be noted, however, that phase A was not seeded
in any of the experiments. It is possible that phase A
growth was metastable, or that the stability field of Mg-
sursassite relative to that of phase A was overestimated.
The present results can only be used to provide an initial
indication of the stability of Mg-sursassite relative to
phase A. Therefore, within experimental uncertainties,
the position of reaction (5) determined in the present
study may be in agreement with both Luth (1995) and
Wunder (1998).

Mg-sursassite stability in relation to the stability
of phase A

Phase A is a DHMS first synthesised by Ringwood and
Major (1967), and has been proposed as a storage site
for H2O in ultramafic compositions under subduction
zone conditions. Pawley and Wood (1995) investigated
the low-pressure stability of phase A and determined
that, in SiO2-poor compositions, it could crystallise at
pressures below 6 GPa. Therefore, phase A is stable to
pressures considerably lower than many other DHMS,
which are only stable at pressures exceeding 10 GPa.
Studies on the high-pressure phase relations of DHMS
(e.g. Liu 1986; Kawamoto et al. 1995; Irifune et al. 1998)
have shown that phase A has a large stability field at
high pressure, and that it is stable to pressures greater
than 15 GPa. At high pressure, the stability field of
phase A overlaps that of other DHMS. Therefore, phase

Table 4 SEM-EDS analysis of run products. Individual analyses for cryptocrystalline intergrowths (CI) of phase A, enstatite and
Mg-sursassite noted in APP1 are listed. H2O contents of hydrous phase are estimated from difference to 100 wt%

Exp. no. Phase Points SiO2 Al2O3 MgO H2O

(wt%) SD (wt%) SD (wt%) SD

APP1 En 7 59.58 0.51 0.31 0.20 39.53 0.27 –
Py 3 44.63 0.53 25.57 0.93 29.12 0.78 –
Mg-S 3 40.01 0.56 28.25 0.51 23.31 0.52 7.9
CI 1 37.96 – 10.73 – 41.92 – 9.4
CI 1 57.39 – 1.44 – 39.73 – 1.4
CI 1 43.05 – 9.10 – 40.89 – 6.7
CI 1 39.62 – 10.52 – 41.06 – 8.8
CI 1 45.23 – 7.60 – 40.06 – 7.1
CI 1 46.88 – 7.01 – 40.47 – 5.6
CI 1 38.69 – 12.08 – 39.12 – 10.0
CI 1 38.27 – 10.54 – 41.24 – 9.1
CI 1 55.32 – 2.61 – 39.5 – 2.6
CI 1 39.04 – 11.68 – 40.51 – 8.8
CI 1 44.91 – 10.85 – 37.31 – 6.9
CI 1 52.6 – 3.68 – 39.98 – 3.7
CI 1 43.15 – 14.63 – 34.19 – 8.0
CI 1 44.48 – 12.86 – 34.68 – 7.9
CI 1 43.30 – 8.32 – 40.30 – 8.1
CI 1 42.47 – 9.86 – 40.13 – 7.5
CI 1 40.79 – 10.41 – 41.30 – 7.5
CI 1 39.9 – 11.68 – 39.66 – 8.8
CI 1 39.78 – 11.23 – 40.14 – 8.9
CI 1 50.45 – 9.25 – 35.14 – 5.2

APP2 Py 17 45.23 0.48 24.32 0.62 29.66 0.43 –
Fo 6 42.48 0.42 0.16 0.07 56.50 0.38 –
En 3 59.14 0.27 0.48 0.36 39.28 0.54 –
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A is one of the most important of the DHMS in terms of
potential to transport water in ultramafic parts of sub-
ducting slabs.
The stability fields of Mg-sursassite and phase A in

the system MASH (as an analogue for the peridotite +
H2O system) are expected, based on the studies of
Fockenberg (1998), Luth (1995) and Wunder (1998), to
overlap considerably, as both phases have extensive
stability fields. However, Fockenberg (1998) discounted
the significance of phase relations between Mg-sursassite
and phase A because phase A had not been noted in
previous studies on the stability ofMg-sursassite. Figure 4
is part of the MASH tetrahedron showing the relation-
ships between Mg-sursassite, phase A, enstatite, forste-
rite, pyrope and water in compositional space. Figure 5
is a Schreinemaker’s web drawn in accordance with the
experimental results showing phase relations as a result
of the intersection of reactions (1) and (5). The stable
phase assemblages expected for peridotite compositions
(i.e. bounded by the pyrope–enstatite–forsterite assem-
blage) containing additional amounts of water are also
shown. These compatibility diagrams suggest that
hydrous phase-bearing assemblages expected for typical
mantle compositions with only a few weight percent
water (i.e. where the assemblage pyrope + enstatite +
forsterite is stable) are likely to differ from the phase
assemblages seen in run products in the present study,
where a large amount of excess water was always pre-
sent. In run products from areas 2a and 3a of Fig. 5, the
assemblage phase A + Mg-sursassite + enstatite was
noted. However, this assemblage is only stable for un-
realistically high water contents. For much lower water
contents, the stable assemblage in area 2a is Mg-sur-
sassite + pyrope + forsterite + enstatite (or Mg-sur-
sassite + phase A + forsterite + enstatite), and the
stable assemblage in area 3a is phase A + pyrope +
forsterite + enstatite. Therefore, the vapour-absent
reaction (6) is of critical importance in defining the
upper-pressure stability of Mg-sursassite in ultramafic
compositions with low water contents. This reaction is
analogous to reaction (3), which defines the low-pressure
stability of Mg-sursassite. In both instances, the
Mg-sursassite–forsterite tie-line is broken by the for-
mation of assemblages involving a hydrous phase
(chlorite or phase A) with enstatite and pyrope. The
phase relations shown in Fig. 5 therefore demonstrate
that the presence of phase A greatly reduces the stability
of Mg-sursassite in typical ultramafic compositions.
However, as the breakdown of Mg-sursassite-bearing
assemblages to phase A-bearing assemblages proceeds
by the vapour-absent reaction (6), no water is lost.
Unfortunately, the experimental data do not provide
information on the position of reaction (6) because of
the high water content of the bulk composition chosen.
The position of this reaction can only be constrained
at present by the positions of reactions (5) and (7).
The assemblage phase A + pyrope + enstatite +

forsterite is stable over areas 3a and 4a; therefore, the
range of temperatures over which water is tied up in

hydrous phases is greatly increased relative to systems
in which Mg-sursassite is the only stable hydrous phase
at high-pressure. The considerable stability field of
phase A at higher pressures (i.e. above 10 GPa) over-
laps that of other DHMS in the systems MSH (Irifune
et al. 1998) and MASH (Kawamoto et al. 1995).
Transfer of water from Mg-sursassite- to phase
A-bearing assemblages thereby provides a mechanism
for the deep subduction of significant volumes of water
in ultramafic material.
For bulk compositions with a low water content, the

assemblage pyrope + forsterite + enstatite coexists
with either Mg-sursassite (areas 1a and 2a), phase A
(areas 3a and 4a) or free fluid phase (areas 5a and 6a).
For bulk compositions with slightly higher water con-
tents (above 2 wt% for Mg-sursassite-bearing assem-
blages and above 2 to 6 wt% for phase A-bearing
assemblages), the stable assemblages will be Mg-sur-
sassite + enstatite + forsterite + vapour in area 1a,
Mg-sursassite + phase A + forsterite + enstatite in
area 2a, phase A + pyrope + enstatite + Mg-sursassite
in area 3a and phase A + pyrope + enstatite + vapour
in area 4a. Therefore, for these higher water contents,
the size of the stability fields of phase A and Mg-sur-
sassite are increased, and these two phases can form
stable assemblages together.

Fig. 4 Part of the MASH tetrahedron (in the same orientation as
the small MASH tetrahedron also shown) showing relationships
between the phases Mg-sursassite, pyrope, forsterite, enstatite,
phase A (PhA) and vapour, and the bulk composition in
compositional space. The vapour axis has been shortened and the
geometry of the phases altered considerably for clarity. The plane
phase A + pyrope + enstatite is shaded to demonstrate how
formation of this assemblage [i.e. reaction (6), see Table 1] limits
Mg-sursassite stability in ultramafic compositions with small
amounts of water
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Mg-sursassite stability in relation to the stabilities
of chlorite and phase A

Figure 6 shows a summary of the phase relations for
Mg-sursassite, phase A, chlorite, forsterite, enstatite,
pyrope and water in the system MASH (peridotite +
water). Over the area of the diagram, water is either tied
up in chlorite, Mg-sursassite or phase A, or is present as
a free fluid phase. Three reactions govern the stability of
Mg-sursassite at low water contents. The high- and low-
pressure stabilities of Mg-sursassite are determined by
reactions (6) and (3), respectively. These are both
vapour-absent reactions. With increasing temperature,

the stability of Mg-sursassite is defined by the stability of
the pyrope-vapour tie-line in reaction (1). Reaction (4) is
also important because it provides a mechanism for the
transfer of water from chlorite-bearing to Mg-sursassite-
bearing assemblages. For slightly higher water contents,
Mg-sursassite and chlorite can coexist together in area 6
of the web shown in Fig. 1. Therefore, the upper pres-
sure stability of chlorite below 670 �C is defined by either
reaction (3) or (4), dependent on the bulk water content.
In the ultramafic component of a subducting slab, the

transfer of water from chlorite to Mg-sursassite to phase
A provides a mechanism for the deep subduction of
significant amounts of water, providing the P–T path

Fig. 5 Schreinemakers’ web
showing the relationship
between the high-pressure
stabilities of Mg-sursassite and
phase A. The web is drawn in
accordance with experimental
results. Stable assemblages are
shown for each of the labelled
fields based on the polyhedron
shown in Fig. 4. Only assem-
blages relevant to peridotite
compositions, with various
amounts of water, are shown
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described by the material lies on the low temperature
side of reaction (1). At higher temperatures, breakdown
of chlorite via reaction (2) will lead to complete dehy-
dration and the formation of the anhydrous assemblage
pyrope + forsterite + enstatite. The position of reac-
tion (1) determined in this study is between 680 and
700 �C. Most previous studies of hydrous phase stability
in peridotite have been conducted in the systemMSH. In
this system, water can only be transported beyond 6 GPa
if it can be transferred from antigorite to phase A
(Mysen et al. 1998); this reaction occurs only at much
lower temperatures (below 600 �C). For more realistic,
higher temperature P–T paths for the subducting slab,
complete dehydration of the subducting slab will there-
fore occur. However, the present results demonstrate
that in the system MASH, water will be incorporated in
hydrous phases up to temperatures of 700 �C. This is a

direct result of the stability of Mg-sursassite in the sys-
tem, which overlaps the stabilities of hydrous phases
such as chlorite (and antigorite) towards lower pres-
sures, and phase A at higher pressures. Therefore,
although the stability field of Mg-sursassite in peridotite
compositions is reduced significantly from its stability in
the system MASH as defined by Fockenberg (1998), it
can potentially play a pivotal role in water transporta-
tion in subduction zones. The presence of Mg-sursassite-
bearing assemblages increases the likelihood of the deep
subduction of significant quantities of water.
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Fig. 6 Schreinemaker’s web,
with schematic P–T axes,
summarising information on
the phase relations of Mg-sur-
sassite in the system MASH
(peridotite + V). Reactions
determining the stability of
Mg-sursassite are shown in
black. Arrows indicate impor-
tant reactions determining
chlorite stability and the
formation of Mg-sursassite in
the subducting slab. Text in
large bold font indicates the
stable hydrous phase(s). Linear
geotherms (calculated assuming
1 kbar=3.33 km) are shown as
light grey arrows
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