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Abstract

The reaction defining the boundary between spinel and garnet peridotite may be used to
divide ultramafic rocks into low and high pressure assemblages, respectively. Within each sta-
bility field, the Al.O; content of orthopyroxene coexisting with an aluminous phase further
divides the conditions of formation within narrower limits. Experimental data in the three-
component system MgO-ALOsSiO; illustrate the general nature of the reactions, describe a
petrogenetic grid, and provide an approximate assignment for the conditions of formation for

Ca-poor ultramafic rocks.

When applied to suites of ultramafic rocks, the data suggest that ultramafic xenoliths and
the host mafic lavas are accidentally related. Spinel peridotite xenoliths from alkali basalts are
derived from shallower depths with higher geothermal gradients than samples from kimberlite
pipes. The rocks from single Alpine peridotites show a wide range of equilibration temperatures
and pressures, supporting the hypothesis of their origin as intrusions of mantle material.

Introduction

Three of the major reactions which govern the
subsolidus phase chemistry of ultramafic rocks are
those which control the boundary between spinel
and garnet bearing peridotites (1), and those which
control the composition of the pyroxene in equilib-
rium with olivine and an aluminous phase (2a, 2b).
The reactions may be illustrated as follows:

® Mg,Al1, Sis0,, + (1 — x)Mg, SiO,

2 (4 — x)MgSi0;-xALO; + (I — x)MgALO, (1)
xMgALO, 4+ (1 + x)MgSiO;,
= MgSiO;-xALO; + xMg,SiO, (2a)
and
xMg,Al, 51,0, + 3(1 — x)MgSiO,
= 3MgSi0; - xAL,O, (2b)

If the dependent variables of the reactions may be
defined, they may be used to obtain information on
the conditions of formation of ultramafic rocks or,
along with other geochemical and geophysical data,
may be used to help understand the petrological
structure of the upper mantle. From univariant re-
action (1) we can divide ultramafic rocks into two
temperature and pressure fields, while the divariant
reactions (2a) and (2b) allow interpretation of the
conditions of genesis within the spinel and garnet
peridotite stability fields, respectively.
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The ternary system, MgO—Al,0;-SiO,, may be
used to illustrate the nature of the reactions and to
serve as a first approximation of the conditions of
formation of ultramafic rocks. Figure 1 illustrates
the phase chemistry of a simplified ultramafic rock,
and Table 1 gives the composition used in the experi-
ments. Experimentally, we need to define (1) the
temperatures and pressures at which spinel peridotite
converts to garnet peridotite, and (2) the Al,Os
content of pyroxenes in equilibrium with olivine and
garnet or spinel.

The reaction defining the boundary between the
spinel and garnet peridotites has been previously
defined for the ternary system MgO-Al,03-SiO,
(MacGregor, 1964), the quaternary system CaO-
MgO-Al;05-Si0, (MacGregor, 1965a; Kushiro and
Yoder, 1966; O’Hara, Richardson, and Wilson,
1971), and for multicomponent systems (Green and
Ringwood, 1967 and 1970; MacGregor, 1970). The
dependence of the reaction on temperature, pressure,
and the main compositional variables expected in
ultramafic rocks is now fairly well known, and this
paper documents the, evidence for the simple ternary
system. The petrologic, tectonic, and geophysical im-
plications have been previously referred to (Ring-
wood, MacGregor, and Boyd, 1964; O’Hara,
1967a,b; MacGregor, 1967; Green and Ringwood,
1967 and 1970).

The solid solution of AlO; in garnet peridotites



SOLUBILITY OF Al.Os IN ENSTATITE 111
1800 LiQuI
—— = C
1QUID 4FORSTERITE o
1800 uaulq;rioﬁsmaifﬂrspmﬂj o i
27 7T
',?"_;?-"‘ = ® =g o edeT W
b” »?°
1400 52 FORSTERITE +AL-ENSTATITE ol il v
+SPINEL
= = o
O
) - .
1200 i om
X
b~
<1000 : y
N
=
= 800 - Mg0 Fo En Si0,
FORSTERITE+AL- ENSTATITE
0PE
600 |
0 O LIQUID W8 FORSTERITE+PYROPE
0 LIQUID+FORSTERITE = REACTANTS 9O(EN SP) 10(PY FO)
- 53 LIQUIDHFORSTERITE+SPINEL  ~ REACTANTS 90(PY FO) I0(EN SP)
@ 4 ENSTATITE4SPINEL — DIRECTION OF REACTION
0 1 1 | 1 | | 1 |
0 5 10 19 20 25 30 3 40

PRESSURE (Krlobars)

Fic. 1. Experimental determination of the phase chemistry for the composition 4 MgSiO; + 1 MgAl,O, (Table 1).

has previously been examined in the ternary system
MgO-Al,O3-Si0. (Boyd and England, 1964); the
quaternary system CaO-MgO-Al,0:-Si0O, (O’Hara,
1963; Boyd, 1969 and 1970); and in multicompon-
ent systems (MacGregor and Ringwood, 1964; Green
and Ringwood, 1967). In the spinel peridotite sta-
bility field only the CaO-MgO-Al,0;-SiO; system
has been examined (MacGregor, 1965b). A theo-
retical approach (O’Hara, 1967a,b), using sparse
data, has also been used to outline the Al,O; solubil-
ity in the plagioclase, spinel, and garnet peridotite

stability fields. This paper includes a more detailed
analysis of the Al,Os content of orthopyroxenes in
the pressure and temperature range from 5 to 40
kilobars and from 900° to 1600°C.

Experimental Results

Reaction (1)

The critical results for the reaction MgsAl»Siz0,2
+ (1—x)Mg:Si0, = (4—x)MgSiO3-xALO; +
(1—x)MgALOy are included in Table 2. Problems
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TaBLE 1. Composition of Starting Materials.

Weight per cent

Composition MgO Al904 310,

4 En + 1 Sp 37.06 18.75 44.29
EnAl - 5 38.16 5.00 56.84
EnAl - 10 36.14 10.00 53.86
EnAl - 15 34.18 15.00 50.82
(EnAl - 7 1/2) + (EnAl - 10) 36.60 8.75 54.65
Pyrope 30.007 25.293  44.697

were encountered in defining the reaction boundary
whenever the starting materials were either pure low-
or high-pressure crystalline products or glass. The
enstatite 4 spinel reactants could be converted to
pyrope + forsterite only at pressure up to 6 kbar in
excess of the equilibrium pressure. Correspondingly,
when using pyrope + forsterite as the reactants,
pressures up to 2 kbar less than the equilibrium
pressure were required for detectable reaction. The
sluggishness was interpreted as the failure of pyrope
and enstatite to nucleate within certain limits of the
boundary curve. Thus both starting materials were
seeded with 10 wt percent of the products, and a
more reliable result, falling between the above two
extremes, was obtained. In runs close to the equilib-
rium curve, reaction rates were slow; at temperatures
below 1300°C, little or no reaction took place in
experiments up to 48 hours in duration. The addition
of water to runs below 1300°C considerably in-
creased reaction rates and allowed the study to be
extended down to 900°C. X-ray and microscopic
examination did not reveal the presence of amphibole

in the products of water-saturated runs.

The solidus and liquidus relationships were out-
lined using crystalline enstatite + spinel and pyrope

+ forsterite in their respective stability fields.

The experimentally determined equilibrium bound-
aries for subsolidus, solidus, and liquidus reactions
are given in Figure 1. Equations for the different

reactions are as follows:

Mg;AlL, Siz0;, + (1 — x)Mg, SiO,

2 (4 — x)MgSi0;-xALO; + (1 — x)MgALO, (1)

T = 0.0546P — 173,
MgSiO; + MgAl,0,
2 Liquid 4+ Mg, Si0, + MgAl,0,.
T = 0.00569P + 1497,
Liquid + Mg, SiO, + MgALO,
2 Liquid + Mg, SiO,.

(2)

(3

T = 0.00533P 4 1560, and

Liquid + Mg, SiO, <= Liquid. (%)
T = 0.00433P + 1620.

TasLE 2. Experimental Results Used to Define the Reaction:

(1 — x)Mg:SiO4 + Mg;AlsSi;05 < (4 — x)MgSiO;- xAL,O;
+ (1 — x)MgALO; (1)

Temperature Pressure Reactants Products Time

(€ {Kilobars)

900 15.0 90(Py+Fo) + 10(En+Sp) En + Sp 30 hrs.
1000 21.1 90(Py+Fo)} + 10(En+Sp) PytFo + En+Sp 26 hrs.
1000 22.5 90(En+Sp) + 10§Py+Fo; En+Sp + Py+Fo 26 hrs.
1200 21.6 90(En+Sp) + 10(Py+fo En + Sp 8 hrs.
1200 24.8 90(Py+Fo) + 10(En+Sp) En + Sp 7 hrs.
1200 25.0 90(Py+Fo) + 10(En+Sp) En + Sp 24 hrs.
1200 25.2 90(En+Sp) + 10(Py+Fo) En + Sp 8 1/2 hrs
1200 27.0 90(En+Sp) + 10(Py+Fo) Py + Fo 7 hrs.
1200 29.0 (En + Sp) Py + Fo 7 1/3 hrs.
1200 30.2 (En + Sp) Py + Fo 2/3 hrs.
1200 31.7 (En + Sp) Py + Fo 1 hr.
1300 15.0 90(Py+Fo) + 10(En+Sp) En + Sp 4 hrs.
1300 26.3 90(Py+Fa) + 10(En+Sp) En + Sp 7 1/2 hrs
1300 33.0 {En + Sp Py + Fo & hrs.
1300 28.1 90(Py+Fo) + 10(En+Sp} En+Sp + Py+Fo & hrs.
1400 il 90(Py+Fo) + 10(En+Sp) En + Sp 5 hrs.
1400 29.5 90(En+Sp} + 10(Py+Fo) Py + Fo 5 hrs.
1400 30.6 90(En+Sp) + 10{Py+Fo) En+Sp + Py+fo 3 hrs.
1400 32.0 EPy + Fo} Py + Fo 1 1/3 hrs.
1400 335 En + Sp Py + Fo 6 1/3 hrs.
1500 20.3 [Py + Fo] En + Sp 3 hrs.
1500 24.8 [Py + Fo] En + Sp 1 hr.
1500 27.9 [Py + Fo] En + Sp 1 1/2 hrs.
1500 202 [Py + Fo] En + Sp 4 hrs.
1500 30.0 [Py + Fo] Py + Fo 2 hrs.
1500 30.6 90(Py+Fo) + 10(En+Sp) Pyt+Fo + EntSp 1 hr,
1500 32.4 [Py + Fo] Py + Fo 11/3 hrs.
1500 32.7 (En + Sp) Py + Fo 1 hr.
1500 33.5 (En + Sp) Py + Fo 1/2 hr.
1500 34,2 EEn + Sp; Py + Fo 2/3 hr.
1500 35.1 En + Sp Py + Fo 2 hrs.
1500 36.0 (Py + Fo} Py + Fo 4 hrs.
1500 40.1 (En + Sp) Py + fo 2 hrs,
1500 45.0 (Py + Fo) Py + Fo 4 hrs.
1570 15.1 (En + Sp) En + Sp 5 min.
1600 15.1 (En + Sp) Q+ Fo+ Sp 10 min.
1600 20.0 (Py + Fo) En + Sp 20 min.
1600 28.7 90(En+Sp) + 10(Py+Fo) En + Sp 1/2 hr.
1600 30.0 Py + Fo) En + Sp 20 min.
1600 30.6 90(Py+Fo{ + 10(En+Sp) En + Sp 1/2 hr.
1600 31.5 90(Py+Fo) + 10(En+Sp) En + Sp 1/2 hr.
1600 32.4 90(En+Sp) + 10(Py+Fo) En+Sp + Py+Fo 20 min.
1600 34.9 [Py + Fo] Py + Fo 1/2 hr.
1600 36 (En + Sp) Py + Fo 1/2 hr.
1630 20 (En + Sp) Q + Fo + Sp 10 min,
1630 N5 (En + Sp) Fo + Sp + ((Q)) 10 min.
1650 20.0 90(En+Sp) + 10(Py+Fp) Q + Fo + Sp 10 min.
1650 30.0 (En + Sp) En + Sp 10 min.
1650 32.1 {Py + Fo} En + Sp 15 min.
1650 351 [Py + Fo] Py + Fo 5 min.
1660 14.9 (En + Sp) qQ+ Fo 5 min.
1675 32l (Py + Fo) En + Sp 10 min.
1675 20.0 (En + Sp) Q+ Fo 10 min.
1680 33.5 90(Py+Fo) + 10(En+Sp) Py+Fo + EntSp 20 min.
1680 34.6 90(Py+Fo) + 10(En+Sp) Py + Fo 20 min,
1680 36.5 [Py + Fo] Py + Fo 20 min.
1700 15.1 {En + Sp) Q 3 min.
1700 30.0 (En + Sp) Q+ Fo + Sp 10 min.
1700 32.1 (Py + Fo} Q+ Fo+ Sp 10 min.
1700 32.4 90(Py+Fo{ + 10{En+Sp) Q + Fo + Sp 15 min.
1700 33.8 90(Py+Fo) + 10{En+Sp) Q + Fo + Sp 15 min.
1700 36.0 90(Py+Fo) + 10(En+Sp) Py + Fo 20 min.
1700 38.0 (En + Sp) Py + Fo 15 min.
1710 20.0 (En + Sp) Q 5 min.
1730 35.1 (En + Sp) En + Sp 3 min.
1760 30.0 (En + Sp) 1] 3 min.
1760 35.1 {En + Sp) Q + Fo 3 min.
1760 37.6 (Py + Fo) Py + Fo 3 min.
1770 40.0 {Py + Fo) Py + Fo + ((Q)) 3 min,
1775 37.6 En + Spg Q+ fo 3 min.
1780 35.1 En + Sp Q+ Fo 3 min.
1790 37.6 (En + Sp) qQ 3 min.
1800 40.0 (Py + Fo) qQ 3 min.

() = crystalline; | ) =glass; (( ) = itrace; En = Enstatite;
Fo = Forsterite; Py = Pyrope; @ = Glass; Sp = Spinel; where products
wnderlined indicates stable phase assemblage; pregssure reported ds
gauge pressure.
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Linear extrapolation of the liquidus curve to 1
atmosphere is in agreement with the inferred tem-
perature of Osborn and Muan (1960). However,
both solidus curves indicate that below 15 kbar
either considerable curvature or inflection of the
curves is necessary for agreement between the high
pressure and 1 atmosphere data.

As indicated by O’Hara er al (1971), the pyroxene
entering into the reaction varies in its Al,O; content,
and Skinner and Boyd (1964) have shown that the
unit cell volume on enstatite decreases with increas-
ing Al,O; solid solution. Thus one may anticipate a
change in the AV of reaction along the equilibrium
boundary, and expect the boundary to be curved
rather than linear, O’Hara et al (1971) confirm this
for the system CaO-MgO—Al.03-Si0.. In the pres-
ent study a curvature of the boundary was antici-
pated, but the data appear to fit best an essentially
linear boundary. Apparently the AH of reaction is
varying in some compensating manner to maintain
an essentially uniform slope.

Calculation of the AV of reaction is hindered by
the lack of information on the thermal expansion
and compressibility of all phases, particularly alumi-
nous enstatite, at high temperatures and pressures.
However, linear extrapolation of the compressibility
and thermal expansion data (Birch, 1966; Skinner,
1966) for the reacting phases, and the assumption
that aluminous enstatite is linearly equivalent in its
properties to enstatite, leads to the following evalua-
tion (Table 3) of reaction (1) incorporating the effect
of Al,O; solid solution in enstatite.

Reactions (2a) and (2b)

The reactions xMgAl,O, 4+ (1 + x)MgSiO,; =
xMg,SiO, 4+ MgSiO;- xAl,O; and xMg;AlSi,0,, +
3(1 — x)MgSiO; = 3MgSiO;- xAl,O; may be moni-
tored by analyzing the Al,O, content of enstatite in
equilibrium with forsterite and garnet or spinel
(see Appendix). The Al,O; content of the enstatites
is shown in Table 4, and displayed in Figure 2 where
Al,O, isopleths have been superimposed to develop
a petrogenetic grid. To account for the differences
in experimental technique (see Appendix), the reaction
boundary between the spinel and garnet peridotites
has been plotted using a —10 percent pressure
correction. The slopes of the Al,O, solubility curves
are inflected at this boundary.

A major limitation to the analyses was the fine
grain size of the products an dthe fact that in the
spinel stability field the enstatites often occur as

TasLE 3. AV of Reaction for Mg3Al:Si;0:: 4 (1 — x)Mg,SiO,
= (4—x)MgSiO;- xAlO3; + (1 — x)MgAlLO, (1)

Weight per cent AV
Temperature Pressure Al503 in

(°C) (Kilobars) Enstatite cc/mol %

600 13.5 1 -6.361 3.89

856 17.5 3 -5.615 3.46
1026 20.2 5 -4.879 3.03
1205 23 7 -3.864 2.43
1332 25 9 -2.727 1.73
1460 27 11 -1.912 1.23
1571 28.75 13 -0.967 0.63

poikilitic crystals sieved with spinel. In general,
coarser crystals could be obtained in the temperature
range from 1100° to 1300°C, but grain size de-
creased at both higher and lower temperatures. The
lack of a balance between the Mg and Si atoms in
Table 4 gives some indication of the quality of the
analysis and the possible effect of adjacent grains.
In those portions of Figure 2 where no data was
given, a number of experiments failed to produce
samples with a sufficiently coarse grain size. The
resultant grain size proved to be a fairly capricious
aspect of the experiment, and this problem was not
carefully examined. The combination of errors intro-
duced by the temperature, pressure, and analytical
uncertainties would suggest that each isopleth has
an uncertainty of =10 percent.

In the garnet stability field, the slope of the Al,O3
isopleths is in general agreement to that found by
other workers in the three-component system MgO-
Al,05-Si0» (Boyd and England, 1964), proposed
for the four component system CaO-MgO-AlLO;-
SiO, (O’Hara, 1967b), and defined for a multi-
component mantle system (Green and Ringwood,
1967). A single microprobe determination by Boyd
(1970) at 1200°C and 30 kbar gives a value of
5.9 wt percent Al,O; for the orthopyroxene coexist-
ing with olivine and garnet. A value of 4.9 was de-
termined for the same point in this study. Since
Boyd’s experiments were made by advancing the
piston (personal communication), one may antici-
pate a negative correction of about 5 to 10 percent
(Johannes et al, 1971) to his nominal pressure
value. In contrast, the data for this paper were col-
lected by retracting the piston, indicating that the
observed pressure is the ‘real’ pressure to within =35
percent. A negative correction of 5 to 10 percent
applied to Boyd’s (1970) data would bring the two
values to an equivalence well within the anticipated
experimental error.
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TaBLE 4. Chemistry of Aluminous Enstatites in Equilibrium with Forsterite and Garnet or Spinel Following the Reactions:
xMgAlLO, + (1 + x)MgSiO; = MgSiO;- xAl,O; + xMg:Si0,4 (2a), and xMg;ALSi:012 + 3(1 — x)MgSiOs

Enstatite (Atomic

Enstatite Composition (Weight Percent) Formula [0=3])

Starting Temp. Pressure Additional
Composition (°C) (Kilobars) Time Phases Mg0 A1,05 $i0, Total Mg Al Si
4En + 1Sp 900 5 24 hrs. Fo + Sp 3752 7.4 55.4 100.0 .928 .145 .927
4En + 1Sp 900 10 24 hrs. Fo + Sp - 5.5 s = - =.108 -
4En + 1Sp 1000 5 24 hrs. Fo + Sp 37.6 9.4 53.9 100.9 .932 .550 .897
4En + 1Sp 1000 15 24 hrs. Fo + Sp 37.0 5.8 55.8 98.6 .935 116 .945
4En + 'IS 1000 20 22 hrs. Fo + Sp 38.3 4.3 57.4 100.0 .960 .084 .960
EnAl 0 (Py) 1000 30 63 hrs. Py 39.0 2.4 58.3 99.7 .979 .048 .877
4En l 1Sp 1100 10 55 1/4 hrs. Fo + Sp 35.0 9.9 54.3 99.2 .877 .197 .914
4En + 1Sp 1100 15 23 hrs. Fo + Sp 38.4 7.6 54.9 99.9 .952 .149 914
4En + lSp 1100 20 9 3/4 hrs. Fo + Sp - 5.4 56.6 - - =.106 -
Enﬁlm Pyg 1100 25 10 1/4 hrs: Py 37.7 4.7 56.5 98.9 .950 .094 .955
:nAI]U Py 1100 30 9 hrs. Py 37.8 33 57.0 98.1 .959 .066 97
EnAl-"+ (Py) 1100 40 75 1/4 hrs. Py 39.9 1.7 58.0 99.6 1.000 .037 .975
4En ]5p 1200 5 24 hrs. Fo + Sp - 14.3 - - - =,280 =
EnAI (Py) 1200 25 13 3/4 hrs. Py 38.9 6.7 55.0 100.6 967 132 .918
En.*ﬂ,II EF;{% 1200 30 13 2/3 hrs. Py 39.3 4.9 55.5 99.7 .986 .097 .934
En.ﬂd]D 1200 35 12 3/4 hrs. Py 38.0 3.1 57.0 98.1 .964 .062 .970
EnAl 1200 40 75 1/4 hrs. Py 39.1 2.6 57.6 99.3 .982 .051 .970
4En iSu 1300 10 10 hrs. Fo + Sp 33 49 15.5 52.0 101.4 .834 .904 .858
4En + 1Sp 1300 15 13 1/2 hrs. Fo + Sp 36.5 12.4 50.0 98.9 .925 .249 .851
4En + 1Sp 1300 25 6 1/6 hrs. Fo + Sp 35.2 7.7 54.8 e .898 .156 .935
Eg/(\glm; (Py) 1300 30 6 1/2 hrs. Py 36.8 6.3 55.0 98.1 .935 127 .938

50( B ]/2) 1300 30 15 1/2 hrs. Py 37.8 6.4 5 = - .13 =
EnA]5 + (P;) 1300 35 15 3/4 hrs. Py 38.8 4.9 55.4 99.1 .978 .098 .937
EnAl 0 + (Py) 1300 40 8 1/2 hrs. Py 39.4 3.2 59.1 101.7 .965 .062 .971
4En l 1Sp 1400 15 3 1/2 hrs. Fo + Sp 34.9 15.4 51.6 101.9 .855 .298 .849
4En + 1Sp 1400 25 5 1/4 hrs. Fo + Sp 36.5 10.7 53.7 100.9 .903 .209 .891
4En + 1Sp 1400 30 6 hrs. Fo + Sp 37.4 8.2 54.8 100.4 .930 .161 .914
EnAl 0.t (Py) 1400 35 9 hrs. Py 37.7 6.1 54.3 98.1 .960 .123 .928
4En ¥ 1Sp 1600 25 1/2 hr. Fo + Sp - 141 36].7 - - x.277 -
4En + 1Sp 1600 30 1/2 hr. Fo + Sp 36.7 12.0 36.7 101.1 .870 .238 .908

(En = Enstatite; Fo = Forsterite; Py = Pyrope; Sp = Spinel; ( } = Seed; 4En + 1Sp Composition as Glass).

There are no previous experimental data with
which to contrast the Al,O4 solid solution of ortho-
pyroxene in the spinel stability field. However, the
slope of the Al,O; isopleths is opposite to the nega-
tive slopes suggested by theoretical considerations
(O’Hara, 1967b), but comparable to the positive
slopes for Al,O; solubility in diopside coexisting with
forsterite and spinel (MacGregor, 1965b). Anas-
tasiou and Siefert (1972) have examined Al,O3
solubility in enstatite coexisting with cordierite plus
spinel, and sapphirine plus cordierite up to 5 kbar
water pressure. Both assemblages represent phase
volumes adjacent to that of the spinel-enstatite-
forsterite assemblages, and thus their Al,Oy solubility
data apply to the present study. At 5 kbar Anastasiou
and Siefert’s data (1972) indicate that the wt percent
Al,O; of an enstatite in equilibrium with a spinel
should have maximum values of 4.1, 6.8, and 9.7
at 900°, 1000°, and 1100°C, respectively. The
values contrast with values of 7.4, 9.4, and 11.8
(Fig. 2) at 900°, 1000°, and 1100°C found in the
present study.

The discrepancy is not understood. The pressure
uncertainties at 5 kbar for a solid media device are

large, and it is probable that the strength of the
materials becomes a proportionately more important
contribution to the observed pressure, suggesting that
the pressures on the sample may well be significantly
lower than recorded. Anastasiou and Siefert (1972)
get the same results using X-ray determinative curves
and phase-disappearance techniques. Further, their
hydrothermal apparatus is better suited to experi-
ments in the 1 to 5 kbar pressure range. Though
uncertain, it is probable that their values are correct,
and the Al.O; isopleths in Figure 2 should flatten
with decreasing pressure much as is observed for
diopside in equilibrium with spinel (MacGregor,
1965b).

Application to Geologic Data

Application of the experimental data to define
the conditions of formation of natural rocks requires
knowledge of the effect of other compositional vari-
ables and an independent assignment of either tem-
perature or pressure. Unfortunately, there are no
studies available which may adequately be used to
fully evaluate the effect of other compositional vari-
ables. Boyd (1970) has shown that at 1200°C and
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30 kbar the Al,O; content of enstatite in equilibrium
with garnet varies from 5.9 to 4 wt percent from the
Ca-undersaturated to Ca-saturated assemblage. Thus
an enstatite in equilibrium with diopside will have
approximately 2 wt percent less Al,Os than an
enstatite on the enstatite-pyrope join. Although Fig-
ure 2 may be used directly for a Ca-free ultramafic
rock such as a harzburgite, adjustments must be
made when applied to Ca-saturated, two-pyroxene,
ultramafic rocks such as lherzolites. Thus for most
ultramafic rocks Figure 2 may only be used in a
semiquantitative way; using Figure 2 directly will
result in absolute values of pressure that are high,
but the relative assignments of pressure for a suite
of samples should remain essentially the same. Tem-
peratures may be determined from the mutual solu-
bility of diopside and enstatite (Davis and Boyd,
1966). Although Al;Ojs solubility affects the diopside-
enstatite solvus, Boyd (1970) indicates that this ef-
fect is small for low Al,O; contents.

Figure 2 may only be used in cases where both
orthopyroxene and clinopyroxene form an equilib-
rium assemblage with olivine and an aluminous phase
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(spinel or garnet). Departures from this assumption
may be used in the case of garnet or spinel py-
roxenites such as those from Hawaii (Beeson and
Jackson, 1970) where an olivine-saturated surface
is assumed. In cases where the aluminous phase is
absent, only a minimum temperature and maximum
pressure may be obtained.

Mafic and ultramafic xenoliths included in basalts

Xenoliths from alkali basalts. Spinel peridotite
xenoliths from a wide number of localities (Ross,
Foster and Myers, 1954; White, 1966; Kutolin and
Frolova, 1970; MacGregor, unpublished) exhibit a
range of temperatures and pressures which fall within
a well defined region of temperature-pressure space
(Fig. 3). The wide range of pressures exhiibted by
the samples from individual localities indicates that
the xenoliths represent accidental fragments of the
mantle rather than suites of cognate xenoliths genet-
ically associated with the host magma. Garnet py-
roxenites from Hawaii (Beeson and Jackson, 1970)
show reconstructed temperatures and pressures in
the range 1300 to 1400°C and 30 to 34 kbar
(Fig. 3).

Xenoliths from kimberlites. Using the data pre-
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sented in this paper, Boyd (in press) has shown that
xenoliths from Lesotho kimberlites may be divided
into two textural suites (Fig. 3) which correlate with
origins from well defined localities in the subcon-
tinental mantle. A suite of granular samples occurs
in the temperature range 800 to 900°C and 40 to
50 kbar, whereas sheared xenoliths are characteris-
tically found at temperatures ranging from 1000 to
1400°C and pressures of 45 to 70 kbar. A compar-
able division has been found by J. Johnston (unpub-
lished) for the Jagersfontein kimberlite pipe. As with
the spinel peridotites, the ultramafic xenoliths from
kimberlites appear to be accidental in origin. It is
difficult to assign a cognate origin to samples derived
over such a wide depth range. Their value lies in
recording some information on ambient conditions
in, and data pertaining to a petrographic profile of,
the upper mantle.

Discussion.  Boyd (in press) has suggested that
the Lesotho samples record a Cretaceous geotherm
beneath the African shield. The granular samples
fall close to a predicted Shield geotherm (Ringwood
et al, 1964), while the anomalously high geotherm
shown by the sheared samples records the thermal
effects of shearing in the Low Velocity Zone during
the period of Cretaceous drift. The “knee” shown
by the xenoliths represents the top of the Low
Velocity Zone.

Although the data is not comparably complete, a
similar interpretation may be applied to the xenoliths
from Hawaii. The spinel peridotites mark the location
of an oceanic geotherm, while the garnet pyroxenites
record the thermal transient associated with the cur-
rent period of drift. The “knee” is again thought of
as the top of the oceanic Low Velocity Zone. The
garnet pyroxenites are samples from the Low Velocity
Zone while the spinel peridotites are derived from
the superjacent lithospheric plate.

The discrepancy between the calculated Shield
and Oceanic geotherms (Clark and Ringwood, 1964)
and the interpretations presented in this paper may
be anticipated, The calculated values represent a
static mantle model cooling by conduction alone,
while the paleogeotherms recorded by the xenoliths
probably reflect the variable effects associated with
the dynamics of drifting and convective cooling. The
effects of other components would suggest that the
allocation of temperatures and pressures in Figure 3
are on the high pressure side. It is probable that the
predicted geothermal gradients will be slightly steeper
and move to lower pressures. However, the relative

positions of the samples will remain essentially in-
tact. Data is not currently available to make a quan-
titative statement of the anticipated errors introduced
by other compositional variables.

Alpine peridotites

Data from Alpine peridotites (Green, 1964; Mac-
Gregor, 1962; Challis, 1965; Loney, Himmelberg,
and Coleman, 1971; Onuki and Tiba, 1965; Medaris,
1972; Himmelberg and Loney, 1973) invariably in-
dicate equilibrium over a wide range of temperatures
and pressures. In a number of cases, textural and
mineral chemical evidence (Green, 1964; Challis,
1965; Loney et al, 1971; Medaris, 1972) indicate
more than one generation of samples from a single
intrusion. The different textural types indicate equi-
libria over a wide range of temperatures and pres-
sures, possibly recording the path along which the
different intrusions migrated to the surface. It is
apparent that the interpretation of any single intru-
sion is a complex matter, and that suites of samples
need study before any interpretation is made. Single
samples are meaningless for these dynamic phenom-
ena in which the lack of complete equilibrium for
the solid-solid reactions results in a “memory” out-
lining the path of any single intrusion to the surface.

The sparse data in Figure 4 suggest two main lines
of ascent for Alpine peridotites. The Mount Albert
and Lizard intrusions appear to be close to an
oceanic geotherm; in contrast the circum-Pacific pe-
ridotites outline a path suggesting an origin from
considerably lower temperatures and higher pres-
sures. At present an interpretation as to the differ-
ence is not clear, although one speculation is that the
high temperature Mount Albert and Lizard intrusions
arise from regions of high geothermal gradients such
as spreading centers, while the circum-Pacific exam-
ples originate from regions with depressed geothermal
gradients such as a subduction zone.

It should be noted that the lower temperatures
assigned to the Southwest Oregon peridotites by the
diopside-enstatite geothermometer (Davis and Boyd,
1966) contrast with the higher values preferred by
Medaris (1972) from Mg/Fe partitioning. The
higher temperatures would indicate an association
with the high-temperature peridotites rather than the
circum-Pacific suite. These problems are not resolved
in this paper; however it does seem possible to con-
clude that the samples from single intrusions show a
range of temperatures and pressures of equilibration.
Further, the range of values is related to the tectonic
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environment of intrusion, which gives useful insight
in distinguishing different types of Alpine peridotites.

Metamorphosed ultramafic rocks

Examples of metamorphosed ultramafic rocks
are provided by the Norwegian garnet peridotites
(O’Hara and Mercy, 1963). These are generally
located along the Shield geotherm, suggesting that
they have been intruded into their present location.

The wide distribution of temperatures and pres-
sures indicated by all the examples cited above illus-
trates the need for comprehensive studies on individ-
ual localities. Single isolated samples are of little
value in illustrating the dynamics of intrusion or the
range of conditions along a geothermal gradient, and
can seldom be said to be representative.

APPENDIX

Experimental Method
Apparatus

All the experiments were made using a solid media,
% inch (1.27 cm) diameter piston and cylinder de-
vice (Boyd and England, 1960), with a solid-media

furnace assembly constructed according to Boyd and
England’s (1963) design.

Experimental Uncertainties

Pressure. In all the experiments used to define
reaction (1), the samples were brought to tempera-
ture at the gauge pressure listed in Table 2. Subse-
quent piston-in adjustments were made to maintain
nominal gauge pressure during the course of the
experiment. Experiments in furnace assemblies com-
parable to that used in the present study suggest that
the above procedure demands a correction varying
from —8 percent to —11 percent of gauge pressure
(Johannes et al, 1971; Green et al, 1966). Gauge
or ram pressures are listed in Table 2, and used in
Figure 1, but the discussion includes a —10 percent
correction to all values, which should give values to
within +=3 percent of the true value.

In the experiments used to define the Al,O; solid
solution in orthopyroxenes (reactions 2a and 2b),
the pressure was first raised to a value 3 kbar above
the gauge pressure (listed in Table 3), then the tem-
perature was raised to the desired value, and the
piston retracted to give the nominal gauge pressure.
Boyd et al (1966) suggest that for this procedure
the gauge pressure is within 5 percent of the “true”
pressure.

Temperature. Temperature uncertainties arise
from (1) thermal gradients across the sample, (2)
minor fluctuations during the experiment, and (3)
a pressure effect on the thermocouple. Measured
thermal gradients across the sample varied from less
than 10° at 1000°C, to 15°C at 1800°C, while
temperature fluctuations during the experiments were
held to with +=3°C. Corrections for the pressure ef-
fect on the thermocouple e.m.f. were not made.

Starting Materials

The starting material used to define reaction 1
was composed of four crystalline assemblages of the
same bulk composition (Table 1). These were:

1) 4 enstatite + 1 spinel,

2) forsterite + pyrope,

3) 90% (4 enstatite + spinel) + 10%

(forsterite + pyrope), and
4) 90% (forsterite + pyrope) + 10%
(4 enstatite + spinel).

For runs used to define the solution of AlL,O; in
orthopyroxene, the starting composition was depen-
dent on whether the experiment was conducted in
the spinel or garnet stability field. For all runs in the
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spinel stability field, a glass of the composition 4
enstatite + spinel (Table 1) was used. In the garnet
stability field, various glasses along the join enstatite-
pyrope, seeded with crystalline pyrope, were used as
the starting material (Table 2).

Both graphite and platinum capsules were used.
Where duplicate experiments were made, no differ-
ences in results were observed. In general, graphite
was used for experiments made at temperatures in
excess of 1200°C, and platinum capsules for tem-
peratures of 1200°C or less. Experiments made in
excess of 1300°C were dried for 45 minutes at 1000°
C in a dry nitrogen furnace; those at 1300°C were
not dried, and water was added to those at 1200°C
and lower temperatures.

Analysis of Products

Crushed powders of the reactants for reaction (1)
were examined with petrographic microscope and by
X-ray diffraction techniques. For definitive experi-
ments close to the reaction boundary, reaction was
considered to have proceeded only if there was sig-
nificant contrast between the diffractograms of the
seeded reactants and products.

The Al,O; content of orthopyroxenes in equilib-
rium with garnet or spinel was determined with a
MAC electron-microprobe. The major limitation of
this technique was the grain size of the orthopyroxene
grains. In general the grains varied from fractions of
a micron to about 10 microns in diameter, although
grains as large as 80 microns were found in a few
samples. Grains smaller than 5 microns were con-
sidered unsuitable. Wherever possible three grains
were analyzed from each experiment; the triplicate
analyses seldom differed by more than =10 percent
of the mean. A program written by Brown (1965)
was used to calculate for absorption and fluorescence
corrections; no atomic number corrections were used.
The best indication of the quality of the analysis ap-
peared to be the balance of Al*** in the octahedral
and tetrahedral sites, rather than their summation
to 100 percent. In general there was a balance to
within =5 percent, suggesting the =5 percent value
is a better estimate of analytical error, rather than
the 2 percent expected for a probe analysis. The
increased error probably results from the fine grain
size, and the probability of interfering effects from
adjacent grains.
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