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Abstrac t .  Recent studies comparing density (p) from the seismo- 
logical model PREXI to that  predicted for various perovskite and 
magnesiowiistite phase assemblages under lower mantle conditions 
suggest that  the lower mantle is a few percent denser than reason- 
able candidates for upper mantle composition such as pyrolite. This 
has been interpreted as evidence for an iron-enriched lower mantle. 
In addition to density, bulk sound velocity ( 1 6 )  provides an impor- 
tant  constraint upon proposed lower mantle compositions. Being 
independent of the shear modulus, v@ has several desirable charac- 
teristics. Esperimentally, it can be determined in the laboratory by 
density measurements under static compression; seismologically, it 
is not affected by attenuative dispersion and is espected to be much 
less laterally heterogeneous than P- or S-wave velocities. We have 
calculated p and fi along lower mantle adiabats, as functions of 
iron-magnesium content (Xifu)  and silica content (Sp, ), and com- 
pared them to values obtained from PRElr.1. For a reasonable tem- 
perature estimate a t  tlie top of the lower mantle (TI, ) of ?Om I i ,  
we find that  the p data are most compatible with a lower mantle 
enriched in Fe, in agreement with previous studies. In addition, the 
v@ data require that  silica enrichment accompany this Fe enrich- 
ment. Furthermore, increasing TI,, increases both the required Fe 
and Si content. With a high assumed TI,, (>a700 I i ) ,  the p data 
can be satisfied by low A:\,, values, but even a pure perovskite 
lower mantle is too slow compared to d@. Thus, assuming no free 
SiOn in the lower mantle, this provides an upper bound on TI,, of 
approsimately 2700 I<. Finally, conclusions regarding the composi- 
tion and temperature of the lower mantle are strongly dependent, 
upon uncertainties in estimated thermoelastic parameters and upon 
choice of a seismological model hfost importantly, neither Fe nor 
Si enrichment is required if tlie zero-pressure volume coefficient of 
thermal espansion of perovskite is about 2.5~10-'1<-', rather than 
. 1 . 0 ~ 1 0 ~ 1 i - ' ,  a t  high temperatures. Alternatively, but less prob- 
ably, Fe and Si enrichment are not required if the average p of the 
lower mantle is 1.0% less than given by PRESI. The Si enrichment 
is not required if the average \6 of the lower mantle is 0.5% slovier 
than PRELI, closer to the value niven bv the bodv-wave model - 
derived from the Jeffreys-Bullen tables, or if the lower mantle is 
anomalously cold, with TI,,, 1700 I< 

have focused on the density (p) profile of the lower mantle, because 
i t  is the simplest elastic property to measure in the laboratory. For 
esample, Iinittle et al. [I9861 and Jeanloz and Iinittle [1989] calcu- 
lated the densities of various perovskite and magnesiolviistite phase 
assemblages under lower mantle conditions. Comparison of their 
calculated density profiles to the lower mantle profile from Dziewon- 
ski and Anderson's [l981] seismological model PREM suggested that  
the lower mantle is a few percent denser than reasonable candidates 
for upper mantle composition, such as pyrolite [Ringwood, 19751. 
This difference has been interpreted as evidence for an iron-enriched 
lower mantle. 
.h important additional constraint upon lo\vzr mantle composi- 

tion is provided by the bulk sound velocity (\/@), where @ equals 
I i s /p  or, equivalently, lJp? - I/k2 (Here ICs is the adiabatic bulk 

modulus, llp P-wave velocity, and ITs S-wave velocity.) Earlier stu- 
dies used both p and fi to argue for lower mantle compositions 
enriched in iron [Anderson and Jordan, 19701, silica [Burdick and 
Anderson, 1975], or both [Anderson, 19701 relative to the upper 
mantle, under the assumption that  the lower mantle consisted of 
mised oxides. Davies (19741 used these two elastic parameters to 
evaluate the tradeoff between composition and assumed mantle 
temperatures. hfore recently, Jackson [I9831 has explored tradeoffs 
between composition, temperature, and thermal espansion by 
interpretation of p and ICs parameters obtained by adiabatic 
decompression of tlie seismological model PEXI iDziewonski e t  al., 
19751. In view of the advances discussed above and other recent 
seismological and thermoelastic studies, a reexamination of G, 
which has traditionally been central to seismology/n~ineral physics 
comparisons, is warranted - with particular emphasis upon the 
uncertainties in seisntological data and thermal equations of state. 

Its independence of the shear modulus makes L@ an especially 
useful parameter in niaking sucll comparisons. \*slues of L@ at  
high pressures can be obtained in the laboratory by the 
differentiation of tltird-order Eulei.ian finite strain isothermal 
contpression curves: 

Introduction 
where P is nressure. S entronv. T temnerature. a the volume . . 
coefficient of thermal espansion, and 7 the Griineisen parameter 

Constraints on lower mantle bulk contposition and temperature ?'hese values may be corrected to high temperatures: 
have a major bearing upon investigations into the bulk conlposition 
and internal dynamics of the Earth. the chemical stratification of . - 
the mantle, and the presence of thermal boundary layers in the = = e s p l j o ( l - l i ) d T '  = [ l + 6 ( l - 6 5 ) A ~ 1 ,  (2) 
mantle [Silver e t  a1 , 1985, 19881 It has been known for some time @( 7-01 T o  
that such constraints mav be obtained bv comoarinn seismic vrofiles 

I . - 
with the measured elastic properties of candidate mantle composi- 
tions [Birch, 19521. Important advances during the last fifteen years 
- the construction of density profiles of the Earth from free- 
oscillation data [Jordan and .bderson, 1971; Gilbert and Dziewon- 
ski, 19751, the discovery of silicate perovskite [Liu, 1971; Liu and 
Ringrvood, 1975; 3lao e t  a1 . 19771, and the recognition that silicate 
perovskite is probably the most abundant mineral in the lower man- 
tle [Iinittle and Jeanloz, 19871 - have greatly improved the preci- 
sion attainable through such comparisons Recent comparisons 
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where hs is the adiabatic .-hderson-Griineisen parameter (assumed 
to be independent of temperature), A T  the difference T - T o ,  and E 
the mean value of cr from T o  to T (obtained from its zero-pressure 
value by integration of -bT /IiT) Thus 6, uhile more difficult 
to measure than p, is simpler to determine than Vp and Vs at  high 
pressures, the latter two being dependent upon the shear modulus 

At the same time, v@ should be better constrained seismologi- 
cally than p, as  it can be determined from both free-oscillation and 
body-wave travel time data In addition, as nearly all dissipation in 
the mantle occurs in the shear modulus [Dziewonski and Anderson, 
19811, v% will not esperience attenuative dispersion in the seismic 
band, allowing for the direct comparison of free-oscillation and 
body-.rvave da ta  sets Furthermore, laboratory measurements - 
typically made at  frequencies well outside the seismic hand - may 
be compared to seismic obse~vations with greater confidence 

Another important feature of & is its insensitivity to lateral 
heterogeneity For nearly all manifestations of lateral heterogeneity 
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that have been observed in the mantle - lateral variations in the 
continental upper mantle [Wickens and Buchbinder, 19801, varia- 
tions associated with subducted slabs [Jordan, 1977; Creager and 
Jordan, 19841, localized lower mantle anomalies [Lay, 19831, and 
large scale velocity variations in the mantle [\\'oodhouse and 
Dziewonski, 19871 - the ratio d In 1's /d  Iri  Tip has been found to be 
about 2 in value. This implies that  lateral heterogeneity in is 
an order of magnitude less than that in lrs for a Poisson's ratio of 
0 25 Thns, the use of \,6 reduces the possible bias arising from 
inadequate sampling of various regions of the Earth 

In this study, we investigate the structure of the problem of con- 
straining lower mantle composition by calculating p and \/;5; profiles 
along lower mantle adiabats and comparing them to the model 
P R E l I  By contouring, as functions of iron-magnesium and silica 
content, the misfit between our calculated mantle properties and Fig 1 Individual lower mantle RhiS % misfit contours between 
those obtained from PREhf, we place constraints upon acceptable 
lower mantle compositions and temperatures \\'e also analyze the 

the seismological model PREXI and the p (solid) and 6 (dotted) 

sensitivity of constraints to choice of reference seismological 
rxofiles calculated for varying -%I, and -hs, along a 2000 I< adiabat 

model and to uncertaiIlties in the thermoelastic 
Contours suggest Fe and Si enrichment relative to the petrological 
  nod el pyrolite (triangle) Contour interval is 0 ?%, innermost con- 
tours are 0.4% 

lIetliod and Results 

The thermoelastic paranleters used in this study are g i ~ e n  in 
Table 1 along with their references The coeficient of Fe-lIg parti- 
tioning between perovskite and magnesiowiistite was taken from 
Bell e t  al. [1979] and Ito arid Yamada j19821: lip':(/$ = 0.10, 
independent of pressure and temperature. \Ye assumed an adia- 
batic temperature gradient in the lower mantle of 9.3 I</GPa [.Aka- 
ogi e t  al., 19891. 

\Ye simplified the problem by characterizing candidate lower 
mantle conlpositions according to two variables, S.,!, and Xp,, 
given by the molar ratios AIg /(~ifg +Fe ) and St /(i\fg fFe ), respec- 
tively. (This parameterization neglects other cations - such as cal- 
cium, whose effects should be small [hIao et al., 19891, and alumi- 
num, whose effects are unknown.) For each composition, given by 
(Sdlq ,Sp.  ), we calculated p for the corresponding phase assemblage 
as a function of depth along a lower mantle adiabat, assuming a 
temperature a t  the top of the lower mantle (Tl,) of 2000 I<, a 
value suggested by esperimental results on the temperatures of 
upper mantle phase transitions [.Akaogi et a l . ,  1989; Ito and 
Takatiashi, 1989; Jeanloz and Iinittle, 19891. For each such compo- 
sition, we then computed the root-mean-square percent (RMS %) 
misfit over the lower mantle between our calculated p profile and 
that of PRJ3vi For each composition x e  also calculated Voigt- 
Renss-Mill-averaged [Watt e t  al.! 197G] 6 along the adiabat and 
computed the RhIS % misfit between our calculated profile and 
PREhI. These misfit functions are contoured in the two-parameter 
compositional space in Figure 1. \Irhile the p and v% misfit func- 
tions may be combined in an RhIS fashion to give a single net RhIS 
% misfit, we have left them uncombined in Figure 1 so as to better 
illustrate their individual compositional dependences. 

It is apparent from the major ases of the contours in Figure 1 
that  p is primarily s e ~ i t i v e  to iron content, through the molar mass 
and molar volume; \/a, on the other hand, is sensitive to both silica 
content, through the bulk modulus, and to iron content, through its 

Ta1,le 1 Thermoelastic parameters used in this study 

Pnrnineter XfaSiO, FeSiO, XIgO FeO 

Phase Pv P" mxv mw 

\." (crn3) 21 46" 25 lga 11 25" 12 2sa 

(GPa) 269 * 269 162 7" 179 7" 

r\,d 4 ob 4 ob -I in 3 6" 

6, 2 id 2 id 3 Oc 3 Oe  

5" f 10-j1~-~\  4 oC 4 oC 4 oa .I 80 

Pllases are perovskite (pv) and magnesiowiistite (mw); Ifo, I<,,, 
I<,' are a t  300 I< and zero pressure; hs is independent of pressure 
and temperature; Eo is mean zero-pressure value between 300 and 
1300 Ii. a Jeanloz and Thompson [1983]. Iinittle and Jeanloz 
[lD87]. 'Icnittle e t  al. [lgSG]. d ~ u k o ~ v i n s k i  and \trolf [1989]. 
' Sumino and Anderson [1984]; Jeanloz and Thompson [1983]. 

dependence on density. The regions of intersection of the co_?tonrs 
define lower mantle compositions which satisfy the p and \/a data 
simultaneously. In agreement with the recent studies of Iinittle et 
al. [1986] and Jeanloz and ICnittle 119891, we find that  the p data 
are most compatible with a lower mantle enriched in Fe 
(SAl, z 0 . 8 6 )  relative to  pyrolite (.Yhf, ~ 0 . 8 9 ) .  Elowever, we also 
find that  the v% data require that  silica enrichment accompany 
such iron enrichment, leading to a lower mantle which is richer in 
silicate perovskite (Spa ~ 0 . 7 7 )  than would be a pyrolite lower man- 
tle (Sp, -0.68). Furthermore, as demonstrated in Figure 2, as the 
assumed value of Tl,, is increased, both the iron and silica contents 
must be increased as well, in agreement with the previous study of 
Jackson [1983]. (The presence of a mildly superadiabatic gradient 
in the lower mantle, suggested by some lines of evidence [Silver et 
al., 19881, would have essentially the same effect as raising Tl, by 
about 200 Ii.) A Tl, of '2.700 I i ,  consistent with the possible 
esistence of a thermal boundary layer a t  the top of the lower man- 
tle [Jeanloz and hlorris, 19861, is compatible with the p da ta  for low 
,YIjrg ((0.83). However, even a pure perovskite lower mantle 
(Spp = I )  is too SIOTV compared to the data.  Thns, assuming no 
free SiO?, a pure perovskite lower mantle provides an upper bound 
on Tl, of approsimately '2.700 I i .  

Discussion and Conclusions 

Thus, direct comparison of the thermoelastic data of Table 1 with 
the seismological model PREhl indicates that  the lower mantle is 
richer in both iron and silica than upper mantle pyrolite composi- 
tions. The expected uncertainty in average lower mantle density is 
less than 0 5% [Silver et al., 19881, and there is little variation in 

Fig 2 Effect of temperature: net l o ~ v s  mantle Rl IS  % misfit con- 
tours Letneen PREhI and the p and vl@ profiles calculated for vary- 
ing XMp and As, along 1700 I< (dotted), 2000 I< (solid), and 2700 IC 
(dashed, arrow off-scale) adiabats Triangle denotes pyrolite For 
clatity, on11 0 5% contours are shown 
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lower mantle density profiles among various published seismological 
models (less than 0.2% between various models based upon free 
oscillations) However, there are significant discrepancies among 
bulk sound velocity profiles In Figure 3, we have calculated RhIS 
% misfit contours for comparisons of the tliermoelastic dat,a with 
the seismological models PREhI, 1066B [Gilbert and Dziewonski, 
19751, JB [Jeffreys and Bullen, 19-10], and L G P R  (B. Kennett, per- 
sonal communication, 1989). The model PREM was constructed 
using free-oscillation data and both absolute and relative body-wave 
travel times; its implications for lower mantle composition have 
been discussed above. hlodel 1066B was constructed using free- 
oscillation data alone; it averages 0.1% slower and 0.1% less dense 
than PREhl through the lower mantle and implies compositions 
slightly less Fe-enriched than does PREhl. Model JB was con- 
structed using absolute body-wave travel times alone; it averages 
0.5% slower than PREM and implies compositions substantially less 
Si-enriched than does PREM, requiring no silica enrichment relative 
to pyrolite. (Incorporating the Bullen-A-i density profile [Bullen, 
1065, pp. 231-2351, model JB averages l:1% denser than PREhtl and 
thus implies substantially more Fe-ricli compositions; however, such 
high density values are not in accord with subsequent studies incor- 
porating free oscillation data.) hlodel L G P R  was constructed to fit 
global absolute body-wave travel times; it averages 0.1% slower and 
0.2% less dense than PREhl and implies compositions slightly less 
Fe- and Si-rich. Thus, conclusions regarding lower mantle composi- 
tion, especially with respect to silica content, are significantly 
dependent upon which seismological model is used for comparison. 

Tliese velocity discrepancies are significant, resulting in travel 
time variations of a second or more. They cannot be ascribed to 
attenuative dispersion and are probably not due to lateral hetero- 
geneity, as discussed in the introduction; thus, they must represent 
other sources of uncertainty, such as tradeoffs with upper mantle 
structure. Tighter constraints on lower mantle bulk sound velocity 
can be obtained by reexamination of the free oscillation data, by 
inversion for I'p and ITs models for ttie same region, or by direct 
measurement of acoustic travel times T p  that depend only on fi 
(P. Silver and C. Bina, in preparation, 1090). 

In addition to the uncertainty in lower mantle velocities, there 
are considerable uncertainties associated with the experimentally 
determined thermoelastic parameters in Table 1. For example, the 
Iiso value for perovskite in Table 1 [Iinittle and Jeanloz, 19871 is 
close to the value of 273 GPa obtained by hlao and Ilemley (per- 
sonal communication, 1989), but other studies [Kudoh et al., 1987; 
Seganeh-Ilaeri et al., 19801 have yielded significantly lower values 
of about 2.15 GPa.  -4dopting such a lower value of I(s for 
perovskite yields nearly identical results provided that I isd is 
increased to about 4 5  in value 

Furthermore, the value of 7io for perovskite in Table 1 [Iinittle e t  
a1 , 19861 is a matter of active inquiry While this value is in good 
agreement with that  measured by blao and Hemley (personal 
conlmunication, 1989) and falls within the range of 2.7 to 
.I - 1 ~  10"Ii-' predicted by Nemley et al. [1989] from lattice dynam- 

"5 6 .7 8 .9 
x,, 

Fig 3 Effect of choice of seisnlological model: net lower mantle 
RhIS % misfit contours between seismological models P R n l  (solid), 
106GB (dotted), JB (dashed), and LISPR (dot-dashed) and the p and 
\/;i; profiles calculated for varying ,y,l, and .YZi a l o n g a  2000 Ii 
adiabat Triangle denotes pyrolite (JB 6 is matched with 
Bullen-.-I-i p . )  Only 0.5% contours are shown (1.0% for JB). 

ics, such thermal expansivity measurements involve heating meta- 
stable perovskite samples under atmospheric pressure, and it is pos- 
sible that  some degree of retrograde transformation may occur upon 
heating leading to  possible overestimation of a a t  high tempera- 
tures Severe twinning of single-crystal perovskite upon heating 
was noted by Ross and Hazen [1989]. -The possibility that  Z0 for 
perovskite may be lower than 40X10-~1<-' has been suggested by 
I-Iill and Jackson [1990] based upon the poor fit of the Iinittle et a1 
[10SG] data to a hlie-Griineisen formulation; they suggest a range of 
2 0 to -1 0x104k- '  based upon high-temperature studies of analo- 
gue Sc.;UO, perovskite The effect of adopting a lower value of 7io 
for perovskite of 2 5~10-'t(-' is shown in Figure 4; Fe-enrichment 
relative to pyrolite is no longer required in order to match the p 
data, and a slight Si-depletion relative to pyrolite is indicated by 
the & data 

T ' I ~  I Effcct of varying thermoelastic parameters: net lower man- 
tle Rl IS  % misfit contours between PRELI and the p and J;f; 
p~ofilcs calculated for varying S.,fg and Ss, along a 2000 K adiabat. 
T~langle denotes pyrolite Tliermoelastic parameters used are those 
of Table 1 (solid), low perovskite Zo (dotted), high perovskite 6.9 
(dashed), and low Eo with high 6s (dot-dashed) Only 0.5% con- 
IOLI IS  arc s1107vn 

Finally, no experimental measurements of the Anderson- 
Griineisen parameter 6s (which represents the P "dependence of a 
or, equivalently, the T-dependence of I i s )  are yet available for 
perovskite, the 6s value in Table 1 having been obtained from the 
thermodynamic estimates of Bukowinski and Wolf [199O]. h d e r -  
son [1988] suggested, on the basis of systematics of analogue com- 
pounds, that  6s for silicate perovskite should be closer to 1.0 in 
value. Chopelas and Boehler [I9891 have suggested an even larger 
value of 5 5 ,  based upon expansivity-volume systematics. The effect 
of adopting a higher value of 6s for perovskite of 4.0 is also shown 
in Figure 4; Fe-enrichment relative to pyrolite is no longer required 
in order to match the p data,  but an even greater Si-enrichment 
relative to pyrolite is indicated by the J;f; data. The effect of 
adopting both a lower Zo and a higher bs is also depicted in Figure 
4: in this case neither Fe- nor Si-enrichment is required by the 
seismological data. 

In conclusion, the esperimental and seismological data taken a t  
face value argue for a lower mantle enriched in both iron and silica 
and a temperature a t  ttie top of the lower mantle of less than 2700 
Ii. I-Iowever, there are combinations of parameters, within present 
uncertainties, that  allow for a homogeneous mantle: in particular, a 
lower perovskite Zo of about 2.5~10"K-' (perhaps in combination 
witti a higher 6S value) or, less probably, a mantle density that  is 
1.0% less than that  given by PREM. Reducing TI, from 2000 to 
1700 I< removes the requirement for Si enrichment and reduces that  
for Fe  enrichment. Variations in other parameters alone - Iis, 6.9, 
or the seisnlologically deterriiined 6 - can remove the enrichment 
in either Fe  or Si, but  not both. Work in progress, involving the 
consistency of various compositional models wit11 the observed 
radial derivative of ~6, may place further constraints upon this 
problem. 
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