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MINERALOGY OF PERIDOTITIC COMPOSITIONS 

UNDER UPPER MANTLE CONDITIONS 

D. H. GREEN and A. E. R1NGWOOD 

Deparlmell( oj Geophysics alld Geochemistry, Allslraliall Naliollal Ulliversily, Callberra 

An experimental study of the stabi lity fields at high pressure of 
plagioclase peridotite, a luminous pyroxene ( ± spinel) peridotite 
and garnet peridotite, has been carried out in compositions 
matching estimates of the average undifl"erentiated upper mantle 
(pyrolite). The appearance of garnet at high pressures results from 
either of two complex react ions: 

a. spinel + pyroxene '" olivine + garnet, 
(solid solutions) 

b. aluminous pyroxelle '" garnet + pyroxene (lower AI 2 0 3). 
(solid solution) 

In the model pyroli te composition, garnet appears at 21 kb 
11100 0C) to 24 kb (1300 "C) by reaction (a) but at temperatures 
above 1300 °C spinel is absent from the low pressure assemblage 
and garnet develops by reaction (b) at pressures of 24 kb 
(1300 0C) to 31 kb (t 500 ' c). Reactions (a) and (b) have very 
different P, T gradients. In the garnet peridotite field, the amollnt 
of garnet is inversely proportional to the alumina content of the 
pyroxenes. This is confirmed by microprobe analyses of ortho-

t. Introduction 

The uppermost region of the Earth's mantle acts as 
the immediate source region for basaltic magmas and 
is the one part of the mantle "sampled" by magmatic 
or tectonic processes and , in certain circumstances, ex­
posed for direct petrological and geochemical investiga­
tion. The properties of the upper mantle can also be 
ralher closely defined by geophysical methods, partic­
Ularly by seismological and gravity studies. The weight 
or geological and geophysical evidence on upper mantie 
mmposition favours an overall peridotitic composition 
;\ll l! arguments against an alternative of ec\ogitic com­
PIlsilion have previously been presented (RINGWOOD 
Jnd GREEN, 1966; RINGWOOD, I 966a). [n seeking to 
def ine an upper mantle composition more closely the 

pyroxene (ranging from 6,0 to 2.2 % AI 2 0 3, 0.7-D.9 % Cr,03) 
coexisting with garnet, olivine and clinopyroxene. Coexisting 
clinopyroxenes have higher R,03 content and exhibit a variable, 
temperature dependent enstatite solid solution. 
The experimental data are applied to estim~te mineralogical, 
density and seismic velocity variations along oceanic and con­
tinental geothermal gradients in a pyrolite upper mantle. Although 
the mineralogical variation may produce a low velocity zone, the 
alternate explanation of incipient or minor partial melting is 
preferred. Experimental data on the maximum stabi lity limit of 
amphibole in pyrolite (with 0.1-D.2 % water) are presen ted show­
ing that amphibole breaks down to olivine -l- pyroxenes + garnet + 
fluid phase at approximately 29 kb, 1000 "c. The i nst~bility of 
amphibole at depths > 80-90 km is considered to result in a zone 
oiincipient or minor- melting in a pyrolite upper mantle with 
0.1 - 0.2 % water. The nature of the liquid in this zone is con­
sidered to be highly undersaturated olivine basanite or olivine 
~ephelinite .-- _~~----------
occurrences in terms of parental mantle compositions, 
partial melting products, crystal resid ues and crystal 
accumulates. No unique synthesis of these data is pos­
sible at this stage but in previous papers we have used 
the term "pyrolite" for parental , mantle capable of 
yielding basaltic magmas by partial melting and ad­
vanced arguments for specific pyrolite compositions 
(GREEN and RINGWOOD, 1963; RINGWOOD, I 966a) . . 
Other authors (ITO and KENNEDY, 1967; KUSHIRO and 
KUNO. 1963; KUSI-IlRO el af., 1968; HESS. 1964; HARRIS 
el af., 1967) have derived possible upper mantle com­
positions on other grounds or have selected specific 
samples of peridotite xenoliths. These compositions also 
have essential AI~O 3' eaO and Na2 0 and, like the 
pyrolite compositions, may crystallize in four different 
mineral assemblages within the P, T conditions of the 

1'I: Iroiogist must interprct the variety of basaltic mag- upper mantle (minor accessory minerals such as ilme-
'1 U~ . of peridotitic xenoliths in magmas and vent brec- nile, apatite, phlogopite are omitted): 
<1,\\ . high-temperature peridotites, and other peridotite a. Olivine+amphibole ± enstatite ("ampholite"), 
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b. 01 ivine + pyroxenes + plagioclase + chrolllite, 
("plagioclase pyrolite") 

c. Oli\'ine + aluminous pyroxenes ± spinel, 
("pyroxene pyrolite") 

d. Olivine+pyroxenes+garnet ("garnet pyrolite"). 

2. Prcyious investigations 

Experimental investigations of the stability relation­
ships of these assemblages have been undertaken by 
se\'eral authors using either complex systems or simple, 
end member systems. Reactions between olivine and 
plagioclase to yield aluminollS pyroxenes + spinel have 
been studied for the system Fo- An (KUSIIIRO and 
YODER, 1966) and for the systems Fo- An, olivine 
(F0 9z)-labradorite (Ab41 An 59), and for pyrolite com­
position (GREEN and HIBBERSON, 1969). These investi­
gations show that plagioclase pyrolite will not occur as 
the stable mantle assemblage along typical geothermal 
gradients in either continental or oceanic regions but 
may be present in areas of particularly high heat flow 
and thin crust, e.g. if near-solidus temperatures are 
reached at depths of 25-35 km beneath mid-oceanic 
ridges. More interest centres on the conditions for the 
incoming of garnet and the role of garnet pyrolite and 
pyroxene pyrolite assemblages in upper mantle miner­
alogy, 

MACGREGOR (1964, 1965) studied the reaction 

pyroxene + spinel:;;:: garnet + olivine (I) 

111 the system MgO- AI 20 3- Si02 and in the system 
MgO-CaO-AI 20 3-Si0 2 • 1n the latter system MAC­
GREGOR (1965) used pyroxene proportions (enstatite/di­
opside) of 75/25,25/75 and 0/l00. KUSHIRO and YODER 
(1965) studied the analogous reaction for enstatite: diop­
side = 50: 50 and established a boundary for the in­
coming of garnet close to that found by Macgregor for 
the enstatite+diopside bearing mixtures. MACGREGOR 
(J 964) did not report olivine on the low pressure side 
of the reaction (I) in the system MgA1 20~ + 4MgSi0 3 

but did observe olivine in the low pressure assemblages 
(01 + AI-pyroxcne(s) + spinel) in the systems 2MgAl z-
0~+CaMgSiz0 6 +6MgSi03 and 2MgAI:!0~+3Ca­

MgSi 10 6 +2MgSi0 3 . The appearance of olivine re­
sults from a reaction 

pyroxene+spinel:;;:: aluminous pyroxenc+olivine (2) 

l/lMgSiO J + rvlgAl 1 0 4 :;;:: (1Il-2)MgSi03 ' 

MgAl zSiO" + Mg1Si04 

IIlCaMgSi 2 0 ,,+ IIMgSi0 3 + MgAI 2 0 4 :;;:: 

/IlCaMgSi 1 0 6 ' MgAl zSi06 +(1I-2)MgSiO J + 

MgzSi04 

(2.1) 

The apparent absence of reaction (2a) (MACGREGOR, 
1964) contraSts with other data showing high solubilit~ 
of Al z0 3 in enstatite and with the presence of reaction 
(2b) (or an analogous reaction involving (CaAI2SiO d 
solid solution) in the Ca-bearing system. The study of 
reaction (I) in the system MgO- CaO-AI 20 3-Si01 by 
MACGREGOR (1965) utilized mixes containing both high 
and low pressure assemblagcs and the position of thc 
reaction boundary was determincd by changes in in­
tensity of garnet and pyroxene reflections. However 
metastable growth of garnet fr0111 aluminous pyroxene 
(e.g. reaction (3» 

mMgSi0 3 ' IlMgAI 2Si06 :;;:: Mg3AlzSi3012+ 

(m -2)MgSi03 . (1l-1)MgAI 2Si06 (3 ) 

may have proceeded more rapidly than reaction of the 
aluminous pyroxene with olivine to yield less aluminous 
pyroxene and spinel. A difficulty involving metastabk 
growth of garnet may account for some results or 
KUSHIRO and YODER (1966, fig. 2) in which, using a 
mix of An+Fo seeded with Ga+Fo+Cpx, they ob· 
tained some runs in which garnet and plagioclase dis­
appeared in favour of Cpx + Opx + Fo + Sp but others 
at lower pressure in which the seed phases, Ga+Fo + 
Cpx, increased at the expense of An + Fa. Although 
there are no true reversals, it would seem that tht: 
boundary for reaction (I) should lie at higher pressures 
at 1100°- 1300 °C, than shown by KUSHIRO and YODER 
(1966). 

Other apparent discrepancies exist in the experimental 
data attempting to define the conditions for reaction 
(3), i.e. the breakdown of aluminous enstatite to garnt:t 
and less aluminous pyroxene. BOYD and ENGLAI''' 
(1964) and I\I ACGR[GOR and RING\VOOD (1964) carri..:d 
out experimcnts homogenizing difl'erent garnet + py­
roxene mixtures to a single pyroxene phase using pur..: 
pyrope and enstatite and natural pyropc-rich garnt:1 
and enstatite respectively. The natural enstatite in equ i­
librium with garnet contained 1.5- 2 11101 ~Io l11or~ 

(AI, Cr, Fc)zOJ in solid solution than the enstatite in 
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the MgO- Al z0 3- Si02 system. RINGWOOD ef al. (1964) 
:llld RINGWOOD (1966) integrated the data from the 
cnstatite+ pyrope studies\,ith the pyrolite (RI:--lGWOOD 

\966a) composition* to infer stabi lity fields for the as­
semblages olivine + pyroxenes + spinel, olivine + alumi­
nous pyroxenes, and olivine + pyroxenes + garnet. Di­
rect experimental study (GREG": and RINGWOOD, 1967a) 
of the pyrolite II [ re\'ealed a much lower solubility of 
AI 20 3 in orthopyroxene than that predicted from the 
study of the simple systems-this resulted in persist­
ence of spinel to higher temperature (~ 1200 cc. 11 kb 
10 ;:::; 1300 cc. 23 kb) than the 900 °C predicted by 
RINGWOOD e( al. (1964) and in appearance of garnet 
from breakdown of aluminous pyroxene at lower pres-

• stires (;:::;26.5 kb at 1400 ~ C) than previously predicted 
(;:::;39 kb at 1400 °C). These surprisingly large differen­
ces imply that the prese nce of coexisting olivine or cli­
nopyroxene considerably alters the solubility of AI2 0 3 

in orthopyroxene-this can readily occur if the coexist­
ing phases can enter solid solution in either garnet or 
orthopyroxene. The addition of clinopyroxene to the 
assemblage obviously establishes new partition rela­
tions involving grossular solid solution in garnet and 
diorside solid solution in enstatite. However MACGRE­

GOR and RI 'GWOOD (1964) found higher solubilities of 
garnet in orthopyroxene for the natural enstatite 
(0.82% CaO)+garnet (5.21 % CaO) mixes than for the 
pure enstatite+pyrope system. MACGREGOR and RING­

WOOD (1964) homogenized mixtures of 50 ~;' garnet, 
\ 50°{, enstati te to a pyroxene pbase at 30 k b, 1500 °C 

implying that the pyroxene contained 3.0 ~~ CaO (by 
II'cight)-this either exceeds or is very close to satura­
tion in diopside solid solution for these P- Tconditiolls 
(l),wIS and BOYD, 1966; GRI:E:--.I and RINGWOOD, 1967b). 
Thus it does not appear that diopside so lid solution 
grea tly inhibits AI 10 3 solubility in enstatite. If the acl­
Jition of olivine to garnet- enstatite assemblages is the 
factor inhibiting AI!OJ so lubility then it is implied that 
()I i\'ine has a significant so liJ solubility in enstatite. 
This possibility requires further investigation but it 
may be noted that KUSIIIRO (1964) reported olivine 
,olid solution in diopside and ])OYD and E"GLA:-\D 

(1%0) noted that natural enstatites from peridotites 
h,tu "alues of the Illolccu l:u ratio M Z + lSi> I. The 
nhservation of spi nel exsolul ion lameilLte wi thin cnsta-

• rhis composition is dCllot.:d as pyrolitc 111 in the rest of this 
N p,'r (see table I). 

tite of lherzolite nodules and some intrusive peridotites 
also implies non-stoichiometric composition of the or­
thopyroxene (cL reaction (2)). 

MACGREGOR (1967) briefly reported data on mixtures 
of natural orthopyroxene + clinopyroxene+ spinel using 
separated mineral s from lherzolite inclusions. Two as­
semblages differing mainly in Cr20 3/A120 3 ratio were 
used and the preliminary data indicate that high 
Cr203/AI~03 ratios of spinel will have a marked effect 
on sta biliz:ng the olivine + orthopyroxene + clinopy­
roxene + spinel assell1 blages to higher pressu res. ITO 

and KE1\:-\EDY (1967) presented data on the solidus and 
melting relations in a garnet lherzolite nodule from 
kimberlite. They obtained solidus temperatures ap­
proximately 100 °C lower than those of GREEN and 
RINGWOOD (l967a) but tbe pressure obtained for the 
incoming of garnet (;:::;23 kb, 1320 0c) agrees with that 
obtained by GREEN and R INGWOOD (J 967a) on pyro­
lites 1 and Jl*. lTo and KENNEDY (1967) did not obtain 
a field of olivine + al uminous pyroxenes (without spinel) 
although this would be anticipated from a comparison 
of their composition witb that of GREEN and RING­

WOOD (1967a) for pyrolites [, II and lIT. Ito and Ken­
nedy used a natural garnet lherzolite as starting ma­
terial-this presents difficulties in representative sam­
pling of the initial coarse-grained rock and in tbe 
avoidance of sample composition change during the 
extremely fine-grinding needed to ensure some chance 
of reactions proceeding to equilibrium. 

From the preceding summary of published data, it is 
apparent that there is as yet no general agreement on 
the P, Tcoordinatcs of reactions (I), (2) and (3), either 
in simple systems or in complex natural peridotitic 
compositions. More detailed work is required. attempt­
ing to eliminate the possibility of metastable reactions 
or other experimental uncertainties. From the data al ­
ready obtained, it is clear that the reaction (I) is one in 
which the pyroxene will vary in composition along the 
reaction boundary. This boundary is actually the locus 
of intersections of reactions (2) and (3) which define 
the curves of constant AI10 J content of pyroxene in 
peridotitic compositions. The position of reaction (I) 

will also depend sensitively on the spinel composition 

* This agreement may be fortuitous as GRFrN and RI:--iG\\'OOD 

(1967a) applied a ( _ 10°,,) pressure correction \\hile ITO and 
K~NSI DY (1967) applied no pressure correction. It should also 
be noted that :VL\t'(;RLGOR (1%4, 1%5, 19(7) did not apply a 
pressure correction. 

''''. . .. 
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(CrzO)/Al z0 3 ratio) in complex compositions and this 
will vary due to coupled reaction (2) with pyroxene. 

With the complexity of the reaction s in mind, there 
is much to be said for the direct experimental testi ng 
of model pyrolite compositions. In the following sec­
tions the data obtained on the model pyrolitc composi­
tion s of GREEN and RINGWOOD (1963) and RINGWOOD 

(I 966a) are summarized and em phasis is placed on the 
attempts to establish reaction boundaries by unequiv­
ocal reversals. 

3. Experimental data on the incoming of garnet ill 
pyrolite 

3. I. Experimental methods 

The experimcntal compositions (table I) were pre­
pared from AR grade chemicals. carefully ground and 
reacted together under high temperature reducing con­
ditions and then analyzed for FeO and FezO 3 contents. 
The initial mixes were extremely finegrained (~I ~l) 

and consisted of olivine, clinopyroxene. orthopyroxene, 
plagioclase and minor chromite and ilmenite. To facili­
tate identification of minor phases and of the presence 
or absence of small degrees of partial melting, com­
positions were prepared which are equivalent to the 
pyrolite compositions of table I after extraction of 50 % 

olivine (Mg91.5Fes.oNio.4Mno.l) from pyrolites 1 and 
n and after extraction of 40 % olivine (Mg9 1. 6 Fes .1-

Nio.zMno.l) from pyrolite Ill. In all experiments con­
ducted with these modified pyrolite compositions, ex­
cess olivine was present. Hence the above procedure 
did not affect in any way the equilibrium relationships 
which are discussed below. 

Crystallization of the experi mental compositions was 
carried out using a single-stage, piston-cylinder appara­
tus and a pressure correction of - 10 0-;; was applied to 

the nominal pressure for all runs. Samples were run in 
both platinum capsules and in graphite capsules. The 
run conditions using platinum capsules were such that 
iron loss to the Pt capsule was less than 25 ~~ of the 
amount present. Analyses of sa mples after experimental 
runs are listed in table la, the average iron content is 
5.7 % FeO, 0.7% Fe Z0 3 yielding a normative composi­
tion with approx. 33 % 01 and 30 % enstatite. The worst 
examples (in table la) give normative olivine of ap­
proximately 31 ~..;; and 33 % enstatite. 

Microprobe analyses across a polished sample (36 kb, 

TAIlLE I 

Chemical cOll1posil ions and CII'W norms of model pyrolilc com. 
positions used in experimental runs. Pyrolite I and p) rolil.· III 
refer to the model compositions cakulatcd by GRrEs and R,,,, ,. 
WOOD (t 963) and RINmvooD (1966a) respectively. They dilkr 
principally in their MgO/SiO, ratios and thus in pyrO.\cnc 
(AI, Cr)lO, and pyroxene/olivine ratios. Pyrolilc II is a ,om. 
posilion il1lcrmcdiato:: betwccn the two in which Ihe enstatite ·ol,. 
vine ratio of pyrolite I was increased \\ ithout appreciable chan !;c 

in the R , 0 3 content 
------_.- - - - ---

SiO l 

TiO, 
AI 20 3 

Cr l 03 
Fe2 03 
FeO 
MnO 
NiO 
MgO 
CaO 
Na20 
K 2 0 

100 Mg/ 
CMg + Fe2 +) 
atomic ratio 

CIPW Norm 

Or 
Ab 
An 
Di 
Hy 
01 
11m 
Mt 
Chr. 

Pyrolite Pyrolilc Pyrolite pyrolitc 
1 11 III III 

less 40 ~" 
olivine 

----------- - -
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 

43.95 
0.57 
3.88 
0.41 
0.75 
7.50 
0.13 
0.39 

39.00 
2.60 
0.60 
0.22 

90.3 

J.1 
5.2 
7.3 
4.3 
9.4 

69.8 
1.1 
1.2 
0.6 

TAIILE 1a 

45.20 47.84 
0.7t I.I S 
3.54 5.90 
0.43 0.72 
0.48 0.80 
8.04 8.21 
0.14 0.13 
0.20 0.18 

37.48 28.73 
3.08 5.14 
0.57 0.95 
0.13 0.22 

89.2 86.5 

0.8 1.3 
5.0 8.3 
6.6 J 1.0 
6.8 11.3 

15.8 26.4 
62.5 37.5 

1.3 2.2 
0.7 1.I 
0.6 1.0 

EITect on FeO, Fe,03 contents of pyrolite]J[ less 40 ~~ olivine of \ 
loss of iron to platinum capsules during experimental rUIl; 

CE. Kiss, analyst) 

P T Time % FcO % Fe,OJ % total Fe as FeO 
(kb) CC) (Ius) 

27 1500 0.33 5.62 0.38 5.96 
29.3 1500 0.33 5.18 0.78 5.88 
30.4 j 500 0.33 5.11 1.03 6.04 
29.3 1400 1.0 5.10 0.54 5.59 
30.4 1400 1.0 5.56 0.75 6.24 
24.8 1300 2.0 5.21 0.56 5.71 
20.3 1200 2.0 6.89 1.01 7.80 
22.5 1100 4.0 7.17 0.75 7.70 
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1,00 C, 20 mins, pyrolitc HI less 40 ~{. olivine) showed 
.I \c rage Fe as FeO content of G.I /~ (i.e. sample 
II~) ~lg/(Mg + Fe) = 89.5) at the edge against platinum 
.111 .1 Fe as FeO content of 7.0 /~ (i.e. sample 100 Mg/ 
I \I g+ Fe) = 88) in the centre orthe sample. Microprobe 
jl1.dyscs of olivines and orthopyroxenes from runs in 
1'1 capsules yield values of 100 Mg/(Mg- Fe) = 90-
11 1.5. whereas from subsolidus runs in graphite capsules 

I th.:o livineandorthopyroxenehad 100 Mg/(Mg+Fe)= 
p 88. Runs acros the pyroxene pyrolite/garnet py­
rl) lite boundary at 1350 °C and a reversal on Ihe bound­
.I ry al 1400 °C were carried out in graphite capsules. 
1 hI! use of graphite capsules in longer runs allowed 
access of water producing depression of I he solidus and 
the presence of amphibole in runs at 1100 ' C, 22.5 kb 
al1d 20.5 kb. These effects were eliminated by repeating 
these runs in sealed Pt capsules. To summarize, the use 
llf sealed Pt capsules appears necessary for reliable 
dl!terminatiol1 of the solidus and prevention of growth 
of amphibole at low temperatures. The use of platinum 
causes slight iron loss changing the overall sample 
100 Mg/(Mg + Fe) ratio by 2-3 % but this does not 
perceptibly affect the position of the phase boundary 
marking the appearance of garnet as subsolidus runs 
ill graphite and platinum are mutually consistent. The 
iron loss also causes a small increase in normative 
HyjOI ratio and thus in pyroxene/ R20 3 ratio. It may 
hI! noted that the erTect of Fe increase due to experi­
ments in Fe capsules by ITO and KEN~EDY (1967) ap­
pears to be similar in magnitude (modal olivine ~F095 
but experimental olivines in subsolidus assemblages 
range from Foss- Fe 91 ) but has the opposite effect in 
decreasing normative Hy/Ol and pyroxene/R20 3 ra­
tios. 

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 fr0111 ilmenite (ilmenite + geikielite 
~olid solution) in that the latter is c01111110nly elongate. 
brown, translucent and with high birefringence. The 
Orthopyroxene crystals are readily analyzed by electron 
microprobe techniques and some dala have been ob­
tained on olivine. clinopyroxene and garnet composi­
tions. The presence of small amounts of amphibole 

required detection by X-ray powder diffraction photo­
graphs. 

In the experiments on the stability of amphibole, the 
methods used should outline the maximulII stability of 
amphibole at 1000 °C and were designed to specifically 
test the model that pyrolite contains 0.1- 0.2 % H 2 0 
at shallow mantle depths. The use of a very small water 
content also avoids the problems of large degrees of 
melting and depression of the solid us, and of the possi­
bility of solubility of components in a vapour phase. 
The starting material for these runs was prepared by 
adding 0.3 ~" H20 to the "pyrolite II[ less.fO /~ olivine" 
mix. This mix was run at 10.8 kb, 900 cC for 4·} hrs 
yielding a fine-grained assemblage of olivine, pyroxenes 
and amphibole (~15 /~). This was then rerun at 1000 cC 
and at pressures of 18 kb to 29 kb and exam ined care­
fully by optical and X-ray methods for the disappear­
ance of amphibole and the appearance of garnet. 

3.2. Experimental results 

The results of the determination of the synthesis 
fields for garnet pyrolite and pyroxene pyrolite are 
presented in fig. I. The data points denote the phase 
assemblages present in pyrolite HI composition. Plagio­
clase 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 present as a minor phase at temperatures below 
the line marked K but only olivine, aluminous pyrox­
enes and accessory ilmenite are present at higher tem­
peratures. Garnet first appears in trace amounts along 
the line ELF and, at a given temperature, steadily in­
creases in abundance as pressure increases. 

The data points for pyrolites I and If are not shown 
in fig. I but in these compositions the first appearance 
of garnet is along EJ and spinel remains 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 FLJ is one in which the olivine + aluminous 
pyroxenes assemblage occurs in pyrolitc III but oli­
vine + aluminous pyroxenes + garnet occurs in pyrolites 
Iandlr. 

The boundary for the appearance of garnet was ap­
parently defined by difrerent reactions at low and high 
temperatures and it was desirable to obtain reversals 



364 D. II. GltEEN AND A. E. RINGWOOD 

40 

35 

JO 

w e 
O! 20 
::> 
~ CD 
w 
O! 
0.. 15 

A 

CD 

10 _-
A 

1100 1200 

A 

PYROLITE 

A 

A 

A 

A 

\ 
SOLIDUS 

1300 

... A ... .. 
A 

A ... F ):! 

... .. 
... / 

A . / : ):! :l( 

A/. 
• ,.---

• 

* 

1400 

* 

Phoses co-existing 
wIth hquld :-

Garnel 0 
Clinopyroxene 0 

Orthopyroxene + 
Olivine X 

Subsortdus ouembloge-s:-
01 . OpA +Cpx+Go ... 
01 +Opx +Cpx • 
01 +Opx+CPlI.+Sp (!) 

1500 1600 

TEMPERATURE °c 
Fig. l. Experimental runs on pyrolite 1 [1 composition. Garnet 
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line K. In pyroli tcs 1 and II garnet is presen t on the high pressure 

side of Ell. (From GREEN and RINGWOOD, 1967a). 

involving complete disappearance of garnet on the 10\\ 
pressure side orth e boundary, were achieved at 1400 C­
and 1200 C (table 2). The starling mix for the 1400 C 

reversa ls was a large capacity run at 36 kb, 1000 C. 
3 hrs yielding 11ne gra ined oliv in e and pyroxene and 
very poikilitic garnet. For the 1200 °C reversal, the 
starti ng materia l was a 50: 50 mix of runs carried out at 
1200 "C, 18 kb, 2 hrs and 1200 cC, 27 kb. 2 hI'S. The 
reve rsals at 1400 ~C and 1200 °C confirm the position, 
of the boundaries established from the olivine + py_ 
roxenes + plagioclase + chromitt! starting mixtures. The 
anal ysis of the roles of spinel and aluminous pyroxenL'~ 
gives a theoretical cxplanation for the change in slope 
of the boundary marking the appearance of garnet ill 
pyrolite III and the absence of such a change in slope 
of the boundary in pyrolites 1 and 1I. Microprobe an­
alyses of orthopyroxene (tab le 4) show regular varia­
tions in AI 20 3 and CaSiO 3 sol id solution which arc 
in themselves very good evidence that the experimental 
assemblages closely approach equilibrium. 

across these boundaries as previous data (BOYD, 1960) 

had demonstrated difficulty in nucleation of magnesian 
garnet near its low pressure stability limit. Reversals 

Tn the runs (table 3) on the olivine + amphibole + py­
roxenes mix, amphibole breaks down finally between 
27 kb and 28.8 kb at 1000 Cc, There is a transitional 
assemblage of olivine + pyroxenes + garnet + amphibole 
from 23.5 kb to 28 kb. In this assemblage the amount 
of garnet is less than in lower pressure runs. Experi­
ments on the stability of amphibole in basaltic COI11-

positions (ESSENE ef al., 1970) have demonstrated that 
a mphibole may form readi ly from (glass + H 20) mix­
tures and persist metastably at high pressmes and at 
700-800 °C beyond its stability field as ' defined by 

growth in garnet + pyroxene + amphibole + water mix­
tures. This possibility has not been fully tested in the 

TABLE 2 

Results of experimental runs aimed at reversal of the boundary for appearance of garnet from oli\'ine T' aluminous pyroxenes ;lnJ 
fro111 olivine+ spinet + pyroxencs assemblages 

-- ----
Run no. Capsule Pressure Tcmper- Time Starting matcrial Products 

(kb) at ure (hrs) 
(eC) 

1096 Graphite 27.0 1450 OI+Opx + Cpx + Ga 01 + Opx ..L ?Cpx + Mclt 
1098 Graphite 28,1 1450 OI+Opx + Cpx + Ga OI - Opx + Cpx + Melt 
1099 Graphite 25.9 1400 OI + Opx + Cpx + Ga I OI -- Opx + Cpx 
1055 Pt 25.9 1400 1 OI + Opx + Cpx + Plag-1 Chromite OI -~ Opx + Cpx 

1100 Graphite 27.0 1400 2 I OI + Opx -l- Cpx + Ga OI ..L Opx + Cpx + rare Ga 
101 6 Pt 27.0 1400 1 OI + Opx + Cpx + Plag+ Chromite OI + Opx + Cpx + rare Ga 
2289 Pt 20.7 1200 4. 50 % tOI+Opx + Cpx + Ga) OI ~Opx + Cpx -/- rare Spinel 

50 % (OI+Op.x + Cpx + Sp) 
2290 Pt 22.5 1200 4 50 % OI + Opx + Cpx + Ga OI + Opx -/- Cpx j- Ga 

50 ~~ OI + Opx + Cpx + Sp (minor garnet bu t with euhedral for111) 

t \I,,:riment 

Run no . 

~ t 70 

:! 173 
:!168 
21S9 
2:138 
2339 
1H4 

2347 
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TABLE 3 

L\pcriments on the stability of amphibole in pyrolite wilh low waler content. All runs used "pyrolitc III less 40 ~:' oli\'ine" mix con­
laining 0.3 ~u H 2 0 ;j nd all were carried out in sealed PI capsules 

-----,-------------.------- -_._-----------------------
Run no. Pressure Tempcr- Time 

(hrs) 
Starling material Products 

(kb) ature 
(0C) 

2170 
2173 
2168 
2189 
2338 
2339 
2344 

18 
19.8 
22.5 
24.8 
25.2 
27.0 
28.8 

1100 
1000 
1000 
1000 
1000 
1000 
1000 

7 
15 
17 
12 
26 
24 
24 

1
----OI +A~-Ph + PX .--­

OI + Amph -;.. Px 
OI + Amph + Px 
01 + Amph ":" Px 

OI + Amph + Px 
OI + Amph -'- Px 
OI + Amph + Px 
01 + Amph ..;.. Px -L rare Ga 

O I+ Amph , · px 
OI + Amph -,- Px 
OI + Amph + Px 

I OI + Amph + Px - rare Ga 
OI + Amph + Px + minor Ga 
OI + Px + common Ga ­

trace amphibole 
2347 25.2 1000 48 90 % OI + Amph + Px 

10 % OI + Px-rGa 
01 + Px + minor Ga -,- minoramphibole 

present experiments although the higher temperature 
of the runs and the persistence of amphibole in a 48 hr 
rlln seeded with garnet + pyroxene + olivine at 25.2 kb. 
1000 °C suggest that the effect may be small. Another 

di~Terence from the experiments on basaltic amphibo­
lites is that the experiments on pyrolite are devised with 

a specific model i.e . mantle composition with 0.1 - 0.2 % 
water (RINGWOOD, 1969), in mind and the problem of 

partial melting at low temperatures for P II 20 = Plolal 

has been avoided. KUSHIRO ef al. (1968) reported data 
011 melting of a lherzolite nodule under anhydrous and 
hydrous conditions and found the solidus to be 

;::: 1000 °C for P llzO = Plol"l at 20-30 kb. They did not 
report amphibole at 26 kb, 980 °C but apparently lIsed 
optical methods only in identification of phases and 

minor amphibole may have been missed. 
Partial analyses by electron probe micro-analyser are 

listed in table 4. The orthopyroxenes. because of their 
porphyroblastic habit, could be analysed with similar 
accuracy to those in partial melting runs (GREEN and 
RINGWOOD 1967b) but the finer grain size of olivine 
and clinopyroxene and the poikilitic nature of the 

garnet made analysis more dif1kult. The figures given 
in table -l includc only those grains where two or more 
Co nsecutive analyses (1- 3 Ii steps) gave consistent an­

:l lytical data. The data show a vcry clear pattern of 

decreasing AI~O 3 solubility in orthopyroxene with in­
crt:asing pressure within the garnet pyrolite field. The 

AI!03 contcnt of orthopyroxenc from pyrolite III at 

the incoming of garnet (boundary LF, fig. I) is 

(, .0 ± 0.2 ~~ . Coexisting clinopyroxene contains ap-

proximately 7.7% AI 2 0 3 and the Cr2 0 3 contents are 

0.9 ~~ Cr 203 (orthopyroxene) and ~ 1.0" ~ Cr10 3 (clino­
pyroxene). The higher A1 20 3+Cr20 3 content of the 
clinopyroxene is due to NaR3+Si 20 6 solid solution . 

The minimum Al 20 3 content of analyzed orthopy­
roxene is 2.2 % at 40.5 kb, 1300 cc. Clinopyroxene con­

tain s 4.6 % at 36 kb, 1300 °C in equilibrium with ortho­
pyroxene with 2.6 % A1 2 0 3 • The degree of mutual solid 

solution between pyroxenes shows a consistent pattern 
although the difficulty of analysing the small c1ino­

pyroxenes prevents any confident statement on limits 
of pyroxene solid solution in the complex composition. 

Orthopyroxene (~Ens9o)coexisting with clinopyroxene 
contains approximately 2.4 % CaO at 1500 cC, 2.2 '}~ 
CaOat 1400 cC, 2.0 % CaO at 1350 °C and 1-5 % CaO 
at 1300 dc. Coexisting clinopyroxene contains ~ 11.4 o~ 
CaO at 1400 cC and 214.5~~ CaO at 1350 cC - this is 
a higher CaO content than in clinopyroxene obtained 
at similar temperatures at9-18 kb fro 111 111 ore iron-rich 

basaltic compositions (GREEN and RtNGWOOD. 1967b. 
p. 136- 8). The garnets are more Fe-rich than coexisting 
clinopyroxene and olivine and contain 4.5- 5.0 0

:' CaO 

and ~ 1.7 ~/~ Cr 20 3 • Higher values of CaO (6.9 o~ and 
5.6 °,;) are probably due to small clinopyroxene inclu­
sions. 

The experimental data on pyrolite II[ composition 

are summarized in fig . 2 in which \\'e have plotted 

curves showing maximum solubility or Al~03 (with 

.::::.0. 8 \ Cr 2 0 3 in a.ddition) in orthopyroxene coexist­

ing with garnet. olivinc and clinopyroxenc. Data are 

inadequate to draw similar curves in the olivine+ py-
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Tcmpcr- Prcssure Timc 
alurc ("C) (kb) (1m) 

Pyrol ile I II less 40 % olivine 

1500 22.5 0.33 
1500 27.0 0.33 
1500 29.3 0.33 
1500 30.4 0.33 

1500 

1500 
1500 

1450 

1400 
1400 
1400 

1400 

1350 

1350 

1350 

1300 

1300 

31.5 

33.8 
36.0 

27.0 

22.5 
24.8 
25.9 

27.0 

24.8 

25.9 

27.0 

36.0 

40.5 

0.33 

0.33 
0.33 

1.0 

0.66 
1.0 
1.0 

1.0 

2.0 

2.0 

2.0 

4 

4 

Pyrolite I Icss 50 % olivinc 

1400 22.5 

1400 24.8 

... - .. 

TABLE 4 

Partial analyses, using electron probe microanalyser, of crystalline phases from pyrolite 

Remarks 
capsule analysed AI 20, Cr20J FeO CaO of asscmblage 
Sample Phase 1__ -~~Iysed conslitllcn_t_s __ - -=1-Garnet con:nl-'I 

Pt - - O~X - - 3.5 ---- 4.0 2.fl--N-il----'--""'-50-%-) o-n-1CI~-in-g-, ~I + ~~x+~~-n-ch-, -OPx > 01 

Pt Opx 5.4 5.2 2.4 Nil Minor melting, OI + Opx + Cpx + Qucn ch 
Pt Opx 5.7 0.9 5.2 2.4 Nil No idcntifiable mclting, OI + Opx -!- Cpx 
Pt Opx 5.9 0.8 5.3 2.4 Trace No identifiablc melting, OI+Opx T Cpx + Ga 

01 ::::;0.5 8.5 ::::;0.5 Trace 
Pt 

Pt 
Pt 

Pt 

Pt 
Pt 
PI 

Pt 

Graphite 

Graphite 

Graphite 

Graphite 

Graphite 

Pt 

Pt 

Opx 5.6 0.7 5.7 2.4 Minor 
Ga 23.0 I~ 

Opx 4.8 
Opx 3.9 
Ga > 16 

Whole 
sample- 6.1 
ccntre 
Opx 5.4 
01 0.1 
Opx 3.9- 5.1 
Opx 4.3 
Opx 5.0 0.8 
Cpx ~ 5.1 > 1.0 
Opx 5.5 
Cpx 6.6 
Ga 22.0 1.7 
Opx 6. 1 
Cpx 7.7 
01 ::::; 0.2 
Opx 5.5 
Cpx 7.3 
01 ::::; 0.6 
Ga ~20.2 
Opx 4.9 
Cpx 6.7 
Opx 2.6 
Cpx 4.6 
01 ::::;0.3 
Ga 23.5 
Opx 2.2 
Ga ~20.9 

-~ Opx 3.0 

Opx 5.9 
I 

5.2 
5.5 

"",S.O 

7.0 

4.2 
8.6 

4.8- 5.7 
5. 1 
5.6 

5.8 
4.8 
6.S 
7.0 
5.8 

11.6 
7.1 
5.6 

12.0 
7.9 
7.1 
5.4 
7.2 
4.7 

12.5 
8.2 
7.2 
8.7 

4.2 

5.0 

4.9 
2.3 
2.3 

"",4.3 

5.2 

2.3 
0.3 
2.4 
2.4 
2.2 

~ IO.O 

2.1 
11.4 

5.3 
2.1 

14.5 
:'::; 0.2 

2.1 
14.5 

::::; 0.4 
6.9 
1.9 

~ 14.1 

1.5 
~ 13.9 

::::;0.2 
4.3 
1.5 
5.6 

2.2 

2.1 

Minor 
Common 

Nil 

Nil 
Nil 
Nil 

Trace 

Nil 

Minor 

Minor 

Common 

Common 

Nil, unc;-;"mon I 
spincl 

Trace garnel, 
llncon'lInc1n'r' i lll..·" 

OI + Opx + Cpx + Ga 

OI + Opx + Cpx + Ga 
OI+Opx + Cpx + Ga 

No identifiable melting, OI + Opx + Cpx 

Local patc.;hy melting, Oh- Opx I- Cpx 
Minor melting ?water acc.;ess , 01 ·1 Opx + Cpx 
No identifiable melting, OI + Opx + Cpx 
No identifiable melting, OI + Opx + Cpx + Ga 

No garnet, no melting, OI + Opx + Cpx 

No meiling, 01 f- Opx + Cpx ' Ga 

No melting, OI + Opx+Cpx + Ga 

OI + Opx + Cpx + Ga 

OI + Opx + Cpx + Ga 

Minor melting, OI + Opx + Cpx + spincl 

No melting, 01 I Op\ I Cpx ; Ga ' Spinel 
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Fig. 2. Diagram illustrating the P, T fields of different mineral assemblages in pyrolite III composition. The figures I %AI 20 3 , 

~ o~AI203 etc. refer to the AI 1 0 3 content of orthopyroxene in equilibrium with garnet in the garnet pyrolite field. The oceanic 
and Precambrian shield geotherms are those illustrated by RINGWOOD et nl. (1964). (From GREEN and RINGWOOD, 1967a.) 

roxenes + spinel field but such curves, combined with 4. l\lineralogy ill a pyrolite upper mantle 
data on the pyroxene miscibility gap, will ultimately 
provide a very useful means of estimating the P, T con­
ditions of equilibration of natural sp inel and garnet 
lherzolite (O'HARA, 1967). With variation in bulk com­
position, the conditions for appearance of garnet will 
vary; compositions with higher AI 2 0 Jipyroxene ratio 
will yield spinel up to solidus temperatures and garnet 
\\ill appear at 23- 24 kb at the solidu . For a bulk com­
position such that , with all AI 20 J in pyrox('nes, the 
ort hopyroxene would contain only 3.0°;' AI 20 J. then 
~pi nel would be expected to disappear above 1000 °C, 
10- 18 kb and there would be a greatly expanded field 
of olivine and aluminous pyroxenes. Garnet would not 
appear on the solidus of such a composition until pres­
~U res of approximately 60 kb. 

Tn the following discussion, it is assumed that the 
average composition of the upper mantle beneath oce­
a nic and geologically "young" regions is that of py­
rolite JJr. 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 chem­
ically zoned. Mineralogical variation in the upper 
oceanic mantle is thus determined by the intersection of 
geothermal gr:ldients with the stability fields of fig. I. 
The varialion of temperature in the continental and 
oceanic crusts and upper l11:lntle has been discussed by 
CLARK (1962) and CLARK and RINGWOOD (1964). [t is 
clear from these papers that there is a large diO'erence 

"-
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bet\\cen oceanic and stable shickl geothcrms and that 
this difference takes the form illustrated in fig. 2. Never­
theless, the specific form of the curves. particularly 
their "COIl\ exity" and closeness of apprl~ach to the 
pyrolite solidus, depend sensitively on kno\\ ledge of 
the magnitude of radiative heat transfer in the upper 
mantle. No unique solution for geothermal gradients is 
currently possible but a general evaluation of the roh~ 
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 would limit the possible 
phase assemblages. ]1' rocks of composition approach­
ing pyrolite occur locally, then there may be an extre­
mely limited zone near the base of the crust where these 
would crystallize to olivine + orthopyroxene (J % 
Al 20 3) + clinopyroxene + spinel assemblages. Similar 
compositions below about 35--40 km would yield oli­
vine + orthopyroxene (1-2 % AI 20 3) + clinopyroxene + 
garnet assemblages and it may be noted that the garnet 
content would be relatively high (e.g. 12 % garnet in 
pyrolite III composition). No regular change in mine­
ralogy would occur for rocks of pyrolite composition 
along the Precambrian shield geotherm. 

The picture is very different along the oceanic geo­
thermo The olivine + orthopyroxene + clinopyroxene + 
spinel assemblage is stable in pyrolite composition to 
depths of 60- 70 km. Within this interval the amount 
of spinel would decrease and the Al 10 3 content of 
pyroxenes would increase with increasing depth (reac­
tion (2)). Prior to the incoming of garnet at 60-70 km 
and about 1000 °C, aluminous spinel would coexist 
with orthopyroxene containing about 3 % A1 2 0 3 • 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 ortho­
pyroxene of higher AI 20 3 content (4-5 % AI 2 0 3). 

An extremely steep geothermal gradient, possibly re­
alized only in regions ~ctively producing basaltic mag­
mas, would be requi( d to enter the olivine+alumi­
nous enstati~.e ... (6~ A120 3) + aJuminous clinopyroxene 
field . In regioti~ of partial melting a~d magma genera­
tion, sucr ~aoje.n[s must be attained and it may be 
noted that garnet does not appear on the pyrol ite ] Il 
(anhydrous) solidus until depths?" 100 kms are reached. 

At depths of 60-70 km on the oceanic geotherm, 

:' -.. - ........ 

garnet appears from reaction (I) and is in equilibrium 
with orthopyro.\cne containing about 3~ :' AI 2 0 J . It is 
estimated that abouL 6° (~ garnet would appear in pyro. 
lite 1I1 composition at 60- 70 kill on the geothermal 
gradient illustrated. ]f the geothermal gradient inter­
sected the boundary at a higher temperature, thc 
amount of garnet appearing would be correspondingly 
less, e.g. abollt 3- 4 ~ .;. garnet coexisting with orthopy­
roxene containing about 4.5 ~;' A1 20 3 • 

The incoming of garnet due to reaction (I) at about 
60-70 km in the oceanic mantle probably occurs over 
a relatively small depth interval (5- 15 km). With further 
penetration along the geotherm into the garnet pyrolitc 
field the amount of garnet may actually decrease - this 
will occur for temperature gradients steeper than thc 
lines of constant Alz0 3 content of orthopyroxenc 
shown in fig. 2. For the gradient shown, pyrolite III 
will contain about 5 % garnet at depths between 90 and 
120 km and the mineralogy will remain constant over 
this interval. At depths greater than 120 kill the geo­
thermal gradient becomes increasi ngly transgressive to 
the lines of constant Al 20 3 content for orthopyroxene. 
Thus, along this part of the geothermal gradient, the 
aluminous pyroxenes will gradually break down to 
yield an increasing garnet content and low-alumina 
pyroxenes. At depths of 200-250 km the assemblage or 
pyrolite IIT will probably contain 11-12 ~~ of garnet. 

The transition from aluminous pyroxenes + spincl 
pyrolite to garnet pyrolite at depths of 60-70 km in the 
oceanic mantle is in agreement with MACGREGOR'S 

(1964) data and with the conclusions of ITO and KD:­
NEDY (1967) on the stability of spinel and garnet-bear­
ing peridotite. Allhough the present work does not Slip­

port earlier conclusions (RI>':GWOOD ef al., 1964; MA C­

GREGOR and BOYD. 1964) that garnet pyrolite would nol 
in general be stable until depths of 120- 150 km. it 
provides excellent confirmation of the importance at 

this depth inter\'al of the breakdo\\'n of aluminous p~­
roxenes to garnet + low alumina pyroxenes, the reac­
tions on which these earlier conclusions were based. It 

should be pointed out that for pyrolite-like cOll1po ~ i­

tions with higher pyroxene/(AI , Cr) 20 J ratios than py­
rolites 1,11 and III. the field of garnet pyrolite may not 
be entered until depths in excess of 120 km are reaclH:d 
- this is particularly relevant for mantle regions from 
which basaltic fractions have been removed (cf. M AC­

GREGOR, 1967). Geothermal grad ients steeper than thai 
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O. Mineralogy along oceanic geotherm of fig 2 
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Fig. 3. Diagram illustrating the changes in mineralogy, density (roo m T and P) and the relative changes in seismic velocity (V,) 
along the oceanic geotherm. The mantle is assumed to be of pyrolitc [[[ composi tion and the criticat gradient (oT/cP)v = 

4.5 ' C/km. (From GR EEN and RI NGWOOD, 1967a.) s 

illustrated will have a similar effect in diminishing the 
amount of garnet produced at 60- 70 km depth by re­
action (I) and increasing the amount of garnet pro­
duced at deeper levels from reaction (3). 

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. The effects of the mineralogical varia­
tion along the oceanic geothermal gradient in causing 
variations of seismic velocity have been previously di s­
cllssed by GREEN and RI 'GWOOD t 19G7a) and fig. 3 is 
reproduced from this paper. 

The previous discussion and the data presented in 
li g. 3 illustrate the principle that both mineralogical 
changes and P, T effects on V, are of primary import­
ance in determining seismic velocity distributions in the 
upper mantle and may in themselvcs produce velocity 
minima in the upper 200 km of the mantle. Variations 
fro m the se ismic velocity distributions illustrated in 
fig. 3 may be set up from fig. 2 by assuming various 
geothermal gradients and including the complexity of 

chemical variation from pyrolite to refractory peridotite 
and dunite. 

5. Amphibole stability, partial melting and the low veloc­
ity zone 

The mineralogical variations illustrated in fig. 3 may 
produce Vs variations of approximately 2 % but these 
are inadequate to account for a low velocity zone with 
a Vs minimum of 4.1 krn/sec below the uppermost 
mantle "lid" with Vs ~ 4.6 km/sec(ANDERSON, 1967; 
BERRY and KI';OPOFF, 1967). Other analyses of seismic 
data havc inferred high values of se ismic attenuation 
in the low velocity zone (A DERSON, 1962, 1967), or 
have inferred very Jow values of shear modulus for the 
low velocity zone (HALES and DOYLE, 1967). These con­
siderations have led a number of authors to suggest 
that the low ve locity zone of the mantle owes its exist­
encc to partial or incipient melting (A;'\D[RSON, 1962. 
1967 ; OX[WRGH and TURCOTTE, 1968 ; AKI. 1967). 
LA~IIlLRT and WYLLI E (1968) carricd out experiments 
aimed at establishing the high pl'I:!ssure stability limit 

--
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of amphibole for 1'11 : 0 = 1'1,,101 and suggested that the 
existence of inter litial amounts of water-rich fluid 
phase or water-rich silicate melts at depths below the 
stability limit of amphibole would lead to low seismic 
velocities. At greater depths, incorporation of water 
into high pressure hydrous magnesian silicates and hy­
droxylated pyroxenes CRI GWOOD and MAJOR, 1967; 
SCLAR et af .. 1967) would produce a lower depth limit 
to this feature. The temperature of formation of mag­
mas in the zone of amphibole instability and free water 
wOllld be considerably below the anhydrous pyroli,te 
solidus. 

The data on maximum amphibole stabi lity in pyrolite 
presented here:n support this hypothesis and suggest 
that amphibole would be stable along the shield geo­
therm of fig. 2 to depths of approximately 100-120 km 
and along the oceanic geotherm to depths of 80-90 km. 
The latter estimates derive from the data of table 3 and 
appearance of amphibole in pyrolite runs at 1200 0c, 
18 kb and 22.5 kb, unless stringent precautions against 
drying of furnace components are observed. 

RINGWOOD (1969) inferred a water content for the 
upper mantle of around 0.1 % and CO 2 contents may 
also be significant. The presence of a fluid phase, even 
if PH 20 < P10131' will depress the beginning of melting 
ofpyrolite, probably by as much as 200 °C. RINGWOOD 
(1969) has presented arguments that a limited water 
content of around 0.1 ~~ will have the effect of buffering 
a condition of incipient melting (~I % melting) so that 
comparatively large changes in temperature will have 
little effect on the amount or nature of the melt formed­
this condition would not apply for melting of anhy­
drous pyrolite (GREEN and RINGWOOD, 1967a). The 
nature of hydrous magmas in equilibrium with olivine, 
orthopyroxene, clinopyroxene and garnet has been 
shown to be highly undersaturated olivine-rich basanite 
(GREEN, 1969. 1970) or possibly olivine-rich nephelinite 
and olivine mclilite nephelinite (BULTITUDE and GREE;\,. 
1968). Thus it is inferred that regions with a relatively 
shallow (80-120 kms) low velocity zone with propor­
tionately large velocity decrease owe these character­
istics to the presence of very small amounts of partial 
melting. The liquids formed by degrees of melting up 
to about 5° ;' are highly undersaturated basanites and 
nephelinites and extraction of such liquids will leave 
regions of the low velocity zone selectively depleted in 
elements strongly partit ioned into the initial liquid. 

\ 

Movement of magma batehl:s through overlying manllc \ 
may lead to breakdown of hyd rOllS phases and select i\ e 
element depletion by "wall rock reaction" proces\~\ 

(GReEN and RII'<GWOOD. 1967b; GREcl'<. 1970). Mockh 
of mantle evolution such as those of OXnURGH and 
TURCOTTE (1968) and RI~GWOOD (1969) would abo 
lead to regions of the mantle overlying the low velocit~ 
zone which were partially or completely depleted in 
basaltic components. 

6. Conclusions 

Reactions producing garnet or garne t + olivine from 
assemblages with al uminous pyroxenes or pyroxenes + 
spinel are complex. involving sensitively P. T depcndent 
solid soluti on of R 2 0 3 components in pyroxene. There 
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(Acade is a need for further experiments to confirm data pre­
sented for several simple systems ancl natural assem· 
blages and to evaluate the role of Cr203 and other 
components on the phase boundaries. The experimental 
study of the relations between pyroxene pyrolite and 
garnet pyrolite for the model mantle composition of 
RINGWOOD (1966a) has established reversals for this 
boundary at key temperatures and enables applicatiun 

i BrRRY,]V 

I BOYD, F. 

of these studies to evaluation of upper mantle mine­
ralogy. 
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Pyroxene + spinel pyrolite is stable to depths of 
60- 70 km along an estimated sub-oceanic geothermal 
gradient. At this depth spinel and pyroxene react to 
form garnet and olivine. The amount of garnet formed 
from this reaction depends sensitively upon the tem­
perature at which the geotherm intersects the spinel + 
pyroxene ¢ garnet + olivine boundary. At tempera­
tures in excess of 1000 cC, less than half the potential 
garnet in the pyrolite compositions forms by this reac­
tion, the rest remaining in solid solution in aluminous 
orthopyroxene (> 3 ~,~ A1 20 3) and aluminous clino- t 
pyroxene. fl has been demonstrated that mineralogical t 
variation along geothermal gradients, particularly in 1 
oceanic regions, may be expected to strongly influence 
the seismic velocity distribution in the upper mantic. J 
No unique model of mineralogical or seismic velocity 
distribution in the upper mantle is presented, rather it 
is argued that regional variations in chemical composi­
tion (from pyrolite to refractory peridotite), and in 
geothermal gradients will produce significant, regional 
differences in seismic vclocity distributions. 

Although mineralogical variation in anhydrous py' 
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rolite may cause the existence of a low velocity zone, 
the alternate explanation of a zone of incipient or minor 
p:lrtial melting is preferred . The presence of this zone 
is inferred to result from the presence of small (~O.I %) 
quantities of water in the mantle, and from the in­
stability of the hydrous phase amphibole at depths 
greater than about 80 km. The presence of a fluid, 
water-rich phase in limited quantity produces incipient 
melting well below the anhydrous pyrolite solidus. Liq­
uids produced in this way are highly undersaturated 
basanites and nephelinites. 
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