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ABSTRACT. At pressures between 8 and 30 kb and temperatures of 700° to 1200°C
the following compounds were synthesized within the system MgO-Al,0,-Si0.~H,0:
Mg-staurolite, yoderite, Mg-gedrite, pyrope, and a sapphirine with the composition
Mg,ALSiO,,. In addition a boron-free kornerupine was synthesized for the first time.
The physical constants, powder X-ray diffraction data, and the conditions for syn-
thesis of all these phases are reported.

The tentative stability fields are as follows: Mg-staurolite is stable at fluid pres-
sures greater than 12 kb within a temperature range that increases with pressure. At
25 kb it extends from about 750°C to 975°C. Yoderite is stable at fluid pressures be-
tween about 10 and 25 kb over a relatively narrow temperature range (about 700° to
875°C) and may become unstable at still higher pressures. Mg-gedrites as well as their
Al-free equivalent anthophyllite appear to break down to other hydrous assemblages
at pressures in the range 15 to 20 kb. The presumed stability field of the gedrites at
lower pressures ranges from about 800° to 910°C, depending on pressure. Boron-free
kornerupine appears to have a small stability field confined to the approximate range
8 to 13 kb, 850° + 50°C. Pyrope is stable in the presence of fluid only at pressures
in excess of some 15 kb and temperatures above about 750°C. The sapphirine stable
at 13 kb has the composition Mg,Al,SiOy, which forms cordierite and spinel at 1 atm.
This sapphirine breaks down to other anhydrous phases at pressures near 24 kb and
at temperatures near 950°C. At fluid pressures lower than 24 kb sapphirine breaks
down to a hydrous assemblage at temperatures ncar 850°C. The presumably stable
breakdown assemblages of all these phases are described as a function of pressure and
temperature.

The possible appearance of some of these phases in addition to, or instead of,
pyrope, in rocks presumed to constitute the Earth’s mantle, depends largely on the
compatibility relations in this system which, however, are only imperfectly known at
present.

Mg-staurolite, boron-free kornerupine, and pyrope are incompatible with free
quartz; yoderite, sapphirine, and Mg-gedrite may coexist with free quartz over limited
pressure-temperature ranges.

INTRODUCTION

The anhydrous system MgO-Al,O,~SiO, was investigated at 1 atm
pressure and liquidus temperatures as early as 1918 by Rankin and
Merwin. Only one ternary phase, cordierite, with a composition of
2MgO-2A1,0,-58i0,, or close to it, was detected. Much later Foster
(1950a, b) found a second ternary phase to be stable at atmospheric pres-
sure and high temperatures: sapphirine, with a composition approxi-
mating 4MgO-5A1,0,-2Si0,. In addition to these stable ternary phases
several metastable ternary phases, forming through devitrification of
glasses, were identified by Schreyer and Schairer (1961a, 1962). These
metastable compounds show close structural relationships with high
quartz, osumilite, and petalite.

With the addition of water to this system the number of crystalline
phases is greatly increased. However, most of the newly appearing hy-
drous phases were found to be either Mg-silicates or Al-silicates. Thus
Yoder (1952), in his study of the system MgO-AL,O,-SiO,~H,O at pres-
sures up to 2 kb, encountered only two series of quaternary phases, that
is, the chlorites and talc with small Al contents later confirmed by
Fawcett and Yoder (1966). In addition, Roy and Roy (1955) found that
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montmorillonite may form complicated quaternary solid solutions at low
temperatures.

Under high confining pressures the rarity of stable quaternary and
anhydrous ternary phases is changed into an abundance. Thus a third
ternary anhydrous compound, pyrope, 3MgO-Al, O, 3Si0,, becomes
stable at pressures above approximately 20 kb, depending on tempera-
ture (Boyd and England, 1959), and strongly aluminous enstatites were
synthesized by Boyd and England (1960a) at 18.2 kb.

More recently four new quaternary phases have been synthesized. A
preliminary account of three of these syntheses has been given by Schreyer
(1968) and by Schreyer and Yoder (1968). It is the purpose of the present
paper to report some of the physical properties of these phases and to
present the latest results bearing on their compositions and stability re-
lations. In addition, the first synthesis of a probably hydrous, boron-free
kornerupine in the system MgO-Al,0,-Si0,-H,O is described here. New
data were also obtained on the anhydrous phase sapphirine.

The compound cordierite is a low-pressure phase becoming unstable
at pressures near 10 kb depending on temperature It will, therefore, not
be discussed in this paper, but the reader is referred to the studies by
Schreyer and Yoder (1964), Schreyer (1968), and Schreyer and Seifert

1969).

( The locations of crystalline phases in the system MgO-Al,0,-SiO,-
H,O are shown in figure 1 in a projection from the H,O apex of the
tetrahedron onto the water-free base plane. Because of the large number
of phases their compatibility relations under equilibrium conditions as
a function of pressure and temperature are only partly known at pres-
ent. Some compatibility triangles for probable phase relations neglecting
liquids and vapors were given by Schreyer (1968); however, the kor-
nerupine-like compound was not included. Further work in this system
is still in progress.

EXPERIMENTAL PROCEDURE

The experiments were performed in two different solid-media ap-
paratus, both of the single-stage, piston-cylinder type described by Boyd
and England (1960b). Pressures were calibrated on the basis of the Bil =
Bill transition as shown by the same authors. Piston-out runs were made
exclusively. Temperatures were measured using Pt/Pt-10 percent Rh
thermocouples; however, no corrections concerning emf changes with
pressure (Hannemann and Strong, 1965) were applied The furnace as-
semblies were slightly modified from those of Boyd and England (1961)
by using crushable alumina rather than boron nitride filling rods.

Samples of 4 to 6 mg solids and 1 to 2 mg H,O were sealed in small
silver capsules with a pressed on lid. In most runs the appearance of
hydrous solid phases was ample evidence that at least some water was
retained in the sample; in addition, water could, in some cases, be di-
rectly observed after opening the container.
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Fig. 1. Crystailine phases in the system MgO-Al,0,~-SiO.,-H,O projected onto the
anhydrous base. Metastable phases and others stable only at low temperatures and low
pressures, respectively, have been omitted. Open circles indicate phases the composi-
tions of which are not exactly known as yet. Kornerupine stands for boron-free kor-
nerupine.

The starting materials used for synthesis were in all but one case
crystalline phases within the system studied. Previously synthesized solids
made from high-purity chemicals were used where possible. In addition,
carefully separated, natural Al-silicates and a chlorite were available. The
following phases were mixed for the various bulk compositions studied:

Synthetic Mg-corderite crystallized from glass of the composition
2Mg0-2A1,0,-58i0,; synthetic spinel, MgAl,O,, made and analyzed by
H. R. Shell at the U. S. Bureau of Mines; pure periclase, MgO, used by
Dr. J. F. Schairer at the Geophysical Laboratory; pure SiO, (cristobalite)
also used by J F. Schairer; pure talc (U.S.P.) supplied by Mallinckrodt
Chemical Works, lot No. 8476; synthetic enstatite, MgSiO,, prepared
from the oxides at 10 kb, 900°C; y-Al,O, prepared from Al metal; na-
tural kyanite from Burnsville, N. C.; natural andalusite from Minas
Geraes, Brazil; natural sillimanite from Benson Mines, N. Y.; natural
chlorite (leuchtenbergite) from Gabbs, Nev. (Kerr and Callaghan, 1935).

In order to determine the stability limits of the new phases to be
described, runs were seeded with 10 or 20 wt percent of the requisite
phases that had previously been synthesized.
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The run products were identified optically and by powder X-ray
diffraction methods. Refractive indices were measured in Na light using
immersion oils calibrated by means of an Abbé refractomer. The X-ray
data were refined by the least squares method using the program for an
IBM 7090 computer described by Burnham (1962). A few runs at 10 kb
or below were performed in a gasmedia apparatus by Dr. H. S. Yoder,
Jr., using the usual sealed Pt-capsule technique.

Mg-STAUROLITE

The hitherto unknown Mg analogue of the Fe-rich staurolite series
was synthesized by Schreyer (1968) at pressures between 12 and 25 kb.
The success of its primary synthesis depends to a large extent on the
nature of the starting materials used (table 1). Whereas mixtures of Mg-
staurolite composition made up from the oxides or from MgO with
mullite and aluminum silicate glass, the latter two adding up to a com-
position 9A1,0;-85i0,, failed to produce appreciable amounts of the
phase, large yields were obtained from a mixture of natural kyanite -+
synthetic spinel 4 periclase at 25 kb, 850° to 900°C. Due to the similarity
of the crystal structures of staurolite and kyanite, this mixture apparent-
ly provides seeds of structural units requisite for the growth of stauro-
lite. At pressures below 15 kb, seeding with Mg-staurolite previously
synthesized was necessary to achieve growth. The exact composition of
staurolite is still a matter of debate. Whereas the ideal formula given by
Ndray-Szab6 and Sasvéri (1958) has an oxide ratio of 4R0-9A1,0,-8SiO,-
H,O, Richardson (1967, 1968) in a study of pure Fe-staurolite found
experimental and analytical evidence for an excess of H,O and a defi-
ciency of SiO, as compared to this ratio. His data suggest a formula of
4R0O-9A1,0,-7.58i0,-2H,0. In the present study using a starting mix-
ture of 4:9:8 ratio supporting evidence for the proposed silica-deficiency
was found through the appearance of enstatite and kyanite; however, no
analyses of the H,O content of synthetic Mg-staurolite are available as
yet. Despite this uncertainty, its formula was assumed, for the purpose
of this paper, as 4MgO-9A1,0,-7.5810,-2H,0.

The synthetic Mg-staurolites usually form minute, short, colorless,
nearly euhedral prisms with terminal pyramid faces. They exhibit posi-
tive elongation and parallel extinction. The refractive indices are a« =
1.703 and y = 1.710 with an error of = 0.002. The axial angle could not
be measured due to small grain size but appears to be rather large.

Powder X-ray diffraction data for synthetic Mg-staurolite are listed
in table 2. Although similar to the powder pattern of Ferich staurolites
with regard to the positions of peaks there are appreciable changes in
the relative intensities. The powder pattern was indexed on the basis of
an orthorhombic cell. Least squares refinement of the data led to the
following cell dimensions:

a, = 7.887 + 0.001 A
b, = 16.552 = 0.002 A
¢, = 5.685 + 0.001 A
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TABLE 1

Selected experimental results bearing on the synthesis
and stability of Mg-staurolite

Fluid Tem) Time
pressure, ocp" ;r ’ Condensed phases obtained
kb

A. Starting material: Composition 4Mg0~9A1203-85i02 + xHp0 consisting of
kyanite, periclase, spinel, and 10 wt % seeds of Mg-staurolite

12 800 20 Kyanite, talc, corundum, less staurolite

12.5 800 99 Kyanite, talc, corundum, more staurolite

13 850 26 Kyanite, corundum, gedrite, enstatite

15 700 46 Kyanite, chlorite, corundum

15 750 43 Kyanite, chlorite, corundum, same amount stauro-
lite

15 850 5 Kyanite, talc, corundum, more staurolite, trace
gedrite

15 900 2 Kyanite, enstatite, corundum

18 975 1 Corundum, enstatite, glass, trace staurolite

20 700 73 Kyanite, chlorite, corundum, less staurolite

20 975 2 Corundum, enstatite, glass

25 650 77 Kyanite, chlorite, corundum, less staurolite

25 700 23 Kyanite, chlorite, corundum, same amount stauro-
lite

25 750 18 Kyanite, chlorite, corundum, same amount stauro-
lite

25 900 3 Staurolite, little kyanite, enstatite, and
corundum

25 975 2 Staurolite, pyrope, kyanite, corundum

25 1000 2 Pyrope, kyanite, corundum, trace staurolite,

some montmorillonite (quenched fluid)

B. Starting material: Composition 3MgO-3A1203-55107 + xHp0 consisting of
cordierite and spinel, no seeds

20 950 1 Staurolite, enstatite, glass
C. sStarting material: Composition 4Mg0-9A1504+85i02 + xH20 consisting of
periclase, mullite, and aluminum silicate glass, the latter two adding
up to a composition 9A1703-85i0); no seeds

20 850 4 Yoderite, corundum

D. Starting material: Composition 4MgO-9A1203-85i05 + xH,0 consisting of
kyanite, periclase, spinel, no seeds

25 850 16 Staurolite, traces kyanite and enstatite

E. Starting material: Composition 4Mg0-9A1703-8Si03 + xHpO consisting of
periclase, 7-A1,03, and cristobalite

20 950 2 Enstatite, corundum, glass
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TABLE 2

pPowder X-ray diffraction data for synthetic Mg-staurolite
prepared at 25 kb, 850°C, 22 hours, and rerun at 18 kb,
950°C, 1 hour (internmal Si standard, Cukq radiation)

hkl 205bserved 1/, dobserved dcale AQ X 105
1 3 0 19.64 17 4.520 4.5209 2
111 20.09 15 4.420 4.4186 -3
0 4 0 21.46 63 4.161 4.1380 -7
2 0 0 22.58 2 3.938 3.9434 19
2 2 0 25.03 25 3.558 3.5599 11
1031 25.25 33 3.527 3.5263 3
2 0 1 27.61 25 3.231 3.2309 1
15 0 29.24 4 3.054 3.0524 13
2 2 1 29.68 39 3.010 3.0100 -2
2 4 0 31.32 9 2.856 2.8547 1
00 2 31.75 10 2,818 2.8176 -6
06 0 32.43 49 2.761 2.7587 -19
15 1 33.37 73 2,685 2.6839 -1l
11 2 34.21 5 2.621 2.6199 .12
31 0 34.54 9 2,597 2.5964 -
2 41 35.23 12 2.547 2.5466 -10
1 3 2 37.62 66 2.391 2.3912 4
33 0 37.92 40 2.373 2.3733 9
30101 38.17 34 2.358 2.3581 6
0 4 2 38.65 6 2.330 2.3289 -9
2 0 2 39.31 10 2.292 2.2925 10
2 6 0 39.88 19 2,261 2.2604 0
107 1 43.05 25 2.101 2.1016 10
0 8 0 43.77 4 2.068 2.0690 18
305 0 43.98 4 2.059 2.0587 -2
2 4 2 45.18 2 2.007 2.0053 -38
¢ 0 0 1.9717 9
e 2} 46.04 100 1.971 {1.9712 I
4 0 1 48.88 3B 1.863 1.8611 -68
4 4 0 51.33 2 1.7799 1.7800 1
2 8 1 52.52% 21 1.7409 1.7424 55
19 1 53.69 12 1.7071 1.7069 -9
35 2 1.6623 36
> 3} 55.29 5 1.6615 {1'6613 %
010 0 55.45% 5 1.6557 1.6552 -20
15 3 57.58% 10 B 1.5994 1.5997 19
2 4 3 58.83 1 1.5696 1.5692 .25
4 6 1 59.95 5 1.5430 1.5428 9
2 8 2 60.24 8 1.5362 1.5360 -15
19 2 61.27% 23 1.5116 1.5115 4
210 1 § 1.4731 13
303 3} 63.04% 4 1.4733 {1.4729 =29
2 6 3 64 L4 6 1.4447 1.4447 1
5 5 0 65.50% 1 1.4238 1.4240 10
0 0 4 66.32% 14 1.4082 1.4088 42
4 6 2 67.12% 55 1.3934 1.3940 49
012 0 67.91% 29 1.3791 1.3793 21

*For these peaks the CuKoy reflections were measured and used in the
calculations.
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Fig. 2. Unit cell parameters of staurolites in the system Fe staurolite-Mg stauro-
lite. The data for the Fe-rich members were taken from Richardson (1967).

These values are plotted in figure 2 together with those obtained by
Richardson (1967) on Ferich members within the system Fe-staurolite-
Mg-staurolite. Whereas substitution of Mg for Fe+? causes virtually no
change in the a, dimension, there is, in agreement with Richardson
(1967), an obvious contraction of the structure in both the b and c direc-
tions. For b, the relationship cannot be linear over the entire composi-
tional range. The density calculated from X-ray data was found to be
3.54.

The tentative stability field of Mg-staurolite based on the data com-
piled in table 1 is wedge shaped (fig. 8), increasing in width with
pressure. It is probable that the directly adjoining, low-temperature
breakdown assemblage, over the entire pressure range investigated, is
kyanite 4+ chlorite + corundum. Because the join chlorite-kyanite ap-
pears to be stable under these conditions, the phases yoderite and pyrope,
even if stable on their own compositions, are unlikely to appear as low-
temperature breakdown products of Mg-staurolite in the presence of
excess H,O.
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Fig. 3. Preliminary pressure-temperature diagram for the stability field of Mg-
staurolite in the presence of excess fluid based on runs seeded with synthetic Mg-stauro-
lite. Solid dots indicate growth of Mg-staurolite; open circles, breakdown to the low-
temperature assemblage chlorite + kyanite 4- corundum; open boxes, breakdown to
high-temperature assemblages as discussed in the text. Composite symbols indicate
negligible reaction of the Mg-staurolite seeds.

The upper temperature stability limit of Mg-staurolite shows at
least one obvious change in slope, which is probably due to the appear-
ance of pyrope in addition to kyanite + corundum as breakdown prod-
ucts at pressures above approximately 16 kb. Below this pressure the
stable breakdown reactions are not as yet fully understood, because some
of the assemblages obtained consisted of too many phases and were,
therefore, metastable. It will be necessary to seed the runs with all the
possible breakdown assemblages. Thus far, with decreasing pressures and
temperatures the breakdown assemblages enstatite + corundum +
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liquid, enstatite 4+ corundum - kyanite, and yoderite + corundum -+
kyanite are envisaged.

The inferred assemblage yoderite + corundum + kyanite is par-
ticularly interesting inasmuch as it is related to the low-temperature
breakdown assemblage chlorite + corundum -+ kyanite by the reaction
chlorite + kyanite = yoderite + corundum 4 H,0O. The univariant
curve for this reaction is one of the five curves originating from an in-
variant point which may well designate the low-pressure end of the
wedge-shaped Mg-staurolite stability range in the presence of excess
fluid. The theoretical relations in the vicinity of this invariant point are
shown in figure 4. From the two reactions producing Mg-staurolite near
this invariant point only one, that is, chlorite + kyanite -+ corundum =
staurolite + H,O, releases water and must, therefore, proceed to the
right with increasing temperature. On the other hand, the reaction
yoderite -+ kyanite 4+ corundum = staurolite probably does not involve
a change in H,O content of the solid assemblages, or only a very slight
change depending on the precise composition of the yoderite and Mg-
staurolite. For this reason, the requisite univariant curve in figure 4 may
have a very flat slope which is largely governed by the entropy and vol-
ume changes of the solid phases alone. Whereas the influence of entropy
cannot be evaluated at present, it was found by calculation that the as-
semblage yoderite + kyanite + corundum is slightly less dense than Mg-
staurolite itself and may, therefore, represent the low-pressure breakdown
assemblage of Mg-staurolite. The dot-dashed portion of the univariant
curve (Chl, V) as shown on the left side of figzure 4 represents a meta-
stable extension for the conditions of excess fluid. However, under con-
ditions of water-deficiency, this portion of the curve becomes stable thus
indicating that, in the water-deficient region (Yoder, 1952), Mg-staurolite
will be stable to lower temperatures and, possibly, pressures than shown
in figure 3.

Concerning the compatibility of Mg-staurolite with other phases in
the system MgO-Al,0,-SiO,—H,0, the most important observation is
that, unlike the Fe-rich staurolites, it cannot coexist with free quartz in
any portion of the pressure temperature-range investigated. For this
reason the appearance of Mg-staurolite with or without other crystalline
phases is confined to highly aluminous bulk compositions.

YODERITE

A pure Mg end member of the natural mineral yoderite, discovered
by McKie (1959), was synthesized by Schreyer and Yoder (1968). It grows
readily at pressures between 11 and 25 kb over a wide temperature range,
provided mixtures of corderite and spinel with or without andalusite are
used as a starting material (table 3). However, over at least half of this
growth field yoderite is a metastable substitute for the structurally re-
lated kyanite. Starting materials containing kyanite yield yoderite only
when seeded with the latter phase and then exclusively within the sup-
posed stability field for yoderite (Schreyer and Yoder, 1968).
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Fig. 4. Distribution of univariant curves around the invariant point involving
the phases Mg-staurolite (St), kyanite (Ky), chlorite (Chl), corundum (C), yoderite (Y),
and vapor (V). The abbreviations given in the diagram in parentheses indicate the
absent phase for the particular reaction. Slopes are tentative.
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TABLE 3

Selected experimental results bearing on the synthesis and stability of yoderite

Fluid .
pressure, TESP" T;me, Condensed phases obtaincd
kb r

A. Starting material: Composition 4Mg0-5A1,03-7510, + xH,0 consisting of kyanite,
talc, chlorite, and 10 wt % yoderite seeds

10% 600 168 Kyanite, chlorite, trace quartz

10% 800 72 Yoderite, talc, corundum, kyanite

11 700 48 Kyanite, chlorite, talc, same amount yoderite

11 800 69 Talc, corundum, kyanite, more yoderite

15 700 29 Kyanite, chlorite, talc, small trace yoderite

15 750 24 Kyanite, chlorite, talc, same amount yoderite

15 800 21 Kyanite, chlorite, talc, more yoderite

20 700 24 Kyanite, chlorite, talc

20 800 19 Kyanite, chlorite, talc, same amount yoderite

20 850 19 Yoderite, staurolite, kyanite, little gedrite, and
enstatite

20 900 2 Staurolite, enstatite, kyanite, same amount yoderite

20 950 1 Enstatite, corundum, kyanite, staurolite

25 700 21 Kyanite, chlorite, talc

25 800 19 Kyanite, chlorite, talc, staurolite, more yoderite

25 900 1 Staurolite, kyanite, enstatite

k. Starting material: Composition 4Mg0-5A1303-7810, + xH20 consisting of tale, cor-
undum, yoderite, trace sillimanite

11 850 21 Yoderite, corundum, gedrite, trace enstatite

11 900 2 Enstatite, corundum, little montmorillonite (quenched
fluid)

15 900 3 Enstatite, corundum, little montmorillonite (auenched
fluid)

¢, Starting material: Composition 4MgO~SA1203~7Si02 + xHp0 consisting of cordierite,
spinel, and andalusite; no yoderite seeds

15 800 3 Yoderite, trace talc
18 800 16 Yoderite, staurolite, talc, little corundum

b. Starting material: Composition 2Mg0O-2A1203-3510, + xH20 consisting of cordierite
and spinel; no yoderite seeds

20 800 5 Yoderite, little talc and chlorite
25 700 3 Yoderite, staurolite, talc, trace chlorite

L. Starting material: Composition 3MgO-3A1303-58i0p + xH20 consisting of cordierite
and spinel; no yoderite seeds

11 800 65 Cordierite, spinel, corundum, talc, quartz, little
yoderite

13 600 17 Yoderite, chlorite, quartz, corundum

15 800 19 Yoderite, traces talc and montmorillonite

15 900 1 Yoderite, little enstatite, glass

20 850 1 Yoderite, traces talc and enstatite

F. Starting material: Composition 2MgO:3A1,04-4510; + xHp0 consisting of cordieritc,
spinel, andalusite; no yoderite seeds

15 800 3 Yoderite, little talec, trace corundum
20 800 17 Yoderite, staurolite, talc

. Starting material: Composition 5Hg0'5A1203-7Si02 + xHp0 consisting of kyanite
and chlorite, no yoderite seeds
15 800 19 Kyanite, chlorite, talec, staurolite

*Runs performed in gas apparatus.
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Because complete reaction was never observed, and no analytical
data are available, the exact composition of the yoderite synthesized is
not known. However, from the phase assemblages obtained, it is likely,
that it lies within the range given by the anhydrous compositions 2MgO-
2A1,0;-3510,, 4MgO-5A1,0,-7510,, and 3MgO-3Al,0;-558i0,. For the
purpose of this paper the formula Mg,Al,Si,04,(OH), was assumed; this
formula has a relative water content very close to that determined by
McKie (1959) for natural purple yoderite and identical to that of the
more recently discovered green yoderite variety (McKie and Bradshaw,
1966). It is possible that the synthetic yoderites exhibit binary or even
ternary solid solution.

The synthetic yoderites, if well developed, form colorless monoclinic
blades. Because of the small size no single crystal studies have been made
on the synthetic material; the observable crystal faces could, therefore,
not be indexed on the basis of the unit cell proposed by McKie (1959).
However, U-stage measurements indicate that the blades are elongated
along the b-direction of that cell with length slow when lying on the
prominent pinacoid face of the zone [010]. The optic axial plane is (010),
and 2V, = 60° == 5° is surprisingly high compared with McKie’s (1959)
value for natural yoderite of 25°. Because of the morphology of the
voderite crystals only one index of refraction could be measured: g =
1.678 = 0.008. The birefringence is estimated to be 0.020.

Powder X-ray diffraction data for a synthetic yoderite prepared from
a starting composition of 4MgO-5A1,0,-7Si0, plus water are given in
table 4 together with new data on a natural purple yoderite from Mautia
Hill, Tanzania, separated by Dr. H. S. Yoder, Jr., at the Geophysical
Laboratory, Washington, D. C. The powder pattern of yoderite given by
McKie (1959) was not indexed. These reflections were indexed, however,
in the ASTM catalogue, card no. 12-625, assuming superstructure reflec-
tions of appreciable intensity. Accepting this indexing Schreyer and
Yoder (1968) had compared these superstructure reflections with the non-
Bragg reflections originally described by McKie (1959) on the basis of
single crystal work. Therefore, they had concluded that the powder
X-ray diffraction pattern of synthetic yoderite exhibited the same non-
Bragg reflections as the natural mineral. In the present study, however,
the ASTM indexing was found to be largely erroneous: Using these in-
dices no refinement of the lattice constants was possible for the synthetic
yoderite. On the other hand, all observed reflections of both the syn-
thetic and the natural yoderites could be used for refinement when dif-
ferent indices based entirely upon the small monoclinic cell proposed by
McKie (1959) were applied. Therefore, in contrast to the statement made
by Schreyer and Yoder (1968) the powder X-ray diffraction patterns of
synthetic as well as natural yoderites do not support conclusions con-
cerning supercells. The question as to whether or not synthetic yoderite
exhibits a supercell similar to that found for the natural material can
only be resolved by single crystal methods.
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The cell dimensions of the two yoderites studied, refined by the
least-squares method, are given in table 5 and compared with other data
on natural purple yoderite. It is apparent that the synthetic and natural
yoderites studied here have very similar cell dimensions. However, the
cell dimensions for the natural yoderite obtained in the present study
differ considerably from those determined by McKie (1959) as well as by
Fleet and Megaw (1962) from single crystal work. This is especially sur-
prising inasmuch as the powder data compiled in table 4 are very close
to those measured by McKie (1959). Yet, differences in the bulk composi-
tions of the various samples of natural yoderites studied, and small sys-
tematic errors not included in the limits of error given by the various
authors may, of course, be the reason for these discrepancies. The density
of the synthetic yoderite was calculated from the X-ray data on the basis
of the assumed formula Mg,Al,,Si,0;,(OH),, transformed for the proper
oxygen content per unit cell (20 after McKie, 1959; Fleet and Megaw,
1962) into Mg, 25Al; 7551,.00017.72(OH). 56, and found to be 3.31.

FABLE 5

Comparison of lattice constants of synthetic and natural yoderites

¢ o

Sample a,, A by, 13 oy A
Synthetic
(this study;
see table &) 7.987 + 0,002 5.798 + 0.002 7.214 4+ 0,002 104.90 + 0.02

Natural purple
(this study;

see table 4) 8.003 + 0.003 5.804 + 0,002 7.238 + 0,003 104.77 + 0.03”
Natural purple

(McKie, 1959) 8.10 + 0.05 5.78 + 0.05 7.28 4 0.05 106 =1
Natural purple

(Fleet and Megaw, 1962) 8.035 + 0.003 5.805 + 0.001 7.346 + 0.002 105°38"+ 4°

On the basis of the experimental results compiled in table 3 synthetic
Mg-yoderite seems to exhibit a narrow thermal stability range between
approximately 700° and 875°C. The pressure stability is rather extensive
ranging from some 9 kb to at least 25 kb (Schreyer and Yoder, 1968). The
low-temperature breakdown products over a large pressure range above
10 kb are chlorite + talc 4 kyanite. However, there are indications that
at pressures between 20 and 25 kb the lower temperature stability limits
of yoderite and pyrope intersect thus generating an invariant point in-
volving the phases yoderite, pyrope, chlorite, kyanite, talc, and vapor.
The theoretical phase relations in the vicinity of this invariant point
are depicted in figure 5. They imply a breakdown reaction of yoderite
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into chlorite 4- kyanite 4 pyrope at pressure-temperature conditions to
the left of the univariant curve marked (Tc, V). In this reaction the
water content of the solid assemblages remains unchanged, but there is
a small increase in density toward the pyrope-bearing assemblage. Under
these circumstances, the reaction curve, by virtue of a relatively flat
slope, as shown in figure 5, might effectively be an upper pressure limit of
yoderite. Such behavior would explain the experimental observation that
yoderite formation is more sluggish at 25 kb than at 15 kb. Experiments
using seeded starting materials may resolve this point. Similarly as in
figure 4 the solid curves apply exclusively to conditions with excess water
vapor (fluid), whereas the dot-dashed curve is only stable in the water
deficient-region. In the latter case, therefore, yoderite may be stable to
lower temperatures than with excess water present.

A high-temperature breakdown of yoderite into kyanite + enstatite
+ Mg-staurolite was observed at pressures in excess of 15 kb. Toward
lower pressures the stable breakdown assemblage appears to be kyanite
+ enstatite + corundum. This change is probably due to the intersection
of the upper stability limits of yoderite and Mg-staurolite thereby pro-
ducing an invariant point involving the phases yoderite, Mg-staurolite,
kyanite, enstatite, corundum, and vapor.

The stability field of yoderite is terminated toward lower pressures
by breakdown reactions producing higher volume assemblages, which
contain, in most cases, the low-pressure phase cordierite. Phase relations
are complicated because of the large number of reactions taking place:
There are probably at least five stable invariant points in the pressure
range 8 to 11 kb. The final closure of the yoderite field may result from
the intersection of the univariant curves of the two reactions:

(1) 33 kyanite + 6 chlorite 4 1 cordierite =— 8 yoderite 4 8.5 H,O
(2) 23 cordierite + 43 corundum + 6 chlorite 4 2.5 H,O — 19 yoderite

Because water release accompanies the formation of yoderite in equa-
tion (1), yoderite is stable on the high-temperature side of the requisite
univariant curve. Conversely, yoderite is likely to be the low-tempera-
ture phase in equation (2), in which water is being consumed with the
formation of yoderite assuming a water content of the cordierite of 0.5
H,O per formula unit. The intersection of the two curves is marked by
an invariant point involving the phases cordierite, kyanite, chlorite,
corundum, yoderite, and vapor. The breakdown reactions of yoderite at
pressures below 10 kb are presently being studied experimentally in co-
operation with Dr. H. S. Yoder, Jr.

Over the largest part of its stability field, the compatibility relations
of yoderite with other crystalline phases in the system MgO-AL,0,~-SiO,~
H.O are comparable with those found for Mg-staurolite However, where-
as Mg-staurolite cannot coexist with free quartz under any of the condi-

Fig. 5. Distribution of univariant curves around the invariant point involving the
phases chlorite (Chl), talc (Tc), kyanite (Ky), yoderite (Y), pyrope (Py), and vapor
(V). The abbreviations given in the diagram in parentheses indicate the absent phase
for the particular reaction. Slopes are tentative.
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tions studied, a very small field for yoderite + quartz was found by
Schreyer and Yoder (1968) near 10 kb, 700°C. The assemblage yoderite
+ quartz is also encountered in the only known natural occurrence of
yoderite at Mautia Hill, Tanzania (McKie, 1959).

SAPPHIRINE

The synthesis of sapphirine at elevated pressures has been reported
in recent years by a number of authors (for example, Boyd and England,
1959 and 1963; Schreyer and Yoder, 1960 and 1964; Schreyer, 1968); little
is known, however, about its composition and stability.

In the present study (see table 6) a sapphirine was synthesized in the
presence of water from a composition 2MgO-2A1,0,-Si0, at 13 kb and
900°C using a starting mixture of synthetic cordierite plus synthetic
MgAl,O, spinel. Traces of corundum and spinel were detected in addi-
tion to sapphirine; these can be explained as products of preferred leach-
ing of silica and Mg by the vapor phase. It is thus believed that the sap-
phirine synthesized has indeed the composition of the solid starting ma-
terial, that is, Mg,Al,S10,,. This composition is also closely approached
in some natural sapphirines (Vogt, 1947; Segnit, 1957). On the other
hand sapphirines synthesized at atmospheric pressure and higher tem-
peratures in the dry system MgO-Al,0,-Si0, by Foster (1950a, b) and by
Keith and Schairer (1952) were invariably more aluminous, probably
due to a partial substitution of AIAl = MgSi (Kuzel, 1961). Such more
aluminous sapphirines are also found in nature (see Vogt, 1947). These
experimental observations suggest that the extent of solid solution in
sapphirine is pressure sensitive with increasing pressures stabilizing less
aluminous compositions. This behavior is the opposite to that observed
for aluminous enstatite (Boyd and England, 1960a) in the same pressure
range.

The sapphirine, Mg,AlSiO,,, could also be synthesized at 10 kb,
900°C, that is under conditions within the stability field of cordierite.
This sapphirine lies on the join cordierite—spinel, which is stable at 1 atm
(Schreyer and Schairer, 1961b); thus, with increasing MgSi solid solution
in sapphirine, this join is broken at some pressure between 1 bar and
10 kb by the reaction already outlined by Vogt (1947):

Mg,AlLSi;0,, + 8MgALO, = 5Mg,ALSiO,,
cordierite spinel sapphirine

These results are in agreement with the earlier observation made
by Schreyer and Yoder (1960) that cordierite itself breaks down in the
absence of water at 10 kb and temperatures of 1200°C or higher to only
sapphirine + quartz.

Optically the 2:2:1 sapphirine forms a dense aggregate of extremely
fine-grained, anhedral crystals too small for optical measurements. Only
the mean index of refraction could be determined: 1.699 =+ 0.003.

Powder X-ray diffraction data for the synthetic sapphirine
Mg.ALSiO,, are presented in table 7 together with data on an aluminous
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sapphirine close to the composition 4MgO-5Al,0,-2Si0, made at at-
mospheric pressure by W. R. Foster. There are measurable differences
in the peak locations of the two specimens. All reflections could be in-
dexed on the basis of monoclinic cells with the orientation originally
given by Gossner and Mussgnug (1928) and also chosen by McKie (1963)
and Fleet (1967). One of the salient features of carefully measured sap-
phirine powder patterns is the close proximity or coincidence of many
observed and possible reflections, which might indicate a pseudosym-
metry in this mineral. Due to the multitude of peaks the powder pattern
was indexed to d-values only as low as 2.30. In table 8 the lattice con-
stants of the two sapphirines studied are compared. For the new
Mg,AlSiO,, sapphirine ¢, has decreased, whereas b, has markedly in-
creased in comparison to the sapphirine synthesized at 1 atm.

TABLE 6

Selected experimental results bearing on the synthesis and stability of sapphirine
P g

Fluid Tem Time
pressure, ocp" ;r ’ Condensed phases obtained
kb

A. tarting material: Composition 2Mg0-2A1,05-810; + XH,0 consisting of cordierite
and spinel

13 800 43 Chlorite, corundum, traces of spinel and cordierite
13 900 18 Sapphirine, traces spinel and corundum

19.5 960 5 Spinel, enstatite, corundum, trace sapphirine

19.5 900 22 Sapphirine, spinel, enstatite, corundum

B. Starting material: Composition 2Mg0-2A1203-Si02 + xH20 consisting of enstatite,
corundum, spinel, and 20 wt % sapphirine

22 950 10 More sapphirine, spinel, corundum, little enstatite
26 900 21 Enstatite, spinel, corundum
30 950 17 Pyrope, spinel, corundum

C. Starting material: Synthetic sapphirine (Foster) with a composition close to
4Mg0+ 54104+ 2510y

15 800 46 Chlorite, corundum, little sapphirine
20 800 22 Chlorite, corundum, sapphirine

D. Starting material: Composition 4MgO-5A1203-7Si0; + xH0 consisting of chlorite,
sillimanite, cordierite, and 10 wt 7% yoderite

8* 800 168 Sapphirine, cordierite, corundum

*Run performed in gas apparatus.

It is interesting to note that the phase sapphirine is not stable at
very high confining pressures. Preliminary runs seeded with synthetic
sapphirine (see table 6) indicate that it breaks down to the assemblage
pyrope + corundum - spinel at pressures near 24 kb and temperatures
of about 950°C.



Lz~ 898°¢ 1/8°2 € T1°1g ©98°¢ (XA
- 966°C 1[66°C 8% 6L°6C 01- 566°C 966°C S¢S 08°62 01¢e
L+ %90°¢ €90°¢ 4 €1°6C 190°€ 00¢
0z- %60°¢" . . 7+ T101°¢€ 10T°¢ L 9L°82 434
L 08°8 =
1% 860°€ 60°¢ 2 878 6.0°€ €00
S- [AAAR% €le'e 11 [N 61- VIXARY LLe e 6 61°1L2 10¢
71- 9ve’e 8ve'e S 09°92 19€°¢ %0
L1- 986 °¢ 065°€ 6 8L %C 0t1- 609°¢ z19°¢ 11 €9°%2 0%0
€+ 099°¢ 099°¢ [4 (a4 0%9°¢ 01
6+ 698°¢ £98°¢ Y 86°CC 8- 7.8°¢ LL8°¢E S 6°C¢ 0ze
B ze+  006°€  068°¢€ v ¥8°ez 068°€ 44
MW 1+ L¥0"Y 70 Y 6 L6°1C 70y (44!
) 91- 650°% 90 % S G8°1¢ ¢1- 950"y 90°% 01 18°1C 202
t €= 4T YA 1 L8°0T A TAR 1€0
~3 9e+ 965 °% 86"y S Lg"61 6- 26641 . . 007
S w-  86Sh  09% 9 8261 g+ w09ty S 097 K 0eT61 AEN
5 €1~ ¢LT L 0z L 9 62°¢1 7= 8TC°L €L ¥ %2 21 0z0
S ¢t 6€L°L YL L 9 €V 1L €= 6%L L 9L°L K 0% 11 011
S - 66L°L 08°L Y €e 1T 08L°L 110
3
B moﬁ x by °1Bd, PaA1asqo, OH\H pIA128q0y, mOH x by °IBd, PpoaIasqo, °1/1 PaAI35q0g,
™y
(x93s04) osutaryddes snouyuniy (&pnas s1y3) OTprsPvisn
(z @219e31 @98 ‘uorjeIpea LOyn) ‘paepuels IS [eUIDIUT)
wie 1 3e (6118 ‘ou) xa231sod Aq paaedsad suraryddes snoutunie (z) ¢ (L£pnis sTIy3l)
Q1 €1 ‘D,006 3e paiedaad OTQIsYiviSW (1) :seutaryddes oI3ayluds om3 10J BIBP UOTIORIJIIP Aei-¥X Iapmod

426

L ATEVL



427

High-pressure phases in the system MgO-A41,0 ~Si0,~H,0

62- 622°2 10€°2 £ zree 10€°2 zTY
Gg- mwm.mw e . : G- seete ceee 9 76°8¢ ovE
9+  wggeg) CEET 6 ssge 1 wze'z w21
85+  6hE°z . . 9¢+ 96€°2 VIt o€ 0z °8¢ Zhe
z VIt 4
€z~ 7% ot ¢ ¢78e A A €40
£H+ 16€°2 88€°7 6 %9° 1€ 6Z- 90%°¢ 80%°2 € 1€° L€ 090
8z+  6hy°z Ly9°g 001 69°9¢ 9~ 9642 964" 001 6G'9g 401
8- 656°Z . . $ 596°2 161
6- sz § 9%57¢ L 8ot § 6567 e
6.+  08G°z €15°2 81 78 %€ 65+ €86°2 816°2 €2 LLHE ogg
ST~ 009°2 109°Z ¢ Shhe £65°2 £€0
16+ 9%9°Z 1%9°¢ Y 16°€€ 7= 6€9°¢ 0%9°2 Y £6°€¢ 10¢
g+ 659°2 659°2 € 89°¢c¢ A% £99°2 899°7 € 96 ¢¢ £1¢€
I+ $99°¢ %99°2 ¥ 19°¢¢ 059°2 €01
L+ 189°2 189°2 S ze€e 7h+ 969°¢ 269°C V) Sz'€g e
8¢ - 85L°2 29L°2 6 8g°z¢ - €9.°2 89.°2 91 1¢°2¢ Z12
9%~ l28°z €872 6€ 96 1¢ 8h- 8€8°7 1 . . r 0%z
€1-  6£8°7  0%8°'7 o %1 G+ wmgegp TM87C ¢e IE (] g0
mo._” X OQ O,_”muv ©N>wanow OH\H Um>hww£0®N mo,m X O< Uﬁmuv U®>wa@0mu OH\H Um>HWmLO®N
T3y
(193s04) suratyddes snoutwnyy (dpnas s1ya) Olprshrvisy

(ponuriued) / FI4VL




428 W. Schreyer and F. Seifert

A low-temperature stability limit of sapphirine in the presence of
water (see table 6) is given by its breakdown to the hydrous assemblage
chlorite 4+ corundum, which takes place at pressures between 15 and 24
kb below an estimated temperature of 850°C.

It is reasonable that a silica-poor phase such as sapphirine would
not coexist with free quartz. This incompatibility holds true throughout
the entire pressure stability range investigated at temperatures up to
about 1100°C. However, at higher temperatures sapphirines may coexist
with free silica by virtue of reactions such as

enstatite 4 sillimanite — sapphirine + quartz

As already mentioned sapphirine -+ quartz had been obtained by
Schreyer and Yoder (1960) as the breakdown assemblage of cordierite
at 10 kb, 1200°C. In the present study the stability of this assemblage was
confirmed; the univariant equilibrium curve for the above reaction was
located in the absence of water at 13 kb and 1110° = 30°C.

TABLE 8

Comparison of lattice constants of two
synthetic sapphirines (see table 4)

Mg2A145i01g (this study) Aluminous (Foster no. 8119)
a, 9.825 4 0.010 4 9.820 £ 0.005 &
b, 14.437 + 0.010 & 14.344 + 0,006 &
<, 9.884 £ 0.015 & 9.928 + 0.006 A
2 110.82 + 0,08° 110.61 + 0.04°

Mg-GEDRITE

The synthesis of an orthoamphibole of quaternary composition
within the system MgO-Al,O,-SiO.,-H,O was reported by Schreyer
(1968). It formed from a variety of bulk compositions and starting ma-
terials over the relatively narrow pressure-temperature ranges of 850° to
900°C, 11 to 20 kb. Yields formerly estimated as 85 to 90 percent were
prepared from a mixture of talc -+ kyanite - periclase of the composi-
tion 5Mg0O-2A1,0,-65i0, plus water at 11 kb, 850°C, after 27 hrs (see
table 9). The ideal formula of a gedrite of this composition would be
Mg,Al,[ALSi;0,;](OH),. More recently, however, even higher yields
were obtained under similar conditions from a mixture of a less alumi-
nous composition, 6MgO-Al,O;-75i0, plus water (see table 9). Since the
optical and X-ray properties of these two products were found to be
identical, within the limits of error, it is concluded that the composition
of the gedrite synthesized approaches more closely that of an ideal formu-
la Mg;Al[AlSi,0,,(OH),.
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TABLE 9

elected experimental results bearing on the synthesis and stability of Mg-gedrites

Fluid

pressure, Tfmp., Time, Condensed phases obtained
C hr
kb
A. Starting material: Composition 6Mg0-A1203-7Si02 + xH20 consisting of enstatite
and sillimanite with 107 gedrite seeds
13 900 29 More gedrite, less enstatite and sillimanite
13 920 9 More enstatite and sillimanite, less gedrite
B. Starting material: Composition 6Mg0-A1703-7510, + xH20 consisting of enstatite
and kyanite with 10% gedrite seeds
15.5 880 19 More gedrite, less enstatite and kyanite
15.5 890 30 More enstatite and kyanite, less gedrite
17 870 40 More enstatite and kyanite, less gedrite
18.5 850 47 Less gedrite, more enstatite and kyanite, some talc
19.5 860 15 Enstatite, kyanite, little talc
19.5 900 8 Enstatite, kyanite, trace gedrite
26 880 7 Enstatite, kyanite
C. Starting material: Composition 5Mg0-241203-6Si07 + xH20 previously crystallized
to talc, corundum, and little gedrite
13 900 9 Enstatite, corundum, more gedrite
19.5 750 63 Talc, chlorite, staurolite, corundum .
19.5 850 19 Enstatite, talc, corundum, more gedrite (metastable?)
19.5 900 23 Enstatite, corundum, little kyanite, more gedrite
(metastable?)
19.5 925 13 Much gedrite, enstatite, kyanite, corundum
19.5 950 15 Enstatite, corundum, glass
26 850 15 Enstatite, staurolite, talc, trace corundum, same
amount gedrite
31.5 850 23 Enstatite, corundum, more gedrite (metastable)
D. Starting material: Composition 6Mg0-Al303-7Si0, + xH,0 consisting of talc,
kyanite, and periclase
14 850 20 Gedrite, traces talc, enstatite, and kyanite
E. Starting material: Composition 5Mg0-2A1303-6510, + XH20 consisting of talc,
kyanite, and periclase
11 850 27 Gedrite, little kyanite and sapphirine
14 900 3 Gedrite, enstatite, kyanite, sapphirine
17 850 40 Gedrite, talc, kyanite, sapphirine, trace yoderite
19.5 870 15 Enstatite, kyanite, yoderite, staurolite, traces
gedrite and talc
25 850 44 Enstatite, staurolite, traces talc and kyanite
F. Starting material: Composition 5Mg0-2A1303°65i0, + xH,0 consisting of talc,
andalusite, and periclase
14 860 18 Talc, corundum, little kyanite and gedrite
G. sStarting material: Composition 5MgO-2A1503-65i0; + xH0 consisting of cordierite,
periclase, and cristobalite
11 900 2 Enstatite, cordierite, glass, little gedrite

15 850 25 Enstatite, yoderite, corundum, gedrite
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The gedrites synthesized form a felt of minute feathery prisms with
somewhat undulatory extinction and positive elongation. Their axial
angle could not be measured because of small grain size. The mean re-
fractive index of the felt is 1.618 = 0.003, and birefringence is estimated
as 0.010.

The powder X-ray diffraction pattern of synthetic Mg-gedrites
can be distinguished at first glance from that of Mg-anthophyllite,
Mg Si;O,,(OH),, by appreciable shifts of peaks toward higher 2¢ angles.
The detailed measurements are given in table 10, and they were used in
the least-squares refinement that yielded the following parameters of the
orthorhombic cell:

a, — 18.433 + 0.009 A b, = 17.807 = 0.012 A
¢, = 5.270 == 0.006 A

In comparison with Greenwood’s (1963) values for pure Mg-antho-
phyllite (a, = 18.61 =+ 0.02; b, = 18.01 = 0.06; ¢, = 5.24 =+ 0.01 A),
there is thus a marked contraction of the cell in both the a and b direc-
tions concomitantly with the substitution AlAl for MgSi, whereas c, is
practically unaffected. It is interesting that a very similar behavior was
found for the Al substitution in orthorhombic enstatite (Skinner and
Boyd, 1964). Additional experimental work is in progress to demonstrate
whether or not other members of the orthoamphibole series exhibiting
different compositions and physical properties can be prepared within
the system MgO-Al,0,-Si0,-H,0.

Investigations aimed at determining the stability range of the ged-
rites are severely hampered by the sluggishness of the reactions and the
metastable growth of gedrites at the expense of preexisting talc. Thus
through the use of talc-bearing starting materials gedrites were obtained
over the whole pressure-temperature range 10 to 30 kb, 800° to 925°C.
However, runs using talc-free starting materials seeded with synthetic
gedrite indicate that a true stability field of this phase is confined to
pressures below some 20 kb (see table 9). Nevertheless in most runs in
which gedrite is believed to be the stable phase it was accompanied by
variable amounts of enstatite and other phases. At temperautres below
approximately 800°C, breakdown of the gedrite seeds into talc-bearing
assemblages was observed. The high-temperature breakdown of gedrite
was found to take place between 850° and 910°C, depending on pressure,
and leads to enstatite-bearing assemblages. At pressures in excess of some
15 to 20 kb the stable breakdown assemblages of gedrites are not as yet
known: Depending on pressure and temperature parageneses such as
talc -~ enstatite 4+ corundum or talc -} pyrope with or without Mg-
staurolite may be expected.

The experimental results thus far obtained indicate that gedrites
exhibit very similar growth mechanisms and stability relations as their
Alfree equivalent anthophyllite, Mg;5i;0,,(OH),. Although the first
synthesis of Mg-anthophyllite by Bowen and Tuttle (1949) was achieved
metastably through breakdown of talc, Greenwood (1963) has demon-
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TABLE 10

Powder X-ray diffraction data for synthetic Mg-gedrite made at 11 kb, 850°C, 27 hours,
from a composition 5MgO- 2A1203-65i0) plus water (see table 9.E)
(internal Si standard, CuKx radiation)

hkl 265pserved 1/1, dobserved dcale AQ X 10°
0 2 o 9.91 10 8.925 8.903 -6
2 1 o0 10.76 61 8.222 8.185 -13
2 3 0 17.75 4 4.997 4.990 -11
111 18.20 3 4.874 4,874 -1
4 0 0 19.25 9 4.611 4.608 -5
0 4 0 19.93 34 4,455 4.452 -7
& 2 0 21.72 6 4.092 4,093 +3
1 3 1 23.08 6 3.853 3.854 +1
2 3 1 24,58 21 3.622 3.624 +8
303 1 26,86 6 3.319 3.317 -11
4 2 1 27.61 11 3,231 3,232 +10
4 4 0 27.88 32 3.200 3.202 +10
6 1 0 29.51 100 3.027 3.027 +4
5 2 1 31.29 13 2.859 2.861 +17
2 5 1 31.85 18 2,810 2.810 +6
6 3 0 32.85 18 2,726 2,728 +20
3 05 1 33.71 10 2,659 2,660 +13
1 6 1 35.08 12 2,558 2.561 +34
6 4 0 35.47 11 2.531 2,529 -28
4 5 1 36.15 5 2,485 2.485 +4
8 0 0 39,12 8 2.303 2,304 +25
171 39.63 4 2,274 2,273 -13
4 6 1 40.01 2 2,253 2,255 +30
0 8 o 2.226 +50
2 7 1} 40.54 3 z.223 {2.223 +3
5 0 2 42,18 5 2.142 2,144 +35
6 6 0 2.135 -52
0 2} 42.30 5 2.137 {2‘135 22
8 0 1 42.83 6 2.111 2.111 +
5 2 2 2,084 -41
74 1} 43.37 5 2.086 {2.082 -87
8 2 1 2,054 +28
4 5 1¥ 44,12 4 b 2,053 {2'052 39
o 8 1) 2,051 -61
6 6 1 45.91 5 1.977 1.978 +35
10 1 o} 1.834 +83
o 7 2 49.80 7 1.831 {1‘830 29
6 5 27 {1.744 +72
5 9 0 1.743 +49
o o If 52.56 3 1.742 740 Jp
1 1 3 {1.740 -60
8 6 1 "1.720 +12
4 9 1 53.27 5 1.720 ( 1.719 -45
7 4 2] 11,718 -67
2 1 3) \1,718 -95
9 6 1 1.605 +123
5 10 o} 57.45% 5 1.603 (1.603 +18
8 8 0J {1,601 -105
4 8 2} 57.80% 2 1.594 {1-596 +60
2 11 o 1.59 +17
4 10 1 1.584 +56
79 05 58.25% 1 1.583 1.582 -62
4 3 3 | 1.582 47
0 9 2 1.582 -43
2 5 3 59.52% 1 1.552 1.553 +49
5 8 2} 59.86% 9 1.564 {1.544 +1
11 3 1 1.542 -103

*For these peaks the CuKzyj reflections were measured and used in the calculations.
b = broad.
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strated that this phase has a true range of stability in the presence of
excess water. This author has also suggested, on the basis of thermo-
chemical calculations, that anthophyllite has an upper pressure stability
limit in the vicinity of 20 kb, above which it breaks down to enstatite +
talc, an assemblage that contains an equal amount of H,O. It was found
experimentally by the present writers that this breakdown takes place in
the pressure range 13 to 19.5 kb.

The stable compatibility relations of gedrites are largely unknown.
They will, of course, depend on the extent of solid solution. It is im-
portant to note that the presumed line of substitution AIAl == MgSi
crosses the join MgSiO;-Al,SiO;. Since the assemblage quartz + alumi-
nous enstatite with or without Al,SiO; is probably the stable breakdown
paragenesis of gedrites at high temperatures, it may be expected that at
least the less aluminous gedrites may also coexist with free quartz. On
the other hand, more aluminous gedrites might occur in stable assem-
blage with phases such as AlSiO;, aluminous enstatite, corundum, sap-
phirine, but not with quartz.

BORON-FREE KORNERUPINE

Kornerupine is a rare natural mineral first discovered near Fisker-
naeset, Greenland (Lorenzen, 1884), where it occurs in a gneiss together
with sapphirine, gedrite, cordierite, and other phases outside the system
discussed here. According to the first chemical analysis Lorenzen at-
tributed the simple formula MgALSiO; (=MgO-Al,0,-Si0,) to the new
mineral species. Later analysis of kornerupine from this and other lo-
calities (for example, Lacroix and Gramont, 1919; Hey, Anderson, and
Payne, 1941; McKie, 1965), however, always reported appreciable quanti-
ties of B,O,. Whereas Vogt (1947) has emphasized the probability that
boron enters the mineral in definite proportions, the most recent analysis
given by McKie (1965) of a kornerupine from Mautia Hill, Tanzania,
yielded far less B,O, than necessary to satisfy the formula proposed by
Vogt. Kornerupine was first synthesized by Robbins and Yoder (1962) at
5 kb as a high-temperature breakdown product of the tourmaline end-
member dravite.

In view of these relationships it is of particular interest that a phase
exhibiting all the optical and X-ray characteristics of natural kornerupine
was synthesized by the present authors in the systems MgO-Al,0,-SiO,-
H,O. This phase is, therefore, called boron-free kornerupine.

The largest yields (about 80 percent) were obtained in runs at 10 to
18 kb and 825° to 850°C held for 1 to 3 days, starting with the bulk com-
positions 4MgO-3Al,0;-45i0, and MgO-Al,0,-Si0, plus water made up
from synthetic cordierite and synthetic spinel (MgAlL.O,), with or with.
out periclase (table 11). Boron-free kornerupine also formed from a

! Contamination of the sample with boron derived from the boron-nitride of the
furnace assembly can be excluded, because the capsules were sealed, and the korneru-
pine phase has also been synthesized in the boron-free environment of a gas-media
apparatus (Schreyer and Yoder, unpub. data, 1968).
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variety of other mixtures at fluid pressures as low as 8 kb and as high as
20 kb.

Because of incomplete reactions the exact formula of the synthetic
boron-free kornerupine is not as yet known. In particular it cannot be
determined which of the available elements substitutes for boron. McKie
(1965) suggested the general formula of natural kornerupine to be

R<2“‘v“]R,,[61A15[G’41(A1,Si)4“1(Si,B)l“J(O,OH)zz.

For the present boron-free kornerupine the site RI%1 can be either
vacant or occupied by Mg leading to the following theoretical composi-
tions:

1. Mg, Al; (Al Si,) Si O,,(OH), (=4:3:4) or
(OMg) Mg, Al; (Al Si,) Si O,, (=5:3:4)

Of these two possibilities, both involving Si for B substitutions, the first
one seems preferable because it is the bulk composition that gave better
yields. Due to the fact that the natural kornerupine poorest in boron is
also the one richest in Al (McKie, 1965) one might, on the other hand,
Dase a theoretical formula on the Al = B substitution which could give,
for example,

0. (Mg, 5Al, 5) Al; (AlSiy) Si, Al ) O.,(OH), (=1:1:1)

As pointed out above this bulk composition also gave high yields of the
boron-free kornerupine.

In the first successful structure determination recently published
Moore and Bennett (1968), neglecting the boron present in their sample,
give the crystallochemical formula of kornerupine as

Mg, Mg™ ALY [Si,0,] [(ALSi). AlO,,] O, (OH)
which lies entirely within the system studied here. However, the possible
oxide proportions derived from this formula, that is, 6:7:8 through 6:8:6,
did not yield kornerupine in synthesis attempts made thus far. It is sug-
gested, therefore, that the replacement of some of the octahedral alumi-
num by Mg™ is essential to the kornerupine structure, thus leading to
the possible formulas

Mg," Mg"™ (Mg"'ALY") Si,O, (AlSi) SiO,, O,(OH), (= 4:3:4) and

Mg," Mg"" (Mg, ;Al; ;)" 81,0, (Aly;Si, ;) AlO,, O4(OH), (= 1:1:1)

The boron-free kornerupines synthesized at a pressure of 13 kb, or
lower, form well-developed prisms and needles showing straight extinc-
tion and negative elongation. The latter property is most characteristic,
as all other orthorhombic prismatic crystals that may appear in the sys-
tem under similar pressure temperature conditions (that is, enstatite,
gedrite, Mg-staurolite, and sillimanite) have positive elongation. The
optical orientation is identical with that of natural boron-bearing korn-
erupines, and the prism axis is ¢. The axial angle 2 V, could not be
measured, although the universal stage work indicated that it is smaller
than about 30°. The refractive indices are « = 1.665, y = 1.678, both
=+ 0.003.
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TABLE 11

Selected experimental results bearing on the synthesis,
composition, and stability of boron-free kornerupine

Fluid .
pressure, Temp., T;me, Condensed phases obtained
C T
kb

A. Starting material: Composition 4Mg0-3A1503-45102 + xHp0 consisting of cordierite,
spinel, and periclase

13 850 22 Kornerupine, little talc, corundum, cordierite, and spinel

13 900 1 Kornerupine, little enstatite, spinel and corundum, trace
cordierite

19.5 975 1 Enstatite, corundum, spinel, little kornerupine (quenched
liquid)

B. Starting material: Composition 4MgO-3A1503-45i0, + xH20 consisting of cordierite,
kyanite, and periclase

13 850 15 Talc, gedrite, sapphirine, kyanite, traces cordierite and
corundum

C. Starting material: Composition 4Mg0-3A1,04-4510; + xHp0 consisting of cordierite,
andalusite, and periclase

13 850 7 Talc, corundum, spinel, trace chlorite

D. Starting material: Composition Mg0-Al;03-5i0, + XH20 consisting of cordierite and
spinel

10*% 825 72 Kornerupine, little talc, enstatite, corundum, and spinel

E. Starting material: Composition Mg0-A1203:5i0 + XHy0 consisting of cordierite,
periclase, and y-Al203

13 850 16 Enstatite, corundum, trace gedrite

F. Starting material: Composition 5Mg0-3A1303-4510; + xH;0 consisting of cordierite,
spinel, and periclase

13 800 54 Cordierite, spinel, chlorite, corundum

13 850 19 Kornerupine, enstatite, spinel

1.5 800 13 Talc, spinel, staurolite, chlorite, corundum

19.5 850 40 Enstatite, spinel, kornerupine (quenched liquid?)

19.5 975 1 Enstatite, spinel, kornerupine (quenched liquid)

19.5 975 21 Enstatite, sapphirine, spinel, corundum, kornerupine
(quenched liquid)

19.5 975 1.5 Enstatite, spinel, corundum, sapphirine (slow quench)

G. Starting material: Composition 6Mg0-7A1703-85i0, + xH20 consisting of cordierite,
spinel, and andalusite

13 850 52 Talc, corundum, trace cordierite

H. Starting material: Composition 4Mg0-4A1204-3510; + xH,0 consisting of cordierite
and spinel

19.5 975 1 Enstatite, sapphirine, spinel, corundum

I. 'Starting material: Composition 4Mg0-5A1203-78105 + XHp0 consisting of cordierite,
talec, corundum, and 10 wt 7% yoderite seeds

8% 800 168 Cordierite, kornerupine, corundum, talc, sapphirine,
trace spinel
9* 800 168 Cordierite, kornerupine, corundum, trace sapphirine

*Runs performed in gas-media apparatus.
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TABLE 12
Powder X-ray diffraction data for synthetic boron-free kornerupine prepared

at 13 kb, 850°C, 22 hr, from a composition 4Mg0O-3A103-45i0p plus water
(see table 11.A) (internal Si standard, CuKo radiation)

hkl 29observed I/Io dobserved dcalc 4Q x 105
110 8.42 25 10,501 10.463 -7
200 10.93 5 8.094 8.074 -8
020 12,88 14 6.873 6.868 -3
220 16.92 2 5.240 5.231 -12
310 17.69 1 5.014 5.011 -4
130 20.11 2 4.415 4.405 ~24
221 21.50 3 4.133 4,136 +8
400 22,02 3 4.037 4.037 +1
040 25.94 31 3.435 3.434 -4
002 26.42 29 3.373 3.377 +18
112 27.79 3 3.210 3.214 +21
022 29.49 46 3.029 3.030 +11
312 31.97 3 2.799 2,800 +10
150 33.07 10 2.709 2.708 -4
530 33.98 100 2.638 2,639 +9
441 36.87 33 2,438 2,439 +18
042 37.38 3 2.406 2.408 +30
023 42,20 3 2.141 2.139 -43
640 42.72 21 2,117 2.118 +35
602 42,92 10 2,107 2.105 -54
550 43.25 18 2.090 2.093 +15
551 45.39 2 1.998 1.999 +18
170 46.67 1 1.946 1.948 +48

The powder X-ray diffraction data for synthetic boron-free korn-
erupine, distinct from those of all other phases in the system, are given
in table 12. The reflections were indexed on the basis of the ortho-
rhombic unit cell recently defined by McKie (1965). Least-squares refine-
ment resulted in the following lattice constants:

a, — 16.147 = 0.010 A b, = 18.736 = 0.006 A
¢, = 6.754 =+ 0.004 A

In comparison with McKie’s (1965) values for the Mautia Hill korn-
erupine (a, — 16.100; b, = 13.767; ¢, = 6.735 A; all = 0.002) an ex-
pansion of the cell in both the a and c¢ directions and a contraction in the
b direction is noted. These differences probably do not result solely
from the boron replacement but may be due partly to ferric iron and,
possibly, different OH contents in the natural mineral. The cell para-
meters of other natural kornerupines (Hey, Anderson, and Payne, 1941;
Bartl, 1965) are consistently somewhat smaller than those determined for
the synthetic boron-free phase.

The experimental data compiled in table 11 do not yield conclusive
evidence concerning the stability relations of the boron-free kornerupine.
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It is possible, however, that a small stability field exists at relatively low
pressures of perhaps 8 to 13 kb and temperatures near 850°C. At higher
pressures (near 20 kb) the kornerupine phase was obtained only as a
quench product from liquids lying close to the 4:3:4 composition. The
failure of the phase to form under subsolidus conditions is considered
evidence for its metastability at these pressures; the stable assemblages
are either enstatite 4- corundum or pyrope -+ corundum. It should also
be emphasized that the reactions involving boron-free kornerupine with-
in its possible stability field at low pressures have not been reversed.
Therefore, the possibility that boron-free kornerupine is a metastable
phase, under these and perhaps under any conditions, cannot be ruled
out.

Boron-free kornerupine may coexist, stably or metastably, with sap-
phirine, enstatite, gedrite, talc, cordierite, corundum, and, possibly,
voderite, but not with quartz. These parageneses are very similar to
those encountered in natural environments such as Fiskernaeset, Green-
land, and Sakeny, Madagascar, for which the rock name ‘‘sakenite”
(Lacroix, 1989) and even a separate mineral facies, the “sakenite facies”
(Vogt, 1947), had been proposed. The incompatibility of the boron-free
kornerupine with quartz is apparently also valid for most boron-contain-
ing natural kornerupines (Vogt, 1947) and possibly even for the variety
prismatine that contains Na (Scheumann, 1960). It is suggestive that such
incompatibility might also be one reason for the rarity of natural korn-
erupines, which may be replaced, in the presence of Na and excess silica,
by the common boron-bearing mineral tourmaline known to coexist with
free quartz. The association of kornerupine with interstitial quartz,
tourmaline, and biotite described from Port Shepstone, Natal (de Vil-
liers, 1940), might be the result of an incomplete replacement of the
above kind during a later introduction of silica.

PYROPE

The synthesis of the pure MgAl-garnet, pyrope, was achieved as
early as 1955 by Coes; its stability range in the anhydrous system MgO-
Al,O;-8i0, at high temperatures up to its melting point was worked out
by Boyd and England (1959). An extension of the pyrope stability to
lower temperatures and pressures in the presence of water was reported
by Schreyer (1968) and is shown here as figure 6. Experimental results
are compiled in table 13. The low-temperature stability limit in the
presence of excess water is probably defined by two breakdown reactions,
(1) to yoderite + talc + chlorite and (2) to kyanite + talc + chlorite
both originating from an invariant point that is also the origin of the
low-temperature breakdown curves of yoderite as shown in figure 5. In
the water-deficient region pyrope must be stable to even lower tempera-
tures.

The low-pressure stability limit of pyrope at relatively low tem-
peratures apparently has a very similar slope as that reported by Boyd
and England (1959) for higher temperatures, although there must be
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Fig. 6. Preliminary pressure-temperature diagram for the stability of pyrope in
the presence of water based on runs seeded with synthetic pyrope. Solid dots indicate
growth of pyrope; open circles, breakdown to low-temperature assemblages; open
boxes, breakdown to low-pressure assemblages; composite symbols indicate negligible
reaction of pyrope seeds. The smaller symbols represent experimental results reported
by Boyd and England (1959); the solid line is their breakdown curve, which is con-
nected with the breakdown curve based on the more recent results (Schreyer, 1968)
through a minor discontinuity.

changes in the breakdown assemblages. However, the stable breakdown
reactions in the presence of excess water are not as yet fully defined. One
of the most confusing aspects of the experimental results is the synthesis
of hydrous breakdown products of pyrope, such as talc or gedrite, at
temperatures above those of the supposed pyrope stability field.

There are two possible explanations for this behavior: (1) The low-
temperature end of the pyrope breakdown curve, in the range 800° to
900°C as illustrated in figure 6, may be the metastable extension of the
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stable high-temperature breakdown to anhydrous assemblages. This curve
would extend stably to lower temperature only under conditions of water
deficiency. (2) The pyrope grown at the lowest temperatures (800°-850°C)
in small amounts is not an anhydrous phase but a hydrogarnet. A more
detailed study involving longer runs with various seed assemblages, as
well as analytical work, is necessary to resolve this problem.

Direct and complete synthesis of euhedral pyrope in the presence
of water is rapidly achieved at pressures near 25 kb and temperatures of
the order of 1000°C (table 13). The starting material used was the low-
pressure assemblage cordierite + spinel -+ forsterite crystallized from
glass of pyrope composition at 1 atm.

TABLE 13

Selected experimental results bearing on the synthesis and stability of pyrope

Fluid
pressure,
kb

Temp.,

C

Time,

hr

Condensed phases obtained

A. Starting material:

14

14
15
15

15
16
16

17
17
17
20
20
25
25

25

B. Starting material:

25
25

800

850
700
850

900
850
975

750
800
975
750
800
600
700

750

800

1025

Composition 3Mg0-A1203-3Si02 + xH,0 previously crystallized to
cordierite, spinel, and forsterite; with 10 wt 7% pyrope seeds added

72

46
66
23

17
20
16

65
44
20
28
17
65
26

22

Enstatite, yoderite, talec, chlorite, corundum, small trace
pyrope

Enstatite, gedrite, corundum, sapphirine, less pyrope

Chlorite, talc, yoderite

Enstatite, gedrite, trace yoderite and sapphirine (?), same
amount pyrope

Enstatite, corundum, trace sapphirine

Enstatite, gedrite, corundum, more pyrope

Enstatite, trace sapphirine, boron-free kornerupine
(quenched liquid)

Chlorite, talc, yoderite

Enstatite, yoderite, little chlorite, more pyrope

Pyrope, enstatite, sapphirine, glass, little corundum

Chlorite, talc, yoderite, same amount pyrope

Chlorite, enstatite, staurolite, yoderite, more pyrope

Chlorite, talc, yoderite, staurolite

Chlorite, talc, staurolite, trace yoderite, same amount
pyrope

Chlorite, talc, staurolite, more pyrope

Composition 3Mg0-Alp03-35i0, + XHp0 consisting of cordierite,
spinel, and forsterite, no pyrope seeds

22
2

Enstatite, staurolite, chlorite
All pyrope

TABLE 14

Physical constants of pyrope according to various authors

agr & o

Skinner (1956) 11,459 + 0.001 1.714 £ 0.002
Boyd and England (1959) 11.456 + 0,002 1.710 + 0.003
This study 11.464 1 0.001 1.705 £ 0.002
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The physical constants of pyrope synthesized at 25 kb, 1000°C, 2 hrs,
in a hydrous environment are listed in table 14, together with those given
by other authors. Although the lattice constants are in reasonable agree-
ment, the pyrope synthesized here has a significantly lower refractive
index, which might indeed indicate the incorporation of some OH as
hydrogarnet component under the conditions studied.

The preliminary results on the stability field of pyrope discussed
earlier supports the general view that for any reasonable geothermal
gradient pure pyrope can be formed only within the Earth’s mantle, re-
gardless of the presence or absence of water. However, in the presence of
water, a minimum temperature of some 750°C and a minimum depth of
about 60 km must be attained. At the appropriate pressures and tem-
peratures, pyrope may coexist with every other magnesian and aluminous
phase of the system, except cordierite and, probably, boron-free korneru-
pine. A notable feature is, however, its incompatibility with free silica
(Boyd and England, 1963; Schreyer, 1968) at least over the pressure-tem-
perature range in which quartz is the stable polymorph. At a pressure of
40 kb pyrope was found to coexist with coesite (Boyd and England, 1963).

CONCLUDING REMARKS

Under the conditions of elevated pressures, that is, about 8 to 25 kb,
and intermediate temperatures, that is, about 700°-1200°C, the follow-
ing compounds must be considered in any discussion of phase relations
in the system MgO-ALO,-Si0,~H,O: quartz, (aluminous) talc, antho-
phyllite-gedrite, (aluminous) enstatite, forsterite, periclase, brucite, spinel,
corundum, kyanite, sillimanite, cordierite, pyrope, yoderite, Mg-stauro-
lite, boron-free kornerupine, chlorite, and sapphirine. The phases sepio-
lite, stevensite, serpentine, boehmite, diaspore, kaolinite, pyrophyllite,
and montmorillonite can be neglected because their stability ranges lie at
generally lower temperatures. Andalusite and mullite are confined to
lower pressures. The stability relations of the phase g-alumina within
the system studied are not known.

There are thus 18 crystalline phases that may form stable subsolidus
assemblages over limited pressure-temperature ranges. Theoretically the
maximum number of assemblages, including those metastable, is 816.
They would be related to each other through 3060 univariant curves and
8568 invariant points, if one neglects the many cases of degeneration and
assumes a vapor phase as omnipresent. The number of stable assem-
blages, univariant curves, and invariant points will, therefore, be much
smaller. In addition, some assemblages can be ruled out, because the
stability fields of the phases involved do not overlap. Such forbidden as-
semblages are: Cordierite-pyrope, cordierite-Mg-staurolite, and, probably,
boron-free kornerupine-pyrope. Nonetheless, it is clear that the phase
relations within this system of only four components will be extremely
complicated. Much detailed work has yet to be done to provide a fully
satisfactory picture, even of the breakdown assemblages of the phases
described in the present paper.
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In recent speculations on the chemical compositions constituting the
Earth’s mantle the authors (for example, Ringwood, 1959; Birch, 1965;
MacGregor, 1967) agree that some 80 to 90 percent of the possible mantle
material fall within the system MgO-Al,O0,-SiO,. Of these three com-
ponents Al,O;, amounting only to some 4 percent, is the least important.
Therefore, the hypothetical mantle rocks will project predominantly into
the Mg-rich portion of the ternary diagram, probably into the triangle
formed by the three phases forsterite, enstatite, and pyrope (Schreyer,
1966). In contrast to these highly magnesian compositions, the high-pres-
sure phases described in the present paper are more aluminous, and most
of them contain essential structural water. Although the occurrence of
micas in rocks believed to have been ejected from the mantle certainly
suggests the availability of water, at least locally, at those depths, the
high alumina contents of the new phases described seem to preclude
their appearance within the Earth’s mantle to any large extent. However,
even local alumina enrichments of the mantle are suggested through the
finding of corundum-bearing eclogite xenoliths in kimberlites (N. V.
Sobolev, 1964) as well as of garnet-corundum-kyanite assemblages occur-
ring in grospydite xenoliths from these same rocks (Sobolev, Kuznetsova,
and Zyuzin, 1968).

Discussion of the potential occurrence of the aluminous high-pres-
sure phases in mantle rocks will, at any rate, depend on a more detailed
knowledge of the compatibility relations between the solid phases within
the system MgO-Al,0,-5i0.,~-H,O as a function of pressure and tempera-
ture than is presently available. Preliminary experimental results indi-
cate that, in the presence of water, chlorite, and in its absence, pyrope,
may contain most of the alumina available in mantle rocks. Critical tie
lines that would, for compositions poor in alumina, prohibit the occur-
rence of the highly aluminous hydrous phases described here in mantle
rocks are enstatite-spinel and forsterite-pyrope. These two assemblages
were found to be stable in the anhydrous system at temperatures above
1000°C at low and high confining pressures, respectively (MacGregor,
1964). They are believed by Ringwood, MacGregor, and Boyd (1964) to
represent the main criteria governing the mineralogy of the uppermost
mantle. However, if these two assemblages were not stable in the presence
of water at temperatures in the approximate range 800° to 1000°C, there
might indeed be a possibility that the phases gedrite, boron-free korn-
erupine, yoderite, Mg-staurolite, and sapphirine appear in stable coexist-
ence with enstatite and, possibly, even with forsterite over limited pres-
sure-temperature ranges. The stable coexistence of enstatite even with
corundum was verified in the present study under conditions outside the
stability fields of both boron-free kornerupine and pyrope, Thus the
possibility of the appearance of aluminous minerals other than spinel
and pyrope even in mantle compositions poor in alumina should be
taken into account. If these minerals are also hydrous, they may provide
an effective depository for the mobile component water in subcrustal
material.
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Yoderite, Al-poor sapphirine, and the kornerupine of lowest boron
content yet discovered were described by McKie (1959, 1963, 1965) from
Mautia Hill, Tanzania, where they occur in metamorphic rocks believed
to be of crustal origin. These occurrences demonstrate that the pressure-
temperature conditions required for the formation of these minerals
were attained within a deep zone of an old Precambrian orogenic belt.
Therefore, the geological environments most likely to carry the alumi-
nous high-pressure phases described in this paper will be the lowermost
portions of deeply buried geosynclines, in which aluminous rocks of
metasedimentary origin were subjected to metamorphism.
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