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ABSTRACT 

Kuskov, O.L., Fabrichnaya, O.B. and Truskinovsky, L.M., 1991. Constitution of the mantle. 2. Petrological models of 
transition zone based on FMS phase diagram. Phys. Earth Planet. Inter., 69: 72-84. 

A detailed picture is presented of phase transformations in the mantle transition zone, based upon the study of phase 
relations and topologies in the FeO-MgO-SiO 2 (FMS) system. The ( P - T ) x  diagram for the composition close to pyrolite 
(SiO 2 = 40 mol.% and Fe/(Fe + Mg) = 0.12) is used in modelling the structure of the mantle transition zone, to connect phase 
transitions in minerals to the observed seismic discontinuities. The mineralogical nature of the first seismic discontinuity, at a 
depth of about 400 km, is associated either with a univariant transformation Px + a + - / - ,  a + fl + Px or with a sharp 
divariant transformation a + Px ---, a +/3 + Px ~ /3  + Px, which should be closer to 420 km. For the fixed composition close to 
pyrolite at a depth of about 650 km neither univariant nor invariant equilibria are observed in the FMS system. It has been 
found that, in the FMS system, two extremely narrow (1-2 km wide) stability fields of divariant mineral assemblages 
y + Pv + St and y + Pv + Mw, separated by a trivariant zone y + Pv (about 5 km wide) might be responsible for the nature of 
the 650 km discontinuity. Because of the negative slope of the phase boundaries, the second seismic discontinuity in the cold 
subducting slab is deeper than in the surrounding mantle. 

1. Introduction 

In  the last  decade ,  s tudies  in e x p e r i m e n t a l  pet-  

ro logy,  geophys ics  and  g e o d y n a m i c s  h a v e  focused  

on  the  mine ra l  c o m p o s i t i o n  and  s t ruc tu re  o f  the  

m a n t l e  t r ans i t ion  zone ,  where  a n o m a l i e s  in se i smic  

w a v e  veloci t ies ,  p r o b a b l y  caused  by  phase  t rans-  

f o r m a t i o n s  in the  minera l s ,  have  been  r e c o r d e d  

a n d  d is t inc t  se ismic  bounda r i e s ,  as wel l  as sources  

of  d e e p - f o c a l  ea r thquakes ,  have  b e e n  o b s e r v e d  at 

d e p t h s  a r o u n d  400 and  650 km. 

T h e  chemica l  c o m p o s i t i o n  o f  the  t r ans i t ion  z o n e  

is u n c e r t a i n  and  has  b e e n  a m a t t e r  o f  in t ense  

d iscuss ion .  D e s p i t e  the  wide  a c c e p t a n c e  o f  the 

py ro l i t e  m o d e l  o f  the m a n t l e  ( R i n g w o o d ,  1975; 

W e i d n e r ,  1986; Bina  and  W o o d ,  1987; I r i fune  and  

R i n g w o o d ,  1987; I t o  and  Takahash i ,  1987), i t  has  

b e e n  sugges ted  (Bass and  A n d e r s o n ,  1984; A n d e r -  

son  a n d  Bass, 1986) that  the  t r ans i t i on  z o n e  is 
chemica l l y  d i s t inc t  f r o m  the  u p p e r  a n d  l ower  

man t l e .  T h e  d e p t h  o f  the  d i s c o n t i n u i t y  tha t  sep-  

a ra tes  the  u p p e r  m a n t l e  a n d  t r an s i t i on  z o n e  is in 

the  range  o f  3 9 0 - 4 3 0  k m  ( F u k a o  et  al., 1982; 

G r a n d  a n d  H e l m b e r g e r ,  1984; Wa lck ,  1984), and  

m a y  r ep re sen t  i sochemica l  phase  t r a n s f o r m a t i o n s  

in the  o l iv ine  p lus  o r t h o p y r o x e n e  c o m p o n e n t s  o f  a 

pyro l i t e  a s s e m b l a g e  o r  a c h e m i c a l  b o u n d a r y  be-  

tween  py ro l i t e  a n d  pic logi te .  

L iu  (1979), J e a n l o z  and  T h o m p s o n  (1983),  Lees  

et al. (1983), Bass and  A n d e r s o n  (1984) and  

A n d e r s o n  a n d  Bass (1986) h a v e  d i scussed  the  dif-  

f icul t ies  o f  e x p l a i n i n g  the  670 k m  d i s c o n t i n u i t y  

a n d  ve loc i t ies  in the  t r an s i t i on  z o n e  on  the  bas is  o f  

i sochemica l  phase  t r a n s f o r m a t i o n s ,  a n d  c o n c l u d e d  

tha t  the  670 k m  d i s c o n t i n u i t y  m a y  r e p r e s e n t  a 

chemica l  b o u n d a r y .  T h e  d e p t h  o f  the  b o u n d a r y  
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separating the transition zone and the lower man- 
tle is in the range of 640-720 km (Hales et al., 
1980; Vinnik et al., 1983). 

According to current concepts, an adequate 
description of mantle rocks proves to be the sys- 
tem CaO-FeO-MgO-A1203-S iO 2 (CFMAS), the 
dominant role within the framework of this system 
belonging to the subsystem F e O - M g O - S i O  2 
(FMS) which accounts for about 93% of the total 
chemical composition of the mantle. As thermody- 
namic data are unavailable and description of 
solid solutions is complicated for minerals of the 
CFMAS system, it is impossible to calculate accu- 
rately the phase diagram of this system. That is 
why we have calculated the phase diagram of the 
simple FMS system, and thermodynamic data on 
this system should be involved in the data base of 
the CFMAS system. Some essential features of the 
phase diagram of the FMS system will be related 
on phase diagrams for more complex systems. The 
mineral structure of the mantle based on phase 
relations in the FMS system is a preliminary re- 
sult, but an indispensable one for further investi- 
gations. Within the limits of research of the FMS 
system, the 400 km seismic discontinuity may be 
interpreted as a phase transformation in olivine 
(Ringwood, 1975; Akaogi and Akimoto, 1979; 
Navrotsky and Akaogi, 1984; Akimoto, 1987; Bina 
and Wood, 1987), whereas the seismic discontinu- 
ity at 650-670 km may be interpreted in terms of 
dissociation of -/-spinel into perovskite + magne- 
siowiistite (Yagi et al., 1979; Ito and Yamada, 
1982; Ito et al., 1984; Ito and Takahashi, 1988). 

Kuskov and Galimzyanov (1986), Kuskov et al. 
(1989) and Fabrichnaya and Kuskov (1991) have 
constructed the complete P - T  and P - T - x  di- 
agrams of the systems MgO-SiO 2 and MgO-  
FeO-SiO 2 within the ranges 10-30 GPa and 
1000-2000 K by minimizing Gibbs free energy. 
The purpose of the present work is to construct 
the (P -T )~  diagram of the system F e O - M g O -  
SiO 2 with a fixed bulk chemical composition (x)  
characterizing the petrological model of the Earth's 
mantle. As demonstrated in the present work, the 
( P - T ) ~  diagram of the FMS system is an effective 
tool for analysing the fine structure of the mantle 
transition zone and permits us not only to lay 
down a reliable basis for the existing geophysical 

models, but also to throw light on some crucial 
problems of the mantle structure which cannot yet 
be solved by traditional methods of experimental 
petrology and seismology. 

2. ( P - T )  x diagrams of the system F e O - M g O -  
SiO 2 

The P - T - x  relations in the pseudobinary 
Mg2SiO4-Fe2SiO 4 and MgSiO3-FeSiO 3 systems, 
calculated by Fabrichnaya and Kuskov (1991), 
cannot be directly used for modelling the mineral 
composition of the mantle. To describe its mineral 
structure we must construct the P - T  diagram of 
the FMS system with a bulk chemical composition 
typical for the mantle. We shall call such di- 
agrams, ( P - T ) x  diagrams; they differ from com- 
plete P - T  diagrams in that the bulk composition 
of the system (x)  is a fixed one. 

The ( P - T ) x  diagram is to be calculated on the 
basis of isothermal P - x  sections for a given SiO 2 
content corresponding to the chosen model of 
mantle composition. For each temperature the 
succession in the change of phase assemblages 
with increasing pressure is recording for a fixed 
F e / ( F e  + Mg) ratio, and the pressure values at the 
boundaries of divariant regions are projected onto 
the P - T  plane. 

Formulae which are used tO calculate the 
F e / ( F e  + Mg) ratio at the conodes interconnect- 
ing the compositions of the phases which are in 
equilibrium for a given SiO 2 c o n t e n t  are obtaina- 
ble from the condition of mass balance. If we let a 
conode interconnect phases of the olivine and 
pyroxene composition, then the mass balance of 
SiO 2 will have the forms 

 Px. ÷ = 

where the coefficients ½ and ½ are the fractions of 
SiO  2 in pyroxene and olivine, respectively, and ~a 
and ~Vx are the fractions of the bulk mixture 
composition involved in the formation of the 
phases a and Px, which are unambiguously de- 
termined from the system of equations. The 
F e / ( F e  + Mg) ratio at the conode interconnecting 



74 

P,0Pa 

O.L. KUSKOV ET AL. 

4B 

46 

41, 

42 

I0 

o 20 40 so ~o Fe/(Fe*Mg) 

P.GPc 
1273 K 

25 

24' 

23 : 

2f 

2O 

26 

25 

24 

23 

22 

21 

26 " 

I I I 

2000 K 

I I I I 

~o qo 6o ~ Fel(re+M~) 

Fig. 1. Phase relations in the F e O - M g O - S i O  2 system within the 10 -26  G P a  interval  according to the F e / ( F e + M g )  rat io 

( Xsio2 = 0.4). Figures indicate un ivar ian t  equilibria: 1, y + St = I lm + Mw;  2, 7 + I lm = Pv + Mw; 3, I lm = Pv + M w  + St; 4, I lm = Pv 

+ y + St; 5, y + St = Pv + Mw; 6, fl + St = l lm + 3'; 7, y + Px = fl + St; 8, a + y = ft. a, 10 -18  G P a  pressures;  b, 2 0 - 2 6  G P a  pressures.  
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the phases of olivine and  pyroxene composi t ion  
may be writ ten in the form 

~ P x y P x  a a 
F e  s ""  FeO + ~ X F e O  

Fe + Mg 1 - "~'sio2 

The FeO fractions in the phases are related to the 
F e / ( F e +  Mg) value by the following relation° 

ships: 

a 2 a Px 1 y P x  
= X F e  O g F e  O "~ S~e2S iO  4 , = ~ z= FeSiO3 

and  the final formula can be rewrit ten in the form 

~ P x l  y P x  ~.a2ya  
Fe s 2ZtFeSiO3 "{" b 3~=Fe2SiO 4 

Fe + Mg 1 - )(sio2 (1) 
If a conode connects  the phase of pyroxene com- 
posi t ion and  magnesiowiistite,  the F e / ( F e  + Mg) 
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Fig.  2. T h e  m a n t l e  s t r u c t u r e  a t  3 0 0 - 5 0 0  k m  d e p t h s  ( 1 0 - 1 7  

G P a )  a c c o r d i n g  to  d a t a  o n  p h a s e  re la t ions  in the  F e O - M g O -  

SiO 2 system for a composition close to pyrolite (Si/(Mg + Fe + 
Si) = 0.4; Fe/(Fe+Mg)= 0.12). Dashed lines indicate sche- 
matically the adiabatic distribution of temperature in the man- 
tle: 1, T O (400 km)=1600 K; 2, T O (420 km)~1820 K; along 
the univariant curves of phase transformations at 400 and 460 
km depths (thick lines) a sharp variation in temperature oc- 
curs. 
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Fig. 3. The mantle structure at 600-700 km depth (21-25 GPa) 
according to data on phase relations in the FeO-MgO-SiO 2 
system for a composition close to pyrolite (see Fig. 2). Dashed 
line indicates the adiabatic distribution of temperature, which 
has a negative gradient in the divariant zones of the coexisting 
solid solutions (7+St+Pv) and (y+Pv+Mw) at about 640 
and about 650 km depths. A segment of the univariant reaction 
llm = Pv+ 7 +St in the vicinity of 23 GPa and 1700 K is made 
prominent by a thick line. Shown in the inset is a univariant 
reaction 7 + Ilm = Pv+ Mw, made prominent by a thick line. 

ratio at the conode is de te rmined  from the for- 
mula  

~:Px 1 y P x  ~ : M w y M w  
Fe _ ~ ~ L F e S i O 3  -t- ,.~ ~ F e O  (2) 

r e  + Mg 1 - -  )~SiO2 

Similarly, it can be shown that the F e / ( F e  + Mg) 
ratio at the conode connect ing  SiO 2 and  a vari- 
able-composi t ion phase is equal  to F e / ( F e  + Mg) 
in  the var iable-composi t ion phase. 

As seen from the formulae (1) and  (2), the 

F e / ( F e  + Mg) ratio at the conodes represents a 
l inear combina t ion  of the F e / ( F e  + Mg) ratios of 
the connected phases. Thus,  given a complete  
phase diagram of the system, we can plot  the 
(P-T),: diagrams of the system with a different 
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bulk composition, corresponding to different 
models of mantle composition. From a compari- 
son of bulk modulus and bulk sound velocity 
profiles for the upper mantle, it is concluded that 
mixtures of olivine + pyroxene with Xsio2 less than 
0.36 are inadequate (Kuskov and Panferov, 1991). 
The likely bulk chemical composition for the up- 
per mantle with Xsio2 of 0.4 and F e / ( F e  + Mg) of 
0.12 (which is close to the peridotite or pyrolite 
composition) has been chosen. Phase relations in 
the FMS system with Xs~o2 = 0.4 at pressures be- 
low and above 20 GPa are shown in Fig. 1. On 
this basis, the (P-T)x diagrams with a pyrolite 
F e / ( F e  + Mg) ratio of 0.12 are plotted in Figs. 2 
and 3. 

3. The mantle structure at 400-600 km depths 

As follows from the (P-T)x diagram of the 
FMS system shown in Fig. 2, olivine and pyroxene 
are stable at P - T  values of the upper mantle and 
transition zone. The stability region of olivine 
extends, according to temperature, as far as 11.5- 
14.5 GPa, and that of pyroxene as far as 14-16 
GPa. As the first seismic boundary in the mantle 
is confined to 400-430 km depths (13-14 GPa), it 
is concluded that, as a rule, the phase transition in 
olivine (a  + y = f l )  is responsible for the sharp 
rise in elastic properties at this boundary (Akaogi 
and Akimoto, 1979; Jeanloz and Thompson, 1983). 

Accordingly, the univariant reaction a + T =/3 
can serve as a temperature indicator (geother- 
mometer) for the first seismic boundary. If we use 
the a = fl transformation in pure Mg2SiO 4 for 
this purpose, then at 400 km depth the tempera- 
ture will be 1400 K (Kuskov et al., 1989). This 
value should be regarded as the lower temperature 
limit for this depth. A univariant transformation 
a + y = 1 3  in the FMS system marks a higher 
temperature level at the depth of the first seismic 
boundary, equal to about 1600 K. For this tem- 
perature, and at fixed bulk composition, the phase 
reaction proceeding at 400 km depth can be writ- 
ten in the form of an equation, in which pyroxene 
takes part as an indifferent phase: 

Px + a-olivine + -/-spinel 

= B-spinel + a-olivine + Px 

reflecting the physico-chemical nature of the first 
seismic boundary (Kuskov and Fabrichnaya, 
1987). 

It should be noted that up to 1800 K these 
phase changes in the FMS system correspond to 
the phase changes a + T --* a +/3 in the work of 
Akaogi and Akimoto (1979) and Navrotsky and 
Akaogi (1984) rather than the change a---, a +/3 
in the recent results of Katsura and Ito (1988) and 
Akaogi et al. (1991) for the olivine system. 

As, according to seismic data, the boundary has 
a thickness in the range of 5-15 km (Fukao et al., 
1982), sharp changes in physical properties along 
the boundary are associated, as a rule, with a 
univariant transformation in olivine. For the cho- 
sen pyrolitic composition this allows us to estab- 
lish the upper temperature limit at 400 km depth 
as 1820 K - - a t  higher temperatures the univariant 
curve a + y = f l  disappears on the (P-T)~, di- 
agram (Fig. 2), which is in agreement with results 
of Katsura and Ito (1988) and Akaogi et al. (1991). 

However, calculations have indicated that an 
interpretation of the nature of the 400 km 
boundary within the framework of a univariant 
transformation in the system is not unique. It is 
found that the mineral nature of this boundary 
can also be related to a divariant zone a +/3 + Px 
present at about 420 km depth. A similar view was 
suggested by Bina and Wood (1987). The di- 
variant zone thickness in the case of an adiabatic 
distribution of temperature is not more than 10 
km and this satisfies Katsura and Ito's (1988) 
experimental results and seismic criterion for 
boundary sharpness reasonably well. The mini- 
mum temperature at 420 km depth is then 1820 K. 

The above discussion indicates that because of: 
(1) reported uncertainty in the position of the 
boundary (400-420 km); (2) errors in the thermo- 
dynamic information used, leading to a + 1 GPa 
error in pressure of phase transition; and (3) an 
insignificant slope of the univariant curve Px + a 
+ T = fl + Px (dP/dT= 30 x 10 - 4  GPa deg-1),  
the temperature at the depth of the first seismic 
boundary may vary within a wide range from 
about 1600 to 1820 K and higher. 

Thus the answer to the very important  question 
of the nature of the transformation at the depth of 
the first seismic discontinuity may be an alterna- 
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tive one: either a univariant or a divariant trans- 
formation is responsible for jumps in elastic prop- 
erties and density. However, we may also examine 
a possible combination of the two transforma- 
tions, which is justifiable in the light of current 
tectonic concepts of ascending (hot) and descend- 
ing (cold) convective flows in the mantle. 

It can then be found that, because of dif- 
ferences in the temperature regime of the mantle, 
the geophysical boundary can be described by two 
different phase transformations. In the hot 
ascending flow there will take place either a uni- 
variant transformation olivine + 3,-spinel + pyrox- 
ene --, olivine + fl-spinel + pyroxene at 1600-1800 
K or a divariant transformation olivine + fl-spinel 
+ pyroxene, marking a boundary with an average 
depth of 420 km (T>__ 1820 K). In the cold de- 
scending flow (T  _< 1273 K) there will take place a 
univariant transformation olivine + 3,-spinel + 
pyroxene --, fl-spinel + 3,-spinel + pyroxene, which 
is responsible for jumps in elastic properties at a 
boundary with an average depth of 380 km. How- 
ever, as follows from the phase diagram in Fig. 2, 
the above-mentioned univariant reaction does not 
exist at temperatures lower than 1000 K and the 
divariant reaction a + 3, + Px ~ 3' + Px, accompa- 
nied by slight volume effect, takes place. In this 
case, the sharp discontinuity separating the upper- 
most mantle and the transition zone in the normal 
mantle might not appear  in the cold descending 
slab. 

Such an assumption finds support, to a certain 
extent, in regional seismic observations in the last 
decade, according to which the depth of the 
boundary has a ' f loating'  character and velocity 
jumps are recorded at 400, 411 and 430 km depths 
(Hales et al., 1980; Dziewonski and Anderson, 
1981; Fukao et al., 1982; Grand and Helmberger, 
1984; Walck, 1984). 

According to Bolt (1984), on a particularly 
distinct seismogram, of an explosion at Novaya  
Zemlya, peaks are absent in the interval between 
the phases P '650P '  and P '80P ' ,  which should 
have been expected if an abrupt reflecting surface 
were present at an intermediate depth (say, 400 
km). The absence of peaks, according to Bolt, is 
an indication that either sharp discontinuities are 
absent underneath the Antarctic or they could not 

be detected with the aid of short-period P-waves 
because of the less abrupt character of these 
boundaries as compared with the 650 km discon- 
tinuity. 

At 400-500 km depth within the temperature 
range 1600-1800 K, the divariant reactions fl + 
Px ---, fl + 3, + Px and fl + 3, + St ~ 3, + St occur, 
accompanied by slight volume effects. 

At 460-470 km depth a univariant reaction 
p y r o x e n e  + "/-spinel = f l -phase  + s t i shovi te ,  
accompanied by a marked change in density, takes 
place. The existence of a boundary at about 500 
km depth appears to be controversial as yet. How- 
ever, Hales et al. (1980) identified underneath the 
Australian continent a boundary at 512 km depth, 
where  the velocity of longitudinal waves increases 
by 2% (from 9.40 to 9.57 km s - l ) .  However, its 
nature may be associated not with the reaction 
Px + 3, = fl + St in the FMS ternary system, but 
rather with a pyroxene-garnet  t ransformation in 
the MAS or CFMAS system at about 500 km 
depth (Akaogi and Akimoto, 1977; Liu, 1977). On 
the other hand, Akaogi et al. (1987) indicated that 
the bulk sound velocity of the pyroxene-garnet  
system increases very gradually with depth, 
without any sharp velocity change, because of the 
gradual dissolution of pyroxene in garnet. 

For the FMS system with composition close to 
pyrolite, the succession of phase transformation at 
400-600 km depths along two adiabats is as fol- 
lows (Fig. 2): 

T(400 km) = 1600 K 
400 km 

a +  Px ~ a +  3,+ Px ) a +  f l +  Px ~ fl  + 

P x ~ f l + 3 , + P x  460km) f l + 3 , + S t ~ 3 , + S t  

X P* = 0.06, X ~ = 0.09, X ~ = 0.14, X y = 0.24 

T(420 kin) = 1820 K 

420 km 
a + P x  )a + fl + Px  ~ fl + Px ~ fl + 3, + Px  

470  k m  
) f l + P x + S t ~ f l + S t ~ f l + 3 , + S t  

--* 3, + St 

X Px -- 0.09, X ~ = 0.12, X ~ = 0.17 

where X is the F e / ( F e  + Mg) ratio in the phases 
participating in the univariant equilibrium Px + a 
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+ 3, = Px + a + fl and the divariant loop a + fl + 
Px. 

4. The mantle stmcaire at 600-700 km depths 

The ( P - T )  x diagram of the FMS system for a 
composition close to pyrolite at pressures of more 
than 20 GPa is shown in Fig. 3. It is constructed 
on the basis of P - x  diagrams of the FMS system 
(see Fig. lb) with fixed SiO 2 content (40 mol.%) 
and Fe / (Fe  + Mg) ratio of 0.12 in the range of 
1000-2000 K and 21-25 GPa. 

The stability region of the trivariant assemblage 
3,-spinel + stishovite extends from 16-18 GPa to 
22.6-22.2 GPa within the temperature range 
1700-2000 K. The univariant reaction 3, + Pv + St 
= Ilm for an Fe / (Fe  + Mg) ratio of 0.12 is ap- 
parent only within a very narrow temperature 
range close to 1700 K and 22.8 GPa (see Fig. 3). 
At higher temperatures this reaction occurs at 
lower values of Fe / (Fe  + Mg). Thus, for instance, 
at 2000 K the reaction 3' + Pv + St = Ilm takes 
place when the Fe / (Fe  + Mg) ratio is 0.1 or less 
(Fig. lb), thus underlying an extreme correlation 
between the concentration of iron in the mantle, 
phase composition and temperature regime. If the 
geotherm is passing near 1700 K, for the given 
Fe / (Fe  + Mg) ratio of 0.12, the seismic discon- 
tinuity at 640 km depth is likely to be associated 
with the univariant reaction 3, + Pv + St = Ilm. 

If the temperature at 600-650 km depth ex- 
ceeds 1700 K, the second seismic boundary must 
consist of two different reactions. As seen from 
Fig. 3, the discontinuity between the transition 
zone and the lower mantle may be associated with 
two divariant transformations which occur at tem- 
peratures greater than 1700 K: 

3, + St ~ 3' + St + Pv ~ 3' + Pv ~ 3' + Pv + Mw 

--* Pv + Mw 

X Y = 0.12 X Pv = 0.1 X Pv = 0.09 

X ~ = 0.13 X Mw = 0.18 

where X is the Fe / (Fe  + Mg) ratio in the phases 
participating in trivariant equilibria 3, + St, y + Pv 
and Pv + Mw. The compositions of Pv and Mw 
phases are in reasonable agreement with those 
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obtained by Ito and Takahashi (1988): X Pv = 0.04 
and X Mw = 0.24. 

The stability regions of both divariant assemb- 
lages (3' + St + Pv) and (3' + Pv + Mw) are very 
narrow (about 1 km) and for this reason cannot be 
identified separately on seismograms, but are re- 
corded only in the form of a single sharp boundary. 
It should be noted that the calculated width of the 
3' + Pv + Mw transition is consistent with the re- 
cent experimental results of Ito and Takahashi 
(1988), which demonstrated that 3'-spinel dissoci- 
ates into perovskite and magnesiowi)stite within 
an extremely narrow pressure interval (0.15 GPa 
at 1873 K). 

The depth of the discontinuity between the 
transition zone and the lower mantle has not been 
accurately established. The available estimates 
cover the interval from 640 to 720 km (Hales et 
al., 1980; Dziewonski and Anderson, 1981; Vinnik 
et al., 1983; Grand and Helmberger, 1984; Walck, 
1984). The reason for such uncertainty seems to be 
associated not with errors in seismic experiments, 
but rather with lateral differences in the tempera- 
ture regime and different phase transitions at a 
single mantle depth. 

Lateral temperature variations in the mantle (in 
the ascending and descending flows) may attain 
several hundred degrees and induce variations of 
up to 20-50 km in the depth of the second seismic 
boundary. From the geochemical interpretation of 
the geophysical boundary we may conclude that 
the regional depth of the discontinuity should 
have a floating character (see Fig. 3). 

If the temperature in the subducting litho- 
spheric plate is about 1000 K, the seismic 
boundary, as follows from Fig. 3, must lie at 680 
km depth (24.2 GPa) and its mineral nature will 
be determined by a single sharp univariant reac- 
tion ,/-spinel + ilmenite = perovskite + magnesio- 
wtistite (see inset in Fig. 3). If the mean tempera- 
ture of the plate is 1400 K, then the seismic 
discontinuity becomes split into two and lies at 
660-664 km depth (23.4-23.6 GPa). The effective 
width of two divariant (3' + Pv + Mw, 3' + Ilm + 
Pv) and trivariant (3' + Pv) zones of phase trans- 
formations is 4 km. This result agrees with data of 
Richards (1972), who argued that the wave veloc- 
ity must change within a region less than about 4 
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km thick to satisfy the observed amplitudes of 
P 'dP ' .  

In the surrounding mantle, with a mean tem- 
perature of 2000 K, the seismic discontinuity splits 
into two very narrow divariant zones ('t + St + 
Pv, "t + Pv + Mw) at 630-640 km depth (22.3-22.6 
GPa). Thus, in the subduction zones, the boundary 
between the transition zone and the lower mantle 
must be at a greater depth than in the surrounding 
mantle. 

The phase transformations presented in the 
FMS system may not be directly applicable to the 
mantle because pyroxene mostly dissolves into the 
garnet phase at pressures higher than 10 GPa 
when a certain amount of A1203 is present (Akaogi 
and Akimoto, 1977; Kanzaki, 1986; Irifune, 1987). 
However, it is evident that the dissociation of 
spinel would be the main cause of the 640 km 
discontinuity. As the decomposition is completed 
within a narrow pressure interval (0.3 GPa), it will 
result in a large increase in density and elastic 
properties over a small depth interval. The depth 
of the sharp discontinuity is in excellent agree- 
ment with observations of P-to-SV converted 
waves by Vinnik et al. (1983). 

5. Parameters of petrological models 

An analysis of petrological models constructed 
on the basis of the (P-T)x diagrams of the sys- 
tems MgO-SiO 2 and FeO-MgO-S iO  2 for com- 
positions close to pyrolite has brought to light 
some phase boundaries of different variance, with 
which the sharp seismic discontinuities are likely 
to be associated. To establish a geochemical inter- 
pretation for these discontinuities we must know 
the temperatures in the mantle and the bulk chem- 
ical composition, i.e. the petrological model 
parameters. 

The phase diagrams indicate that the nature of 
the first seismic discontinuity is associated with 
the olivine = fl-phase transformation. If in the 
MgO-SiO 2 system the variance of this transition 
is equal to unity, then in the FMS system two 
phase transformations take place at 400-420 km 
depths: Px + et + y ~ a + fl + Px (univariant); and 
Px + ct --, a + fl + Px - ,  fl + Px (divariant). Their 

use as geothermometers will significantly narrow 
the assessment limits of temperature in the man- 
tle, as determined from indirect data (heat flow, 
xenoliths, melting points of rocks and minerals), 
but at the same time the ambiguity with respect to 
temperature distribution at the first seismic dis- 
continuity still remains. 

The other unknown is the bulk chemical com- 
position which significantly affects the (P-T)x 
diagram structure. Introducing a small quantity of 
FeO as an ' impurity'  in the binary system MgO-  
SiO 2 accounts for a variation of the stoichiometric 
system diagram, which leads to splitting of the 
univariant curves of the binary system and to the 
formation of divariant regions of a certain width. 
In other words, univariant lines in the P-T di- 
agram of the system MgO-SiO 2 convert into di- 
variant zones in the (P-T)x diagram of the FMS 
system, whereas the invariant point of the MgO-  
SiO 2 system converts into a segment of the uni- 
variant line in the system with solid solutions 
(Truskinovsky, 1986; Truskinovsky et al., 1987). 
As the impurity concentration increases, the ( P -  
T)x diagram increasingly deviates from the initial 
P-T diagram of the subsystem. Qualitative topo- 
logical variations are observed to take place 
whenever the figurative point characterizing the 
bulk composition of the mixture passes into the 
concentration space region corresponding to a 
nondegenerate invariant assemblage of the FMS 
system. In this case, the (P-T)x diagram will 
comprise segments of univariant curves intersect- 
ing at the invariant point. 

Let us follow the topological variations of the 
(P-T)x diagram of the F e O - M g O - S i O  2 system 
as are observed to take place in the variation of 
the content of component FeO (Fig. 4). Topologi- 
cal changes of the ( P - T ) x  diagram demonstrated 
in Fig. 4 are derived from P-x diagrams of the 
FMS system with fixed SiO 2 content (40 mol.%) in 
the range 1000-2000 K and 20-26 GPa (see, for 
example, the phase diagrams in Fig. 1). 

Denoting by X the F e / ( F e  + Mg) ratio, we 
shall start with the analysis of the subsystem 
MgO-SiO 2 when X =  0 (Xsio~ = 40 mol.%). In the 
pressure interval of interest we shall then have 
three univariant curves (y + St = 2Ilm), (Ilm = Pv) 
and ( , / =  Pv + MgO), corresponding to the equi- 
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libria of the stoichiometric phases. With an insig- 
nificant increase in the proportion of FeO ( X  < 
5%) the (P-T)x cross-section of the phase di- 
agram will transform only insignificantly, this 
being manifested in the 'blurring'  of the uni- 
variant curves being converted into narrow di- 
variant zones. The divariant zones of the stoichio- 
metric system become trivariant. In the case of 

X =  12%, segments of univariant curves of the 
ternary system (Ilm = Pv + 3' + St) and (3, + Ilm 
= Pv 4- Mw) appear at the phase diagram. A non- 
degenerated invariant point becomes apparent  for 
18 ~ X~< 19% and exists within a limited interval 
of compositions X =  19-30%. Moving from this 
point there are initially three univariant curves 
( I l m = P v + ) , + S t ) ,  ( ) , + I l m = P v + M w )  and 
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Fig. 4. Topological changes of the (P-T)x diagram of the F e O - M g O - S i O  2 system with variation in the content  of the dissolved 
component  FeO. (For  detailed explanations see the text.) Thick lines make prominent  the univariant equilibria: 1, "t + St = Ilm + Mw; 
2, ~, + I I m  = P v + M w ;  3, Ilm = P v + M w + S t ;  4, I lm = P v +  y +St ;  5, ~ ,+St  = P v + M w .  
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(7 + St = Pv + Mw), and the appearance of the 
point at 18 ~< X~< 19% signifies the disappearance 
of the trivariant field (7 + Pv). A further insignifi- 
cant increase in X to 19% leads to the disap- 
pearance of the divariant field (Ilm + Pv + 7), but 
there are now four univariant curves from the 
invariant point; added to the above-listed three is 
the equilibrium (7 + St = l lm + Mw). Transition 
to X-~ 19.5 is accompanied by the immediate 
disappearance of two divariant f i e lds - - (y  + Pv + 

Mw) and (Pv + 7 + S t ) - - a n d  the appearance in 
their place of the fields (Pv + Mw + St) and (7 + 
Mw + St). The addition of a further univariant 
curve occurs at the invariant point: the equi- 
librium (Ilm = Pv + Mw + St) is added. At X - -  
22% the number  of univariant curves in the ternary 
system begins to decrease. Thus, the equilibria 
( I l m = P v + 7 + S t )  and ( l l m = P v + M w + S t )  
disappear but instead of them a new divariant 
field (Ilm + Mw + St) appears. The nondegener- 
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ated invariant point disappears at X =  30%, and 
the stability field of oxides opens up in the place 
of the univariant curve (7 + St = Pv + Mw). 

For X = 6 0 % ,  univariant curves are absent 
within the range of P-T  values under discussion, 
and the pattern of phase relationships is signifi- 
cantly simplified. Approaching the subsystem 
FeO-SiO 2 ( X  ~ 100%), narrowing of the remain- 
ing divariant regions (Pv, Mw, St) and (7, St, Mw) 
occurs and they are changed to univariant curves 
of the stoichoimetric subsystem. Comparison of 
the cross-sections shown in Fig. 4 demonstrates 
the significance of the changes in topologies of the 
(P-T)x diagram with variation of the F e / ( F e  + 
Mg) ratio. Thus, for instance, the succession of 
phase assemblages 

3' + St ~ y + Ilm ~ 3' + Pv ~ Pv + MgO 

corresponding to X = 0%, converts into a different 
succession: 

y + St ~ M w  + St 

for X = 100%. The 
ent ( P -  T)x phase 
The effect on the 

variety of topologically differ- 
diagrams is sufficiently large. 
( P -  T)x diagram transforma- 

tions of variation in the F e / ( F e  + Mg) ratio is 
dependent on the bulk SiO 2 content of the system. 
All five univariant curves coexist simultaneously 
in a strictly limited range of F e / ( F e  + Mg) ratio 
dependent on the SiO 2 content. With the variation 
of the SiO 2 content between olivine (1/3)  and 
pyroxene (1/2),  the maximal changes in topolo- 
gies take place if the F e / ( F e  + Mg) ratio occurs in 
the region of the nondegenerated invariant as- 
semblage of the FMS system. However, even for 
this range of SiO 2 content there are at least four 
zones which differ as a result of topological trans- 
formation. In the range of the SiO 2 content close 
to olivine, the five univariant curves do not exist 
simultaneously for any possible F e / ( F e  + Mg) 
ratio. 

The low content of iron in the mantle rocks 
indicates that the ( P - T ) x  diagrams shown in Figs. 
2 and 3 appear to reflect correctly the pattern of 
phase relationships in the Earth's mantle. At the 
same time, for Mars, where the Fe content in the 
rocks may prove to be higher, the fine structure of 
the mantle will be determined by a different ( P -  

T)x cross-section, in which invariant points insig- 
nificant for the Earth's mantle mineralogy may 
appear. 

The study of invariant assemblages is im- 
portant because the passage of the adiabat through 
the invariant point is a structurally stable situa- 
tion; therefore, anomalies of seismic wave veloci- 
ties may be associated with invariant transforma- 
tions (Truskinovsky et al., 1985). 

6. Conclusions 

Thermodynamic simulation seems to be the 
only approach for determination of a detailed 
picture of phase equilibria in mineral systems at 
various P-T-x  conditions and to achieve an un- 
derstanding of the fine structure of the mantle. To 
understand the chemical composition and minera- 
logical constitution of the mantle transition zone, 
phase equilibria in the F e O - M g O - S i O  2 system 
have been studied in the range of 10-25 GPa  and 
1000-2000 K. In this paper  the following has been 
concluded. 

(1) (P-T)x diagrams of the FMS system for a 
composition close to pyrolite, with Xsio2 of 0.4 
and an F e / ( F e  + Mg) ratio of 0.12, have been 
calculated, taking into account all known experi- 
mental data (phase equilibria and thermochem- 
ical). 

Topologies of the phase diagrams of the system 
F e O - M g O - S i O  2 for various F e / ( F e  + Mg) ratios 
have been examined. The nondegenerated in- 
variant point ( P v +  I l m + 7 +  St + Mw) dis- 
covered at 23 GPa and 1650 + 100 K exists within 
the range of F e / ( F e  + Mg) ratios of 0.19-0.30. 

(2) It was found that the mineralogical nature 
of the first seismic discontinuity is associated either 
with a univariant transformation Px + a + y ---, a 
+ fl + Px taking place at about 400 km depth or 
with a divariant transformation a + Px ~ a +/3  + 
Px ---,/3 + Px at 420 km depth. In the former case, 
the mean temperature at 400 km depth is 1600 K; 
in the latter, the minimal temperature at 420 km 
depth is 1820 K. According to the phase diagram, 
the divariant transition is extremely sharp (8-10 
km) and is effectively univariant on the scale of 
the mantle. 
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(3) T h e  se i smic  b o u n d a r y  b e t w e e n  the  t rans i -  

t ion  z o n e  a n d  the  l ower  m a n t l e  m a y  be  a s soc i a t ed  

wi th  two  d i f f e r en t  d i v a r i a n t  t r a n s f o r m a t i o n s  oc-  

c u r r i n g  at T >_ 1700 K ;  ), + St  ---, y + St  + Pv  ~ y 

+ Pv  at  6 3 0 - 6 3 5  k m  d e p t h  a n d  y + Pv  ---* V + Pv  

+ M w - - ,  Pv  + M w  at  6 4 0 - 6 4 5  k m  dep th .  Thus ,  

the  d e p t h  o f  the  d i s c o n t i n u i t y  is c lose  to 640 km,  

w h i c h  is 30 k m  less t h a n  in the  P R E M  mode l ,  b u t  

is in exce l l en t  a g r e e m e n t  w i th  o b s e r v a t i o n s  o f  

P - t o -SV c o n v e r t e d  waves  by  V i n n i k  et  al. (1983). 

T h e  s tab i l i ty  r eg ions  o f  b o t h  d i v a r i a n t  a s s emb-  

lages  ( y  + St  + Pv)  a n d  (V + Pv  + M w )  a re  very  

n a r r o w  ( a b o u t  1 km) ,  a n d  for  this  r eason  they  

c a n n o t  be  s e p a r a t e d  on  s e i s m o g r a m s  b u t  a re  re- 

c o r d e d  o n l y  in the  f o r m  of  a s ingle  sha rp  d i scon-  

t inui ty .  

(4) T h e  d e p t h  o f  the  b o u n d a r y  b e t w e e n  the  

t r an s i t i on  z o n e  a n d  the  l ower  man t l e ,  as  wel l  as 

the  m i n e r a l  n a t u r e  o f  t he  t rans i t ion ,  m a y  va ry  

la te ra l ly ;  in the  s u b d u c t i o n  zones  the  d i s c o n t i n u i t y  

m u s t  be  sha rpe r  a n d  h a v e  a g rea te r  d e p t h  t h a n  in 

the  s u r r o u n d i n g  man t l e .  
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