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ABSTRACT

The Sharyzhalgay block, located in the south-western Baikal region, is an exposure of the Precambrian basement at the margin of the Siberian Platform
chiefly consists of granitoids (80%) that host relic granulite facies rocks (20%). Metamorphism under granulite facies conditions took place about 2.4-2.5 G
ago. Petrological and geochemical data on the granulites suggest protoliths of predominantly MORB-like basalt (~70%) and minor sedimentary rocks. Gral
ulites also include ultramafic rocks. Relics of protogranular texture, hjigtinkocks and rock-forming minerals, occurrence of depleted harzburgites, mantle
compositional trend of spinels, REE patterns, and thermobarometry data allow us to interpret the provenance of Saramta peridotites as mantle material dep
ed by partial melting in the stability field of spinel. Peridotites are cut by dikes of layered wehrlite, spinel websterite and garnet websterite. Spinel websterite
have a chemistry and mineralogy of Cr-Di series. Their origin inferred to be the result of mineral segregations from percolating melt within the upper mantle
Garnet websterites differ from Al-augite pyroxenites by lower contents of di@® ALO,, and higher SiQ Incongruent melting of Cr-Di spinel websterites
on the scheme Cpx+ Opx+ Sp Mg-richer Ol+ Cr-richer Sp+L produced melts and restite wehrlites. Later on the melt crystallgiednto garnet web-
sterites with magmatic textures. Regional granulite-facies metamorphism at temperatures of Ceh8GDpressure of 5-6 kb produced exsolution lamellae
of spinel in pyroxene, kelyphite Sp+Opx+PI rims on garnet, and zoning of orthopyroxene in garnet websterite. Tectonitic restite harzburgites with ultramafic
dikes are correlative with the mantle parts of ophiolite sections. All these facts allow us to interpret relic granulite-facies rocks as fragments of Precambria
ophiolites.

INTRODUCTION petrological and chemical characteristics of the mafic and
ultramafic rocks of Archean greenstone belts were reviewed
It has become evident lately that proto-continental by Arndt et al. (1997). They believe that Archean green-
(tonalite-trondhjemite-granodiorite) and proto-oceanic (ko- stone belts contain two major suites of volcanic rocks. The
matiite-basalt-gabbro-anorthosite) crust has existed sinceocks of the upper sections have petrological and chemical
the Early Archean (Bogatikov et al., 1991; Drummond and features resembling those of most modern arc volcanics.
Defant, 1990; Rapp et al., 1991). Around 3.5 Ga the Earth’sThe more voluminous lower sections comprise tholeiites
atmosphere and hydrosphere formed and chaotic mantleand komatiites which are derived from melting in plumes
flow convection gave way to a regular small-cell convection beneath lithosphere of moderate thickness, their closest
that yielded numerous isolated microplates with protosialic modern analogues being oceanic plateau basalts.
cores, i.e. plate tectonics, the so-called multi-plate or embry- Relics of the Archean proto-oceanic crust may be found
onic tectonics (Kroner and Layer, 1992; Khain, 1994) camein ancient granulite-gneiss complexes possibly representing
into action. the lower horizons of the crust of the granite-greenstone ar-
Three well-documented sections of Paleoproterozoiceas which were brought onto the surface due to the post-
ophiolites are known from literature, e.g., Jormua Ophiolite, Archean uplifts. Any continuous ophiolitic section could
Finland (Kontinen, 1987), Purtuniq Ophiolite, Canada hardly be preserved after high-grade granulite metamor-
(Scott et al., 1991), and Payson Ophiolite, Unites Stategphism, granite-producing ultrametamorphism, post-magmat-
(Dann, 1991). The Jormua complex is structurally dismem-ic metasomatism and tectonics that acted upon Archean vol-
bered but contains all ophiolitic lithologies, including ser- cano-sedimentary rocks. Isolated metamorphic fragments of
pentinized mantle peridotite. The Purtuniq Ophiolite is al- ophiolite complexes could be only revealed. Thus, the con-
lochthonous and dismembered but the reconstructed section J0g°
represents only its crustal portion. The Payson Ophiolite is I
more or less intact. Rocks of the three complexes are mete
morphosed in green-schist or amphibolite facies.

Field evidence for ophiolite sequences (the subvolcanic ko L s
to extrusive ophiolite sections with sheeted dikes and the | ... teewoencous foea ;| -
ophiolite-type peridotitic to gabbroic plutonic section) have | il sierian Piatform P =
been described in some Archean Cratons, e.g. ~3.5 Gi || | fgkeeite R : T e
Kaapvaal Craton, ~2.7 Ga Slave Province and ~2.7 Kalgo- Sharyzhalgay

granulite-gneiss complex

orlie Terrance (de Wit et al., 1987; Helmstaedt et al., 1986; Pl
Fripp and Jones, 1997). These authors argue that basalts [ [ ———
the Archean greenstone belts formed at oceanic spreadin | [ | o s i
centers and that constructive-margin processes, similar t i

those which operated during the Phanerozoic, may have

. . . Fig.1 - Schematic geological map of the Precambrian basement at the mar-
been widespread during the Archean. The general field,gy of the siberian Platform.
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firmation of the original tectonic mantle origin of the peri- gneisses, framing the massif, show south-western, low-an-
dotites could provide evidence for the existence Archeangle dipping also characteristic of ultrabasic rock bands of
ophiolites. Such peridotites, the subject of our study, havethe massif. These relationships of the massif with host rocks
been found in the Sharyzhalgay block in the south-westernvere due to granulite facies metamorphism accompanied by
Baikal region (Fig. 1). deformations (oral communication by A.A. Mazukabzov
who performed detailed structural observations).
According to the data of isotope studies using the U-Pb,
BRIEF GEOLOGICAL OVERVIEW Rb-Sr and Sm-Nd methods (Aftalion et al., 1991; Bibikova
et al., 1990; Brandt et al., 1985), the age of the earliest gran-
The Sharyzhalgay block is an exposure of the Precambriulite facies metamorphism and granitization of the Sharyz-
an basement at the margin of the Siberian Platform. Thegalgay complex is interpreted to be 2.5-2.4 Ga and the age
Sharyzhalgay complex has very complicated rock relationsof additional regressive metamorphism and granitization
and consists of granitoids (80%) and relics of granulites2.0-1.8 Ga.
(20%). The latter look similar to the Akilia enclaves in the
Amitsoq gneisses. Plagioclase migmatites and K-feldspar
migmatites, enderbites, charnokites and leucocratic granites PETROGRAPHY
of varying composition are present among granitoids. There
are gradational relationships between all of these rock types. Spinel harzburgites and Iherzolitese characterised by
Granulite relics contain bedded and elongated lenticular boddifferent textures, with porphyroclastic ones being predomi-
ies with their dimensions varying from a few centimeters to nant, where large (up to 5 mm), elongated, strained pyrox-
some tens or hundred of meters. In the largest of them thene grains (porphyroclasts) are set in a fine-grained (0.05-
rocks are intercalated, in places very finely. They are repre-1.0 mm), strain-free matrix of olivine and pyroxene
sented by basic crystalline schists (2Px and two-Px-Hrb), Bi-neoblasts. In the cores of large relic grains of orthopyroxene
Hyp, 2Px, Gt-Bi plagioclase gneisses, high-Al plagioclase and clinopyroxene, Cr-Al spinel exsolution lamellae are
gneisses, kinzigites, Di-schists with sphene, dolomite mar-found. Spinel displays a characteristic holly-leaf shape and
bles, ultrabasic rocks (Hrb-peridotites and pyroxenites, lher-is surrounded by olivine. We have not observed any clear
zolites, Ol-websterites and harzburgites) and quartzites. examples of spinel included in olivine. The microstructure
The relics have gradational relationships with granites.is therefore similar to that described as the primary porphy-
The composition of the gradation zones depends on theoclastic texture (Mercier and Nicolas, 1975). In places, the
character of the relic: If the latter consists of schists or pla-texture of rocks is close to primary protogranular and is
gioclase gneisses, migmatites are present in these zonesharacterised by large olivine and pyroxene grains with
whereas in the case of marbles or ultrabasic rocks there areurvilinear grain boundaries. Clusters of vermicular spinel
scarn rocks or amphibolites in the zones. Moreover granitesccur in the interstices of between the pyroxene grains. In
have inherited some mineralogical and geochemical featuresther cases, we observed equigranular texture with fine,
of the granulites. In the case of 2Px-plagioclase schists, Gtpolygonal grains of olivine and orthopyroxene and rounded
Bi plagioclase gneisses, or ultrabasic rocks as relics, grangrains of spinel located with triple point junctions.
ites contain hyperstene, garnet or amphibole. If there are Of the dike rocksspinel wehrliteshave porphyroclastic
marbles as relics, granosyenites and syenites were formedextures with pyroxenes containing spinel lamellae while
This also resulted in a wide variation of rare elements in-spinel websteritekhave porphyroclastic textures. Orthopy-
cluding REE in granites. All those facts could be due to roxene contains fine Al-Cr spinel exsolution lamellae. The
metasomatic changes of primary volcano-sedimentary seperipheral parts of orthopyroxene grains have clusters of
guence by mantle fluids, which led to in situ melting and vermicular spinel and clinopyroxene blebs, and clinopyrox-
formation of granitic magma. That process is called graniti- enes bear Sp + Opx exsolution lamell@arnet websterites
zation in the Russian geological literature. The describedare slightly strained, fine-grained rocks with hypidiomor-
scheme of geological events is not in contradiction with thephic textures. Garnet grains are often surrounded by gray-
structural succession by Hopgood and Bowes (1990), whergyreen fibrous kelyphite rims of plagioclase, aluminous
the oldest rocks are “...sediments, basic igneous flows orspinel and enstatite. Secondary mineral aggregates locally
minor intrusion, and ultrabasic plutonic masses”. become symplectites. In some cases, fully replaced garnet
In addition to these rocks, the Sharyzhalgay series congrains make veinlet-like clusters attaining a centimeter in
tains ultrabasic rocks forming thin boudin-like bodies about width and a few centimeters in length. In orthopyroxenes
500 m in extent, occurring both in the basic crystalline from garnet websterites no exsolution features were found.
schists and plagioclase gneisses and in the migmatite©Orthopyroxenes in symplectic aggregates and in kelyphitic
charnockite substratum. Although the volume of the ultraba-rims on garnet are homogenous. Clinopyroxenes of garnet
sic rocks in the Sharyzhalgay series does not exceed 1 volvebsterites contain orthopyroxene lamellae. Wehrlite-to-
%, the analysis of their genesis is important for understand-garnet websterite transitions involb@anded ultramafic
ing the evolution of this sequence. rockscomposed of alternating garnet websterite and
The Saramta massif, one of the largest ultramafic maswehrlite, or sometimes dunite. The bands vary in width
sifs, has a lenticular shape and is 1500x1080nnsize. It from a few millimeters to a few centimeters. The banded ul-
has tectonic contacts with the enclosing rocks, as is evidentramafic rocks show pronounced strain features and have
from data of a surface magnetic survey. The Saramta massihosaic-porphyroclastic microtexture where rare clinopyrox-
is composed mainly of harzburgites with minor lherzolites. ene and replaced garnet porphyroclasts are set among fine-
The massif is cut by dikes from a few tens of centimeters tograined (<0.05 mm) pyroxene neoblasts in websterite and
a few meters thick, made up by alternating wehrlite, spinelrare clinopyroxene porphyroclasts exist among strain-free
and garnet websterite (Fig. 2). The shape of the massif i®livine crystals in wehrlite. Clinopyroxene grains contain
concordant with the host rock schistosity. Basic schists andine exsolution lamellae of orthopyroxene and spinel. Py-
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Fig. 2 - Generalized geology of the Saramta massif and a cross-section of the dike rocks (compiled by B.V. Sarelainen and M.A. Gornova). 1,2 = rocks of tf
Saramta massif: harzburgites (1) and Iherzolites (2); 3 = rocks of the dike complex: 4 = wehrlites, 5 = dunites, 6 = garnet websterites; 7-9 = rocks of th
Sharyzhalgay series: biotite-hypersthene and two-pyroxene plagioclase gneisses (7), garnet-biotite-plagioclase gneisses (8), two-pyroxene crystalline sch
(9); 10 = quaternary sediments; 11 = faults; 12 = tectonic contact; 13 = position of cross-section.

roxene and spinel lamellae in pyroxenes of all the described ANALYTICAL METHODS
rock types are so thin (aboutpyin) that they cannot be
analysed by microprobe. Major element compositions of rocks were determined by

In summary, the textures of Saramta peridotites bearthe wet chemical method. The contents of Ti, V, Cr, Ni, Co
signs of solid -state flow whereas the garnet websteritesvere obtained by atomic-absorption analysis and Zr was de-
have maintained their magmatic textures. termined by the XRF technique. REE, Rb, Sr, Y, Nb, Ba, Sc,

Retrogressive metamorphism is revealed by minorTh and U concentrations were estimated by the ICP-MS
amounts of phlogopite and tremolite-actinolite developed method. Alkali metal compositions were determined by
after clinopyroxene, calcium-free amphibole replacing or- flame photometry methods. Minerals were analysed by JEOL
thopyroxene and serpentinization of olivine. Irregular ser- Superprobe-733. When the absolute major element concen-
pentinization is most widespread in olivine-bearing lherzo- trations are > 1%, the precision amounts to 2%, while for the
lites and harzburgites. The latter are often transformed intaconcentration range 1-0,5 % the precision is no more than
serpentinites containing up to 12%®1. Garnet pyroxen-  10%. The accuracy of analytical results were checked using
ites are free of serpentine. the International standards-DY-1, JP-2, JB-2, BHVO-1.
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Rubidium-strontium isotopic analyses were measured by MINERALOGY
MI-1201 mass-spectrometer. Variation coefficients of iso-
tope ratio amount to 0.5-0.8% f8fRbf®Rb and 0.015- The rock-forming minerals of thkherzolites and

0.03% for8’Srf8Sr. The accuracy of isotope analyses was harzburgitesof the Saramta massif (Table 1) are highly
evaluated using the reference sample ISG -1 (granite) withmagnesian with ggQOI of 0.910 to 0.930, gn(gOpx of 0.908
the concentrations of Rb = 145.6 ppm, Sr = 223 ppm ando 0.931, X Cpx of 0.934. Orthopyroxenes are enstatites
(87SrF%Sr),=0.717086.0002. Isochron parameters, age val- with about 2% AlO, and about 0.3% QD,. Clinopyrox-
ues and primary isotope ratios were calculated from theenes are chromian diopsides moderate ifOA(~4%),
Mclintyre (1966) models. Na,0 (~0.9%), CyO, (~0.7%). Pyroxenes are composition-
Homogenization of melt inclusions was achieved by ally similar to those in harzburgites of ophiolites rather than
quenching in a muffle furnace (Naumov, 1969) with the ac- to pyroxenes from high-pressure peridotites (cf. Ernst, 1978;
curacy of temperature + 2G. The quenching procedure in- Obata, 1980; Laz’ko and Sharkov, 1988).
cluded long (0.3 to 1.0 hr) isothermal standing, air harden- Rock-forming minerals irdike rockshave lower X
ing and observation of phase transitions in inclusions atwith respect to the same minerals in harzburgites and Iher-
room temperature and 1 bar pressure during discontinuougolites. X in olivines from wehrlites and olivine web-
heating. The value of “step” (i.e. temperature increase besterites is 0.893 to 0.830. In orthopyroxenes it ranges from
tween tests) decreased when approaching the phase tran€l-899 to 0.834, and in clinopyroxenes from 0.923 to 0.873
tions that allowed both the homogenization temperature andTable 2). Pyroxenes, with orthopyroxene represented by
the onset of silicate phase melting to be determined. bronzite and clinopyroxene by chrome diopside, have mod-
All the analyses were made at the Institute of Geochem-erate TiQ, Al,O, and NgO abundances and are high in
istry, the Siberian Branch of the Russian Academy of Sci-Cr,0,, that makes them similar to pyroxenes of “green” Cr-
ences, Irkutsk. Di series (Shervais, 1979; Sinigoi et al., 1983). Pyroxenes in
garnet pyroxenites, where orthopyroxene is bronzite and

Table 1 - Representative mineral analyses from peridotites of the Saramta massif.

harzburgites lherzolite
84¢206 83c174 83 199
Ol Opx Sp or* Opx* Ol Opx Cpx Sp
SiO; 41.74 57.02 - 43.43 55.66 41.88 56.12 52.30 -
TiO, - 0.01 - - 0.02 - 0.07 0.30 -
Al O3 - 1.83 30.00 - 1.80 - 2.53 4.19 52.35
Cr,03 - 0.34 36.46 - 0.48 - 0.24 0.68 15.19
FeO 6.94 4.79 18.94 6.48 4.78 8.72 6.07 2.08 13.55
MnO 0.12 0.10 0.23 0.08 0.09 0.14 0.15 0.10 0.10
MgO 51.51 35.41 12.48 48.80 36.06 49.47 33.79 16.48 17.73
CaO - 0.45 - - 0.55 - 0.40 23.08 -
Na,O - - - - 0.06 - - 0.92 -
NiO 0.42 - - 0.29 0.07" 0.38 - - -
Total 100.73 99.95 98.11 98.79 99.50 100.59 99.37 100.13 98.92
0= 4 6 4 4 6 4 6 6 4
Si 1.003 1.954 - 1.039 1.923 1.014 1.945 1.899 -
Ti - 0.000 - - 0.001 0.002 0.008 -
Al - 0.074 1.074 - 0.073 0.104 0.179 1.659
Cr - 0.009 0.875 - 0.013 0.007 0.020 0.323
Fe** - - 0.052 - - - - 0.018
Fe 0.139 0.137 0.429 0.138 0.138 0.177 0.176 0.063 0.287
Mn 0.002 0.003 0.006 0.002 0.003 0.003 0.004 0.003 0.002
Mg 1.844 1.809 0.565 1.753 1.858 1.785 1.746 0.892 0.711
Ca - 0.017 - - 0.020 0.015 0.898 -
Na - 0.000 - - 0.004 0.000 0.065 -
Ni 0.008 - - 0.006 0.002 0.007 - - -
Sum 2.996 4.004 3.000 2.938 4.035 2.986 3.998 4.026 3.000
Xmg 0.930 0.929 0.568 0.930 0.931 0.91 0.908 0.934 0.712
Cr/(Cr+Al) 0.449 0.163

Notes (to Tables 1-2). *, bulk composition of minerals obtained by the chemical methndderals from symplectite on garnet; c, grain core; p, grain periph-
ery, °, Ni content determined by atomic-emission spectroscopy with precision 0.2; n.d., not determined; -, < O.ngvn Mg/MMg+Fe*); Fe* of spinel
were calculated on the assumption of perfect stoichiometry; Ol = olivine; Opx = orthopyroxene; Cpx = clinopyroxene; Sp = spinel.
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clinopyroxene is augite, have distinctly different composi-
tions with X_ as low as 0.724-0.705 in orthopyroxenes and
0.802-0.783"in clinopyroxenes, and markedly lower con- Mg/(Mg+Fe)
tents of Al, Cr and Ca. They differ from “black” Al-augite 0.0 —
pyroxenes by low Ti and Al abundances.

As a result of cooling, pyroxenes of all rock types of the
Saramta massif underwent subsolidus alteration like that de
scribed for pyroxenes in mantle xenoliths (Witt and Seck,
1987). Spinel exsolution lamellae in orthopyroxene and
clinopyroxene can appear concurrently with the formation g 4 -
of quartz, plagioclase, cordierite or their combinations.
However, no such phases were found, possibly because ¢
their submicroscopic size. On the other hand, the exsolvec
pyroxene can be non-stoichiometric and involve a ‘vacancy
pyroxene’ [ ], . Cg,; AlSi,O,as an end member (Witt and
Seck, 1987), but this is difficult to test without knowing
Fe?*/Fe** ratios. Chemical analyses of pyroxene separates
bearing exsolution features (Sp in orthopyroxenes and Opx:
Sp in clinopyroxenes) show lower &, and CrO, and
higher CaO in clinopyroxene and lower,Qy and ALO, in ! : ! > :
orthopyroxene, as compared with probe analyses of the py 08 04 0.0
roxene matrix. Pyroxenes in garnet websterites do not con Cri(Cr+Al)
tain chromian spinel lamellae owing to low primary con-
tents of Al and Cr. Clinopyroxenes bear only orthopyroxene
exsolution features. Zoning in orthopyroxene with rimward
increase in Al and Fe and decrease in Mg is coeval with re-Fig. 3 - Mg/(Mg+Fe) - Cr/(Cr+Al) diagram for chromian spinels. Ultra-
placement of garnet by kelyphite as a result of pressurEmaflc rocks of the Saramta massif: solid circle - harzburgites, solid rhomb

. . S - Iherzolites, solid triangle -wehrlites, open triangle - spinel websterites,
drop, as evidenced by compositional similarity of orthopy- open square - garnet websterites; cross - high-pressure peridotites (Ernst,

roxene in kelyphite rims and in the periphery of zoned 197g; Obata, 1980; Shervais, 1979; Laz’ko and Sharkov, 1998); open field
grains. - alpine-type peridotites (Plaksenko, 1989); trend of fractional crystalliza-
Spinels chemistry in lherzolites and harzburgites (Table tion of basalts (Plaksenko, 1989).
1) is reminiscent to that in alpine-type peridotites. Spinel in
Iherzolites is low in Cr# ~ 0.16 (Cr# = Cr/(Cr+Al)) and in in MnO (0.85%). Its chemistry is similar to that of garnet in-
Fe** and high in Mg# ~ 0.71 (Mg# = Mg/(Mg+Fg). From clusions in iron-rich pyroxenites of high-pressure peridotites
Iherzolites to harzburgites, it becomes progressively higher(Laz’ko and Sharkov, 1988). The replacement of garnet by
in Cr and F& and lower in Al and Mg, with Cr# ~0.45 and kelyphite as a result of isochemical subsolidus recrystalliza-
Mg# ~0.57. Similar coreward variation is observed in zonedtion 2Cq (Mg, (Al Si,0,, - CaAlSi,O, + 4MgSIQ, +
spinel grains in Iherzolites. This trend, i.e. reciprocal varia- MgAl ,O, can be interpreted as evidence for uplift and pres-
tion of Cr and Al and a strong correlation of increasing Cr# sure decrease.
and decreasing Mg# (Fig. 3), was observed for Cr-spinels in
ophiolites and oceanic peridotites, in high-pressure peri-
dotites, and in “green” xenoliths from basalts (Dick and
Bullen, 1984; Plaksenko, 1989). It can be due to provenance
of these rocks as mantle-derived restite resulted from partial
melting. Wehrlites and websterites in dikes (Table 2, Fig. 3)
have spinels with lower Mg#. As compared with spinel in  As was stated, the relics of granulite facies rocks includ-
websterites, that in wehrlites is lower in Al and Mg and ed two-pyroxene crystalline schists, Bi-Hyp, 2Px, Gt-Bi pla-
higher in Cr and F&. Spinels from websterites have the gioclase gneisses, high-Al plagioclase gneisses and
same zonation as that in lherzolites. quartzites (Table 3). The isochemical character of regional
As a result of fractional crystallization of mafic magma, granulite metamorphism and principal similarity of the
spinels generally become lower in Mg# and Cr# togetherprocesses of Precambrian and Phanerozoic rock formation
with decrease in b of the coexisting silicates. Volcanic ul- allowed Petrova and Levitsky (1984, 1986) to define the pri-
tramafic rocks have spinel that changes very little in Cr# butmary composition and provenance of the granulites.
become progressively lower in Mg# concurrently Witpgx The two-pyroxene crystalline schists produce narrow
decrease in olivine (Plaksenko, 1989). Compositional varia-fields along the magmatic trend in the field of basic to ultra-
tions and zonation of spinel in wehrlites and websterites ofbasic rocks on the de La Roche diagram (Fig. 4a,b) used for
dikes of the Saramta massif cannot be explained by its forrestoring the sedimentary or magmatic nature of metamor-
mation, as well as the rock as a whole, by fractional crystal-phic rocks (de La Roche, 1972). On the@JSiO,~ SiQ,
lization. The trend is the same as in mantle-derived rocksdiagram of Lisitsyn (1978), they lie aside from the trend of
and implies an origin by partial melting. The most Al-rich sedimentary rocks. The high-aluminous plagioclase gneisses
spinel with CyO, ~1.4% forms as a result of replacement of fall on the trend of clay and sand rocks on the Lisitsyn dia-
garnet by spinel-pyroxene kelyphite. gram and close to the illite point on the de La Roche dia-
Garnet is a calcium pyrope-almandine (PAlm gram. These rocks are considered to have been hydro-mica-
Gross, And, Spess Uw,) with X of 0.515-0.520; it is  ceous clays. Bi-Hyp, 2Px and Gt-Bi plagioclase gneisses
moderate in CO, (0.39%), low in gI'ig (0.10%) and high  show very diverse chemical contents of petrogenic and rare
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Table 3 - Major (wt%) and trace element (ppm) abundanceselements and therefore their points produce wide fields on
of granulites.

sch6 sch28  sch38  sch9  sch31  sch45  j19 j36 j66
1 2 3 4 5 6 7 8 9
Si0O, 5460 6723 56.66 4825 48.12 4836 4752 4992  47.66
TiO, 1.81 0.68 0.96 1.16 1.04 0.85 1.05 1.20 0.77
ALO; 13.88 1554 1458 1336 16.08 1644 1483 13.00 1637
Fe,04 0.64 1.63 2.71 1.05 3.15 0.78 nd. 3.64 nd.
FeO 10.68 2.69 7.15 13.11 8.17 8.76 14.32 9.70 10.92
MnO 0.21 0.05 0.13 0.22 0.19 0.15 0.19 0.23 0.16
MgO 4.67 1.20 3.96 7.19 7.87 9.50 8.15 7.20 9.79
CaO 8.13 3.49 648 1173 1054 11.03 1195 1190 1141
Na,O 2.54 3.48 3.00 1.48 2.58 1.44 1.77 2.36 1.75
K,0 0.63 223 2.58 0.14 0.72 0.35 0.08 0.56 0.28
P,0s nd. 0.39 0.84 0.42 nd. 0.20 0.08 0.07 0.06
LOI 2.04 0.98 0.30 1.64 0.80 1.56 0.55 0.09 1.47
Total  99.83  99.59 9935 99.75 99.26 99.42 100.49 99.87 100.64
Cr 80 20 130 38 140 470 300 160 250
Ni 24 11 14 25 98 290 110 85 150
v 320 30 180 300 300 200 220 250 140
Co 36 6.7 19 20 22 60 35 36 39
Sc 21 13 15 14 13 21 31 48 25
Y 36 11 55 17 16 9 24 22 16
Zr 100 170 210 49 240 26 35 60 39
Rb 22 61.8 47.1 17.66 7.41 3.69 <1 2.6 1.8
Ba 340 920 2300 390 170 150 30 91 70
Sr 100 320 570 470 200 160 100 120 180
Th n.d. n.d. n.d. n.d. n.d. n.d. 0.10 n.d. 0.59
18] n.d. n.d. n.d. n.d. n.d. n.d. 0.10 n.d. 0.24

Note. 1-3 = plagiogneisses: 1= Hyp-Di - Bt - Gr ;PIQ - (Mt), 2 = Hyp -

Pl - Bt-Q, 3 =Hyp - Di - B} - Q - (Mt,Ap); 4-9 = crystalline schists: 4

= Hyp - Di - Hrb - Pl -(Mt), 5 = Hyp - Di - Hrb - B}, - (Mt,Ap), 6 = Hyp

- Di - Hrb - PL, - (Mt,Ap), 7 = Hyp - Di - Hrb - P}, - (Mt,Ap), 8 = Hyp -

Di - Hrb - Pl,. - (Mt), 9 = Hyp - Di - Hrb - Rl ; Hyp - hypersthene, Di -
diopside, Hrb - hornblende, PI - plagioclase, Bt - biotite, Q - quartz, Mt -

magnetite, Ap - apatite.

a)

Fe,0,+ TiO,+ Ca0

Si0;

40

Al,0;

the diagrams which are common for sedimentary rocks, as
reported by de La Roche (1972). Part of them lie in the field
of graywackes (Fig.4 a,b) and on the sedimentary trend (Fig.
4c), while others occupy an intermediate position between
metabasalts and graywackes, and are believed to be
metatuffites.No authentic equivalents were found for felsic
volcanics. Basic crystalline schists primarily represented by
two-pyroxene hornblende and two-pyroxene varieties, are
complete analogues to tholeiites as regards the chemical
composition, and their Ti, Zr, Y, Cr, Ni, V, REE, Rb, Ba,
Sr, K, U, Th abundances are closer to E-type MORB (Fig. 5,
6). In the primary volcano-sedimentary sequence (after cal-
culation of areal distributions), tholeiitic basalts occupied
70%, graywackes and tuffites 25%, hydro-micaceous clays
3%, chemogenic ferro-silicic sediments 1% and carbona-
ceous sediments 0.5% of the section.

In order to constrain the age of the granulites, more
whole-rock Rb-S isotope analyses were performed by G.P.
Sandimirova for basic schists (metatholeiites) and plagio-
clase gneisses (metatuffites) (Table 4). Based on these mea-
surements, an age of 3.1 Ga is obtained (Fig. 7). According
Aftalion et al. (1991), model ages of 2.4-2.3 Ga (Sm-Nd) for
their melanocratic (mafic) samples 2A and 2B are maximum
ages for the protolith of Sharyzhalgay complex. However,
numerous recent studies of Archean rocks affected much
later tectonothermal events have documented an open-sys-
tem behavior in the Sm-Nd system (e.g., Moorbath et al.,
1997). Moreover, samples 2A and 2B were changed by
granitization to plagiomigmatites, which is evident from
mineral composition of the rocks. Consequently, it may be
assumed that the Sm-Nd system was opened during meta-
morphic events.

We consider that the results of the Rb-Sr method could
be taken as an age estimate for the primary volcano-sedi-
mentary sequence. The samples for the Rb-Sr isochron were
selected from numerous samples after a thorough miner-
alogical and geochemical study. Selected samples are gran-
ulites and there are

b) ¢
MgO ALD, I SI0,
06 |
04 —
02 7
50 70 90
K,0 Na, O Si0,

Fig. 4 - Discrimination diagrams for granulites: a)®g+ SiO, + Al O, (after de La Roche, 1972); b) MgO & - NaO (after de La Roche, 1972); c)

Al,O,/SIO, - SiO, (after Lisitsyn, 1978). Solid circles - two-pyroxene crystalline schists, cross - Bi-Hyp, 2Px, Gt-Bi plagioclase gneisses, open rhomb - high-

Al plagioclase gneisses, solid triangle- quartzites, dashed line - magmatic trend, heavy line - sedimentary rocks, G = greywacke, | = illite, Q = quartzites.
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Table 4 - Rb-Sr data for relic rocks of the Sharyzhalgay complex.

Rock type Rb Sr ¥Rb 86Sr RbMSr V1SS0

ppm  ppm  ppm ppm

83-57a**  Dbasic schist 0.15 97.6  0.0428 9.63 0.00444  0.70230+14
83-68b**  basic schist 0.34 1129 0.0946 11.15 0.00848  0.70194+40
83-59 **  Dasic schist 222 119.6 0.6178 11.8 0.05236  0.70445+22
sch9 basic schist 17.66  605.6 4.91 59.80 0.0822 0.70590+19
sch 45 basic schist 3.69 1232 1.029 12.16 0.0846 0.70595+24
sch 31 basic schist 7.41 199.4  2.063 19.69 0.1048 0.70691x17
sch 31* 0.1024x10 0.70773%21

sch 38 plagiogneisses 47.1 623 13.11 61.49 0.2132 0.71225%11
sch 38* 0.2117£20  0.71249+21
sch 28 plagiogneisses 61.8 311.2  17.20 30.73 0.5619 0.72678+21

sch 6 plagiogneisses 22.0 100.1  6.125 9.854 0.6144 0.73043+10

Note: Rb and Sr concentrations were determined by the isotope dilution method, &RtEfSr is 0.5-1%; * replicate analysis of samples was performed
for checking in the laboratory of Prof. Dr. D.J.Wendta (Germany), Rb and Sr concentrations were measured by X-ray fluorescence method; ** - samples prc
vided by Dr. A.S. Mekhonoshin (83-57a = Hyp - Di ;.R(Mt,JIm), 83-68b = Hyp - Di - Rl - (Mt,JIm), 83-59 = Hyp - Di - RL- (Mt,JIm)).

Til00

TiiCr
1000
\ c) d) €)
Cr (ppm) V (ppm)
100 1000 - - i
< oFT ] 400
s i 4 At ‘,./" MORB
10 \ 100 »00 e
- o -
IAT \ . /,‘//
\ i LIAT P
1 +—rrrm—rrrtrm 10 T 0 ST
10 100 1000 1 10 100 0 5000 10000
Ni (ppm) Y (ppm} Ti {ppm)

Fig. 5 - Tectonomagmatic discrimination diagrams for two-pyroxene crystalline schists and peridotites: a) AFM; a) Ti/100- Zr- 3Y(after Pearce and Cann,
1973); b) Ti/Cr - Ni (after Beccaluva et al., 1979); c) V-Ti (after Shervais, 1982); d) Cr-Y (after Pearce, 1982). Solid circles - two-pyroxene crystalline schists
from Sharyzhalgay complex, solid square- ultramafic rocks, open square- peridotites from Saramta massif, cross - calculated composition of liquid in equilib
rium with the spinel websterite (= sub-calcic Al-rich clinopyroxene) from Saramta massif. Trace- element composition of the spinel websterite is averagec
from samples 268, 213, 220b, 218. Partition coefficients for the sub-calcic clinopyroxene from Cox et al. (1979), Pearce and Norry (1979). AfM: A = Na
+K,0, F = FeO+ 0.9F®,, M = MgO. WPB - within plate basalts, CAB - calc-alkaline basalts, IAT - island arc tholeiites, MORB - mid-ocean ridge basalts,
OFT - ocean floor tholeiites.
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Fig. 6 - Primitive mantle-normalized abundance patterns for incompatible
elements in two-pyroxene crystalline schists (open triangle, samples j-19, 0,7 e b}
j-36, j-66), average N-type (dashed line) and E-type (heavy line) MORB 0 0,1 0,2 0,3 0.4 0,5 0.6 0,7

and calculated composition of liquid in equilibrium with the spinel web- . ) ) . . . .
sterite (= sub-calcic Al-rich clinopyroxene) from the Saramta massif (solid Fig. 7 - Rk_)—Sr isochron diagram for basic schists and plagioclase gneisses
circle). Average N-type and E-type MORB and primitive mantle normaliz- (for analytical data, see Table 4).

ing values are from Sun and McDonough (1989). Trace element composi- .

tion of the spinel websterite is averaged from samples 268, 213, 220b, 218 Table 5 - Major (wt %) and trace element (ppm) abun-
Partition coefficients for the sub-calcic clinopyroxene from McKay et al. dances of peridotites from the Saramta massif.

(1986), Irving and Frey (1984), Pearce and Norry (1979). Calculated val-
ues for some of highly incompatible elements (K, Rb, Ba, Th, LREE) have
no real meaning, because their abundances in spinel websterite have bee

185 174 206 77 225 172 243 199

modified under metasomatic effect during granite formation. 1 2 3 4 5 6 7 8
Rocks of the Saramta Massif Si0, 4447 4554 4608 4659 4449 4638 4536 4439
As seen in the MgO diagram (Fig. 8), the studied rocks| aL0, 062 054 087 052 046 351 331 236
fall distinctly into two groups on the basis of their geochem- |, 526 289 425 238 224 258 198 452
istry, one represented by the field of harzburgites and lher-
zolites and the other by the trend of spinel wehrlites, web-|F¢© 185 429 221 442 580 468 696 578
sterites, banded ultramafics and garnet pyroxenites. MnO 009 0.0 010 009 011 011 013 0.13
Harzburgites and IherzolitegTable 5) have high |ygo 4671 4559 44.02 44.92 4601 3875 38.54 40.20
MgO/>FeO ratios varying from 7.1 to 4.1. The harzburgites . 031 031 067 031 025 300 279 Lel
are very poor in AD,, CaO, TiQ and alkalis and rich in ‘ ’ ’ ‘ ‘ ' ’ ‘ ’
Cr, Ni and Co. Major element compositions of the Iherzo- [Na.0 005 008 003 010 003 018 024 0.1
Iit_es, especially t'hat of sample 172, are comparable with|k,o 001 002 001 002 002 001 001 001
high-pressure spinel lherzolites (Ernst, 1978; Obata, 1980 50, 037 037 040 041 034 043 038 052

that are rich in low-melting components and approach the
model upper mantle compositions with about 4%0Aknd NiO 026 024 029 024 024 020 021 0.30
3.5% CaO. REE contents in harzburgites are much below| Lot 1242 606 786 7.2 574 580 344 638
chondritic and mqu convex-downward patterns (Fig. 9A) MgO/SFe0 709 661 626 685 589 553 441 408
that are characteristic of the harzburgites forming the basa
section of ophiolites (McDonough and Frey, 1989). Lherzo- | Ca0/AL0; 050 057 078 059 056 088 084 068
lites have typical mantle REE abundance trends (McDo-| T; <10 13 42 11 <10 999 519 215
nough and Frey, 1989) where (La/Yb)N<1 with LREE at

0.3 to 0.6 x chondrites and HREE at 1-2 x chondrites. | BB B ® 2 o »
HREE are positively correlated with abundances of CaO| ©° § % 1o 75 88 108 143 132
and ALO,. One of the samples (199) is enriched in LREE. | sc 27 3 446 2 22 118 1001 213
The U-shaped patterns in harzburgite and lherzolite coulc| 013 nd 031 nd nd 288 283 099
reflect a post-melting enrichment (cf. Gruau et al., 1998).

Spinel websterites and banded ultramaf{sble 6), Zr § nd 6 S 10107
with their low TiO2 and AEOs, high CaO/A!O3 (>>1) and Nb 002 nd 002 nd nd <0005 001 247
moderate MgQIFeO abundances and non-chondritic rare | gy 042 nd 012 nd nd 031 <01 261
element ratios belong to the “green” Cr-Di series. Composi- B . & 129 nd nd 715 68 131
tionally they are similar to sub-calcium (~12% CaO) alumi- | GG Ass s nG G e
nous (~6-8% AJO,) clinopyroxene. Similar clinopyroxene Sr 264 nd. 326 nd nd 279 27.01 300
crystallized from basalt and komatiite melts at pressures ir| tn 009 nd 015 nd nd 008 007 0.16
the range of ~20 to 30 kb in the experiments of Arndt U 008 nd  nd  nd nd 013 o012 059

(1976) and Ringwood (1981). They could be classified as
fractionates from basaltic melts which were produced by note. 1 = serpentinite; 2-5 = serpentinized harzburgites; 6-8 = serpen-
partial melting of the primitive mantle (Sinigoi et al., 1983; tinized Iherzolites; n.d., not determined; <, below the indicated detection
Frey et al., 1985; Bodinier et al., 1987)_ limit. Major elements reported on an anhydrous basis.
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Fig. 8 - Variation of chemical components against MgO. Ultramafic rocks of the Saramta massif: solid circle - harzburgites, solid rhomb - lherzolites; solid
triangle - wehrlites, cross - spinel websterites and banded ultramafics; solid square - garnet websterites; mantle rocks of ophiolites (Laz'’ko and Sharko
1988): open circle - harzburgites, open rhoniherzolites; dike websterites in high-pressure peridotites (Laz’ko and Sharkov, 1988): open triangle - web-
sterites, open square -Ti-augite websterites; pyroxenites of xenoliths from basalts (Laz'ko and Sharkov, 1988): heavy open triangle - “green” pyroxenites
heavy open square - “black” pyroxenites; 1 - field of harzburgites and Iherzolites; 2 - trend of ultramafic rocks in dikes.
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Table 6 - Major (wt %) and trace element (ppm) abundances of ultramafic dike rocks from the Saramta massif.

274 237 215 205 221 219 268 213 220b 218 230 276 196 70 192

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
SiO, 45.09 45.88 50.00 46.39 45.86 47.10 51.77 4943 48.63 5144 51.00 50.98 50.23 50.06 50.55
TiO, 0.06 0.07 0.06 0.17 0.15 020 025 0.15 0.18 0.18 0.26 0.17 028  0.21 0.26
Al O, 1.65 331 295 280 320 347 421 564 442 502 5.94 5.25 6.71 7.60  5.65
Fe,05 7.84 240 226 428 252 308 262 244 134 145 2.15 2.87 193 203 285
FeO 494 538 6.12 550 9.82 642 441 497 1064 7.76 7.41 8.79 7.73 781 7.96
MnO 0.19 0.13 0.14 0.18 0.17 0.16 0.13 0.17 020 0.22 0.24 0.23 023 021 0.22
MgO 33.47 3348 31.30 29.60 27.24 26.34 21.43 21.94 20.07 1949 1820 17.67 16.53 16.60 16.43
CaO 528 796 590 9.14 949 1134 1392 14.19 1335 1336 14.08 13.12 1523 1490 15.02
Na,O 0.10 0.16 0.13 031 043 052 044 038 054 058 0.45 0.55 0.54 0.51 0.54
K,0 0.01 <0.01 0.01 0.01 003 035 001 0.08 0.06 0.07 0.02 0.15 0.14  0.01 0.01
P,0s 0.02 <0.01 0.02 0.01 0.02 0.02 <0.01 0.02 0.02 <0.01 <0.01 <0.01 0.01  0.01 0.01
Cr,05 .12 1.02 090 090 089 085 035 054 042 034 0.25 0.19 038 028 0.37
NiO 022 0.17 0.17 0.17 0.16 0.14 0.08 0.09 0.08 0.05 0.05 0.04 0.05 0.04 0.05
LOI 870 4.06 126 382 276 194 046 046 <0.01 051 0.67 0.50 048 0.08 0.33

MgO/ZFeO 279 444 384 316 225 286 3.17 3.06 169 215 1.95 1.55 1.74 1.72 1.56

CaO/ALO3 320 240 200 326 297 326 331 252 3.02 266 2.37 2.50 227 196  2.66

\% 90 60 90 120 160 180 180 200 230 220 220 280 280 280 250
Co 100 97 71 118 120 nd. nd. 77 81 76 69 52 69 88 83
Sc 15 188 20 25.1 39 32 34 355 82 83 524 42.1 n.d. n.d. 52
Y nd. 159 nd 144 nd 326 272 824 5 7 7.01 4.54 8 n.d. 6.43
Zr <10 <10 40 18 11 nd. nd 15 15 15 7 5 7 n.d. 5
Nb nd. 0.005 =nd. 0.15 nd 161 088 002 nd  nd 1.56  0.69 n.d. nd.  0.05
Rb nd. <01 nd 153 nd 083 029 428 nd  nd 0.87 1.21 n.d. nd.  0.63
Ba nd. 657 nd 571 nd 63 13.1 31.0 nd n.d. 2.6 64.4 n.d. n.d. 12.6
Sr nd. 281 =nd 255 nd 214 455 384 nd  nd 14.3 19.5 n.d. n.d. 10.9
Th nd. 003 =nd 025 nd 129 028 019 nd  nd 0.16  0.16 n.d. nd.  0.15
U nd. nd nd 020 nd 038 014 006 nd  nd 0.09 n.d. n.d. nd.  0.04

Note. 1-6 = wehrlite, 7 = olivine websterite, 8-10 = banded ultramafics, 11-15 = garnet websterites; n.d., not determined; <, below the indicated detection limit

Rocks of the dikes show regular growth in@), FeO, sterites(Table 6) are similar to “black” low-alkali dike web-
CaO, NgO, Ti, V, Sc and decrease in Cr, Ni, Co with de- sterites from high-pressure peridotites and ultramafic xeno-
creasing MgO (Fig. 8). It is seen in the diagrams that Al, Ca,liths in basalts (Sinigoi et al., 1983) on the basis of their
and Ti abundances in all the rocks from spinel websteritesMgO/>~FeO ratios and FeO, MgO, CaO, Ni, and Cr abun-
and banded ultramafics to wehrlites fall on an olivine con- dances, but differ in being lower in Tj@nd ALO, and
trol line. The behavior of Ni is controlled by its compatibili- higher in SiQ.
ty with olivine that chromium does not have. The abrupt  Spinel websterites and banded ultramafics have MREE
growth of Cr wehrlites can be due to increase in Cr# ofand HREE abundances comparable with those in hosting
spinel. Therefore in the range from spinel websterites tolherzolites (Table 7, Fig. 9B). MREE and HREE contents
wehrlites, olivine becomes progressively more abundant andare lower in wehrlites and higher in garnet websterites. All
higher in Mg# and spinel increases in C&arnet web-  these rocks show various enrichments in LREE that is not
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Table 7 - REE contents (ppm) in ultramafic rocks and two-pyroxene crystalline schists.

185 225 172 243 199 268 213 237 197 230 192 j19 j36 j66

1 2 3 4 5 6 7 8 9 10 11 12 13 14
La 026 0.12 0.16 0.07 208 3.03 068 0.13 144 0.87 0.24 2.75 56 3.73
Ce 070 014 061 017 330 1.73 1.02 028 1.56 0.94 0.49 8.72 13 954
Pr 0.11  0.02 0.10 006 029 0.16 0.15 nd. 0.13 0.08 0.08 127  nd. 122
Nd 042 002 070 039 1.04 081 096 031 0.52 0.69 0.70 7.17 11 6.19
Sm 0.05 <0.01 028 026 0.13 034 031 0.12 0.19 0.38 0.36 2.44 3 1.83
Eu <0.01 <0.01 0.11 0.10 0.05 0.11 0.14 0.06 0.08 0.18 0.18 0.87 0.6 0.70
Gd 0.01 001 038 035 017 043 041 019 025 0.72 0.62 3.18 24 221
Tb <0.01 <0.01 0.07 0.07 0.03 008 0.08 0.04 0.05 0.16 0.13 063 nd 042
Dy 0.01 0.01 053 051 019 054 052 028 031 1.04 0.84 3.88 32 248
Ho <0.01 <0.01 0.10 0.11 0.04 0.10 0.11 0.06 0.06 0.23 0.19 0.81 0.6 0.50
Er <0.01 0.01 034 037 016 031 034 020 0.21 0.71 0.56 2.58 1.7 1.56
Tm <0.01 <001 005 0.06 003 005 005 0.03 0.03 0.10 0.09 044 nd. 025
Yb <0.01 0.02 035 039 020 032 035 019 021 0.74 0.59 2.58 20 1.54
Lu <0.01 <0.01 0.05 0.07 0.04 005 0.06 0.03 0.03 0.11 0.10 039 nd 023

Note. 1-2 = harzburgite; 3-5 = lherzolite, 6 = spinel websterite; 7 = banded ultramafic; 8-9 = wehrlite; 10-11 = garnet websterite; 12-14 = two-pyroxene crys:
talline schists; n.d., not determined; <, below the indicated detection limit.

typical of water-free pyroxenite dikes in mantle peridotites of equilibrium mineral couples for estimating PT conditions
(McDonough and Frey, 1989). of rock formation.

Table 8 gives temperature estimates obtained with the use
of different geothermometers. The temperatures obtained
from partitioning of Mg and Fé between olivine and spinel
(O’Neill and Wall, 1987; Fabries, 1979) are the lowest for all

Garnet and pyroxene in websterites bear numerous smalhe rock types. They are 560-7%0 and represent the condi-
(3-15 um), rectangle primary inclusions of silicate melt, tions of “freezing” of the ion-exchange reactior?’FeMg?*
confined to growth zones or uniformly scattered throughoutthat is faster in spinels than in other silicate phases (Obata
host mineral grains. The inclusions contain anisotropic sili- and Morten, 1987). The highest temperatures, that evidently
cate crystals and interstitial gas bubbles (3-7% of the totalrepresent the magmatic stage of rock formation, were ob-
volume of the inclusions). The temperature of formation of tained by means of the geothermometer of Vannier and
the melt inclusions was estimated experimentally to be in aBerger (1978) which is based on the partitioning of NiO be-
range of 990 to 950 * 4%C. Homogenization of inclusions tween olivine and orthopyroxene. They are 1380for
starts at 1330 to 1280 + 4Q in garnets and at 1320-1250 + restite harzburgites and 1400-15@for spinel-wehrlite and
40 °C in clinopyroxenes. Note that during hardening, the websterite of the vein series. Geothermometries based on the
major part of the inclusions heterogenize due to low viscosi-partitioning of Mg and F& between orthopyroxene and
ty of the melt, and therefore the homogenization tempera-clinopyroxene (Brey and Kohler, 1990) and on the Ca (Brey
ture cannot be determined with a higher accuracy. Aboveand Kohler, 1990) and Al (Sachleben and Seck, 1981) abun-
1150°C only the smallest inclusions are preserved as mostances in orthopyroxene, which is in equilibrium with
of them burst during heating, apparently because of a higtclinopyroxene in ultramafic parageneses, yield two groups of
intravacuoliar pressure. consistent temperatures. The first group comprises values be-
tween ~970 and 1068 and they were obtained on the basis
of chemistry of exsolution-bearing pyroxene separates and
microprobing cores of zoned grains of orthopyroxene and
spinel. They are below the solidus of basaltic melt and corre-

The presence of neoblasts and exsolution lamellae in pyspond to the mantle conditions where sub-calcium clinopy-
roxenes and zonation in minerals attest to complex historyroxene undergoes inversion to bronzite and diopside fol-
of ultramafics that possibly included several stages of subdowed by recrystallization and formation of isolated grains.
solidus recrystallization. Preservation of a few local equilib- The temperatures of the other group, from ~ 640 t0°870
rium mineral parageneses in rocks requires a careful choicevere obtained from microprobe analyses of exsolution-bear-
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tion features. Moreover, application of the Gt-Opx geo-
barometers to garnet websterites is subject to uncertainties
arising both from error in temperature estimation and ana-
£160 lytical uncertainty due to low contents of &I, (1-1.5
: wt.%), NaO, Cr,O,, and TiQ (< 0.5 wt.%) in orthopyrox-
ene. The total error in calculated pressures may be some-
what higher than + 3 kbar. Harzburgites and Iherzolites are
0.10 / garnet-free probably have crystallized under spinel facies
conditions. The use of geobarometer (Mercier et al., 1984)
for spinel facies lherzolites and harzburgites is limited by
0l T T T T T T T T T T T T T accuracy of determination of Na abundance in orthopyrox-
ene. The pressures obtained are restricted to estimates based
on chemical (18 kb, samples 268 and 215) and microprobe
(about 3 kb, sample 268) analyses of exsolution-bearing py-
100.0 roxene matrix.
B8 Hence, the rocks must have formed under spinel facies
conditions at pressures about 15 to 20 kb. They underwent
100 4 % isobaric subsolidus recrystallization at a temperature of
~1000°C and regional granulite metamorphism, together
with the hosting volcano-sedimentary rocks, at pressures of
3 to 6 kb and temperatures between 640 and®@70

10.00 A

1.0

Sample / Chondrite

FORMATION MODEL
O lt—T T 7T T T T T T T T T T 1711 FOR THE SARAMTA MASSIF

Several observations allow us to interpret that the Saram-
ta peridotites represent mantle material which was depleted
by partial melting. These include relics of primary pro-
togranular textures, high Mg# in rocks and rock-forming
;:}_gz__..&@_.,,__.__a_ﬁ minerals, MgOZFeO ratios in rocks, affinity of Iherzolites

(sample 172) to the primary mantle material and depletion
e Ve B WF of harzburgites, mantle compositional trend of spinels, and
.« - REE distribution pattern. The mineral paragenesis of peri-
a dotite (Ol+Opx+CPX+Sp) and thermobarometric data indi-
T T T T T 1T T T L T T T 1T T 1 cate that these rocks formed in the stability field of spinel
ERCS PN s = Gelah Ly b Er Db During adiabatic diapirism mantle peridotites undergo re-
Fig. 9 -A - Ch_ondrite- np_rmalized REE patterns in peridotites from the peated partial melting that produces basaltic melts. The
Saramta m_assyf. Normalizing _values are taken from Sun and McD_onoughmeItS accumulate into horizontal layers (Maaloe, 1982),
(1989). Solid circle - harzburgite sample 225, open square - lherzolite sam-, .o
ple 172, solid square - Iherzolite sample 243, cross - Iherzolite sample 199;the,n infiltrate _SIOle tOWB._I’dS Iow-pres'sure. ZOHE§ and crys-
B - Chondrite-normalized REE patterns for dike rocks. Solid circle - spinel tallize producing websterite chrome-diopside veins. At the
websterite sample 268, open square - banded ultramafic rock sample 213fjlter-pressing stage rocks are deformed and acquire cata-
open triangle-wehrlite sample 197, solid triangle-wehrlite sample 237, clastic textures. Spinel websterites and banded ultramafics
crosses - garnet websterite samples 230,0:92;Chon_drite- normaliz_ed are compositionally similar to sub-calcic Al-rich clinopy—
et a1 1) oxene that may have crystallzed from basaltc melt at pres-
sample 213 - open square). Proportion of melt - 68%, mineral proportion'sSures >20 kb. Subsolidus COOI”,]g of cllno'pyrox'ene at C(_)n'
in residue - 0,45 Ol + 0,55 Cpx. Partition coefficients for calcic clinopy- Stant pressure may have led to its exsolution with formation
roxene and olivine taken from Irving and Frey (1984) and Schnetzler andOf the bronzite+diopside+Cr-Al-spinel paragenesis, i.e. to
Philpotts (1970). formation of spinel websterites. Such a view of the origin of
pyroxenites by exsolution and recrystallization of monomin-
ing pyroxene matrix, rims of zoned orthopyroxene grains eral clinopyroxene cumulates is widely held (Ringwood ,
and orthopyroxene from kelyphite rims. The two temperature1981), and is substantiated by subsolidus (~1)0equi-
groups are confirmed by data on the pressure-independeririum temperatures obtained for orthopyroxene-clinopy-
Wells geothermometer (Wells, 1977). roxene pairs. The calculated melt composition (Ti, Cr, V,

No reliable estimates can be obtained at present for equiZr, Nb, Y , MREE, HREE) in equilibrium with spinel web-
librium pressures. Geobarometers for eclogites cannot beterite is typical MORB (Fig. 5, 6). Elements such as Rb,
used as compositions of primary clinopyroxene in garnetBa, Th, K, Sr, LREE are mobile during granite formation
websterites are not available. Geobarometers which ar@nd therefore are not useful for tectonomagmatic discrimi-
based on the Tschermak molecule in orthopyroxene coexisthation of old altered volcanic rocks.
ing with garnet and calibrated for garnet-facies lherzolites  Incongruent melting of Cr-Di spinel websterites, accord-
(Nickel and Green, 1985; Harley, 1984; Brey and Kohler, ing to the scheme Cpx + Opx + Al-Mg-rich Sp Mg-rich
1990) yield overestimated pressure values in the range fron®l + Cr-Fe-rich Sp + L, produces melts and restite wehrlites
22 to 38 kb. Such a scatter can be due to the disequilibriunwhere olivine progressively increases in amount and Mg#
betweergarnet and orthopyroxene, as the latter could haveand spinel increases in Cr# remaining in the same propor-
formed during recrystallization from clinopyroxene exsolu- tion. Melting at T~1300C is indicated by the presence of

10.0 c

1.0

0.1
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Table 8 - Thermometry (°C) of the Saramta rocks.

stages freezing of mag- subsolidus granulite
ma-
of rock alteration | ion-exchange |[tic alteration of minerals metamorphism
reaction in the mantle (P~20 kbar) (P~6 kbar)
——of | rock Te |Tonw |[Tw [Toow [Tex [Tss |[_w w | Toan | Tx
sample
2718-4 990
276 Gr 985
276, webste- 760 870
192*%* | rite 820 860
268%* Sp 700 650| 1500| 1020 1100 1025 1090
268 websterit 780 640 780
e
237* 1400( 970 1000 1015
215% Sp 1060 1010 1094
197 wehrlite 600
205 570
199 Sp 610 560 820 700 780
lherzolite
206 Sp harz- 615 570 840
174 burgite 1400 870

Note. TF - OI-Sp, Fabries, 1979;
Tonw - OI-Sp, O’'Neill and Wall,
1987; T,z - Ni 5 OI-Opx, Vannier
and Berger, 1978; T, - Opx-Cpx,
Fe-Mg, Brey and Kohler, 1990;
Ty~ Cag Opx, Brey and Kohler,
1990; T4 - Al 5 Opx, Opx-Sp-Ol,
Sachtleben and Sek, 1981; Tw- Fe-
Mg, Wells, 1977. *, values deter-
mined from balk compositions of
pyroxenes containing exsolution
features; **, determined on or-
thopyroxene from kelyphite rims on
garnet; others are determined from
compositions of pyroxene matrices
with exsolution features; c, grain
core; p, grain periphery.

Table 9 - Average composition of spinel websterite and compositions of the primary melted substance, restite and melt dete

mined by the mass-balance method.

elements, wt %
1 2 3 4 5 6 7

Si0, 50.32 49.46 48.82 50.94 50.12 49.17 50.86
Al,O, 4.82 4.77 3.49 5.37 4.95 2.21 6.03
FeO* 8.71 9.17 5.93 9.86 8.62 5.51 10.20
MnO 0.18 0.20 0.06 0.23 0.19 0.11 0.21
MgO 20.73 21.19 31.91 16.10 20.82 28.84 16.96
CaO 13.70 14.15 6.44 16.71 13.73 12.13 14.43
Na,O 0.49 0.57 0.12 0.74 0.45 0.31 0.58

Note. 1 = average composition of spinel websterite; 2 = calculated composition of the primary melted substance (spinel websterite), 3 = calculated compo:s
tion of restite (29 %), 4 = calculated composition of melt (71 %, Cpx- 72. 7 %, Opx- 12.8 %, Gr-14.5 %); 5 = calculated composition of the primary melted
substance (spinel websterite), 6 = calculated composition of restite (32 %, Ol -34 %, Cpx- 55 %, Opx- 11 % ), 7 = calculated composition of melt (68 %).
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