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An experimental study of the stability fields at high pressure of garnet peridotite and aluminous pyroxene peri­
dotite has been carried out in compositions matching estimates of the average, undifferentiated upper mantIe (pyro­
lite). The appearance of garnet at higher pressures in the pyrolite compositions results from either of two reactions: 
(l) spinel + orthopyroxene ~ olivine + garnet 
(2) aluminous pyroxene ~ garnet + pyroxene (lower alumina). 
The role of spinel in the lower pressure assemblages is sensitively dependent on temperature and bulk composition. 
For the pyrolite composition preferred for the upper mantle, spinel is absent above l3000C and the first appearance 
of garnet at pressures of 24 kb (J3000C) to 31 kb (l5000C) is due to reaction (2). In this composition garnet does 
not appear on the pyrolite solidus nor in its melting interval at pressures below 31.5 kb. 

At temperatures less than 13000C, garnet appears at 21 kb (llOOOc) to 24 kb (13000C) and develops by reaction 
(1) at the expense of spinel. The amount of garnet formed by this reaction is dependent on the alumina content of 
the pyroxenes and throughout the temperature range 1100-J5000C the amount of garnet present increases markedly 
with increasing pressure within the garnet peridotite field. Microprobe analyses of orthopyroxenes demonstrate that 
this is matched by decreasing A1203 content of the pyroxenes and allow preliminary estimation of P,T-dependent 
curves of constant A 1203 content for orthopyroxene in garnet peridotite assemblages. ' 

The experimental data are applied to estimate density and seismic velocity variations along oceanic and continen­
tal geothermal gradients in a pyrolite upper man tie. It is emphasized that seismic velocity distributions are sensitively 
affected by variations in geothermal gradient and by mantle chemical composition, e.g. by variation from pyrolite to 
residual, refractory, dunite-peridotite. It is suggested that seismic velocity (Vs) variation in an oceanic upper mantle 
of pyrolite composition may be characterized by two low-velocity channels : 
(1) a narrow, but sharply defined low-velocity zone at 60-70 km depth caused by mineralogical zoning in the upper 

mantle; 
(2) a broader low velocity zone at 120-150 km depth defined primarily by the critical gradient for Vs in the upper 

mantle but accentuated by mineralogical variations in pyrolite. 

I. INTRODUCTION 

In previous papers we have advanced arguments for 
specific model compositions for the peridotite upper 
mantle [1-4] and have used the term "pyrolite" for 
these deduced mantle compositions. On theoretical 
grounds and on the evidence of natural rocks ap­
proaching the pyrolite composition, it has been de­
monstrated that pyrolite may crystallize in four 
different mineral assemblages within the P,T condi­
tions of the upper mantle. These mineral assemblages 
are as follows [2-4] : 
a. Olivine + amphibole ± enstatite ("ampholite") 
b. Olivine + pyroxenes + plagioclase ("plagioclase 

pyrolite") 

c. Olivine + aluminous pyroxenes ± spinel ("pyrox­
ene pyrolite") 

d. Olivine + pyroxenes + garnet ("garnet pyrolite"). 
The stability relationships of these assemblages in 

model pyrolite composition have been experimental­
ly investigated in our laboratory and the present 
letter explores the implications of this study on min­
eralogical and seismic velocity variations in the upper 
mantle. 

2. EXPERIMENTAL METHOD 

The ultramafic compositions used in the investig­
ation are listed in table 1. 
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Table 1 
Chemical compositions and CIPW norms of model pyrolite compositions used in experimental runs. 

Si02 
Ti02 
A1203 
CQ03 

Fe203 
FeO 
MnO 
NiO 
MgO 
Cao 
Na20 
K20 

100 Mg atomic ratio 
Mg+ Fe++ 

CIPW Norm 
Or 
Ab 
An 
Di 
Hy 
01 
11m 
Mt 
Chr. 

Pyrolite I (2) 

43.20 
0.58 
4.01 
0.42 
0.35 
7.88 
0.13 
0.39 

39.54 
2.67 
0.61 
0.22 

89.9 

1.1 
5.2 
7.5 
4.6 
3.8 

75.6 
1.1 
0.5 
0.6 

Pyrolite I and pyrolite ill refer to the model com­
positions calculated by Green and Ringwood [2] and 
Ringwood [3], respectively. They differ principally 
in their MgO/Si02 ratios and thus in pyroxene/ 
(A I ,Cr >203 and pyroxene/olivine ratios. Pyrolite II 
is a composition intermediate between the two in 
which the enstatite/olivine ratio of Pyrolite I was 
increased without appreciable change in the R203 
content. The experimental compositions were prepa­
red from AR grade chemicals, carefully ground and 
reacted together under high temperature reducing 
conditions and then analyzed for FeO and Fe203 
contents. The initial mixes were extremely fmegrained 
(~ 1 micron)-and consisted of olivine, clinopyroxene, 
orthopyroxene and plagioclase. To facilitate identi­
fication of minor phases and of the presence or ab­
sence of small degrees of partial melting, composi­
tions were prepared which are equivalent to the pyro­
lite compositions of table 1 after extraction of 50% 
olivine [Mg9 1.5 Fe8.0NiOAMnO.l] from pyrolites I 

Pyrolite II Pyrolite III [3) 

43.95 45 .20 
0.57 0.71 
3.88 3.54 
0.41 0.43 
0.75 0.48 
7.50 8.04 
0.13 0.14 
0.39 0.20 

39.00 37.48 
2.60 3.08 
0.60 0.57 
0.22 0.13 

90.3 89.2 

1.1 0.8 
5.2 5.0 
7.3 6.6 
4.3 6.8 
9.4 15.8 

69.8 62.5 
1.1 1.3 
1.2 0.7 
0.6 0.6 

and II and after extraction of 40% olivine 
[Mg91.6Fe8.1 NiO.2MnO. 11 from pyrolite III . In all 
experiments conducted with these modified pyrolite 
compositions, excess olivine was present as a stable 
phase. Hence the above procedure did not affect in 
any way the equilibrium relationships which are dis­
cussed below. 

Crystallization of the experimental compositions 
was carried out using a single-stage, piston-cylinder 
apparatus [5,6] and a pressure correction of -10% was 
applied to the nominal pressure for all runs [7]. Sam­
ples were run in both platinum capsules and in graph­
ite capsules. In seeking to determine the solidus for 
the pyrolite composition it was found that the graph­
ite capsules, while preventing Fe-loss from the sample 
to capsule walls, gave poorly reproducible results and 
indicated anomalously low temperatures for the be­
ginning of melting. Using the dry furnace assemblies 
with talc + boron nitride pressure media [6,8] welded 
platinum capsules gave satisfactory results for the 
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solidus determinations. The magnitude of Fe-loss 
from the sample in these runs, was quantitatively 
determined and found to be of minor importance. In 
subsolidus experiments the results of runs in graphite 
and in platinum capsules were mutually consistent. 

Samples were examined optically and by X-ray 
powder diffraction. Orthopyroxene forms quite large 
tabular porphyroblasts; garnet is commonly subhedral 
but contains many inclusions at lower temperatures 
and olivine and clinopyroxene form small anhedral 
grains. Spinel occurs as small, equant, green, isotropic 
grains and differs from ilmenite (ilmenite + geikielite 
solid solution) in that the latter is commonly elongate, 
brown, translucent and with high birefringence. The 
orthopyroxene crystals are readily analyzed by elec­
tron microprobe techniques and some data have been 
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Fig. 1. Experimental runs on pyrolite III composition. Garnet 
is absent on the low pressure and present on the high pressure 
side of ELF. Spinel is absent on the high temperature side of 
the line K. In pyrolites I and II garnet is present on the high 

pressure side of ELI. 

obtained on olivine, clinopyroxene and garnet compo­
sitions. Microprobe analyses for Fe, Ca, A 1 and Cr 
were carried out by the methods previously reported 
[9] using glasses of orthopyroxene composition, ana­
lyzed olivines and anlyzed garnets as standards. 

3. EXPERIMENTAL RESULTS 

The results of the determination of the stability 
field for garnet pyrolite are presented in fig. 1. The 
data points denote the phase assemblages present in 
pyrolite III composition. Plagioclase pyrolite is ,stable 
under dry conditions on the low pressure side of AB. 
Between AB and ELF, both garnet and plagioclase are 
absent and the mineral assemblage is dominated by 
aluminous pyroxenes. Within this field, spinel is pres­
ent as a minor phase at temperatures below the line 
marked K but only olivine, aluminous pyroxenes and 
accessory ilmenite are present at higher temperatures. 
Garnet first appears in trace amounts along tHe line 
ELF and, at a given temperature, steadily increases in 
abundance as pressure increases. 

The data points for pyrolites I and II are not shown 
in fig. 1 but in these compositions the first appearance 
of garnet is along EJ and spinel remains a stable phase 
up to solidus temperatures on the low pressure side of 
EJ. Garnet and spinel co-exist together over a very 
small pressure interval on the high pressure side of EJ. 
The triangular P, T field FU is one in which the oli­
vine + aluminous pyroxenes assemblage is stable in 
pyrolite III but olivine + aluminous pyroxenes + gar­
net is stable in pyrolites I and II. 

The microprobe analyses so far carried out clearly 
demonstrate the important role that (Ca,Mg)Al2Si06 
solid solution in the pyroxenes plays in determining 
the phase assemblages. The Al203 contents of ortho­
pyroxene in some of the runs are listed in table 2. The 
orthopyroxene at lS000 C also contains 0.7 - 0.9% 
Cr203 in solid solution. Co-existing clinopyroxene 
contains higher Al203 and Cr203 content but this is 
largely due to NaR+++Si206 solid solution in the cli­
nopyroxene. Neglecting the sodic pyroxene compo­
nent, the orthopyroxene and clinopyroxene have very 

. similar degrees of (Ca,Mg)Al2Si06 solid solution. The 
orthopyroxenes crystallizing above 13000 C and lying 
on the boundary LF contain 6.0 ± 0.2% Al203' 
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Table 2 

Alumina content of orthopyroxene in equilibrium with garnet in high pressure experimental runs. 

Pressure Temperature A1203* content of Garnet content Spinel 
(oC) orthopyroxene of assemblage content 

( weigh t percen t) 

Pyrolite III 

24.8 1350 
25.9 1350 
27.0 1350 
36.0 1300 
40.5 1300 
30.4 1500 
31.5 1500 
33.8 1500 
36.0 1500 

Pyrolite I 

24.8 1400 

• Estimated accuracy, ±s% of amount present. 

Preliminary curves denoting the maximum Al203 
content of orthopyroxene in equilibrium with garnet 
in pyrolite compositions may be derived from the 
data of table 2 and have been shown in fig. 2. 

The cause of the break in slope of the boundary 
ELF lies in the different equilibria involved in the 
formation of garnet along the curve. At temperatures 
below L, aluminous spinel is present in the assemblage 
and is in equilibrium with orthopyroxene containing 
A1203 < 6.0%. The first appearance of garnet from 
this assemblage involves reaction between spinel and 
pyroxenes [10] and the idealized reaction is as follows: 

spinel enstatite pyrope 

+ Mg2Si04 

forsterite 

In contrast, spinel is absent above 13000 C in pyro­
lite III composition and the A1203 content of the 
mix is entirely in solid solution in the pyroxenes. In 
this assemblage the orthopyroxene contains 6% 
A1203 (weight percent) and the clinopyroxene con­
tains > 6% A1203. Garnet appears from this assem­
blage when the load pressure is sufficient to cause the 
aluminous pyroxenes to break down in favour of 

6.1 nil' nil 
5.5 minor nil 
4.9 minor nil 
2.6 common nil 
2.2 common nil 
5.9 traee nil 
5.6 minor nil 
4.8 minor nil 
4.2 common nil 

5.9 trace minor 

garnet + less-aluminous pyroxene [11,12]. Thus the: 
simplified reaction for the appearance of garnet in 
pyrolite III composition along LF is as follows: 

aluminous enstatite solid 
solution 

pyrope 

+ (m-2)MgSi03 • (n-I)MgAI2Si06 

enstatite solid solution 

The different roles of reactions involving spinel and 
those involving aluminous pyroxenes are in harmony 
with previous work on simple systems [10-14]. The 
boundary EJ (fig. I) is almost identical to that estab­
lished by MacGregor [10] for reaction (1) in the pure 
spinel + 4 enstatite system, provided that a -10% pres­
sure correction is applied to MacGregor's data. The 
boundary LF representing assemblages containing gar­
net in equilibrium with orthopyroxene (6.0% A1203) 
is similar in slope to analogous boundaries in the pure 
magnesian system, enstatite + pyrope [12] and the 
natural, simple system enstatite + chromiferous py­
rope garnet [11]. However, at a given pressure and 
temperature, the A1203-content of orthopyroxene in 
equilibrium with garnet in the complex pyrolite com­
position is substantially less than that obtained in the 
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Fig. 2. Diagram illustrating the P, T fields of different mineral assemblages in pyrolite III composition. The figures 1 %A 12°3, 
2%A 1203 etc. refer to the A1203 content of orthopyroxene in equilibrium with garnet in the garnet pyrolite field. The oceanic 

and Precambrian shield geotherms are those illustrated by Ringwood et al. [13] . 

simple 2-component systems. This effect is attributed 
to differences in garnet and pyroxene composition, 
possibly relating particularly to Ca and Cr contents 
and the presence of clinopyroxene, between the two 
component and complex systems. The persistence of 
spinel to around 13000 C in the pyrolite composition 
contrasts with its anticipated absence above 10000 C 
predicted by Ringwood et al. [13] and is also attri­
buted to chemical or coupled reaction effects in the 
complex composition. 

4. MINERALOGY IN A PYROLITE UPPER 
MANTLE. 

In the following discussion, it is assumed that the 
average composition of the upper mantle beneath 

oceanic and geologically "young" regions is that of 
pyrolite. In continental regions and particularly in 
Precambrian shield regions, there is probably a much 
greater proportion of refractory residual peridotite at 
shallower levels and the upper mantle may be chemi­
cally zoned [3,4] . Mineralogical variation in the upper 
mantle is determined by the intersection of geother­
mal gradients with the stability fields of fig. 1. The 
variation of temperature in the continental and oceanic 
crusts and upper mantle has been discussed by Clark 
[15] and Clark and Ringwood [16]. It is clear from 
these papers that there is a large difference between 
oceanic and stable shield geotherms and that this dif­
ference takes the form illustrated in fig. 2. Neverthe­
less, the specific form of the curves, particularly their 
"convexity" and their closeness of approach to the 
pyrolite solidus, depend sensitively on knowledge of 
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the magnitude of radiative heat transfer in the upper 
mantle. Clark and Ringwood [16] assumed an opacity 
of about 5 cm-l and obtained geotherms about 2000 C 
lower at 150-200 km and 1000 C lower at 100 km 
than those in fig. 2. Ringwood, MacGregor and Boyd 
[13] and Ringwood [4] assumed a higher opacity for 
the upper mantle and qualitatively obtained the geo­
therms which we illustrate in fig. 2. No unique solu­
tion for geothermal gradients is currently possible but 
a general evaluation of the role of mineralogical 
zoning in the upper mantle can best be obtained by 
consideration of the two examples in fig. 2. 

Along the Precambrian shield geotherm, the prob­
ability of chemical zoning [1,3] would limit the pos­
sible phase assemblages. If rocks of composition ap­
proaching pyrolite composition occur locally, then 
there may be an extremely limited zone near the base 
of the crust where these would crystallize to olivine 
+ orthopyroxene (1 %A 1203) + clinopyroxene + 
spinel assemblages. Similar compositions below about 
35-40 km would yield olivine + orthopyroxene (1-2% 
A1203) + clinopyroxene + garnet assemblages and it 
may be noted that the garnet content would be rela­
tively high (e.g. 12% garnet in pyrolite III composi­
tion). No regular change in mineralogy would occur 
for rocks of pyrolite composition along the Precam­
brian shield geotherm (c.f. refs. [13 ,14]). 

The picture is very different along the oceanic 
geotherm. The olivine + orthopyroxene + clinopyrox­
ene + spinel assemblage is stable in pyrolite composi­
tion to depths of 60-70 km [14]. Within this interval 
the amount of spinel would decrease and the AI203 
content of pyroxenes would increase with increasing 
depth (reaction 3): 

spinel enstatite 

aluminous enstatite olivine 

Prior to the incoming of garnet at 60-70 km and about 
lOOOoC, aluminous spinel would co-exist with ortho­
pyroxene containing about 3% Al203. An intersection 
of the geotherm with the phase boundary at a higher 
temperature than that illustrated in fig. 2 would yield 
assemblages with less spinel and with orthopyroxene 
of higher A1203 content (4-5%AI2Q~. 

An extremely steep geothermal gradient, possibly 
realized only in regions actively producing basaltic 
magmas, would be required to enter the olivine + 
aluminous enstatite (6% A1203) + aluminous clino­
pyroxene field. This is a principal point of difference 
between the present results and earlier conclusions 
[13,14,4] and stems from the persistence of spinel to 
higher temperatures in the complex composition than 
that predicted by study of the two component sys­
tems. 

At depths of 60-70 km on the oceanic geotherm, 
garnet appears from reaction (1) and is in equilibrium 
with orthopyroxene containing about 3% A1203. It 
is estimated that about 6% garnet would appear in py­
rolite III composition at 60-70 km on the geothermal 
gradient illustrated. If the geothermal gradient inter­
sected the boundary at a higher temperature, the 
amount of garnet appearing would be correspondingly 
less, e.g. about 3 - 4% garnet co-existing with orthopy­
roxene containing about 4.5% A1203. 

The incoming of garnet due to reaction (1) at about 
60-70 km in the oceanic mantle probably occurs over 
a relatively small depth interval (5-15 km). With fur­
ther penetration along the geotherm into the garnet 
pyrolite field the amount of garnet may actually de­
crease - this will occur for temperature gradients 
steeper than the lines of constant AI203 content of 
orthopyroxene shown in fig. 2. For the gradient 
shown, pyrolite III will contain about 5% garnet at 
depths between 90 and 120 krn and the mineralogy 
will remain constant over this interval. At depths 
greater than 120 km the geothermal gradient becomes 
increaSingly transgressive to the lines of constant 
AI203 content for orthopyroxene. Thus, along this 
part of the geothermal gradient, the aluminous pyrox­
enes will gradually break down to yield an increasing 
garnet content and low-alumina pyroxenes. At depths 
of 200-250 km the assemblage of pyrolite III will 
probably contain 11-12% of garnet. 

The transition from aluminous pyroxenes + spinel 
pyrolite to garnet pyrolite at depths of 60-70 km in 
the oceanic mantle is in agreement with MacGregor's 
data [10] and with the conclusions of Ito and 
Kennedy [17] on the stability of spinel and garnet­
bearing peridotite. Although the present work does 
not support earlier conclusions [13, 14] that garnet 
pyrolite would not in general be stable until depths of 
120-150 km, it provides excellent confirmation of the 
importance at this depth interval of the breakdown of 

F 
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aluminous pyroxenes to garnet + low alumina pyrox­
enes, the reactions on which these earlier conclusions 
were based. It should be pointed out that for pyrol­
ite-like compositions with higher pyroxene/ 
(AI,Crh03 ratios than pyrolites I, II and III, the 
field of garnet pyrolite may not be entered until 
depths in excess of 120 km are reached - this is parti­
cularly relevant for mr.ntle regions from which basal­
tic fractions have been removed. Geothermal gradients 
steeper than that illustrated will have a similar effect 
in diminishing the amount of garnet produced at 
60-70 km depth by reaction (1) and increasing the 
amount of garnet produced at deeper levels from reac­
tion (2). 

This brief discussion serves to illustrate the applica­
tion of our experimental data to a more flexible range 
of mantle compositions and geothermal gradients than 
implied in fig. 2. 

5. VARIATION OF SEISMIC VELOCITY WITH 
DEPTH IN THE UPPER MANTLE 

Seismic velocity distributions in the upper mantle 
will be principally determined by 
1. The effects of pressure and temperature changes 

along the geothermal gradient. Previous authors I 
[18-21] have discussed the opposing effects of 
temperature increase (causing seismic velocity to 
decrease) and pressure increase (causing seismic ve­
locity to increase) along a geothermal gradient and 
concluded that, in homogeneous upper mantle ma­
terial, seismic velocities Vs and Vp should initially 
decrease to a minimum and then Increase with in­
creaSing depth in the upper mantle. 

2. The effects of mineralogical variation in the upper 
mantle. Although later data on the solidus curves 
for basalts and peridotite have removed some of 
the reasons for Ringwood's [1] postulate of 
mineralogical zoning in the upper mantie, experi­
mental evidence on mineral reactions in peridotitic 
compositions has confirmed the high probability of 
such effects in the upper mantle. 

3. The effects of vertical chemical fractionation of the 
upper mantle such that some regions may be main­
ly residual, refractory dunite and peridotite, de­
pleted of low melting components now residing in 
overlying crustal levels. These effects have been dis­
cussed elsewhere [1,3,16] and are probably of 

greatest significance in mantle regions beneath 
stable continental shields. 
From the data presented in previous sections it is 

possible to examine qualitatively the effects of the 
first and second factors in determining seismic veloci­
ty along the oceanic geotherm illustrated in fig. 2. It 
is emphasized that this exercise is of an illustrative 
nature and no special significance is claimed for the 
geotherm assumed for fig. 2 or the absolute values of 
seismic velocities (Vs) estimated in fig. 3. 

Fig. 3a is a quantitative expression of the change 
in mineralogy along the oceanic geotherm, as dis­
cussed in the previous section. At depths less than 30 
km it is assumed that amphibole may be an important 
phase in the oceanic upper mantle [2,4]. The effects 
of these assemblages on density (room T and P) and 
seismic velocity (Vs) are qualitatively estimated in 
figs. 3b and 3c. A principal reason for suggesting an 
amphibolite zone (U 1) at the top of the oceanic 
mantle is the seismological evidence for an initial in­
crease in seismic velocity with depth just below M 
[18,22]. 

In estimating seismic velocity variation with depth 
it is necessary to know the critical temperature gradi­
ent (aTjap)Vs for which the seismic velocity Vs re­
mains constant, the opposing pressure and temper­
ature effects just cancelling each other. In the past, 
critical gradients for Vs of around 6-100 C/km have 
been predicted on theoretical grounds but Schreiber 
and Anderson [23] have recently measured critical 
gradients for Vs in MgO of2.70 C/km and in A1203 
of 2.1 °C/km, values which are considerably lower 
than those previously assumed for the silicate minerals 
of the upper mantle. It is possible that the critical gra­
dient for olivine may be somewhat higher than these 
values. In fig. 3c, a critical gradient for Vs of 4.50 C/ 
km has been assumed, this being the value which 
would produce a velocity minimum in homogeneous 
material at a depth of about 130 km along the oceanic 
geothermal gradient of fig. 2. The assumption of a 
smaller critical gradient would have the effect of in­
creasing the depth of the velocity minimum. The 
superimposition of the mineralogical zoning effects 
and the P,T effects on Vs suggest a "fine structure" in 
the oceanic upper mantle seismic velocity distribution 
as follows: 
a) Zone Uj. A zone in which the mineralogical varia­

tion due to decreaSing amphibole content produces 
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Fig. 3. Diagram illustrating the changes in mineralogy, density (room T and P) and the relative 
changes in seismic velocity (Vs) along thc oceanic geotherm. The mantle is assumed to be of 

pyrolite III composition and the critical gradient (a T/ap) V = 4.50 C/km. s 

an increase in seismic velocity. This is sufficiently 
large to overcome the temperature effect tending to 
produce a decrease in seismic velocity. 

upper mantle. If this is 4.5 0 C/km or thereabouts 
then the minimum lies above the zone of increasing 
garnet content (US), 

b) Zone U2. The mineralogical effect of decreasing 
spinel content produces a density decrease which 
augments the temperature effect, leading to relative­
ly rapid decrease in Vs with depth. 

c) Zone U 3. A velocity increase is caused by the rela­
tively large density change over a small depth inter­
val caused by the reaction of spinel and pyroxene 
to yield garnet and olivine. This is sufficient to can­
cel the temperature effect in decreasing Vs and 
leads to the narrow but rather sharply defined velo­
city minimum (Ml) between zones U2 and U3 · 

d) Zone U4. The temperature effect on Vs is dominant 
but is augmented by slight decrease in garnet con­
tent and increase in aluminous pyroxene content 
(a density decrease). Vs thus decreases to a mini­
mum value with the location of this determined by 
the critical temperature gradient (ap/a1)vs for the 

e) Zone U 5. This is below the critical depth for the 
geotherm illustrated and increasing depth leads to 
increase in seismic velocity , even in a homogeneous 
medium. This is augmented by the mineralogical 
change in Us giving increased garnet content. Thus 
the rate of increase in seismic velocity with depth 
is more rapid, leading to a more sharply defined 
" floor" to the low velocity minimum between U4 
and US. 

f) Zone U 6. This is homogeneous in mineralogy and 
the seismic velocity increase is that determined by 
the P, T effect on Vs alone. Zone U6 extends to 
about 350 km where a more rapid increase in seis­
mic velocity marks the beginning of the Transition 
Zone of the mantle and may be attributed to in­
crease of garnet at the expense of pyroxene by solid 
solution of pyroxene in garnet [24]. 
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The above discussion illustrates the principle 
that both mineralogical changes and P,T effects on 
Vs are of prime importance in determining the 
seismic velocity distribution within the upper man­
tle. Even without any effects of chemical zoning 
within the upper mantle it is apparent that varia­
tions in geothermal gradients will considerably af­
fect the velocity distributions, particularly the 
depth of velocity minima, the magnitude of velo­
city differences and the presence of one or two 
low velocity channels in the upper mantle. Assum­
ing a critical gradient of 4.50 C/km for Vs a broad 
low velocity channel at about 150-170 km depth 
might be expected along the shield geotherm of 
fig. 2. Similar models may be set up from fig. 2 by 
assuming various geothermal gradients and also in­
cluding the additional complexity of chemical vari­
ation from pyrolite to refractory peridotite and 
dunite. 

6. CONCLUSIONS 

An experimental study of the equilibrium relations 
between pyroxene pyrolite and garnet pyrolite dem­
onstrates that pyroxene + spinel pyrolite is stable in 
the sub-oceanic mantle to depths of 60-70 km. At this 
depth spinel and pyroxene react to form garnet and 
olivine. The amount of garnet formed from this reac­
tion depends sensitively upon the temperature at 
which the geotherm intersects the spinel + pyroxene 
~ garnet + olivine boundary. At temperatures in ex­
cess of 10000C, less than half the potential garnet in 
the pyrolite composition forms by this reaction, the 
rest remaining in solid solution in aluminous orthopy­
roxene (> 3% Al203) and aluminous clinopyroxene. 
At depths between 60-70 km and about 120 km, the 
garnet content of the pyrolite remains roughly con­
stant or may decrease slightly as more Al203 goes in­
to solid solution in the pyroxenes. At depths greater 
than 120-130 kIn the geothermal gradient enters a 
region in which, with increasing depth, the amount of 
garnet gradually increases as (Ca,Mg)Al2Si06 solid 
solution in the pyroxenes decreases. 

It is demonstrated that mineralogical variation 
along geothermal gradients, particularly in oceanic 
regions, may be expected to strongly influence the 
seismic velocity distribution in the upper mantle . In 

particular, mineralogical zoning of the upper mantle 
may yield two low velocity channels (for Vs) at 
depths of about 65 km and between 100 and 150 km 
respectively. No unique model of mineralogical or 
seismic velocity distribution in the upper mantle is 
presented, rather it is argued that regional variations 
in chemical composition (from pyrolite to refractory 
peridotite), and in geothermal gradients will produce 
significant, regional differences in seismic velocity 
distributions. 
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