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Abstract Seeded, solid-media piston-cylinder runs of
unusually long duration up to 31 days indicate growth
or persistence of synthetic gedrite ol the composition
trM96,{l[AlSi7O22](OH)2(:6:1:7). prepared from the
purest chemicals available" at l0 kbar water pressure
and 800 oC. Conversell,, breakdown was observed at
1i kbar and 850 oC to alumirrous enstatite, Al2SiO5, and
a melt of the composition MgO'Al2O3 8SiO2. Thus, pure
gedrite free of iron, sodium, and calcium is likely to have
only a small PI stability field in the MASH svstem,
estimated as 10 t 1kbar, 800 + 20 "C. even though
metastable growth of gedrite can be observed over a

larger Pf range. A second starting material with the
anhydrous cornposition 5MgO'2Al2O3'6SiOr also
yielded gedrite of the composition 6:1:7, together with
more aluminous phases such as kyanite, corundum or
sapphrrine, thus suggesting that the end-member gedrite
deflned as trMg.5A12[Al2Si6O22](OH)z(-5:2:5) by the
IMA Comrnission on New Minerals and Mineral Names
pr-obably does not exist. With the use of this second
starting tnaterial. which contains FeNa$a impurities.
growth ol 6:l:7-gedrite was observed ovei a still wider
Pf-range. Seeded r.unq indicatc that .[hq, trrre ;tabi,litl
fietd of srrcLr slightly'impure 6:t:7-gedritds may'also be
larger than that of the pure MASH phase and extend at
least to l5 kbar, 800'C. There is. thus, zi remarkable
stabilization effect on the orthoamphibole structure by
impurities amounting only to a total of less than one
weight percent ol oxides in the starting material. The
gedrites synthesized are structurally well ordered am-
phiboles nearly free ol chain multiplicity faults, as re-
vealed by HRTEM. The X-ray diffraction work on the
gedrites synthesized yielded the smallest cell volr-une yet
reported lor this phase. The smerll stability field of the
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pure MASH gedrite is intersected by the upper pressure
stability limit of hydrous cordierite for excess-H20
conditions, thus leading to complicated phase relations
for both gedrite and cordierite involving the additional
phases alurninous enstatite, talc, quartz, Al2SrO5, melt
and perhaps boron-free kornerupine.

Introduction

The gedrite series comprises orthorhombic Li-poor
aluminous arnphiboles that in nature cover the entire
range of Mg<->Fer- substitution, and with very
lew exceptions - contain appreciable amounts of sodium
in the A-position ol the structure. The general formu-
la is Na^Li,(Mg,Fer'.Mn)r-r-,A11[A1.*y-,Sis-*-y+.OzzJ
(OH,F,C1)2 (Leake et al. 1997). Experimentally, Na- and
Li-free magnesium gedrite has been synthesized over a
considerable PT-range (10-20 kbar, 850 900'C;
Schreyer 1968; Schreyer and Serfert 1969a Yoder 1971),

..,but it was not clear as to:whttheT-or not this phase is
truly stable. Moreover, as rather impure starting mate-
rials had beer.r used lor'ilOst of these synthesis experi-
ments, there was also the possibility that such impurities
might have lavourecl its-'giowth, or even stabilized it
relative to other phases in the pure MASH system.

In this contribution we report the main results of an
experimental study cor"rducted by the first author lor a

Diploma Thesis (Fistirer 1991). in which new insights
were gainecl into the questiqn of gedrite stability in the
MASH system. both witn-iird without impurities.

/t't

Experimental apparatus

Synthesis rLrns \\'ere can'ied out in solid-media piston-cylinder
apparirtus ol the Boyd and England (1960) type with NaCl as

pressure mediLrrr. Pressure uncertainties can be estimated to be

lcss than approxirnately +0 5 kbar Such precision in runs of up
to 3l days was trtrde possrble by a sensitive tlutomatic lressure
control systcm. Tempcratute unccr trinties are within .ll 0 'C
(Fischer l99l).
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Pressure (kbar) Temperature ('C) Duration (h) Crystalline run products

186

Table 1A, B Results ol hydro-
therrnal synthesis runs for ge-
drite using two different starting
mixtures. (C corundum, Cil
chlorite, -En orthoenstalite, Ge
gedrrte, r(o boron-free korner-
upine, K1 kyanite, MSt mag-
nesiosta urolite. Sa sapphirine.
Tc talc; < sma1l amounts,
,. trace amounts. v ithout pref x
major phase. 1 amount ofphase
increased relative to that ob-
served in run of previous 1ine, J
amount of phase decreased re-
lative to that observed in run of
previous line)

Tc, Ch1, . Ky, <C
Ge, En, <?

Tc, Ch1, < Ky
En, Ge, Tc, < Ky
En, Ge, <C, <Sa
EnJ, GeI, .Ky, .C
EnJ, Ge'I. <Ky. <C, ,,Sa
Pn'|. CeI, <Ky, "C, uSa
En, Ko, <Ky
En, Ge, <Ky
En. Gel. .Ky,,,C
En, Ky
En, Ky
En, Ky
En, Ky

800
800
800
830
850
850
850
8s0
850
820
820
850
870
880
900

10
10
1l
11

11

11

1l
11

11

T2

1.2

15

15

20
20

l1
11

11

t2
t2
15

15

20
20

A Mixture of composition 6MgO'1Al2O3 7SiO2 (chemically pure)

2'7

504
64
20

5

19

21
120
504
27

192
27
27
21
27

B Mixture olcomposition 5MgO 2Al2O3' 6SiO2 (chemically impure, lor
details see text)

10

10

800
800
800
830
850
850
850
850
820
820
850
870
880
900

27
504

68
20

)
5

27
'72

27
t92

2'7

27
2'7

21

Tc, Chl, < C
Ge, ?

Ge, En, Tc, Ky
En, Ge, Ky, . C
Tc, Sa, Ky, < G
Ge = En, Sa, C
Gel. En, Ky. Sa

Ge, Sa, fyJ, tc
Tc, Chl, .Ky, uC
Ge, En, C
En, Ge, Ky, . C
En, Ge, Ky, C
En, <MSt, <Ky
En, MSt, <Ky

of gedrite and its potential breakdown products. As
starting material for our bracketing attempts we flrst
used the product of the run with the 6:l:7 ge7 at 11 kbar,

800 825 850 875 900
Temperatur (C")

Fig. 2 Approximate limits of the pressure-temperature fle1ds of
growth of gedrite from the chemically pure 6:1:7 starting material as

well as from the impure 5:2:6 mixture. Solid and open circles indicate
run conditions (Table 1). At the condition ol the solid circle,
chemically pure gedrite with the oxide ratio 6:1:7 is a stable phase

@ig a), whereas it is metastable over the remaining growth field 6: 1:7.
The gedrite synthesDed from the impure 5:2:6 mlxture exhibits both a
larger growth field and a larger stability fle1d. For details see text and
Tables I and 2

850 oC, 19 hours, which consisted of enstatite, gedrite,
kyanite and traces of corundum (Table lA). This ma-
terial was rerun, again with excess water between l0 and
20 kbar, 800-900 'C. The results are listed in Table 24.
At 15-20 kbar, 850 900 oC, geddte broke down com-
pletely or was reduced to traces, while ensta-
tite * kyanite grew and corundum disappeared. At 12

kbar, 820 "C, gedrite decreased strongly after 8 days, at
11 kbar, 850 "C it disappeared after 21 days. Because
this PZ combination represents the initial condition of
the gedrite synthesis, it is clear that this phase had grown
only metastably, and is, in fact, thermodynamically
unstable at this P and T. On the other hand, at 10 kbar,
800 "C, gedrite persisted after 2l hours and clearly grew
in runs of 9 and 31 days. Only in a 2l-day run was
gedrite found to decrease slightly relative to enstatite.

We interpret the above results ol bracketing runs with
the 6:1:7 mixture as an indication that a chemically pure
magnesium gedrite is a stable phase of the MASH sys-
tem at 10 kbar, 800'C, but not at any other PZ con-
ditions investigated, the nearest ones being 12 kbar,
820 'C,and 11 kbar, 850 'C (Fig. 2). The decrease in the
amount of gedrite in the 21-day run at 10 kbar, 800'C,
may suggest that this PZcoordinate lies very close to the
upper limit of the presumed stability fleld of geddte.
Thus, unavoidable PZ fluctuations within the limits of
error given earlier may have caused cyclic fluctuations in
growth or breakdown of gedrite.
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Fig. ,3 SEM picture ol synthetic gedrite (Ge) produced lrom the 5:2:6
starti4g material at 12 kbar, 820'C alter 192 hours. Scale bar : 2
mrcrometres

It can be seen that within a 2o' uncertainty range
there are no significant differences in the X-ray proper-
ties of the two new gedrites synthesized here, thus sup-
porting the earlier conclusion that the composition of
the gedrites prepared from the two different starting
materials is virtually the same, that is near 6:l:7. It is
also clear that possible traces of Fe, Na and Ca in the
gedrite introduced from the impure 5:2:6 starting mix-
ture do not have any signiflcant effect on the X-ray
properties. The cell volumes of the two new synthetic
gedrites in Table 3 are somewhat smaller than that ob-
tained from the data given by Schreyer and Seifert
(1969a) and represent the lowest ones ever measured for
a gedrite.

Recent studies of synthetic amphiboles with high-
resolution transmission electron microscopy (HRTEM)
indicate that macroscopic variations in chemical com-
position may be due to a "Realbau" that differs con-
siderably lrom the ideal amphibole structure (e.g.
Maresch et al. 7994, and references therein). Therefore,
some of the synthetic gedrites reported on here were
subjected to HRTEM studies at the University of Kiel
with the help of Dr. M. Czank. An important result is
that most of the crystals studied show an ideal double-
chain amphibole structure. Only in about 10 per cent of

the gedrites grown from the 6:1:7 mixture at 10 kbar,
800 "C, alter 9 days, were very lew chain multiplicity
faults (CMF) detected, although a* still gave sharp re-
flections with no streaking. In gedrites grown from the
impure 5:2:6 mixture under identical conditions no
CMFs could be identified, which again suggests that the
amphibole structure is stabilized by certain impurities.

The synthetic gedrites studied by HRTEM were also
analysed chemically with the aid of an attached energy-
dispersive system. Although this analytical method must
be regarded as semiquantitative only - the crystals are
too small for analysis by electron microprobe the re-
sults show that all the crystals analysed gave composi-
tions clustering uniformly about the ideal proportion
6:1:7. The deviations may amouRt to a 4 molo/o oxides,
but they are identical for the products of four runs on
both the 6:1:7 and lhe 5:2:6 mixturss. On this basis we
suggest again that the gedrites synthesized in this study
are essentially and invariably of the composition
Mg6Al2Si7O zz(OH)2, independent of starting material
and run conditions, but neglecting the impurities dis-
cussed before.

HRTEM analyses of coexisting phases

In conjunction with the HRTEM studies of gedrite, the
various run products were also inspected carefully for
other phases, some of which were analysed. This pro-
cedure led to the discovery of both an additional phase
not identifiable by X-ray methods and of aberrant
compositions of the synthetic enstatites.

The prismatic enstatite crystals, again ranging in size
from about 1 to 8 micrometres, invariably, and inde-
pendently of the starting material employed, show
compositions which plot off the general Tschermak
substitution line enstatite-corundum (Fig. 1) in a direc-
tion towards higher SiO2-contents. These deviations
may be so extensiye that the cluster of enstatite analyses
obtained overlaps that of the gedrite analyses discussed
above, although the Al-contents of enstatites tend to be
lower than those of the gedrites. The problem of ternary
solid solutions of aluminous enstatites not following
solely the accepted Tschermak substitution trend AlAl
for MgSi was recently investigated by Fockenberg and
Schreyer (1991) on the basis of synthesis experiments.
These authors obtained aluminous enstatites similar to

Table 3 Cell dimensions olsynthetic gedrite prepared in the system MgO-A12O3-SiO2-H2O. (Uncertainties quoted represent 1o values
from the refinement.)

Startrng
mixture

Synthesis conditions

P(kbar) r('c) Hours

No. of
reflections

c

(A)

b

(A)

a

(A)

V

(A')

6:l:1
5:2:6
5:2:6

15

t7
22

800
850
850

10
11

11

216
21
2'.7

18.416(4)
1 8.410(5)
l8.417(4)

t'7.8t1(.6)
t] 1e6(8)
I 7.800(6)

s.2s8(.2)
5 Tsgr))
s.269(2)

1725.3(1) This work
1723 0(8) This work
1727.2(.1) Schreyerand

Seifert (1969)"

'Reflections reindexed on the basis ofcalculated X-ray powder diffraction patterns (Borg and Smith 1969)
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Fig.4 Tentative stability field of the gedrite synthesized from the
chemically pure 6:l:7 starting material (heavy lines) relative to the
upper pressure stability limit olhydrous Mg-cordierite with a selection
of resulting phase relationships (thin lines). Inset in the upper left
shows the phases involved with enstatite containing A1 in solid
solution but ignoring its Si-excess (see previous section). The other two
insets depict selected compatibility relations for portions of the
divariant fields in which they are placed. Two run conditions
investigated here and the results concerning gedrite stability are
shown by solid and, open circles. The t sign marks the PZ condition
investigated by Yoder (1971). (Abbreviations as in Table l, except for:
,4S Al2SiO5 (kyanite or/and sillimanite), Cord hydrous cordierite, I
melt, Q quartz). The chemical formula of the gedrite is given at the
bottom.Note that the gedrite stability outlined here does not apply to
the gedrite synthesized from the 5:2:6 starting material that contains
FeNaCa impurities

rectly to this topic, especially as their solid bulk chem-
istry is shifted due to SiO2-leaching (see above). Never-
theless, based on the results at 10 kbar, 800'C and ll
kbar, 850 oC, a revised, but still tentative PZ grid is
constructed in Fig. 4, observing the rules of Schreine-
makers, for the relations between the phases gedrite,
aluminous enstatite, cordierite, talc, Al2SiO 5, \tzrtz,
and a melt near l:l:8 composition. Although B-free
kornerupine is also stable under both of these PI con-
ditions (Wegge and Schreyer 1994), and although this
phase was obtained here in long runs on both 6:l:7 and
5:2:6 mixtures at ll kbar, 850 "C (Tables lA and 2B),it
is disregarded in Fig. 4, mainly because its role cannot
be ascertained with the limited data at hand. The pres-
ence of melt in the pure 6:l:7 composition at ll kbar,
850 "C after 504 hours together with enstatite, kya-
nite, and additional kornerupine (Table 1A) could
indicate a univariant assemblage occurring along a
reaction or melting curve such as Al-ensta-
tite + A12SiO5 : kornerupine * melt (see Fig. 1). As
the l:1:8 melt was also found to occur, however, in run
products not containing kornerupine, the appearance of

the four phases may also be due to disequilibrium.
Therefore, it is assumed in Fig. 4 that the enstatite-
Al2SiO5 tie line is stable within the small PZrange under
discussion.

The PT plot of Fig. 4 delineates the possible stability
field of pure gedrite, which is intersected by the upper
pressure stability limit of pure Mg-cordierite as deduced
by Schreyer and Seifert (1969b, Fig.2). Therefore, the
breakdown reactions of gedrite are expected to lead to
cordierite-bearing assemblages at pressures below about
10 kbar. Above this pressure, only the phases talc, en-
statite, Al2SiO5(kyanite, sillimanite), quartz, and melt
are involved. Over a limited pressure range, the 6:1:7
gedrite is a liquidus phase melting incongruently
to Al-enstatite + Al2SiO, + liquid.

Cordierite shows, in agreement with preliminary data
of Schreyer (1968) and with the grid of Schreyer and
Seifert (1969b), subsolidus breakdown into the assem-
blages talc -F kyanite I qtartz, gedrite + kyanite/sil-
limanite + q\arlz, and enstatite t sillimanite -f quarz,
as a function of increasing temperature (Fig. a).
When the solidus temperature for PHr6 :4otal is
surpassed, cordierite melts incongruently to ensta-
tite + sillimanite + liquid. Because this eutectic liquid
has its composition close to the oxide ratio 1:1:8, it
should be formed, at somewhat lower water pressures
and temperatures, by melting of the assemblage cordie-
rite + qtarlz. The nature and PT locations of these
melting curves, which are drawn here, respecting the
instability of cordierite * quartz at l0 kbar, 850 'C
(Yoder l97l), are decisive for the breakdown relation-
ships of Mg-cordierite.They agree in a general way with
the schematic configuration envisaged by Newton (1972,
Fig. 8), who, however, ignored the phase gedrite.

The nature of the two gedrite breakdown reactions
within the cordierite field (Fig.  ) are speculative at
this stage and require future work below l0 kbar. The
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