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Effect of Low-Spin Fe on the Composition of the Lower Mantle 

EDWARV S. GArrNEY 2 ANn Do• L. A•DEaso• 

Seismological Laboratory, California Institute oJ Technology 
Pasadena, California 91109 

The effects of low-spin Fe 2+ in the earth's lower mantle are investigated in considerable 
detail. The existence of low-spin Fe 2+ permits the formation of an extra phase, since Mg •+ 
and low-spin Fe •+ probably do not form solid solutions. The elastic behavior of phases 
containing low-spin iron is predicted from bulk modulus systematics and is compared with 
available shock wave. data. It is likely that the high•pressure phases of several ferrous iron 
compounds involve low-spin Fe •+. Iron will be spin-paired in the mantle below 1700 km and 
perhaps at higher levels as well. The observed density and bulk modulus in the lower mantle 
are inconsistent with any combination of phases in a pyrolite bulk composition but can be 
fit quite well by a model with all Fe •+ spin-paired below 650 km. The lower mantle is richer 
in FeO and SiO• than the upper mantle. The spin-pairing of Fe 2+ provides an excellent 
mechanism for both iron and silicon enrichment in the lower mantle by partial melting. Thus 
spin-pairing in iron provides support for previous arguments for chemical inhomogeneity of 
the mantle and also provides a mechanism for generating the inhomogeneity. This removes 
the motivation for reducing FeO and SiO• in the mantle to supply Fe and Si for the core. 

Iron is involved in a number of controversies 

about the properties of the earth's lower mantle. 
The amount of iron has been the subject of 
much discussion for several years [Anderson, 
1968; Anderson and Jordan, 1970; Anderson 
et al., 1971; Ringwoo.d, 1970], and this discus- 
sion depends critically on the spin state of 
Fe •+ in the lower mantle. In addition, many of 
the physical properties of the lower mantle, 
such as thermal conductivity [Clark, 1957; 
Strens, 1969; Burns, 1970; Ga#ney, 1973, re- 
ferred to here as paper 1] and seismic param- 
eters, will depend on the spin state of Fe •+. In 
the present work we assess the possible effects 
of low-spin Fe 2+ in the earth's lower mantle. 
The presence and behavior of low-spin Fe •+ in 
this region will depend critically on the transi- 
tion metal nature of Fe •+, that is, on crystal 
field effects. In order to predict crystal effects 
on minerals in the mantle, we must first know 
three things: (1) what minerals are likely to 
contain ferrous iron in the mantle, and what 
the spin states of that iron will be, (2) what the 
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response of these minerals is to high pressures, 
and (3) the effects of compression on the pa- 
rameters used to describe the crystal fields. 

This paper is an attempt to assess these three 
factors within the scope of a purely ionic 
approximation. This approach has been used 
primarily because of its simplicity. There is 
little doubt, however, that silicates often deviate 
from ideal ionicity and that more sophisticated 
techniques will be required to completely re- 
solve the problems raised here. 

MINERALOGY oF Fe •+ IN THE LOWER MANTLE 

The mineralogy of Fe 2+ in the lower mantle 
depends on the behavior of three ions: high- 
spin Fe 2+, low-spin Fe •+, and Mg 2+. These ions 
have radii of 0.77, 0.61, and 0.72 A, respectively 
[Shannon and Prewitt, 1969]. The low-spin Fe 2+ 
radius is based both on sulfide crystal structure 
data and on plots of ionic radius versus elec- 
tronic configuration. Fe '+(1.s.) has not been 
observed in either oxides or fluorides, nor has 
any other low-spin diva]ent first-row transition 
metal ion been observed in pure oxides. Stren8 
[1966, 1969] reported the existence of spin- 
pairing of Fe •+ in gillespite (BaFeSi•O•o) at about 
25 kbar, and more recent data have supported 
this interpretation in general [Abu-Eid et al. 
1973]. However , low-spin configurations of 
certain trivalent first-row transition metals 
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are known Shannon and Prewitt. plot 
ionic radius versus number of 3d dee- 

trons for these ions and find a fairly smooth 
variation from d o to d • (Co 3+) and from d o to 
d TM for the low-spin compounds. The values for 
Fe2+(1.s.) and Co t+ deduced from sulfides be- 
have in a very similar manner, and this lends 
some credence to the values given. However, in 
view of the indirect method of estimating the 
radius of Fe'•+(1.s.), a fairly large error must be 
attached to it, perhaps about 0.03 A. Accord- 
ing to the Goldschmidt radius eftteflon for solid 
solubility (less than 15% difference in ionic 
radii), we can expect that Mg •+ and Fe'•+(h.s.) 
will form solid solutions but that Mg -•+ and 
Fe2+(1.s.) will not. By applying the phase rule 
we should expect that if Fe :+ goes to a low-spin 
ground state in the lower mantle another phase 
may appear. This possibility of a separate phase 
for Fe '•+ (1.s.) leads to several more phase 
changes in the lower mantle. 

The Goldschmidt radius criterion is only a 
rule of thumb to which numerous exceptions 
can be cited. At high temperatures it is to be 
expected that a large variability of size of eat- 
ions could be accommodated in a solid solu- 

tion. However, pressure should act to decrease 
the range of ionic sizes that can be accom- 
modated. The net result is that it is difficult 

to predict how the criterion should be modi- 
fied for use in the lower mantle. It will be used 

here, as was stated above, with the eareat that 
solid solution between Fe'•+(1.s.) and M? can- 
not be ruled out unequivocally in the lower 
mantle. 

The phases possible with Mg •+ and Fe-•+(h.s.) 
are taken to be those of Ri•.qwood [1970], so 
that there are two phase changes that can 
occur in pyrolite below 700 kin: 

(Mg, Fe)•SiO• (strontium plumbate) 
--• (Mg, Fe)•SiO• (calcium ferrite or (a) 
potassium nickel fluoride) 

(Mg, Fe)SiO• (ilmenite) 
--• (Mg, Fe)SiO• (perovskite) (b) 

No denser phases have been proposed, but 
Joh•so•, [1969] and Whitcomb and Anderson 
[!970] and others have detected evidence for 
at least five discontinuities in the lower mantle. 

It has already been poinled out (paper 1) 
that Fe -•+ should 'prelYr,' in any such reac- 
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tions, to spin-pair and to enter the six-coordi- 
nate site of a calcium ferrite structure such as 

Mg TM (FeSi)'"O•. We shall also be interested 
here in other possible reactions involving low- 
spin Fe •+. Three reactions are likely: 

(Mg, Fe)•SiO• (strontium plumbate) 
-* MgFe(1.s.)SiOa (calcium ferrite) (c) 
q- Mg•SiO• 

MgFeSiO• (calcium ferrite) q- MgSiOa 
--> FeSiOa (ilmenite) q- Mg•SiO• (d) 

FeSiOa (ilmenite) q- Mg•SiO• 
--> FeO(1.s., rock salt) q- 2MgSiOa (e) 

The zero pressure density of these proposed 
minerals can be estimated by using the radius 
of low-spin Fe ø-+ and various density system- 
aries. For FeO in the rock salt structure, the 
relation c•, = 2(r(Fe 'ø, 1.s.) + r(O•-)) is used 
where r(O •-) is taken as !.38 A, which predicts 
the correct ao for MgO. Then ao (FeO, l.s.) 
3.99 A, and po -- 7.55 gm/cm •. Using this value 
for p,, (FeO, 1.s.), and the relation [Ringwood, 
1970] that p,, (ilmenite) is 3% less than that 
of the isochemieal mixture of oxides, one finds 
po(FeSiO•) -- 5.43 gm/cm •. 

For the density of MgFeSiO• in the calcium 
ferrite structure, two systematic relations de- 
rived from unit cell volume-ionic radius sys- 
tematics are used. The first is the relation be- 

tween unit cell volume (four formula units) 
and the radius of the octahedral ion for nine 

M X.20• in the calcium ferrite compounds 
structure. The six compounds with M = Ca 
define a straight line. If this line is projected to 
the arithmetic or geometric mean of r(SP+) TM 
and r(Fe '"+, 1.s.) TM the probable unit. cell volume 
of Ca(FeSi)O• is obtained. (Reid et al. [1967] 
have shown that for NaM3+X'+O• compounds, 
the distribution M and X in the oetahedra! sites 

are completely random, so we are justified in 
treating the sites as equivalent even though 
they are crystallographically distinct. They also 
point out that the observed interatomic dis- 
tanees are very nearly equal to those derived 
by taking the mean of the two radii.) Next, it 
is noted that for the MSc,,O• and MImO• com- 

pounds the difference in unit ee!l volume for 
M = Ca and M = Sr is a constant (20 A•). 
From this the inference can be drawn that sub- 
stitution of the M •+ ion can be treated as a sim- 
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pie addition of a constant to the unit cell vol- 
ume determined for MX.oO• for the same X. 

For MgSc20• this term is a 8-A/unit cell so 
the unit cell volume inferred for MgFeSiO• is 
240 A • or 236 A • for the arithmetic or geometric 
mean radius, respectively. The mean (238 A •) 
leads to a density of 4.76 gm/cm •. 

A different approach to thc same data leads 
to a similar conclusion. The percentage differ- 
ence between the density of the mixed iso- 
chemical oxides and the calcium ferrite struc- 

ture depends on the radius of the eight- 
coordinated divalent ion. Although calcium 
ferrite structures are up to 8.6% denser than 
the oxides for large divalent ions, they are 
actually less dense for small ions such as Mg 2+. 
Using the value of 2.5% (from MgSc20•) for 
MgFeSiO•, we again get a density of 4.76 g/cm •. 
(In the section on elastic properties, we shall 
also need the density of FeVm(h.s.)FeV'(1.s.)SiO4 
in this structure. Noting that in garnets Mg TM 
and FeWn(h.s.) are almost identical in size 
[Novak and Gibbs, 1971], we predict a density 
of 5.63 g/cm • for this phase. If, on the other 
hand, we assume it is 2.5% less dense than the 
oxides, the density is 5.55 g/cm'; thus we use 
po -- 5.6 --+-- 0.05 g/cm'.) 

Although the potassium nickel fluoride and 
perovskite structures of most compounds should 
be considerably denser than the corresponding 
oxides, this will not be true for the low-spin 
ferrous minerals, because the Fe 2+ must remain 
in six-coordination in order for the crystal field 
splitting of the 3d electronic energy levels to be 
sufficient to maintain the low-spin ground state. 
If the Si •+ were to go to coordination greater 
than six, these structures might include low-spin 
iron, but that is unlikely to occur below several 
megabars pressure, at which pressure the pres- 
ent approximation will certainly not be valid. 

RESPONSE OF Low-SPIN FERROUS MINERALS 

TO PRESSURE 

Having determined the structure and un- 
compressed density of possible low-spin ferrous 
minerals in the mantle, we now turn our atten- 
tion to the effect of pressure. Again we employ 
systematics where we have no experimental 
data. 

We use a plot of compressibility against in- 
compressibility molecular volume for compounds 
of the composition MO involving both zincire 
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Fig. 1. Compressibility-density systematics for 
oxides MO. 

and rock salt structures (Figure 1). Ignoring for 
the moment the transition metal oxides (except 
MnO, where Mn •* has five d electrons in a half- 
filled shell, so that there are no crystal field 
effects), we see that there is a good fit to a 
straight line for all mean atomic weights 

I 
= --0.04 -{- 0.035Vmolec (A 3) 

(Mb) 
from which we would infer K(FeO).s.) = 
1.950 Mbar. However, by considering the ob- 
served values for FeO, CoO, and NiO, we see 
that these compounds fall well below the curve. 
These cations have, respectively, one, two, and 
three d electrons contributing to crystal field 
effects. There seems, therefore, to be an effect 
due to these electrons leading to a different 
behavior. Indeed, the four transition metal 
oxides fall very close to a straight line them- 
selves' 

I 
= -- 1.076 -{- 0.083 Vmole c (A 3) 

(Mb) 
Since Fe•+(l.s.) also has d electrons contribut- 
ing to crystal field effects (six of them), it 
seems preferable to use this relation to infer 
K(FeO, 1.s.) -- 4.160 Mb. 

There are fewer data for sequioxides' the 
three oxides without crystal field effects (Al•O•, 
Fe20•, and SrTiO•) all lie on the line 
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1 
= --0.04 q- 0.01 Vmolec (A3) 

/c 
but the oxide Cr,O• with two ions with crystal 
field effects lies slightly below that line. The 
Cr•O• and Fe•O• points are too close to justify 
the inference of a crystal field line as with MO; 
furthermore, the use of such a line derived for 

3+ 2+ 4+ M2 03 to predict behavior for M N O8 c•ystal 
field effects would not appear, on the face of it, 
to be reasonable. Rather, we take •o for low 
spin FeO and assume that the •I,o'S of the 
oxides are additive in a compound whose density 
is near that of the mixture of oxides [An.derson, 
10130]. Using •o -- 82.2 (km/sec) 2 for stishovite 
[Mizt•tani et al., 1072], we find for FeSiO3 and 
MgFeSiO, bulk moduli of 3.74 and 2.0 Mbar, 
respectively. (For Fe•SiO• in the calcium ferrite 
structure, we get K -- 3.1 ---+ 0.025 Mbar.) 

In order to estima;c• the magnitude of dK/dP 
in the high-pressure iJhases of thd lower mantle, 
we have used a relation between the density 
and (dK/dP -- 5/3). In Figure 2 we show the 
experimental data thken from Anderson et al. 
[19{38] and Davies and Anderson [1071]. 
Davies and Anderson's data are reduced from 

shock wave experiments" and depend on the 
equation of state used by them. The values 
given by them for iron-rich compounds have 
been omitted for the present study. There is 
considerable Scatter, but the points with mean 
atomic weight near 20 define a fairly good 
straight line on a log-log plot whose equation is 

dP -3 + 

L 

dK/dP- 5/5 

Fig. 2. Variation of dKfdP with density: 
plus sign, ultrasonic data [Anderson eta!., 1968]; 
solid circle, static compression dat• [Clendenon 
and Drickamer, 1966]; triangle, shock wave data 
[Davies arid Anderson, 1971]; open circle, shock 
wave data for polymineralic rocks [Davies and 
Anderson, 1971] (G, granite; E, eclogite); square, 
shock wave data for feldspar-rich systems [Davies 
and Anderson, 1971] (N, albitite; K, microcline; 
N, NC, two points: oligoclase and anorthosite). 
Numbers by points are mean atomic weight (M). 

where k•o ~ 4.6 cm•/g. For greater mean atomic 
weights k, is larger, about 5.6 for (M) -- 30 
and 6.8 for (M) ---- 35. We have used these 
relations with interpolation to infer dK/dP 
for mantle minerals. The properties of mantle 
minerals used in the paper are given in Table 1, 
along with the aggregate properties of some 
rocks composed of those minerals. 

There is some experimental evidence sup- 
porting both the occurrence of low-spin iron at 
high pressures and the elastic properties we 
have predicted for such compounds. McQueen 
et al. [1967] have measured the Hugoniots of 

TABLE 1. Properties of Mantle Minerals 

Mineral 

Composition Structure Oo <M> 
K0, 
kb •o K 0 ' 

(Mg0.soFe0.•i)2Si0• 

Mg2Si0• 

Mg(FoSi)0• (1.s.) 
NaA1SiO• 
{Mg0.89•e0.11)Si03 

MgSiOs 

FeSiO 3 
CaSiO 3 
All.6•Cr0.18Fe0.1803 
FeO (lo• spin) 
Fe2SiO• 

gr2Pb0• 4.02 21.07 2302 57.26 3.17 
K2NiF• 4.17 21.07 2665 63.91 3.01 
Sr2Pb0 • 3.85 20.10 2272 59.00 3.37 
K2NiF• 3.99 20.10 2621 65.69 3.20 
CaFe20• 4.76 24.61 2900 60.92 2.69 
CaFe20 • 3.90 20.29 2163 55.47 3.30 
Ilmenite 3.96 20.76 2280 59.57 3.23 
Perovskite 4.28 20.76 3!1! 72.69 2.91 
Ilmenite 3.84 20.08 2255 58.72 3.39 
Perovskite 4.15 20.08 3076 74.12 3.02 
Ilmenite 5.43 26.39 3740 68.88 2.45 
Perovskite 3.97 23.23 3096 77.99 3.22 

Sapphire 4.15 21.90 2032 48.95 3.02 
Rock salt 7.55 35.93 4160 55.10 2.40 

CaFe20• 5.6 29.1 3100 55.36 2.65 
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TABLF. 2. Properties of Mantle Mineral Assemblages 
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Rock Composition P0 •0 K0 K0' 01600 •1600 

A 0.36Ho + 0.64En (ilmenite) 4.21 59.5 2503 3.13 4.04 56.0 
B 0.33Ho + 0.67Fo(str. plumb.) 4.13 60.6 2503 3.22 3.97 57.1 
C 0.35Ho + 0.67Fo(K2NiF4) 4.25 64.0 2720 3.03 4.08 60.8 
D 0.33Fs + 0.67Fo(K2NiF4) 4.35 66.5 2894 2.95 4.18 63.5 
E 0.22Ho + 0.11Fs + 0.67En (perovskite) 4.46 70.5 3142 2.88 4.28 67.8 
Pl 4.00 58.5 2339 3.20 3.84 54.7 
P2 o 4.03 60.0 2416 3.25 3.87 56.2 

P3 o, d 4.05 61.1 2474 3.23 3.89 57.5 
P4 a, o 4.08 62.1 2534 3.17 3.92 58.6 
PS b• • d 4.12 65.1 2681 3.13 5.96 61.7 
P6 a• • d 4.13 66.2 2732 3.14 3.97 62.9 
P7 b, • 4.13 62.9 2598 3.36 3.97 59.5 
P8 a• b• o 4.19 64.1 2687 3.08 4.02 60.8 
P9 a• b• •, d 4.20 68.2 2864 3.05 4.03 65.1 
p10 a• b• o• d• e 4.24 69.3 2938 3.00 4.07 66.3 

Ho, MgFeSiO•(calc. ferr.)' En, MgSiO 3' Fo, Mg2SiO•' Fs, FeSiO3(ilmenite). For rocks Pl to 
P10, composition is that of pyrolite. a, b, • d, and e indicate that those reactions have 
occurred. a and b refer to any composition of M2SiO• and MSi03, respectively. 

four iron-rich oxides: hortonolite dunitc, faya- 
lite, hematite, and magnetite (hortonolite dunitc 
is a nearly monomineralic rock of approximate 
composition 90% olivine (fa•), 97% bowlingitc 
(alteration product of olivine), and 1% opaque 
minerals). G. F. Davies and Gaffney (in prep- 
aration, 1973) calculate the Hugoniots shown in 
Figure 3 from the elastic properties derived 
here, assuming that (1) hortonolite dunitc and 
fayalite have both Fe•*(1.s.) and Si 4+ in six- 
coordination [and either Mg •+ or Fe2+(h.s.) in 
eight-coordination ] in the calcium ferrite struc- 
ture; (2) that magnetite has Fe•+(1.s.) in six- 
coordination and Fe•+(h.s.) in eight-coordination 
in the calcium ferrite structure; and (3) that 
hematite has the same (corundum) structure 
but FeS+(1.s.). They conclude that MgFeSiO4 in 
the calcium ferrite structure with Fe•+(1.s.) is 
produced by pressures greater than 650 kbar. 
Fe•SiO4 first goes into a strontium plumbate 
structure (high-spin) and then into a calcium 
ferrite (half high-spin, half low-spin) at about 
900 kbar. Apparently it is easier to spin-pair 
Fe 8+ than Fe •-+, since the Fe •+ in the magnetite 
intermediate pressure phase is still high-spin. 

SPtN-STaT•, Fe •+ IN Low•,R 

The shock wave data discussed earlier offer 

good evidence that transitions to Fe=+(1.s.) 
compounds are likely in the lower mantle. 
Under shock conditions such transitions occur 

below 650 kbar in hortonolite dunite and pos- 

sibly in other iron compounds as well. SuCh a 
pressure will be achieved in the earth at 1550 
km. However, phase transitions in shock ex- 
periments are often sluggish, so that these must 
be considered upper limits on the pressures at 
which such reactions can occur under hydro- 
static conditions in geologic time. 

P 

(kbar) 

o • • • i • 

p (gm/cm 5) 

Fig. 3a. Predicted Hugoniot of hortonolite 
dunitc assuming high-pressure phase is MgFe 
(1.s.) SiO• in a calcium ferrite structure with 
the properties given in Table 1: circles represent 
experimental dat• [McQueen et al., 1967]; bar 
on lower scale shows initial density; arrow shows 
zero pressure density of high-pressure phase. 
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Fe•+(h s) S, 04 
(strontium plumbore struct 

Fe2+(hs) Fe2+(Is) 51 04 
(coloum ferrCe structure) 

p (gm/cm •) 

Fig. 3b. Predicted Hugoniots of Rockport 
fayalite assuming two possible high-pressure 
phases: strontium plumbate structure with high- 
spin iron having the density and elastic properties 

P 

(kbar) 

iooo 

o 

Fe2+(h s) Fe23+(Is ) 04 
(calcium ferrite t uctu 

Fe O(Is)+ Fe2 0:•(I s) 

5 6 7 

p (gm/cm :• ) 

Fig. 3d. Predicted Hugoniots for magnetite 
of wustite plus stishovite, and calcium ferrite assuming that the high-pressure phase is either 
structure. Symbols are as in Figure 3(a). a calcium ferrite structure (with high-spin Fe 2+ 

and low-spin Fe 3+) or a mixture of the low-spin 
oxides. Symbol as in Figure 3(a). 

P 

(kbar)- 

o 

0 •-• 6 7 8 
p (gm/cm • ) 

In paper 1 the variation of the crystal field 
parameter with compression was discussed. The 
crystal field was separated into a part propor- 
tional to r -3 and a part proportional to r -5, 
where r is the interatomic distance between the 

transition metal and the coordinated ion. This 

technique worked fairly well in predicting the 
zero-pressure spectra of several ferrous iron 
compounds. It has recently been shown that 
this point charge model predicts accurately the 
behavior of the spectrum of ruby with up to 
15% volume compression [Gaffhey and Ahrens, 
1973]. We use this model below and expect the 
results to be accurate to about 10-20%. 

The problem of crystal field effects is more 
complicated if we wish to consider the possi- 
bility of spin-pairing. The energy difference be- 
tween states of different spin multiplicity will 
depend not only on the crystal fields but also 
on the magnitude of the electron repulsion 
energy. This energy enters into the calculation 
by way of the Racah parameters B and C 

Fig. 3c. Hugoniot of hematite assuming that [Tanabe and Sttgano, 1956]. 
high-pressure phase has the density appropriate In an octahedral site the crystal field energy for low-spin Fe 3+ in a corundum structure. The 
bulk modulus of the high-pressure phase has required to induce spin-pairing in Fe •+ will 
been chosen so as to fit the data of McQueen be about (5B + 8C)/2 [Gri•th, 1966]. As 
et al. [1967]. Symbols as in Figure 3(a). the interatomic distance decreases, covalent 
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bonding is expected to lower B and C. Indeed, 
the value of B and C in Fe •* in minerals (Gaff- 
ney, C. D. Cowan, and G. R. Rossman, in 
preparation, 1973) is less than that of the free 
ion. However, there is no simple relation be- 
tween B, C, and r. 

The variation of B and C with compression 
has been determined experimentally for a va- 
riety of transition metal ions and ligands (un- 
fortunately, not for Fe'+-O•-). For oxides values 
of B seem to vary with r as r '•, where n is 
between 3 and 6 [Stephens and Drickamer, 
1961a, b]. Attempts to infer variation with r 
for Fe-O combinations in a variety of oxides 
and silicates at zero pressure [Ga#ney, 1972] 
have not been successful because of the strong 
effect of coordination. In the models below 

we will use both F and F as the variability of 
B and C with r. 

Calculations of crystal field strengths com- 
bined with knowledge of the Racah parameters 
provide another means of bounding the pres- 
sures required to produce spin-pairing. The 
pressure required to induce spin-pairing in the 
high-spin phases such as (Mg, Fe)•SiO4 spinel 
or (Mg, Fe)SiO• ilmenite will be an upper limit, 
since the spin-paired state could be achieved 
earlier in some phase peculiar to low-spin Fe 2' 
(such as MgFeSiO4 in the calcium ferrite struc- 
ture). The upper limits are more than I Mbar 
for (Mg, Fe)2Si04 (strontium plumbate struc- 
ture) and (Mg, Fe)SiO• (ilmenite). However, 
for wustite, on the basis of elastic data of Mizu- 
tani et al. [1972] and dK/dP from Figure 2, 
transition pressures at 0øC will be 370 and 250 
kbar for the lower and upper limits on the 
variability of B and C. At the higher tempera- 
tures of a geotherm, spin pairing is predicted 
at 460 and 340 kbar (1200 and 900 km). Al- 
though FeO is probably not a separate phase 
in the mantle, this will still be a good upper 
limit on the pressures of the high- to low-spin 
transition. As Strens [1969] pointed out, the 
local compressibility about Fe •* in most oxides 
and silicates is probably much less variable than 
the bulk compressibility of the host. (It should 
be noted that this is not the same calculation 

as that undertaken by Strens [1969]. He 
attempted to estimate an equilibrium between 
FeO(1.s.) and FeO(h.s.). Furthermore, although 
he did use B and C lower than the free-ion 

values, he did not consider them to decrease 

more upon compression.) Static compression 
studies of FeO up to 300 kbar [Clendenon and 
Drickamer, 1966] indicate that the r • upper 
limit for variability of B and C is too high. 
No discontinuity in the lattice constant was 
seen up to 300 kbar, but the occurrence of spin 
pairing would probably produce one, because 
no change in structure (only in spacing) is re- 
quired. 

On the other hand, the lower limit of sta- 
bility of Fe•*(1.s.) in these low-spin phases will 
be a lower limit on the transition pressures. 
The low-spin compounds are predicted to be 
low-spin even at zero pressure. That is not to 
say that they are thermodynamically stable, 
but only that if they did exist at zero pressure 
they would be low-spin. 

The result is that, with the present inac- 
curacies, primarily in predicting the Racah pa- 
rameter, it is not possible to predict the exact 
pressure at which spin pairing can be expected 
in the lower mantle. Further experimental work, 
especially at low pressures on hortonolite and 
wustite, is required to resolve this difhculty. 
Nonetheless, we are assured that below 1200 
km any Fe z* in the earth's mantle will be spin- 
paired, and this reopens the question of the 
composition of the lower mantle. 

COMPOSITION OF THE LOWER MANTLE 

Given that Fe •* will be in a low-spin state 
somewhere in the lower mantle, we turn to an 
investigation of its effects on geophysically 
observable quantities. The effect on the im- 
portance of radiative transfer was discussed 
earlier (paper 1), and the general results of 
that argument are still valid, i.e., radiative 
transfer will be important if Fe •* is spin-paired 
but will be inhibited by crystal field absorption 
if it is not spin-paired. 

Using the elastic properties given earlier 
(Table 1), the density p and the seismic param- 
eter ß can be calculated for various minerals 

and rocks in the mantle. A Murnaghan equa- 
tion rather than a Birch-Murnaghan equation 
is used to extrapolate to high pressures, be- 
cause it is probably more appropriate for the 
small dK/dP that have been adopted. The 
calculations were carried out using the con- 
tinental geotherm of $tacy [1969] with dK/dT 
-- -1.5 kbar/deg and a -- 25 X 10 -•. An 
initial set of calculations was done using Ring- 
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wood's pyrolite composition with high-pressure ture), (Mg, Fe)2SiO, (strontium plumbate), 
transitions (a) through (e) occurring at a va- menite), the seismic results can be fit very 
riety of levels. The range of the calculated well, as Figure 5 shows. The best fit is ob- 
q•(--K/p) and p's is shown in Figure 4. Values tained with a composition Mg•.67Feo.88SiO, at 
deduced from seismic data by Jordan and 650 km varying fairly smoothly to about 
Anderson [1973] are shown for comparison. MgFeSiO• (calcium ferrite), and FeSiO8 (il- 
The densities are much too low throughout the Mgo.•Feo.•SiO•.• at the core-mantle boundary. 
lower mantle, although the q•'s are acceptable. The latter value corresponds to 0.40MgO + 
Agreement is best above 800 km, where a pyro- 0.15FeO + 0.45SiO• (mole fraction), which 
lite composition is barely possible. This is not can be compared to 0.38MgO + 0.16FeO + 
surprising, since pyrolite composition was, in 0.46SiO• (mole fraction) determined by Ander- 
fact, designed on the basis of upper mantle son [1970] to be the average composition of 
data. In the region above 800 km, the best the lower mantle. All the iron in this model 
pyrolite model has Fe •+ spin-paired in MgFeSiO• is spin-paired below 630 km. Above about 
(calcium ferrite structure). No fit of pyrolite 1500 km the low-spin ferrous mineral will be 
to the data can be obtained with high-spin iron. MgFeSiO•, but FeSiO• is present at greater 
Below 800 km, no phase assemblage with a depths. The values for po and q•o in Table 1 
pyrolite composition fits the data. range from 3.97 to 4.28 g/cm 8 and 56.0 to 67.8 

Plotting the probable major mineral data and (km/sec) •, respectively, for the lower mantle 
the observed seismic data in a p-q• plot for mineral assemblages at P -- 0, T -- 1600øC, 
various pressures on a geotherm, one can esti- which is the approximate value of the lower 
mate the mineralogic composition of the lower mantle adiabat extrapolated to the surface 
mantle and then check the estimate as with the [Clark and Ringwood, 1964]. This can be com- 
pyrolite model. Considering only Mg, Fe, and pared with the values of 4.11-4.14 g/cm • and 
Si in MgSiO• (ilmenite or perovskite structure), 55.0-56.5 (km/sec) • determined from seismic 
(Mg, Fe)SiO• (ilmenite), Mg2SiO• (strontium data [Anderson and Jordan, 1970] to be the 
plumbate or potassium nickel fluoride struc- appropriate average values for the lower mantle. 

p (gm/cm 3) 
4.0 4 2 4 4 4.6 4 8 5.0 5 2 5.4 5.6 

600 •:•a%øø--• a' ' o - •' Jorda'n ]d ..... 'B1 ' , 
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Fig. 4. Range of values calculated for density 
(vertical pattern) and seismic parameter (hori- 
zontal pattern) with a pyrolite bulk composition. 

A brief comment is in order about the possi- 
bility of other elements, primarily A1, Ca, and 
Na, in the lower mantle. The effect of the addi- 
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40 42 44 46 48 50 52 54 56 

600 •a•Oo ' ' ' • ' ' ' ' 
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Observed values are from Jordan and Anderson Fig. 5. Density and seismic parameter for several 
[1973]. possible mantle assemblages (see Table 2). 
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tion of the oxides or silicates of these metals 
can be inferred from Table 1. All three min- 

erals will lower the density, although for A1203 
the effect will be small. The seismic parameters 
will be lowered by addition of A1203 and to a 
lesser extent by NaA1SiO• but will be raised by 
addition of CaSlOn. Since the fit to the density 
of the lower mantle is quite good but the calcu- 
lated ß is somewhat too high, additions of up 
to about 10% Al•O• might be possible without 
jeopardizing the fit to the observations. Only 
small amounts of NaA1SiO• and CaSiO• can be 

accommodated, however, because of their large 
effect on density. 

ORIGIN OF TI-IE UPPER MANTLE 

The likelihood of iron and silicon enrichment 

in the lower mantle relative to the upper 
mantle has been shown. The presence of a 
separate phase containing Fe •+ makes it pos- 
sible for the lower mantle to retain iron. At 

low pressures in silicate systems, it is usually 
found that silica and iron are concentrated in 

the early-melting components, and so they 
might be removed by any type of partial melt- 
ing. However, at several hundred kilobars Si 
should be six-coordinated and Fe •+ should be 

spin-paired, so that there is no reason to expect 
behavior similar to that at low pressures. In- 
deed, by extension of the argument of Burns 
and Fy•e [1964] and Curtis [1964], Fe •+ should 
prefer the solid to the liquid it spin-paired. This 
effect should be accentuated by the small ionic 
radius of Fe•(1.s), and so it can be expected 
that if the lower mantle were ever partially 
molten it should be enriched in iron relat've 
say, the upper mantle, which would receive the 
early melt. If the Fe • solid being left behind 
in the lower mantle were FeSi08, some silica 
enrichment would also occur. It seems, there- 
fore, that the upper mantle may be a differen- 
tiate of the whole mantle, just as basalt is com- 
monly regarded as a differentiate of the upper 
mantle (pyrolite). It is also possible, of course, 
that iron enrichment of the lower mantle is an 

original property of the earth. 
The upper mantle, for which pyrolite can be 

taken as a good approximation, contains much 
less FeO and SiO• than is inferred here for the 
lower mantle. Ringwood [1966] assumes that 
the whole •nantle is uniform in composition 
(pyrolite) and deficient in SiO• and FeO com- 

pared to carbonaceous chondrites, the pre- 
sumed parent material for the earth and the 
other terrestrial planets. He therefore devised 
a scheme by which ferromagnesian silicates 
were reduced in the high-temperature terminal 
stages of accretion and the reduced Fe and Si 
entered the core, thereby depleting the mantle 
in FeO and Si02. The present composition of 
the mantle can be matched by chondrite abun- 
dances [Anderson et al., 1971], and thus the 
need for the mantle material to be exposed to 
the reduction processes envisaged by Ringwood 
[1966] is removed, as is the main argument 
that silicon is the light alloying element in the 
core. 
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