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Abstract

Hornblende-plagioclase peridotite has formed in aluminous reaction zones around mafic
lenses in chromite-bearing forsterite-enstatite-tremolite metaperidotite close to the contact of
a gabbroic phase of the Mount Stuart Batholith. Assemblages encountered in these aluminous
rocks are consistent with a theoretically-derived topology for the reactions governing the
occurrence of plagioclase in peridotite, which indicates that the low-temperature limit of
plagioclase peridotite in the pure system is the reaction 5 anorthite + 8 forsterite + 2 H,O =
2 tremolite + diopside + 5 spinel.

Associated pelitic hornfelses contain assemblages which indicate that the metamorphism
occurred at pressures between 2 and 4 kilobars. The reaction chlorite = forsterite + enstatite
+ spinel + H,0, which occurs in the metaperidotite near the contact with the batholith,
establishes that the temperature at the time of metamorphism reached 715 + 25°C. Only in a
small pendant enclosed within the gabbro do mafic hornfelses contain the assemblage horn-
blende-clinopyroxene~orthopyroxene-plagioclase, indicative of transition to pyroxene-
hornfels facies.

The reaction-zone rocks contain assemblages which are indicative of both sides of the
reaction 2 forsterite + anorthite = enstatite + diopside + spinel, with the enstatite and
diopside-bearing assemblages containing spinel richer in chromite than the forsterite +
anorthite-bearing assemblages. Thermodynamic calculations using observed spinel composi-
tions suggest pressures at least 2 kilobars below the pressure inferred from the pelitic
assemblages. 1t is argued that the main cause for this discrepancy is error in the assumption of
ideality in the spinel solid solution.

Hornblende in the hornblende-plagioclase peridotite is colorless and shows a systematic
variation in alkali content and tetrahedral aluminum along a trend rich in the tschermakite
endmember. By expressing this compositional change mathematically, diagrams are derived
which show that for the hornblende compositions used, the low-pressure peridotites can be
divided into three chlorite-free mineral facies. They are, in increasing grade, horn-
blende-spinel peridotite, hornblende-plagioclase peridotite, and finally plagioclase Iherzolite.

Introduction

Models for the mineralogy of aluminous lherzolite,
based upon experimental work (Kushiro and Yoder,
1966; Emslie, 1970; Green and Hibberson, 1970; and
Herzberg, 1972) indicate a fairly wide stability field
for plagioclase in peridotite at high temperatures and
relatively low pressures ( ¢f. O’Hara, 1967a). Al-
though plagioclase + olivine is a common magmatic
assemblage and plagioclase peridotite of clearly mag-
matic origin does occur (¢f. Brown, 1956; Leake,
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1964; Onuki, 1965; and Irvine and Smith, 1967),
plagioclase peridotite from low-pressure regionally-
metamorphic or contact-metamorphic environments
has not been reported. Plagioclase and olivine-bear-
ing assemblages have been described from basaltic
rocks which have been subjected to metamorphism in
pyroxene hornfels facies (Richey and Thomas, 1930;
MacGregor, 1931; Phillips, 1959, 1961; and Almond,
1964), but ultramafic rocks from high-grade contact-
metamorphic environments contain spinel rather
than plagioclase (Matthes, 1971).

This report describes the occurrence of horn-
blende-plagioclase peridotite hornfels in the contact
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zone of a gabbro, where it has formed in aluminous
zones in an enstatite and chromite-bearing metape-
ridotite. The relationships displayed permit refine-
ment of the low-temperature and high-pressure limits
to the stability of plagioclase in peridotite, and pro-
vide an explanation for the rarity of plagioclase in
metamorphosed ultramafics.

Location and regional geology

The hornblende-plagioclase peridotite occurs in a
metamorphosed ultramafic complex on the north
slope of the Icicle Creek valley in the central Cas-
cades of Washington, about 115 km east of Seattle
(Fig. 1). It is a part of the Mount Stuart block, a
fault-bound structural unit which comprises the
Mount Stuart Batholith and the rocks it has intruded
and metamorphosed. These country rocks include the
Chiwaukum Schist, a pelitic schist that is the south-
ern continuation of the Skagit Metamorphic Suite
(Misch, 1966), and the Ingalls Complex, a tecton-
ically emplaced ultramafic-mafic complex.

The Chiwaukum Schist underwent an early Barro-
vian-type regional metamorphism of unknown age,
which reached the staurolite grade in the Icicle Creek
area. The Ingalls Complex was emplaced after this
regional metamorphism, and the associated deforma-
tion jumbled the units so that inclusions of diabasic
to gabbroic rock, and less commonly, Chiwaukum
Schist, chert, and felsic plutonic rock occur locally
within the ultramafic units. Concurrent with the em-
placement, or somewhat afterward, the complex un-
derwent a low-grade hydrothermal event which ser-
pentinized large portions of the peridotite.

The Mount Stuart Batholith is of Late Cretaceous
age and is composed of two major phases, an earlier
mafic phase which ranges from gabbro to diorite and
a later silicic phase which ranges from quartz-diorite
to granodiorite (Pongsapich, 1974). Intrusion of the
batholith resulted in contact metamorphism of both
the Chiwaukum Schist and the Ingalls Complex. In
the aureole of the silicic phase of the batholith,
staurolite, cordierite, and andalusite crystallized or
recrystallized in the schist, while in the aureole of the
mafic phase, sillimanite grew as well (Plummer,
1969). Contact metamorphism of the Ingalls Com-
plex by the silicic phase of the batholith at Paddy-Go-
Easy Pass, about 23 km southeast of the Icicle Creek
area, caused the formation of the forster-
ite-enstatite-tremolite assemblage in the metape-
ridotite and the forsterite-enstatite-spinel assem-
blage in associated aluminous metamorphosed
blackwall rocks (Frost, 1975).
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FiG. 1. Map showing location of areas in the central Cascades of
Washington where contact metamorphism of peridotite and re-
lated rocks has been studied; Icicle Creek, this paper, Paddy-Go-
Easy Pass, Frost (1975). Dashed symbols = Chiwaukum Schist,
blank = Ingalls Mafic-Ultramafic Complex, v-symbols = Mount
Stuart Batholith, dotted symbols = Tertiary sedimentary rocks.

Petrographic description

In the Icicle Creek area the Ingalls Complex sur-
vives as two bodies which cover a total area of about
8 km? adjacent to and within the mafic phase of the
Mount Stuart Batholith (Fig. 2). Throughout these
bodies the metaperidotite contains the assemblage
forsterite-enstatite-tremolite—-chlorite, even in local-
ities more than a kilometer from the nearest contact
(Pongsapich, 1974). In the larger body the associated
mafic inclusions within the metaperidotite are typical
hornblende hornfelses, but in a small pendant in the
batholith (Fig. 2), the mafic hornfelses locally de-
velop the assemblage hornblende-orthopyroxene-
clinopyroxene-plagioclase (An60). A pelitic hornfels
with the assemblage biotite~plagioclase (An40)-
cordierite-hypersthene also occurs within the pendant.

Wherever the mafic hornfels and metaperidotite
are in contact, a mineralogically and chemically com-
plex metasomatic reaction zone has developed be-
tween them. There seem to be two different types of
reaction zones (Fig. 3), a two-part reaction zone, and
an amphibole-rich one. The more common two-part
reaction zone is similar to that described from Paddy-
Go-Easy Pass (Frost, 1975), where an aluminous
“blackwall” zone and a calcic “metarodingite” zone
surround the mafic inclusion. The amphibole-rich re-
action zone, in which hornblende or tremolite make
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FiG. 2. Geologic map of the Icicle Creek area, Washington.
Geologic mapping by Pongsapich (1974) with revisions by Frost.
Topographic base from U.S. Geological Survey 15 minute
Chiwaukum Mountains quadrangle.

up more than 75 percent of the rock and spinel is
absent, seems to show a transition from tremolite-
rich metaperidotite, through a rock rich in an amphi-
bole which is colorless in thin section, through horn-
blendite, where the amphibole is brown or olive-
colored, to mafic hornfels.

The hornblende-plagioclase peridotites occur as
part of the aluminous reaction zones within several
hundred meters of the contact with the mafic phase of
the batholith. They are orange or green on a weath-
ered surface and cinnamon-brown to dark-green
when fresh. Modal proportions of the constituent
phases are quite variable. For example, colorless or
very pale brown or green hornblende makes up be-
tween 5 and 40 percent of a rock. Generally it is
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embayed by the other phases and contains numerous
inclusions of green spinel. Anhedral, rounded olivine
makes up 30 to 40 percent of the hornblende-plagio-
clase peridotites, and irregularly shaped, spongy
enstatite occurs in amounts between 0 and 20 per-
cent. Anorthitic plagioclase (An 98-99) makes up 20
to 25 percent of the rock, forming large, irregular
grains, commonly rimming spinel. Brown to green
spinel is usually quite abundant, forming up to 20
percent of some rocks. Most of the rocks have a
granoblastic texture, and many of them are banded
with layers richer in olivine and plagioclase alter-
nating with those containing more hornblende and
spinel.

Mineral compositions

In order to understand how the mineral composi-
tions affect the phase equilibria, constituent minerals
from five samples of hornblende-plagioclase
peridotite, two samples of enstatite- and diopside-
bearing tremolite hornfels, and one sample each of
forsterite-enstatite-tremolite metaperidotite, horn-
blende-bearing pyroxene hornfels, and cordierite-
hypersthene hornfels were analyzed on an Applied
Research Laboratories 5-channel EMX-SM micro-
probe (Table 1). The sample locations are shown
on Figure 2.

Individual grains of olivine, enstatite, and diopside
were of uniform composition for all samples studied.
However, there was grain-to-grain variation ranging
from moderate to extreme, especially in rocks from
the reaction zones. In order to minimize the effect of
this variation, analyses reported from a particular
sample were taken from neighboring grains within a
circle 0.5 ¢m in diameter. Spinel, plagioclase, and
hornblende, although uniform in composition in
some samples, showed within-grain zoning as well as
grain-to-grain variation. Unless otherwise indicated,
analyses are average values.

Olivine and orthopyroxene

The olivine and orthopyroxene from the Icicle
Creek rocks show similar composition ranges to
those from Paddy-Go-Easy Pass (Frost, 1975),
namely Fog,Eny, in the metaperidotite and Foqg_g,,
Eng,_o in the aluminous reaction zone rocks (Ta-
bles 2, 3). Orthopyroxene richer in iron (Engs,Engg)
occurs in the hornblende-pyroxene and biotite—
cordierite-hypersthene hornfelses, respectively. As
at Paddy-Go-Easy Pass, clinoenstatite lamellae in
orthoenstatite occur locally throughout the area. Un-
dulose extinction along with minor bending and kink-
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Amphibole-rich

Metaperidotite Aluminous R.Z. Metarodingite  Ultramafic affinity Mafic affinity Mafic Hornfels
0O1-Opx-Tr-Cte:Chromite| (Plag = An ) {Plag = An H{Amphibole=colorless {Amphibole=brown- {Amphibole=brown
98-99 909 colorless hornblende) olive hornblende) hornblende)
Hb-OI-Sp Cpx-Plag Hb (Plag ioclase=An ) | (Plagioclase=An )
Hb-Ol-Opx-Sp Cpx-Plag-Garn  |Hb-Opx 7080 65-70
Ol-Plag-Hb-Sp Cpx-Plag-Sp Hb-Opx-01 Hb-Plag Hb-Plag
OI-Opx-Hb-Plag Cpx-Sp Hb-Cpx-Opx-Chromite” Hb-Di-Plag Hb-Plag-Di
0O1-Opx-Hb-Plag-Sp Hb-OlI-Plag Hb-Plag-Opx
Ol-Opx-Plag-Sp Hb-En-Di-Plag* Hb-Plag-Opx-Cpx "
Ol-Hb-Di-Sp

Assemblages transitional to pyroxene-hornfels facies

Cpx=clinopyroxene, Cte=chlorite, Garn=garnet, Hb=hornblende, Ol=olivine, Opx=orthopyroxene,

Plag=plagioclase, Sp=spinel, Tr= tremolite,

F1G. 3. Diagramatic dispiay of the two types of reaction zones found around mafic inclusions in the metaperido-
tite. The mineral assemblages listed are those encountered in the highest-grade areas, indicated by ruled lines in Fig.
2. Width of the reaction zones is variable, ranging from 10 to 50 centimeters.

ing of the orthoenstatite indicate that the clinoensta-
tite is strain-induced.

Al,O; content of the orthopyroxene ranges from
less than 1.0 percent for those pyroxenes from rocks

TaBLE 1. List of analyzed rock samples from Icicle Creek

1-13  Hornblende-Plagioclase Peridotite
I-15  Hornblende-Plagioclase Peridotite
121 Hornblende-Plagioclase Peridotite
I-26  Hornblende-Plagioclase Peridotite
1-36  Metaperidotite, Forsterite-Enstatite-Tremolite Assemblage

I-62a  Reaction-zone rock with mafic affinities, Forsterite-Anorthite-Spinel
Assemblage

Reaction-zone rock with mafic affinities, Hornblende-Ortho-pyroxene-
Clinopyroxene-Labradorite Assemblage

1-59  Hornblende-Pyroxene Hornfels

1-72  Tremolite-Enstatite-Diopside-Chromite Hornfels
1-82  Tremolite-Enstatite-Diopside-Chromite Hornfels
I-89  Cordierite-Hypersthene Hornfels

1-52b

not containing highly aluminous phases, to 3.7 per-
cent for 'the hypersthene coexisting with cordierite.
The orthopyroxene occurring with green spinel and
olivine contains only about 3.2 percent Al;O;, some-
what less than one would expect from the experimen-
tal work of MacGregor (1974).

Distribution of Fe and Mg between olivine and
enstatite (Fig. 4) shows a K4 = 0.9, consistent with
other pairs from ultramafic rocks (Ross et al., 1954;
Green, 1964; Challis, 1965; White, 1966; Peters, 1968;
Loney et. al., 1971; Medaris, 1972; Onyeagocha,
1973; Evans and Trommsdorff, 1974; and Frost,
1975).

Clinopyroxene

Clinopyroxene from all of the rocks is strongly
magnesian, and even that from the horn-
blende-pyroxene hornfels has an Xy, greater than
0.80. Al,O; and Na,O contents are low, less than 2.00
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TABLE 2. Microprobe analyses of olivine

1-36 1-15 1-21 1-13 1-26 1-52a
Si0y 40.56 39.57 40.27 38.45 40.08 38.80
FeO* 9.17 14.30 10.24 18.20 11.30 18,52
Mg0 49.45 45.29 48.32 41.81 47,51 41.55
MnO 0.16 0.28 0.07 0.39 0.16 0.27
NiQ 0.25 0,04 0.08 0.32 0,27 0.24
Ca0 0.02 0.03 0.04 0.06 0.04 ND
Total 99.62 99.50 99.02 99.22 99.36 99.38

Cation Proportion on a basis of 4 oxygens
Si 0.996 0.996 0.999 0.992 0,997 0.998
Fe 0.188 0.301 0.212 0.392 0.235 0.398
Mg 1.810 1.699 1.786 1.607 1.762 1.595
Mn 0.003 0.006 0,002 0.008 0.003 0.006
Ni 0.005 0.001 0.002 0.007 0.006 0.005
Ca 0.001 0.001 0.001 0.002 0.001 ND
Mg/Fe+ Mg 0.906 0.850 0.894 0.804 0.882 0.800

* Total iron as FeQ. ND = not determined.

and 0.30 percent, respectively, values which are un-

doubtedly an indication of the low-pressure and rela-

tively low-temperature origin of these rocks.
Distribution of Fe and Mg between the pyroxenes

defines a K4 = 0.60 (Fig. 4). This is lower than the K4
of between 1.00 and 0.7 found in other or-
tho-clinopyroxene pairs (Ross et. al., 1954; Kretz,
1961; White, 1966; Peters, 1968; Medaris, 1972; and
Onyeagocha, 1973). Apart from the obvious temper-
ature effect, this difference is also related to the fact
that the lower-temperature diopside from Icicle
Creek is more calcic than diopside from the higher-
temperature rocks. As pointed out by Blander (1972),
iron content of clinopyroxene is dependent upon the
extent to which the M2 site is occupied by calcium.

The ortho-clinopyroxene pairs from Icicle Creek
define a solvus which is considerably wider than that
determined at 810°C by Lindsley et al. (1974) (Fig.
5). Other pyroxene geothermometers also yield un-
reasonably high temperatures for these pairs, ca.
900°C for the equations of Wood and Banno (1973)
and ca. 1000°C for those of Saxena and Nehru
(1975). This discrepancy is undoubtedly due to the
fact that their equations were derived by extrapola-
tion from high-temperature experiments. As a result,
they are probably not valid for these relatively low-
temperature rocks. Furthermore, Saxena and Nehru

TABLE 3. Microprobe analyses of pyroxenes

1-36 1-26 1-21 1-52b* 1-52b** 1-59* 1-59** 1-72* j-72** 1-89
Si0y 57.09 56.06 55.51 55,53 53.07 53 97 52.95 57.43 54.77 49 23
Ti0y 0.00 0.06 0.13 0.07 0.14 0.1 023 0.00 001 012
AI203 1.21 187 3,16 1.68 1.90 095 1.28 0.46 0.51 3.49
Cry04 013 0.07 0.00 0.02 o 0.03 0.06 0.07 0.15 0.06
FeQ*** 5,74 7.16 6.70 12 62 473 18.89 6.54 9.36 2.79 30.01
MgO 35.42 33.69 33.58 28.96 16,48 2410 15.25 3213 17.81 15.72
Ca0 0.18 0.32 0.22 0,50 22.86 0.61 22.75 0.59 23 .61 024
MnO 0.16 0.15 0,08 0.29 0.16 099 0.45 0.20 0.1 0.46
NiO 0.06 0.08 0.03 0.04 0.03 0.02 0.02 0.06 0.05 0.00
Nap0 0.00 0.00 0.00 0.00 0.23 0.00 0.29 0.01 0.19 0.00
Total 99.99 99.46 99 42 99.72 99.70 99,67 99 81 100,22 99.97 99 33
Cation proportions on a basis of 6 oxygens
Si 1.964 1.952 1.927 1.975 1.951 1.986 1.963 2.000 1.990 1.917
AllV 0.036 0.048 0.073 0.025 0.u49 0.014 0037 0.000 0.010 0,083
Al VI 0.012 0.028 0.057 0.045 0,033 0.027 0.019 0019 0.012 0077
Ti 0.000 0.002 0,003 0.002 0.004 0.003 0.006 0.000 0.000 0.004
Cr 0.004 0.002 0.000 0.000 0.003 0,001 0.002 0.002 0.004 0.002
Fe 0.165 0.209 0.195 0.375 0.145 0.581 0.203 0.273 0.085 0.977
Mg 1,816 1.749 1.738 1.535 0.903 1.322 0,843 1.668 0 965 0.913
Ca 0.007 0.012 0.008 0.019 0,900 0.024 0.904 0.018 0.919 0010
Mn 0.005 0.004 0.002 0.009 0.005 0.030 0.014 0.006 0.003 0.015
Ni 0.002 0.002 0.000 0.001 0.001 0.001 0.000 0.002 0.001 0.000
Na 0.000 0.000 0.000 0.000 0.017 0.000 0.021 0.000 0.012 0.000
Sum VI ions 2.011 2.008 2.003 1.986 2.011 1.998 2.012 1988 2.001 1998
Wo 0.34 0.60 0.43 0.99 46,20 125 46.36 0.95 46.69 0.53
En 91.36 88.80 89.55 79.56 46.34 68.58 43.23 85.13 49.00 48,03
Fs 8.30 10.58 10.03 19 45 7.46 30.17 1041 13.92 430 5144

* QOrthopyroxene from orthopyroxene-clinopyroxene pair,

** Clinopyroxene from orthopyroxene-clinopyroxene pair.

*** Total iron as FeQ
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FiG. 4. Distribution of iron and magnesium between orthopyroxene and coexisting olivine, clinopyro-

xene, and cordierite. Analyses quoted from the

literature are those of Barker (1964), Chinner and

Sweatman (1968), Reinhardt (1968), and Knorring ez al. (1969).

(1975) have derived their geothermometer using a
series of complex expressions indicating the amount
of the various ions in the M1 and M2 sites. Since the
site preferences are very poorly known, particularly
in the clinopyroxenes, and since they are surely a
function of temperature, if not of composition, this
geothermometer can hardly be applied rigorously to
low-temperature pyroxene pairs.

Spinel

Spinel ranges in composition from green, alu-
minous spinel in the hornblende-plagioclase per-
idotite to chromite with more than 60 percent
(Fe,Mg)Cr;,0, in the tremolite-enstatite-diopside
hornfels (Table 5). Three of the samples (I-15, 1-21,
and [-52) contain green spinel which is unzoned and
shows only minor grain-to-grain variation. The re-
maining samples contain weakly-zoned spinels with a
rather sizable grain-to-grain variation. The iron and
magnesium distribution between olivine and spinel is
dependant upon the chrome content of the spinel and
shows a similar trend to that described by Evans and
Frost (1975) (Fig. 6).

Cordierite

Cordierite from the pelitic hornfelses is fairly iron-
rich and may contain about 3 weight percent H,O, as
determined by totals of 97 percent from microprobe
analysis (Table 5). This value is within the range of
0.32-4.8 percent found in wet-chemical analyses of
cordierite tabulated by Leake (1960). The K, for iron
and magnesium distribution between cordierite and
hypersthene from Icicle Creek is consistent with that
from other cordierite~-hypersthene pairs (Barker,
1964; Chinner and Sweatman, 1968; Reinhardt, 1968;
and Knorring et al., 1969) (Fig. 4). These mineral
pairs came from rocks which formed under a wide
variety of P-T environments, and the cordierite in
them contains differing amounts of H,O (ranging
from 0.3 to 3.0 percent), indicating that the water
content of cordierite may not have as strong an affect
on the K, between cordierite and other ferromagne-
sian phases as has been postulated (Wood, 1973).

Calcic amphiboles

The calcic amphiboles from the Icicle Creek rocks
range in composition from tremolite to hornblende
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SOLVUS AT 810°C
LINDSLEY et.al. (1974)
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1-82 I-72

I-52

1-5%

F1G. 5. Solvus defined by coexisting orthopyroxene and clinopyroxene as compared with that determined
experimentally by Lindsley et al. (1974).

(Table 6), with two different trends in amphibole
composition (Fig. 7). Hornblende from the horn-
blende-plagioclase peridotite, which is colorless in
thin section and occurs with olivine, enstatite, anor-
thite, and spinel, shows a trend toward a hornblende
rich in the tschermakite end member, with a (Na +
K)/AIY ratio of 0.15. This trend is different from
that described by Frost (1975) from forste-
rite-enstatite-spinel rocks, but is similar to the (Na +
K)/AI" values from highly tschermakitic amphi-
boles reported by Leake (1971).

The brown hornblende from the mafic hornfels,

TaBLE 4. Microprobe analyses of plagioclase

I-21 1-26 1-59
Sio, 43.16 43.45 52.85
Aly0g 36.32 36.50 30.04
Fe 04" 0,06 0.13 0.23
Ca0 19.87 20.15 12,47
Mg0 0.00 0.01 0.03
Na,0 0.17 0.09 4.43
K50 0.00 0.00 0.12
Sum 99.58 100,32 100.17

Cation proportion on a basis of 8 oxygens

Si 2.007 2.007 2.392
Al 1,991 1.987 1.603
Fet3d 0.002 0.004 0.008
Ca 0.990 0.997 0.605
Mg 0.000 0.000 0.002
Na 0.016 0.008 0.389
K 0.000 0.000 0.007
Totat 8.000 8.000 8.000
An 99 4 99.2 60,5

* Total iron as Fe;0q

where it occurs with clinopyroxene, orthopyroxene,
and labradorite, and the tremolite from the tremo-
lite-enstatite-diopside—chromite rocks are relatively
more sodic, showing a (Na + K)/Al'Y trend more in
the direction of pargasite. The colored hornblende of
the mafic rocks further differs from the colorless
hornblende of the ultramafic rocks in that it contains
more iron, apparently as Fe?*, more titanium relative
to aluminum, and according to calcm_llations of Papike
et al. (1974), has minor amounts of sodium in the
M4 site.

The solid line in Figure 7 reflects the manner in
which the amphibole composition is controlled by
that of the coexisting phases. From the slope of this
line the hornblende composition in the horn-
blende-plagioclase peridotites can be approximated
by the formula

Nag 15:Ca;Mgs_g.95: (Sis—zAl:O2)(OH),

This hornblende coexists with olivine, enstatite, and
spinel; therefore, its composition is fixed by the reac-
tion:

tremolite + 0.925x spinel + 0.075xNa,O
= hornblende (AI'Y = x) + 0.775x forsterite

+ 0.225x enstatite (1)

Assuming that the Na,O is in the fluid phase, this
reaction involves six components and five phases,
and, therefore, is isothermally and isobaricly
univariant. The univariant nature of this reaction is
expressed as the linear relationship in Figure 7. Why
the hornblende from olivine, enstatite, and spinel-
bearing assemblages from Paddy-Go-Easy Pass has a
different value of (Na + K)/AI'Y from that at Icicle
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TABLE 5. Microprobe analyses of spinel and cordierite

I-15 I-21 1-26* I-27* 1-36 I-72%* 1-89%**
Si0p ND ND ND ND ND ND 48.81
Ti0p 0.02 0.03 0.08 0.00 0.05 0.02 0.00
Alo03 66.1 67.0 35.7 27.4 21.1 15.3 31.52
Cro0g 0.04 0.05 27.3 32.2 43.0 50.0 0.00
Feo0s3 1.55 0.85 5.64 7.42 4.60 3.33 —
V503 0.16 0.07 0.09 0.06 0.35 0.05 ND
MgO 19.7 21.2 12.4 6.88 9.24 7.13 9.07
Fe0 12.1 9.62 18.2 29.2 20.2 22.7 7.22%
MnO 0.12 0.03 0.11 0.21 0.45 0.17 0.12
NiO 0.02 0.12 0.21 0.07 0.04 0.03 0.00
Zn0 0.11 0.12 0.17 0.21 0.37 0.40 ND
Total 99.92 99.09 99.90 99.65 99.40 99.13 96.88

Cation proportions on a basis of 32 oxygens

Si ND ND ND ND ND MD 5.074% ¥
Ti 0.003 0.005 0.014 0.000 0.010 0.004 0.000
Al 15.726 "15.852 9.891 8.158 6.348 4.788 3.863
Cr 0.006 0.008 5.066 6.421 8.678 10.527 0.000
Fet3% % 0.236 0.129 0.998 1.408 0.882 0.666 —
v 0.026 0.011 0.017 0.012 0.072 0.011 ND
Mg 5.927 6.343 4.341 2.587 3.516 2.828 1.405
Fe 2.036 1.614 3.581 5.315 4.319 5.053 0.628
Mn 0.021 0.005 0.022 0.045 0.097 0.038 0.010
Ni 0.003 0.019 0.040 0.014 0.008 0.006 0.000
Zn 0.016 0.018 0.030 0.039 0.070 0.079 0.000
Yar 0.985 0.992 0.620 0.510 0.399 0.300 =
Yor 0.000 0.000 0.318 0.402 0.546 0.659 =
Mg/Fe + Mg 0.744 0.797 0.548 0.327 0.449 0.359 0.691

* Value represents an average of the six most chromiferous points.

** Value represents an average of the six most aluminous points.

*** Analysis of cordierite, includes 0.05% Ca0 and 0.08% Na0.

v Total iron as FeO.

¥ ¥r Cation proportions for cordierite calculated on a basis of 18 oxygens.

¥ ¥ ¥ Feo0s for spinel calculated assuming stoichiometry.
ND = Not determined.

Creek is not understood, but it could be related to
different external parameters between the two au-
reoles.

The hornblende in the hornblende-plagioclase per-
idotite generally contains more sodium than coexist-
ing plagioclase. For reasons of charge balance, the
substitution of sodium into plagioclase is accom-
panied by addition of silica and expulsion of alumi-
num, whereas the substitution of sodium into horn-
blende requires the addition of aluminum and the

removal of silica from the amphibole. As the horn-
blende-plagioclase peridotite contains olivine and
spinel and is relatively saturated in aluminum and
undersaturated in silica, the admission of sodium into
the amphibole is obviously favored.

Estimate of pressure and temperature
at the time of metamorphism

The pelitic minerals in the contact aureole indicate
a relatively low pressure of metamorphism. Plummer
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FiG. 6. Logarithm of the partition coefficient for the distribution of iron and magnesium between

olivine and spinel as a function of Y¢,* (where Yo.*°

= Cr/Al + Cr + Fe?**), calculated assuming that

YeeP3+ = 0.05 (In Ka = In Kq + 4(0.05 — Yg,3+)®. The dashed line is the ca. 700°C *‘isotherm” of
Evans and Frost (1975). 4 = composition range of spinel from the hornblende-plagioclase peridotite,
solid circles, B = composition range of spinel from metaperidotite, open circles, C = composition range
of spinel from tremolite-enstatite-diopside-chromite assemblage.

(1969) noted that staurolite seemed to be stable with
both cordierite and andalusite within the aureole.
The presence of staurolite would place the low-pres-
sure limit at about 2 kilobars (Richardson, 1968) and
the occurrence of the other minerals would suggest
pressures of between 2.5 and 4 kilobars (Hess, 1969).
The lack of cordierite as a breakdown product of
chlorite is not inconsistent with these estimated pres-
sures, for as noted by Frost (1975) the presence of
minor elements, most notably iron and chromium,
and the occurrence of unknown amounts of water in
the cordierite, lower the upper pressure limit for the
reaction forsterite + cordierite = enstatite + spinel to
pressures much lower than the 3.3 kilobars (730°C)
found in the pure system (Fawcett and Y oder, 1966).

Although Py,, is unknown, its maximum value can
be safely set at Pioway. This is particularly true in the
metaperidotite where progressive metamorphism
would have continually enriched the fluid phase in
H,O. The same may not be true for the mafic horn-
felses, because when epidote (which is only a minor
phase to begin with) reacts out at relatively low tem-
peratures, there are no major dehydration reactions

until the breakdown of hornblende. Lower Py, in
the mafic inclusions relative to the metaperidotite is
indicated by the fact that the only rocks containing
assemblages in the pyroxene-hornfels facies (i.e. or-
thopyroxene + clinopyroxene in either the mafic or
ultramafic hornfelses) are found associated with the
larger mafic inclusions in the roof pendant. This lo-
calization does not seem to be due to variations in
rock composition, as in one locality an ultramafic,
tremolite-rich rock included in mafic hornfels con-
tains the assemblage enstatite-diopside-tremolite, in-
dicating that the reaction forsterite + tremolite =
enstatite + diopside + H,O has gone to completion
with the elimination of olivine from the rock. The
metaperidotite elsewhere in the roof pendant still
contains the assemblage forsterite + tremolite. This
suggests that the rocks containing the pyrox-
ene-hornfels facies assemblages formed in areas of
relatively low Py,o where hornblende had become
unstable, while throughout the metaperidotite Py,o
was great enough to maintain amphibole as a stable
phase.

The breakdown of chlorite occurs in the metape-
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ridotite near the contact with the batholith, allowing
a temperature estimate to be obtained from the ex-
perimentally determined curve for the reaction chlo-
rite = forsterite + enstatite + spinel + H,O. By
setting the pressure limits at 2 and 4 kilobars and
taking into account iron substitution (Frost, 1975),
then the temperature limits can be calculated from
the equation:

In fuso = — 7620/T + 7.59
+ 0.1856(P — 3000)/T (Frost, 1975)

The resulting temperatures are 690° and 740° for
pressures of 2 and 4 kilobars, respectively. Although
this result (715 £ 25°C) is subject to error inherent in
the determination of the equilibrium expression
(Frost, 1975), this error will have only a minor effect
on the conclusions.

Topologies for phase equilibria
governing the occurrence of
plagioclase in metaperidotite

Phase relations in aluminous peridotite can be ap-
proximated by the CaO-MgO-Al,0;-8i0,-H,0 sys-
tem. As no plagioclase has been found in metaperido-
tite occurring below the anthophyllite-out isograd
(Frost, 1975), low-temperature Mg-silicates antigo-
rite, talc, and anthophyllite can be disregarded. The
participating phases are therefore limited to anor-
thite, chlorite, diopside, enstatite, forsterite, spinel,
calcic amphibole, and water. The composition of
chlorite is taken to be Mg;Al,SisO,,(OH ), as that is
close to the composition of chlorite found at its
breakdown in high-grade metamorphosed blackwall
rocks (Frost, 1975).

A Schreinemakers’ analysis of this system using the
phases listed, after the method of Zen (1966), yields 8

TABLE 6. Microprobe analyses of calcic amphiboles

1-15 -21 I-26 I-13 I-26* I-26** I-72 I-59
Si0y 46.08 46.46 50.46 46.30 42.63 42.50 55.74 47.88
Ti0y 1.59 1.73 0.28 1.06 0.97 3.02 0.01 1.66
Al504 13.23 12.70 §.20 11.65 14.59 12.24 3.08 8.39
Cry03 0.02 0.00 0.39 0.59 0.07 0.38 0.33 0.16
FeQ*** 4.86 3.91 4.03 5.99 7.75 8.30 3.57 10.01
MgO0 17.24 18.13 19.74 17.41 15.76 15.59 22.32 15.80
MnO 0.12 0.04 0.05 0.12 0.10 0.10 0.05 0.27
Ni0 0.00 0.03 0.08 0.07 0.06 0.07 0.11 0.02
Ca0 12.24 12.32 12.45 11.91 11.73 11.63 11.72 11.16
Nas0 0.36 0.22 0.48 0.10 2.47 2.68 0.51 1.28
K20 0.81 1.01 0.09 1.40 0.39 0.64 0.15 0.43
Total 96.54 96.55 97.26 96.59 96.51 97.14 97.59 97.07

Cation proportion on a basis of 23 oxygens

Si 6.550 6.581 7.041 6.640 6.209 6.210 7.682 6.928
Alyy 1.450 1.419 0.959 1.360 1.791 1.790 0.318 1.072
Aly 0.723 0.702 0.554 0.611 0.715 0.318 0.182 0.360
Ti 0.167 0.184 0.029 0.115 0.106 0.332 0.001 0.181
Cr 0.002 0.000 0.043 0.067 0.088 0.044 0.036 0.018
Fe 0.578 0.463 0.470 0.718 0.944 1.014 0.412 1,212
Mg 3.653 3.827 4.106 3.7 3.420 3.394 4.586 3.408
Mn 0.014 0.004 0.005 0.014 0.012 0.012 0.006 0.331
Ni 0.000 0.003 0.010 0.009 0.007 0.008 0.012 0.003
Ca 1.865 1.869 1.862 1.830 1.830 1.820 1.731 1.730
Na 0.100 0.060 0.130 0.027 0.699 0.758 0.137 0.360
K 0.146 0.183 0.015 0.256 0.072 0.120 0.026 0.078
Na+K/AllY 0.170 0.174 0.151 0.208 0.430 0.490 0.513 0.408

* Margin of zoned hornblende grain, colorless in PPL
** Core of zones hornblende grain, brown in PPL
*** Total iron as FeO.
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Fi1G. 7. Variations of the alkali content of amphiboles as a function of tetrahedral aluminum, calculated
on an anhydrous basis of 23 oxygens.

invariant points which are connected by 32
univariant curves. Fortunately the relative positions
of three of the univariant curves are known. Experi-
mental work cited above (e.g. Kushiro and Y oder,
1966) places the reaction forsterite + anorthite =
enstatite + diopside + spinel at relatively high pres-
sure (6-10 kbar) with a relatively small value of
dP/dT. Field evidence indicates that the reaction
chlorite = forsterite + enstatite + spinel + H,O
occurs at lower temperatures than the reaction forste-
rite + tremolite = enstatite + diopside + H,O for
most metamorphic pressure conditions (Trommsdorff
and Evans, 1974; Frost, 1975). This enables one to
construct a unique topologic net for equilibria in-
volving these phases (Frost, 1973, Fig. 48). Com-
parison of the assemblages found in the metarodingite
and metamorphosed blackwall rocks at Paddy-Go-
Easy Pass with those predicted by the topologic net
indicates that the plagioclase-producing reactions
occur at temperatures and pressures above those
of the invariant point produced by the intersection
of the reactions chlorite = forsterite + enstatite +
spinel + H,O and tremolite + diopside + spinel =
anorthite + forsterite + H,O. This allows one to
further reduce the significant reactions to those shown
on Figure 8 (Frost, 1973). The stoichiometry of these
reactions is given in Table 7.

Chemographic diagrams projected from forsterite
to the CaO-Al,0,-SiO, plane of the MgO-CaO-
Al,0,-Si0, tetrahedron show that most of the as-

semblages encountered in the Icicle Creek rocks are
consistent with the theoretically derived phase dia-
gram (Fig. 8). Two rock samples, however, contain
the assemblage tremolite-diopside~enstatite—chromite,
which is diagnostic of the “higher pressure” divariant
field bounded by reactions (An,Sp) and (Fo). The
Icicle Creek hornfelses, though, may be assumed to
have formed under isobaric conditions. In the next
section it is shown that the reaction (V, Tr) and hence
the whole diagram (Fig. 8) is translated to lower
pressures by impurities such as Fe?*, Fe**, and Cr in
the participating phases.

Effect of impurities on the reaction forsterite
+ anorthite = enstatite + diopside + spinel

The effect of other components (e.g. chromium,
iron), particularly in spinel, on the H,O-absent reac-
tion can be estimated by simple thermodynamics,
and this result can be compared with the estimates for
temperature and pressure derived independently for
the Icicle Creek rocks. The equilibrium is:

2Mg, Si0, + CaAl, Si,0s = Mg, Si,06

forsterite anorthite enstatite
+ CaMgSi,0, + MgAl,O,
diopside spinel
and,

K = (aZﬁx)(ag?x)(a;?g Al20,

1
CINNCr
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For minor amounts of dilution, Raoult’s law can be
assumed to hold approximately, and therefore for
spinel and olivine:

arear.o. = (Xr (Y3 ¥

(Y3h) = Al/AL + Cr + Fe'”

where
1 1.2
a(f)o = ( XIUI;:)

As plagioclase in these rocks is nearly pure anorthite,
the activity coefficient can be set equal to unity; for
plagioclase of more sodic compositions, the activity-
composition data from Saxena (1973, Fig. 56) can be
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used. Activity of the pyroxene end members in the
pyroxene solid-solution can be approximated on the
basis of a two-site model as first advocated by Muel-
ler (1961, 1962) and discussed in depth by Blander
(1972) and Wood and Banno (1973), such that when
enstatite is considered as being the molecule
Mg,Si,04:

@) = Xmoner) Knrgaz)

and for diopside:

(@57%) = (Xommz) Kntgur)

(TR)

FiG. 8. P-T plot for the reactions governing the occurrence of plagioclase in the
Ca0-Mg0-Al,0,-8i0,-H,0 system. An = anorthite, Di = diopside, En = enstatite, Fo = forsterite, Sp
= spinel, Tr = tremolite, V = vapor, in this diagram H,0. Chemographic diagrams show phase relations
as projected from forsterite to the CaO-Al,0,-Si0; plane of the Ca0-MgO-A1,0,-SiO, tetrahedron and

are valid for olivine-bearing assemblages formed in an H.,O-saturated environment. x

= assemblage

found at Icicle Creek. NOTE: Reactions labeled (V) and (Fo) (dashed lines) are metastable in rocks of
peridotitic composition in the presence of an H,O-saturated vapor phase.
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TABLE 7. Reactions governing the occur-
rence of anorthite in peridotite, Part 1
Amphibole considered as pure tremolite

Participating Phases
An = Anorthite, CaAl, Sio0g

Di = Diopside, CaMgSi206

En = Enstatite, MgSi0

Fo = Forsterite, Mgzsi04

Sp = Spinel MgAl,0,4

Tr = Tremolite CazMgs(SiB(Jzz) (0H)2

[= ]

V = Vapor, H20

Reactions

(V, Tr) 2Fo + An = 2En + Di + Sp

{Sp, An)  Fo + Tr = 5En + 2Di + Hy0

(Di} Tr + 2Sp = 2An + 3Fo + En + Ho0
(Fo) 2Tr + Sp = An + 8En + 3Di + 2V

(En) 2Tr + Di + 5Sp = 5An + 8Fo + 2V

Thus the equilibrium constant becomes:

Kk = Katenr ) Xeewa) Katane N X)X (YD
(X3 (X"

()

The next problem is in determining how to apply
this value for the equilibrium constant to calculations
pertaining to the pressure of equilibrium. The ex-
pression for log K as a function of P and T from
Bacon and Carmichael (1973) yields unrealistically
low pressures for the Icicle Creek rocks (e.g. — 3.9
kilobars for rock 1-26). This error is probably due to
the fact that, as vapor-free reactions such as this have
small values of AS, they are sensitive to small errors
in the thermochemical data. The error in determina-
tions of entropy and enthalpy for the participating
phases can be eliminated if the equilibrium pressure
can be estimated at 715°C.

If the equilibrium pressure is known at a given
temperature, the dependance of the equilibrium con-
stant on pressure can be derived from the following
relation:

d InK/ dP = — AV/RT

The resulting expression for the forsterite-anorthite
reaction is:

— log K = 0.1025 (P, — P,)/T 3)
where 0.1025 = — AV/2.303R, P, = equilibrium

B. RONALD FROST

pressure when log K = 0, and P, = equilibrium
pressure when log K # 0.

Extrapolation of unpublished work of Windom
(personal communication) shows that the reaction
forsterite + anorthite = enstatite + diopside + spinel
occurs at about 6.4 kilobars at 715°C, a value which
is within 0.2 kilobars of that extrapolated from the
work of Kushiro and Yoder (1966). This can be
considered as P,, with a hypothetical P, existing at a
pressure where K = 1.0. In the pure system the only
substitutions which can affect the equilibrium con-
stant are those by which aluminum dissolves in the
pyroxenes and enstatite dissolves in diopside. At
these low temperatures the substitution of calcium in
enstatite can be considered to be negligible. Assum-
ing that the iron content of the pyroxene does not
affect the aluminum content and that, as there is no
jadeite component in the clinopyroxene, aluminum
will dissolve equally into orthopyroxene and cli-
nopyroxene, the aluminum content of the pyroxenes
coexisting with olivine, spinel, and plagioclase can be
estimated from analyses in Table 2. Orthopyroxenes
from rocks containing green spinel have an X\
= 0.06 (e.g. # 3, Table 2). X&%-can be estimated
from Figure 5 to be about 0.98 in the pure system at
715°C. By combining these values with equations'(2)
and (3) and solving for P, at a temperature of 715°C,
we get P = 6.8 kilobars when K = 1.0.

Equation (2) indicates that the largest effect on the
equilibrium pressure will be caused by the dilution of
aluminum in spinel. Thus in a P—Y,] diagram the
pressure of equilibrium for the reaction forsterite +
anorthite = enstatite + diopside + spinel will fall
with decreasing aluminum in the spinel. This curve
can be calculated with the information now available,
assuming for this model that the ion substituting for
aluminum in spinel is chromium, as chromium is far
more abundant in spinel from high-grade ultramafics
than ferric iron (Evans and Frost, 1975).

First the activity of anorthite in plagioclase can be
assumed to be unity, as plagioclase from all oli-
vine-plagioclase rocks is nearly pure anorthite. Sec-
ond, by specifying the iron content of the olivine, the
iron content of the other participating phases can be
calculated from using the previously determined Ky
values. For example: let Xy = 0.85, about mid-way
in the composition range of olivine from Icicle Creek.

opx

From K, between olivine and enstatite, Xy can be
determined as 0.862. K4 between M1 and M2 sites in
orthopyroxene can be calculated from the data of
Saxena and Ghose (1971) to be 7.0 (Stroh, personal
communication) at 715°C. From this, the site occu-
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pancy can be calculated as: Xin 0.958,

vewz = 0.765. From Figure 4 it can be deter-
mined that at these temperatures, diopside coexisting
with enstatite with an Xy = 0.862 should have
Xnme = 0925 and X&%: = 0.94. Assuming that
that portion of the M2 site not occupied by calcium
contains iron, then Xy, = 0.98. When one varies
the aluminum content of spinel in this system, the
Fe?* content of it will also vary. Assuming that Y%+
= 0.05, the expression for the dependence of Ky be-
tween olivine and spinel on Y5 can be expressed as
Kq¢* = exp (085 — 294 Y&) (Evans and Frost,
1975).

With these data, using equations (2) and (3) and P,
= 6.8 kilobars and calculating P, for various values
of Y&, the solid line in Figure 9 can be generated.

As noted on Figure 6, spinels from the horn-
blende—plagioclase peridotite have Y35 of 0.58 or
greater, whereas those in the tremolite-enstatite-
diopside-spinel hornfelses have Y38 of 0.39 or less.
The range of these values and the pressure bracket,
2-4 kilobars, are shown as the cross-hatched rec-
tangle in Figure 9. This indicates the area in which
the reaction should occur according to the field data.
The large discrepancy, a minimum of 2 kilobars, be-
tween the observed relations and those predicted by

thermodynamic calculations could be due to three
causes, namely, error in the location of the reaction
in the pure system, error in estimating the location
of the box bracketing the pressure and spinel com-
position, and error in the model of thermodynamic
activities.

It is conceivable that there is some error in the
location of Pequuibrium at Y2F = 1.0, but it probably
is not much greater than + 0.5 kilobar. Although
there seems to be conflicting results in experimental
determinations, they agree more than is generally
recognized. Discounting those experiments which
used natural olivine-plagioclase pairs, the only exper-
imental work which does not agree with the results of
Kushiro and Yoder (1966) and Windom (personal
communication) is that of Herzberg (1972). How-
ever, data from that study are internally conflicting,
and therefore the results are not reliable.

The bracketing spinel compositions on Figure 9
seem to be fairly well substantiated. They come from
spinels which clearly occur in assemblages formed on
either side of the reaction forsterite + anorthite =
enstatite + diopside + spinel. Some question could
be made about the presence of spinels of varying
composition within individual samples of horn-
blende-plagioclase peridotite and whether they imply

EN+DI+SP

e
X }1g=0-90

05 04 03

FIG. 9. The effect of spinel composition on the reaction forsterite + anorthite = enstatite + diopside +
spinel in an iron-bearing system. An = anorthite, Di = diopside, En = enstatite, Fo = forsterite, Sp =
spinel. Cross-hatched box indicates the range of spinel compositions and pressures at which the reaction

seems to take place at Icicle Creek. T = 715°C.
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TABLE 8. Reactions governing the occurrence of anorthite in per-
idotite, Part II Amphibole with variable composition

Participating Phases

An = Anorthite, CaAIQSiZOB

Di = Diopside, CaMgSi206

En = Enstatite, MgSi0O4

Fo = Forsterite, Mg,Si04

Hb = Hornblende, Na_15X 032M95 — 85x (Sia _ XAIXOZZ) (0H)2
Sp = Spinel, MgAl,0,

V = Vapor, Hy0 + (.075x) Na,0

Reactions, where x = the amount of AWVin b,

(V, Hb*) 2Fo + An = 2En + Di + Sp

(An*) Hb + (1 + .775x) Fo = (5 — .225x) En + 2Di + .925xSp + V

(Sp*) Hb + (1 — 1.075x) Fo = (5 — 2.075x) En + (2 — .925x) Di +
.925x An + V

(Di*) Hb + (2 — .926x) Sp = (3 — .775x) Fo + (1 — .225x) En +
2An + V

(Fo*) 2Hb + (1 — 1.075x) Sp = (8 — 2,00x} En + (3 — .775x) Di +
(1 + .775x) An + 2V

(En*) 2Hb + (1 — .225x) Di + (5 — 2.07x) Sp = (8 — 2.00x) Fo +

(5 — .225x) An + 2V

disequilibrium. Similar ranges in spinel composition
from chlorite-forsterite-enstatite-spinel rocks were
interpreted by Evans and Frost (1975) as being due to
local equilibrium caused by limited mobility of Al,O,.
The same explanation is valid for the rocks from
Icicle Creek, but as the reaction responsible for this
variation, tremolite + spinel = forsterite + anorthite
+enstatite+H,0, will proceed with a continual deple-
tion of aluminum in the spinel, it is the more alu-
minous spinels which are out of equilibrium with the
rock assemblage, not the more chromiferous ones.

The third source of error is in the assumptions used
in the thermodynamic calculations. As the reaction
has a very small dP/dT, even if the temperature value
of 715°C was off by 20°, it would affect the results
only by a factor of 2 percent. The assumption that
AV = AVogsp also adds an error of about 2 per-
cent. The other major error in the thermodynamics is
involved in modeling the activity of various com-
ponents in the participating phases, particularly the
pyroxenes and spinel. The model used for the pyrox-
enes does not take into account the minor sub-
stitutions of Al, Cr, Fe?*, or Na, but these would
only tend to decrease the activity of the magnesium
end members in the pyroxenes and hence increase the
difference seen in Figure 9. As all the above errors are
relatively small compared to the observed dis-
crepancy, the expression for the activity of MgAl,O,
in spinel seems to be the major culprit.

There seems little doubt that the two-site model for

the activity of various end members in the spinel
solid-solution is valid. First described by Irvine
(1965), it assumes that Fe?*, Fe**, Mg, Al, and Cr
each substitute independently in the spinel structure.
In the more recent model of Gooley et al. (1974) it is
assumed that FeCr, substitutes ideally for MgAl,. As
there is no charge constraint on the substitution pat-
tern, this is an unreasonable assumption, and there-
fore the model of Irvine (1965) is preferred.

Stroh (personal communication) found that the
two-site model works reasonably well in calculations
on the reaction MgAl1,Si,0, + Mg, SiO, = Mg,;8i;04
+ MgALO, for rocks which formed at high temper-
atures, but rather poorly for those from Paddy-Go-
Easy Pass and Icicle Creek, which formed at rather
low temperatures. As there is clearly immiscibility
within the spinel tetrahedron at metamorphic tem-
peratures (Turnock and Eugster, 1962), it would be
reasonable to assume that, although the substitution
of chromium for aluminum in the spinel structure
may be nearly ideal at magmatic temperatures, there
should be increasing deviation from ideality with de-
creasing temperature. It appears that it is this non-
ideality which is producing the discrepancy seen in
Figure 9.

Effect of changes in
hornblende composition on the topology
of the plagioclase-forming reactions

A source of possible error inherent in interpreting
Figure 8 is that changes in topology could be asso-
ciated with the fact that the amphibole involved in
the reactions is not tremolite. In order to estimate the
effect of amphibole composition on the topology, a
Schreinemakers’ analysis was made on the invariant
point in Figure 8 using a variable hornblende compo-
sition.

By coupling the reaction controlling the horn-
blende composition (reaction (1)) with reaction (Sp,
An) in Table 7, and solving so that tremolite is elimi-
nated, reaction (An*) (Table 8) is produced. Then by
coupling reaction (An*) with (Hb, V*), the rest of the
reactions on Table 8 can be generated. The addition
of Na,O to the system does not add another phase.
Since the alkali is dissolved in hornblende on one side
of the reaction and in the fluid phase on the other, the
reactions on Table 8 are divariant. However, if AI'Y
in hornblende is specified, the reactions become
univariant and their intersection becomes invariant in
a P-T plane.

If AI'V in hornblende is allowed to vary from 0.0 to
2.4, with 2.4 being nearly the limit for natural horn-
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FIG. 10. A series of P-T sections through P-T-composition space. The compositional variable, x, is the
value of Al'Y in the hornblende. The reactions shown are those listed in Table 8. The diagrams show the
changes in topology associated with changes in hornblende composition assuming that the hornblende
composition changes according to the solid line in Figure 7.

blendes, then some of the coefficients on Table 8 will
change from a positive value through 0.0 to a nega-
tive value. In other words, the phase will become a
product instead of a reactant. For example, in the
reaction labeled (Fo*), the coefficients for spinel be-
come 0 at x = 0.93. At that value the reaction would
be labeled (Fo, Sp*). Clearly, at this same value of x,
the coefficients for forsterite in reaction (Sp*) will
also equal 0.0, and the stoichiometry for the two
reactions will be the same. At values of x greater than
0.93, spinel will be on the opposite side of the reac-
tion to which it is written on Table 8. Topologically,
for values of AI'Y in hornblende of less than 0.93,
stable (Fo*) is to the right of the metastable extention
of (Sp*) (Fig. 10A). When x = 0.93, (Fo*) is colinear
with (Sp*) (Fig. 10B), whereas for x greater than
0.93, (Fo*) is to the left of the metastable extention of
(Sp*) (Fig. 10C). The point in Figure 10 where the
sequence of stable reactions changes is that of dia-
gram D, where the AI'Y content of hornblende is
about 2.15. This value is well above that found in
hornblende from Icicle Creek (Table 6), indicating
that the topology for the naturally-occurring phases
is essentially the same as that for the pure Na-free
system (Fig. 8).

As the presence of sodium and aluminum in the
amphibole would tend to stabilize it relative to other
phases, it seems likely that the equilibrium temper-

ature for the amphibole-breakdown reactions would
increase with increasing Al'Y in the hornblende. In
other words, the hornblende composition will be-
come buffered by the system, and the hornblende will
become progressively more aluminous as the reaction
proceeds. The majority of the samples of horn-
blende-plagioclase peridotite from Icicle Creek seem
to represent rocks which were buffered along the
divariant reaction surface (Di*), as they contain the
assemblage forsterite-hornblende-anorthite-ensta-
tite-spinel, which would be divariant in the
Na,0-Ca0-MgO0-Al,0,-Si0,-H,O system. Similar
buffering along (En*) was not observed as it would
require a composition more calcic than that found in
most metamorphosed blackwall rocks.

It should be noted, however, that the reactions on
Table 8 and Figure 10 are not valid for all natural
systems, as hornblende compositions could be buf-
fered along different trends depending upon differ-
ences in coexisting phases or intensive variables. For
example, hornblende buffered by reactions (Fo*) or
(Sp*) might have entirely different compositions
from those occurring along (En*) even if they formed
at similar temperatures and pressures, as forsterite
and spinel are essential for fixing a low activity of
silica or a high activity of aluminum, respectively, in
a coexisting hornblende. The reaction (Sp*) would be
particularly complex, for with the constraint of spinel
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saturation removed from the assemblage, albite
might form in the plagioclase, adding an extra degree
of freedom to the assemblage forsterite-enstatite-
plagioclase-hornblende-diopside. However, these
added complexities do not change the basic topology
shown in Figure 8, which indicates that there is a
divariant region in which olivine, anorthite,
enstatite, and hornblende can coexist.

Conclusions

The major conclusion that can be drawn from this
work is that the transition from the plagio-
clase-peridotite field to that of spinel-peridotite is
strongly compositionally dependent. The transition,
which is univariant in the CaO-MgO-Al,0,-SiO,
system, becomes divariant or multivariant with the
addition of other components, particularly NaO,
Cr,0,4, FeO, or Fe,0;. Some of the apparent dis-
crepancies in experimental results can be accounted
for on this basis. The experiments of Green and Hib-
berson (1970) and Emslie (1970) were done with
other components present, particularly sodium, and
the differences between their results and those of
Kushiro and Yoder (1966) and Windom (personal
communication) should not be surprising. Further-
more, as most natural peridotites are fairly poor in
sodium and contain minor-to-significant amounts of
chromium and iron (both of which are concentrated
in spinel), the transition from plagioclase- to
spinel-peridotite can take place in natural peridotites
at pressures lower than those indicated experimen-
tally. Thus, the occurrence of spinel, even one rich in
aluminum, is not necessarily prima facie evidence for
high-pressure, mantle origin for that rock.

Figure 11 gives a rough revision of O’Hara’s
(1967b) facies diagram for the CaO-MgO-AlL,O,-
Si0,-H,O system at low pressures and high tem-
peratures. Before discussing this figure it is best to
stress again that the bulk rock composition will have
a large effect, both on the relative location of the
curves in the P-T plane, and on the variance of
the transition boundaries, when applied to natural
rocks. The low-temperature limit for the horn-
blende-spinel peridotite is shown here as being the
reaction chlorite = forsterite + enstatite + spinel
+H,0. Below this reaction the rocks are referred to as
metaperidotites, for if a rock has an equilibrium chlo-
rite-bearing assemblage its origin as a result of crustal
metamorphism is usually obvious. Whether the field
of hornblende-spinel peridotite is truncated at high
pressures by the crossing of the reactions chlorite =
forsterite + enstatite + spinel + H,O and forsterite +
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tremolite = enstatite + diopside + H,O, as is sugges-
ted by forsterite-enstatite-diopside-chlorite rocks
from the Alps (Evans and Trommsdorff, 1974) is not
clear as yet. As noted above, the occurrence of a field
of hornblende-plagioclase peridotite between those
of hornblende-spinel peridotite and plagioclase
lherzolite seems to be valid even in fairly aluminous
systems.

Figure 11 can also be used to explain some coronas
commonly found between olivine and plagioclase in
gabbro and anorthosite. The sequences oli-
vine-clinopyroxene-hornblende + spinel-plagioclase
and olivine-orthopyroxene-hornblende + spinel-
plagioclase have both been described in the lit-
erature (Shand, 1945; Murthy, 1958). Recently,
similar coronas have been described from gabbroic
rocks which have undergone no major metamor-
phism (Irvine, 1974; Nishimori, 1974). These coronas
seem to represent reactions similar to (En*) and
(Di*) in Table 8 and probably reflect local reequili-
bration of the assemblage forsterite + anorthite un-
der retrograde, hydrous conditions.

Conclusions bearing on the validity of thermody-
namic calculations involving spinel are also signifi-
cant. It has been shown here that the use of the
reaction forsterite + anorthite = enstatite + diopside
+ spinel as a geobarometer is fraught with diffi-
culties, not the least of which is the problem of defin-
ing the activity of end members in the spinel solid-
solution series. Expressions using thermochemical
constants for the participating phases (¢f. Bacon and
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F1G. 11. Mineral facies in aluminous peridotite at pressures of less
than about 10 kilobars and temperatures above 700°C.
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Carmichael, 1973) contain far too much inherent er-
ror to make them applicable to geologic problems
dealing with vapor-free reactions. Thus, even with
adequate expressions for the activity of the com-
ponents in the participating phases, the reaction can
only be used as a geobarometer through careful ap-
plications of thermodynamics to an experimentally
determined curve.
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