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Abstract

Recent very high-pressure phase-equil ibr ia experiments (e.g Kumazawa et al. ,  1974; Ming

and Bassett,  1975) have indicated that the ol ivine and spinel forms of (Mg,FeLSiOn transform

into an assemblage of the oxides (Mg,Fe)O (NaCl structure) plus SiO, (st ishovite) in a

pressure and temperature regime which corresponds to the 650 km seismic discontinuity of the

mantle. This investigation tests the mixed-oxide model against the elast ic and density require-

ments of the mantle within the region immediately below the 650 km discontinuity (approxi-

mate ly  650 to  1200 km) .  Mixed-ox ide  compos i t ions  conta in ing  combina t ions  o f  (Mg,Fe)O

and SiOz which correspond to dunite-peridoti te and pyroxenite were emphasized in the

modell ing procedure. Models in the composit ional range dunite-peridoti te were found to

satisfy the P and S-wave velocit ies, as well  as the density requirements below the 650 km

discontinuity; satisfactory solut ions were provided by such models when Fel(Mg+Fe) :

0 .  l5  +  
" . ' l 5  

a long an  ad iabat ic  tempera ture  grad ien t  o f  1300"C a tzero  pressure .  Mode ls  o f
pyroxenite composit ion do not satisfy the physical propert ies of the mantle in the region of

interest.
The successful dunite-peridoti te mixed-oxide composit ional models provide an estimate of

the geotherm in the 650-1200 km region of the mantle. Since the physical propert ies within the

region of interest are satisf ied along an adiabat, the problem is reduced to calculat ing the

increase of temperature with depth for the preferred model along the adiabatic gradient
( init ial  temperature 1300"C). This procedure yields a geotherm which is consistent with

several independent upper mantle temperature estimates. The present results indicate a

t e m p e r a t u r e o f  1 6 0 0 + 4 0 0 ' C a t 6 7 l  k m ;  t h e p r i m a r y s o u r c e o f  u n c e r t a i n t y i s t h e a c c u r a c y o f
the seismic model interpretat ions.

Introduction

Although surface heat f low and related data pro-
vide some indication of the temperature distribution
wi th in the crust  and topmost  upper mant le,  at  depths
in excess of perhaps 50 km temperature becomes
increasingly diff icult to evaluate within a desirable
degree of uncertainty. Because it cannot be measured
directly below deep dril lholes, temperature must be
inferred from physical or compositional properties
which characterize the region of interest. For ex-
ample, temperature estimates for the mantle have
been calculated on a basis of electrical conductivity
(Tozer,  1959;  Bel land Mao,  1975;  Duba et  a l . ,1975),
density and elastic properties (Anderson, 1967; Fuji-
sawa,  1968;  Graham, 1970;  Wang,  1972),  exper imen-
ta l  and theoret ica l  mel t ing re lat ions (Uf fen,  1952;
Clark and Ringwood, 1964), as well as from experi-
mental temperatures and pressures of equil ibration of

coexist ing minerals  f rom k imber l i te  xenol i ths and u l -
t ramaf ic  inc lus ions in  basal ts  (Boyd,  1973;  MacGre-
gor  and Basu,  1974).  Each method,  of  course,  is  not
wi thout  i ts  assumpt ions and accompanying ambi-
guities. The most satisfactory geotherms are those
which are based on models that  prov ide sel f -consis-
tent explanations for the greatest number of geophys-
ical and petrological constraints.

It is the purpose of this investigation to assess the
fundamental  composi t ion of  the mant le in  the region
immediately below the 650 km seismic discontinuity;
and in addi t ion,  to  in fer  the temperature d is t r ibut ion
in th is  zone on a basis  of  composi t ional  models which
are found to be satisfactory. The fundamental crite-
rion for a successful compositional model is con-
sistency with the density and seismic velocity require-
ments within the relevant depth range. Of all the
properties which characterize the internal constitu-
tion of earth below the crustal laver. the distribution
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of the P- and S-wave velocities as functions of depth
are known with the greatest degree of accuracy. It is
therefore fitt ing that they should provide the primary
constraint in evaluating compositional models of the
deep interior.

Compositional and seismic models

In the present  s tudy,  three s imple hypothet ica l
model compositions were selected for testing in com-
parison to the geophysical constraints:

Model A: 2(Mg,Fe)O + SiO,
Model B: 5(Mg,Fe)O + 3SiO,
Model C: (Mg,Fe)O + SiO,

where (Mg,Fe)O corresponds to the magnesiowustite
solid solution (NaCl structure) and SiO, refers to
stishovite (ruti le structure); the component fractions
are molar. Clearly, each model provides for variation
in iron content [Fel(Mg+Fe)ratio]; moreover, con-
sideration of all three models allows an evaluation of
the SiO, content relative to (Mg,Fe)O. Support for
the foregoing basic compositions as appropriate
primary models is provided by petrological, high-
pressure phase equil ibria, and elastic property data.

The composition of the upper mantle is discussed
frequently in terms of the primary essential mineral
components olivine, pyroxene, and garnet (and per-
haps amphibole in some restricted regions). There
are, of course, two principal ultramafic rock types
which contain these minerals, peridotite (oli-
vine-pyroxene) and eclogite (pyroxene-garnet). The
hypothesis that the upper mantle is composed
dominantly of either of these rock types (most geo-
scientists tend to favor the dunite-peridotite family) is
supported by the occurrence and significance of Al-

Teet-s l .  Model  chemical  composi t ions in compar ison to average
rock analyses (weight percentage)

C o m p o n e n t  D u n i t e r  A  P e r i d o t i t e 2  B  E c l o e i t e 3  c

s i 0 2  4 I . 3  4 0 .  9

ugo 49 .8  49 .3

F e O q  7  . l  9 . 8

Ca0

pine peridotites, and the compositions of kimberlite
xenoliths and ultramafic nodules in basalts (e.g.
Ringwood,  1966;  Fuj isawa,  1968;McGetchin and Si l -
ver, 1970). Moreovero it has been shown by several
investigators (e.g. Anderson, 1967; Graham, 1970;
Ahrens, 1972, 1973) that dunite-peridotite type rocks
have the requisite physical properties to satisfy the
geophysical constraints within the upper mantle.
Models A through C are representat ive of  the
b a s i c  c h e m i c a l  c o m p o s i t i o n s  ( i n  t e r m s  o f  t h e
MgO-FeO-SiO, ternary system) of dunite, per-
idotite, and pyroxenite. The model compositions are
compared with real rock averages in Table l.

As indicated in Table l, the model compositions
differ from the real rock analyses chiefly in terms of
CaO and Al2O3. The degree to which the model
"rocks" are representative ofthe indicated rock types
must be evaluated in terms of their respective elastic
properties. Since the averages of the relevant elastic
properties (bulk modulus K and rigidity p) for CaO
and AlrO, are in the neighborhood of those for
(Mg,Fe)O, the dunite and peridotite models are un-
doubtedly satisfactory. The eclogite analysis in Table
I differs more significantly from the model pyroxenite
in terms of basic oxide components. For this reason,
an "oxide" model for this rock should include the
AlzOs and CaO fractions. The occurrence of other
minor chemical components in the real rock types has
a negligible effect on the bulk elastic properties.

Numerous recent interpretations of the seismic P-
wave velocity-depth profi les in the transition zone of
the mantle demonstrate the occurrence of two dis-
tinct "steps" or second-order discontinuities in the
regions of 400 and 650 km depth (e.9., Niazi and
Anderson, 1965; Johnson, 1967; Archambeau et al.,
1969). These discontinuities, following the suggestion
of Birch (1952), are inferred to represent the increases
in velocity induced by phase transitions in ferromag-
nesian sil icates from their low-pressure upper-mantle
modifications, to lower-mantle close-packed struc-
tural forms. High-pressure and high-temperature
phase-equi l ibr ia  s tudies,  pr inc ipal ly  by Ringwood
and Major  (1966) and Akimoto and Fuj isawa (1968),
have indicated that the upper discontinuity at 400 km
correlates with the transformation of olivine,
(Mg,Fe)rSiOo, into the B- or 7-spinel structure. In
addition, recent very high pressure experiments have
begun to disclose the nature of the spinel-post-spinel
transition near 650 km. Bassett and Takahashi (1970)
observed that FerSiOa (spinel) disproportionates into
FeO plus SiO, (stishovite) when subjected to pres-
sures of about 250 kbar in a diamond anvil cell; the
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sample was heated simultaneously with a l ight beam
from a pulsed ruby laser. Later work by Kumazawa
et al. (1974) and Ming and Bassett (1975) indicates
that olivine and spinel samples throughout the entire
range of Mg-Fe solid solution disproportionate into
(Mg,Fe)O (NaCl structure) plus SiO, (stishovite)
within the pressure and temperature range of the 650
km seismic discontinuity. This work clearly has pro-
vided the motivation to assess the physical properties
of the region of the mantle immediately below the 650
km discontinuity in terms of basic mixed-oxide com-
posi t ional  models.

ln this study, the elastic properties and density of
the mantle are assumed to be given by Jordan's
(1973 )  i nve rs ion  mode l  B l .  Th i s  mode l  was  con -
structed in such a manner that it satisfies an extensive
set of fundamental spheroidal and torsional mode
eigenperiods, as well as differential and absolute
travel-time data. It is assumed, for purposes of testing
the various compositional models under present con-
sideration, that those models which have density and
seismic velocity profi les in the region of interest that
correlate with those of Bl are acceptable solutions.
Obviously, if the physical properties of a given com-
positional model are consistent with Bl, then that
composition satisfies the geophysical constraints of
the Bl data set. In order to allow for an appropriate
margin of error in the seismic velocity profi les, and
thus provide a semi-quantitative criterion for estab-
lishing "satisfactory" solutions, the extremal in-
version uncertainty bounds for velocity structure in
the mantle derived by Wiggins et al. (1973) were used
in conjunction with the Bl model results. The final
test for an acceptable compositional model, in terms
of the geophysical requirements, is a density profi le
over the region of interest within * I percent of that
of model Bl (this uncertainty in the density of the
mantf e follows the suggestion of Wang, 1972), and P-
and S-wave velocities which fallwithin the Wiggins el
al. (1913) envelopes (the Bl profi les fall well within
these bounds) .

Elastic properties of the compositional models at very
high pressure and temperature

The composi t ional  models proposed in th is  in-
vestigation were tested against model Bl within the
region of interest by direct comparison of the P- and S-
wave velocities and density. In order to calculate the
relevant properties at the pressure and temperature
conditions prevail ing within the sub-transition zone,
the usual f inite strain equations of state (Birch, 1939;

Sammis et al., 1970) were used, complete to third
order in the expansion of the Eulerian strain energy.
The pertinent expressions for the pressure P and adi-
abatic bulk modulus Ks, as functions of density p, are
as follows:

P(p) : E Korl(p/ p)"" - (p/ pi""l

I  t l -  /a r " \  I  ^ "  
' l

tt 
-; 

L, 
- \ f i / " ')t{o/o)"" 

- t l} (r)

and

r"(p) : xo'b/po\u'"4t * LIb/ po)2/3 - t l

[,(#)". -']i e)
where the subscript or superscript ,S denotes the adia-
batic value of the elastic constant, and subscript 0
indicates the value of the parameter at zero pressure.
Notice that the only experimental material properties
required are po, Kos, and (AKg/AP)s,o; in the above
forms, these equations generate curves for P and
Ks(P) along an adiabatic temperature profi le. Finite
strain theory also provides equations for the P- and S-
wave velocities which take the form

^ l
vr'(p) : ! (p/ pi""lKo" * fpo

*  i lb /p i " '  -  l l ( t lKou +  3p ,  -  f ) } ,  (3 )
where

, : 3&"[(#), - 'f - ,u". (6)

r: n"[re - ,(#)" 
" 
-.(#),] *? u,, (4)

and

vu'(p) : ! (p/ po)""jp" * Llb/ p")'/" - l l

. (3K0" + 2po + i l l  (5)

where

In the foregoing relations p denotes the rigidity mod-
ulus; the material properties po and (Ap/AP)" consti-
tute the only additional required experimental pa-
rameters. Since the pressure over the range of interest
in the present study never exceeds 500 kbar, roughly
one-quarter of the compositional model bulk modu-
lus, the above third-order equation of state forms
generate curves of sufficient accuracy for comparison
with the seismic interpretations.

The finite strain equations determine, in effect, the
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bulk modulus, and the P- and S-wave velocities, as
functions of pressure along an adiabat which is ini-
t iated at a temperature ?'0. The init ial or zero pressure
temperature Io may vary, provided that the experi-
mental input material properties are evaluated ac-
cordingly. In order to calculate adiabatic curves for
the necessary properties at elevated temperatures the
following relations were used:

p,(I") : po(25"C) (1 - aAI), (1)

,(0"(r,) : Kos(25ocl + (S)" 
, 

o. (8)

a n d

po(?.0) : ps(25"c) + (ff). a, (e)

where AZ :  To-25"C.  Because of  the lack of  re le-
vant data, the pressure derivatives of the elastic prop-
er t ies appear ing i4  equat ions (1)  through (6)  were
assumed to be independent of temperature. As sug-
gested by equations (7) through (9), additional exper-
imental material properties are required; these in-
clude the volume thermal expansion coefficient a,
and the temperature derivatives of Ks and p, eval-
uated at zero pressure.

The elastic properties of compositional models, A,
B,  and C were der ived on a basis  of  combinat ions of

TesI-e 2.  The elast ic  property and auxi l lary data for  the basic
oxides Mgo, Feo, and 

|;f;'$1s,T: l? 
(superscripts indicate the

Property Unit  s

the fundamental oxide components MgO, FeO, and
SiOr. ln addition, the elasticity of the magnesiowus-
tite solid solution (Mg,Fe)O was assumed to follow a
linear dependence between the two end-members.
Table 2lists the pertinent elastic property data used
in the investigation. The MgO and FeO measure-
ments were carried out using ultrasonic methods on
single-crystal and polycrystal samples, respectively.
Pressure and temperature data are not, at present,
available lor FeO; the required values were assumed
to be equivalent to those of MgO. Because the com-
positions of interest are magnesium-rich, the uncer-
tainty introduced by this supposition is not of signifi-
cant concern. The data for stishovite were based on
the results of a recent lattice theoretical model by
Striefler and Barsch (1975) augmented by shock-wave
experimental data.

The stishovite data in Table 2 warrant some addi-
tional remarks. Compositional aspects of the lower
mantle have been discussed and evaluated previously
in terms of mixed-oxide models; notable in this re-
gard are the studies by Fuj isawa (1968),  Anderson
and Jordan (1970),  and Davies (1974).  However,  due
to the lack of shear-wave data and pressure or tem-
perature measureme nts, these investigations were
l imi ted to model l ing in  terms of  bulk  modulus and
density only. The data for SiO, used in this study
were calculated recently by Striefler and Barsch
(1975) using a modified rigid ion lattice dynamical
model. ln their theoretical approach, the usual Cou-
lomb interaction among the ions and short-range
r e p u l s i o n  b e t w e e n  s i l i c o n - o x y g e n  a n d  o x y -
gen -oxygen  i ons  a re  i nc luded ,  as  we l l  as  spec ia l
ang le  bend ing  fo rces  to  accoun t  f o r  t he  oxy -
gen-sil icon-oxygen interaction. Deviations from
purely ionic bonding were approximated by in-
troducing an empirical scaling parameter for the
ionic charges. Determination of the relevant force
constants was afforded by a simultaneous least-
squares fit involving experimental data for the elastic
constants and Raman and IR frequencies for the
isostructural oxides GeOz and SnOr, and two lR
frequencies for SiO, (stishovite). Figure I shows the
vaf ues ol K, p, and the ratio K/tr for stishovite from
the theoretical lattice model, in comparison to similar
values for the isostructural (ruti le structure) oxides
GeOr, TiOr, and SnOz. The consistency of the Strief-
ler and Barsch results with the single-crystal experi-
mental data is clear. In contrast, experimental results
for polycrystal stishovite by Chung (1973) and Mit-
zutani et al. (1972) are also indicated on Figure l.
Because of the inconsistencies between these values
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and the other ruti le structure data, the lattice theory
predictions were considered the most reliable.

Lastly, in order to model the bulk elastic properties
of the isotropic polycrystal aggregate of (Mg,Fe)O
(magnesiowustite) plus SiO, (stishovite), it is neces-
sary to combine the indiv idual  mineral  va lues in  an
appropr iate manner.  For  th is  purpose,  we used the
usual  VRH averaging scheme (Hi l l ,  1952) for  a l l  ca l -
culations. As pointed out by Thomsen (1972), the
"VRH average" is without theoretical justif ication;

however, it has been effective empirically in predict-
ing the isotropic aggregate moduli from single-crystal
data for many sil icates and oxides of geologic inter-
est. Moreover, in many cases the VRH scheme yields
aggregate property values which are quite close to
those predicted by the more rigorous theory of Kr6-
ner  (1967).  For  the present  s i tuat ion,  Thomsen (1912)

has shown that the seismic parameter Qo : Ko/ po of a
mixture of stishovite, wustite, and MgO, as deter-
mined by the Krtiner method, differs from the "VRH
average" by less than I percent. Thus, the latter has
some theoretical support for use in the "mixed-

oxide" problem. We prefer the VRH scheme on a
basis of  ease of  appl icat ion.

Calculations for the compositional models and results

The testing procedure for the various composi-
tional models follows three straight-forward steps.
In i t ia l ly ,  an adiabat  is  se lected for  the model  under
consideration by comparing directly calculated bulk-
modulus profi les at several elevated temperatures
wi th K(P) as def ined by Jordan's  (1973) invers ion
model Bl. This step is facil i tated by the fact that the
bulk modulus for  a par t icu lar  model  ( i .e .  A,B,  or  C)
is nearly independent of Fe-content. The most appro-
priate adiabat init ial temperature may therefore be
determined by interpolation. Figure 2 indicates the
method and results for compositional Model A over
the sub-transition zone range of interest. In this case,
calculations were performed for the magnesium end
member (2MgO+SiO,)  only ,  s ince K(P) is  not  appre-
ciably affected by the addition of iron. Adiabats were
generated at init ial temperatures of 25, 1000, and
2000'C;  on th is  basis ,  an adiabat  of  1100"C was
selected as providing the best f it to model B I over the
appropriate pressure range.

Having determined a suitable adiabat init ial tem-
perature for a given compositional model, a similar
procedure was applied in order to assess the most
appropriate pel(Mg+Fe) fraction. This was accom-
plished by comparing several density profi les, calcu-
lated along the predetermined adiabat, with the den-

0 4  0 . 5  0 6  0 . 7

C o t i o n  R o d i u s  ( A )

Frc.  l .  Systemat ic behavior  between the elast ic  propert ies and

cat ion radius for  SiO, (st ishovi te)  and other s ingle-crystal  rut i le

structure oxides (TiO,,  Manghnani ,  1969; GeOz, Wang and Sim-

mons, 1973; SnOr,  Chang and Graham, 1975).  The data marked C

and M represent polycrystal  exper imental  values by Chung (1973)

and Mitzulani  et  a l  (1972\

si ty  d is t r ibut ion of  model  B l .  In i t ia l  densi ty  was

varied by altering the Fel(Mg+Fe) in the magnesio-

wust i te  mineral  component  of  the model .  The resul ts

of  th is  procedure for  composi t ional  ModelA (duni te)

are shown in Figure 3. Adiabats at an init ial temper-

ature of  l l00 'C were generated for  Fel (Mg+Fe)

rat ios of  0.60,  0.80,  and 1.00.  Di rect  compar ison wi th

Bl indicates that the appropriate ratio for Model A
(duni te)  is  about  0.15.  At  th is  point ,  the in i t ia l  zero-
pressure temperature and iron content which provide

the closest "fit" to the p(P) and K(P) profi les of Bl

have been determined for the given compositional
model .

Lastly, a direct comparison was made between the

composi t ional  model  under considerat ion,  a long the

adiabat and with the Fe-content determined by the

foregoing procedure, and Jordan's inversion model
B 1 ; this final check includes the P- and S-wave veloci-
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ties, as well as density and bulk modulus. A "satisfac-
tory" compositional model must demonstrate phys-
ical properties which correspond to those of Bl
within the bounds as defined by Wiggins et al. (1973)
for the seismic velocities, and the limits indicated
previously for density and bulk modulus. The final
results for Model A (dunite) are shown in Figure 4.
This model provides an excellent fit to all require-
ments when an Fel(Mg+Fe) rat io of 0.15 is used
along an I  100'C adiabat.

An exactly analogous procedure was followed in
order to evaluate Model B (peridotite) and Model C
(pyroxenite) in terms of the physical properties of the
sub-transition zone. The results for Model B are in-

MODEL A

r0.0

9. o Model A

q 5

200 300 400 500

Pressu re  (Kbor )

Ftc. 4. Profiles for Vr, V, K, and p as calculated for composi-

t ional  Model  R at  Fel(MB+Fe) equal  to 0.15 along an l l00oC

adiabat; the curves are shown in comparison to those of inversion

model  Bl  (Jordan, 1973).  The "bounds" (dashed l ines) for  a sat is-

factory fit are explained in the text.

MODEL B

Pressu re  (Kbor )

Frc. 5. Elastic property and density profiles for compositional
Model B compared with inversion model Bl (Jordan, 1973)'  The
Fe,z(Mg+Fe) rat io is 0.15, and the adiabat ini t iates at 1300"C.

dicated in Figure 5. This composit ion also provides a

set of physical properties which are consistent with

those within the region of interest. In this case, the

bulk modulus and density requirements are satisfied
by a composition with an iron-magnesium ratio of

0. 15, and an init ial zero-pressure temperature of

1300'C for the adiabat. Thus, the foregoing analysis
indicates that a composition in the range of dunite to
peridotite, when the primary mineral phases are in the

form of a mixture of the oxides (Mg,Fe)O (NaCl

structure) and SiO, (stishovite), provides the elastic
and density properties which are required within the

region of the mantle immediately below the 650 km

seism ic discontinuity.
Figure 6 shows the results for Model C (pyroxe-
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Flc.  6.  Seismic and densi ty prof i les for  Model  C (pyroxeni te)
compared wi th invers ion model  Bl  (Jordan, 1973) The composi-
t ional  model  was calculated on a basis of  Fel(Mg+ Fe) equals 0.  17,
and an adiabat  int t iated at  a temDerature of  2300.C.

nite). Satisfactory correlation between the composi-
t ional  model  and seismic requi rements for  densi ty
and bulk modulus were obta ined wi th Fel (Mg+Fe)
equal  to  0.17 and an adiabat  of  2300'C.  However,
these values produce P- and S-wave profi les which are
not consistent with the seismic model bounds over
much of the region of interest. For this reason, it does
not appear that a mixed-oxide model with an
(Mg,Fe)O/SiO, ratio as low as I : I provides a satis-
factory solution to the sub-transition zone; in con-
trast, the dunite and peridotite models demonstrate
that  an (Mg,Fe)O/SiO2 rat io  of  about  2: l  is  more
likely for this region of the mantle.

Temperatures within the sub-transition zone

In addition to evaluating the compositional aspects
of the mantle within the region below the 650 km
seismic d iscont inui ty  in  terms of  the mixed-oxide
model, the foregoing analyses have demonstrated
that the temperature gradient in the zone of interest
probably does not deviate appreciably from the adia-
batic. Thus, an estimate of the temperature distribu-
tion within the sub-transition region is provided by
evaluating the adiabat for each of the compositional
models,  A,  B,  and C.

The temperature along an adiabat was calculated
in the fo l lowing manner.  Af ter  combin ing Maxwel l 's
thermodynamic re lat ions wi th the def in i t ions of  the
volume thermal expansion a and heat capacity at
constant pressure Cr, it may be demonstrated that
the adiabatic temperature-pressure gradient is given
by

/a r\
l - - l  : a T f p C o .  ( 1 0 )
\dP ls

Moreover, since the thermal Gri. ineisen parameter 7
is defined as
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equat ion (10)  may be wr i t ten in  the form

f{) : ^tr/ Ks.
\ d p l s  ' - / - -  '

where Ks may be evaluated on the adiabat as a func-
t ion of  vo lume or  pressure by equat ions ( l )  and (2) .
The variation of the volume dependent Grtineisen
parameter on the adiabat was represented by the
empiricaf relation (Ahrens et al., 1970)

"Y : ^to(po/p)^ (13)

where 7s is defined by equation ( | l) using the appro-
priate 25oC, zero pressure properties (7 is assumed to
be independent of temperature over the range of in-
terest) .  Graham (1973) has demonstrated that  to
first-order in compression, the exponent in equation
(12)  may be g iven by

'  'r K"\ /a r"\A = r ^ - - f - ( !
a K o \ d r ) , -  \ a r / , + t  

( 1 4 )

where again, the relevant parameters are evaluated at
25"C, zero pressure. Combining equat ions (12) and
(13),  the temperature gradient along the adiabat is
given by

(9": *,f { '"/ i l^. (r5)
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Frc.  7 Adiabat ic  temperature dist r ibut ion inferred f rom composi t ional  models A,  B,  and C The

respect ive composi t ions correspond to 2(Mg",Fe, , )O+SiO,(duni te) ,  5(Mg*Fe")O*3SiO,(per idot i te) ,
and (Mg*Fe,, )OfSiOr(pyroxeni te) ,  where (Mg,Fe)O and SiO, correspond to magnesiowust i te and

st ishovi te.  Also shown are the per idot i te (dry)  mel t ing curve (Kushiro et  a l  ,1968),  Clark and Ringwood's
(1964) shie ld and oceanic geotherms, and the pyroxene geotherm (Boyd, 1973) determined f rom the
pressures and temperatures of  equi l ibrat ion of  pyroxenes f rom xenol i ths wi th in Lesotho k imber l i tes.  The

single point  at  370 km and I  450* I  20 'C was determined by Graham ( I  970) on a basis of  the elast ic  and

phase equi l ibr ia propert ies of  o l iv ine.

Finally, temperature along the adiabat was deter-
mined for each of the compositional models by a
direct numerical integration of the above expression,
starting at the predetermined zero-pressure temper-
atures defined by the elastic and density require-
ments. The resulting adiabatic geotherms for models
A,  B,  and C are shown in F igure 7.

In general, as demonstrated in Figure 7, within the
estimates of uncertainty, the adiabatic geotherms for
the dunite and peridotite (Models A and B) composi-
tions are consistent with temperature distributions
determined for the upper mantle from a variety of
independent sources. Moreover, as in the case of the
elastic requirements, the pyroxenite model (C) results
in a temperature profi le which is clearly outside the
range of reasonable solutions. The bounds indicated
on the peridotite model adiabatic geotherm were de-
termined on a basis of the uncertainties in bulk mod-
ulus within the region of interest from the seismic
resufts of Wiggins et al. (1973); they provide an ap-

praisal of how well temperature may be assessed in
th is  region of  the mant le us ing composi t ion as a
guide.  In  th is  regard,  i f  the mant le in  the zone of
interest is, in fact, compositionally equivalent to du-
nite-peridotite which has transformed into a mineral
assemblage of magnesiowustite and stishovite (plus

minor  amounts of  other  phases) ,  then the temper-
ature at the 67 1 km seismic discontinuity (inversion

model  Bl ;  Jordan,  1973) is  about  1600t400"C.

Conclusions

The following general results regarding the compo-
s i t ion and temperature of  the mant le immediate ly
below the 650 km seismic d iscont inui ty  (approxi -

mately  650-1200 km) have accrued f rom th is  in-
vest igat ion:

( l )  A  m i x e d - o x i d e  a s s e m b l a g e  c o n t a i n i n g
(Mg,Fe)O (NaCl structure) and SiO, (stishovite) as
the primary fractions satisfies the elastic and density
requirements of the mantle in the region of interest

c
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when the composition of the mixture is equivalent to
a dunite or peridotite; this is not the case if the
mixture is pyroxene-rich. This result supports, and is
a necessary (but not sufficient) test for the hypothesis
that the 650 km seismic discontinuity is the elastic
response to a (Mg,Fe)rSiO, spinel-mixed-oxide phase
transformation (e.g. Ming and Bassett, 1975; Kuma-
zawa et al., 1974).

(2) Based on the preferred peridotite inter-
pretation, the Fe/(Mg*Fe) ratio and temperature at
671 km (the depth of the seismic discontinuity for
model  Bl  of  Jordan,  1973) are 0.15t0.05 and
1600+400'c.

(3) The temperature gradient in the region of in-
terest appears to l ie close to the adiabat; the elastic
and density properties of the dunite-peridodite mod-
els provide satisfactory correlations to the seismic
profi les when they are calculated along adiabatic
paths. The temperature uncertainties however, would
tend to indicate that this result should be regarded as
tentative.

(4) The present investigation, under the con-
straints imposed by the assumption of composition,
does not support a compositional change across the
650 km seismic discontinuity in terms of iron content,
where the change in the Fel(Mgf Fe) ratio is in
excess of  0.05 to 0.10;  changes smal ler  than th is  range
are not  resolvable by present  data and methods.  I f
substantial iron enrichment occurs in the lower
mantle, relative to the upper mantle, it must take
place below 1200 km (the approximate lowest extent
of the present range of study).

The question of Fe-enrichment in the lower
mantle, especially with respect to sudden changes
across phase boundaries, has important implications
concerning differentiation processes within the
mantle (e.g. Press, 19721' Anderson and Jordan,
1970), as well as a significant effect with regard to the
stabil ity of convection through the inferred phase
transformations in the transition zone (e.g. Richter
and Johnson,  1974;  Sammis,  1975).  In  v iew of  the
estimated uncertainties and assumptions associated
with this study, it does not appear l ikely that an
increase in iron content greater than 3 to 6 mole
percent could occur across the transition zon.e; more-
over, the range of FeO content allowed by the satis-
factory mixed-oxide models (A and B) in the region
below the 650 km seismic discontinuity falls between
7 to 14 mole percent. This result is in basic accord
with the study of Davies (1974), which was based on
a comparison of the density and seismic parameter @
requirements of the lower mantle with equations of

state for the mixed-oxides and ultramafic rock shock-
wave data. The iron enrichment across the transition
zone proposed in the studies by Anderson and Jordan
(1970),  Anderson et  a l . (1971),  and Press (1972),cov-
ering a range of up to about 7 percent (change in FeO
mole percent relative to the upper mantle), is al-
lowed, but not required, by the present results.
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