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Interpretation of Velocity Profiles of the Mantle 
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The purpose of this note is to demonstrate that recent VP and V, profiles are consistent with finite strain 
extrapolations of reasonable mineralogies. The difference in the size of the discontinuities in the Vp and V, 
profiles is due to the relative pressure insensitivity of shear velocity in spin el structures. Most of the struc­
ture in the upper mantle can be attributed to the collapse of forsterite rich olivine to the fJ spine! and then 
the 'Y spine! structures. The 640-km discontinuity on the basis of recent work appears to be due to the dis­
proportionation of 'Y spin el to a mixture of magnesiowustite (Mg, Fe)O and stishovite. The present results 
indicate that this postspinel phase in the lower mantle is enriched in SiO, relative to the upper mantle. The 
640-km discontinuity is therefore a chemical as well as a phase boundary. 

Helmqerger and Engen [1974] have recently determined a 
shear velocity structure (SHR14) for the upper mantle that 
satisfies both travel time and wave form data. It has many 
features in common with the compressional velocity models, 
derived by similar techniques by Helmberger and Wiggins 
[1971] and Wiggins and Helmberger [1973]. Although it is 
more detailed, it is in general agreement with other recent 
upper-mantle shear velocity models. It has a low-velocity zone 
and two abrupt velocity increases near 400 and 600 km. In 
these respects it is similar to the shear velocity models of 
Anderson and Toksoz [1963], Anderson and Julian [1969], 
lbriham and Nuttli [1967], Nuttli [1969], and Jordan and Ander­
son [1974]. 

The main new feature of the models derived by Helmberger 
and his colleagues is a broad discontinuity near 500 km; this 
appears in both the VP and the V, profiles. The main 
differences between the V, and VP profiles are the relatively 
slow increase of V, between the discontinuities and the size of 
the V, jump at 400 km, which is smaller than the correspond­
ing increase in VP across this transition region. Whitcomb and 
Anderson [1970] had suggested a discontinuity near 500 km 
based on precursors to the P' P' phase reflections under 
oceanic areas. Simpson [1973] also found evidence for such a 
feature in Australia. It therefore seems to be a real and 
widespread feature of the mantle. The smallness of the S 
velocity jump at 400 km also appears to be real on the basis of 
the wave form study. A large amount of effort has gone into 
developing theoretical techniques and collecting laboratory 
data to explain the observed compressional velocity profile in 
terms of mineralogical models of the upper mantle. Our pur­
pose is to show that the new shear velocity profile, in particular 
its apparent differences from the compressional velocity 
profiles, can be explained in terms of a simple but reasonable 
mineralogical model. An explanation of the smallness of the 
400-km discontinuity for shear waves is one immediate 
problem. To this end we have computed P and S profiles that 
fit the seismic data, using laboratory data on mantle minerals 
and finite strain theory. The calculated zero-pressure 
parameters of the various regions of the mantle are compared 
with ultrasonic data on a variety of minerals. 

CALCULATION OF WAVE VELOCITIES 

The techniques for computing seismic velocities in a self­
compressed solid were developed by Birch [1939] and refined 
by Sammis et al. [1970]. Application to earlier seismic models 
has been performed by Anderson et al. [1971] and Anderson 
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and Jordan [1970]. The expressions for VP and V, can be 
written 

Vv2 (T, P) = Vpo 2(T)(l - 2e) 

· [l - 2e(3K0(T)Dpo(T) - l)] (1) 

V, 2(T, P) V, 0 
2(T)(l - 2e) 

· [l - 2e(3 Ko(T)D,o(T) - l)] (2) 

V/(T, P) V/(T, P) - (4/3)V, 2(T, P) 

where 
= cp(T, P) (3) 

Do=(~)I 
" i)p T P=O 

11 = p, s, or</>, e is the hydrostatic strain, and the subscript zero 
implies the value at zero pressure. In the corresponding 
equations given by Sammis et al. [1970] there is a misprint 
where p was written as p 0 • The strain can be calculated from 
the pressure P by using the Birch equation of state: 

(4) 

Here K0 is either the isothermal or adiabatic bulk modulus at 
zero pressure, depending upon the conditions. Since the two 
constants are nearly the same for most mantle minerals 
[Anderson et al., 1968], we have assumed that they are equal. 
The ~ satisfies the equation 

where Po represents the zero pressure density. 
For the upper mantle we have used the approach of Gilvarry 

[ 1957] and assumed that K0 , p 0 , and µ. 0 can be replaced by their 
temperature dependent equivalents. We take 

(iJ In p/iJT)p = -a(T, P) 

(iJ In K/iJ In p)p = c 

(iJ In µ/iJ In p)p = b 

(6) 

(7) 

( 8) 

where c and b are quantities that can be related to the in­
teratomic potential [Anderson, 1967]. We assume that their 
dependence on temperature and pressure is small. Integrating 
yields 

Po(Tr) exp (- i~F a dT) (9) 

Ko(Tr) exp (-c i~F a dT) (10) 

1070 
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Fig. I. Velocity model SHR14 [Helmbergerand Engen, 1974]. Also 
shown are finite strain predictions for olivine, garnet, and bronzite 
(100-400 km), fJ spine! and 'Y spine! (400-600 km), and finite strain fits 
to the upper part of the lower mantle, the postspinel region. 

µo(TF) = µo(T1) exp ( ._b,£:" a dT) (11) 

where T1 and TF are the initial and final temperatures. The 
temperature dependence of Dp0 and D,0 follows from the 
definitions of the seismic velocities in terms of K 0 , µ 0 , and Po 

arid the thermodynamic relation 

JT,, (aa) JT" (ax-1
) - dT- - -- dT 

Tr (Jp T - Tr iJT p 

1 1 
= K(T1) - K(TF) 

D~0(TF) = D~o(T1) 

+ (c ~ l)(K(~F) - K(~1)) 
D,o(TF) = D,o(T1) 

+ (b ~ t)(K(~F) - K/T1)) 

_ (Vi>(TF)) 2 

D.,,o(TF) - V.,,(TF) D~o(TF) 

4(V,(TF)) 2 

+ J V.,(TF) D,o(TF) 

(12) 

(13) 

(14) 

(15) 

For purposes of evaluating the integrals in (9), ( 10), and ( 11) it 
is assumed that 

(16) 

For the lower mantle we followed Jordan and Anderson 
[1974] in assuming that conditions are adiabatic. Since the 
Birch equation of state transforms isomorphically from the 
isothermal to the adiabatic case [Clark, 1962], (1)-(4) can be 
applied directly with the stipulation that all derivatives are to 
be taken isentropically. Also by using the measured velocity 
profiles and assuming a pressure-depth curve we have deter­
mined the logarithmic pressure derivative of the lower-mantle 
velocities at depth. The velocities can be expressed in terms of 

the high-pressure rather than the zero-pressure derivatives by 
differentiating (1) and (2) with respect to strain to obtain 

cf> 1 
3KoD.,, cf>o = (l 2E)312 

(3KoD,,o - 1) 
+ [l - 2E(3KoD,,0 - l)](l - 2E)112 (17) 

cf> 1 
3KoD, cf>o = (l 2E)312 

+ (3KoD. - 1) 
[l - 2E(3KoD.o - l)](l - 2E)112 (18) 

Solving for Dpo and D,0 and substituting back in (l) and (2) 
yield 

V2= 2 (1 - 2E)2 
(19) 'P V,,o l - 2E[2 - 3 KoD.,,(c/>/c/>o)(l - 2E)3/2) 

v.2 = v.02 1 
(1 - 2E)2 

(20) 
- 2E:[2 - 3KoD,(c/>/c/>o)(l - 2E)312] 

UPPER MANTLE 

Realistic multicomponent models of the mantle have been 
considered by Anderson [1970], Ringwood [1972], and Ahrens 
[1973]. They have suggested that it is the collapse of the 
magnesium rich olivine component to a fl spine! structure near 
400 km, to a "Y spine! structure near 500 km, and to a 
postspinel phase near 600 km that is responsible for the veloci­
ty discontinuities at the corresponding depths. Since we are 
not attempting to resolve the fine details of the mineralogy, we 
have adopted for this study a pure olivine mantle. From this 
simplified model the zero-pressure parameters of the various 
regions have been computed and compared with ultrasonic 
data. · 

To compute the velocities for the region between 100 and 
400 km, we have used the temperature dependent finite strain 
equations, the geotherm proposed by Swift [1969), the 
pressure-depth curve of Jordan and Anderson [1974), and the 
elastic constant data from Anderson et al. [1968), Graham 
[1970], Sammis et al. [1970), and Frisillo and Buljan [1972). For 
this geotherm, olivine Fo83Fa17 has velocities very near those 
observed, as is shown in Figure l, but the theoretical velocities 
of bronzite and Al.Py garnet fall close enough that pyroxene 
and garnet can be mixed in with no serious consequence to the 
theoretical results. The bars indicate the range of velocity in 
olivine as the Fe2SiO, varies from 0 to 20% Mor alternatively 
as, temperature varies by roughly 1200°·. This illustrates the 

TABLE 1. Observed Versus Predicted Densities for the Earth 

Depth, km 

100 
200 
300 
400 
500 
600 
700 
800 
900 

1000 

Model Bl Density, 
g/cm• 

3.32 
3.37 
3.47 
3.57 
3.87 
3.97 
4.25 
4.46 
4.52 
4.58 

Theoretical Density, 
g/cm• 

3.45 
3.53 
3.61 
3.68 
3.95 
4.05 
4.39 
4.46 
4.53 
4.59 
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degree of trade off between the uncertainty in these 
parameters. Table 1 compares the computed densities of 
olivine (Fo83) with the appropriate values from the Jordan and 
Anderson [1974] free oscillation model Bl. Although olivine of 
this composition has appropriate velocities, it is too dense by 
about 1.5 g/cm3 • This density indicates that a more realistic 
upper-mantle model would either contain a lower-density 
material with olivinelike velocities, for instance, pyroxene, or 
have a lower iron content and a higher temperature. 

TRANSITION. REGION 

The set of equations (1)-(16) require IO input parameters to 
compute a velocity-depth profile. If temperature and pressure 
are assumed to be known, Dp-0, Dso, Ko, µo, Po, and the 
temperature derivatives are left. Since none of these 
parameters are available for mantle spine! ((Mg, Fe)2Si04), we 
cannot simply substitute in the equations, as we did before. In 
order to test the olivine-~ spinel-"Y spine! model for the transi­
tion region we have taken the approach of assuming that the 
pressure and temperature derivatives of the spinels are ap­
proximately the same as those of MgAI20, spine! and of 
assuming a density jump of 7 .5% for the a-~ transition and 
10% for the a"/' transition [Ringwood, 1972], and we have 
found, by trial and error, values of Ko(T1) and µo(T1) that 
satisfy the velocity profiles. Finally, the computed zero­
pressure properties of the mantle spinets have been plotted on 
Birch diagrams in Figures 2 and 3. The results indicate 
reasonable compatibility with the assumption of chemical 
homogeneity for the upper mantle. The light solid curves were 
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Fig. 2. Inferred zero-pressure VP and p for olivine (Fo83), f3 spine!, 
and 'Y spine! regions of mantle (solid triangles) that are required to 
match the seismic profiles. The point (solid triangle) for the lower 
mantle is based on finite strain extrapolation (this study) combined 
with BI densities. Note that the upper-mantle points satisfy a single 
power law relationship between VP and p, suggesting uniform com­
position in this region. The power law relationship does not hold for 
breakdown to oxides. The lower mantle is apparently neither a Birch's 
law extension of the upper mantle nor mixed oxides in olivine propor­
tions. The figure is modified from Anderson et al. [1971]. The stishovite 
data are from Mizutani et al. [1972]. 
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Fig. 3. Same as Figure 2 .but for v. versus p. 

computed from the power law formulation of Birch's law 
[Anderson, 1967]: 

v = C(M)p>-

where C(M) is a constant depending on mean atomic weight. 
We have assumed that the measured values of Ap = 1.9 and X, 
= 1.6 [Liebermann and Ringwood, 1973] for Fe2Si04 are not 
strong functions of iron content. Judging from the variation of 
the X in analog structures, we should find this to be correct to 
within ±0.25. The estimated density jumps should be correct 
to within 2% or so. 

The consistency of the computed results with Birch's law in­
dicates that the small S relative to P velocity jump at 400 km 
and the properties across the 500-km discontinuity meet the 
requirements of both empirical and theoretical equations of 
state of a solid under pressure. From the computed spinet 
velocities in Figure l it is apparent that the shear velocity of 
spinels is not as strong a function of pressure as the com­
pressional velocity, which is the reason that the 400-km dis­
continuity (for V,) is small. The P velocity gradients in this 
region do not correspond with the observations as well as the S 
velocity gradients do, possibly an effect of phase mixing; 
however, D. V. Helmberger (personal communication, 1974) 
has indicated that the resolution of the slope is poorer than the 
discrepancy between theoretical and observed slopes. 

LOWER MANTLE 

If the earth's lower mantle is adiabatic, it should be possible 
to determine its zero-pressure, high-temperature properties 
more reliably than those of the transition region. Since the 
temperature derivatives are not needed in the adiabatic case 
and since the pressure derivatives can be determined from the 
velocity profile, the only parameters that still need to be 
specified are K0 , µ 0 , and p0 • When one has been chosen, the 
other two can be determined by requiring that (12) and (13) 
satisfy the observed velocities at the depth where the pressure 
derivatives were computed. Complete profiles then follow 
from (l )-(5). Anderson and Jordan [1970] have estimated that 
the zero-pressure, adiabatic temperature density of the lower 
mantle is between 3.9 and 4.1 g/cm3• If we assume values for 
DP and D. of 0.290 . 10- 12 and 0.329 . 10- 12 cm2/dyn at 900 
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TABLE 2. Estimated Zero-Pressure Values for the Earth's Mantle 

Material Po 

Olivine Fo88 3.46 
400-500km 3.72 
500-600km 3.81 
Lower mantle 3.9* 

(uppermost) 4.1 * 
4.08 
4.28 

* Adiabatic temperature. 
t Adopted. 

Vpo 

8.19 
9.34 
9.70 
9.94 
9.95 

10.37 
10.39 

km, the extremal values of density lead to the zero-pressure 
properties listed in Table 2, which lead to the profiles in Figure 
I. Changes in density of this order lead to almost identical 
zero-pressure velocities. Therefore the density is not well deter­
mined, but the zero-pressure velocities are rather tightly con­
strained. Accordingly, the lower mantle plots as a horizontal 
line segment on the Birch diagrams (Figures l and 2). If the 
average Anderson-Jordan Po value of 4.0 glcm" at 1600°C is 
assumed, we obtain the theoretical densities in Table l. They 
compare remarkably well with Bl densities. This also shows 
that the appropriate Po is somewhere close to the midpoint of 
the density range that we have considered. The velocities were 
corrected to room temperature from the adiabatic temperature 
of approximately 1600°C by using the Clark and Ringwood 
[1964] estimate of a 4-5% density change, the Anderson and 
Jordan [1970] estimate that (a ln <Pia ln p)p ~ 2, and the 
assumption of constant Poisson's ratio. 

Recent static high-pressure results strongly indicate that the 
postspinel phase is a simple mixture of the oxides (Fe, Mg)O 
and SiO, (stishovite) [Ming and Bassett, 1974; Kumazawa et 
al., 1974]. The heavy line that departs sharply from the Birch 
curve in Figures 2 and 3 shows the path that olivine follows as 
it breaks down into oxides [Mizutani et al., 1972]. On the p-VP 
plot the lower mantle has a velocity about 0.9 kmls higher 
than that predicted by mixed oxides of upper-mantle composi­
tion. Stishovite has a higher velocity than either the lower 
mantle or MgO. On the p-V. plot the lower mantle is about 0.3 
kmls higher in velocity than the predicted mixed oxides, and 
stishovite has a velocity lower than MgO and slightly lower 
than the lower mantle itself. The VP results indicate that the 
lower mantle is enriched in Si02 with respect to the upper 
mantle; ifthe lower mantle v. point is taken at face value, it in­
dicates the addition of some other higher-velocity substance 
such as MgO or low-spin iron. The addition of MgO would 
decrease the density and can be ruled out. Therefore if the 
lower mantle is a simple mixture of oxides, it is enriched in 
Si02 relative to the upper mantle and requires a phase, 
possibly low-spin FeO, that increases the shear velocity. 

DISCUSSION 

Olivine Fo83Fa17 has seismic velocities that satisfy the new 
velocity profiles above 400 km. Other minerals such as garnet 
and pyroxene could be, and on the basis of petrologic data and 
the free oscillation densities probably are, also present in this 
region. The collapse of the same olivine to {J spine! and then to 
'Y spine! structures explains the 400-km and 500-km discon­
tinuities and also satisfies Birch's law. The relatively small size 
of the 400-km-V. discontinuity is a manifestation of the weak 
pressure dependence of shear velocity in spinels. These con­
clusions are only weakly dependent on the assumed geotherm. 
The inferred iron content of the olivine can be decreased by in­
creasing the temperature or by adding pyroxene. In either case 

v •• Dpo D,. ~ 

4.69 1.16 0.769 -0.24 
5.36 0.494t 0.0762t -0.21t 
5.60 0.494t 0.0762t -0.21t 
5.47 0.435 0.509 0.92 
5.47 0.434 0.508 0.85 
5.71 
5.71 

the velocity data can be satisfied, and the upper-mantle density 
will be in better agreement with model Bl. We have also 
assumed that the Dpo and D00 of MgAl20 4 are appropriate for 
mantle spinels. With these assumptions the upper mantle 
appears to be chemically homogeneous. 

If the finite strain relations are cast into a form in which they 
depend on ambient rather than zero-pressure velocity 
derivatives, they can be applied to the lower mantle with only 
one unconstrained parameter Po. The resulting values of (Vp)o 
and (V,)0 do not vary significantly as Po varies over a 
reasonable range. 

The inferred zero-pressure properties of the lower mantle 
can be compared with estimates made by Mizutani et al. [1972] 
for the system 2(Mg11 -xi. Fe,,)O + Si02 (stishovite). The 
parameters p, VP, and v. are not consistent with any composi­
tion with this (olivine) stoichiometry. For example, the lower­
mantl~ Po implies FeO ~ 0.2 M, whereas (V.)0 implies FeO ~ 
0.07 M. The (Vp)o for the lower mantle is higher than that for 
any other composition in this system. This comparison 
suggests that more stishovite is present in the lower mantle 
than would result from the disproportionation of olivine to the 
oxides. In order to simultaneously satisfy the density, VP, and 
v. it appears that a near-pyroxene stoichiometry (Mg, Fe)O + 
Si02 with Fe2+ in the low-spin state [Gaffney and Anderson, 
1973] will be required. Anderson et al. [1971] and Gaffney and 
Anderson [1973] also concluded that the lower mantle is 
enriched in Si02 relative to the upper mantle. This would make 
the average mantle more chondritic than petrologic models of 
the upper mantle. The temperature correction applied to the 
lower mantle is probably of relatively low accuracy. However, 
even the zero-pressure, high-temperature velocities are higher 
than the predicted mixed oxide values. It seems quite certa.in 
therefore that the lower mantle is chemically different from the 
mixed oxides of olivine. If the temperature correction for V, 
has been severely overestimated, Si02 enrichment may be the 
sole chemical change that is necessary to explain the obser­
vations. 

The size of the velocity jumps .relative to the density jumps 
at the 400-km discontinuity (olivine-{J spine!) and the 500-km 
discontinuity ({J-"'( spine!) is consistent with the isochemical 
phase change data of Liebermann and Ringwood [19731. The 
relative jumps in velocity and density associated with the 600-
km discontinuity, however, are quite different from the 
shallower discontinuities and different from any of the phase 
changes studied by Liebermann and Ringwood [1973]. G. F. 
Davies (preprint, 1974) pointed out that !J. VI !J.p is much 
smaller for the spinet-oxide phase change than for the olivine­
spinel phase change. Anderson [1969] had previously noted 
that the elastic properties of spinets were close to those of the 
mixed oxides. Therefore only a small jump in velocity would 
be expected for the spinel-postspinel phase change. Our results 
indicate that !J. VI !J.p at 600 km, particularly for the bulk sound 
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speed </>, is much greater than is inferred by Davies for iso­
chemical collapse. All of these findings suggest that the 640-km 
discontinuity is both a phase and a chemical boundary. 
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