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Abstract—Mineral equilibria are studied in plagioclase-bearing eclogite-amphibolites and associated garnet—cli-

‘nopyroxene-amphibole—plagioclase crystalline schists of the Buchim Block of the Serbo-Macedonian Massif. The
rocks contain the following slable minerals: clinopyroxene of the Aug-Na-Aug-Omp series with a Jd content from 5
to 34%, gamet with a distinct prograde zoning, hastingsite~tschermakite—pargasite hornblende, and oli goclase. It is
shown that Na content in the coexisting Cpx and Pl the presence of Pl, Hbl, Cpx, and Grt in the metabasites, and
transition of the eclogites (o eclogite-amphibolites, amphibolites, and crystalline schists are controlled only by the
NwAl, Ca: Al : (Mg, Fe), and (Na + Al)/(Mg + Fe) ratios in the rocks, and not by later feldspathization or amphib-

olization. The conditions of the prograde stage were as foll
the geothermal gradient was 14°C/km. Reaction textures,

ows: T = 650°C, P = 12-12.5 kbar, depth 46—48 km, and
such as Cpx? (0-6% Jd) + PI? (25-32% An) kelyphites

around the omphacite and HbI? + PI? (46-73% An) tims around the garnet at ils contacl with Cpx' and Hb!' crystal-
lized only during the late exhumation stage because of the rapid uplift under isothermal conditions or even at an iner-
tial increase in the temperature. The effect of the (Na + Al)/(Mg + Fe) ratio in the eclogites on plagioclase presence
or absence in paragenesis with Cpx + Grt, general phase equilibria in the moderate depth eclogite complexes of the
plagioclase depth facies, and the boundary reaction of transition (o the deeper kyanite facies of depth are considered
using the example of the Buchim Block. The protolith of the eclogite-amphibolites under study is close to basalts of
mid-oceanic ridges (N- and T-MORB) in composition. The magmas of this composition intruded into the thinned
continental crust or sedimentary sequences covering the areas of the young oceanic crust.

GEOLOGIC SETTING

The Buchim Block, which is composed of medium-
to high-temperature metamorphic rocks of various
composition, is a part of the Serbo-Macedonian Massif
near its contact with the Vardar zone in eastern Mace-
donia. The protolith of the metamorphic rocks of the
Serbo-Macedonian Massif is believed to have a
Late Proterozoic—Early Paleozoic age (Karamata and
Kirstic, 1996).

The age of metamorphism and the number of meta-
morphic cycles are debatable because isochron isotopic
dating of these rocks was absent until recently. A Sm-
Nd mineral isochron indicating a Late Hercynian age of
metamorphism (260 + 49 Ma) is obtained now by
S.F. Karpenko, Vernadsky Institute of Geochemistry
(personal communication) for the eclogite-amphibo-
lites described in this paper.

The amphibole eclogites were discovered by
V. Ivanova (unpublished data) and studied by MirCov-
ski (1991). They compose layers or boudin lenses 0.5-
10 m thick in a metamorphic sequence that consists of
biotite—amphibole, biotite—muscovite, and kyanite—
staurolite—garnet gneisses with interlayers of garnet

and clinopyroxene amphibolites and garnet—clinopy-
roxene-amphibole—plagioclase crystalline schists.

The amphibole eclogites and eclogite-amphibolites
are concordant to and sometimes intercalate with the
host gneisses and amphibolites in outcrops. However,
the detailed mapping and tracing of eclogite bodies for
0.5-1 km (Mircovski, 1991) reveal their slightly dis-
cordant setting relative to the gneiss. Apparently, this
indicates the primary igneous origin of the cclogite-
amphibolites, which formed during metamorphism of
subsequent diabase dikes:no more than a few meters
thick and several hundred meters long.

These data rule out any possibility that the eclogites
were implanted tectonically into the host gneisses and
certainly indicate that the rocks were metamorphosed
in situ simultaneously with surrounding rocks.

The Buchim Block is dominated by silicic, potas-
sium-rich, mica and amphibole-biotite gneisses, which
probably have a terrigenous sedimentary parentage.
Only some bodies of K-feldspar-bearing orthogneisses
have relics of a primary granite-porphyry texture.
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PETROGRAPHY AND 'MINERALOGY
OF ECLOGITIC ROCKS AND ASSOCIATED
CLINOPYROXENE-BEARING METABASITES

The eclogitic rocks have a fie-grained granoblastic
texture of the groundmass with large garnet porphyro-
blasts. Garnct, omphacite—augitic clinopyroxenc,
brownish green hornblende (5-25%), quartz, and rutile
are the major primary minerals. The rocks also bear
variable amounts of plagioclas¢ (3-15%), apatite,
zoisite, and titanomagnetite. All these minerals are in
equilibrium. e

According to the classification of eclogitic rocks
(Carswell, 1990), crustal eclogite proper is a plagio-
clase-free rock, more than 70% of which is composed
of garnet and omphacitic (chloromelanitic, jadeitic) cli-
nopyroxene. The eclogitic rocks .of the Buchim Block
contain plagioclase, notable amounts of hornblende,
and Na-augite, along with omphacite (Fig. 1). Hence,
this rock group as a whole should be termed eclogite-
amphibolites, even though some rocks of this group
correspond to eclogites in composition.

Other types of garnet- and clinopyroxene-bearing
metabasites are associated with eclogite-amphibolites,
grade to them across the strike-of eclogite bodies, or
compose individual layers and bodies among the host
rocks. These metabasites comprise garnet-clinopyrox-
ene-amphibole—plagioclase ~crystalline schists and
even gneisses, which contain up to 35% intermediate or
basic plagioclase, and garnet or clinopyroxene amphib-
olites, some of which preserve relict gabbroic textures.
Some clinopyroxenc—gamet—amphibo]e—plagioclase
crystalline schists contain scapolite and graphite, cal-
cite inclusions in garnet, and therefore, could be
formed after calc-silicate metasedimentary rocks.

All these metabasites pervasively have the following
five equilibrium rock-forming minerals: clinopyroxene,
garnet, hornblende, plagioclase, and quartz. Therefore,
the eclogite-amphibolites are not the alien nonequilib-
rium rocks among the metamorphites of the Buchim
Block. These rocks form a group of cognate metabasites
of the Buchim Block, which differ from one another only
by mineral proportions and compositions. So, the rock
mineralogy and phase equilibria of the prograde stage
are discussed below together with eclogite-amphibolites
and other metabasites.

Minerals of the Prograde Stage

. Microprobe analyses of minerals were obtained
with a CamScan electron microscope at the Geological
Faculty of the Moscow State University.

Clinopyroxene. Clinopyroxene is one of the major
minerals of eclogite-amphibolites and crystalline
schists and occurs as equant grains. Its composition in
the eclogite-amphibolites varies significantly within
the ranges 5-34% Jd and 5-15% Ac (Table 1). It is
fairly magnesian and has low Xp values of 0.13-0.19.
Clinopyroxene from the garnet—clinopyroxene—
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Fig. 1. Composition of primary clinopyroxene (1) from the
groundmass of eclogite-amphibolites and Grt—Cpx—Hbl-Pl
crystalline schists and secondary clinopyroxene (2) from
Cpxz—-Pl" kelyphites around omphacite.

— Ac

amphibole-plagioclase crystalline schists has very low
Jd (0-3%) and Ac (0-8%) contents, and significantly
higher Xg, = 0.25-0.51. Figure 1 shows that the primary
clinopyroxenes from the metabasites compose a contin-
uous series Aug-Na-Aug-low-Na Omp. Their composi-
tion, Fe mole fraction among other parameters, is con-
trolled by the rock composition (see below). Clinopyrox-
ene grains are homogeneous, usually without zoning.

Garnet. All garnets of eclogite-amphibolites, even
those rimmed by secondary hornblende, have a typical
prograde zoning along the whole profile across the
grains with a Mg increase and Ca decrease from the
core to margin (Table 2). For example, in Sample 9E,
the pyrope content increases toward the margins from
13 to 35%, and grossular decreases from 27 to 16%
(Fig. 2). All the garnets can be classified with the
pyrope-almandine—grossular series low in Mn. The Xg,
value decreases in grain margins to 0.55.

Most garnets in the garnet—clinopyroxene—amphib-
ole-plagioclase crystalline schists and amphibolites also
have a prograde zoning. For instance, the pyrope content
in the garnet of Sample 6/2 (Table 2) increases toward
the margin from 13 to 20%, and the content of grossular
slightly decreases. However, a specific retrograde zoning
was revealed in some garnet grains of these rocks, where
grossular increases and pyrope sli ghtly decreases toward
the margins (Sample 21, Table 2, Fig. 2).

The garnets in crystalline schists are generally
higher in X, (up to 0.89) and show somewhat higher
Ca mole fraction than this mineral in the eclogite-
amphibolites (Xg, = 0.55-0.63 in grain margins), i.e.,
their composition, like that of Cpx, is definitely con-
trolled by the bulk composition of the rocks.

Hornblende. Prismatic grains of the primary horn-
blende are brownish green. They are variable in compo-
sition, particularly in Xg., Nag, and (Na + K), values
(Table 3). All of them are classified with Al-rich calcic
amphiboles: hastingsite, pargasite, and tschermakite
hornblende (Rock and Leake, 1984). The primary Ca-

amphiboles in various metabasites differ in Fe mole
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Table 1. Representative microprobe analyses of primary clinopyroxene (Cpx!) from eclogitc-amphibolites and clinopyrox-

ene-garnet-amphibole—plagioclase crystalline schists

Component 9E 6 26E 21 12 6/2 9/2

SiO, 51.55 | 52.05 | 52.52 | 51.05 | 50.20 | 52.14 | 52.25 | 50.12 | 49.38 | 52.23 | 52.58 | 53.48 | 52.82
TiO, 0.53 052 | 049 | 041 | 049 | 031 | 043 | 0.19| 044 | 056 | 022 | 032 | 0.28
Al,O4 7.07 894 | 812 | 6.06| 6.13| 9.89 | 10.52 | 2.34 | 4.83 | 10.64 | 3.44 | 11.61 | 11.37
Fe,05 3.99 548 | 474 | 036 | 2.86| 3.66 | 441 | 1.03| 104 | 2.94 - 2.96 | 4.06
FeO 4.85 322 | 375| 740 | 634 | 3.48 | 2771|1540 |13.63 | 267 820 | 277 | 2.50
MnO 0.08 - 0.02| 0.13] 034] 0.12}| 009 | 0.02]| 0.0l - 0.14 | 0.04 -

MgO 12.13 9.89 | 10.54 | 12.81 | 12.19 | 9.76 | 8.61 | 830 | 8.17 | 9.71 | 1253 | 8.26 | 8.64
CaO 17.28 | 15.88 | 15.87 | 20.91 | 20.21 | 16.50 | 15.74 | 22.22 | 21.78 | 16.75 | 22.72 | 14.21 | 14.34
Na,O 2.85 454 | 426 0.84 | 1.12| 448 | 525| 047 | 082 | 447 | 055| 6.11| 5.86
K,0 - 0.03 | 0.05( 0.01| 0.10 - - - - - 0.01 - -

Total 10032 [100.55 [100.36 | 99.98 | 99.98 [100.35 [100.0 [100.09 | 99.77 | 99.97 [100.39 | 99.75 | 99.87
Si 1.87 188 190| 1.88 | 1.87| 1.88| 1.89 | 192 | 1.87| 1.89 | 194 | 192 | 190
Ti 0.01 001 | 001 | 00t | 00t| 001 001 | 001 001 002| 001| 00| 001
Al 0.31 038 | 035| 027 | 027| 042| 045| 0.11 | 022 | 045| 0.15| 049 | 0438
Fe** 0.11 0.15| 0.13| 0.01 | 0.08| 0.10| 0.12| 003 | 003 | 008 | - 0.08 | 0.11
Fe?* 0.15 010} 011 | 023 020 o0.11 | 008| 050 044 | 008 | 026 | 0.08 | 0.08
Mn - - - - 0.0! - - - - - - - -

Mg 066 | 054 057| 071] 067| 053 | 046 | 048 | 047 | 052 | 070 | 0.44 | 0.46
Ca 0.68 062 | 062| 0.83| 080 | 064 | 061 | 092 090 | 065 091 | 055 0.55
Na 020 | 032] 030] 0.06| 008| 031| 037 | 004 006| 031 | 004 | 043 | 041
K —_ - —_ _ _ — - - - - - - —_

Jd 5.0 140 |15.0 2.0 - 17.0 [ 23.6 - - 23.2 3.0 [33.8 [28.6
Ac 11.0 15.0 | 13.0 1.0 82 |10.0 | 122 3.0 3.0 8.1 - 8.1 |11.1

Aug 840 |710 |720 [97.0 |91.8 |73.0 | 642 [97.0 [97.0 |68.7 |97.0 |58.1 60.3

X2 0.19 | 15.0 017! 025| 023] 017| 015| 051 | 048 | 013 | 027 | 0.16 | 0.14

3+

Note: The numbers of cations arc calculated on the basis of 6 oxygens and 4 cations. In Tables 1,5, and 7: Fe 203 and Fe

are calculated

by charge balance. In all tables: eclogite-amphibolites are Samples 9E, 9/2, 9/3, 12, 26E, Cpx-Grt-Hbl-P! crystalline schists are

Samples 6, 6/2, 21. In Tables 1-7 and 9: oxides are in wt %.

fraction. Hornblende has Xg, = 0.32-0.43 in the eclog-
ite-amphibolites, and X, = 0.39-0.78 in the crystalline
schists. The brownish green color of all primary horn-
blendes is caused by their high Ti contents (Fig. 3).

Plagioclase. The primary plagioclases form individ-
ual equant grains in the groundmass of the eclogite-
amphibolites being in equilibrium with omphacite and
Na-augite. All of the plagioclases are oligoclase and
contain 12-27% An (Table 4). The plagioclase in the
crystalline schists is more calcic (andesine—labradorite
with 28-51% An).

Mineral Assemblages of the Prograde Stage

Correlation between the compositions of coexisting
clinopyroxene and primary plagioclase in the eclogite-
amphibolites and crystalline schists point to very
important relationships. The most sodic omphacites
associate with more sodic plagioclases, whereas the
less sodic clinopyroxenes (au%ites) coexist with
andesine-labradorite (Fig. 4). Cpx'-PI! tie lines do not
intersect and are nearly parallel in a Na—Ca—(Mg, Fe)
diagram, indicating that (a) the Ca and Na distribution

between the two phases corresponds to approximately
the same temperature and depends only on the Na/Ca
ratio in the rocks, and (b) the eclogitic rocks are affiliated
with the same facies as the Grt-Cpx—Hbl-Pl crystalline
schists and gneisses do. Obviously, the Na/Ca ratio in the
andesine- and labradorite-bearing crystalline schists is rel-
atively low and causes the low-Na clinopyroxene (augite)
composition in them. The eclogite-amphibolites contain-
ing oligoclase or albite-oligoclase have a higher Na/Ca
ratio and, hence, bear the Na-richest clinopyroxenes.

The prograde phase equilibria in the eclogite-
amphibolites and their mineral compositions are shown
in an ACF diagram (Fig. 5) as a projection from the
point of oligoclase. Taking into account that similar
amphiboles, clinopyroxenes, garnets, and plagioclases
also occur in the other metabasites, and using this dia-
gram, we can explain why the eclogitic rocks, garnet
and clinopyroxene amphibolites, and plagioclase-rich
crystalline schists that seem to contain alternative min-
eral assemblages are in equilibrium within the same
metamorphic complex of the Buchim Block. According
to Fig. 5, the metabasites slightly enriched in Ca and Al
should contain the Cpx!+ Grt assemblage (field 1),
1997
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which corresponds to amphibole-free clinopyroxene-—
garnet eclogites or crystalline schists with variable, if
any, Pl content. The rocks somewhat richer in Mg and
Fe should contain the Cpx' + Hbl' assemblage (field 2)
typical of garnet-free clinopyroxene amphibolites and
crystalline schists. The Grt + Hbl' (field 3) clinopyrox-
ene-free assemblage is typical of the rocks lowest in Ca
such as ordinary garnet amphibolites. At an intermedi-
ate Ca : Al : (Mg, Fe) ratio, the rocks contain three-mineral
Cpx' + Grt + Hbl' assemblage with plagioclase and
quartz. This assemblage is typical of the hornblende
eclogites and eclogite-amphibolites of the Buchim Block.

Thus, the variations in the mineralogy of the rocks
and the compositions of minerals in the metabasites of
the Buchim Block, which were only slightly affected
by retrograde processes, can be easily explained by the
primary, rather small, differences in major-element
contents of their protolith, for example by variation in
Na/Ca, Ca : Al : (Mg, Fe), and (Na + Al)/(Mg + Fe).
Therefore, the variability of the metabasites does not
reflect different P-T conditions of their crystallization.

The eclogite-amphibolites compose one geologic
complex with surrounding rocks and bear evidence of
only one prograde metamorphic stage. We can conclude,
therefore, that eclogites, amphibolites, crystalline schists,
- and gneisses of the Buchim Block are metamorphosed
within one cycle and under similar P-T conditions.

Reactional Textures Related to the Uplift and the Onset
of the Retrograde Stage

The eclogitic rocks of the Buchim Block usually
bear reaction textures that indicate an evolution of the
conditions after the peak of prograde metamorphism.

The retrograde alterations will be considered below
only for eclogite-amphibolites, because the P-T trends
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Fig. 2. Variation of garnet composition from grain cores (1)
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Fig. 3. Covariance of Ti and Al(V]) in primary (1) and sec-
ondary (2) pargasite-hastingsite—tschermakite hornblendes
from eclogite-amphibolites.

of subsequent metamorphic stages are most pro-
nounced in composition of these rocks.

The first type of textures comprises fine-grained or
even cryptocrystalline clinopyroxene—plagioclase kely-
phitic rims around omphacite. Their crystallinity is so
fine that they are black and look like isotropic under the
microscope, and their minerals can hardly be identified.

Table 2. Representative microprobe analyses of zoned garnet

9E 92 12 26E 6/2 21
Component
c m r c r c m r c r c r c r
SiO, 38.26 | 39.30 | 39.28 | 38.25| 38.45 | 39.14 | 39.60 | 39.34 | 38.92 39.31 | 38.41 | 38.65| 37.87| 37.29
TiO, 018} - 0.04} - - 0.11| o.11| 0.06| 001| 001| 027 0.14| 018} 0.17
ALO; 2243 | 22.81]23.19| 21.85| 22.08 | 21.60 | 21.56 | 21.57 | 22.63 22.84| 20.78 | 21.23 | 21.40| 20.93
FeO 25.45| 23.78 | 22.14| 23.11| 23.14 | 21.49| 20.82 | 19.16| 21.42 20.07 | 21.73 | 21.57 | 26.22| 24.05
MnO 1.11| o062| 032 1.62| 037| 0.78| 0.53| 031 094 0.59| 2.40| 0.90| 0.58| 0.25
MgO 328| 7.62| 892| 546| 891| 6.82| 7.60| 8.77| 5.1 6| 6.67| 3.22| 5.07| 228 1.67
CaO 028| 5.81| 5.88| 9.55| 6.67|10.01| 9.94| 9.73| 10.72 10.34| 12.68 | 11.97| 11.46 | 14.22
Total 99.99 [ 99.40 | 99.72 | 99.84 | 99.60 | 99.95[100.16| 98.94 99.80| 99.83 | 99.49[ 99.53| 99.99 | 98.58
Alm 574 | 523 | 48.5 | 49.5 [ 482 |46.0 |44.0 |40.0 | 473 43.8 | 47.0 | 46.0 | 57.6 | 52.9
Sps 2.5 1.4 0.7 3.5 0.8 2.0 1.0 1.0 2.1 1.3 5.0 2.0 1.3 0.5
Prp 132 1299 | 348 |208 |33.1 |260 [29.0 {330 |203 26.0 | 13.0 | 20.0 8.9 6.6
Grs 268 | 164 |16.0 | 262 |17.9 |27.0 |26.0 | 250 |303 289 |35.0 |32.0 | 32.2 |40.0
Xre 081 064| 058] 0.70] 059 0.64| 0.61| 0.55| 0.73 0.63| 0.79| 0.70|- 0.87| 0.89

Note: core (c), transitional zones (m), rim (r).
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Fig. 4. Compositions ol coexisting primary clinopyroxenes
and plagioclase in eclogite-amphibolites and Gri-Cpx—
HbI-PI crystalline schists plotted in a diagram Na-Ca-
(Mg, Fe).

Al

+ Pl (12-30% An),
Otz, Rt, Ti-Mag
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Fig. 5. Phase equilibria of garnet, primary clinopyroxene,
and hornblende in eclogite-amphibolites (projection from
the point of primary oligoclase).

(I-3) Mineral assemblages in rocks with different Ca : Al :
(Mg, Fe) ratios (see text).

An electron microscope study of these rims reveals
symplectitic intergrowths of Cpx? and PI%. The second-
ary clinopyroxene has distinctly lower Jd content (0.1~
6%) than the primary omphacite. Analyses of some
omphacite grains and minerals from kelyphitic rims
around them are listed in Table 5. The plagioclase in the
symplectite is oligoclase-andesine and has a higher An
content compared to the primary plagioclase in the
groundmass. The compositional relationships between

KORIKOVSKY et al.

the primary omphacite and the secondary Cpx? + P2
asscmblage (Fig. 6) show that the omphacite breakdown
is [zcauscd by the isochemical reaction Cpx! —» Cpx* +
P,

Another type of the reaction textures in the eclogite-
amphibolites and crystalline schists comprises kely-
phitic rims around garnet grains at their contacts with
primary clinopyroxene and hornblende. These rims
consist of bluish green hornblende with symplectitic
ingrowths of plagioclase. These Ca-amphiboles differ
from the primary amphibole by their lower Ti (Fig. 3),
higher Al, and lower Si contents (Tablc 6). The amphib-
ole type, however, does not change: they are classified
with ordinary or subsilicic pargasites and hastingsite
(Rock and Leake, 1984). Therefore, the lower Ti con-
tent of the secondary amphibole is related to the low Ti
in the interacting garnet and omphacite rather than to a
temperature decrease. The plagioclasc in these kelyph-
ites is labradorite-bytownite with 46-73% An. The
ampbhibole and plagioclase compositions in kelyphites
from cclogite-amphibolites (Samples 26E, 9/3, 21,
and 12) and crystalline schists (Samples 6, 6/2, and 21)
are fairly similar (Table 6). Relationships between the
primary and secondary minerals in an ACF diagram
(Fig. 7) show that the Hb2-P rims are not generated
at the expense of garnet alone but are produced by a
reaction between the garnet and neighboring omphacite
and primary Ca-amphibole:

Grt + Cpx! + Hbl' —= HbP + PIX(Anyg_73).

In addition to these bimineral reactional textures, all
the metabasites often show marginal replacement of
primary brownish green amphiboles by secondary blu-
ish green varieties.

P-T CONDITIONS-OF THE PROGRADE STAGE
AND INTERPRETATION
OF THE REACTIONAL STRUCTURES

We used garnet—clinopyroxene thermometry to esti-
mate the conditions of the prograde metamorphic stage
of eclogite-amphibolite crystallization; the gamnet-
hornblende thermometer is less useful, because the pri-
mary amphiboles are often altered near their contacts
with garnet during the retrograde stage, and, as a result,
the temperature estimates involve large errors.

We employed the ¢ompositions of the outer pro-
grade zones of garnet grains and contacting primary cli-
nopyroxene from the groundmass for Grt-Cpx ther-
mometry. Additionally, we used Cpx inclusions in pro-
gressively zoned garnet grains (Table 7), which
correspond to the conditions near but not exactly at the
peak of metamorphism, The results of calculations are
listed in Table 8. The thermometers of Schliestedt
(1986), Ellis and Green (1979), and Krogh (1978) are
the most reliable for' the use in crustal eclogites,
whereas thermometers of Sengupta et al. (1989) and
Pattison and Newton (1989) are the best for crystalline
schists with low-Na‘cli'nopyroxenes. Despite the varia-
1997
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‘able 3. Representative microprobe analyses of primary brownish green hornblende (Hbl")

Compo 9E 6 | 268 21 12 62 o3
5i0, 43.99 |43.19 |43.43. 39.15 40.76 [39.70 {39.33 41.87 [38.71 [42.02 |43.91 42.97 |41.42 |42.23
TiO, 1.68 | 1.84 | 206 | 2.23 096 | 1.10 | 0.98 083 | 095 | 1.65 | 1.18 1.48 | 1.45 | 1.74
AlLO; 13.41 |13.63 |11.80 1h7.52 13.99 {13.83 |13.81 1691 [19.41 |14.89 12.40 |13.55 [14.86 14.98
FeO 11.95 |12.58 [15.13 |1 3.78 |24.35 |25.48 25.97 {19.33 |13.76 10.97 [14.91 |13.04 13.84 (1231
MnO - - 0.24 | 0.14 | 0.06 0.13 | 0.05 | 0.15 0.19 | 0.06 | 023 | 0.10 0.19 | 0.05
MgO 13.90 |13.28 |11.77 10.42 | 4.89 | 4.27 4.14 | 5.59 [10.20 13.25 |10.70 |11.29 |11.64 12.36
Ca0 9.02 | 9.59 |10.92 |11:37 11.13 |11.28 | 0.77 10.81 |10.70 |11.37 12.06 {11.79 [10.58 [10.57
Na,O 3.08 | 3.33 | 147 308 | 152 | 1.25 | 1 66 | 1.40 | 3.26 322 | 1.54 | 1.41 | 3. 19 | 3.34
K,0 073 | 071 | 1.15 046 | 133 | 1.42 135 | 1.50 | 0.55 081 | 122 | 171 0.60 | .0.60
Total 97.76 (98.15 {97.97 98.15 98.99 |98.46 |98.06 08.39 |97.84 [98.24 98.15 |97.34 [97.77 |98.1 8
Si 623 | 6.18 | 6.33 '274 6.19 | 6.10 | 6.07 626 | 5.65 | 6.09 6.49 | 6.36 | 6.05 | 6.11
Al(IV) 177 | 1.82 | 1.67 . 226 | 1.81 190 | 1.93 | 1.74 235 | 1.91 | 1.51 | 1.64 1.95 | 1.89
Al(VI) 0.47 | 047 | 035 0.77 | 0.69 | 0.61 058 | 123 | 098 | 0.63 0.65 | 0.72 | 0.60 0.66
Ti 0.18 | 0.20 | 0.23 | 0.25 0.11 | 0.13 | 0.11 0.09 | 0.10 | 0.18 | 0.1 3| 016 | 016 | 0.19 .
Fe3t.. 122 | 097 | 0.84 0.46 | 0.58 | 0.67 | 0.80 0.17 | 0.80 | 0.35 | 0.12 0.12 | 0.72 | 0.54
Fe?t 0.19 | 0.53 | 1.00..}.1.23 251 | 2.60 | 2.55 224 | 0.88 | 098 | 1.72 1.49 | 0.97 | 0.95
Mn - - 0.03 | 0.02 | 0.01 | 0.02 0.01 | 0.02 | 0.02 | 0.01 0.03 | 0.01 | 0.02 | 0.01
Mg 293 | 2.83 | 2.55 | 2.28 1.11 | 098 | 095 | 1.24 222 | 2.86 | 235 | 2.49 2.53 | 2.66
Ca 137 | 1.47 | 1.70 | 1.79 181 | 1.86 | 1.78 | 1.73 167 | 1.76 | 191 | 1.87 1.65 | 1.64
Na 0.85 | 092 | 041 | 0.88 045 | 0.37 | 050 | 0.41 092 | 090 | 0.44 | 0.40 0.90 | 0.94
K 0.13 | 0.13 | 0.21 | 0.09 026 | 028 | 027 | 0.29 0.10 | 0.15 | 023 | 0.32 0.11 | 0.11
Xre ot 033 | 0.35 | 0.42 | 043 0.74 | 0.77 | 0.78 0.66 | 043 | 032 | 044 0.39 | 0.40 | 0.36
Nag 0.63 | 0.53 | 0.27 020 | 0.18 | 0.13 | 0.21 025 | 031 | 0.22 0.06 | 0.12 | 0.32 0.36
(Na+K),| 0.35 052 | 0.36 | 0.77 0.52 | 0.52 | 055 0.44 | 0.72 | 0.82 0.61 | 0.61 | 0.69 | 0.69
Note: The numbers of cations are calculated on the bases of 23 oxygens and 13 cations (without Ca, Na, and K).
Table 4. Microprobe analyses of primary plagioclases (PIY
Component 9E 6 26E 21 12 6/2 93 9/2
Si0, 64.79 | 64.66 | 60.02 60.48 | 60.98 | 54.88 55.69 63.98 | 61.57 62.58 | 64.37
AlL,O, 21.68 | 33.37 | 25.54 24.46 | 24.66 | 28.58 28.82 | 22.11 24.63 2347 | 22.10
CaO 2.55 247 6.06 6.12 5.79 10.23 9.62 3.80 6.27 4.50 3.07
Na,O 10.15 9.77 7.74 841 8.51 5.51 5.53 9.27 7.82 9.29 10.19
K,0 0.30 0.15 | 013 0.11 0.05 0.13 0.09 0.22 0.43 - 0.03
Total 99.47 | 99.42 | 99.49 99.78 | 99.56 | 99.33 99.75 9938 |100.72 | 99.84 99.76
An, % 12.0 13.7 30.0 28.5 27.2 51.0 49.0 18.5 30.0 21.1 14.2

tion and divergence of these estimates, the average tem-
perature of 620—650°C was evaluated for the eclogite-
amphibolites and 640°C for the crystalline schists (Pat-
tison and Newton, 1989). .

- According to the arrangement of isopleths of jadeite
content in the diagram of Holland (1980), the stability
of omphacite with Jd content up to 34% in the assem-
PETROLOGY  Vol. 5
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blage of Cpx + Pl + Otz corresponds to a pressure of
12-12.5 kbar at T = 650°C. The Hbl-Grt—Pl-Qtz barom-
eter (Kohn and Spear, 1990) cannot be used for eclog-
ite-amphibolites, because it is developed for low-Na
amphiboles with Na < 0.6 f.u., while this value is much
higher in most amphiboles of eclogite-amphibolites.
Medium-Na amphiboles are stable in the crystalline
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Table 5. Microprobe analyses of minerals from clinopyroxe
phacitic clinopyroxene (Cpx")

ne—plagioclase kelyphitic rims (Cpx*+ PI%) around primary om-

Component 12 "

Cpx! — Cpx® + PI? Cpx! —= Cp? + P2 Cpx! —» Cpx® + P2 Cpx' — Cpx* + P2
SiO, 5283 |51.88 | 60.10 | 5242 | 52.08 | 59.89 |52.09 |52.26 | 60.67 |52.19 | 51.61 61.42
TiO, 0.37 0.32 0.40 0.59 - 0.31 0.24 - 0.45 0.53 -
Al,O, 9.47 3.93 | 24.99 9.90 5.04 | 23.08 9.32 2.75 | 24.28 9.717 6.37 | 23.87
Fe,0; 4.05 2.88 - 1.46 4.38 - 5.14 1.43 - 293 3.99 -
FeO 1.60 | 3.71 - 438 | 144 | - 147 | 565 | - 332 | 244 | -
MnO - - - 0.08 0.04 - - 0.06 - - 0.11 -
MgO 10.21 | 13.61 - 9.92 | 12.75 - 10.12 | 13.37 - 9.65 | 11.74 -
CaO 16.78 | 22.22 6.52 | 18.34 | 22.04 6.76 | 16.98 | 23.15 5.84 | 17.11 | 20.50 5.37
Na,O 4.66 1.16 8.01 3.62 1.34 7.95 4.54 0.70 8.72 431 2.58 9.05
K,0 - | 003 | 003 | - _ loor| - | o002 o004 003| - | 003
Total 99.07 | 99.73 | 99.65 |100.39 | 99.83 [ 97.75 | 99.97 | 99.63 99.95 | 99.76 | 99.85 | 99.74
Si 1.91 1.91 1.89 191 1.89 1.94 1.90 1.89
Ti 0.01 0.01 0.01 0.02 0.01 0.01 0.01 0.01
Al 0.40 0.17 0.42 0.22 0.40 0.12 0.42 0.28
Fe3* 0.11 0.08 0.04 0.04 0.14 0.04 0.08 0.11
Fe?* 0.05 0.11 0.13 0.14 0.04 0.18 0.10 0.07
Mn - - - - - - - -
Mg 0.55 | 0.75 0.54 | 0.70 0.55 | 0.74 052 | 0.64
Ca 0.65 0.88 0.71 0.87 0.66 0.92 0.67 0.81
Na 0.33 0.08 0.25 0.10 0.32 0.05 0.30 0.18
K - - - - - - - -
7d 217 | 01 200 | 4.0 172 | 0.6 - |213 | 62
Ac 11.1 8.1 4.0 4.0 14.1 4.0 8.1 11.2
Aug 67.2 91.8 76.0 |92.0 68.7 95.4 70.6 82.6
XFt=2+ 0.08 0.13 0.20 0.16 0.09 0.19 0.16 0.11
An, % 31 32 27 25

schists, and the barometer of Kohn and Spear yielded a
value of 11 kbar, which is close to the estimates of Hol-
land (1980).

We assumed the following conditions of the pro-
grade metamorphic stage for the eclogite-amphibolites
and Grt-Cpx—HbI-PI crystalline schists of the Buchim
Block: T = 650°C, P = 12-12.5 kbar, corresponding to
a depth of 46-48 km and a geothermal gradient of
14°C/km. The relatively low content of the jadeite com-
ponent in clinopyroxene of the eclogitic rocks (no
higher than 25-34%) indicates that the Buchim Com-
plex is a typical representative of the crustal eclogite
facies of moderate depth. The obtained P-T estimates
characterize the conditions of prograde metamorphism

of the Buchim Block as a whole, because the eclogite-
ampbhibolites, garnet—clinopyroxene—amphibole—pla—
gioclase crystalline schists, and their host rocks are
determined to be the products of the same metamorphic
facies.

The following features are important for genetic
interpretation of the reactional textures: (1) symplec-
tites around omphacite grains contain extremely low-
Na clinopyroxenes and have a cryptocrystalline texture;
(2) gamnet grains with Hb/’-PP reaction rims preserve
their prograde zoning even in the narrow outermost
margins adjacent to the homblende rims; (3) plagio-
clase in Hb2-PP rims on garnets are significantly more
calcic than that in the groundmass.

PETROLOGY Vol.5 No.6 1997
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Fig. 6. Composmonal relationships between primary
omphacite (Cpx ) and secondary Cp. + PP assemblage in
kelyphites.

The replacement of omphacite by.the assemblage of
low-Na clinopyroxene and sodic plagioclase is always
considered a distinct indication of uplift and decom-
pression (Cuthbert and Carswell, 1990; Joanny et al.,
1991; Hoinkes et al., 1991; O’Brien, 1993; Italian
Eclogites ..., 1993), because this secondary assemblage
has much larger mole volume compared to omphacite.
A very rapid uplift precludes the recrystallization of
minerals and causes the cryptocrystalline texture of the
kelyphitic rims. A wide gap in jadeite contents between
the two clinopyroxene populations (25-34% Jd in the
primary omphacite and 1-6% Jd in the augite from
symplectites) most probably indicates that the reaction
textures originated at the final uplift phase at a signifi-
cantly shallower depth in comparison to the primary
environment. It is evident from the fact that the sym-
plectites do not contain Cpx of intermediate composi-
tions that would mark the entire process of omphacite-
bearing rock exhumation. It is more realistic to think
that the uplift was catastrophically rapid, at a rate
exceeding the rate of replacement, and no symplectites
formed during each stage of decompression except the
final one.

Some features of the kelyphitic rims around ompha-
cite and garnet indicate that the uplift was not accom-
panied by a temperature decrease at its initial stages
and occurred under isothermal conditions or even at an
inertial increase of the temperature. These features are
as follows: (a) augite crystallization instead of amphib-
ole in symplectite after the omphacite, (b) the preserva-
tion of prograde zoning in the garnets in spite of their
replacement with HbP—PI? rims and the occurrence of
high-temperature hastingsite—pargasite amphibole in
the rims, and (c) an abrupt increase in the An content of
the plagioclase in these rims.
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Fig. 7. Mineral composmons in the pnmary assemblage
Grt+Cpx' + HbI' and secondary HbI> + PI? kelyphites
around the garnet at its contacts with Cpx! and HblI".

If our conclusions are tru¢, and the temperature was
really maintained at 650°C or even 700°C during the
uplift, the content of 6% Jd in the symplectitic augite
allows us to estimate the pressure at 4—4.5 kbar (14—
16 km) during the kelyphitization by the Cpx~-Ab-Qtz
barometer (Holland, 1980). The Buchim Block proba-
bly was tectonically stabilized at this depth and kelyph-
itization began.

The later, rather poor alteration of the metabasites dis-
plays retrograde features and comprises the replacement
of the clinopyroxene and hastingsite—pargasite horn-
blende by pale green amphibole, the development of sec-
ondary epidote, and the albitization of the plagioclase.

STABILITY OF SODIC PLAGIOCLASE
IN ECLOGITES UNDER ECLOGITIC FACIES
CONDITIONS OF MODERATE DEPTH
(EXEMPLIFIED BY THE ROCKS
OF THE BUCHIM BLOCK)

Almost all samples of eclogites and eclogite-amphibo-
lites of the Buchim Block contain sodic primary plagio-
clase, which is not typical of rocks of this group.

There are two reasons why albite (oligoclase) is absent
from crustal eclogites, which are normally classified as
plagioclase-free rocks. Albite could either be unstable in
any rock or be absent as a result of a specific bulk rock
composition. However, albite-oligoclase is stable through-
out a significant part of the eclogitic facies (Carswell,
1990). Albite becomes unstable only at pressures above
the Jd + Qtz = Ab equilibrium (Holland, 1980), i.e., at
pressures >14-18 kbar depending on the temperature.

Under conditions typical of most crustal eclogitic
complexes (P < 14-18 kbar and T = 500-700°C), albite
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Table 6. Representative microprobe analyses of minerals from amphibole-plagioclase (HbI* + PP) kelyphitic rims between
garnet and primary clinopyroxene (amphibole)

Compo- 6 . 26E 6/2 9/3 21 12
nent Hbl* + PI? Hbl% + PI? Hb? + P2 Hbl? + PI? Hbl* + P2 Hbl?+ P12 | Hbi* | Hbl?
Si0, 39.79 | 50.53 | 39.91 | 52.30 | 39.07 | 51.25 | 38.28 | 51.20 | 41.76 | 56.50 | 38.97 | 49.32 | 42.20 | 38.35
TiO, 032 - o10| - 021 - 022 - 036 - - - 035 | 0.07
ALO;, 17.24 | 32.00 | 17.08 | 30.57 | 18.97 | 32.04 | 18.91 | 31.06 | 15.77 | 27.19 | 21.49 | 32.11 | 12.78 | 19.89
FeO 15.44 15251 - |1543]| - |1469| - |1656| - |1232| - |22.62]14.20
MnO 026 - 021 - 015 | - 029 - 023 | - 021 | - 0.16 | 0.20
MgO 1056 | - |10.64| - 951 - |[1069] - 876 | - |1052| - 6.65 | 10.13
CaO 1095 1 1335 | 1132 | 12.19 | 11.11 | 12.87 | 11.05 | 13.27 | 11.92 | 9.58 | 10.70 | 14.85 | 10.72 | 10.60
Na,O 2371 3.49| 226| 446| 3.19| 321| 3.76 | 4.12| 1.56| 6.11.| 3.40| 3.05| 1.61| 3.37
K,0 069| 005| 084 006]| 006 - 0.08| 001| 1.02] 020 0.09| 004| 1.09| 038
Total 97.62 | 99.42 | 97.61 | 99.58 | 97.70 [ 99.37 | 97.97 | 99.66 | 97.94 | 99.58 | 97.70 | 99.37 | 98.18 | 97.19
Si 5.80 5.83 5.72 5.58 6.19 5.60 6.35| 5.60
Al(IV) 2.20 2.17 2.28 2.42 1.81 2.40 1.65| 2.40
Al(VI) 0.76 0.77 1.00 0.83 0.95 1.24 0.61| 1.03
Ti 0.04 0.01 0.02 0.02 0.04 - 0.04 | 0.01
Fe?t 1.15 1.05 0.83 1.01 0.36 0.90 0.83 | 1.01
Fe?* 0.73 0.81 1.05 0.78 0.36 0.90 0.83 | 1.01
Mn 0.03 0.03 0.03 0.04 0.03 0.03 0.02 | 0.02
Mg 2.29 2.34 2.07 2.32 1.93 2.25 149 | 221
Ca 1.71 1.77 1.74 1.73 1.89 1.65 1.73 | 1.66
Na 0.67 0.64 091 1.06 0.45 0.95 0.47 | 0.95
K 0.13 0.16 0.01 0.01 0.19 0.02 021 | 0.07
Xre tor 0.45 0.45 0.48 0.44 0.52 0.40 0.66 | 0.44
Nag 0.26 0.20 0.24 0.24 0.08 0.33 025| 032
(Na+K),| 0.76 0.59 0.68 0.84 056| | 064 0.61 | 1.03
An, % 68 60 69 67 46 73

and oligoclase are common in various mineral assem-
blages. For example, albite is usual in blueschists,
omphacite-garnet-hornblende  amphibolites,  and
gneisses that associate with eclogites. Oligoclase often
occurs in mica gneisses that alternate with eclogites
and crystallized under similar P-T conditions (Klemd
etal., 1991).

Albite-oligoclase was often detected as an equilib-
rium phase in many eclogitic rocks with garnet and
omphacite (Velilla and Hach-Ali, 1986; Heinrich,
1986; El-Shazly et al., 1990; Ghent et al, 1987;
Schulz, 1993). These eclogites always correspond to
moderate-depth kyanite-free varieties, whose omphac-
ite contains <35-43% Jd. Using the term “eclogite” in
its strict sense, geologists classify these plagioclase-
bearing rocks either with omphacite-albite—garnet
amphibolites (Heinrich, 1986) or eclogite-amphibolites
(Schulz, 1993). However, this is a merely terminologi-
cal problem as these rocks can be also termed as plagio-
clase-bearing eclogites. In any event, it is obvious that

there is a certain P-T interval within the eclogite facies
(P = 10-16 kbar, T = 500-700°C) over which albite and
oligoclase are stable both in eclogites and associated
silicic rocks, and the absence or presence of these min-
erals are controlled only by the bulk rock composition.

Let us consider the problem of sodic plagioclase
occurrence in crustal eclogite complexes of moderate
depth using the example of the Buchim Block. The
compositions of minerals in eclogitic rocks of the
Buchim Block, including a wide series of clinopyrox-
ene solid solutions Aug—Na-Aug—Omp (Jd < 34%), are
plotted in a Na-Al-(Mg, Fe) diagram (Fig. 8) to illus-
trate a simplified model for equilibria between Cpx,
Grt, Ab(Olg), and Qtz. The diagram demonstrates that
the albite-free Cpxy,_ca (Jd < 34%) + Grt assemblage,
in which oligoclase is absent or occurs as an accessory
mineral, is stable in rocks poor in Na and Al (general-
ized type 1). The Cpxy, ¢, + Grt + Ab(Olg) assemblage,
typical of eclogitic rocks of the Buchim Block, should
occur in rocks with higher Na and Al (generalized type 2).
1997
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‘able 7. Microprobe analyses of a garnet grain with inclusions of primary homblende and clinopyroxene along a profile

cross the grain from its core to rim (Sample 9/3)

- Gn | HWl', | Gn Hbl' Grt Gpx! Grt Hbl'

Component —_—
core IR transitional zone near the rim rim groundmass

§i0, 38.58 4137 | 3817 40.92 38.54 51.80 39.22 42.23
TiO, - 133, 0.09 1.28 - 0.44 - 1.74
Al,O, 21.95 1831 .. 21.85 18.54 22.34 9.13 22.04 14.98
Fe,0, o 4.02
FeO 22.48 11.49 .| 2244 12.03 21.92 2.35 21.05 12.31
MnO 0.57 001 ::] 059 - 0.67 0.13 0.45 0.05
MgO 6.69 1199 4| 6.63 11.30 7.07 10.59 7.85 12.36
Ca0 9.71 9.86" * 9.98 10.45 9.41 17.36 9.32 10.57
Na,0 - 33277 - 2.95 - 3.85 - 334
K,0 - 0.8, ", - 0.62 - - - 0.60
Total 99.98 98.26 .| 99.75 98.09 99.95 99.87 99.93 98.18
Si 5.88 5.87 1.88 6.11
Ti 0.14 0.14 0.01 0.19
Al 3.07 3.13 0.39 2.55
Fe+ 0.86 0.70 0.11 0.54
Fe?* 051 0.74 0.07 0.95
Mn RS - - 0.01
Mg 2.54 2.42 0.57 ' 2.66
Ca 1.50 1.61 0.68 1.64
Na 0.91 0.82 0.27 0.94
K 0.11 0.11 - 0.11
Xre 065 0.35 0.66 0.37 0.63 0.12 0.60 0.36
Alm 41.5 47.1 46.4 Jd 16 44.4
Sps 1.2 1.3 1.4 Acm 11 1.0
Prp 25.1 24.8 26.6 Aug 73 29.5
Grs 26.2 26.8 25.6 25.1
Nag 0.50 0.39 0.36
(Na +K), 0.52 0.54 0.69

[ndeed, plagioclase-bearing and rare plagioclase-free
rocks exist within the same eclogitic bodies. This fact
can be related only to variations in rock compositions,
namely to their various (Mg + Fe)/(Na + Al) ratios. The
variations in Ca : Al : (Mg, Fe) in the metabasites (Fig. 5)
cause the association of the Buchim eclogites with gar-
net, pyroxene, and ordinary amphibolites, crystalline
schists, and gneisses, in which plagioclase stability is
not restricted. The stability of sodic plagioclase is also
not constrained in the associated mica and kyanite—gar-
net gneisses and metapelites, which are rocks rich in Na
and Al. Therefore, the phase relations shown in Figs. 5
and 8 indicate that the proper plagioclase-free Gri—
Cpx—(x£Hbl, Czo, Rt)-Qtz crustal eclogites that are very
rare in the Buchim Block could originate only after
metabasites of specific composition with high (Ca +
Al)/(Mg + Fe) and low (Na + Al)/(Mg + Fe) ratios. The
other eclogites can contain sodic plagioclase.

No. 6

PETROLOGY  Vol. 5 1997

Eclogite-bearing complexes of moderate depths
similar to the Buchim Block that formed at T = 500-
700°C and P from 9-10 to 17 kbar and that contain
eclogites in the strict sense (plagioclase-free rocks) in
association with albite(oligoclase)-omphacite—garmnet—
quartz eclogitic rocks can be classified with the subfa-
cies of plagioclase eclogites recognizing the fact that
the absence or presence of plagioclase in these rocks
are controlled only by metabasite composition.

In the assemblages considered above, an increase in
the pressure causes enrichment of the clinopyroxene in
the jadeite component accompanied by a decrease in
albite (oligoclase) amount in the rock, i.e., the Cpxy, c, +
Grt field in Fig. 8 expands, and the Cpxy, ¢, + Ab(Olg) +
Grt field becomes smaller. Under pressures correspond-
ing to the stability of Cpx with 40-43% Jd, the monovari-
ant reaction Grt + Ab — Cpx (>43% Jd) + Ky and the
transition to a deeper subfacies of kyanite eclogites occur.
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Fig. 8. Principal equilibria of primary clinopyroxene with
garnet and primary sodic plagioclase in a Na-Al-(Mg, Fe)
diagram in eclogite-amphibolites of the Buchim Block as an
example of mincral assemblages of the moderate-depth pla-
gioclase subfacies of crustal eclogites.

Bulk rock compositions: (/) poor in Na and Al (Cpxc, Ny + Gt
assemblage, P! is absent), (2) rich in Na and Al (CpxcgNa +
Grt + Pl assemblage).

In this facies, albite (oligoclase) survives only in gar-
net-free rocks, for example, in omphacite-albite—amphib-
ole-quartz schists and amphibolites (Cpxy,c, + Ab
assemblage in Fig. 8) and cannot crystallize in Cpx +
Grt assemblage at any rock composition. Simulta-
neously, kyanite becomes a usual mineral of eclogites.

Table 8. Gamet—clinopyroxene thermometry of the pro-

grade metamorphic stage

g Gr1—Cpx' thermometer
& | Coexisting minerals and
g their iron numbers  |sep lEG.| K. | S. [P.N.
O
Weakly altered eclogite-amphibolites
9E Grtsg—Cpxyg 640|713 | 647
Grtsg—Cpxys 574 | 640|560
Grtsg—Cpxy3 600|676 | 602
9/2 Grtsg-Cpxig 640 | 663 | 609
Highly amphibolized eclogite-amphibolites
26E Grtgz—Cpxys 583|690| 651
Grtg3-Cpxiy 648|726 | 691
12 Grtss—Cpxg 575|600 | 583
9/3 Grtgs—Cpxyy 630|595 |544
(inclusions in Grt rim)

Gri-Cpx—Hbl-PI crystalline schists with low-Na Cpx!
6 | Grtg—Cpx,s | | | | 745] 640

Note: Gri—Cpx thermometers for crustal eclogites: Sch. (Schliest-
edt, 1986), E.G. (Ellis and Green, 1979), K. (Krogh, 1988).
Grt—Cpx thermometers for garnet—clinopyroxene crystalline
schists: S. (Sengupta et al., 1989), P.N. (Pattison and New-
ton, 1989). The latter thermometer is not applicable to Cpx
with NayO > 2.2 wt % and Grt with Xy, < 0.125.
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Finally, if the pressure increases above the condi-
tions of the Ab = Jd + Qiz reaction, albite disappears
both in metabasites and silicic gneisses, and gradual
transition to subfacies of jadeitic, coesitic, and dia-
mond-bearing eclogites occurs.

SPECIFIC FEATURES
OF ECLOGITE-AMPHIBOLITES COMPOSING
SHEET-SHAPED BODIES WITHIN THE BUCHIM
BLOCK OF THE SERBO-MACEDONIAN MASSIF

The eclogites and eclogite-amphibolites do not
show evidence of metamorphic differentiation, silica—
alkaline metasomatism, or migmatization. Thus, we
can estimate some chemical features of the protoliths of
these metabasites using low-mobile elements (Ti, Y,
REE, HIf, Cr, Ni, Sc, and some others). Major, trace,
and rare carth elements were determined in nine repre-
sentative samples from three eclogite bodies (Samples 9,
10, 11 in Tables 9, 10).

The eclogite-amphibolites, like most crustal eclog-
ites of the crystalline basement of the Mediterranean
Belt and central Europe, correspond to low-K basalts
(K,0 < 1 wt %), which are significantly evolved
(MGN < 0.6) relative to the primary mantle melts.
According to the (Na,0 + K;0)/8iO, ratio (Le Bas
et al., 1986), we distinguish two main groups (series)
among the metabasites: (a) tholeiitic and (b) subalka-
line with small amounts of normative nepheline (<5%).
Each of the three eclogitic bodies has specific compo-
sitional features (Figs. 9, 10, 11). The eclogite-
amphibolites of body 9 are typical representatives of
the tholeiitic group, which are comparable with highly
magnesian low potassic slightly evolved tholeiitic
basalts and have MGN = 0.58-0.50. The metabasites
are close to MORB-in-some incompatible (Zr, Hf, Y,
Nb, REE) and compatible (Cr, Ni, Co, Sc) trace ele-
ment concentrations (Tables 9, 10). The fractionation of
basalts within body 9 causes a decrease in MgO (9.11-
7.33 wt %), increase in FeO (11.7-12.9 wt %), TiO,
(1.26-2.01 wt %), and P,05 (0.12-0.21 wt %). The con-
tents of HFSE and REE increase, and the concentra-
tions of iron-group elements (Cr, Ni, Co) decrease with
decreasing MgO. The alkali and alkali-earth elements
(K, and particularly Ba and Sr) do not show a good cor-
relation with major elements and possibly were mobile
during retrograde metamorphism (these features are
typical of all eclogitic bodies in question and are not
considered hereafter). Some specific ratios of low-
mobile elements are as follows: (La/Sm), = 0.83 +0.10,
(La/Yb), = 0.65 + 0.12, (Sm/Yb), = 0.78 + 0.08,
La/Nb = 1.58 + 0.36, Y/Nb = 11.67 £ 6.4, Ti/Y = |
284 + 14. They are independent of the melt fraction-
ation and are close to these ratios in N-MORB (Schill-
ing et al., 1983; Le Roex, 1987; Sun and McDonough,
1989). All metabasites of body 9, however, have low
Zr concentrations, which are poorly fractionated (Zr =
32 4 5.6 ppm) in comparison to the other incompatible
elements. Hence, the metabasites of eclogite-amphibo-
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litic body 9 show a distinct behavior of Zr and REE
(Zr*/Zr = 0.59 +0.27). The similarity between these
metabasites (body 9) and N-MORB, their relative
depletion in LREE, and the distinct negative Zr and less
pronounced Hf anomalies are well illustrated by the
most magnesian rock of this series (Sample 9, MGN =
0.58, Figs. 10a, 11a).

The metabasites of eclogite-amphibolite body 10
represent the second rock group comprising low-potas-
sic basalts that are transitional between tholeiitic and
subalkaline varieties and are significantly evolved
(MGN =0.49-0.34, Table 8). The metabasites of body 10
are generally lower in SiO, (44.96 £1.1 wt %) and
CaO (1023 £ 0.64 wt %), higher in TiO, (3.20 *
0.31 wt %) and K,O (0.19 £0.01 wt %), and richer in
Nb (12 + 2.7 ppm) in comparison to the eclogite-
amphibolites of body 9. The part of the body that is pri-
marily most evolved (Sample 10/3) has higher contents
of FeO, P,0s, HFSE, REE and much lower abundances
of Cr, Ni, and Co (Table 9). The enrichment in TiO,
No. 6
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with increasing Fe contents in these rocks is less dis-
tinct than that of the tholeiitic metabasites of body 9.
The relative enrichment of the eclogite-amphibolite of
body 10 in incompatible elements in comparison with
N-MORB is well illustrated by trace-element patterns
(Figs. 10b, 11b) and some indicative ratios: (La/Sm), =
1.56 +0.39, (La/Yb),=2.51+0.97, (Sm/Yb),= 1.59+
0.33,La/Nb=1.55+0.41,Y/Yb=3.29+0.74, Ti/Y =
515 + 140. According to these chemical features, the
basaltic series of body 10 can be affiliated with basalts
of the enriched type from oceanic spreading zones
(T-MORB), which is transitional between N-MORB
and oceanic island basalts. The latter are the most
enriched in incompatible elements. In contrast to the
ratios mentioned above, the Zr contents (39 4.4 ppm)
of the eclogite—amphibolites in body 10 are signifi-
cantly lower than those of oceanic basalts of the subal-
kaline type, and are rather uniform. These chemical
features are demonstrated in Fig 11b for the most mag-
nesian basalt 10/1 (MGN = 0.49) of body 10, which has
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Table 9. Contents of major (wt %) and trace (ppm) elements in eclogite-amphibolite bodies

Componcnt 9 9/3 9/4 9/5 10 10/1 10/3 11/1 11/1a
SiO, 47.30 49.27 48.55 47.59 46.16 44.74 43.98 45.06 52.94
TiO, 1.26 1.43 2.01 1.42 3.31 2.85 3.43 4.83 1.75
Al 0, 14.39 14.31 14.11 14.97 14.87 16.35 13.60 13.71 13.53
FeO 11.69 12.22 12.91 12.01 14.52 14.61 17.69 15.41 11.03
MnO 0.19 0.16 0.17 0.18 0.28 0.27 0.32 0.28 0.23
MgO 9.11 8.29 7.33 9.09 7.44 7.76 5.05 6.32 6.59
CaO 12.86 10.53 12.01 12.04 9.97 9.85 10.97 10.03 9.72
Na,O 3.06 3.57 2.62 2.50 2.85 2.93 3.66 3.61 3.80
K,0 0.03. 0.06 0.08 0.10 0.18 0.19 0.20 0.44 0.23
P,0; 0.12 0.15 0.21 0.10 0.41 0.44 1.10 0.29 0.16
LO1 0.70 0.25 0.85 0.15 0.05 0.85 0.25 0.95 0.50
Total 100.71 100.24 100.85 100.15 100.04 100.84 100.25 100.93 100.48 -
MGN 0.58 0.55 0.50 0.57 0.48 0.49 0.34 0.42 0.52
Sr 99 75 210 132 104 105 131 92 59
Sc 45 37 45 40 46 33 4] 49 38
Cr 373 165 133 208 138 207 10 114 246

Ni 112 83 71 100 47 128 Jq27 64 115
Co 51 40 45 44 43 53 23 46 33
Zr 34 39 28 27 34 42 41 26 57

Y 28 29 42 20 52 34 82 4 62
Nb 3 2 3 3 11 10 15 10 12

Note: The rocks were analyzed at the Vernadsky Institute of Geodemistry and Analytical Chemistry, Russ. Acad. Sci. (GEOKhI RAS) by
XRF (major elements, analyst T. Romasheva) and ICP (trace elements, T.V. Shumskaya and L.N. Bannykh). Nb was analyzed by
XRF at the Institute of the Geology of Ore Deposits, Petrography, Mineralogy, and Geochemistry, Russ. Akad. Sci. (IGEM RAS)

(analyst T.M. Marchenko).

Table 10. Contents (ppm) of rare-earth elements and Hf in
eclogite-amphibolite bodies -

Ele-

ment 9 |9/3]9/4{9/5| 10 |10/1|10/3[11/1|11/1a
La (3.5 (3.5 (55 |1.5 |16.0}20.028.0|12.0|30.0
Ce [10.0 |10.0 |15.0 (3.5 |37.0 |45.0 |68.0 [27.0 {65.0

Pr 1.4 |1.6 |23 (0.5 (4.8 |58 [9.0 {40 | 8.0
Nd |7.1 |85 [12.0{2.4 [21.025.0 }42.0 [22.0|37.0
Sm |24 |3.0 |45 |0.7 |6.0 (7.0 {13.0(7.0 [10.0
Eu (0.8 |1.0 |1.2 |1.0 |1.7 |22 |40 |22 | 3.5

Gd (40 |48 [7.0 (1.1 |8.0 |9.0 [17.0 (9.0 {12.0
Tb [0.67 |0.81{1.20 {0.20|1.30{1.40(2.70 {1.50 | 1.70
Dy |43 |52 (7.8 |1.5 |85 |85 |1.6 |92 | 95
Ho |(1.10(1.40{1.80(0.42]1.80{1.80(3.80{2.00( 2.00
Er |32 |43 |6.0 |14 |57 |50 (9.8 |60 | 5.5
Tm |0.55(0.711.00 |0.28 |0.90 |0.70 {1.40 10.90 | 0.80
Yb (33 |48 |6.0 [1.7 |52 |4.0 (8.0 |5.0 | 4.8
Lu [0.600.82|1.20 [0.42]0.92 |0.61 1.30|0.82 | 0.75

Hf |13 |22 |2.7 |12 |42 |4.0 (8.0 |3.2 | 6.9

Note: The rocks were analyzed at GEOKHI RAS by INAA (ana-
lyst G.M. Kolesov).

distinct negative Zr [(Zr*/Zr), = 0.24] and Nb anoma-
lies [(Nb*/Nb), =0.61]. .

The metabasites of sheet-shaped eclogitic body 11 also
correspond to low-K basalts, although their K,O content
is somewhat higher (K,0 = 0.23-0.44 wt %) than in
the rocks of body 10. The metabasites of body 11 are
the least magnesian (MgO = 6.46 £ 0.19 wt %), alumi-
nous (ALO; = 13.62 £ 0.13 wt %), and calcic (CaO =
9.88 + 0.22 wt %) among the studied eclogitic rocks of
the Buchim Block. They also apparently belong to
group 2 of enriched subalkaline basalts similar to T-
MORB, a fact also illustrated by the indicative ratios
(La/Sm), = 1.94, (La/Yb), = 4.48, (Sm/Yb), = 2.31,
La/Nb = 2.5, Y/Nb = 5.16 and incompatible-element
patterns in Sample 11/1a (Figs. 10, 11). The latter pat-
tern has a distinct asymmetry with an enrichment in
elements with low Kp, and distinct negative anomalies
of Nb [(Nb*/Nb),, = 0.49], Zr [(Zr*/Zr), = 0.21], and Ti
[(Ti*/Ti), = 0.57]. The metabasalt of Sample 11/1a is
more enriched in incompatible elements in comparison
with the other sample from this body but has higher
MgO, lower FeO, and significantly lower SiO, con-
tents. These features do not agree with the normal trend
of fractional crystallization in basaltic melts. The com-
1997
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position of Sample 11/1 can 'bb produced by the frac-
tionation of 2-3% titanomagnetite from the composi-
tion of Sample 11/1a. This mqdel agrees with variations
in the contents of incompatible .elements and their
indicative ratios. by

The variations of major- and trace-element concen-
trations within each individual ' eclogite body of the
Buchim Block are small and their distribution agrees
with the fractionation model for the MORB-type series
(Sobolev et al., 1988; Dmitriev et al., 1990; Zakariadze et
al.,, 1993 and references therein), The diversity between
the incompatible-element concentrations in different
metabasite bodies is larger and is likely to be related to the
compositions of the primary high-magnesian magmas.
The compositions of rocks that are.comparable with N-
MORB (body 9), and T-MORB' (badies 10, 11) are most
dissimilar. These differences are most distinct in the
La/Nb, Zr/Nb, Y/Nb, La/Sm, La/Y b ratios, and the val-
ues of negative HFSE anomalies. According to many
publications (Le Roex, 1987; Johnson et al., 1990;
Hauri and Hart, 1994), these ratios and values do not
change during the generation of primary high-magne-
sian magmas in the mantle at melting degree >10% or
during the magma differentiatjon. Thus, these values
could be also considered to be geochemical indicators
of the mantle magma sources. Among these values, the
negative Zr anomalies, which are typical of both metab-
‘asite types, are the most distinct. It has long been
hypothesized that negative HFSE anomalies occur only
in rocks originated in the mantle wedge above subduc-
tion zones (Ringwood, 1975; Tatsumi et al., 1986; Hof-
mann et al., 1988). However, there is convincing evi-
dence that negative HFSE anomalies also occur in sub-
oceanic and subcontinental mantle domains, inter alia
in zones of oceanic spreading and intra-plate hot spot
areas. The generation of HFSE anomalies is believed to
be related to the percolation of highly magnesian mag-
mas through mantle peridotites (Salters and Shimizu,
1988; Hauti and Hart, 1994; Johnson, 1990). Thus, we
would not consider the negative HFSE anomalies in
metabasites of the Buchim Block as indicators of their
primary magma generation above subduction zones.
The HFSE and REE partition in these zones is usually
accompanied by a significant decrease in the contents
of medium and heavy rare-earth elements, Cr, and Ni in
comparison to their concentrations in MORB series
(Pearce, 1983; Kelemen et al., 1993). However, these
specific chemical features are absent in the metabasites
(Fig. 11a), which also do not show any depletion in
iron-group elements.

It is important to correlate these geochemical data
with geological observations. According to the latter,
the studied metabasite bodies are interpreted as
hypabyssal sheet-shaped intrusions in the continental
crust. Intrusions of this composition are abundant
within the crystalline basement of the Mediterranean
Mobile Belt, for example, in the eastern Alps (Thoeni
d Jagoutz, 1992) and Rhodopean Massif (Zakariadze
2t al., 1993). It is difficult to interprete the geodynamic
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Fig. 11. Incompatible-element patterns for the most magne-
sian eclogite-amphibolites of the Buchim Block.

Sample numbers are shown near the curves. The hatched areas
denote elements enriched relative to average N-MORB (Sun
and McDonough, 1989).

setting of these intrusions. They probably mark the
embryonal phases of paleospreading at the initial stages
of a tectonic cycle typical of the Mediterranean (from
Panafrican to Alpian), and, thus, represent early por-
tions of oceanic-type magmas emplaced into the
thinned continental crust or sedimentary sequences,
which occupied restricted areas on the young oceanic
crust.

CONCLUSION

(1) Prograde equilibria are studied in the plagio-
clase-bearing eclogitic rocks and clinopyroxene—gar-
net-amphibole—plagioclase crystalline schists of the
Buchim Block of the Serbo~Macedonian Massif. The
following minerals are stable there: clinopyroxene of
the Aug-Na-Aug-Omp series with a Jd content up to
34%, garnet with a distinct prograde zoning (up to 35%
Prp in marginal zones), hastingsite—tschermakite—par-
gasite amphibole, and primary oligoclase. The Na con-
tent in the coexisting Cpx and Pl, the existence or
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absence of Pl, Hbl, Cpx, and Grt in the metabasites, and
the transition of the eclogites 10 eclogite-amphibolites,
garnet and clinopyroxenc amphibolites, and crystalline
schists are controlled only by the Na/Al, (Na + Al)/Mg +
Fe), Ca : Al : (Mg, Fe) ratios of the rocks.

(2) According to mineralogical thermobarometry,
the conditions of the prograde stage are as follows: T =
650°C, P = 12-12.5 kbar.

(3) The Cpx*-PP symplectites around omphacite
grains and HbP-P[* rims on the garnet at its contact
with Cpx' and Hb!' originated during uplift. Some min-
eralogical features are indicative of very rapid uplift
under the isothermal conditions or even at temperature
increase, as well as of formation of reactional textures
only at the end of the uplift during the stabilization of
the geoblock at depth of 14-16 km.

(4) Some principal equilibria under conditions of
the moderate-depth plagioclase subfacies of the eclog-
ite facies (P = 10-17 Kbar, T = 500-700°C) can be illus-
trated by the example of the eclogite-amphibolites of
the Buchim Block. Under these conditions, plagioclase
presence or absence in these rocks are controlled only
by the rock composition.

(5) The protolith of the eclogite-amphibolites of the
Buchim Block corresponds to basalts of oceanic
spreading zones (N-MORB and T-MORB). Apparently,
they were emplaced at the initial stages of paleospread-
ing, when the earlier portions of oceanic-type magmas

intruded into the thinned continental crust or sedimen-
tary sequence on the young oceanic crust.
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