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1. INTRODUCTION 

This  invest igat ion was commenced with the 
objective of tes t ing suggest ions [1, 2] that c lose -  
packed compounds of the type x MgO. SiO2, 
where x > 2, might be stable under  very  high 
p r e s s u r e s  and might therefore  be p resen t  in the 
e a r t h ' s  mant le .  About 40 runs  at p r e s s u r e s  be -  
tween 100 and 180 k i lobars  and t e m p e r a t u r e s  of 
600-1100oc have been made on oxide mix tu res  
and gels  possess ing  widely varying  ra t ios  of 
MgO to SiO2, the reac t ion  products  being exam-  
ined by optical and X- r ay  diffract ion techniques.  
Resul t s  have not been as  definit ive as  had been 
hoped. It has become clear  that this pa r t i cu la r  
problem might be approached more successful ly  
with a different  type of h igh -p re s su re  t e m p e r a -  
ture  appara tus ,  and no fur ther  work on this  s y s -  
tem is  planned in the near  future.  Never the less ,  
in view of the synthes is  of some new dense 
phases ,  and the possible  bear ing  of our work up-  
on recent ly  repor ted  r e s u l t s  by o thers  [3], a 
b r ie f  descr ip t ion  appeared warranted .  

2. EXPERIMENTAL 

Gels and oxide mix tu res  with composi t ions  
x MgO. SiO2, where x = 1,2,  2 . 5 , 3 , 4 , 5 ,  were 
prepared .  The oxide mix tu res  were  made f rom 
s i l ic ic  acid (~ 10% H20) and MgO, whilst  the 
gels were p repared  by mixing alcoholic and 
aqueous solut ions of e thy l -or thos i l i ca te  and 
magnes ium ni t ra te ,  respec t ive ly ,  evaporat ing 
and drying. Separate por t ions  of the gels were 
then ignited for 1 hr at 700oc, 900°C, l l 0 0 o c ,  
1200oc, and the water contents  of the r e su l t an t  
oxide mix tu res  were de termined.  They were 
found to be 7%, 5%,2% and < 0.5% respec t ive ly .  
Samples  so p repared  were subjected to p r e s -  
su re s  in the range  100-180 kb (NaC1 p r e s s u r e  

scale) [4] and t e m p e r a t u r e s  of 600-1100oc in a 
h igh -p re s su re ,  h igh - t empera tu re  device. This  
device [5] consis ted essen t i a l ly  of a pair  of 
Br idgman anvi l s  with a hea ter  placed between 
them. After completion of a run,  the sample was 
quenched under  p r e s s u r e ,  r e t r i eved  and exam-  
ined by optical and X - r a y  techniques.  

Although this  appara tus  has been used very  
successful ly  with c rys ta l l ine  s ta r t ing  ma t e r i a l s  
[5,6],  the use of par t i a l ly  dehydrated gels  as  
s ta r t ing  ma t e r i a l s  posed some p rob lems  which 
were not sa t i s fac tor i ly  solved. The gels tended 
to extrude unevenly between the heater  faces  
when p r e s s u r e  was applied. This  r e su l t ed  in a 
highly non-un i fo rm dis t r ibut ion  of t empe ra tu r e ,  
and also prevented runs  being c a r r i e d  out for 
more  than 5 min because of the development  of 
hot spots. Accordingly,  when samples  were r e -  
t r i eved  (often with cons iderable  difficulty) they 
usua l ly  consis ted of unevenly heated ma te r i a l ,  
some por t ions  of which had reached equ i l ib r ium,  
whereas  other por t ions  consis ted of un reac ted  
oxides or in te rmedia te  phases.  This  caused con-  
s iderable  difficulty in the in te rpre ta t ion  of X - r a y  
diffract ion photographs,  which usual ly  consis ted  
of a mixture  of phases ,  most ly  unknown, but a lso 
including MgO, st ishovite  and somet imes  fo r -  
s te r i te ,  a l l  of which had to be dis t inguished and 
identified. Also, it proved very  difficult to co r -  
r e l a t e  optical mounts  (usual ly of ve ry  smal l  
s amples  f rom r e s t r i c t e d  regions)  with X - r a y  
diffract ion p ic tures  which tended to "average"  
the phases  f rom a much l a rge r  volume. 

Despite these diff icult ies,  some p r o g r e s s  was 
made. The sys tem proved much more  complex 
than anticipated.  Three new phases ,  A, B and C, 
were dis t inguished on X - r a y  diffract ion photo- 
graphs,  and there  were c lear  indica t ions  of the 
p resence  of other new phases  in addition to those 
which could be specified. Optical examinat ion  of 
mounts  proved difficult  owing to smal l  gra in  size 
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a n d  h e t e r o g e n e i t y .  H o w e v e r ,  t h r e e  a n d  p e r h a p s  
f o u r  p h a s e s  in  a d d i t i o n  to MgO w e r e  d i s t i n -  
g u i s h e d .  M e a n  r e f r a c t i v e  i n d i c e s  cou ld  on ly  b e  
e s t i m a t e d  a p p r o x i m a t e l y .  T h e  t h r e e  d e f i n e d  b i -  
r e f r i n g e n t  p h a s e s  h a d  m e a n  r e f r a c t i v e  i n d i c e s  in  
the  v i c i n i t y  of 1 .65,  1.71 a n d  1 .77,  r e s p e c t i v e l y .  
In a d d i t i o n  t h e r e  a p p e a r e d  to  be  a f o u r t h  b i r e -  
f r i n g e n t  p h a s e ,  w i th  a r e f r a c t i v e  i n d e x  c l o s e  to  
1.74.  H o w e v e r ,  b e c a u s e  of the  p r e s e n c e  of MgO 
(RI  a l s o  1.74) ,  r e c o g n i t i o n  of t h i s  p h a s e  w a s  u n -  
c e r t a i n .  

I d e n t i f i c a t i o n  of A,  B a n d  C w a s  a c c o m p l i s h e d  
b y  c a r e f u l  c o m p a r i s o n  of X - r a y  d i f f r a c t i o n  p h o -  
t o g r a p h s  f r o m  a l a r g e  n u m b e r  of r u n s  on m a t e -  
r i a l s  w i th  d i f f e r e n t  i n i t i a l  c o m p o s i t i o n s ,  d s p a c -  
i n g s  f o r  t h e s e  p h a s e s  a r e  g i v e n  in t a b l e  I .  F a -  
m i l i a r  p h a s e s  s u c h  a s  t a l c ,  s e r p e n t i n e ,  c h o n d r o -  
d i t e - h u m i t e  g r o u p  b r u c i t e  a n d  t h e  10/~ p h a s e  of 
S c l a r  a n d  C a r r i s o n  [7] w a s  no t  r e c o g n i z e d .  A p -  
p a r e n t l y  t h e s e  p h a s e s  a r e  u n s t a b l e  u n d e r  t he  P - T  
c o n d i t i o n s  u s e d .  O u r  i n f o r m a t i o n  i s  i n s u f f i c i e n t  
to  i n f e r  the  c o m p o s i t i o n  o r  s t a b i l i t y  f i e l d s  of 
t h e s e  new  p h a s e s .  H o w e v e r ,  f r o m  a c o n s i d e r a -  
t i on  of t h e i r  s y n t h e s i s  f i e l d s ,  s o m e  u s e f u l  l i m i -  
t a t i o n s  c a n  b e  a s s e m b l e d .  

Table 1 
In te rp lanar  d spacings (A) of phases  A, B and C. 

A 
d I 

3.94 5 
3.65 3 
2.99 2 
2.90 1 
2.79 7 
2.27 10 
2.01 4 
1.76 3 
1.61 1 
1.54 4 
1.49 8 

B 
d$ I 

3.035 1 
2.476 3 * 
2.23O 8 
2.059 10 
1. 886 6 
1.748 < 1 
1.699 < 1 
1.578 2 
1.468 2 * 
1.448 8 * 
1.410 < 1 
1.376 < 1 
1.335 < 1 
1.029 1 
0.916 1 
0.845 ~1 1 
0.840 ~1 1 

C 
d:~ I 

7.4 1 
7.0 1 
4.79 3 * 
4.40 1 
2.99 5 
2.72 8 overlap 
1.604 2 
1.571 5 
1.440 10 
1.375 3 

Identification of the cha rac t e r i s t i c  ref lect ions  of A, B 
and C was impeded by the p resence  of other  phases.  
This applies par t i cu la r ly  to ref lect ions  marked by an 
a s t e r i sk  *. These ref lec t ions  may not belong to the 
phases  specified. 
I: Las t  figure may not be significant.  
I = Es t imated  re la t ive  visual  intensity.  

3. R E S U L T S  

O b s e r v e d  s y n t h e s i s  f i e l d s  of p h a s e s  in  the  
s y s t e m  Mg2SiO4 - MgO - H 2 0  a r e  a s  f o l l o w s .  

v i c i n i t y  of 3 / 2  o r  2. The  m e a n  r e f r a c t i v e  i n d e x  
i n d i c a t e s  a d e n s i t y  of a b o u t  3 .2  g / c m  3 w h i c h  i s  
s u b s t a n t i a l l y  h i g h e r  t h a n  o t h e r  h y d r a t e d  m a g n e -  
s i u m  s i l i c a t e s .  

3 .1 .  P h a s e  A 
T h i s  p h a s e  h a s  a m e a n  r e f r a c t i v e  i n d e x  of 

a b o u t  1.65,  a n d  a low to  m e d i u m  b i r e f r i n g e n c e .  
I n t e r p l a n a r  d s p a c i n g s  a r e  g i v e n  in  t a b l e  I .  I t  i s  
f o r m e d  r e a d i l y  f r o m  m i x t u r e s  of MgO a n d  s i l i c i c  
a c i d  in  t he  2:1 ( m o l )  r a t i o  in  the  p r e s s u r e  r a n g e  
1 0 0 - 1 5 0  kb.  At  l o w e r  p r e s s u r e s ,  f o r s t e r i t e  i s  
o f t en  f o r m e d  f r o m  t h e  m i x t u r e .  In s o m e  r u n s  a t  
a b o u t  100 kb ,  f o r s t e r i t e  p r e d o m i n a t e d  in  the  ho t  
c e n t r a l  r e g i o n s  of t he  m e t a l  s t r i p  f u r n a c e ,  
w h e r e a s  p h a s e  A p r e d o m i n a t e d  in  the  c o o l e r  o u t -  
e r  r e g i o n s .  We  s u s p e c t  t h a t  p h a s e  A i s  h y d r a t e d ,  
a n d  t h a t  the  t e m p e r a t u r e  in  t he  c e n t r e  of  t he  f u r -  
n a c e  w a s  too  h i g h  to  p e r m i t  i t  to  r e m a i n  s t a b l e .  
P h a s e  A w a s  no t  s y n t h e s i z e d  in a n y  r u n s  on a 
m i x t u r e  w i th  a n  MgO s i l i c i c  a c i d  r a t i o  of 1:1.  
C l i n o - e n s t a t i t e  w a s  a l w a y s  f o r m e d  i n s t e a d  b e -  
t w e e n  100 a n d  200 kb .  In g e l s  a n d  m i x t u r e s  w i th  
M g O / S i O 2  r a t i o s  r a n g i n g  b e t w e e n  2.5 a n d  5, on ly  
one  o t h e r  p r o b a b l e  s y n t h e s i s  of p h a s e  A w a s  o b -  
s e r v e d  ( in  a 4 / 1  ge l  a t  120 kb) .  T h i s  r e s u l t  w a s  
a n o m a l o u s  in  c o m p a r i s o n  to o t h e r  r u n s .  F r o m  
the  p r e f e r r e d  s y n t h e s i s  f i e l d  i t  a p p e a r s  p o s s i b l e  
t h a t  p h a s e  A m a y  h a v e  a n  M g O / S i O 2  r a t i o  in  the  

3.2.  P h a s e  B 
T h i s  p h a s e  o c c u r r e d  in n e a r l y  a l l  r u n s  a t  

p r e s s u r e s  a b o v e  110 kb.  T h e  b e s t  y i e l d s  w e r e  
f r o m  p a r t i a l l y  d e h y d r a t e d  3 / 1  g e l s ,  w h e r e  in  
s o m e  r u n s  i t  w a s  the  m o s t  a b u n d a n t  p h a s e  ( a s  
i n d i c a t e d  b y  X - r a y  d i f f r a c t i o n ) .  I n t e r p l a n a r  d 
s p a c i n g s  fo r  t h i s  p h a s e  a r e  g i v e n  in t a b l e  1. 
P h a s e  B w a s  f o r m e d  in  on ly  one  r u n  f r o m  2 / 1  ge l  
(2% H20)  a t  a p r e s s u r e  of a b o u t  140 kb.  B e l o w  
t h i s  p r e s s u r e  f o r s t e r i t e  w a s  f o r m e d .  In t he  5 / 2  
a n d  3 / 1  g e l s ,  p h a s e  B s o m e t i m e s  f o r m e d  a t  
p r e s s u r e s  a s  low a s  110 kb.  At  l o w e r  p r e s s u r e s  
t he  o b s e r v e d  a s s e m b l a g e  w a s  f o r s t e r i t e  + p e r i -  
c l a s e .  In a l l  r u n s  on c o m p o s i t i o n s  w i th  M g O / S i O 2  
r a t i o s  > 2.5 MgO w a s  p r e s e n t  t o g e t h e r  wi th  B. 
F r o m  the  p r e f e r r e d  s y n t h e s i s  f i e l d s  i t  a p p e a r s  
t h a t  the  M g O / S i O 2  r a t i o  of p h a s e  B i s  b e t w e e n  2 
a n d  3. 

The  s t a t e  of h y d r a t i o n  of p h a s e  B i s  no t  ye t  
e s t a b l i s h e d .  It  f o r m s  r e a d i l y  f r o m  g e l s  o r  ox ide  
m i x t u r e s  c o n t a i n i n g  f r o m  2-10% of H 2 0 .  H o w -  
e v e r ,  i t  w a s  no t  f o r m e d  u n d e r  o t h e r w i s e  s i m i l a r  
c o n d i t i o n s  f r o m  a d e h y d r a t e d  ge l  w h i c h  c o n t a i n e d  
< 0.5% of  H 2 0 .  T h i s  cou ld  i n d i c a t e  t h a t  p h a s e  B 
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is  hydrated.  On the other  hand, reac t ion  r a t e s  
in the absence of water  may have been too slow 
to p e r m i t  the format ion  of B f rom MgO and 
Mg2SiO 4 in the short  t ime avai lable .  

The mean r e f r a c t i v e  index of phase B is  high-  
er  than 1.70, but it is  not c lea r  which of the op- 
t ica l ly  observed  high RI phases  it co r re sponds  
to. There  appear  to be two poss ib i l i t i e s :  1) phase 
B may be ident ical  with the low b i re f r ingen t  
phase having a mean r e f r a c t i v e  index of about 
1.71, or 2) it may be ident ical  with the medium 
b i re f r ingen t  phase having a mean r e f r a c t i v e  in-  
dex of about 1.77. The observa t iona l  evidence 
tends to favour the second a l te rna t ive .  It is  pos -  
sible,  however ,  that the high r e f r a c t i v e  index 
phase is s t ishovi te  which has grown under non- 
equ i l ib r ium conditions,  and that phase B c o r r e -  
sponds to the lower  RI phase.  Whichever  of these  
a l t e rna t ives  is  c o r r e c t ,  the range of r e f r a c t i v e  
indices  (1.71-1.77) indica tes  that phase B has a 
high densi ty,  probably between 3.5 and 3.8 
g / cm3 .  

3.3. Phase C 
This  phase has been recogn ized  only in runs  

on gels  and oxide mix tu res  containing >/ 5% H20, 
and with MgO/SiO2 ra t ios  between 3 and 5. It oc -  
cu r s  always as  a r e l a t i ve ly  minor  phase and has 
not been identif ied optical ly.  In te rp lanar  d spac-  
ings a r e  given in table 1C. The low angle r e f l e c -  
t ions suggest  it may be a layer  la t t ice  mine ra l ,  
perhaps  r e l a t ed  to the chondrodi te -humi te  s e -  
r i e s .  The fact  that it has only been synthes ized 
f r o m  composi t ions  such as  water  support  this  
in fe rence .  

4. DISCUSSION 

The poss ib i l i ty  that phases  of the type 
x MgO. SiO2 (x > 2) might ex is t  was suggested by 
the exis tence  of the phase 4MgO. GeO2 [8] and by 
some high P - T  expe r imen t s  by Ringwood and 
Seabrook [1] on a mixture  of MgO with hydrous 
ge rman ic  (MgO/GeO2 = 2). These  authors  found 
that at 600oc and at p r e s s u r e s  up to 90 kb, the 
mixture  c rys t a l l i zed  to Mg2GeO4 spinel.  How- 
eve r ,  above this  p r e s s u r e  the reac t ion  products  
were  found to be MgGeO3 (i lmenite)  plus a new 
phase,  be l ieved  to be approx imate ly  5MgO. GeO2. 
Accordingly  it was i n f e r r ed  that Mg2GeO4 spinel  
was unstable at high p r e s s u r e  and t r a n s f o r m e d  
into a denser  mixture  of phases .  We have since 
checked this in te rpre ta t ion  by subject ing a s a m -  
ple of the phase 4MgO. GeO2 [8] to a p r e s s u r e  of 
170 kb and 1000oc under  dry conditions.  C o m -  

plete  convers ion  into Mg2GeO4 (spinel) + MgO 
was observed .  This  indica tes  that the new phase 
fo rmed  by Ringwood and Seabrook above 90 kb 
was probably hydrated,  and that Mg2GeO4 spinel 
i s  stable under dry conditions at l eas t  to 170 kb. 
Compar i son  with the cor responding  ge rmana te  
sys tem accord ing ly  does not support  the i n t e r -  
pre ta t ion  of phase B as  an anhydrous phase 
x MgO. SiO2 with 2 < x < 3. It sugges ts  on the 
con t ra ry  that phases  B and C may be hydrated.  
Neve r the l e s s ,  the g e r m a n a t e - s i l i c a t e  analogy is  
not dec i s ive  in the p resen t  case  since phases  B 
and C do not co r respond  s t ruc tu ra l ly  to the g e r -  
manate phase r e f e r r e d  to above. The nature of 
the new s i l ica te  phases  can only be f inal ly e s t ab -  
l i shed with a di f ferent  type of high P - T  appara tus  
capable of maintaining much higher  t e m p e r a t u r e s  
for  sustained per iods  than our p resen t  appara tus .  
The exis tence  of phase B with i ts  high densi ty 
p rov ides  an incent ive  for fur ther  invest igat ion.  
If it should turn out to be anhydrous,  then it 
could be of major  impor tance  as  a const i tuent  of 
the e a r t h ' s  mantle .  If, on the other  hand, it 
p roves  to be hydrated,  then it could a lso  be of 
s ignif icance in the deep mantle  as  a h igh-dens i ty  
host  mine ra l  for OH -1 ions. 

Phase A is  a l so  of some s ignif icance in con- 
nection with r e s e a r c h  on the o l iv ine - sp ine l  t r a n -  
sition. We found p rev ious ly  that whe reas  f o r -  
s t e r i t e  could be read i ly  synthes ized by reac t ing  
mix tu res  of MgO and s i l i c i c  acid  at p r e s s u r e s  up 
to about 120 kb at 900oc, ne i ther  f o r s t e r i t e  nor 
the new sp ine l - l ike  phase [5] Mg2SiO4 could be 
fo rmed  in this manner  at p r e s s u r e s  of 150-200 
kb (900oc). Bundy (personal  communicat ion)  has 
had s imi l a r  exper ience .  In our expe r imen t s ,  
phase A is  nea r ly  a lways synthes ized  f rom the 
2/1 oxide mixture  at p r e s s u r e s  g r e a t e r  than 
about 120 kb. Recent ly  Kawai et al.  [3] have r e -  
por ted  some h i g h - p r e s s u r e  expe r imen t s  on m i x -  
tu res  of MgO and SiO2 at 800oc. At p r e s s u r e s  
below 150 kb, they synthes ized f o r s t e r i t e  w h e r e -  
as  above 150 kb they c l a imed  to have synthes ized 
Mg2SiO4 spinel  with a la t t ice  p a r a m e t e r  of 
8.19/k. F r o m  the X - r a y  dif f ract ion chart  which 
they published we a r e  v e r y  doubtful whether  
the i r  new phase is  a spinel .  F u r t h e r m o r e  the 
la t t ice  p a r a m e t e r  of the i r  "sp ine l"  is  in s e r ious  
d i s ag reem en t  with the concordant  r e su l t s  ob-  
tained by other  w o r k e r s  [3, 9, 10]. 

We do not know whether  the oxide mixture  
used by Kawai et al .  contained any water ,  but we 
suspect  it might.  In our expe r i ence ,  dry mix -  
tu res  of MgO and SiO2 at 800oc and under high 
p r e s s u r e s  do not read i ly  r e a c t  to complet ion in 
shor t  runs ,  but yield pr inc ipa l ly  p e r i c l a s e  + 
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s t i s h o v i t e .  If the  m i x t u r e  u s e d  by Kawai  e t  a l .  
c o n t a i n e d  s o m e  w a t e r  t hen  an e x p l a n a t i o n  of 
t h e i r  r e s u l t s  m a y  be  a t  hand ,  s i n c e  the  d i f f r a c -  
t ion  p a t t e r n  of t h e i r  " s p i n e l "  b e a r s  a s t r o n g  r e -  
s e m b l a n c e  to  ou r  h y d r a t e d  p h a s e  A. 
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