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Phase relations in the system NiA&O,-N&SiO, were studied in the pressure range 1.5 - 13.0 GPa and 
in the temperature range 800 - 1450°C. Two new phases, IV and V, were found in regions of pressure 
higher than 4 GPa. Phase V disproportionates into a mixture of Ni,SiO,-spinel, NiO, and A&O, at 
approximately 9.5 GPa and 1100°C. Phases III, IV, and V form a solid solution in some compositional 
range: phases IV and V have a composition around NiAl,04 . Ni,SiO,, whereas phase III spreads from 
NiA&O, . Ni,SiO, to the NiAl,O,-rich side. All the phases I - V are structurally considered to be 
spine1 derivatives, “spinelloids,” with three kinds of tetrahedral groups; isolated tetrahedra TO1, 
linked ones T90,, and triply linked ones Tao,,. The ratios of isolated tetrahedra to linked ones are large 
in the higher-pressure phases and small in the lower-pressure phases. The difference of compositional 
range of phase III from that of phases IV and V is possibly explained by the avoidance of linked 
tetrahedra such as O,-Al-O-Al-O,. 

Introduction 

The olivine(a)-spinel(y) phase transfor- 
mation of M,TO, compounds at high pres- 
sures and high temperatures has been ex- 
tensively investigated not only for interest 
in their crystal-chemical properties but 
also for application to solid-state behavior 
of the Earth’s interior. During the course of 
studies on phase transformations of nearly 
iron-free (Mg,Fe),SiO,, Ringwood and Ma- 
jor (1) observed the presence of an interme- 
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diate phase between the (Y and y phases, 
This intermediate phase was confirmed as a 
stable phase in the studies of phase trans- 
formations of Co,SiO, (2) and Mn,GeO, 
(3). 

Crystal structure studies of the interme- 
diate phases of Mn,GeO, (4) and (Mg,,, 
Ni,&SiO, (5) revealed that the structures 
were closely related to the spine1 structure, 
therefore these intermediate phases were 
designated as “modified spinel” or “p- 
phase.” Recently, the structure of pure 
/3-MgzSiO, has also been precisely studied 
(6). 

It is of interest to search for other possi- 
ble intermediate phases between (Y and y 
phases under high-pressure and high-tem- 
perature conditions. Ma (7) investigated the 
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phase equilibria of the pseudobinary sys- 
tem NiA&O,-Ni,Si04 at pressures up to 4 
GPa in the temperature range 1000 - 
1700°C. In the system NiAlZ04-NizSi04, 
one end member NiAl,O, crystallizes in the 
spine1 structure at atmospheric pressure, 
whereas the other, Ni$iO,, directly trans- 
forms from the olivine to the spine1 struc- 
ture at approximately 3 GPa at 1OOOC. He 
found three new phases in the system 
NiAl,O,-Ni,SiO, besides (Y and y phases 
which were denoted as phases I, II, and III. 
The compositions of these three phases are 
represented by 3NiA&O, * Ni,SiOl (phase 
I), 3NiA&04 * 2Ni$iO, (phase II), and 
NiAl,O, * Ni,SiO, (phase III). The struc- 
ture studies indicated that phases II (8) and 
III (9) are isostructural with manganosti- 
bite, Mn,SbAsO,, (IO), and with the /3 
phase, respectively, and phase I (11) is a 
new spinel-related structure which has iso- 
lated tetrahedra TO, and triply linked tetra- 
hedra T301,, in it. 

Two new phases, IV and V, with approx- 
imate composition NiA1204 * Ni,SiO., were 
found in the recent investigation on the 
phase relations of the system NiAl,O,-Ni, 
SiOI at higher pressure than that used by 
Ma (7). Structure analyses on these new 
phases indicated that they are interpreted 
as a hybrid structure of spine1 and P-phase 
structures (12, 13), both of which have iso- 
lated tetrahedra TO, and linked tetrahedra 
T,O, in the structures. In a previous paper 
(14), the aforementioned phases I - V were 
structurally summarized as “spinelloids” 
and the relationship between structure and 
stability pressure was discussed. 

In this study, the phase relations in the 
system NiA&O,-Ni$iO, were examined in 
the pressure range 1.5 - 13.0 GPa and in 
the temperature range 800 - 1450°C. A 
pressure-temperature stability diagram is 
determined for the bulk composition of 
NiAl,O, * Ni,SiO,. Furthermore, an iso- 
thermal section of the synthesis diagram of 
the high-pressure phases in the NiAl,O,- 

Ni,SiO, system is presented at llOtY’C, and 
the interrelationship among pressure, struc- 
ture, and composition is also discussed. 

Experimental 

1. High-pressure and high-temperature 
uppara tus. High-pressure and high-temper- 
ature experiments were carried out by 
means of two types of high-pressure appa- 
ratus: a tetrahedral-anvil type and a dou- 
ble-staged cubic-octahedral-anvil type in 
the Institute for Solid State Physics, Uni- 
versity of Tokyo. The former type of appa- 
ratus was used for the experiments in the 
pressure range 1.5 - 9.5 GPa; the latter for 
the experiments at 8.2 - 13.0 GPa. In the 
runs with the tetrahedral-anvil type, four 
different sizes of anvils with triangle faces 
9, 15, 20, and 25 mm in edge were used 
together with pressure medium pyrophyllite 
tetrahedra 14, 20, 25, and 30 mm in edge, 
respectively. In the experiments with the 
cubic-octahedral apparatus, a 2.5-mm- 
edge octahedral anvil was used in combina- 
tion with a 7-mm-edge octahedron made of 
semisintered polycrystalline MgO. A de- 
tailed description of this cubic-octahedral 
apparatus was given by Akaogi and Aki- 
mot0 (15). 

Pressure values in these multianvil appa- 
ratuses were estimated by a calibration 
curve which was obtained in advance from 
the relationship between the press load and 
the electric resistivity change at several 
pressure-fixed points such as Bi I-11(2.55 
GPa), Ba I-11(5.5 GPa), Bi III-V(7.7 GPa), 
and Ba II-III(12.6 GPa) based on the NBS 
scale (16) and Akimoto et al. (17). 

In most of the experimental runs, a plati- 
num cylindrical foil was used as a furnace 
and the starting materials were placed di- 
rectly in it. Graphite cylindrical heaters 
were also used for some of the runs at tem- 
peratures higher than llOO”C, because the 
platinum heaters were often burned off at 
high temperatures. In this case, samples 
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were charged into a platinum capsule in or- 
der to avoid reduction of the sample due to 
the reducing atmosphere at the elevated 
temperatures. The capsule was covered 
with a pyrophyllite sleeve, and then placed 
into the graphite heater. Temperatures were 
measured by Pt/Pt-13% Rh thermocouples 
which were placed in contact with the out- 
side of the platinum capsule or the platinum 
heater. No corrections were made for the 
effects of pressure on the electromotive 
force of the thermocouple. 

2. Starting materials. In this study, three 
kinds of starting materials were used: (1) 
mixtures of synthetic Ni,SiO,(olivine) and 
NiAl,O,(spinel), (2) mixtures of NiO, 
Al(OH),, and silicic acid, and (3) mixtures 
of each component of (2) preheated at 
700°C for about 30 min. The starting materi- 
als (1) were used in most runs for the equi- 
molar composition of NiAl,O, and Ni,SiO,. 
Ni,SiO,(olivine) was prepared by heating a 
mixture of NiO and silicic acid in appropri- 
ate composition at 1300°C for 202 hr. 
NiAl,O,(spinel) was synthesized from the 
equimolar mixture of NiO and Al,O, at 
1420°C for 48 hr. In some runs, a small 
amount of water was added to (1) to in- 
crease the reaction rate. In the runs for 
growing single crystals large enough for the 
structure analyses of the phases in the sys- 
tem NiAl,O,-Ni,SiO,, the starting materi- 
als (2) were adopted. The starting materials 
(3) were used in order to avoid the effects of 
water on the phase equilibrium studies, and 
they were also used in the runs of composi- 
tions with mNiAl,O, . nNi,SiO, (m : n = 
3:1, 3:2, 2:3, and 1:3). 

3. Identification of phases and chemical 
compositions. Normal quenching technique 
was applied to obtain desired specimens in 
this experiment. The sample was held at an 
appropriate pressure-temperature condi- 
tion for enough time to be in equilibrium, 
the temperature was rapidly decreased to 
room temperature by turning off the heating 
power, and finally the applied pressure was 

released. All the quenched products were 
examined by X-ray powder diffraction with 
CuKa radiation. Single crystals of products 
were examined by conventional X-ray cam- 
era methods in order to obtain crystallo- 
graphic data. 

An analytical electron microscope 
(AEM) in the Institute of Scientific and In- 
dustrial Research, Osaka University, was 
also used to identify the phases of the prod- 
ucts. We can get information on the chemi- 
cal compositions and the diffraction pat- 
terns simultaneously for an area smaller 
than 1 pm by AEM. We used specimens 
which were prepared as thin as possible in 
order to avoid the systematic errors due 
to the thickness of the specimen. Stan- 
dard materials, such as Ni,SiO,(olivine), 
NiAl,O,(spinel), Al,SiO,(kyanite), and an- 
orthite with a composition Ab,An,,, were 
used to calibrate the cation ratios and the 
ratios of integrated characteristic X-ray in- 
tensities from cations. Energy analyses of 
Al and Si of specimens 1 (phase IV) and 2 
(phase V) and their electron diffraction pat- 
terns are shown with the X-ray spectrum of 
A1,SiOS in Fig. 1. Characteristic X-ray 
spectra in Fig. 1 indicate the same Si/Al 
ratios for all materials, and the electron dif- 
fraction patterns show that the periodicities 
along 6” are different between specimens 1 
and 2. 

Results and Discussion 

I. Results 

Experimental results are summarized 
into two groups as follows: (1) determina- 
tion of the phase relations of the composi- 
tion fixed to NiAI,O, . Ni,SiO, in the pres- 
sure and temperature ranges 1.5 - 13.0 
GPa and 800 - 1450°C respectively, and 
(2) determination of the phase relations of 
various compositions with mNiAl,O, . nNi, 
SiO, (m:n = 3:1, 3:2, 2:3, and 1:3) at 
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(a) 

(b) 

FIG. 1. Comparison of characteristic X-ray spectra from phases IV (a) and V (b) of nickel aluminosil- 
icates and kyanite (AlzSi05) (c). Kyanite was used as a standard specimen. Electron diffraction pat- 
terns of phases IV (d) and V (e) are also shown. 



temperatures of 1100 - 1330°C and in the 
pressure range 3.8 - 7.2 GPa. 

The results of each run in the cases of (1) 
and (2) are listed in Tables I and II, respec- 
tively. In this work, two new phases, desig- 
nated as phases IV and V, were found. In 
addition to these phases, phases II and III, 
olivine, silicate spinel, aluminate spine& 
NiO, and A&O, were also observed. Phases 
II and III observed in this study were con- 
firmed to be identical to phases II and III, 
respectively, reported by Ma (7) by means 
of the X-ray diffraction method. 

2. Crystal -Chemical Properties of Phases 
IV and V 

Crystals of phases IV and V are transpar- 
ent and green, and show low birefringence 
under the petrographic microscope. The 
optical properties are quite similar to those 
of phase III. X-ray powder diffraction pat- 
terns of phases IV and V give strong subcell 
reflections which are related to the spine1 
structure, and these characteristics are also 
seen in the diffraction patterns of phases I, 
II, and III. However, the features of extra 
reflections are quite different among these 
five phases as shown in Fig. 2, so that each 
phase is easily distinguished. Crystal data 
of phases I - V are summarized in Table 
III. The result of structure analysis of each 
phase was reported as shown in the refer- 
ences of Table III. 

3. Pressure -Temperature Diagram of 
NiAl,O, ’ NiJiO, 

A synthesis diagram of high-pressure 
polymorphs for the composition NiAl, 
0, . Ni,SiO, is illustrated in Fig. 3. In 
the present experimental condition, phases 
II, III, IV, and V were observed, in addi- 
tion to olivine and spine1 phases, NiO, and 
Al,O, . In the pressure range 1.5 - 3.0 GPa 
at temperatures 1080 - 144O”C, the two- 
phase assemblage of phase II plus olivine- 
type phase was observed. At higher pres- 
sures, this assemblage transforms to a 

TABLE I 

RESULTS OF RUNS FOR THE BULK COMPOSITION OF 
NiAl*O, . Ni,SiO, 

Tem- 
Pres- pera- 

Run sure ture Time 
No. (GPa) eo (min) Phases 

92 1.5 1190 60 
90 1.7 1320 20 
64 1.9 1220 20 
55b 2.1 1080 90 
70 2.2 1300 15 
84” 2.3 1260 20 
31* 2.5 1130 50 
54b 2.6 1060 60 
29 2.6 1190 40 
28 2.7 1290 30 
83” 2.8 1230 30 
58 3.0 1440 15 
53” 3.1 1060 30 
63 3.2 1200 25 
57 3.4 1440 15 
21 3.5 1300 20 
27b 3.7 850 120 
34 3.8 1150 60 
sob 3.8 1270 15 
61 3.9 1400 10 
8 4.0 930 90 

16 4.4 1070 45 
41” 4.6 1220 25 
48” 4.6 1450 10 
17 4.7 1060 80 

703 5.0 900 240 
619 5.5 1180 60 
20 5.6 1070 90 
35 5.8 1270 20 

107b 6.1 900 90 
611” 6.5 1280 20 
106a 6.6 900 120 
42 7.0 1420 10 
99 7.1 1100 45 
39 7.2 940 80 
38 7.3 1080 30 
36 7.4 1270 20 

704 8.2 1000 55 
95 8.6 1260 10 
97 9.3 1100 20 
96 9.5 1260 15 

705 9.7 1050 20 
428 10.0 900 60 
424 13.0 800 70 
427 13.0 850 50 

01 + II 
II + 01 
II + 01 
II + 01 
II + 01 
II + 01 
III + 01 + II 
III 
III + 01 + II 
III + II + 01 
II + III + 01 
II + III + 01 
III 
III 
III 
III 
III 
III 
III 
III 
III 
III 
III 
III 
III 
III 
III 
III + IV 
III + IV 
IV 
IV 
IV 
IV 
IV 
IV 
IV + v (tr) 
v + IV 
V 
V 
V 
V 
S.Sp + Cor + NiO 
S.Sp + Cor + NiO 
S.Sp + Cor + NiO 
S.Sp + Cor + NiO 

Note. Starting materials: 0 NiO + Al(OH), + silicic 
acid; b NI,SiO, (olivine) + NiAl,O, (spinel) + H,O; 
others, Ni,SiO, (olivine) + NiAl,O, (spinel). Phases: 
II, III, IV, and V, phases II - V of nickel-aluminosili- 
cates; 01, Ni,SiO, (olivine); S.Sp, Ni,SiO, (spinel); 
Cor, Al,O,. 
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TABLE II 

RESULTSOFRUNSFORTHE BULKCOMPOSITIONSOF mNiAl,O,. nNi,SiO, WITHM:~ = 3:1,3:2,2:3, AND 
I:3 

Run No. 

Bulk 
composition 

(m/n) (GPpa) 
Time 
(min) Phases 

37 
39 
41 
53 
44 

9” 
12” 
5” 

47 
49 
15” 
51 
45 
16” 

48 
50 
52 
46 
25” 
24” 
22” 
23” 

38 
40 
42 
54 
43 
42 
29” 
20” 
26” 

3 
3 
3 
3 
3 
3 
3 
3 

: 

: 

: 

“3 

: 

: 

s” 

: 
h 
b 

: 

: 
& 

4.0 1100 60 Sp + III (tr) 
5.0 1100 60 IV + sp 
6.1 1100 60 IV + sp 
6.5 1100 60 IV + sp (tr) 
6.9 1100 60 IV + sp 
6.3 1250 10 sp + IV (tr) 
5.2 1260 35 sp + IV 
6.0 1300 10 IV + sp 

3.8 
5.0 
5.5 
6.0 
7.2 
5.0 

1100 
1100 
1100 
1100 
1100 

60 
60 
25 
60 
60 
15 

III + sp 
IV + III 
IV 
IV 
IV 
IV + III (tr) 

3.8 1100 60 III + X, + X 
5.0 1100 60 IV + x (tr) 
6.0 1100 60 III + IV + s.sp + x (tr) 
7.2 1100 60 v + s.sp + x 
4.0 1250 30 III + IV 
5.0 1300 30 IV + III 
6.1 1300 30 IV + III + x, 
7.0 1300 30 IV + Gl 

4.0 1100 60 III + x, 
5.0 1100 60 III + s.sp 
6.1 1100 60 III + s.sp (tr) + x, (tr) 
6.5 1100 60 s.sp +x 
6.9 1100 60 s.sp + x 
6.1 1250 60 III + s.sp (tr) + x, (tr) 
6.0 1320 30 III + x, 
7.0 1320 30 V + III (tr) + Gl (tr) 
4.0 1330 30 III + x, 

Note . Starting materials: a marked runs, mixtures of NiO, Al(OH),, and silicic acid; others, mixtures of above 
heated at 700°C for 30 min. Phases: III, IV and V, phases III - V of nickel-aluminosilicates: Sp, NiAl,O, 
(spinel): S.Sp, NixSiO, (spinel); Gl, glass; X and X,, unknown phases (see text). 

single phase III. These results are consist- gested by Akimoto et al. (18). Phase III 
ent with the study by Ma (7), except that transforms to phase IV at the approximate 
the transformation pressure of this work is pressure 5.5 GPa, and phase IV further 
a little higher than that reported by Ma. transforms to phase V at 7.0 GPa. At the 
This discrepancy may be attributed to the pressure 9.5 GPa, phase V decomposes into 
decrease of pressure in the pyrophyllite cell a mixture of Ni,Si04 (spine1 type), NiO 
at high temperature above 1OOWC in the (rock salt type), and A&O, (corundum). A 
case of using a multianvil apparatus, as sug- spine1 solid solution with the composition 
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Phase IV 

Phase II Phase V 

211 
013 

Phase III 

J\ 
10 14 32 35 28 

FIG. 2. Comparison of X-ray powder diffraction patterns among phases I - V of nickel aluminosili- 
cates. Patterns of phases I and II were quoted from the experimental results of Ma (7). p-filtered CuKct 
radiation was used. 

NiAl,O, . Ni,Si04 was not observed in this 
experiment. This disproportionation might 
be closely related to the decomposition of 
NiAl,O, (spinel) into NiO and A&O,, which 
was reported by Ringwood and Reid (I 9). 

Each phase of I - V has a narrow com- 
positional range as discussed in the follow- 
ing section in detail. Therefore, two-phase 
fields of III,, + IV,, and IV,, + V,, should 
exist in the phase diagram of Fig. 3 for the 
composition NiAl,O, . Ni,Si04. The two- 
phase fields are tentatively added in Fig. 3. 

Using the cell constants, density in- 

creases accompanying the following phase 
transformations or reactions: 

3NiAl,O, * 2Ni,SiO, + Ni,Si04 + 
phase II olivine 

3[NiAl,O, . Ni,SiO,], 
phase III 

NiAl,O, . Ni,SiO, + NiAl,O, * N&SiO, , 
phase III phase IV 

NiAl,O, . Ni,SiO, + NiAl,O, . Ni,SiO, , 
phase IV phase V 

TABLE III 

CRYSTAL DATA FOR PHASES I - V 

Phase 
Compositions 

(NiAl,O,/Ni,SiO,) 
b 

(.Q 
Space 
group Density Ref. 

I 
II 

III 
IV 
V 

3 5.6664(5) 11.496(2) 8.0983(7) Pmma 4.69 (11) 
t 5.6603(7) 17.298(2) 8.110(l) Imma 4.78 (8) 
1 5.665(2) 11.483(2) 8.100(2) Imma 4.87 Present work 
1 5.665(2) 28.646(9) 8.091(9) Imma 4.900 (1.2) 
1 5.665(l) 8.590(l) 8.097(2) Pmma 4.997 (13) 

Note. Values in parentheses of lattice constants are standard deviations. 
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12, 1 

Spine1 (PI+NiO+Al203 
1 

a - 

2 - 

II S.S. + Olivine (a) 

1 

a00 1000 1200 1400 1600 
T E MPE RATURE /‘C 

FIG. 3. A pressure-temperature diagram for the synthesis of the high-pressure phases of the bulk 
composition of NiAI,O, . Ni,SiO, . Notations are shown in Table I. 

NiAl,O, * Ni,SiO., + 
phase V 

Ni,SiO, + NiO + AhO, , 
spine1 rock salt corundum 

are calcuated to be 1.7, 0.6, 0.2, and 3.9%, 
respectively, where the lattice constants for 
phases I - V are from Table III and those 
for Ni.$iO, olivine and spine1 are from the 
data reported by Akimoto et al. (20). 

4. Pressure -Composition Diagram of the 
System NiAl,O,-Ni,SiOl 

A pressure-composition diagram for the 
synthesis of the high-pressure phases in the 
system NiAI,O,- Ni,SiO, at I 100°C is 
shown in Fig. 4. The data points in Fig. 4 
were partially collected from Tables I and 
II. The phases which were observed in the 

runs with various bulk compositions are the 
same as those found in the experiments 
with the composition NiAl,O, * Ni,SiO, in 
the previous section, except for unknown 
phases assigned as X and X, in Table II. 

Chemical compositions of phases III, IV, 
and V, silicate spinel, and aluminate spine1 
in six typical run products, which were 
evaluated by means of AEM, are listed in 
Table IV. The results indicate that phases 
III, IV, V, silicate spinel, and aluminate 
spine1 have a compositional range as a solid 
solution in the pseudobinary system 
NiAl,O,-Ni,SiO, . Phase boundaries in 
Fig. 4 were schematically represented on 
the basis of phase assemblages and the 
chemical composition of each phase in the 
run products. In this diagram, phase rela- 
tions at pressures lower than 3 GPa and 
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10 Spc 1;)+NiO+Al203 
___-__-- _--- -- ---- 

NiAl204 8o 60 40 20 Ni2SiO4 
mol Oh 

FIG. 4. A schematic pressure-composition diagram for the synthesis of the high-pressure phases in 
the system NiAl,O,-Ni,SiO, at approximately 1100°C. Notations are shown in Table II. 

higher than 8 GPa are based on the results and V have a fairly wide compositional 
by Ma (7) and those described in the pre- range, and a region of each phase is sepa- 
vious section, respectively. Phases III, IV, rated by a two-phase field. Therefore, it will 

TABLE IV 

CHEMICAL COMPOSITIONS OF COEXISTING PHASES OF SEVERAL TYPICAL RUN PRODUCTS 

Run No. 
Bulk composition P 
NiAl,O, . Ni,SiO, (GPa) Phase 

Composition of 
each phase 

40 1 

42 1 

52 2 3 6.0 1100 

46 2 

37 3 

44 3 

5.0 1100 

6.1 1100 

III 
s.sp. 

III 
ssp. 

IV 
III 

s.sp. 

7.0 

4.0 

1100 

1100 

1100 

1 V 
SSp. 

1 SP. 
III 

1 SP. 
IV 

0.28NiAI,O, O.J2Ni,SiO, 
O.lONiAl,O, 09ONi,SiO, 
0.39NiA1,0b 0.61NizSi0, 
0. IONiAl,O, 09ONi,SiO, 
OSONiA&O, O.SONi,SiO, 
0.39NiAl,O, 0.61Ni,SiO, 
O.lONiAl~O, 09ONi,SiO, 
0.40NiAl,O, 0.60Ni,SiO, 
0.08NiA1,01 0.92Ni,SiO, 
0.86NiAl,O, O.l4Ni,SiO, 
0.46NiA120, 0.54Ni,SiO, 
088NiAl,O, O.lZNi,SiO, 
056NiAl,O, 044Ni,SiO, 

Note. Phase: III, IV and V, phases III - V of nickel aluminosilicates; S.Sp., silicate spinel; Sp., aluminate 
spine]. Standard deviations for compositions are approximately 0.05. 
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be reasonable to consider that the crystallo- 
graphic relationship among phases III, IV, 
and V is not polymorphism. 

Small amounts of phases assigned as X 
and X, were often observed only in the run 
products obtained under hydrous condi- 
tions with SiO,-rich compositions. X-Ray 
microanalysis spectra from the phases X 
andX, by means of AEM indicated that the 
phases contained trace or no Ni and were 
rich in Si and/or Al. The X-ray powder dif- 
fraction patterns and the chemical composi- 
tions of the phases X and X, suggested that 
these phases were related to layered alumi- 
nosilicate, but the details are still unknown. 

5. Crystal Structure and Its Relation to 
Phase Diagram 

Crystal structures of phases IV and V 
were reported by Horioka et al. (12, 13) 
and that of phase III by Ma and Sahl (9). 
These studies indicate that phase III is iso- 
structural to the modified spinel, and 
phases IV and V crystallize into hybrid 
structures of modified spine1 and spinel. 
Both structures of phases IV and V are con- 
structed from an isolated tetrahedron TO, 
and a linked group T,O,, being accompa- 
nied by a single column and a double 
column of MOB octahedra. The ratios of 
TO, to T,O, in the structures of phases IV 
and V are 1: 2 and 1: 1, respectively. In 
phase III, only the T20, group is observed. 

TABLE V 

TETRAHEDRAL GROUPS IN THE STRUCTURES I - V 
AND THE APPROXIMATE PRESSURE AND 

COMPOSITION RANGES OF THEIR STABILITY FIELDS 

Composi- Stabiity 
rim pR?SSU~ 

Phase TO, T,O, T,O,, W (GE’@ 

I 1 1 - 0.25 0.0 - 2.5 
II 1 - 0.60 2.0 - 2.5 

III 1 0.25 - 0.50 2.5 - 6.0 
IV 1 2 0.50 - 0.60 5.0 - 7.2 
V 1 1 0.45 - 0.50 7.0- 9.5 

a Compositions are given by x(NiA&O,) (1 - x)Ni,SiO,. 

The structure of phase I (I I ) contains both 
TO, and T,O10 and phase II contains only 
T,O,O. The tetrahedral groups in phases I - 
V are summarized in Table V together with 
their pressure and composition ranges. If 
we assume a “basic structural unit” in the 
spine1 structure, which is constructed from 
a TO, tetrahedron and an MO, octahedron, 
all the structures of phase I - V can be 
represented by one-dimensional arrange- 
ments of the unit along the b axes. The ar- 
rangements of the unit along the a and c 
axes are the same as that of spinel. Thus, 
these phases I - V can be considered to be 
spine1 derivatives, and were systematized 
as “spinelloids” (14). 

The ratios of isolated tetrahedra in the 
structures are systematically increased in 
the phases stable at high pressures. This 
tendency is especially clear in phases III, 
IV, and V. Phase V decomposes into a mix- 
ture of silicate spinel, NiO, and Al,O,, in 
which the T,O, group is not found but only 
TO4 is observed. The oxygen packings in 
the structures should become more ideal 
under higher-pressure conditions in order 
to increase their densities. Strong interca- 
tion repulsive forces between linked tetra- 
hedra like T,O, or T,O1,, cause the oxygen 
packing to distort and this distortion will be 
disadvantageous for the structure to be 
dense under high-pressure conditions. 
Therefore, the ratio of isolated tetrahedra in 
the structures will be increased in higher- 
pressure phases. 

As shown in Fig. 4, the stability region of 
phase III deviates from the NiAl,O, . Ni, 
SiO, composition to the Ni,SiO,-rich side. 
This can be explained by the avoidance of 
linked tetrahedra like O3 - Al- 0 -Al - O3 in 
the structure, because phase III contains 
only linked tetrahedra T,O, and both of the 
T’s cannot be occupied by Al ions. On the 
other hand, compositional ranges of phases 
IV and V can spread to the NiAl,O,-rich 
side, because they contain both isolated 
TO, and linked T,O, , and both TO, and one 
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of the T’s of T,O, can be occupied by Al 
ions. In fact, the results of the structural 
analyses of phases IV and V reveal that Al 
ions are relatively concentrated in isolated 
tetrahedra (12, 13). 

In contrast to the NiA1204-Ni,Si04 sys- 
tem, “spinelloids” with spinel-related 
structures do not occur in the system 
FeAl,O,- Fe,SiO, and CoA1,04-Co$iO, 
(21). In these systems, M,Al,Si,O,, (M = 
Fe and Co) garnet phases appear in the 
phase assemblages. The occurrence of 
spinelloids in the system NiA&04-Ni,SiO, 
might be related to the instability of N&Al, 
Si,O,, garnet. 
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