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Abstract

A combination of transmission electron microscopy with electron microprobe analysis has
been used to define the composition limits of cation ordering in omphacites from the
blueschist rocks of Syros, Greece, the Mihalliggik region of NW Turkey, and from jadeitic
rocks of Guatemala. Systematic absences in reflections of selected-area diffraction photo-
graphs show that the probable space group for many of the ordered crystals is P2/n.Weak
reflections violating the n-glide are also found in some ordered crystals which may have P2
symmetry. The occurrence of these extra reflections is not obviously related either to composi-
tion or to microstructure. Omphacite replacing sodic augite may have P2/c symmetry.
lncreasing acmite content seems to allow a broader range of cation proportions to be
accomodated by the ordered structures.

Fine-scale exsolution textures in omphacites with compositions close to the limits of the
ordered field indicate that any region of immiscibility between ordered and disordered
structures is narrow. A much broader miscibility gap has been confirmed for the range
jadeite-omphacite by the presence of an ordered precipitate in impure jadeite from Guate-
mala, but this narrows rapidly with increasing acmite content.

Introduction

Jadeitic pyroxenes in the system acmite-augite-
jadeite are common in rocks metamorphosed under
the high-pressure, low-temperature conditions of the
blueschist facies. The stability relations within this
system, however, are not well known. Several crystal-
structure refinements (Clark and Papike, 1968; Clark
et al., 1969; Curtis et al., 1975; Matsumoto e/ a/.,
1975) have shown that cation ordering can occur in
pyroxenes with compositions close to Jd:Aug : I' I
(omphacite), causing a symmetry change from C-
face-centered to primitive. Dobretsov (1962) first
postulated the presence of a solvus between jadeite
and omphacite to explain the absence of naturally-
occurring compositions in this range, and other au-
thors have also suggested the existence of miscibility
gaps. The summary of analyses by Onuki and Ernst
(1969) shows that in fact there is a very wide range of
compositions fil l ing most of the system. Bell and
Davis (1965, 1966, 1969) identified a broad solvus
between jadeite and diopside on the basis of high-
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pressure and -temperature experiments, but this has
never been confirmed for geological conditions.

Traditional methods of determining the pyroxene,/
pyroxene relations meet with three problems: (a) di-
rect expenments are too slow at the low temperatures
involved; (b) although two or more pyroxenes with
different compositions are sometimes found in the
same rock they typically show reaction relations in-
dicative of disequilibrium; and (c) the spread of com-
positions found may merely reflect the whole-rock
chemistry or the composition of the fluid phase dur-
ing metamorphism.

Other mineral systems have sometimes been stud-
ied by considering internal structures, such as ex-
solution. Because of the limited scale of diffusion
possible at low temperatures, any such features are
unlikely to be visible optically in blueschist pyrox-
enes. Transmission electron microscopy (TEM) pro-
vides the solution to this and has been used by
Champness (1973) and Phakey and Ghose (1973) to
image antiphase domains arising from the cation-
ordering transformation in omphacite. Carpenter (in
preparation) reports the presence of complex, fine-
scale (-500,4) exsolution and ordering structures in a
range of omphacites from Syros, Greece, which have
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Table l. Representative electron-microprobe analyses of each pyroxene observed to be ordered
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evidently developed under metastable conditions.
The ability of omphacite to order its cations will

influence the partitioning of elements between it and
other crystallizing phases. This may affect the miner-
alogy of rocks metamorphosed at high pressures, and
must be considered when using geothermometers and
geobarometers of the type developed by Riheim and
Green (1975). To determine the compositional limits
of this ordering, a combination of TEM observation
and electron microprobe analysis has been used on
pyroxenes from Syros (Greece), the Mihalliggik re-
gion of NW Turkey, and Guatemala.

Methods

Pyroxenes with a spread of compositions from the
blueschist rocks of Syros were selected on the basis of
original analyses made by Dixon (1968). All speci-
mens, including the Turkish blueschist and the jade-
itic rocks from Guatemala, are in the Harker collec-
tion, Department of Mineralogy and Petrology,
Cambridge, and are identified in this paper by their

Harker numbers. The pyroxenes were analyzed by an
electron microprobe with a Harwell Si(Li) detector
and pulse processor (Statham, 1976). Correction pro-
cedures follow Sweatman and Long (1969).

Many authors, including Cawthorn and Collerson
(1974), Hamm and Vieten (1971), and Essene and
Fyfe (1967), have addressed the problem of recalcu-
lating Fe2+ / Fe3+ ratios from electron microprobe
analyses of pyroxenes. The commonest assumptions
are that there are four cations and six oxygens per
formula unit. Recent work by Wood and Henderson
(1978) has shown that high-pressure pyroxenes may
possess significant deviations from stoichiometric
proportions, and Cawthorn and Collerson (1974)
show that for natural samples the apparent devia-
tions are greatest for jadeite-rich compositions. This
makes recalculation of analyses rather difficult, espe-
cially as the usual assumptions in this case led to
Si > 2.00 per six oxygens. The following scheme has
therefore been adopted:

(a) Recast each analysis to Si : 2.00; 2M (the
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cation total) is then typically < 4.00.
(b) Jadeite = Al.
(c) Acmite - Fe3+ : Na - Al.
(d) Fe'+ : Fotot"r - Fe8+.
(e) Augite = Ca.
(f) Recalculate to Jd * Ac * Aug : 100. These

three molecules account for 97 per cent of each analy-
S 1 S .

Representative analyses of each ordered pyroxene
examined by TEM are given in Table l.

To test the accuracy of the probe analyses, stan-
dard jadeite and olivine were checked regularly dur-
ing each analytical session showing errors of - t I
percent for the major elements. As a further check,
the pyroxenes from four samples were separated and
analyzed by wet-chemical techniques2. In view of the
strong zoning in the crystals, precise comparison of
the wet-chemical and probe results is not possible;
however, the Fe2+/Fe3+ ratios and all elements but
silicon showed reasonable agreement. Silica contents
in the probe analyses are consistently slightly high, in
which case the apparent non-stoichiometry is exag-
gerated. It should be emphasized that the proportions
of acmite, jadeite and augite are not significantly
affected by any error in silicon, since the amount of
Al substituted on tetrahedral sites in blueschist py-
roxenes is known to be very small. Probably the
greatest errors are introduced by the recalculation of
ps2+/ps'+ ratios, since errors in Al and Na may be
additive. For the purpose of delineating the composi-
tion range of cation ordering in the system Jd-Ac-
Aug (Fig. I ) the method is adequate. It is unlikely
that the ordered field could be more accurately de-
fined using TEM and zoned minerals.

Specimens were prepared for electron microscopy
by ion-beam thinning, and observations made with
an AEI EM6G microscope operating at l00kV.
Bright-field, dark-field, and selected-area diffraction
techniques were used.

Observations

Petrology

Dixon (1968) describes the localities and petrology
of the Syros blueschists in detail. The pyroxenes ex-
amined here are from metagabbros, eclogitic
gneisses, and metasomatic blocks in serpentinite. In
many cases two pyroxenes are present but they show
reaction relations, with one rimming or being re-
placed by the other. All these rocks are thought to

have experienced the same metamorphic history,
though in the metasomatic blocks the later pyroxenes
crystallized when the pressure fell below its maximum
value (Dixon, 1968).

Blueschists from the Mihalliggik region of NW
Turkey were metamorphosed at lower temperatures
than the Syros rocks, and contain lawsonite rather
than epidote. Minerals and textures belonging to ear-
lier stages in their evolution are often preserved. The
single specimen examined (103484) is a metadolerite
with relict igneous augite crystals veined by sodic
pyroxene. It is considered in detail elsewhere (Car-
penter and Okay, in preparation), and it is no. 38/62
of Cogulu (1967), who outlines the general petrology
of the Mihal l iggik region.

The Guatemalan specimens are from included
blocks in the serpentinite of the Motagua fault zone,
and have been described by Hammond et al. (1977).
Nos. I19432 and 119428 (US20 and HU8 of Ham-
mond et al.) are massive granoblastic jadeite-ompha-
cite-albite rocks in which pale-green omphacite
forms rims on jadeite cores, the latter showing signs
of replacement by albite. Foshag (1955, 1957) first
described similar rocks in Guatamala. McBirney
(1963) and McBirney et al. (1967) discuss the local
geology of the area. Metamorphic rocks near the
serpentinites are schists and gneisses belonging to the
greenschist facies.

Microprobe analysis

The complete analyses of l5 specimens are plotted
in terms of Jd, Ac, and Aug in Figure l, which
displays a considerable spread of compositions. Py-
roxene/pyroxene relations in the Syros rocks are
shown in Figure 2, and can be categorized as fol-
lows3.

(l) Impure jadeite cores zoning towards jadeite
with a sharp compositional break before omphacite
r ims (97614).  In 97503, which is r icher in acmite, there
is a narrower composition gap between core and rim.
ln 97496, the rim is of aegirine-augite.

(2) Chloromelanite cores with impure jadeite rims
and only a narrow composition break between them
(e7636).

(3) Impure jadeite zoning to chloromelanite
(97667). This specimen also has a second, later
chloromelanite which is richer in aegirine-augite.

(4) Aegirine-jadeite zoning towards jadeite with a
composition break before chloromelanite rims
(97648).

' Ana l ys t  J .  H  Scoon . 'The mineral  names are those used by Essene and Fvfe (1967)
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NoAtS i20u Co(Mg,Fe2*) SirOu

Fig. L Electron-probe analyses of l5 pyroxenes from Syros (dots), Turkey (open squares), and Guatemala (open triangles), plotted in
terms of jadeite, acmite, and augite. Each point represents one analysis. The field of cation ordering is indicated by a continuous hne
where it has been determined by the observation ofordered compositions on one side and disordered on the other. A broken line is an
inner limit to the ordered field, located by the observation ofordered compositions only. Complex exsolution textures were found in the
composi t ion range around W. At  X,  exsolut ion is  ofa d isordered phase f rom an ordered one,  and near Y i t  is  of two ordered phases.
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Fig. 2. Pyroxene/pyroxene relations in the Syros blueschists. Each encircled area represents the limits of the pyroxene compositions in
each rock. The mineral names are those defined by Essene and Fyfe (1967). c : core, r : rim. Inset is field of omphacite.
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Fig. 3. Selected-area diffraction patterns from ordered
omphacite showing a*-c+ sections of the reciprocal lattice. (a)
Absences of the type i*/ : odd in (hDl),?P2/n. (b) All reflections
present with those violating the z glide weak (e.g arrowed), ?p2.
(c) Absences of the type / = odd in (hDl),?P2/c. ft */< : odd with /
:  even are weak (e.g.  arrowed).

(5) Sodic augite cores (corroded) with omphacite
rims (97700). This specimen has a sharp composition
break between core and rim, whereas 97647 is incon-
sistently zoned back and forth between the two com-
positions.

(6) Rocks with one pyroxene only: 97615, 97506,
97542 (omphacite); 97632 (aegirine-jadeite). The om-
phacite in97615 is occasionally rimmed by a slightly
jadeite-richer o mphacite.

The Guatemalan pyroxenes are low in acmite con-
tent and have impure jadeite cores which zone away
from pure jadeite, with a sharp compositional break
before omphacite rims. The cores achieve composi-
tions richer in omphacite than their Syros equiva-
lents. Replacement veins in relict igneous augite from
the Turkish sample have compositions which l ie in
the augite-rich corner of the chloromelanite field.

Electron microscopy
Cation ordering was inferred from the presence of

diffraction maxima with h + k : odd, indicating a
primitive lattice. These reflections could be used to
image antiphase domains in dark-field. The precise
composition of each area examined was not mea-
sured, but the general core/rim relations were known
from the microprobe analysis and therefore composi-
tion l imits for the ordered structures could be placed.
These limits are shown in Figure l, marked as a
continuous l ine where compositions from both sides
have been examined. A broken line represents the
boundary where it has been assumed for observations
and compositions on the ordered side only. The or-
dered field overlaps from omphacite into chloromela-
nite compositions.

A number of noteworthy facts emerge:
(l) Ordering was not detected in aegirine-augite

with composition Ac:Aug = l: I or in aegirine-jade-
i t e  w i t h  Ac :Jd  =  l : 1 .

LIMITS OF OMPHACITES

(2) Several different ordering schemes may have
been used, as evidenced by systematic absences in a*-
c* selected area diffraction patterns. Absences of the
type h -f I = odd in (hOl) arc the most common,
indicating the existence of r-glide planes per-
pendicular to [010] in the ordered structure (Fig. 3a).
Sharp but weak reflections violatin g the n glide are
also common, however, and all reflections may be
present in (h0l) (Fig. 3b). The intensity of these reflec-
tions varies, but they have been observed in some
areas of almost all the omphacites, and their occur-
ence bears no obvious relation to the type of micro-
structure locally. In the area of 97700 where ordered
material was replacing disordered sodic augite, and in
the finest veins of omphacite in augite of 103484,
absences of the type I : odd in (ftOl) were found,
indicating c-glide planes perpendicular to [010] (Fig.
3c) .

None of the weak reflections could be due to
double diffraction in these patterns, because any sec-
ondary diffraction from strong reflections would lie
in primary reflections of the same type (Gard, 1976).

(3) Exsolution in the Syros pyroxenes was always
found associated with ordering structures. Fine, co-
herent or semicoherent precipitates occur in augite-
rich compositions (W in Fig. I ), showing the approxi-
mate l imit of the ordering field in this range (Carpen-
ter, in preparation). Less complicated structures are
present in omphacites with compositions towards
aegirine-jadeite (X in Fig. I ), in which one phase was
ordered and the other disordered. Chloromelanites
just within the ordered field (Y in Fig. l) contain
patchily-distributed composition modulations, ap-
proximately parallel to (100) in most cases, in which
both components are ordered (dark-field images with
h + k : odd revealed antiphase boundaries in them
both, see Fig. 4a,b).

In each of these cases of exsolution the cell dimen-
sions, and therefore the compositions, of host and
precipitate are quite similar.

(4) Near the core,/rim interface of the impure ja-
deite regions of 119428 (from Guatemala) precipi-
tation approximately parallel to (010) was found on a
scale of -3004 (Fig. ac). The minor component has
distinctly larger cell dimensions than its host and also
gives ft + k : odd diffraction maxima. This micro-
structure is interpreted as having formed by the pre-
cipitation of ordered omphacite from impure jadeite.

(5) No evidence for a miscibil i ty gap was found to
explain the composition break in the zoning of the
aegirine-jadeite in 97 648.
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Fig.4.  Electron micrographs ofexsolut ion textures.  (a)  ( t00) exsolut ion of two ordered phases (both wi th ant iphase domains);  dark-

f ie ld,  g = 101,97667. (b)  Same area as (a) ;  dark- f ie ld,  g = 202 (c)  Patchy exsolut ion of  omphaci te in impure jadei te,  approximately

paral le l  10 (010);  br ight f ie ld,  I  19428.

Discussion and conclusions

Peak P and T estimates for the Syros metamorph-
ism are -l3kbar and 450-500oC, based on the co-
existence of zoisite * paragonite * quartz (= lawso-
nite + jadeite) (personal communication, Dr. J. E.
Dixon, Grant Institute of Geology, University of
Edinburgh). Clearly, under these conditions there is a
wide range of pyroxene solid solution. The presence
of antiphase domains in ordered compositions im-
plies that the ordering transformation occurred after
crystallization, though the ordering temperature is
not known. Exsolution is invariably associated with
ordering, and the two processes are probably closely
related. A significant miscibil i ty gap between jadeite

and omphacite appears to have operated during
metamorphic recrystallization, though it narrows
rapidly with increasing Ac content, as noted by
Dobretsov et al. (1971). This gap is confirmed for
lower pressures and temperatures by the exsolution
of omphacite from impure jadeite across it in the
Guatemalan sample. Any miscibil i ty gap for other
compositions surrounding the ordered field is rather
narrow, a view that is supported by Yokoyama et al.
(1976) for the omphacite-to-diopside range.

From the shape of the ordered field (Fig. l) it
appears that increasing the acmite content broadens
the range of cation proportions which can be accom-
modated by the ordered structures. Four M-site cat-
ions with significantly different ionic radii must be
present before symmetry reduction from the usual
pyroxene space group can be achieved, since neither
aegirine-augite (Clark and Papike, 1968; this study)
nor aegirine-jadeite (this study) shows signs of order-
ing. The ordered field does, however, extend a signifi-
cant way towards these compositions, following l ines
where Na/Ca = I  and Al l (Mg+Fe) :  I ,  which
suggests that they represent the ideal end members of
ordered solid solutions.

Ordered omphacite has been reported as having P2

symmetry (Clark and Papike, 1968; Clark et al.,
1969) and P2/n symmetry (Matsumoto et al., 19751'
Curtis et al., 1975). The structures proposed by these
authors are all very similar, involving complete All
Mg order but, because of local charge-balance re-
quirements, only partial Na/Ca order. Evidence for
both is provided by electron diffraction patterns ei-
ther with r-glide absences (P2/n) or all reflections
present (P2). ln addition, c-glide absences were occa-
sionally found, which would fit P2/c. This space
group is theoretically possible for pyroxenes (Brown,
1972), and an ordering scheme can be devised to
account for it. It is unlikely that all three space
groups represent stable ordered states, and the obser-
vation of them in different areas of ordered crystals
implies disequilibrium. The variety of exsolution and
ordering microstructures (Carpenter, in preparation),
sometimes involving two ordered phases (Fig. 4a,b),
is also not typical of systems developing under equi-
librium conditions. It would be unwise to interpret
the observations in terms of equilibrium phase dia-
grams until possible differences between real and
ideal behavior have been evaluated. The ordered field
merely represents the composition limits within
which cation ordering may occur on some basis un-
der blueschist-facies conditions.

Note added in Proof
Two of the omphacite samples discussed above

come from the same rocks as omphacites studied
recent ly by other workers. JD 951 and JD 1013 of
Fleet et al. (Am. Mineral.,6-1, ll00-1106, 1978) and
Afdr idge et al .  (Am. Mineral . ,63, l l07- l l l5,  1978)
are the same as 97615 and 97647 respectively in this
paper. Both contain exsolution lamellae on an elec-
tron optical scale.
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