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Abstract. Available data on the stability of amphibolites and the basalt-eclogite transition
allow an estimate of the stability field of eclogites in wet systems. It appears that if water and
load pressures are comparable, eclogites cannot be stable in the crust; the formation of
eclogites in the crust requires moderate total pressures and low water pressures. If the reac-

tions forming eclogites occur in essentially dry rocks, their formation may reflect kinetic as
well as equilibrium factors.

Introduction

In recent years there has been intense interest in the physical conditions necessary
to produce eclogites in the crust of the earth. There is no longer any doubt that
omphacite-garnet rocks of approximately basaltic composition can be the product
of metamorphism of rocks originally formed at or near the earth’s surface.

We shall not attempt here to refer to the various views on the conditions of
formation of eclogites but suffice to mention two extremes. YopEr and TrLLEY
(1962) studied the melting behaviour and stability of amphibolites in the basalt
system under conditions where excess water was present and Py o must be nearly
equal to total pressure. As they produced no eclogites and only a wide field of
amphibolites up to 10 kb, they concluded that if excess water is present in the
basalt system, eclogites are excluded by amphibolites. These experiments at
that time could hardly be totally satisfying because pressures were thought to be,
in general, too low to form eclogites, even if water had been absent.

EsseNE and Fyre (1967) challenged their conclusions on the basis of observa-
tions in the eclogite-amphibolite-glaucophane schist terrances of California.
There were two reasons for their doubt of the Yoner and TILLEY conclusions.

- First, minerals with affinities to eclogites (omphacites-garnets) are frequently

found as vein and vug-filling minerals suggesting an ample fluid phase. Second,
if we consider the reaction:

amphibolite — eclogite 4 water

A - E 4+ W
it is clear that at all moderate pressures:
V4 > Vg 4+ Wy

and hence the transition 4 — % may occur with increased water pressure.

Essexe and Fyre went further to suggest that as A4 V of the reaction is quite
large and negative and that as the amount of water involved is small, 4. might
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Fig. 1. Form of phase relations between amphi-
bolites (4), basalts (B) and eclogites (%) proposed
by EssexNk and Fyre (1967). Melting phenomena
T— have been ignored

also be negative. Hence the phase boundary of the above reaction could have
positive slope, even if only at low temperatures, and eclogites could be stable
with excess water at low temperatures and moderate pressures. This would lead
to a phase diagram as in Fig. 1. Such an 4 — F boundary would be in accord with
Mrvasuiro’s (1961) well known facies diagram.

The Amphiholite-Eclogite Transition

At the present time, no direct experimental study of the 4-»E boundary is
available. However, data is available which indicates that EssENE and Fyrrg’s
conclusion is most improbable.

Firstly, the entropies of amphiboles seem rather low on the additivity model
(see Fyre, TurRNER and VERHOOGEN, 1958) compared to pyroxenes Thus, if we
use the normal approach we might estimate the entropy of tremolite by adding
diopside, enstatite, quartz and ice:

8 (Ca;Mg;Sgi0,,(0H),) =2 S(CaMgSi,0g) +3 S (MgSiOy) + S (Si0y) + S (ice).
This would give:
Sirem = 136.564 = 68.4 1 48.66 +98.8 + 9.6 e.u.

The observed entropy of tremolite is 131 e.u., considerably lower than the addi-

tivity estimate. If this is also true for hornblendes, then Essexe and Fyre’s

guessed negative A4S of 4—E + W, looks unlikely. The boundary between

* amphibolite and eclogite will therefore be negative in slope and continue to go to
increasingly high Py o with lowering of temperature.

More significantly, we now know approximately the positions of the boundaries

amphibolite (with plagioclase) — basalt -+ water

A - B 4+ W (1)
and:
basalt — eclogite |
B - B @ |
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These boundaries give a fix on the free energies of these separate reactions and
hence, by addition, AG; 4+ AG, gives the AG; of the reaction:

A—->E+W.

Using data from GrEEN and Ringwoop (1966) and YopEr and TmLey (1962);
at 900° C, reaction (1) is in equilibrium at about 1 kb (water pressure) and reaction
(2) at 15 kb (total pressure). Assuming that the water content of an amphibolite
is about 2% and densities of 3.42 (X), 2.96 (B) and 2.99 (4), then based on 100 g
of amphibolite, 4G, is about 1350 cal at 900° C and 1 kb. From this figure
and thermodynamic data for water of Smarp (1962), reaction (3) will be in equili-
brium at about 35 kb (water pressure) at 900° C. The estimate is very approximate
but can hardly be in error by as much as 15 kb which would be necessary to
accomodate EssENE and FYFE’S positive boundary.

It is interesting to note that for the comparable reaction
tremolite — 2 diopside + 3 enstatite + quartz -+ water

the phase diagram must be about as shown in Fig. 2. This type of diagram is
probably general for all known mineral hydrates if we consider lower crust and
upper mantle presures, and obviously has bearing on water in the deeper portions
of th earth.

In Fig. 3 we give a schematic diagram for some phase relations in the basalt
water system.

Line X-Y is the basalt-eclogite transition line of GREEN and RiNxawooD.

Curve C-D is the amphibolite-basalt transition of TiLLEY and YODER.

Line D-Z is the calculated amphibolite-eclogite transition.

Curve F-G-H is the beginning of melting curve of basalt with excess water.

Portion F.G is based on YopEr and TILLEY; portion G-I/ is based on data of
Lameerr and WyLLie (1968).
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Line I-J is a curve for the reaction: amphibolite-melt without excess water, a
reaction which must have positive slope.

The field of amphibolite lies below the curves C-I-J-K-Z. Partial melting will
occur in the field bounded by F-G-K-I is excess water is present. If excess water
is not present, then liquids will form from amphibolites to the right of the F-I-J-
K-H. Eclogite and water, without melt, will exist in the area bounded by Z-K-H.
It is clear that this region is not within any normal crust.

All the simple boundaries shown must be highly smeared by solid or liquid
solution phenomena. It should be noted that the amphibolite-eclogite boundary
(D-K-Z) represents a metastable equilibrium between eclogite and plagioclase
amphibolite. As the latter will transform to more stable plagioclase-free amphi-
bolite somewhere above X-Y, amphibolite will restrict the eclogite field even
further than shown.

Our conclusion is, that crustal eclogites form in dry environments where P .4
Py1,0+Pyoaq need not be very high according to the line X-Y. Py, is likely to
be determined and buffered by incomplete hydration reactions.

It perhaps seems feasible that the necessary conditions for eclogite formation
could be generated by suitable water buffers in the environment. Thus, one might
ask the question: is the not uncommon association of eclogites with partially
serpentinized ultrabasic rocks due to a low partial pressure of water generated
by the buffer system

pyroxene -} olivine -} water = serpentine ?

For such a buffer system to lower water pressure to an extent that amphiboles are
dehydrated requires that their vapour pressure should be lower than that of
hornblendes at the same temperature. As amphiboles tend to have very low
vapor pressures and hence high thermal stability relative to almost all common
hydrates, it appears unlikely that this is a common way by which eclogites could
be formed. In fact, if water could diffuse freely, eclogites would be expected to
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dehydrate serpentinites to give the stable combination amphibolite plus peridotite.
It is worth noting that partial melting can lead to diminished water pressure but
this aspect of the problem will be discussed elsewhere.

Two factors alter the position of the dehydration curves mentioned. The first
is the effect of increasing Py, for constant Py o. This cuts back the field of
high volume hydrates, such as serpentine, but hardly effects the breakdown of
amphiboles. Thus serpentinite buffer reactions are moved even further into the
field of amphibole stability. The second factor is the substitution of eclogite for
the normal basaltic dehydration products of amphibolite. This increases the
vapour pressure of amphibolite breakdown, but not to the extent required to cut
the dehydration curves of minerals like serpentine.

It thus appears that the following points can be noted regarding crustal
eclogites:

(1) Although the basalt-eclogite equilibrium curve is not well known at low
temperatures, for dry rocks eclogite can be assumed to be a stable low pressure
and temperature assemblage. Whether such assemblages occur then becomes a
problem of all the factors involved in solid state reaction kinetics.

(2) If partially wet assemblages are depressed in the crust, we would anticipate
a primary reaction producing appropriate hydrate mineralogy, followed by
eclogitisation. Such a mixture of hydrous and anhydrous minerals could be in
equilibrium, or may react to an equilibrium assemblage of minerals of inter-
mediate water content.

Many problems remain unsolved. Why, for instance, are some eclogitic rocks
so curious in composition that they appear to be metasomatic rocks ? Metasoma-
tism generally implies activity of an ample fluid phase. We suggest that some of
these metasomatic processes may occur prior to the total destruction of the
basalt mineralogy, and are followed by the draining of free water by hydration
reactions. Sealing of the rocks by increased load pressure could then be followed
by eclogite formation. The metasomatism may thus be part of early diagenetic or
zeolite facies reactions.

Essexe and Fyre (1967) suggested that some eclogites in the low temperature
regime of California might be formed in the thermal aureoles of deep basic in-
trusives. This must still be considered a possibility for such heating of dry basaltic
material might well be sufficient to overcome the kinetic barrier of eclogite forma-
tion in this generally cold environment.

And what of the eclogite facies ? Does it exist in the crust ? We prefer to leave
these questions to those concerned with nomenclature. It would be premature
to eliminate the facies or to restrict it to mantle inclusions in volcanic rocks until
we understand these processes better. The important thing now is that we
recognise wet and dry equivalents of metamorphism at the same Pp,,q and 7' or
metamorphism where total pressure and water pressure are significantly different.
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