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THE SYSTEM MgO-SiO,-H,O AT
HIGH PRESSURES AND TEMPERATURES —
STABILITY FIELD FOR HYDROXYL-CHONDRODITE,
HYDROXYL-CLINOHUMITE AND 10 A-PHASE

KATSUHIRO YAMAMOTO* and SYUN-ITI AKIMOTO**

ABSTRACT. The system MgO-SiO,~H,O was investigated at pressures between 29 and
77 kb and at temperatures between 470° and 1225°C. Reaction products were examined
by X-ray, optical, and thermal analysis. Brucite, phase A, phase D, clinohumite, for-
sterite, serpentine, orthoenstatite, clinoenstatite, talc, 10 A-phase, quartz, and coesite
were synthesized. Hydroxyl-clinohumite was first obtained in the present experiments.
The chemical formula of phase D was determined as H,Mg;Si,O,,, [Mg(OH), ¢« 2Mg,
$iO,], and the phase was established to be hydroxyl-chondrodite. Although both chon-
drodite and clinohumite are stable only in rocks much richer in MgO than the ac-
cepted mantle rocks, they are of considerable interest as possible sites for H,O in the
upper mantle.

INTRODUCTION

Experimental information on the stability, phase relationships, and
physical properties in the system MgO-SiO,-H,O throws light upon the
hydration and dehydration process in the crust and mantle, the meta-
morphism in the crust, and the effect of water vapor on the melting of
magnesium silicates.

Systematic investigation of the system MgO-SiO,~H,O was initiated
by Bowen and Tuttle (1949). They determined the stability fields of bru-
cite Mg(OH),, forsterite Mg,SiO,, serpentine Mg,[Si,O;](OH),, enstatite
MgSiO,, talc Mg,[Si,0,0](OH),, and quartz at pressures to approx 3 kb
and temperatures to 1000°C. Kitahara, Takenouchi, and Kennedy
(1966) extended the pressure range up to 30 kb. Sclar, Carrison, and
Schwartz (1965) and Sclar and Carrison (1966) reported the synthesis
of the 10 A-phase in the system MgO-SiO,-H,O at pressures between 32
and 90 kb and at temperatures between 375° and 525°C. Ringwood and
Major (1967) investigated this system at pressures between 100 and 180
kb and at temperatures between 600° and 1100°C and discovered three
new phases denoted A, B, and C. Yamamoto and Akimoto (1974) in-
vestigated this system at pressures between 40 and 95 kb and at tempera-
tures between 500° and 1400°C. They determined the stability field and
the chemical formula of phase A, HsMg;Si,O,,, and found a new phase
denoted D.

The present experiments were carried out to determine the chemical
formula of phase D and to examine the phase relationships of the system
MgO-SiO,-H,O at pressures between 29 and 77 kb and at temperatures
between 500° and 1200°C.

EXPERIMENTAL PROCEDURE
Mixtures of guaranteed grades of the reagents Mg(OH). and silicic
acid (SiO, * yH,0) were used as starting materials. In some runs for 10
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A-phase, a certain amount of distilled water was added to the mixtures.
Mg(OH), was used instead of MgO + H,O because of ease of treatment.
Water content of the silicic acid was determined to be 4.74 wt percent
(y = 0.166) by the ignition loss after heat treatment at 900°C for 6 hrs.
The compositions of mixtures, x’Mg(OH), + SiO, » yH,O0 = (x’ + y)H,O
+ x’MgO -+ SiO,, were determined from mixing rations of Mg(OH), to
SiO, « yH,0O. The mixtures of x’ = 5/8, 1/2, 5/8, 3/4, 7/8, 1, 3/2, 7/4,
2, 17/8, 9/4, 7/3, 5/2, 11/4, 3, 7/2, 4, and 5 were prepared. These were
labeled by x = 100x’/(1+x’) percent which was MgO mol percent cal-
culated for anhydrous composition. The relation of x to x’ is shown in
figure 1, where the compositions of starting materials are represented on
a triangular diagram, the system MgO-SiO,~H,O.

A tetrahedral-anvil type of high-pressure apparatus was used. Anvils
with 20 mm edge and pyrophyllite tetrahedrons with 25 mm edge were
used from 29 to 60 kb, and anvils with 15 mm edge and pyrophyllite
tetrahedrons with 20 mm edge were also used in the range 29 to 77 kb.
The pressure values were calibrated at room temperature on the basis
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Fig. 1. The system MgO-SiO,~H,0. Compositions of all the starting mixtures are
represented by cross points between a line labeled with “starting mixture” and lines
with constant MgO/SiO, mol ratio. The compositions of phases that occurred in the
present experiments are plotted by solid circles. Abbreviations: Pe, periclase; Br, bru-
cite; A, phase A; D, phase D (chondrodite); CH, clinohumite; Fo, forsterite; Sp, serpen-
tine; OE, orthoenstatite; CE, clinoenstatite; Ta, talc; 10 &, 10 A-phase; Qz, quartz; Coe,
coesite; W, water.
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of the pressure scale recommended at the U.S. National Bureau of
Standards Symposium, 1968, using resistance transitions of Bi I-II (25.5
kb), Ba I-II (55 kb), and Bi III-V (77 kb). Since the reproducibility of the
pressure calibration is good, the precision of the relative pressure deter-
minations was estimated to be +2 percent.

The desired temperature was obtained using cylindrical graphite
heaters placed in the central part of the pyrophyllite tetrahedrons. To
prevent water loss during the run, starting materials were placed in Au
tubes of 1.2 mm outer diameter (OD) and 1.0 mm inner diameter (ID)
or 1.6 mm OD and 1.4 mm ID and sealed by dc carbon arc welding.
Details of the furnace assembly were described in a previous paper
(Yamamoto and Akimoto, 1974). Temperature was measured by a Pt/
Pt-13 percent Rh thermocouple in contact with the Au tubes. No correc-
tion was made for the effect of pressure on the emf of the thermocouple.
The precision of the temperature measurements is estimated to be =20°C
at 600°C and *=30°C at 1000°C based on a previous measurement of the
temperature gradient within the graphite furnace using the tetrahedral-
anvil press (Akimoto, Fujisawa, and Katsura, 1965).

As many as three capsules could be loaded into a heater and then
run simultaneously at a given temperature and pressure. The synthesis
of phase D to obtain material for thermal analysis was carried out in Au
foil of 30 pm thickness instead of a tube in order to obtain as much
material as possible. In this case temperature was estimated from the
electric power of the heating element.

Runs varied from 0.5 to 12 hrs depending upon the reaction tempera-
ture. Run times were generally longer than or equal to those used by
Kitahara, Takenouchi, and Kennedy (1966) in the experiments of the
system MgO-SiO,—H,O using oxide starting mixtures. Since Kitahara,
Takenouchi, and Kennedy showed that the phase boundaries determined
from such an experimental procedure were always in close agreement
with those determined from the reverse reactions with longer intervals
of run time, we considered that the phase boundaries determined in the
present investigation approx represent equilibrium boundaries, although
no reverse reactions were carried out. Pressure and temperature fluctua-
tions during the runs were controlled to =2 kb and to +20°C.

Samples were quenched isobarically and examined by powder X-ray
diffraction technique after each run. Structure determination of the sam-
ples was carried out with the aid of a Weissenberg camera when single
crystals were available. Cu Kea radiation was used throughout the X-ray
analyses. In order to determine the degree of hydration of phase D, the
samples of this phase synthesized at 50 kb and approx 900°C were ex-
amined using a thermobalance, Rigaku Denki thermoflex 8002 type, in
a self-generating atmosphere under a heating rate of 5°C/min. «-Al,O4
of the same mass as the samples was used as a reference material for dif-
ferential thermal analyses. At each reaction observed in the thermograph,
the structure of the samples was examined using X-ray diffraction. The
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refractive indices of clinohumite synthesized from the mixture of x =
71.4 percent at 77 kb and 1130°C were measured by the Becke-line
method and compared with that of natural clinohumite given in the
reference by Deer, Howie, and Zussman (1971).

EXPERIMENTAL RESULTS

Reaction products of the present experiments are brucite, phase A,
phase D, clinohumite, forsterite, serpentine, orthoenstatite, clinoenstatite,
talc, 10 A-phase, quartz, and coesite. These were distinguished using a
X-ray diffractometer and a Weissenberg camera. Effusion of water from
the tube when it was cut or a significant degree of wetness of the sample
were taken as indications that H,O had been produced by the reaction.
Pressure and temperature conditions and results of runs are listed in
table 1. Chemical compositions of these reaction products are given in
table 2 and plotted on the MgO-SiO,~H_ O triangular diagram (fig. 1).

The 10 A-phase was identified in mixtures of x = 71.4 percent above
40 kb and below 725°C. Talc was identified in mixtures of x = 60.0
percent below 48 kb and 830°C. Orthoenstatite was identified from mix-
tures of x = 60.0 percent above 625°C. Clinoenstatite was identified in
mixtures of x = 75.0 percent above 60 kb and between 535° and 930°C.
Serpentine was identified in mixtures of 50.0 percent = x = 70.0 percent
below 48 kb and below 615°C. Forsterite was identified in mixtures of
x = 50.0 percent. Clinohumite was identified in mixtures of 68.0 percent
= x = 75.0 percent above 730°C. Phase D was identified in mixtures of
x = 70.0 percent above 730°C. Phase A was identified in mixtures of
X = 60.0 percent above 55 kb and below 935°C.

Figure 2A, B, C, D, E, F, and G are isobaric synthesis diagrams that
represent the products of these experiments at 29, 40, 48, 55, 60, 72, and
77 kb. In figure 2, open circles indicate experimental runs in which the
observed assemblage directly corresponds to the labeled phase area of the
diagram; solid circles indicate runs in which the observed assemblage ap-
pears to be a mixture of the assemblages that appear above and below a
given temperature boundary line.

The synthesis diagrams of figure 2 are consistent with a pressure-
temperature equilibrium phase diagram shown in figure 3A, B, and C,
which contains eleven invariant points and their associated lines of uni-
variant equilibrium and areas of divariant equilibrium. Figures 3A and
B stand for the pressure-temperature diagram for the compositional
range, MgO/S8i0, = 2 and MgO/SiO, = 2, respectively. Composition-
paragenesis diagrams around eight significant invariant points are shown
in figure 3C.

Talc coexists with water up to approx 55 kb, and the 10 A-phase is
stable up to approx 725°C. The 10 A-phase is formed by the hydrations
of talc, enstatite, serpentine, forsterite, and phase A and is stable for
any composition on the join Mg(OH).-SiO, in the region of 55 kb and
475°C. The field in which enstatite coexists with water expands to low
temperature regions with increasing pressure. Serpentine coexists with



TABLE 1
Conditions and results of runs
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7376 29 580 4 33.3 Ta + Qz + W 7329 48 775 3 42.9 OE + Coe + W
7328 29 830 3 42.9 OE + Ta + Qu + W* 7359 48 725 2 46.7 OE + Ta + W
7304 29 495 12 50.0 Sp + Ta + W 7305 48 495 12 50.0 Fo + Sp + 10;(1) + WX
7309 29 615 5 50.0 Fo + Sp + Ta + W* 7312 48 545 8 50.0 Fo + 10;\(1) + W
7302 29 715 4 50.0 Fo+ Ta + W 7315 48 615 5 50.0 Fo + 102\(1) + W
7310 29 770 3 50.0 ‘Fo + OE + Ta + W* 7317 48 660 5 50.0 Fo + Ta + W
7367 29 1125 0.5 50.0 OE + W 7314 48 730 4 50.0 OE + W
7304 29 495 12 60.0 Sp + W 7305 48 495 12 60.0 Fo + Sp + 10A(I) + W*
7306 29 540 8 -60.0 Sp + W 7312 48 545 8 60.0 Fo + lO}g\(I) + W
7376 29 580 4 60.0 Sp + W 7315 48 615 5 60.0 Fo + 1011(1) + W
7309 29 615 5 60.0 Fo + Sp + Ta + W* 7314 48 730 4 60.0 Fo + OE + W
7302 29 715 4 60.0 Fo + Ta + W 7313 48 825 2 60.0 Fo + OE + W
7310 29 770 3 60.0 Fo + OE + Ta + W* 7305 48 495 12 66.7 Fo + W
7307 29 815 3 60.0 Fo + OE + W 7317 48 660 5 69.2 Br + Fo + W
7376 29 580 4 63.6 Fo + Sp + W 7370 48 1025 1 69.2 Br + CH + Fo + W**
7306 29 540 8 66.7 Fo + W 7366 48 1135 0.5 69.2 Br + Fo + W**
7367 29 1125 0.5 66.7 Fo + W 7312 48 545 8 70.0 Br + Fo + W
7304 29 495 12 68.0 Br + Sp + W 7314 48 730 4 70.0 Br + D + CH + Fo + W*
7302 29 715 4 68.0 Br + Fo + W 7313 48 825 2 70.0 D+ CH + W
7303 29 925 2 68.0 CH + Fo + W 7317 48 660 5 71.4 Br + Fo + W
7306 29 540 8 69.2 Br + Fo + W 7370 48 1025 1 71.4 Br + D + CH + W**
7328 29 830 3 69.2 CH + W 7366 48 1135 0.5 71.4 Br + Fo + W¥*
7369 29 965 1 69.2 Br + CH + Fo + W** 7313 48 825 2 75.0 Br + D + W
7364 29 1125 0.5 69.2 Br + Fo + Wr* 7370 48 1025 1 75.0 Br + D + W¢¥
7301 29 735 4 70.0 Br + Fo + W 7366 48 1135 0.5 75.0 Br + Fo + W**
7307 29 815 3 70.0 Br + D + CH + Fo + W*
7303 29 925 2 70.0 D+ CH+W 7210 50 840 3 71.4 D+ W
7301 29 735 4 71.4 Br + Fo + W 7211 50 1040 2 71.4 Br + D + CH + W**
7369 29 965 1 71.4 Br + D + CH + Wr# 7219 50 1110 2 71.4 Br + CH + Fo + W**
7209 29 1030 2.5 71.4 Br + D + CH + Wt* 7218 50 1220 1 71.4 Br + Fo + Wt*
7364 29 1125 0.5 71.4 Br + Fo + W**
7301 29 735 4 73.3 Br + Fo + W 7374 55 570 6 33.3 + W 10;;(11) + Coe + W
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TasBLE 1 (continued)

$6¢

Run P T TR.un Start_ing Run P T Run Start‘ing
No. (kbar) (°c) (holun;'es) Mat(exr%l)als Results No. (kbar) (°c) (};I;)l\;“res) Mat(e;gl)als Results
7336 72 475 10 83.3 Br + A + W 7322 60 580 7.5 69.2 A + Fo + W
7350 72 1220 0.5 83.3 Br + D + Wx* 7326 60 775 3 69.2 CH + W

o 7352 60 875 ‘1.5 69.2 CH + wo
7381 77 650 3 38.5 + W 10A(I) + Coe + W 7354 60 515 5 71.4 A + 10A(I) + W
7381 77 650 3 42.9 10;\(II) 7351 60 630 3 71.4 A + Fo + W
7062 77 735 2 50.0 CE + W 7355 60 725 2 71.4 A+ Fo + W
7064 77 930 1 50.0 CE + W 7212 60 1050 2 71.4 Br + D + CH + W**
7067 77 1125 0.5 50.0 OE + W 7326 60 775 3 75.0 A+D+W
7062 717 735 2 60.0 A+ CE+W 7356 60 820 1.5 77.8 A+ W
7064 77 930 1 60.0. Fo + CE + W 7352 60 875 1.5 77.8 Br + D + Wk*
7067 77 1125 0.5 60.0 Fo + OE + W 7348 60 475 10 83.3 Br + A + W
7061 77 725 2 66.7 A+ CE+W 7322 60 580 7.5 83.3 Br + A + W
7214 77 1025 2 66.7 Fo + W 7321 60 735 4 83.3 ‘Br + A + W
7206 77 835 3 69.2 A+ TFo+ W
7378 77 880 1.5 69.2 CH + W 7028 65 705 3 66.7 Fo + W
7205 77 950 2 69.2 CH + W
7208 77 1025 2 69.2 CH + W 7015 70 515 2.5 66.7 A+ 10A(I) + W
7215 77 1150 1.5 69.2 Br + Fo + W** 7011 70 695 2 66.7 A+ CE +W
7061 77 725 2 71.4 A+ CE+ W 7014 70 750 2 66.7 A + Fo + CE + W*
7380 77 785 2 71.4 A+ CE+W 7020 70 785 2 66.7 Fo + W
7202 77 830 3 71.4 A+ Fo+ W 7213 70 1040 2 71.4 D+ W
7378 77 880 1.5 71.4 A + D+ CH + W*
7201 77 920 2 71.4 D+W 7336 72 475 10 27.3 10A(I) + 10A(II) + Coe + w
7065 77 925 1 71.4 D+W 7334 72 925 1 33.3 CE + Coe + W
7204 77 1035 2 71.4 Br + D + CH + W** 7350 72 1220 0.5 33.3 OE + Coe + W
7203 77 1110 2 71.4 Br + CH + W** 7342 72 575 4 38.5 101;(11) + Coe
7068 77 1140 0.5 71.4 Br + CH + Fo + W** 7338 72 630 3 38.5 101:(11) + Coe
7217 77 1220 1 71.4 Br + Fo + W** 7340 72 725 2 38.5 CE + Coe + W
7207 77 1020 2 73.3 Br + D + Wi+ 7342 72 575 4 42.9 10A(11)
7216 77 1160 1 73.3 Br. + CH + W** 7384 72 630 11 42.9 + W 103(1) + W
7061 77 725 2 75.0 A+ CE+ W 7346 72 680 3 42.9 CE + 103‘(1) + 10};(11) + Coe + WX
7065 77 925 1 75.0 A+D+W 7342 72 575 4 46.7 CE + 10A(I) + W
7068 77 1140 0.5 75.0 Br + D + W**
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7340 72 725 2 46.7 CE + Coe + W + Precision of pressure measuremnt and control is about #2 kbar.
7344 72 535 5 50.0 CE + W tt Precision of temperature measurement is about #20°C at 600°C and
7334 7 925 L 300 CE + W +30°C at 1000°C. Tempcrature fluctuation during runs is less than
7347 72 1225 0.5 50.0 OE + W

7336 72 475 10 60.0 A +'10;(I) + W +20°C.

7334 72 925 1 60.0 Fo + CE + W * Four-phase assemblages are considered to be on or close to univar-
7350 72 1220 0.5 60.0 Fo + OE + W

7338 72 630 3 66.7 A CE iant lines, Interpretation for five-phase assemblages is given in
7339 72 815 1.5 66.7 Fo + W the text

7341 72 1025 1 66.7 Fo + W ** Brucite + water was formed during quenching from periclase + water.
7347 72 1225 0.5 66.7 Fo + W

7339 72 815 1.5 69.2 A+ Fo + W and from water in which MgO was dissolved.

7345 72 875 1.5 69.2 CH + W

7349 72 975 1 €9.2 CH+ W Abbreviations : Br; brucite, A; phase A, D; phase D, CH; clinohumite,
7341 72 1025 1 69.2 Br + CH + Fo + W#*

7361 72 1125 07 - 69.2 Br + Fo + Wh* Fo; forsterite, Sp; serpentine, CE; clinoenstatite,
7335 72 935 1 70.0 D+ CH+ W OE; orthoenstatite, Ta; talc, 1010\(1); type I of

7340 72 725 2 71.4 A+ CE+W log-phasc, 10;\(II); type II of log—phasc, Qz; quartz,
7343 72 770 2 71.4 A+ Fo + W

7339 72 815 1.5 71.4 A+ Fo + W Coe; coesite, W; water, w; wetness.

7345 72 875 1.5 71.4 A + D + CH + W*

7349 72 975 1 71.4 D+ W

7341 72 1025 1 71.4 Br + D + CH + W**

7361 72 1125 0.7 71.4 Br + CH + W**

7353 72 1220 0.5 71.4 Br + Fo + W**

7345 72 875 1.5 75.0 A+ D+ CH + W*

7335 72 935 1 75.0 Br + A + D + W¥, **

7361 72 1125 0.7 75.0 Br + D + W**

7353 72 1220 0.5 75.0 Br + Fo + W**

7338 72 630 3 77.8 A+ W

7335 72 935 1 77.8 Br + A + D + W*, **

7349 72 975 1 77.8 Br + D + W**

7353 72 1220 0.5 77.8 Br + Fo + W**
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TABLE 2
Compositions of phases that occur in the system MgO-SiO,~H,O

Mol ratio Mol fraction

Phase Formula MgO SiO, H,O MgO SiO, H,0
Brucite Mg(OH), 1 0 1 0.5 0 0.5
Phase A 3Mg(OH), » 2Mg,SiO, 7 2 3 0.583 0.167 0.25
Phase D Mg(OH), « 2Mg.SiO, 5 2 1 0.625 0.25 0.125

(hydroxyl-chondrodite)
Hydroxyl-clinohumite Mg(OH), » 4Mg.SiO, 9 4 1 0.643 0.286 0.071
Forsterite Mg.Si0, 2 1 0 0.667 0333 0
Serpentine Mg,Si,O5(OH), 3 2 2 0.428 0.286 0.286
Orthoenstatite 1 .
Clinoenstatite § MgSiO, 1 1 0 0.5 0.5 0
Talc Mg,Si,0,,(OH), 3 4 1 0.375 0.5 0.125
10 A-phase Mg;Si,04,(OH), « 2H,0 3 4 3 0.3 0.4 0.3
(10 A-phase, Sclar,

Carrison, and Schwartz)  (Hy0),Mg;SigOs ¢« 2H,0 5 8 5 0.278 0.444 0.278
Quartz 1 .
Coesite § Sio, 0 1 0 0 1.0 0

water up to approx 480°C. Clinohumite is stable above approx 700°C.
This phase is formed from brucite + forsterite and phase A + forsterite
by solid-solid reaction and from forsterite + magnesium-rich water. The
upper stability limit of clinohumite depends upon the bulk composition
of the reaction system. Phase D is stable above approx 700°C. This phase
is formed from brucite + clinohumite and phase A + clinohumite by
solid-solid reaction, from the decomposition of phase A, and from clino-
humite + magnesium-rich water. The upper stability limit of phase D
depends upon the bulk composition of the reaction system. Phase A is
table above approx 50 kb.

Brucite in the sample reacted in the stability region of periclase +
water and at temperatures below about 1000°C may be formed during
quenching as suggested by Yamaoka, Fukunaga, and Saito (1970). The
equilibrium curve between brucite and periclase +- water determined by
Yamaoka, Fukunaga, and Saito is extrapolated to higher pressures and is
shown in figures 2 and 3.

There is a possibility that the 10 A-phase is formed from talc -+
water during quenching. As shown in figure 2B and C, however, the
synthesis field of the 10 A-phase was definitely distinguished from the
field where talc existed: the 10 A-phase was not detected in any runs
that had been quenched from temperatures higher than the boundary
temperature. This suggests that the 10 A-phase is not a quench product.

Five phases (brucite, phase D, clinohumite, forsterite, and water) co-
exist in three runs with different pressure-temperature conditions for
x = 70.0 percent shown in table 1 (run 7307 at 29 kb and 815°C, run
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Fig. 2. Isobaric sections of the high pressure and temperature synthesis diagram on
the join Mg(OH),;-SiO,: (A) at 29+2 kb; (B) at 40+2 kb; (C) at 48+2 kb; (D) at 55+2
kb; (E) at 60+2 kb; (F) at 72+2 kb; (G) at 77=£2 kb.
Experimental runs are represented by open solid circles. The solid circles indicate
the runs in which phases on both sides of the boundary line coexisted. Error-bars in
(A) represent the maximum uncertainty in temperature measurements: +=40°C at 600°C
and +50°C at 1000°C. The precision of the relative temperature determinations is esti-
mated to be effectively less than 30°C.
* Although the field of brucite + clinohumite + water has not been detected, the
phase rule requires its presence.

Abbreviations are the same as those in figure 1.
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7316 at 40 kb and 745°C, and run 7314 at 48 kb and 730°C). These results
contradict the phase rule. They can be interpreted as follows, however, by
considering the precision of the pressure-temperature measurement and
control in the present experiments. It is plausible to assume that there is
a stability field of a phase assemblage that satisfies the phase rule, be-
tween the stability fields of brucite + forsterite + water and phase D +
clinohumite + water. The assemblage is probably brucite + clinohumite
+ water at higher pressures (~50 kb). At lower pressures (~30 kb), brucite
+ clinohumite + water or phase D + forsterite + water are stable. The
extent of the field of the assemblage is too narrow to be detected because
of the temperature fluctuation during the runs as well as the temperature
gradient within the sample space. Hence, the field of brucite + clino-
humite + water is provisionally designated in figures 2A, B, C and 3B.

MqO/SiOp < 2

PRESSURE ( kbar )
40 50 60

1000
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@
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Fig. 3. High pressure and temperature synthesis diagram in the system MgO-SiO,—
H,0: (A) MgO/Si0, = 2; (B) MgO/SiO, = 2; (C) composition-paragenesis diagrams
around significant invariant points. (Common parts are omitted except one diagram in
each figure)) Data points are omitted to avoid complexity in the figures. Error-bars
represent the maximum uncertainty in temperature and pressure measurements. The
precision of the relative temperature determinations is estimated to be effectively less
than 30°C.

T The section at the constant composition, 5/2Mg(OH), + SiO, ¢ 0.166H.0, is shown
in order to express the pressure effect on the upper synthesis fields of phase D and
clinohumite. When x = 66.7 percent and above 1000°C, MgO is appreciably dissolved
into H;O, and two phase regions, forsterite + water and clinohumite + water, appear.
The amount of clinohumite in the field of phase D + clinohumite + water is very
small below 1000°C.

* Although the field of brucite + clinohumite + water has not been detected, the
phase rule requires its presence. Abbreviations: KTK, Kitahara, Takenouchi, and
Kennedy (1966); SCS, Sclar, Carrison, and Schwartz (1964); BE, Boyd and England
(1965); G, Grover (1972); others, the same as those in figure 1.



301

The system MgO-SiO,—H,0 at high pressures and temperatures

MgO/Si0p > 2
70

PRESSURE ( kbar)
30 40 50 60

20

s/2t

SECTION AT X'

1200

notow
e

Oy
g

JINLVI3dN3TL

— = PRESSURE



302 Katsuhiro Yamamoto and Syun-Iti Akimoto

Coexistence of five phases also takes place in two runs for x = 50.0
percent and 60.0 percent at 40 kb and 560°C (run 7319 in table I).
Forsterite, serpentine, talc, 10 A-phase, and water were observed in these
runs. If this pressure-temperature condition were close to an invariant
point, the present results are explained. Figures 2B and 3A are con-
structed based on this interpretation: the narrow field of forsterite +
10 A-phase + water at the 40 kb-isobar (fig. 2B) is considered to be be-
yond the resolution of the present temperature measurement and control.

There is still a possibility of the presence of quench products or
metastable phases in the runs with five-phases. General views in figure
2A, B, and C, however, are unlikely to develop such a possibility. The
runs quenched from temperatures higher than those previously men-
tioned always produce a reasonable three-phase assemblage. These ob-
servations suggest that the quench products are not a problem.

In figures 2 and 3, the equilibrium line between quartz and coesite
reported by Boyd (1964) is shown by a broken line. The solidus of quartz
and the liquidus of orthoenstatite determined at 20 kb by Kushiro (1969)
are shown by a broken line in figure 2A. According to Kushiro, Yoder,
and Nishikawa (1968), water coexisting with forsterite and orthoenstatite
above 1100°C at 30 kb contains an appreciable amount of silica, and
the stability field of forsterite + orthoenstatite 4 water expands toward
the silica-rich region. This is also shown by a broken line in figure 2A.

Results of x = 66.7 percent at 72 kb and at temperature above 950°C
are shown in figure 4. In the figure, brucite, phase D, clinohumite, and
forsterite are expressed by small solid circles, triangles, open circles, and
squares, respectively. The stability fields of phase D, clinohumite, and
forsterite shift toward a magnesium-rich region with increasing tempera-
tures, with brucite coexisting with these phases when x = 69.2 percent.
This suggests that the solubility of MgO into H,O increases with in-
creasing temperature above 1000°C, therefore the amount of MgO in the
solid phase decreases. Chemical potential of MgO in water saturated

TABLE 3
X-ray diffraction data for Type I of 10 A-phase

dobs Intensity dons Intensity
1024 A 300 2.465 A B 2
5.116 70 2.399 15
4.784 2 2.159 7
4.764 2 2.046 25
4.512 6 1.987 B 3
4.485 5 1.6774 8
4.343 B 2 1.5450 3
3.638 5 1.5436 3
3.410 100 1.5027 B 2
2.923 7 1.4856 2
2.720 4 1.4843 2
2.593 3 1.4619 3
2.566 B 7 1.83728 10

Abbreviations: B, broad reflection.
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with MgO is comparable to that of MgO in phase D and clinohumite and
is much larger than that of MgO in forsterite because forsterite is syn-
thesized from mixtures of x = 66.7 percent to 1225°C. Brucite is formed
during quenching of the MgO-bearing fluid. Therelore, four phase assem-
blages (brucite + phase D + clinohumite + water and brucite + clino-
humite + forsterite 4 water) were frequently obtained in the experi-
ments for x = 69.2 percent at temperatures above approx 1000°C.
As shown in table 1 and figure 2A, C, F, and G, this phenomenon was
also observed at temperatures above 965°C and 29 kb, above 1025°C and
48 kb, above 1025°C and 72 kb, and above 1035°C and 77 kb. Pressure
dependence on the phenomenon is represented by the phase boundaries
in figure 3B, when the system is 2.666H,O + 2.5MgO + SiO, (x'=5/2).
X-ray diffraction data of the 10 A-phase synthesized [rom 3Mg(OH),
+ 4Si0, + water at 570°C and 55 kb is given in table 3. It is seen in
the table that the d-spacings of five diffraction lines are approx repre-
sented by the equation,
d=a/n (1)

where ¢ = 10.23 A and n =1, 2, 3, 5, and 7. The constant a was deter-
mined from the diffraction angle of n = 3 because the angle was close to
that of (1 1 1) of silicon which was used as an internal and external
standard for the diffraction angles. Since constant a varies slightly from
sample to sample, ranging from 9.81 to 10.23 A, samples of this phase
were classified into two types according to the values of a: type 1 with
a =102 A, and type 1I with 9.81 = a = 10.0 A. The type II sample
shows diffuse diffraction patterns compared to type I. Samples of type 11
were not obtained from mixtures of x = 46.7 percent. As shown in table
1, both types of samples were synthesized from mixtures of x = 38.5
percent with distilled water under the same condition, 55 kb and 570°C.
The 10 A-phase’ was synthesized as a single phase from mixtures of x =
42.9 percent.

Results of the thermal analyses for phase D are summarized in table
4, and the thermogram and differential thermal analysis curve are illus-
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trated in figure 5. Figure 5 shows that there are three reaction stages, I,
11, and III, in the temperature range from 400° to 1100°C. X-ray diffrac-
tion showed no change of the structure during stage I. Just before stage
III, a small amount of forsterite and periclase was formed, and a slightly
diffuse diffraction pattern of phase D was obtained. After stage III,
phase D disappeared, and forsterite and periclase increased in amount.
These three reactions are endothermic.

X-ray powder analysis results and measured refractive indices of
hydroxyl-clinohumite synthesized in the present experiments are sum-
marized in table 5 together with those of hydroxyl-fluor—clinohumite
given in the ASTM card and reported by Deer, Howie, and Zussman
(1971). The lattice parameters of hydroxyl-clinohumite were determined
as a = 13.695 = 0.001 A, b = 4.7474 = 0.0002 A, c == 10.284 = 0.001
A, and g = 100.64 = 0.01°. Since the d-spacings given in the ASTM
card are inconsistent with the lattice parameters given in the card, and,
furthermore, the indices of the higher order diffraction are not given, the
parameters were recalculated as a = 13.636 = 0.005 A, b = 4.732 = 0.001
A, ¢ = 10.228 = 0.003 A, and g = 100.83 = 0.03°, using the diffraction
indices given in table 5. The refractive indices of hydroxyl-clinohumite
were measured as « = 1.638 = 0.002, 8 = 1.641 = 0.002, and y = 1.669
+ 0.001. As shown in table 5 the refractive indices of hydroxyl-clino-
humite and of hydroxyl-fluor—clinohumite are similar. A Weissenberg
camera analysis showed that all seven crystals of clinohumite examined
were twinned on the plane (2 0 1), and two were twinned on the plane
(100).

DISCUSSION

Thermal analysis of phase D.—Since the thermogram and differen-
tial thermal analysis curve of phase D shown in figure 5 are similar to
those of phase A reported in the previous paper (Yamamoto and Akimoto,
1974), it is reasonable to conclude that the reactions of phase D during
the thermal analyses are similar to those of phase A. It is plausible to
consider that CO, and H,O are exhausted during stage I and during
stages II and III, respectively. MgCO,, which has been formed by the
coupling of some amount of Mg(OH), in the starting materials with
CO, in air before the formation of phase D, still survives in the run

TABLE 4
Results of thermal analyses for phase D. Synthesized from
5/2 Mg(OH), + SiO, at 50 kb and at about 900°C

Degree of
Temperature Degree of Loss of hydration
Stage (°C) endotherm weight (mg) (Wt %)
! 410 — 546 a little 0.29
11 716 — (860) medium 0.63 5.3
11T (860) — 1063 large 0.52

Mass of the sample; 21.68 mg
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Fig. 5. Thermogram and diflerential thermal analysis curve for phase D (hydroxyl
chondrodite).
products and decomposes in stage I with evolution of CO,. Phase D de-
composes in stages II and III with evolution of H,O. The amount of
hydration of phase D was calculated as 5 wt percent from table 3.
Chemical formula of phase D.—In the formula for phase D,
H;MgySiyOg, L, M, N, and S were determined using the following line
of reasoning: Since the refractive indices of phase D are very close to
those of hydrated and nonhydrated magnesium silicates, we can assume
that the volume per oxygen atom is approx 18 A3 as in typical mag-
nesium silicates such as forsterite and enstatite. As the volume of a
unit cell of phase D is 368.7 + 0.1 A3, the number of oxygen atoms per
unit cell is nominally 20.5. Since phase D belongs to space group P2,/c,
the number of atoms per unit cell must be even (Norman and Lonsdale,
1969). Consequently, the number of oxygen atoms per unit cell becomes
20, and S is equal to 10. From the chemical formula the following equa-
tion must be satisfied.
L/2+M+2N=5=10 (2)

Phase D + clinohumite were obtained from mixtures of x = 70.0 percent,
and brucite + phase D were obtained from mixtures of x = 73.8 percent,
then

0.700 < M/(M+N) < 0.733 (3)

Only one set of positive integers, L. = 2, M = 5, and N = 2, satisfies
both (2) and (3), so the chemical formula of phase D is determined as
H,Mg;Si,0,,, [Mg(OH),+2Mg,SiO,]. This conclusion is supported by
the amount of hydration calculated from the chemical formula, 5.30 wt
percent, which is in good agreement with the measured value.
Hydroxyl-clinohumite and the structural relation of phase D and
hydroxyl-chondrodite—The humite group consists of four minerals of
which chemical formula are generally expressed by Mg(OH,F), - nMg,
SiO, where n = 1, 2, 3, and 4. The mineral is norbergite where n = 1;



TABLE 5

Data of X-ray diffraction and refractive indices for clinohumite

Mg (OH) ,*4Mg,Si0,
(Present work)

Mg (OH,F) ,*4Mg,Si0

4

(ASTM card)

Mg (OH) ,* 4Mg,Si0,
(Present work)

Mg (OH,F) ,"4Mg,Si0,

(ASTM card)

h k1 dobs dcalce Intensity obs Intensity h k1 dpe d..1e Intensity dips Intensity
B o o °
200 6.732 A 6. 730 A 6 306 1.6825 A 1.6825 A 6
°

002 5. 049 5.053 } 50 } 5.02 n 70 106 1.6348 1.6347 15 1.624 & 10
102 5.048 206 1.6321 1.6317 15
300 4.489 4.487 15 424 1.6244 1.6244 15
102 4.467 4.467 25 } 4.44 30 613 1.6223 1.6221 25 1.612 10
202 4.456 4.455 25 524 1.5471 1.5471 10
111 4.189 4.190 2 60 4 1.5419 1.5421 } 25
210 3.882 3.879 25 3.86 30 T1 3 1.5420 1.537 10
202 3.723 3.724 65 } 3.70 70 B0 4 1.5377 1.5375 20
3002 3.714 3.713 60 231 1.5324 1.5326 4
211 3.500 3.499 20 3.48 30 231 1.5136 1.5134 6
012 3461 3.460 } 25 } 3.44 30 502 1.5118 1.5121 6
112 3.458

335 10 E 32 1.5100 1.5102 } 6
400 3.363 3.365 30 132 1.5100
310 3.262 3.261 8 900 1.4955 1.4955 90 1.488 10
112 3.253 3.253 8 306 1.4891 1.4891 55 1.479 50
311 3.233 3.233 25 3.22 50 06 1.4852 1.4851 60
311 2.990 2.988 4 217 1.4028 1.4029 } 20 1.396 10
212 2.930 2.930 10 } 2.91 10 431 1.4026
312 2.926 2.925 12 117 1.3994 1.3995 15
113 2.775 2.775 80 } 2.76 70 333 1.3967 1.3966 6
411 2.758 2.756 35 i 32 1.3500 1.3502 20 1.345 10
013 2.748 2.747 40 2.73 50 532 1.3491 1.3492 15

. .68 10 I

500 2.692 2.692 15 2 134 1.3274 1.3476 15
113 2.616 2.616 35 2.60 30 813 1.3473
502 2.582 2.582 } 4 i 34 1.3219 1.3218 6
412 2.581 806 1.3182 1.3183 4
411 2.553 2.554 65 2.54 70 912 1.3137 1.3136 4
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2.518 A 2.518 A 85 2.51 A 70 ©»
2.419 2.419 40 2.40 30 \é
2.404 2.404 25 } 2.39 10 ) ‘ - : §
2.399 2.399 20 Mg(OH)2 41"1(;25104 Mg(OH,F)2 4MgZSlO4
2.366 2.366 60 2.36 50 (Present work) (ASTM card) =
2.311 2.311 15 2.30 10 0%
2.272 2.273 90 Monoclinic (P21/c) Monoclinic (P21/c) i
2.269 2.268 100 2.26 70 a = 13.695 + 0.001 A a=13.71 A <!
2.261 2.261 95 b = 4.7474 + 0.0002 A (13.636 + 0.005 A) S
2.215 2.214 8 c = 10.284 & 0.001 A b = 4.755 A !
2.205 2.205 10 g = 100.64 + 0.01 ° (4.732 + 0.001 A) mm
2.200 2.200 10 v = 657.1 & 0.1 A3 c = 10.29 A )
2.158 2.158 15 2.15 10 (10.228 + 0.003 A) S
2.091 2.091 8 g = 100.83 ° -~
2.086 2.086 8 (100.83 % 0.03 °) o
2.039 2.040 10 v = 658.7 A> =
1.9501 1.9501 8 (648.1 £ 0.5 A%) =
1.8860 1.8863 10 3
1.8816 1.8820 8 Refractive indices g
1.8765 1.8763 4 3
1.8560 1.8563 4 (Present work) (Deer, Hawie and Zussman,1971) ;
1.8315 1.8317 6 N
1.8087 1.8089 6 o = 1.638 £ 0.002 a = 1.629 — 1.638 S‘
1.7804 1.7804 10 8 = 1.641 % 0.002 B = 1.641 — 1.643 )
1.7493 1.7496 90 } 1.742 70 ¥y = 1.669 £ 0.001 Y = 1.662 — 1.674 >
1.7474 1.7475 95 ]
1.7446 -1.7440 90 1.738 100 s
1.6880 1.6877 15 1.681 10 =
1.6845 1.6845 10 B

10§
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chondrodite where n = 2; humite where n = 3; and clinohumite where
n = 4. The fluor-humite group compounds were synthesized by Rankama
(1947) and Hinz and Kunth (1960). The hydroxyl-fluor-humite group
minerals are found in nature and were synthesized by the partial substi-
tution of fluorine of fluorhumite group compounds by OH by Van
Valkenburg (1955, 1961). However, no successful synthesis of the hydroxyl-
end-members of the humite group has been reported previously in the
literature.

As described in the previous paper (Yamamoto and Akimoto, 1974),
phase D and chondrodite belong to the same space group P2,/c, and their
lattice parameters coincide. The chemical formula of phase D and
hydroxyl-chondrodite are the same. As shown in table 1 and figures 2,
3B, and 4, the stability field of phase D is similar to that of clinohumite.
From these facts one can reasonably conclude that phase D is hydroxyl-
chondrodite.

The results of the X-ray analysis of phase D also support the present
conclusion. The diffraction intensities of 731 non-equivalent reflections
of phase D were measured using an automatic four-circle diffractometer,
and the structure refinement was carried out by ordinary techniques using
the positional parameters of chondrodite published by Taylor and West
(1928) as starting parameters for the full-matrix least-squares program,
RSFLS-4 of the program system UNICS (Sakurai, Nakatsu, and Iwasaki,
1967; Fujitsu, 1972) of the Computer Center at Nagoya University. The
R-factor, (3, | | F, [ — | F, | I/E | F, ]), reached 0.042, and any maximum
or minimum of electron distributions except the maxima considered to
be due to protons was not found in the diagrams of the three-dimensional
difference synthesis calculated using the program RSSFR-5 in UNICS
(Sakurai, 1967). The structure of phase D refined by these measurements
was essentially the same as that of natural chondrodite obtained by Gibbs,
Ribbe, and Anderson (1970).

The high refractive indices of phase D compared with general chon-
drodite (Yamamoto and Akimoto, 1974) are probably due to the high
polarizability of the hydroxyl ions. Since norbergite and humite were
not obtained in the present experiments, it is likely that these phases
have no stability field at pressures ranging from 29 to 77 kb. Theé higher
members of the humite group, Mg(OH), » nMg,SiO, with n = 5, whose
existence has been suggested by Bragg and Claringbull (1965), was not
synthesized in this study.

Twinning in clinohumite.—In the idealized structure of clinohumite
(Taylor and West, 1928), oxygen atoms lie in the positions of hexagonal
closest packing and magnesium atoms lie parallel to the (2 0 1) plane.
The positions of the oxygen atoms have a two-fold rotation symmetry
about the axes perpendicular to the (2 0 1) plane. Twinning on the
(2 0 1) plane can be formed without introducing a large strain into the
lattice. This might be a reason for the frequent observation of this twin
in the present experiments. In the idealized structure the positions of
oxygen atoms have also a two-fold symmetry about the axes perpen-
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dicular to the (1 0 0) plane, and this explains the occurrence of the
(1 0 0) twin described in the section on the experimental results.

Chemical composition of 10 A-phase—The X-ray powder pattern of 10
A-phase shown in table 2 is similar to the patterns of talc and 3T type of
muscovite except the basal spacings. This suggests that the structure of
the 10 A-phase is related to talc as pointed out by Sclar, Carrison, and
Schwartz (1965). It is also possible to consider that constant a in eq (1)
is the basal spacing. From the fact that the observed basal spacings are
slightly different from sample to sample, the amount of hydration and
the stacking schemes of the successive sheets of linked SiO, tetrahedra are
probably different in different samples as observed in some kinds of clay
minerals. Although Sclar, Carrison, and Schwartz reported that this phase
had the composition 5Mg(OH), « 8Si0O,, the present experimental results
indicate that the composition is close to 3Mg(OH), « 45i0,. Unfortun-
ately, since crystals of 10 A-phase are too small to be examined by the
Weissenberg camera, the crystal structure and the exact chemical formula
could not be determined. Therefore, the formula 3Mg(OH), « 45i0, of
10 A-phase is used as an approximation in figures 1 and 2.

Comparison with previous studies—XKitahara, Takenouchi, and Ken-
nedy (1966) determined the equilibrium curves of the following reactions
below 30 kb,

(i) talc = orthoenstatite + quartz + water
(ii) talc + forsterite = orthoenstatite + water
(iii) serpentine = forsterite + talc + water
(iv) brucite + serpentine = forsterite + water

These curves are shown by dotted lines in figure 3A. Our results for re-
actions (i), (iii), and (iv) agree within experimental errors at 30 kb.
Present results for reaction (ii), however, are approx 80°C higher.
Although this difference is within the limit of the maximum uncertainty
due to the experimental errors for pressure and temperature determina-
tions, there is a possibility of disequilibrium in the fairly short critical
runs in this study. The exact position and curvature of curve (ii) must
be determined by reversed reaction experiments using a high pressure
and temperature apparatus which is suitable for long runs. Kitahara,
Takenouchi, and Kennedy constructed a phase diagram of the system
MgO-SiO,-H,O at 30 kb, which is almost identical with figure 2A except
for the absence of phase D and clinohumite.

The equilibrium curves of the transition, orthoenstatite = clino-
enstatite determined by Sclar, Carrison, and Schwartz (1964), Boyd and
England (1965), and Grover (1972), are shown by dotted lines in figure
3A. Present results are significantly different from these previous deter-
minations. According to Riecker and Roony (1967), Coe (1970), and
Smyth (1974), the transition is affected by shear stress. Although shear
stress is probably not significant when water is present as a phase in these
experiments, it may be significant at the initial stage during the period
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of the nucleation and at the time of quenching when the high-pressure
polymorphs of ice are formed. Therefore, the phase boundary between
orthoenstatite and clinoenstatite shown in figures 2 and 3 represents
only the boundary of the synthesis fields of these phases.

Geological application.—It is found in figure 3A and B that the
10 A-phase can coexist with both forsterite and enstatite at relatively low
temperature and high pressure condition: its upper stability limit is
approx 650°C at 48 kb. This suggests that the 10 A-phase could be stable
only in the subduction zone in the upper mantle. Phase A can coexist
with forsterite and enstatite up to 800°C at 77 kb and could also be stable
in the subduction zone.

As seen in figure 3B, clinohumite and chondrodite are stable for
nearly the same pressure-temperature conditions, ranging between approx
700° and 1100°C and 29 to 77 kb. It is noted that they are stable even
along the continental geotherm (Herrin, 1972) at depths between 70 and
120 km. Although both clinohumite and chondrodite are stable only in
rocks much richer in MgO than the accepted mantle rocks, they are of
considerable interest as possible sites for H,O in the upper mantle. The
present experiments also confirm the petrological inference by McGetchin,
Silver, and Chodos (1970) that titanoclinohumite in the Moses Rock kim-
berlite, x[ TiO, » 4Mg.Si0,] * (1—x)[Mg(OH,F), » 4Mg,SiO,], where 1 >
x > 0 had equilibrated in the mantle at depth ranging from approx 50
to 150 km at moderately high temperatures generally less than 1000°C
before transport to the surface during the emplacement of the kimberlite.

Nakamura and Kushiro (1974) suggested on the basis of their ex-
periments on the Mg,SiO,—SiO,—H,O system that water passing upward
through the upper mantle peridotite will carry large amounts of SiO, in
solution, leaving the mantle as a whole relatively depleted in SiO,. As
Ringwood (1975, 1976) suggested, this effect substantially increases the
pressure-temperature stability fields of clinohumite and chondrodite in
the upper mantle. Since there is little doubt that appreciable amounts
of water are present in the subducting lithosphere, it is likely that both
clinohumite and chondrodite are also the possible H,O-bearing mineral
phases in the subduction zone and the overlying peridotite wedge.
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