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Schweiz. mineral. petrogr. Mitt. 56, 293-343, 1976

Mineral Chemistry of Eclogites and Related Rocks from the
Voliri Group, Western Liguria, Italy

By W. Q. Ernst (Los Angeles) *)

With 21 figures and 10 tables

Abstract

Within the Beigua serpentinite, iron-rich metagabbroic lenses, some approaching 200
meters in thickness and 4 kilometers in length, have recrystallized in at least five recog-
nizable stages. Mineral assemblages are: stages A and B = garnet + omphacite + rutile,
representing pre- and post-mylonitization growth, respectively; stage C = glaucophane
+ garnet + rutile + sphene + barroisitic hornblende + epidote-clinozoisite; stage D = bar-
roisitic hornblende + albite + chlorite + epidote-clinozoisite + sphene; and stage E = alua-
minous actinolite + albite 4 chlorite 4+ epidote-clinozoisite + sphene. Phengite or parag-
onite developed in some stage D or E roecks, rare biotite chiefly in stage D.

Garnets are systematically enriched in Fe and Mg, depleted in Ca and Mn proceeding
from stage A cores to stage B (and C) rims. Post mylonitic stage B omphacites are Na-
and Al-rich compared to the more diopsidic premylonitie stage A clinopyroxenes. Sodic
amphiboles of stage C appear to be enriched in ferrous iron and aluminum (ferroglauco-
phanes) rather than being pseudobinary glaucophane-riebeckite solid solutions. Caleic
amphiboles of stages C and D are strongly enriched in Na and in both AI'V and AlIV! (bar-
roisites) relative to the greenschistic aluminous actinolites of stage . Analyzed epidote-
clinozoisites are ferric iron-rich in stage D, Al-rich in stage E schists. Most of the chlorites
are ripidolites, and the sodie plagioclases are virtually pure albites; neither phase exhibits
obvious compositional variation with metamorphic grade.

Chemographic analysis demonstrates the high chemical variance of the investigated
assemblages, and the relatively high-pressure, low pHaO nature of the earlier mineralogic
stages compared to the later amphibolitic and greenschistic assemblages.

Fractionation of iron and magnesium, and of Ti and Mn between coexisting pairs of
mafic silicates reveals widespread non-attainment of chemical equilibrium, as indicated
by scatter of the data in many cases. Some tentative conclusions may be drawn, however.
Stage A omphacite 4+ garnet pairs exhibit more or less systemadtic iron-magnesinum distri-
bution with Kp =~ 30. Glaucophane replaced preexisting omphacite, hence garnet rim
+ glaucophane partition values (Kp & 28) may reflect an inherited stage B garnet + clino-
pyroxene fractionation of Fe?+ and Mg. The partitioning of titanium between coexisting

*) Department of Geology, Institute of Geophysics and Planetary Physics, University
of California, Los Angeles, California 90024. IGPP publication no. 1637.
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phases is obscured because of post-crystallization exsolution during annealing. Omphacites
and ealeic amphiboles accepted large amounts of Ti at early stages but subsequently ex-
pelled this element. In contrast, glaucophane and chlorite rejeeted Ti during their growth.
(Garnet cores are rich in Ti relative to rim compositions, but exsolution was limited. Mn is
enriched in garnet relative to chain silicates. Disproportionation of manganese between
calcic amphiboles and chlorite was not marked.

Based on analogies with previously available phase equilibrium experiments, oxygen
isotopic data for somewhat similar parageneses, thermochemical calculations, and experi-
mental determination of the pressure and temperature coefficients for Kp, physical con-
ditions attending the metamorphic recrystallization sequence developed in the Ligurian
eclogitic rocks have been estimated. Stage A assemblages are deduced to have formed at
430 + 50° C and about 10 kilobars confining pressure, with stage B conditions including
slightly higher temperatures and pressures. Garnet + glaucophane rocks of stage C are
thought to have formed at approximately 400° C and 8 kilobars Piow, attended by in-
creased values of wHoO relative to the preceding stages. Strong depressurization and slight
cooling is postulated to have characterized the passage of these rocks through stage D
and K conditions, namely 300-375° C and 2-5 kilobars total pressure. The chemical poten-
tial of HaO probably was high, as reflected by the hydrous nature of the assemblages;
moreover, the presence of a separate aqueous phase is indicated by strong metasomatic
effects displayed in the amphibolites and greenschists.

The regional geology and previous large-scale syntheses are compatible with the petro-
tectonic history proposed here, which involved southward and eastward subduction of a
Tethyan lithospheric plate containing the Beigua serpentinite + included lenses of ferro-
gabbro, and concomitant, increasingly high-pressure metamorphism of stages A and B,
interrupted by a period of deformation. A gradual introduction of aqueous fluid accom-
panied the apparent decoupling of the buoyant Beigua serpentinite + included eclogitic
layors from the descending slab; the inception of uplift of the complex is reflected by
growth of sodic amphibole during stage C. Subsequent relatively rapid (adiabatic) rise
towards the surface is attested to by production of the successively more hydrous amphtb-
olites and grecnschists of stages D and E at slightly reduced temperatures and at much
lower pressures.

GEOLOGIC AND TECTONIC SETTING

Metamorphism of the Alps during late Mesozoic and early Tertiary time in-
volved a number of different stages, as has been well documented by numerous
petrologists and geochronologists over the past 15-20 years (e.g., VAN DER
Pras, 1959; BEArTH, 1959, 1966, 1967, 1971 ; NicaLI, 1960, 1970; Nic¢eLI and
Nicorr, 1965; WENEK, 1962, 1970; WENK and KELLER, 1969; JAGER et al.,
1967; HuNzIKER, 1970, 1974; FREY et al., 1974; MILLER, 1974). It is now gen-
erally considered that the early portion of this recrystallization aecompanied
the closure of Mesozoic Tethys, apparently through a geometrically complicated
low-angle subduction along a southward and eastward (internally) dipping plate
junction — or series of junctions — and the subsequent collision of the northern,
more external European foreland and adjacent more southerly oceanic section
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Fig. 1. Regional geology of the western Alps, simplified from the 1: 1,000,000 scale metamorphic
map of the Alps, general coordinator, E. Niaarr (1973). Fold vergence is directed externally, that
is, away from the Po molasse. The subhorizontal tectonic contact between the overlying South
Alpine - Austraoalpine rocks of the Insubrian plate (DAL Praz, 1974a, b) and the more external,
subjacent Pennine, Helvetic, Sesia-Lanzo and Lepontine realms of the Kuropean-Tethyan plate
is an imbricate zone termed the Alpine Suture and thought to represent the initial convergent
plate margin (Erxst, 1971, 1973). Some, but not all, of the ultramafic bodies shown in the western
Alps belong to the Insubrian plate, hence lie above this tectonic contact. Components of strike
slip along the Insubric and Sestri-Voltaggio lines (Scnorue, 1970; LausscHer, 1971a, b) have
resulted in truncation and partial obliteration of the original plate boundary. The Engadine
window is abbreviated EW.

with the internal, continental crust-capped lithospheric plate of the Southern
Alps 4 Austroalpine terrane (Erxst, 1971, 1973; DAL Praz et al., 1972; DaL
P1az. 1974a, b; Dewey et al., 1973). This convergence brought allochthonous
slices of subducted ophiolite (Tethyan deep-sea sedimentary cover, oceanic crust
and uppermost mantle) and detached segments of the non-subducted (obducted)
mantle of the southern plate over the more northerly terrane. The regional geol-
ogy of the western Alps is shown in greatly simplified form in Fig. 1.

The juxtaposed sections have been strongly imbricated and much modified
by later deformation and recrystallization, but the effects of the early Alpine
event are still evident in relatively high-pressure mineral assemblages preserved
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especially well in the Franco-Italien Alps (BocQukr, 1971; CHATTERJEE, 1971)
and in southwestern Switzerland (BrarTH, 1970, 1973, 1974). Among the best
known of these are the eclogitic and amphibolitic parageneses of the Zermatt—
Saas Fee region (BEARTH, 1959, 1967; WETzZEL, 1974) and the eclogitic mica
schists and related rocks of the Sesia—Lanzo zone (VITERBO-BASSANT and
BrAackBURN, 1968; DAL Praz et al., 1971; CompaGNONI and MaFFrO, 1973).
None of these occurrences is as spectacular, however, as the eclogitic layers
which occur in the Voltri complex of the Ligurian Alps (Boccato and MoTTANA,
1974; Morrana and BoccHro, 1975; CorTESOGNO et al., 1975 and in press).
As can be seen from Fig. 1, this lherzolite and serpentinized peridotite is the
largest body of its kind in the western (and eastern) Alps. Within it, eclogitic
rocks are preserved on an unprecedented scale: some layers in the ultramafic
host are as much as 4 km in length and more than 200 m in thickness. The
general geologic relations are shown in Fig. 2.

The Gruppo di Voltri consists of three principal map units: (1) the Erro-
Tobbio plagioclase lherzolites and serpentinized equivalents; (2) the Beigua
serpentinite and included lenses and layers of eclogitic rocks; and (3) the “cal-
cescisti” and related volcanosedimentary schists. Other lithologic units include
the granitic Savona-type basement, which may be correlated with similar rocks
of the European foreland and displays evidence of incipient high-pressure
early (?) Alpine metamorphism (CorTEsoaNO et al., in press), the ophiolite-
bearing feebly recrystallized argillaceous and calcareous sedimentary rocks of
the Northern Apennines (Eastern Liguria), and the late- to post-orogenic Oligo-
cene and younger molasse of the Po Plain.

The Erro-Tobbio plagioclase Iherzolites possess a tectonite fabric and are
partially transformed to lizardite- and antigorite-bearing units. Included meta-
gabbros to some extent have been converted to greenschist assemblages, but
show no evidence of having passed through an eclogitic stage. Both mafic and
ultramafic rocks carry abundant relics of the original mineral assemblages.

In contrast, the antigoritic Beigua serpentinite is thoroughly schistose, and
the phase assemblage of the protolith has been totally obliterated. The mafic
lenses, however, bear testament to a long and complex recrystallization history.
Textures of the parental gabbros are well preserved in many of the metamorphic
rocks, and a few eclogites contain relict igneous titanaugite. The eclogitic para-
genesis of these layers will be described in the next section.

Schists of the Sestri-Voltaggio zone, and the “calcescisti’”” — the schistes lus-
trés of the Franco-Italian Alps — consist of micaceous, calcareous and siliceous
schists with interlayered metamorphosed mafic units. Mineral assemblages are
predominantly prasinitic (greenschistic with porphyroblastic albite) but relics
of an earlier glaucophane schist stage are preserved sporadically. Locally, rare
relics of Na pyroxene, garnet and/or rutile occur as pre-blueschistic phases.

The interleaved Beigua serpentinite and ““calcescisti,”” which share both low-
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Fig. 2. Geology Western Liguria, with emphasis on the Gruppo di Voltri, simplified after Mes-
s1GA and Prccarpo (1974), Caiksa et al. (1975) and CorTEsoaNo et al. (in press). The gabbros
parental to the eclogitic rocks seem to have been intruded into the host Beigua ultramafic mass.
The Oligocene and younger molasse rests unconformably on all map units. With these exceptions,
all lithologic contacts shown are tectonic, the most profound of which is the low-angle thrust fault
separating the Tobbio-Erro plagioclase lTherzolite above from the rest of the Voltri complex below.
This break is thought to represent a portion of the Alpine Suture. The approximate locations of
25 microprobed specimens (in all, 95 samples were studied petrographically by Corrrsoaxo et al.,
in press) are also indicated: EE prefixes habe been omitted for clarity.

and high-angle faulted, convoluted contacts, have been tectonically emplaced
over the structurally lower, essentially autochthonous sialic basement. All these
rocks contain mineralogic evidence of relatively high-pressure metamorphism,
but the lack of eclogitic parageneses in the “calcescisti,” metamorphic rocks of
the Sestri-Voltaggio zone and Savona-type granites, argues for a post-eclogitic
stage juxtaposition of the Beigua serpentinite + eclogite against these other
units. Overlying this complex along a subhorizontal thrust fault is the feebly
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recrystallized Erro-Tobbio lherzolitic unit, which evidently was not affected
by the high-pressure subduction event. CorTEsOGNO et al. (in press) have sug-
gested that the Erro-Tobbio peridotite represents a part of the leading edge
of the southern or Insubrian plate (DAL P1az, 1974 a, b) and that this low-angle
thrust contact is a segment of the former convergent plate junction (the Alpine
Suture of Erxst, 1973).

The Northern Apennines probably represent another portion of the non-
subducted Insubrian lithospheric plate, which has been brought into contact
with the Voltri complex along the high-angle Sestri-Voltaggio Line in response
to the post-convergence counterclockwise rotation of Italy (Z1spERVELD et al.,
1970; LowriE and ALVAREZ, 1975; CHIESA et al., 1975).

PARAGENESIS OF THE ECLOGITIC ROCKS

Mineral assemblages of the eclogitic lenses within the Beigua serpentinite
have been described by Boocmio and MorTtaxa (1974) and by CoRTESOGNO
et al. (1975; in press). Modes of 95 rocks studied in the present investigation,
and 83 new bulk-rock analyses, are described by CorTESOGNO et al. (in press)
and the interested reader is referred to that paper for details. Sample locations
are shown in Fig. 2. Although intergradations exist, five distinct metamorphic
stages in the formation of phase assemblages can be recognized in the Voltri
eclogitic rocks: earlier and later eclogitic stages (A and B, respectively), then
glaucophanic, barroisitic and greenschist + prasinitic stages (C, D and E, re-
spectively). The earlier, eclogitic, stages are best preserved within the central
portions of the mafic layers whereas the effects of amphibolitization and pra-
sinitization are better developed near the margins of the lenses in contact with
serpentinite. Many outcrops show relics of all five stages in representative hand
specimens. The mineral paragenesis is illustrated in Fig. 3, and summarized
briefly below.

Stage A. This stage is characterized by the growth of large anhedra of om-
phacite and garnet, plus small scattered prisms of rutile. The igneous plagio-
clase and titanaugite are efficiently pseudomorphed, in part by a granular
aggregate of Na-pyroxene in the former case, and by single porphyroblasts of
Na-pyroxene in the latter. Both types of omphacite exhibit selvages of fine-
grained garnet, or coagulated granoblastic clots.

Stage B. Ensuing cataclasis to some extent modified or obliterated the earlier
pseudoigneous textures and resulted in the production of both compositional
and grain-size layering. Many such eclogites, however, retain relict early pseu-
domorphic omphacite. Newly generated Na-pyroxene builds granular-to-pris-
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Fig. 3. Stages of mineral development and replacement in metagabbroic bodies enclosed within
the Beigua serpentinite, Voltri Massif, largely after CorTEsoGgNo et al. (in press). A solid line
indicates the presence of a phase in essentially all rocks of that stage, whereas a dashed line
signifies irregular or sporadic occurrences. The assemblages shown reflect the persistance of meta-
stable relics as well as equilibrium associations. The post-intrusion but preeclogitic conversion of
some gabbroie layers to rodingitic compositions and assemblages is not illustrated. Major deforma-
tion took place chiefly between stages A and B, and approximately between stages C and D.

matic, moderately strongly oriented aggregates, whereas garnet occurs as large,
somewhat rotated subhedra. Rutile is present as trains of very small grains
parallel to the superimposed foliation. During this stage, much of the early
clinopyroxene seems to have exsolved lamellae of a titanium oxide phase.

Stage C. The replacement of omphacite and garnet cores by prismatic glauco-
phane marks the commencement of stage C recrystallization. Rutile accom-
panies the blue amphibole, but locally it is armored and replaced by sphene.
Some garnets probably continued to grow as indicated by their euhedral rims
against Na-amphibole, but their cores were certainly unstable. The sequential
appearance and coexistence with glaucophane of epidote and barroisite, and the
ultimate reaction of rutile and of garnet rims provided transition to the next
stage, more or less accompanied by deformation of the earlier textures.

Stage D. Here barroisitic amphibole (blue-green hornblende), armoring and
replacing glaucophane, becomes the major phase. It is accompanied by inter-
stitial albite, an epidote mineral, sphene and diverse but sporadically developed
layer silicates.

Stage E. This stage is characterized by the exsolution of an iron-titanium
oxide phase from the early Ca clinoamphibole, by the replacement of barroisitic
hor.:blende by actinolite and by the porphyroblastic enlargement of albite. Bio-
tite is obliterated as greenschistic assemblages pervasively replace earlier phase
compatibilities.
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COMPOSITION OF MINERALS

: Technigues employed

All phases were analyzed employing an ARL SEMQ microprobe situated in the Institut
fiir Kristallographie und Petrographie, Eidgendsssische Technische Hochschule, Zirich.
This particular instrument possesses two semiscanners and four programmed drive scan-
ners. Analytical conditions were: accelerating voltage 15 kv; specimen eurrent 50 nanno-
amps; and spot size about one-half to one micron. The semiscanners were adjusted for
SiK, and AIK  radiation with predetermined values of background employed for data
reduction. Each of the four adjustable scanners was programmed using a PDP-11 on-line
computer to measure low 26 background {10 seconds), preset peak intensity (20 seconds),
and high 28 background (10 seconds), for each of two elements; the four channels provided
values for Mg, Fe, Ca, Ti, Na, K, Mn and Cr. Between two and five 20 second counts for
different analytical locations were averaged after & first approximation comparison with
a compositionally similar set of seven or eight mineral reference standards. The averaged
data, corrected for drift, background and dead time, were reduced using the on-line com-
puter employing Bence-Albee methods, and the output presented in terms of oxide weight
percents by means of a teletypewriter.

Samples of 25 rocks were selected after petrographic examination of 95 specimens
(CORTESOGNO et al., in press) for their apparent phase homogeneity. Polished thin sections
were prepared, studied once more petrographically, and carbon coated. In spite of at-
tempts to avoid the problem, compositional zoning was detected in some phases, especially
garnets, and in a few epidote group minerals and calcic amphiboles. Where significant
zoning was found, analytical data are presented for core and/or rim compositions and are
so indicated in the tables. In cases where alkali or hydroxyl devolitilization during beam
impingence was encountered, the sample was moved slightly during the analysis to pre-
vent heating, but only analyses for specimens which retained constancy of counting rate
are presented in the tables.

Approximate HzO contents for OH-bearing phases were assumed for purposes of the
Bence-Albee data reduction, and for presentation in the tables, but these values need not
be entirely correct. However, they have been chosen so as to be comparable with those
generally indicated in published gravimetric analyses. Weight percent Hz0 values selected
were as follows : amphiboles and epidote group minerals, 2.0; micas, 4.0; and chlorite, 12.0.

Ferric-ferrous ratios cannot be unambiguously obtained by electron microprobe anal-
ysis, although several logical schemes for deducing them from the machine output have
been devised. The author looks with some misgivings on such computations where com-
plicated phases such as amphiboles and micas are involved because the numerous chem-
ical substitutions and analytical uncertainties allow a multiplicity of methods of obtaining
charge balance and reasonable cation proportions. Moreover, the computational approach
has the psychological effect of assuring the unwary reader that the stated composition is
better known than, in fact, it actually is. Instead, the author has adopted a strietly prag-
matic approach, and one which provides compositions closely similar to conventional
“wet’’ analyses of analogous minerals. For sodic plagioclases and epidotes, all iron is cal-
culated as ferric. In contrast, the iron is cast as ferrous in one relict igneous augite and in
all garnets, caleic amphiboles, layer silicates and sphene. In the case of sodie pyroxenes
and sodic amphiboles, where the molecular proportion of Na exceeds Al, one half the iron
is somewhat arbitrarily figured as Fe®*, the other half as Fe?*.

Analytical data are presented for 21 garnets, 18 clinopyroxenes, 10 sodic amphiboles,
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21 caleic amphiboles, 16 epidote group minerals, 13 chlorites, 13 sodic plagioclases, 7 micas
and 3 sphenes in Tables 1-9, respectively. Cation properties were calculated on an anhy-
drous basis for all analyzed minerals assuming, where required, the stoichiometrically
ideal hydroxyl contents. In the interest of saving space, these cation proportions are not
presented mn the tables, but they were utilized to eliminate crystallochemically implausible
analyses. An indication of the accuracy of the tabulated data may be obtained by examin-
ing the oxide totals and their deviations from an ideal 100 percent. Moderate deviations
are expected due to the required approximations regarding volatile contents and ferrous-
ferric ratios previously discussed, as well as the limited number of elements analyzed for.

Garnets

The 21 garnet analyses listed in Table 1 exhibit remarkably little chemical
variation. For six samples, compositions of both interiors and peripheries of the
grains have been determined. In general, cores may be correlated with stage A
growth, rims with stage B (and minor C) enlargement. None of the samples
carry any potash, chrome is negligible, and soda and titania contents average
0.02 and 0.08 weight percents, respectively. There is a faint tendency for the

Table 1. Electron microprobe analyses of garnets from eclogitic rocks, Gruppo di Voltri, Ligurian
Alps

Sample number

Oxide EE-3 EE-3 EE-31 EE-37 EE-43 EE-59 EE-63 EE-64 EE-64 EE-66 EE-72
core rim rim rim rim rim core rim rim core

Si0, 37.26 37.24 37.20 36.88 36.97 36.69 37.33 36.49 36.71 36.64 35.83
Al,O, 20.45 2046 2042 20.13 21.15 21.i2 21.63 20.59 21.09 21.03 21.51

TiO, 0.05 0.07 0.14 0.06 0.06 .10 0.05 0.05 0.02 0.08 0.21
FeO 33.45 33.74 31.42 3491 33.33 3243 30.85 29.15 34.91 35.34 33.19
Cr,0, 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
MgO 1.65 2.38 1.75 2.35 1.86 1.09 3.98 0.35 1.70 1.28 1.39
MnO 1.51 0.30 2.03 0.78 0.71 1.19 0.05 3.88 0.43 0.42 1.98
CaO 4.92 5.12 6.25 2.72 5.27 6.57 5.05 8.06 3.66 4.32 5.09
Na,O 0.03 0.00 0.02 0.02 0.00 0.00 0.00 0.00 0.03 0.02 0.05
K,O 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Total  99.32 99.32 09.23 07.85 99.36 99.18 98.94 98.57 98.55 99.13 99.25

Sample number

Oxide EE-77 EE-77 EE-79 EE-79 EE-82 EE-82 EE-85 EE-85 EE-93 EE-95
core rim core rim core rim core rim core core

510, 36.91 36.55 36.85 36.81 37.29 37.16 35.20 34.84 36.28 356.99
Al,O, 21.51 21.58 21.39 21.67 21.41 21.83 21.22 21.59 21.53 21.55
TiO, 0.20 0.00 0.15 0.02 0.13 0.00 0.14 0.08 0.08 0.10
FeO 29.04 35.80 33.04 35.26 31.50 34.48 32.53 35.69 29.46 31.32
Cr,0,4 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.04 0.04
MgO 0.64 1.65 1.12 1.50 1.41 2.02 1.42 1.41 1.58 1.43
MnO 1.72 0.84 1.18 0.87 1.97 0.61 1.56 0.26 9.27 7.94

CaO 9.34 3.24 6.32 4.03 7.43 4.39 5.72 4.60 2.32 1.84
Na,0 0.00 0.01 0.02 0.02 0.01 0.07 0.01 0.01 0.02 0.02
K, 0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Total 100.25 99.68 100.09 100.18 101.15 100.56 97.78 08.48 100.59 100.23
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cores to be enriched in Ti relative to the margins. The extreme values for silica
and alumina contents are 34.84-37.33 and 20.13-22.14 weight percents, respec-
tively. The most important chemical variations in garnets involve the differ-
ences between core and rim compositions in terms of CaO, MgO, MnO and FeO;
even so, the percentage variation of the last mentioned oxide (range 29.15-

Fe2" Mg+ Fe2*

s AV 6 " —— AV AV4
10 20 30 NC Mn Nt
M C0+Mnl Ca
Atomic Proportions

Fig. 4. Ternary atomic proportions of Alm-Py-Gross 4+ Spess (a, ¢} and of Alm + Py-Spess-Gross

(b, d) for garnets from the Voltri eclogitic rocks. Note that only the iron-rich apexes of the dia-

grams are shown. In (a} and (b), filled circles signify rim compositions, open squares and triangles

designate cores and homogeneous grains, respectively. In (¢) and (d), dots indicate garnet analyses,
arrows point to rim values for six pairs of core-rim analytical data.
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35.80) is rather small. Based on 12 oxygens, eight of the 21 analyses exhibit
slight deficiencies of Al (+Ti) required to fill both octahedrally coordinated
positions, necessitating a maximum of only 0.044 Fe3* per formula unit to
maintain the ideal stoichiometry. The negligible amount of ferric iron required
on crystallochemical grounds supports the assumption that essentially all of
the Fe is divalent in these garnets. Therefore, we are justified in regarding the
Voltri garnets as quaternary solid solutions in the system Alm-Py-Spess-Gross,
the proportions of And and Uvar having been shown to be inconsequential. In
Fig. 4, the Fe?*+/Mg/Ca/Mn ratios for the analyses are presented ; this illustration
basically shows the proportions of metal atoms accupying the large eightfold
coordinated site in garnet.

As is clear from Fig. 4, these garnets are essentially calcium-, magnesium-
and manganese-bearing almandines, the proportion of the Fe3+Al,Si;0,, end
member ranging from 66.0 to 81.8 mole percent. Figs. 4a and b demonstrate
that there is a tight clustering of garnet rim compositions near the value
Alm, Py osGross; ;Spessy,. Core chemistries are more difficult to adequately
sample, but compositions in the central portions of the garnets tend to be
enriched in Ca and Mn at the expense of iron and magnesium. Six core + rim
zonal sequences are illustrated in Fig. 4c and d. With the exception of the mea-
sured zoning of sample EE-3, they show a systematic increment in Mg + Fe?*
towards the grain margins. A difficulty in measuring the zoning results from
the partial replacement of the peripheries of some relict garnets by later assem-
blages — hence the analyses of anhedral garnets, as is commonly the case in the
Voltri eclogitic rocks, does not necessarily provide the compositions of the true
rims. Finally, it should be noted that traces of anhedral garnet preserved in
prasinites EE-93 and EE-95 are exceptionally manganese-rich, containing 21.0
and 18.2 mole percents Spess end member, respectively (Fig. 4b); most prob-
ably these represent metastable relict cores which have persisted from an
earlier eclogitic stage, inasmuch as CorTESOGNO et al. (in press) report only 0.22
and 0.19 weight percents MnO in the parent rocks.

Clinopyroxenes

Analyses of 18 clinopyroxenes are listed in Table 2. Of these, one is a relict
igneous augite, seven represent premylonitization omphacite (stage A) and the
remaining ten crystallized after the first deformation (stage B). Of the latter,
two (EE-3 and EE-3’) are replicate analyses for different parts of the micro-
probe section and provide an indication of the phase homogeneity.

The pre-eclogitic stage gabbroie clinopyroxene differs from the metamorphic
clinopyroxenes in that it contains 0.48 weight percent TiO, versus an average
of 0.09 weight percent titania for the 17 analyzed omphacites. Alumina (2.01),
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Table 2. Electron microprobe analyses of clinopyroxenes from eclogitic rocks, Gruppo di Voltre,
Ligurian Alps

Sample number
Oxide EE-3 EE-3* EE-17 EE-28 EE-31 EE-43 TEE-43 EE-63 EE-64

B B A augite A A B A B
Si0, 55.61 55.21 56.05 50.77 54.96 55.86 55.91 55.10 54.84
AL O, 7.44 7.86 8.31 2.01 5.98 7.78 9.32 5.82 8.31
TiO, 0.06 0.05 0.15 0.48 0.06 0.09 0.06 0.04 0.08
Fe,O4 7.91 7.00 1.52 — 5.26 5.52 6.45 4.65 6.25
FeO 7.12 6.31 1.37 8.06 4.74 4.98 5.80 4.19 5.62
Cr,0, 0.00 0.00 0.83 0.02 0.00 0.00 0.00 0.00 0.00
MgO 4.62 5.07 10.45 11.64 7.98 6.37 4.19 8.61 5.46
MnO 0.00 0.04 0.03 0.26 0.03 0.00 0.14 0.00 0.02
CaO 8.24 9.42 15.63 20.99 13.69 11.84 7.35 14.18 11.08
Na,O 10.04 9.37 5.66 0.79 6.35 7.42 10.60 6.57 8.17
K,O 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00

Total 101.04 1-00.33 100.01 95.02 99.05 99.86 99.81 99.16 99.83

Sample number
Oxide EE-66 EE-72 EE-72 EE-77 EE-79 EE-79 EE-82 EE-85 EE-85

B A B B A B B A B
8i0,  55.26  55.84 5566  53.60  55.24  56.51 55.84  54.43  55.16
ALO,  8.22 8.31 9.37 8.89 6.07 8.13 8.62 5.80 8.93
Ti0, 0.10 0.17 0.12 0.12 0.05 0.07 0.09 0.17 0.09
Fe,0,  6.00 4.73 6.74 5.26 6.83 6.12 5.62 7.07 5.1
FeO 5.40 4.27 6.08 4.73 6.16 5.52 5.06 6.36 4.77
Cr,0;  0.00 0.00 0.04 0.00 0.00 0.00 0.00 0.00 0.00
MgO 5.96 7.72 4.55 6.60 7.08 6.66 6.63 6.68 6.56
MnO 0.01 0.05 0.19 0.00 0.00 0.03 0.04 0.03 0.00
CaQ  11.22 12.11 1070  12.04  13.60 11.70 1178 12.91 11.71
Na,0  8.01 7.12 8.05 7.43 6.66 7.69 7.69 6.64 7.55
K,O 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00

Total 7100.09 - 100.32 101.50 98.67 101.69 102.43 101.37 100.10 100.08

silica (50.77) and soda (0.79) oxide contents are much lower, whereas MgO
(11.64) and CaO (20.99) are distinctly higher than in the sodic clinopyroxenes.
A few specimens contain measurable amounts of chrome, and EE-17 is excep-
tionally rich in Cr,0; (0.83 weight percent); none of the analyzed clinopyroxenes
carry essential potash. Small concentrations of manganese occur in most sam-
ples, but its distribution is quite irregular and does not seem to be systematic.
The silica contents of the 17 eclogitic clinopyroxenes are remarkably constant,
ranging only between the values 53.60 and 56.51. Thus the major compositional
variations seem to be restricted to the elements Al, Fe, Mg, Ca and Na.
HExcept for the relict augite, the atomic proportions of sodium exceed those
of octahedrally coordinated aluminum by roughly 40-100 percent, to some
extent justifying the assumption employed here in regarding half of the iron
as trivalent. The 10 analyzed stage B omphacites typically contain more total
iron and all are less magnesian than the 7 premylonitization stage A sodic clino-
pyroxenes; two coexisting — but of course not equilibrium pairs —of A + B
omphacites, EE-43 and EE-72, display a marked increase in the Feqota) /Mg ratio
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passing from stage A to stage B crystallization, whereas for two other A + B
pairs, EE-79 and EE-89, a modest decrease in Feta;/Mg seems to have oc-
curred. This difficulty in recognizing systematic compositional variation in iron
is doubtless a consequence of the arbitrary constraint requiring the ferrous-
ferric ratios to be treated as unity.

Figure 5 is a plot of Na + Ca per six oxygens for the metamorphic clinopyrox-
enes, Basically this diagram shows the occupancy of the large 6-8-fold strue-
tural site, M,, in clinopyroxene. AH 17 analyses lie very close to the dashed line
marking pyroxene compositions which satisfy the constraint >’ Ca + Na = 1.00.
Thus the Voltri omphacites exhibit insignificant solid solution towards En
and/or Fs. Perhaps more importantly, there is an obvious compositional con-
trast between pre- and post-mylonitic omphacites, with the stage B clinopyrox-
enes consistently enriched in Na relative to the stage A clinopyroxenes.

Based on six oxygens, a maximum of 0.026 Al atoms substitutes for silicon
among the 17 Voltri omphacites, so essentially all of the aluminum reported in
Table 2 is octahedrally coordinated. The sum of Mg + Fe?+ is approximately
equal in amount to the Ca content, and the Al +Fe?+ to the Na content in each
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Fig. 5. Proportions of sodium and calcium atoms per formula unit in 17 metamorphic elino-
pyroxenes from the Voltri eclogitic rocks. The dashed line locates pseudobinary Jd + Ac-Di-+ Hd
compositicis in the quaternary system NaAlSi,O,-NaFe3+S8i,0,-CaMgSi,0¢-CaFe?*Si,0,. Note
that only intermediate Na-Ca solid solutions are shown. The igneous clinopyroxene, EE-28, falls
outside the diagram in the lower right-hand corner, and is a subcalcic augite. In (a), filled circles
signify stage B omphacites, open squares stage A. In (b), dots indicate Na clinopyroxene analyses,

arrows point to stage B compositions for four pairs of A 4 B omphacites,
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pyroxene, but for these chemical relationships to be entirely correct, the exact
ferrous-ferric ratios would have to be known and the ideal substitutions to be
obeyed. Figure 6 depicts the ternary (Di+ Hd)-Jd-Ac and (Jd + Ac)-Hd-Di com-
positional ranges, and provides an indication of the chemical species occupying
the small 6-fold coordinated M, site in the Voltri clinopyroxenes. It is clear from
this diagram that all the post-mylonitic omphacites contain less Mg, but are .
more aluminous and possibly also more iron-rich than the stage A sodic clino-
pyroxenes. Average compositions for the seven stage A omphacites and the
ten stage B omphacites are Jd,gAc,Di,,Hd,, and JdsgAc,,DigHd,,;, respec-
tively.

Mg +Fe?* Al+Fe3*

\
EE-T2— EE-85

EE'43\.

\ AV 7% A v V4 AV
10 20 307 o 10 20 30 a0
Atomic Proportions

Fig. 6. Ternary atomic proportions of Di 4+ Hd-Jd-Ac (a, ¢) and of Jd + Ac-Hd-Di (e, d) for clino-

pyroxenss from the Voltri eclogitic rocks. Note that only the Di 4 Hd apex in (a), and the Jd + Ac

apex in (b) are shown. In (a) and (b), filled circles signify stage B omphacites, open squares

stage A; in (a) the cross designates the composition of the single analyzed (subcaleic) igneous

augite. In (¢) and (d), dots indicate Na clinopyroxene analyses, arrows point to stage B com-
positions for four pairs of A + B omphacites.
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Sodic amphiboles

Analyses for 10 sodic amphiboles are presented in Table 3. Their growth
signals recrystallization during stage C. These glaucophane-crossite solid solu-
tions display surprisingly little chemical variation in either major or minor ele-
ments. K,0, MnO, Cr,0, and TiO, contents range from 0.01-0.03, 0.00-0.04,
0.00-0.03 and 0.00-0.08 weight percents, respectively. Silica, alumina, total iron
oxide and magnesia exhibit comparably small variations percentagewise. Only
the Ca0O contents seem to vary appreciably, between the extremes 0.28-2.31
weight percents. Whether the calcium variation reflects the presence of sub-
microscopic lamellae of calcic amphibole or not is unknown, but analyses which
showed fluctuations in counting rate during sample traversing were discarded ;
at the compositional resolution level (an area approximately two microns in
diameter was excited during electron beam impingement), the sodic amphiboles
appear to be homogeneous.

Table 3. Electron microprobe analyses of sodic amphiboles from eclogitic rocks, Gruppo di
Voltri, Ligurian Alps

Sample number
Oxide EE.-3 EE-37 EE-43 EE-63 EE-64 EE-66 EE-77 EE-79 EE-82 EE-85

510, 57.40 55.10 57.69 55.88 56.54 56.10 57.80 57.83 57.93 54.54
Al,O4 8.66 7.83 9.33 9.26 9.78 10.58 10.32 9.77 10.63 10.88
TiO, 0.00 0.00 0.02 0.06 0.02 0.04 0.05 0.02 0.05 0.08
Fe, O, 7.25 7.79 6.67 7.47 8.10 8.07 7.09 7.40 7.00 7.87
FeO 6.52 7.01 6.00 6.72 7.30 7.26 6.39 6.67 6.31 7.08
Cr,0, 0.00 0.00 0.00 0.00 0.03 0.00 0.00 0.00 0.00 0.00
MO 9.98 8.24 10.04 9.06 7.85 7.21 9.47 9.25 9.61 8.41
MnoO 0.00 0.04 0.02 0.00 6.02 0.00 0.03 0.03 0.03 0.01

CaO 0.28 0.56 0.81 1.67 0.89 0.66 1.10 1.33 1.41 . 2.31
Na,O 7.49 6.86 7.16 6.59 7.07 7.23 6.81 6.70 6.78 6.31
K,0O 0.02 0.02 0.03 0.02 0.03 0.01 0.01 0.01 0.02 0.02
H,O 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00

Total 99:60 95.45 99.77 98.73 99.63 99.16 101.07 101.01 101.77 99.51

The number of sixfold coordinated M,; +M, + M, cations per formula unit
ranges from 4.779 to 4.926, suggesting that the assumption of a ferrous-ferric
ratio of unit value may be too low. The proportions of (Al +Fe?*) to (Mg + Fe?+)
approach %/, as in the ideal sodic amphibole structural formula, which to some
extent provides support for the assumption of equal quantities of ferrous and
ferric iron ; however, the sum of octahedrally coordinated aluminum plus ferric
iron always exceeds two (values average 2.251) whereas the amount of Mg + Fe2+
is invariably less than three (values average 2.622). Compositions in terms of a
conventional sodic amphibole quadrilateral are presented in Fig. 7a, and based
on total iron-aluminum-magnesium proportions in Fig. 7b. Both diagrams
attempt to show the cation occupancy of the M, +M, +M; structural sites.
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Fig. 7. Compositional range of glaucophanic amphiboles from eclogitic rocks of the Gruppo di
Voltri. The classification scheme adopted is slightly modified after Mivasmro (1957). Squares
designate sodie amphiboles from eclogites which do not contain Ca amphiboles, open and filled
circles indicate the presence of actinolitic and barroisitic amphiboles, respectively (divided cirele
symbolizes the occurrence of both). In both diagrams, only octabedrally coordinated aluminum
has been considered. In (a), half of the iron is regarded as ferric, whereas in (b), no assumption

regarding the oxidation state of the Na amphibole has been made.
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All analyzed Na amphiboles are aluminous crossites and iron-rich glauco-
phanes in terms of their chemistry according to Fig. 7a. Assuming the general
validity of the assumption regarding oxidation state, the compositional data
cluster about the approximate pseudobinary value of GlgRieb,,. As evident
from Table 3 and Fig. 7a, there seems to be no obvious correlation between the
Fe?+/(Mg + Fe?*t+) and/or Fedt/(AlV! +Fedt) ratios of the sodic amphiboles and
their calcium contents or their occurrence in rocks either devoid of calcic amphi-
boles or, on the contrary, associated with either a barroisitic or an actinolitic
phase. There is a faint indication that where the sodic amphiboles are associated
with actinolites, they tend to be slightly enriched in Gl, but the small number
of analyses precludes a more definitive statement.

If we retain the assumption regarding the ferrous-ferric ratios of the sodic
amphiboles for the purpose of calculating tetrahedral and octahedral cation
proportions, but plot the analyzed AIY!+ Feygiar + Mg ratios as in Fig. 7b, the
phases appear to be iron-rich glaucophanes bordering on ferroglaucophane in
chemistry; the aluminum contents plotted include only six-fold coordinated
cations, a correction having been made for tetrahedral Al which averages 0.138
atoms per formula unit. According to Fig. 7b, the proportions of ferrous iron
to some extent outweigh the ferric, and the analyses cluster around the ternary
composition of GlgFe-Gly,Rieb,,. As with Fig. 7a, however, there seems to be
no clear relationship between amphibole Fe-Al-Mg ratio and either Ca content
or occurrence, although a weak grouping suggests that the most aluminous
glaucophanes are those which are associated with actinolitic amphibole.

Calcic amphiboles

Analytical data for 21 calcic amphiboles are presented in Table 4. Of these,
eleven are classified as Al-bearing actinolites (two of which, EE-63 and EE-63’,
are replicate analyses performed on grains from different portions of the same
probe mount), and the others are barroisites and blue-green hornblendes inter-
mediate in composition between barroisite and actinolite. In the table, the alu-
minous actinolites are designated act, barroisites and intermediate hornblendes
hb, the former having crystallized in stage E, the latter more or less confined
to stage D. It should be noted that two rocks, EE-37 and EE-93, classified as
greenschists by CORTESOGNO et al. (in press, Table 9) contain calcic amphiboles
which, on electron microprobe analysis, appear to represent intermediate actin-
olite-barroisite solid solutions. Any classification scheme of this sort will possess
a degree of arbitrariness, and what is important is the fact that the calcic am-
phibole continuously changes composition passing from stage D to E, as will be
shown below.

In general, chromium oxide contents of the clinoamphiboles are quite low,
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Table 4. Electron microprobe analyses of calcic amphiboles from eclogitic rocks, Gruppo di Voltri,
Ligurian Alps :

Sample number

Oxide EE-12 EE-17 EE-24 EE-27 EE-28 EE.28 EE.31 EE-33 TE-37 EE-43 EE:59
hb act hb hb act hb hb act hb act hb

Si0, 47.20 53.42 50.86 44.85 53.59 40.94 44.72 52.86 45.74 54.73 42.63
AlLO, 8.54 3.71 6.71 8.27 2.67 11.46 10.62 3.40 7.32 3.63 12.46
TiO, 0.11 0.09 0.22 0.25 0.03 0.24 0.25 0.06 0.14 0.08 0.21
FeO 12.99 6.79 17.93 10.67 11.84 14.93 19.79 12.64 19.71 11.62 23.12
Cr, Oy 0.03 0.08 0.48 0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.00
MgO 12.31 17.38 14.22 10.15 14.84 11.02 7.80 13.98 7.40 15.36 5.48
MnO 0.25 0.24 0.23 0.22 0.14 0.25 0.14 0.22 0.39 0.05 0.16
CaO 11.20 12.37 10.73 10.14 10.42 11.03 8.73 10.37 7.64 8.68 7.48
Na,O 2.23 1.30 2.54 3.37 1.49 3.35 3.75 1.11, 3.38 3.62 4.79
K,0 0.35 0.06 0.14 0.18 0.05 0.23 0.27 0.07 0.22 0.06 0.35
H,0 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00

Total 97.21 97.43 98.79 97.37 97.06 95.47 98.07 96.71 93.94 99.84 98.69

Sample number
EE-63 EE-63 EE-63 EE-72 EE-73 EE-74 EE-77 EE-85 EE-90 EE-93

Oxide act act hb hb act act act act act hb
rim

Si10, 54.80 55.03 46.14 40.29 52.95 57.92 55.92 55.63 53.79 50.12

Al O 2.45 2.19 10.91 13.02 4.75 2.83 3.03 3.29 5.37 6.09

T1O2 0.02 0.00 0.25 0.51 0.06 0.06 0.24 0.05 0.08 0.15

FeO 12.08 11.70 17.54 24.28 9.34 4.00 11.97 10.71 10.46 17.76
Cr; 04 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.00 (.00 0.01
MgO 14.96 15.46 8.52 5.00 16.66 21.52 15.59 16.12 16.17 11.74
MnO 0.05 0.04 0.07 0.24 0.22 0.09 0.07 0.03 0.19 0.34

CaO 9.47 9.74 8.08 8.10 9.85 12.11 9.42 9.57 10.31 9.05
Na,O 2.18 1.85 4.01 4.55 2.28 0.79 2.12 2.15 1.85 1.80
K,0 0.07 0.04 0.29 0.66 0.13 0.04 0.02 0.02 0.11 0.23
H,O 2.00 2.00 2.00 2.00- 2.00 2.00 2.00 2.00 2.00 2.00

Total 98.07 98.06 97.81 98.65 98.24 101.37 100.38 99.58 100.32 99.30

except for sample EE-24 which contains 0.48 weight percent Cr,O;. MnO ranges
between 0.04 and 0.39 weight percent, with actinolites and hornblendes aver-
aging 0.12 and 0.23, respectively. Weight percent averages for other minor
elements are: for TiO,, actinolite = 0.09, hornblende = 0.23; and for K,O,
actinolite = 0.06, hornblende = 0.29. The other six major elements, for which
analyses were obtained in this study, namely Si, Al, Fe, Mg, Ca and Na, show
important variations, as discussed below. As mentioned previously, all iron was
treated as ferrous for simplicity.

Ignoring the small amounts of potassium located in the twelvefold coordi-
dinated structural site, and the minor iron + manganese + magnesium situated
in the eightfold coordinated M, sites (an excess of octahedrally coordinated
atoms occurs in 17 of the 21 samples, and in these 17 averages 0.125 atoms per
formula unit over the ideal value of 5.0), the Na and Ca occupants of M,+ A
are shown in Fig. 8. It is clear that the precurser barroisitic amphiboles and
blue-green hornblendes contain appreciably more sodium but similar amounts
of calcium compared to the later actinolitic amphiboles. This penomenon is also
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Fig. 8. Proportions of sodium and caleium atoms per formula unit in 21 caleic amphiboles fromn
the Voltri eclogitic rocks. Open squares designate barroisitic amphiboles and blue-green horn-
blendes, filled circles denote aluminous actinolites, Ca and Na proportions for pairs of analyzed
barroisite - actinolite are also illustrated, with arrows pointing to the later phases. The inset
shows possible Ca -+ Na variations in A + M, structural site oceupancy, the compositional range
of analyzed caleic clinoamphiboles from the Gruppo di Voltri (stippled), and some Mg -+ Al end
members, including the hypothetical MgAl equivalent of arfvedsonite (filled triangles}.

reflected in the data for pairs of analyses from samples E15-28 and EE-63, each
of which contain both early barroisite and late prasinitic amphibole. All 21
clinoamphiboles are subcalcic, containing between 1.245 and 1.906 calcium
atoms and averaging 1.535 per formula unit. They may therefore be considered
as complex Tr-Gl-Parg solid solutions. The small inset in Fig. 8 is schematic, but
more complete, and illustrates the classical Ca and Na substitutions of amphi-
boles, as well as some Mg + Al end member compositions in terms of the chosen
coordinates.

Figure 9 attemps to show the proportions of aluminum, magnesium and total
iron residing in the M, + M, + M, structural sites, as a function of the number
of Si atoms per formula unit. A reciprocal relationship would be obtained for
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Fig. 9. Variations in magnesium, total iron and octahedrally coordinated aluminum as a function

of the number of SilV atoms per formula unit for calcic amphiboles from the Voltri Massif. For

Mg and AlVI, squares symbolize barroisitic compositions, circles indicate actinolites. The lines

connecting all analytical data for a specific element in (a) have no particular significance except

to guide the eye in discerning the overall chemical trends. Compositions for two analyzed bar-
roisite + actinolite pairs are shown in (b), with arrows pointing to the later phases.

the depicted atomic proportions as a function of tetrahedrally coordinated alu-
minum. Note that, whereas the analyzed barroisites and blue-green hornblendes
of intermediate composition range in Si contents from 6.354 to 7.427, the actin-
olites are more markedly grouped with respect to this parameter, and range
only from 7.584 to 7.889 Si per formula unit. As previously mentioned, and as
can be seen from Fig. 9a, the sum of octahedrally coordinated cations closely
approaches the ideal value,”but in general is slightly greater than 5.0. If some
of the iron were recast as ferric, the amount of tetrahedrally coordinated alu-'
minum would increase at the expense of AIV! reflecting a diminution in the
metal/oxygen ratio, and the cation excess of M, + M, + M; would be correspond-
ingly reduced. The Fe/Mg ratios of the clinoamphiboles is chiefly a function of
host rock chemistry, and to a lesser extent, physical conditions of metamor-
phism ; a faint tendency towards more magnesian compositions can be discerned
among the more actinolitic members of the series (CORTESOGNO et al., in press,
showed that, in general, the prasinites have lower bulk Fe/Mg ratios than the
amphibolites). The amount of AIVI also is slightly less in the more greenschistic
amphiboles. In spite of rather diverse compositions of the earlier barroisites in
samples EE-28 and EE-63, the late actinolite seems to be rather similar in both
cages with regard to Si'V, AI'V, AIV!, total Fe and Mg contents.
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Epidote group minerals .

The compositions of 16 epidotes and epidote-clinozoisite solid solutions are
presented in Table 5. Because the onset of epidote crystallization marked the
wholesale destruction of garnet —both rims as well as cores — epidote group
minerals crystallized only towards the end of the glaucophanitic stage and prin-
cipally during the formation of barroisitic amphibolites and the later green-
schists (stages D and E, respectively). Where hornblende is well preserved in
the rock, analyses of epidote group minerals probably reflect the compositional
range of this phase during stage D growth; in contrast, in rock samples con-
taining aluminous actinolite as the major or sole amphibole, the chemical data
for epidote group minerals probably represent the composition of the stable
phase during the stage E production of greenschists. Of course, this is simply a
plausibility argument which need not be correct in detail due to the preserva-
tion of metastable relics of amphibole or epidote. Nevertheless the occurrence

Table 5. Hlectron microprobe analyses of epidote group minerals from eclogitic rocks, Gruppo
di Voltri, Ligurian Alps

Sample number
Oxide EE-12 EE-17 EE-24 EE-27 EE-28 EE-31 EE-33 EE-37

hb act hb hb hb+act hb act hb
8i0, 38.40 39.03 38.02 37.65 37.50 37.81 39.99 37.70
Al 04 26.90 32.71 26.21 23.49 23.01 24.22 28.17 24.21
TiO, 0.08 0.02 0.16 0.05 0.08 0.08 0.18 0.04
Fe,0, 7.83 0.71 8.85 12.54 13.21 12.04 6.81 11.88
Cry,0, 0.02 0.00 0.16 0.01 0.00 0.00 0.00 0.00
MgO 6.19 0.00 0.04 0.02 0.02 0.10 0.03 0.04
MnO 0.09 0.05 0.19 0.i6 0.17 0.11 0.11 0.07
CaO 22.45 25.63 24.71 22.26 22.25 22.49 22.85 22.23
Na,O 0.04 0.01 0.01 0.00 0.0} 0.00 0.00 0.00
K,O 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00
H,0 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00
Total 97.99 100.16 100.35 98.18 98.25 98.85 98.12 98.17

Sample number
Oxide EE-41 EE-59 EE-72 EE-73 EE-74 EX-90 EE-93 EE-95

hb hb act act act hb
8i0, 37.58 37.91 37.01 38.23 38.31 38.19 38.60 37.97
Al O, 23.63 24.70 " 24.33 28.39 30.81 28.86 26.14 26.29
TiO, 0.09 0.07 0.15 0.256 0.08 0.12 0.05 0.10
Fe, 0, 12.38 13.10 13.39 8.35 5.29 8.65 12,11 11.49
Cr,Og4 0.02 0.00 0.00 0.06 0.03 0.00 0.04 0.05
MgO 0.01 0.03 0.02 0.04 0.06 0.07 0.02 0.04
MnO 0.22 0.18 0.21 0.21 0.04 0.21 0.20 0.19
CaO 22.60 22.40 22.60 23.02 23.53 23.35 22.74 22.90
Na,O 0.00 0.00 0.00 0.00 0.00 0.01 0.02 0.00
K,O 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
H,0 2.00 2.00 2.00 2.00 2.00 2.00 2,00 2.00

Total 98.53 100.39 99.71 100.55 100.15 101.46 101.92 101.03



314 W. G. Ernst

and nature of associated amphiboles (v reflecting the stage of epidote for-
mation ?) is indicated in Table 5.

Examination of the analytical data shows that potassium is not present in
the epidotes, and sodium is either absent or present as a minor element (Na,O
averages just 0.02 weight percent in the six samples in which it was detected).
Other analyzed minor oxides all show low but relatively constant values in all
16 samples. Weight percent averages for TiO,, Cr,0,, MgO and MnO are 0.10,
0.03, 0.05 and 0.15, respectively. Of the remaining oxides, silica and lime exhibit
reasonably small variations: the former ranges between 37.01 and 39.03 weight
percent, and the latter between 22.23 and 25.63 weight percent.

The aluminum is essentially all 6-fold coordinated in the analyzed epidote
group minerals: of 10 specimens containing Al'V in the 3 tetrahedral sites, the
maximum amount calculated per formula unit is only 0.065, and the average
is of course much less. Ferric iron and aluminum exhibit a reciprocal concen-
tration relationship as shown in Fig. 10. The closeness with which the analytical
data conform to the line ) (Al+ Fe®t)V1 = 3.0 indicates, as does Table 5, that
these minerals are essentially binary Pist-Zo solid solutions (where Pist =
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Fig. 10. Proportions of octahedrally coordinated aluminum and ferrie iron in epidote group min-

erals from the Voltri eclogitic rocks in the system Pist (Fe3t = 1.0, Al = 2.0)-Zo (Fe®** = 0.0,

Al = 3.0). Symbols for epidote host rocks are as follows: filled circles == actinolitic greenschists;

crosses = greenschists devoid of caleie amphiboles; open squares = barroisitic amphibolites;

half-filled square = prasinitized amphibolite characterized by the occurrence of both barroisite
and actinolite.
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1.0 Fe?+, 2.0 Al). As seen from the figure, epidote group minerals associated
with actinolite (stage K) tend to be enriched in Al relative to Fe3*, hence are
clinozoisitic, whereas in the barrositic amphibolite stage (D), more pistacitic
compositions of epidote were produced. The latter average approximately
Pistg;Z0g5 , whereas the former roughly average PistgoZo,,. This mineralogic con-
trast may in part reflect the more magnesian nature of the prasinites, as docu-
mented by CorTESOGNO et al. (in press). Samples EE-41 and EE-91 are pra-
sinites lacking caleic amphibole, so the compositions of these epidotes are not
constrained to be similar to those occurring in actinolitic greenschists. Where
faint compositional zoning has been detected in some epidote grains, the core
is invariably richer in iron than the rim; thus within a single specimen, as well
as from comparison of different metamorphic phase assemblages, it is clear that
epidote became progressively more aluminous while growth took place during
the transition of physical conditions from stage D to E. Thus the difference in
composition of epidotes from amphibolites and greenschists must in part reflect
disparate physical conditions.

Chlorite

Analyses of 13 chlorites, roughly half of which occur in barroisitic amphib-
olites and the other half in greenschists, are presented in Table 6. Chlorite evi-
dently crystallized during both stage D and stage IE. Most of the oxide totals
are substantially less than 100 percent, casting suspicion on the quality of the
data. Nevertheless, based on one formula unit, chlorite cation sums range be-
tween 9.949 and 9.991, averaging 9.969, in astonishingly good agreement with
the ideal value of 10.0. Possibly the assumed H,0O content of 12.0 weight per-
cent is insufficient, which would help to account for the low oxide totals listed.

Table 6. Hlectron microprobe analyses of chlorites from eclogitic rocks, Gruppo di Volire,
Ligurian Alps

Sample number

Oxide EE-12 EE-17 EE-24 EE-28 EE-33 EE-37 EE-41 EE-59 EE-63 EE-74 EE-90 EE-93 EH-95
hb act hb  act/hb act hb hb  act/hb act act hb

Si0, 27.27 28.40 27.32 27.47 25.53 25.42 24.38 24.44 2498 28.09 27.56 2553 26.05
AlL,O, 20.18 19.15 20.35 18.82 19.46 20.14 19.74 21.38 21.56 22.43 20.62 2244 21.95
TiO, 0.00 0.00 0.00 000 000 0.13 011 005 002 000 002 0.12 0.10
FeO 1624 10.13 15.15 13.57 23.36 22.19 25.52 27.73 25.38 6.256 18.32 20.92 22.05
Cr,0, 0.01 0.40 0.00 0.00 000 000 0.00 000 000 004 000 0.02 0.03
MgO 21.51 25.33 21.69 22,76 15.77 16.09 13.11 12.52 13.99 28.94 21.12 17.30 17.64
MnO 625 017 022 023 021 035 0.5 042 009 0408 016 0.68 0.38
CaO 005 0.40 0.05 0.03 003 003 003 003 003 0.02 0.03 0.02 0.03
Na,0 0.00 0.01 0.00 0.00 000 001 0.01 002 000 000 000 001 0.00
K,0 000 0.01 000 0600 000 000 000 000 0.00 000 0.00 0.15 0.02
H,0 12,00 12.00 12.00 12.00 12.00 12.00 12.00 12.00 12.00 12.00 12.00 12.00 12.00

Total 97.561 96.02 96.79 94.88 06.35 96.35 95.06 98.564 98.06 97.85 99.84 99.19 100.25
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As evident from Table 6, the weight percents of minor oxides show small
and reasonably constant average values as follows: TiO, = 0.04; Cr,0, and
CaO = 0.01 and 0.03, respectively (except for one sample which contains 0.40
weight percent of each constituent); and MnO = 0.26. Alkali contents are
negligible.

The major oxides Si0, and Al,0, display relatively uniform values in the
chlorites, the former ranging from 24.38 to 28.40 weight percent and the latter
from 18.82 to 22.44. However, Si and Al must bear an inverse concentration
relationship to one another judging from Fig. 11a. Here it is shown that the
tetrahedrally and octahedrally coordinated aluminum are virtually equal in
proportion — hence the total Al increases at twice the rate of Si decrease and
vice versa. In Fig. 11a it appears that the amount of 6-fold coordinated alu-
minum actually exceeds that of AI'V, but the absolute difference is small (aver-
aging 0.053 atoms per formula unit), and seems to be unrelated to the inferred
stages of crystallization of the chlorite.

The variation of iron/magnesium ratio, as a function of silicon content per
formula wunit, and the nomenclatural scheme for chlorites are illustrated in
Fig. 11b. Clearly a wide range of Fe-Mg(-AlV!) proportions is represented in the
chlorites, but apparently the phase chemistry was controlled chiefly by parental
rock bulk composition, with no discernible influence exerted by the disparate
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Fig. 11. Compositional range of chlorites from the Voltri eclogitic rocks; numbers of atoms are
based on one formula unit (10 metal atoms exclusive of hydrogen). Symbols designate the host
schists: filled circles = actinolitic greenschists; crosses = greenschists devoid of calcic amphi-
boles; open squares = barroisitic amphibolites; half-filled squares = prasinitized amphibolites
containing both barroisitic and actinolitic amphibole. {a) IHlustrates proportions of four- and six-
fold coordinated aluminum; the dashed line indicates equal amounts of aluminum in both types
of structural site, and represents serpentine-clinochlore-corundophylite type substitution. (b)
Classification of chlorites after Huy (1954), with the proviso that all iron present is divalent.
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physical conditions which presumably characterized stages D and E. The Voltri
chlorites in general are intermediate members of the clinochlore-daphnite solid
solution series and are most appropriately termed ripidolites.

Sodic plagioclases

Analyses of 13 Na plagioclases are listed in Table 7; roughly half are asso-
ciated with barroisitic hornblendes, whereas the remainder occur in prasinites.
Except for sample EE-74, a greenschist, the premetamorphic lithology of which
was rodingitic judging from the bulk chemical analyses (CorTESOGNO et al., in
press), all the samples are nearly pure albite. The contents of TiO,, Cr,05, MgO
and MnO are negligible, and in aggregate only average 0.01 total weight per-
cent. Potash contents are rather constant, range from 0.02 to 0.09 and average
a little more than 0.03 weight percent. Ferric iron seems to be slightly more
abundant in stage D (?) plagioclase associated with hornblende (average of
seven = 0.20 weight percent Fe,0,) compared to greenschistic plagioclase (aver-
age of six = 0.10 weight percent Fe,0;), but the ranges overlap considerably
and the differences may not be significant. Based on one formula unit, plagio-
clage cation sums range from 4.988 to 5.012 and average 4.995, in excellent
agreement with the ideal value of 5.0.

The An content of the plagioclase may be calculated in a variety of ways,
one of which is shown graphically in Fig. 12a; here the cation proportions in
the large structural site are shown. Employing sodium-calcium-potassium pro-
portions, eleven of the analyzed plagioclases display a remarkably restricted
compositional range, Abg;g oo6ANgs 210%01_gs. Whereas a twelfth, sample
EE-12, is closely similar as AbggAn,,0r; ;. In terms of alkalis and calcium
proportions, the plagioclase from metarodingitic greenschist EE-74 has the

Table 7. Hlectron microprobe analyses of sodic plagioclases from eclogitic rocks, Gruppo di
Voltre, Ligurian Alps

Sample number

Oxide EE-12 EE-17 EE-24 EE-27 EE-31 EE-33 EE-37 EE-41 EE-39 EE-72 EE-73 EE-74 EE-90
hb act hb hb hb act hb hb hb act act aet

8i0, 68.67 67.55 68.87 68.63 69.08 68.30 68.93 68.62 68.32 69.56 69.89 66.15 70.66
AlL,O, 19.27 18.556 19.43 19.19 18.87 18.98 18.74 18.52 20.60 19.87 20.03 24.02 20.26
TiO, 000 000 000 000 000 000 000 000 000 000 000 002 0.02
Fe,0, 0.19 0.04 005 008 029 011 023 007 031 023 0.08 0.09 0.20
Cr,0;, 0.00 0.00 002 0.01 000 000 000 000 002 000 0.00 0.00 0.00
MgO 002 0.0¢ 000 000 001 000 000 000 0.00 000 00} 0.00 0.00
MnO 0.00 0.01 000 000 0.00 000 0.00 000 0.00 0.00 0.0 0.00 0.00
CaO 0.52 0.29 044 045 024 037 016 010 0.56 019 025 454 0.21
Na,0 11.77 11.45 11.62 11.81 11.96 11.69 11.94 11.74 11.57 11.63 11.32 9.04 11.62
K,0 0.03 0.02 0.02 002 002 004 003 002 0.03 004 0.04 0.09 005

Total 100.46 97.95 100.45 100.20 100.46 99.48 100.02 99.05 101.41 101.52 101.62 103.95 103.02
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Fig. 12. Proportions of (a) Na-Ca-K and of (b) Si-(Al+4 Fe?+) for plagioclases from the Gruppo di

Voltri, Symbols designate the host rocks as follows: filled circles = actinolitic greenschists; cross

== prasinite lacking amphibole; open squares = barroisitic amphibolites. Note that only the Ah

apex of the ternary feldspar diagram is shown in (a). The dashed line in (b) indicates the ideal

feldspar tetrahedral site occupancy assuming that silicon, aluminum and ferrie iron are the only
four-fold coordinated atoms.

strongly contrasting composition Ab,; 4An,, 4Or, 5. The chemical data are shown
on a plot of the number of tetrahedrally coordinated Si versus Al+4 Fe3f in
Fig. 12b; the closeness with which the analyses coincide with the line defined
by the relationship > Si+ Al+Fe*+ = 4 is a measure of the approach of the
tetrahedral site population to the ideal feldspar formula. Some of the more
siliceous samples display a very slight deficiency of Na + Ca + K, compatible
with charge balance requirements, but whether this effect is real or merely re-
flects imprecision in the analyses is not known. In any case, the apparent Si
excess is quite small, being 0.023 atoms or less per formula unit. No systematic
trend of plagioclase compositions as a function of mineral assemblage — and
P-T conditions - is discernible in ¥ig. 12. On the confrary, plagioclase compo-
sition tends to reflect the bulk rock chemistry: for instance, oligoclase occurs
in the highly calcic sample EE-74, whereas EE-41 (a quartz keratophyric whole
rock composition and the only felsic rock of the 83 analyzed by CorrEsocNo
et al., in press) lacks Ca amphibole entirely and carries virtually pure albite.
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Micas

Analytical data for two paragonites, two phengites and three biotites are
listed in Table 8 (and abbreviated pa, ms and bi, respectively). Because of the
limited number of analyses, it would be inappropriate to discuss the analyses
in detail, but several tentative generalizations can be made regarding phase
chemistry. The biotites contain appreciable amounts of TiO, and MnO, aver-
aging 1.55 and 0.20 weight percents, respectively, whereas these oxides occur
in negligible concentrations in the white micas. Paragonites carry much less
MgO + FeO (average = 0.21 + 0.81 weight percents, respectively) than do the
phengites (average = 5.10+2.79 weight percents, respectively). Both parago-
nite and biotite contain small amounts of calcium (CaO averages 0.09 weight
percent) whereas the two analyzed phengites contain none. The dioctahedral
nature of the four white micas is reflected in totals for sixfold coordinated cat-
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Fig. 13. Variations in octahedrally coordinated aluminum (open ecircles), and in the interlayer

species potassium (Xs) and sodium (open triangles) as a function of the number of SilV atoms per

formula unit, for micas from the Voltri Massif. The vertical dashed lines separating biotites,

paragonites and phengites are meant to lead the eys to the chemical contrasts among the phases,
not to represent compositional limits of these minerals.
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Table 8. Electron microprobe analyses of micas from eclogitic rocks, Gruppo di Voliri, Ligurian
Alps

Sample number
Oxide EE-41 EE-72 EE.73 EE-74 EE-93 EE-95 EE-95

pa bi pa ms bi bi ms
Si0, 46.18 35.05 46.56 53.24 36.85 36.70 56.76
Al,O, 37.73 16.41 39.75 28.49 16.77 16.67 19.49
TiO, 0.03 0.59 0.00 0.20 2.19 1.87 0.10
FeO 0.94 18.31 0.69 1.45 17.34 17.84 4.13
Cry,04 0.00 0.00 0.00 0.12 0.01 0.05 0.02
MgO 0.16 13.02 0.47 4.19 11.99 11.78 6.02
MnO 0.00 0.13 0.00 0.00 0.27 0.18 0.00
CaO 0.16 0.05 0.08 0.00 0.07 0.11 0.00
Na,O 6.71 0.63 7.00 0.31 0.10 0.08 0.01
K,0 0.41 8.47 0.56 10.36 8.94 7.92 10.66
H,0 4.00 4.00 4.00 4.00 4.00 4.00 4.00
Total 96.32 96.65 99.12 102.36 98.52 97.19 101.18

ions which, based on one formula unit, range between 2.038 and 2.063, averag-
ing 2.054; for the trioctahedral biotites, the comparable sums range from 2.888
to 3.001 and average 2.939 - again showing a close approach to the ideal
formula.

Variations of AlV! and alkalis as a function of the number of tetrahedrally
coordinated silicon atoms are presented in Fig. 13, which also illustrates the
contrasts in Si (and Al'V) atoms per formula unit for the three different types
of mica. There are of course insufficient data for each mineral species to quan-
titatively relate its chemistry to the phase assemblage and stage of formation.

Sphenes

For completeness, analyses of three sphenes performed during this study are
presented in Table 9. Two are associated with barroisitic hornblendes (stage D),
whereas the third occurs in a greenschist which lacks amphibole (stage E). The
data exhibit relatively constant proportions of the major oxides Si0,, TiO, and
Ca0, as well as modest quantities of alumina and ferrous oxide. Weight percent
ranges are as follows: Si0,, 30.77-31.34; Ti0O,, 36.36-40.95; Ca0, 27.21-27.77;
ALO,, 0.84-2.47, and FeO, 0.34-0.42. All other analyzed elements occur in in-
significant amounts. In spite of departures of the oxide sums from 100 percent,
the cation proportions of sphene based on one formula unit total between 2.996
and 3.010 (the average of the three is 3.004), in good agreement with the ideal
value of 3.0 — hence the analyses are regarded as reliable in terms of oxide pro-
portions. Compositional differences between the sphenes occurring in barroisitic
amphibolites versus the analyzed sphene from a prasinite are not apparent
from the data of Table 9.
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Table 9. Eleciron microprobe analyses of sphenes from eclogitic rocks, Gruppo di Voltri,
Ligurian Alps

Sample number
Oxide EE-12 EE-72 EE-95

hb hb
Si0, 30.81 3077 31.34
ALO, 0.84 1.52 2.47
TiO, 36.36  40.95  39.22
FeO 0.36 0.42 0.34
Cr,0, 0.02 0.00 0.02
MgO 0.01 0.00 0.00
MnO 0.02 0.00 0.01
Ca0 27.21  27.60  27.77
Na,0 0.02 0.04 0.03
K,O 0.00 000 0.01
Total 95.65 101.30  101.21

GRAPHIC ANALYSIS

Chemographic treatment of the eclogitic paragenesis developed in metagab-
broic rocks of the Beigua serpentinite is difficult owing to a minimal humber of
chemical constraints in this system. As evident from the last two sections,
approximately 10-13 components are required to characterize the composi-
tional variations of the minerals, but individual stable assemblages consist of
many fewer phases — on the order of three to six. For this reason, simplifying
assumptions must be made which severely limit the utility of any graphical
analysis. Nevertheless, as an aid in elucidating the overall reactions relating the
several assemblages, a chemographic analysis similar to that previously pre-
sented for low-grade metabasaltic rocks will be employed (ErxsT, 1963).

We recognize the importance of the following components: SiO,; AlO,;
TiO,; Fe,04; FeO; MnO; MgO; CaO; Na,O, K,0, P,0,, S and H,0. Some of
these constituents are of consequence in only a few of the specimens and, where
present, merely result in the appearance of an additional, indifferent phase; for
instance, phosphorus, potassium and sulfur stabilize the accessories apatite,
phengite and pyrite, respectively. More important is titanium, which invariably
occurs in amounts exceeding that required for the Ti-saturation of the major
rock-forming minerals; hence rutile appears in stages A and B and part of
stage C, sphene becomes stable in stages C-E. Strictly speaking, these are not
indifferent phases inasmuch as one or more of the major silicates must be in-
volved in the conversion of rutile to sphene ; however, the paragenesis is obscure
and will not be treated here. Although quartz is never abundant in these meta-
basaltic rocks, it does occur sporadically in assemblages of all five stages, hence
Si0, may be conveniently regarded as an excess component. In the eclogitic
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rocks, the chemical potential of HyO could have been low, whereas in the amphi-
bole- and chlorite-bearing later stages C-E, ug,0 probably approached a value
appropriate to this constituent in an aqueous fluid phase — as has been inferred
for similar eclogite — amphibolite parageneses in other parts of the Alps (Fry
and FYFE, 1971); here we provisionally assume H,0-deficient conditions in the
eclogitic stages, H,0-excess conditions in the later stages. For the range of
phase compositions analyzed in this investigation, Fe*t + Mg ( 4+ Mn) seem to be
mutually exchangeable, so for graphic treatment of the phase assemblages we
are justified in combining them as R*+0; likewise, Al and Fe3* are more or less
interchangeable, hence may be lumped as R310,.

We are thus left with four determining constituents, Ca, Na, R** and R3+
(or their oxide equivalents). The chemical variables combined as R?*t and as
R3+ will be distinguished and treated in the next section, which deals with ele-
ment fractionation between coexisting phases. Equilibrium assemblages to be
studied graphically therefore consist of up to four critical minerals plus a Ti-
bearing phase, and perhaps accompanied by one or more accessories such as
quartz, phengite, apatite, pyrite and aqueous fluid. To the extent that the
assumptions are invalid, additional stable phases could be present, but in gen-
eral the petrographic relationships do not suggest that this is so.

Figure 14 presents the simplified chemographic analysis of eclogitic para-
geneses in the Gruppo di Voltri in terms of Ca, Na, R?* and R3*, Only minerals
observed and chemically analyzed in the present electron microprobe study are
shown, hence the diagrams are incomplete; if valid, they apply strictly only to
iron-rich basaltic bulk compositions such as those which characterize the meta-
gabbroic rocks of the Beigua serpentinite (MorTaxa and BoccHio, 1975; Cor-
TESOGNO et al., in press).

Clearly the eclogitic assemblages of stages A and B are situated within a high
variancy phase field, with late garnet and Na-clinopyroxene systematically en-
riched in R?*+ and in NaR3*, respectively, compared to the premylonitic growth
phases. Conversion to glaucophanic “‘eclogites” of stage C involved first, the
stabilization of sodic amphibole relative to Na-clinopyroxene for these iron-rich
bulk compositions, then the replacement of the garnet-omphacite tie line by the
three-phase triangle glaucophane-epidote-barroisitic hornblende. Obviously
H,0 was consumed during both of these reactions. The typical metabasaltic
product assemblage tetrahedron is shown in Fig. 14, namely glaucophane + epi-
dote + barroisitic hornblende + garnet rim. At some point within stage C, om-
phacite itself must have reacted with aqueous fluid to produce chiefly sodic
amphibole, epidote and albite, but this has been omitted for simplicity. Next,
but likewise not illustrated, the remaining garnet was replaced principally by
the more hydrous compatibility chlorite + minor epidote. Stage C terminated
through the replacement of the tie line linking Na-clinoamphibole with epidote
by the three-phase triangle albite-hornblende-chlorite. Accordingly, stage D
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Fig. 14. Assemblage tetrahedra for eclogitic parageneses developed in iron-rich mafie rocks of the
Beigua serpentinite, Gruppo di Voliri. Three apexes of the tetrahedron lie in the plane of the
paper: Ca— 0.5 NaR3+ — R+ (R3*+ = Al+ Fed*; R2t = Mg+ Mn+ Fe?2t). The fourth apex, R3+, is
shown directed oliquely towards the reader. Garnet lies on the front face Ca—R3+ —R?%*+, ompha-
cite lies on the lower face Ca—0.5NaR* —R2*, and the clinoamphiboles lie close to the same
basal face. Rutile is characteristic of stages A and BH-C, sphene of stages C-E; The presence of
an aqueous fluid is postulated in the later metamorphic stages but not in the eclogitic stages.
Additional aceessory phases such as quartz, phengite, apatite or pyrite may be present in specific
assemblages, depending on the parental rock bulk composition.

Ge acﬁnolite/

assemblages consist of barroisitic amphibole, epidote, chlorite and albite. Small
amounts of H,0O were consumed during this transformation too. The conversion
of albite amphibolites to the typical prasinitic assemblage of stage E reflects
the gradual recrystallization of the Na + Al-rich calcic amphibole to a more
actinolitic composition as it diminished in amount, and by a comensurate in-
crement in the proportions of albite, epidote and chlorite. In both stages D and
E, the occurrence of more aluminous bulk compositions would have favored the
assemblage paragonite + albite + chlorite + epidote — evidently the case in
several of the investigated schists.

Although the compositions of the participating minerals have been elucidated
in this study, univariant, stoichiometrically balanced reactions have not been
attempted because the equilibria are certainly multivariant. Therefore, these
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transformations must take place over broad zones in P-T-x space, with the
compositions and proportions of the reactant and product minerals changing
continuously with physical conditions. Nevertheless, the approximate nature
of the join shifts is adequately illustrated in Fig. 14. It is evident from this figure
that the paragenetic sequence A — E involves a systematic change in the
chemical range of solid solution among clinopyroxenes, Na- and Ca-clinoamphi-
boles and garnets. As will be discussed further on (see Fig. 21), this phenomenon
reflects first an apparent increase in the ratio P/T passing from stage A to B,
then a decline in temperature or an increase in um,0 during the middle stages
of the metamorphism, and towards the end, a marked decrease in total pressure
as well. The progressive change in Fe3+/Al ratio of the epidote group minerals
with grade (which cannot be represented in Fig. 14) also is compatible with an
overall decrease in temperature during the later stages of recrystallization. The
higher degree of hydration of the late assemblages may reflect this inferred
thermal history, or it could be due to the increasing availability of an aqueous
fluid phase during stages C—E, under nearly isothermal conditions.

ELEMENT PARTITIONING

Theory

The phenomenon of element fractionation between coexisting minerals was
systematically treated first by RAMBERG and DEVORE (1951); the subject has
since been investigated in considerable detail by numerous workers (e.g., see
the synthesis and references cited by SAXENa, 1973). In principle, the dispro-
portionation of elements between specific phases is examined as a function of
mineral compositional ranges, it being assumed that all assemblages formed in
equilibrium under a common set of physical conditions. The fundamental re-
lationship for the over-all partitioning is that given by the Van’t Hoff reaction

isotherm,

|y 1
a ,b° ( )
A

AG = 4G° + RTIn~

ay ap
for a heterogeneous equilibrium of the sort aA+bB =1L+mM. Here 4G and
A@G° are the Gibbs free energy change and the standard state Gibbs free energy
change of the reaction; A, B, L, and M represent the individual species involved
in an exchange equilibrium involving two solid solutions; and a, b, 1, and m
are the stoichiometric coefficients of the reaction. A typical partition reaction
involves the exchange of two components between a pair of phases, and may
be indicated more simply as [ Ay+ m By = 1By +m Ay, where A and B refer to
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the discrete chemical species involved, 1 and m indicate the moles of ions being
exchanged, and I and II represent the two coexisting phases. To begin with,
we have ignored the possibility that either or both of the participating phases
contain structurally distinct sites which can accommodate the exchangeable
ions. Dividing by 1, and letting m/l = n, our exchange equilibrium may be writ-
ten as Ar+n By = By +nAyg. This reaction is related to the Gibbs free energy
change by means of the Van’t Hoff reaction isotherm as just presented:

(ap)1(aa)Ty

4G =4G°+RTIn =, 2
(aa)r (am)p 2)

or, on rearranging,
4G =4G°+RTIn(agfaa)i(aa/aB)], (3)

where the activity of A in phase I is designated (aa)r. At equilibrium, the
Gibbs free energy change of the reaction is zero, and expression (3) reduces to

—A4G° =RTIn(ap/aa)1(as/an)i- (4)

Assuming that the activity coefficients are of unit value (i.e., ideal solution be-
havior), we can replace the activities by mole fractions or concentrations of the
ions, X and Xg. The advantage here is that mole fractions and concentrations
are readily measurable properties whereas, for our complex chemical system
(especially clinoamphiboles and clinopyroxenes), the activities are not easily or
unambiguously obtained. The distribution constant, Kp, may be defined in
terms of the standard Gibbs free energy change of the partition reaction (at
the T and P of interest)

e 40RT = Kp = (Xp/Xa)1(Xa/Xa)}- (3)

Where component B approaches infinite dilution, (X )1 ~ (Xa)imr &~ 1.0 and
the above expression reduces to

Kyp = (Xg)/ (X8, (6)

a statement of the Nernst distribution law (this relationship assumes that there
is no coupling between trace and major constituents). The exponent n has unit
value in dilute solutions provided the exchange is ion-for-ion.

Differentiating equation (5) with respect to temperature and pressure yields

(@InKp/T)p = 4H°/RT?, (7)
or, rearranged,
¢ln KD)
— ) =—~AH°R, 8
(e / =

where 4 H° is the enthalpy change of the reaction, and
(¢lmKpfoP)r = —4V°/RT, (9)
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where 4V° is the volume change of the reaction. It is apparent from equations
(7) and (8) that, unless the enthalpy change is strongly dependent on the tem-
perature, variation of the distribution constant with temperature should be less
pronounced at elevated temperatures than at lower temperatures. More im-
portantly, as is seen from equation (5), Kp will more closely approach unit
value at high temperatures unless the absolute change of — 4 G® is proportional
to the increment in temperature. Change in total pressure usually does not
affect Kp as significantly, because volume changes in exchange reactions are
generally small (see equation 9). By rearranging the terms of equation (5) we
obtain the expression

Ko (Xp/Xa)r = (Xn/X4)r. (10)

This equation defines a straight line on a log-log graphical plot of (Xp/X )1 on
the ordinate versus (Xg/X a)mr on the abscissa, provided that the values of Kp
and n are not a function of composition of either phase I or phase II. Where
(Xp/X )11 is unity, the horizontal intercept on the ordinate indicates the numer-
ical value of Kp; the slope of the line gives the value of n (an ion-for-ion type
of exchange would be revealed by a 45° slope).

As first pointed out by MurLLEE (1962), because structurally complex sili-
cates possess a variety of sites which accommodate the exchangeable cations,
values of Kp are a composite function of the sublattice distributions, which in
turn depend on order-disorder relations. This subject has been explored in detail
for relatively ‘“‘simple” minerals such as olivines, orthopyroxenes and binary
feldspars by Marsur and Ban~o (1965), MUELLER (1969), THoMPSON (1969),
and GrROVER and OrviLLE (1969). Unfortunately, the important rock-forming
minerals analyzed from the Gruppo di Voltri eclogitic parageneses include com-
positionally intermediate clinopyroxene, clinoamphibole and garnet solid solu-
tions, all of which are crystallochemically extremely complex. In addition to
this problem, treatment of the element partitioning among these coexisting
phases is hampered by the lack of ferrous-ferric analytical data and hydroxyl
concentrations. For these reasons, insofar as possible, we will make the simplest
assumption by treating the exchange equilibria as ideal, ion-for-ion, and involv-
ing essentially single site minerals. Departure of the measured element frac-
tionations from ideal distribution curves then may be regarded as a measure
of the inapplicability of the assumptions and/or the failure of the phases to
maintain chemical equilibrium with each other during erystallization.

Major element distribution

(See equation 10.) First let us consider the fractionation of ferrous iron and
magnesium between various mafic minerals from the Voltri complex. Remem-
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ber that for garnets, Ca clinoamphiboles and chlorites, all the iron has been
regarded as divalent, whereas for the purpose of calculation, ferrous-ferric ratios
of unit value have been assigned to sodic amphiboles and omphacites. In the
section dealing with mineral compositions it was shown that for the sodic clino-
pyroxenes this assumption appears to be valid, whereas glaucophanes probably
tend to be slightly richer in Fe?t than in Fe?+. Figure 15 illustrates the dis-
proportionation of ferrous iron and magnesium between the coexisting pairs:
(a) garnet + clinopyroxene; b) garnet + sodic amphibole; (¢) calcic amphibole
4+ sodic amphibole; and (d) calcic amphibole + chlorite. In all examples, 45°
partition curves have been visually estimated and added for reference only.

In Fig. 15a, it is apparent that stage A clinopyroxene + garnet cores exhibit
a pronounced Fe?+/Mg partitioning, with a Kp value approaching 30. Under-
standably, the eightfold coordinated structural site of garnet strongly concen-
trates ferrous iron relative to the much smaller sixfold coordinated site of clino-
pyroxene. The marked scatter of iron-magnesium ratios for garnet rims + stage
B omphacites probably is a consequence of the fact that garnets continued
growth after the Na clinopyroxenes began to be replaced by glaucophane (see
Fig. 3); hence in this case we may not be dealing with a stable analyzed assem-
blage, but instead with the persistence of partly replaced relict clinopyroxenes
with early stage C garnets. The association of sodic amphibole with all nine
post-stage A garnet + omphacite pairs shown in Fig. 15a supports this ex-
planation.

A somewhat similar argument may be advanced to account for the garnet
rim + glaucophane ferrous iron-magnesium distribution illustrated in Fig. 15b.
Both Fe?+ and Mg increased during the period of garnet growth and, although
the mole fraction of Alm thereby increased, it did so at a much lesser rate than
the increment in Py — consequently the analyzed ferrous iron-magnesium ratio
of the garnets decreases towards the rim (see also Fig. 4). Inasmuch as the sodic
amphiboles have replaced the earlier omphacites, their Fe2t/Mg ratios could
conceivably simply mirror the compositions of the pre-existing chain silicates.
On the other hand, if the sodic amphibole from sample EE-63 is ignored (it can
be seen from Table 3 that this glaucophane contains a rather high CaO con-
tent, but otherwise appears to be comparable to the other analyzed sodic am-
phiboles), the remaining nine more or less lie along a partition curve possessing
a Kp value of about 28. The concentration of magnesium ions in the small octa-
hedral sites of the Na clinoamphibole relative to the large eightfold structural
site of garnet seems quite reasonable.

The partitioning of Fe?+ and Mg between hornblende or actinolite and sodic
amphibole is shown in Fig. 15¢. It is unclear why ferrous iron should be con-
centrated preferentially in barroisitic hornblende relative to sodic amphibole
(Kp = 3.0) and why the Fe?*+/Mg distribution should be sensibly the same in
actinolite + glaucophane pairs (Kp = 1.0). Judging from the textural relations
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Fig. 15. Ferrous iron-magnesium partitioning between coexisting pairs of mafic silicates from the

Gruppo di Voltri eclogitic lenses. In (a) open squares represent compositions of garnet cores

+ clinopyroxenes of stage A, filled circles garnet rims + stage B clinopyroxenes; pairs of elino-

pyroxene analyses (Table 2) are presented to provide an estimation of the reproducibility of the

data. The Fe?t/Mg ratios of associated garnet rims -+ sodic amphiboles are shown in (b). In (e¢)

and (d), squares indicate the coexistence of barroisitic hornblende with sodic amphibole and
chlorite, respectively; filled circles refer to more actinolitic calcic amphiboles.

described in the section dealing with mineral paragenesis (see also Fig. 3), actin-
olite + glaucophane does not represent an equilibrium association in the Voltri
eclogitic paragenesis, hence possibly the replacing Ca clinoamphibole merely
acquired its bulk Fe?'/Mg ratio from the glaucophanic growth substrate. In the
case of the two barroisite + sodic amphibole pairs, it seems likely from Fig. 7b
that the blue amphibole contains more ferrous and less ferric iron than has been
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assumed, whereas the probable presence of any trivalent iron in the hornblende
would lower its ferrous content; therefore, the Kp value of 3.0 undoubtedly
represents a maximum for such equilibrium pairs.

The distribution of Fe?+ and Mg in calcic amphiboles and associated chlorites
are shown in Fig. 15d. Taking the group as a whole, there is no obvious con-
centration of either ferrous iron or magnesium in calcic amphibole with respect
to chlorite. However, barroisites display a systematic but slight enrichment in
Fe?t/Mg ratio relative to chlorite, whereas actinolitic amphiboles tend to be a
little more magnesian than the coexisting chlorites.

Only one epidote + sodic amphibole pair was analyzed in this study, so to
consider ferric iron-aluminum fractionation we are obliged to confine our atten-
tion to epidote + plagioclase assemblages. The Fe?+/Al partitioning and a
visually estimated distribution curve are presented in Fig. 16. Clearly, as in-
dicated by a Kp value of 50, epidote strongly concentrates ferric iron relative
to the sodic plagioclase. This is a consequence of the large octahedral site avail-
able in epidote, compared to the exclusively small four-fold coordinated cation
position of the feldspar structure. As is also clear, barrotsitic amphibolites are
characterized by relatively Fe®+-rich epidote and plagioclase, whereas the ferric
iron contents of these phases are correspondingly reduced in the actinolitic

greenschists.
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the Voltri Massif. Open squares represent assemblages containing barroisitic hornblende, filled
circles indicate actinolite-bearing assemblages.
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Minor element distribution

(See equation 6.) Partitionings of the minor elements titanium and manga-
nese between the coexisting mafic pairs (a) garnet + clinopyroxene, (b) garnet
+ sodic amphibole, (¢) calcic amphibole + sodic amphibole, and (d) calcic am-
phibole + chlorite are shown in Figs. 17 and 18, respectively. Values are given
in terms of oxide weight percents rather than in cation mole proportions as in
Figs. 15 and 16, but as is clear from equation (8), the evaluation of Kyp is in-
dependent of the manner of minor element presentation (e.g., as titanium or
manganese ion, oxide, or silicate “end member’’ proportions; this is so because
the entire matrix for both phases is proportional to the element concentration,
hence cancels out of the expression leaving the Nernst infinite dilution distribu-
tion constant in terms of the Ti or Mn ratio.

As may be seen from Fig. 17, earlier, higher grade minerals in general — and
garnet cores and barroisitic hornblendes in particular — contain more titanium
than do the subsequent, lower grade phases. However, the disproportionation
of Ti between coexisting minerals is thoroughly obscured by the tendency for
chain silicates, especially the stage A omphacites and, to a lesser extent the
barroisites, to exsolve a Ti-bearing oxide phase during later portions of the
recrystallization event (see petrographic descriptions in section dealing with the
mineral paragenesis). For this reason it is difficult to draw firm conclusions from
the fractionation data of Fig. 17. Distribution curves for Kxp = 1 have been
added only as an aid to show the reader the extent of disproportionation and
systematics — if any. Several observations can be made however. (1) Garnet
cores possess higher Ti contents than their rims, whereas there is no obvious
difference in the titanium contents of clinopyroxenes from stage A versus stage
B (Fig. 17a). This probably means that all omphacites have to some extent
exsolved titanium during lower grade annealing. (2) Sodic amphiboles are uni-
formly low in Ti compared to both garnet rims and barroisite (Figs. 17b and c,
respectively). (3) Hornblendes carry more titanium than do actinolites, but all
calcic amphiboles are strongly enriched in this element compared to coexisting
chlorite (Fig. 17d).

In contrast to titanium, the manganese fractionation tends to be consider-
ably more systematic in the analyzed mafic mineral pairs. This is probably a
consequence of the fact that Mn is retained by the phases during later stages
of the recrystallization rather than forming separate exsolution lamellae in the
host silicates. As was discussed in the section on mineral chemistry, Mn con-
centrations in garnet cores exceed minor element values. Nevertheless, the dis-
tribution of this element between garnet + clinopyroxene and between garnet
+ sodic amphibole pairs (Figs. 18a and b, respectively) appears to obey the
infinite dilution law, with Mn strongly concentrated in the garnet relative to
the chain silicates. Calcic amphiboles also seem to be markedly enriched in
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Fig. 17. Titanium fractionation between coexisting pairs of mafic silicates from the Gruppo di
Voltri eclogitie lenses. Symbols correspond to those of Fig. 15. '

manganese relative to coexisting sodic amphiboles, but the five data points re-
presenting actinolite + glaucophane pairs presented in Fig. 18¢ should be dis-
counted inasmuch as these phases are not regarded as an equilibrium association
in the Ligurian eclogitic paragenesis. Figure 18 demonstrates that there is a
more or less equal distribution of Mn between calcic amphiboles and coexisting
chlorites.

Before leaving the subject of minor elements, let us briefly consider the dis-
proportionation of chromium between analyzed mafic silicate pairs. The 83 bulk
rock analyses presented by CorTESOGNO et al. (in press) average about 130 ppm
Cr. Consequently, the chromium contents of the constituent minerals in the
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Fig. 18. Manganese fractionation between coexisting pairs of mafic silicates from the Gruppo di
Voltri eclogitic lenses. Symbols correspond to those of Fig. 15,

Voltri complex are so low that the amounts are approximately at the detection
limit. Of the 25 rocks for which microprobe analyses of the coexisting minerals
were obtained in the present study, only sample EE-12 lacks a whole rock XRF
analysis. Of the 24 for which bulk chemistry is available, high Cr contents are
reported by CorTESOGNO et al. for the following: EE-17 = 260 ppm; EE-24
= 215 ppm; EE-64 and EE-74 = 350 ppm. The Cr,0; contents for the ana-
lyzed minerals from these four rocks are listed in Table 10; it should be noted
that opaque phases, which probably contain appreciable chromium were not
analyzed in the electron microprobe investigation — hence these phases are not

tabulated. Although few data are available, in general it appears that early-
formed omphacite (stage A clinopyroxene) and early barroisitic hornblende
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Table: 10. Ora03 contents of analyzed minerals from relatively chrome-rich rocks in weight
percent

Sample number

Mineral EE-17 EE-24 EE-64 EE-74
prasinite prasinite eclogite  eclogite
Garnet core - - 0.00 -
Garnet rim - - 0.00 —
Clinopyroxene A 0.83 - - -
Clinopyroxene B - - 0.00 -
Sodic amphibole - - 0.03 -
Hornblende — 0.48 - ==
Actinolite 0.08 - - 0.02
Epidote 0.00 0.16 - 0.03
Chlorite 0.40 0.00 - 0.04
Sodice plagioclase 0.00 0.02 - 0.00
Phengite = - - 0.12

concentrated the Cr, whereas this element was rejected by garnet, sodic amphi-
bole and plagioclase. Chlorite, potassic white mica, epidote and actinolite seem
to have incorporated variable but intermediate amounts of chromium com-
pared to the other analyzed phases.

PETROLOGIC DISCUSSION

Documentation of the crystallochemical evolution of phase assemblages in
the eclogitic lenses of the Gruppo di Voltri presented in previous sections in-
evitably leads to the question of genesis. Based on the great density of eclogitic
rocks as well as their petrologic occurrences, Eskora (1914, 1939) recognized
their relatively high-pressure origin and considered them as representatives of
a specific metamorphic mineral facies. Although CorLeEMAN and others (1965)
questioned the usefulness of the concept of an eclogite facies, they pointed out
that such rocks may be divided into three distinct groups based on contrasting
mode of occurrence and mineral chemistry; their lowest grade category, group
C eclogites, which are found associated with glaucophane schists and as lenses
in alpine-type peridotites, are characterized by pyrope-poor garnets (Py < 30
mole percent) and jade-rich omphacites (Jd > 30 mole percent). Clearly the
eclogites included in the Beigua serpentinite belong to group C, both in terms
of mineral chemistry and lithologic association. The partitioning of ferrous iron
and magnesium between garnet + clinopyroxene pairs was investigated for
various eclogitic masses in the Franciscan and Sanbagawa belts and compared
with other occurrences by ErnsT et al. (1970, Chapter IX) and by Banwo
(1970); these authors showed that for California (type C) eclogites, Kp values
cluster around 20-23 — reasonably close to the Kp value of 30 reported in the
present paper for garnet core + stage A omphacites from the Voltri eclogites.
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(Note also that lower Kp values would appear to be appropriate for post-
mylonitic garnet rims + stage B clinopyroxene pairs as seen from Fig. 15; as
previously mentioned, however, this does not appear to represent an equilib-
rium assemblage.) We may conclude from these petrologic and chemical studies
that the eclogitic rocks investigated in this report crystallized at moderate tem-
peratures and relatively high pressures, similar to other type C occurrences.

Experimental phase equilibrium investigations of the basalt-eclogite trans-
formation have been conducted by many different workers (YopERr and TiLLEY,
1962 ; RingwooD and GREEN, 1966 ; GREEN and RINGWO00D, 1967 ; COHEN et al.,
1967; LaMBERT and WYLLIE, 1972). The data are compatible at near solidus
temperatures, but extrapolated phase boundaries diverge at lower temperatures.
The exact nature, width and location of the plagioclase eclogite + garnet gran-
ulite transition zone around 300-700° C is still a matter of discussion, largely
because the experimental transformations have not been produced due to slug-
gishness of the reactions at such low temperatures. Nevertheless, it is clear that
eclogitic assemblages represent the high-pressure anhydrous equivalents of
metabasaltic granulites and pyroxene hornfelses. At moderate and high values
of um,0, such assemblages are replaced by amphibolitic phase compatibilities
(Yoper and TrLry, 1962; EssExE et al., 1970; LAMBERT and WYLLIE, 1972).
As demonstrated by Greex and Rinawoob (1967, Fig. 7), mafic bulk compo-
sitions characterized by a high Fe?*/Mg ratio — such as those typical of the
Voltri rocks — develop garnet at lower pressures than do more magnesian bulk
compositions. However, their investigations also showed that metabasaltic bulk
compositions higher in alkalis (and silica) favored the stabilization of plagioclase
to greater pressures compared with CaO +MgO-rich whole rock compositions.
Therefore, at low values of um,0, the FeO + Na,O-rich metabasaltic rocks of the
Gruppo di Voltri would be expected to display a very broad garnet granulite
transition zone situated between the P-T fields characterized by high-pressure
eclogitic and low-pressure mafic granulitic phase assemblages.

In an attempt to estimate the physical conditions of origin for the Ligurian
eclogitic paragenesis, let us return to a consideration of ferrous iron and mag-
nesium disproportionation between garnet and clinopyroxene. The exchange
equilibrium for this element partitioning may be written as

Py Hd Alm Di
1 Mg,AlSig0,, + CaFe? 81,0, = } Feit ALSi;0,, + CaMgSi, O
or, more simply
(M&)garnet + (Fe* ) etinopyroxene = (F€*M)garnct + (M&)etinonyeoxene -

If thermochemical data were available for Py, Hd and Alm, the value of Kp
as a function of T and P could be calculated employing equations (5), (8) and
(9), but unfortunately this is not the case. The 4AV® of the reaction is reasonably
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well known, hence using a value for 4V°® of —1.33 ecm?® for the exchange equi-
librium as given above, Ban~No (1970, Fig. 1) was able to evaluate the pressure
coefficient of Kp; his computations involved the assumption of ideal solid solu-
tions, negligible change of AV® as a function of state variables, and indepen-
dence of Kp from bulk composition of the phases. Accepting BaANNO’s calcula-
tions (pressure coefficients for Kp are graphed in Fig. 20), the variation of the
distribution constant with physical conditions may be determined if P and T
for two or more independent equilibrium constants can be obtained.

Banno (1970) showed that garnet + clinopyroxene pairs from type A, B
and C eclogites possess Kp values averaging approximately 3.6, 9.1 and 23,
respectively. MAcCGrREGOR and CARTER (1970) suggested that type A eclogitic
xenoliths from the Roberts Victor Mine, South Africa, crystallized under near-
solidus conditions — hence employing the phase equilibrium studies referred tog
previously, we may provisionally assign minimum values for the conditions o
genesis for these masses as 1300° C and roughly 25 kilobars. Type B eclogites’
such as those from southern Norway (Kskora, 1921) are characteristic of high-
rank amphibolite terranes representing deep crustal levels, hence appropriate
values of T and P may be assumed to lie in the neighborhood of 700° ! and
10 kilobars. Franciscan eclogites and type IV blueschists (ConeMaN and LEE,
1963) apparently crystallized at temperatures on the order of 500° C according
to O/0'® measurements by TavyrLor and CoLEMAN (1968); based on experi-
mental phase equilibrium data, these authors argued persuasively for pressures
of formation of about 10 kilobars.

Employing these approximate values, plus the pressure coefficient of Kp
determined by Baxxo (1970), the one atmosphere isobaric variation of the dis-
tribution constant with temperature can be evaluated, as shown in Fig. 19 (see
also equation 8). Of course, at this pressure, the eclogite assemblage is meta-
stable, but this fact does not invalidate the calculation. Rather surprisingly,
and probably quite fortuitously, the data lie along a straight line, suggesting
that in the range illustrated, 4 H® is sensibly independent of temperature, and
the exchange reaction as written above evolves 5.8 keal per mole of clinopyrox-
ene. Again using BANNO’S pressure coefficients, values of Kp as a function of
the state variables may be plotted, as shown in Fig. 20. Evidently, if the pre-
mylonitic Voltri eclogites crystallized at a pressure on the order of 10 kilobars,
the determined value for Kp of about 30 (see Fig. 15a) indicates a temperature
of formation of approximately 440 + 50° C.

RimriM and GREEN (1974) have experimentally investigated the variation
of iron-magnesium partitioning in coexisting garnet and clinopyroxene, and
especially at low temperatures their Kp plot is very similar to that of Fig. 20.
Again, assuming a 10 kilobar pressure of crystallization for the stage A eclogites
of the Gruppo di Voltri, application of RAHrIM and GREEXN’S experimentally
obtained equation,
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yields a temperature of formation of 420° C. It therefore seems reasonable to
accept provisionally a mean value of 430 + 50° C as the temperature under which
the early stage eclogitic assemblages were developed in the Voltri Massif. A fig-
ure of 10 kilobars is more difficult to substantiate, but a much lower confining
pressure would place the assemblage within the plagioclase eclogite + garnet
granulite transition zone (e.g., see ITo and KExNEDY, 1971).

ConEN et al. (1967) showed that, within the garnet granulite transition zone
for mafic compositions, sodium is concentrated in plagioclase relative to clino-
pyroxene, and calcium in garnet relative to plagioclase. Thus, with isothermal
increment in pressure, garnet would become less grossularitic, coexisting clino-
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pyroxene more jadeitic, as the increasingly albitic plagioclase decreases in
amount; such a conclusion may also be drawn from the subsolidus studies of
various bulk compositions reported by GREEN and Rixawoop (1967). However,
once the eclogite field of stability is entered, the change in mineral compositions
is likely to be less pronounced, but experimental data are not available regard-
ing such chemical phase variations. It is known that the garnet/clinopyroxene
ratio increases gradually with increasing pressure. Therefore, at a given tem-
perature, higher-pressure eclogites would be expected to carry relatively Gross-
poor garnets and Jd-rich clinopyroxenes compared to lower pressure equiva-
lents. This is the situation for the eclogitic paragenesis in the Gruppo di Voltri,
which suggests that, for the post-mylonitic eclogites, the Na-rich stage B om-
phacites and Ca-poor, Fe?*t-rich garnet rims attest to an increment in pressure.
This discussion presumes an essentially isochemical recrystallization relating
the eclogitic phase assemblages; it seems to be a reasonable hypothesis judging
from the fact that CorrTEsoaNO et al. (in press) were unable to draw a bulk
chemical distinction between stage A and stage B eclogites.

Blueschist assemblages typified by the association of glaucophane + garnet,
later followed by the assemblage glaucophane + epidote + barroisite (+ albite)
signalling the final decomposition of garnet, reflect stage C conditions. Judging
from the similarity of these phase compatibilities with type IV glaucophane
schists of California and New Caledonia — where oxygen isotope geothermo-
metry investigations by TayLor and CorLemanN (1968) indicate temperatures
exceeding those of type III blueschists (T = 285-315° () — stage C blueschists
of the Voltri eclogitic paragenesis probably recrystallized around 400° C, 8 kilo-
bars. Presumably also the chemical potential of H,0 increased during this stage,
as inferred from the generation of hydrous phases.

Passage of the assemblages through the amphibolitic stage D is poorly con-
strained in terms of physical conditions. Moreover, all that can be said con-
fidently about the terminal prasinitization is that it began in upper greenschist
facies P-T conditions, as indicated by the production of biotite, and terminated
with lower greenschist facies assemblages (biotite unstable). Reasonably as-
signed state variables would seem to lie in the realm 300-375° C and 2-5 kilo-
bars. The value of ug,0 probably was high, as reflected by the hydrous nature
of the assemblages; probably a separate aqueous phase accompanied this re-
crystallization, judging by the apparent metasomatic effects reported for the
prasinitic schists by Corrrsoano et al. (in press).

Prograde and retrograde P-T trajectories are shown for the eclogitic rocks
of the Beigua serpentinite in the petrogenetic grid of Fig. 21. The hypothetical
prograde path follows an abnormally low geothermal gradient characteristic of
subduction zone metamorphism (e.g., see ErNsT, 1975); such a thermal regime
apparently can be maintained only in a dynamic system where a relatively cool
lithospheric plate (lithologic materials all possess low thermal conductivities)
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Fig. 21. Petrogenetic grid for a broad range of crustal rock compositions based on available
experimental phase equilibrium and oxygen isotopic data, after Ernst (1973, Fig. 4). For sim-
plicity, transition zones between pairs of metamorphic facies fields are illustrated using an arbi-
trary but minimal band width. The general prograde (subduction) and specific retrograde (buoyant
uplift) P-T trajectories are shown for the eclogitic rocks of the Gruppo di Voltri. The dehydration
of serpentine (not illustrated) lies at temperatures exceeding 500° C where aqueous fluid pressures
are greater than a few hundred bars (Bowex and TurrLE, 1949; KiTAHARA et al., 1966).

rapidly descends to great depths. The mechanism involving the postulated
return of subducted and metamorphosed crustal rocks and the mantle under-
pinnings toward the surface is more difficult to understand (CoLeEmaN, 1972),
but it evidently has taken place in Liguria and elsewhere in the Western Alps
(Erxst, 1971; MARrTINTG 1972; DAL P1az et al., 1972; DAL Praz, 1974a, b).
CorTESOGNO et al. (in press) demonstrated that serpentinization of the Beigua
peridotite occurred prior to the high-pressure metamorphism. And, as is appar-
ent from Fig. 21, the entire recorded P-T history of the Beigua serpentinite and
the enclosed eclogitic lenses evidently took place within the serpentine stability
field (see BoweN and TurTLE, 1949; KiranarA et al., 1966). Accordingly, de-
coupling and rise of this section of hydrated uppermost mantle fragment along
an essentially adiabatic P-T path probably was driven at least in part by body
forces in response to the buoyancy of the complex. Of course, convergent plate
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margins such as the one recognized in- Western Liguria are the site of strong
compressional forces, so lateral tectonic transport undoubtedly played a role in
the juxtaposition of these rocks with other sections described in the intro-
duction.

It seems probable that the metamorphic mineral assemblages and deduced
P-T trajectory documented in this paper and shown schematically in Figs. 3 and
21 reflect stages in the subduction and subsequent uplift of the Beigua serpen-
tinite-eclogite complex. Probably stage A represents preculmination progressive
subduction zone metamorphism in these rocks. The early deformation and post
mylonitic growth of stage B clinopyroxenes and garnet margins may testify to
a change in tectonic setting - and perhaps rapid loading — at the peak of the
prograde metamorphism. The gradual access of aqueous fluids very likely ac-
companied decoupling of the studied units from the downgoing slab, with rela-
tively rapid ascent towards the surface (unloading and slight cooling) manifest
through the production of stages D and E barroisitic amphibolites and green-
schists, respectively.
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