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FOREWORD

The fact is well accepted that alkaline rocks repn¢ unique formations on
the Earth. They have been long attractive for nesebecause large Nb, Ta, Zr, Y,
TR, Cu and P deposits, gemstones of charoite, @rsdie, dianite are associated
with them. For instance, in Australia diamonds @aeovered in lamproites. The
complicated processes of their formation provokeérdific disputes still going
on. The newly developed analytical methods andnigcies provided abundant
information on the composition of alkaline rockdieTdata on geochemistry of
isotopes confirm the evidence on the mantle sountdbe substance of alkaline
rocks. The new concepts of plume tectonics areiegppby scientists when
studying alkaline rocks as the deep-seated geodygsaof the Earth is interpreted
based on these data.

These problems were discussed at the internatwooikshops held in 2001 at
the Institute of Geochemistry in Irkutsk; in 2002 the Far-East Geological
Institute, Vladivostok; in 2003 at the Institute ©éctonics and Geophysics in
Khabarovsk, in 2004 at Geological Institute in Uldde, in 2005t the Institute of
Volcanology and Seismology in Petropaviovsk-Kamskwat

This book offers invited papers of the insgional workshop organized
in Mirny city under the titléDeep-seated magmatism, its sources and plunies

These papers view the features of alkaline, catiienand kimberlite
magmatism. They also disclose the influence offlthid on the thermal regime of
mantle plumes. The present issue discusses mamscbadf global components of
the silicate Earth (Academician 1.D. RyabchikoviriEhed Mantle Reservoirs as
the source of alkaline magmatis(AcademicianL. N. Kogarko). The papers
included into this issue also give new data onagpglgeodynamics and age of the
largest and the most rare-metal massif of alkalgranites, Khan-Bogdo,
Mongolia, (Academician V. |. Kovalenko et al.,) acohsider a number of aspects
of origin and ore potential of kimberlites (artislby Profs. Z.V. Spetsius, I.V.,
Aschepkova, S.I. Sablukova, L.V. Solov'eva et alGeochemistry of basalts and
komatiites and their association with plume proessare discussed in papers by
l.Yu. Safonova and Ya. B. Bychkova with co-autheviile the problems of
alkaline magmatism are considered in papers by Kdgarko, G.S. Ripp, etc.

All works assume the plume mechanism of fusion afmary alkaline
magmas in some areas of the Earth and in diffegatperiods.

The book might present interest to specialists lirea in petrological and
geochemical investigations as well as those stgdgieep alkaline and kimberlite
magmatism.

Chairman of Organizing Committee,
Chief Editor Dr. N.V. Vladykin
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UDK 550.42 +552
Mass-Balance of Global Components in the Silicatedth

Ryabchikov I.D.

Institute of Geology of Ore Deposits, Petrogragflineralogy, and Geochemistry,
Russian Academy of Sciences,Moscow, Russiae-rgath@igem.ru

Mass balance of incompatible elements was anafgatifferent inferred reservoirs
of the bulk silicate Earth. It was shown that thedr mantle, as well as the primitive mantle,
includes an MORB-source depleted mantle compomehtraterial with a high content of
incompatible elements. Contribution of the contialecrust was found to be subordinate. The
predominant part of the enriched mantle formeduthinadifferentiation of the mantle itself.
Enriched material was supplied into the deep-seatwtes of silicate shell through
delamination of subcontinental lithospheric bloelfected by mantle metasomatism and
their subsequent involvement in the mantle conxeecfiystem. The osmium isotope
composition of the plunged lithospheric materiaimedified in the lower mantle by the
infiltration of sulfide melts.

INTRODUCTION

The chemical composition of the Earth is a cosnmentbal and geochemical
problem. The concept of the chondritic Earth wasnidated by Vinogradov [1].
The pyrolite model of Ringwood used this conceptconsidering petrogenic
components, suggesting that the primitive mantla mixture of depleted mantle
peridotites and supposedly complementary magmagraportions giving the
chondritic Ca/Al ratio [2]. The chondritic model tfe silicate Earth was extended
later to trace elements. This approach is baseeofact that elements produced by
high-temperature nebular condensation (for whidoutated temperatures of 50%
gas-to-solid transition are higher than 1400 K)uoan different types of chondrites
approximately in equal proportions. Since the Eavds accreted from the same
material as the parental bodies of chondritic nrée=) the bulk silicate Earth should
show almost chondritic ratios of lithophile elengenbf high-temperature
condensation. This principle, together with geodeahdata on mantle rocks and
magmas, was used to estimate the bulk composifitimecEarth's primitive mantle
[3, 4].

Some researchers accept more extreme versions dfdndritic model, assuming
that the Earth is composition-ally identical to artain chondrite type [5, 6].
Covariations of indicator elements in meteorited tie Earth led them to conclude
that the Earth's composition corresponds to cademes chondrites, in particular, to
their hypothetical type poor in volatile conterfis§].

The chondritic proportions of components in thetkare not exactly proved
yet. For example, they could have been shiftechdy stages by the collision of a
partially differentiated Earth with a large cosrbmdy and the consequent loss of a
part of the outer shell [4]. The chondritic modeltested by the comparison of
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deduced conclusions with data on the abundancesoatvolatile lithophile
elements and their isotopes in mantle rocks andnmaag The most important
criterion is provided by the Sm-Nd and Lu-Hf isadopystems, since all these
elements belong to the lithophile elements of Heyhperature condensation.
Recent isotope data on different chondrites sholese positive correlation between
YNdA*Nd and T Hf/Hf in the mantle rocks. At the same tintéLu/*""Hf and
Y8Hf/1""Hf ratios are somewhat more widely scattered ttmsden in the Sm-Nd
system. The averadé™Hf/*"’Hf value for carbonaceous chondrites lies withia th
mantle correlation trend in the Hf-Nd isotope dagr|[7]. In general, data on these
isotopesystems and many elemental ratios in the mantlesrowicate that the
chondritic model is a good approximation for thékearth composition.

Composition of the bulk silicate Earth with chonidriratios of nonvolatile
lithophile elements was estimated in [3, 4]. Thebgl differentiation of the Earth
produced geochemical reservoirs depleted (depletrttle as a MORB source)
and enriched (for example, continental crust) compatible elements. As a result,
most mantle rocks and magmas lost the geochemicafacteristics of the
chondrite Earth.

THREE-COMPONENT MODEL OF THE SILICATE EARTH

The composition of the depleted mantle was estithhte modeling of the
generation of primary magmas and their differermgtwhich produced typical
mid-ocean ridge basalts [8]. The average compaosdiahe continental crust was
obtained from data on various sedimentary and n@famc rocks and lower
crustal xenoliths in alkali basalts and kimberlit@ls
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Fig. 1.Primitive pyrolite-normalized [4] calculated contents of incompatible elements
in a mixture of continental crust and depleted manie with weight proportions of the
continental crust and mantle above 660-km seismicobindary.
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The simplest model of the differentiated Earth ssgg that continental crust
and depleted mantle compose the outer shells didinin to the boundary with the
lower mantle, while the latter is identical to tnadifferentiated bulk silicate Earth.
However, mixing between continental crust (accogdio [4]) and depleted
mantle (according to [8]) yields a composition #igantly different from the
primitive mantle in the chondritic model [4] (Fid). The two components were
mixed in weight proportions of continental crustdampper mantle. Thus, this
simplest model failed the quantitative test.
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Fig. 2.ValuesX. = Xc /(Xec + Xam), Where X and Xqm, are fractions of continental crust and
depleted mantle in the silicate Earth, as calculatefor incompatible elements.

In the considered three-component model of theasdi Earth (continental crust
+ depleted mantle + primitive mantle), the mixingortions of continental crust
and depleted mantle can be changed to obtain premmantle with chondritic
ratios of nonvolatile lithophile elements. This i@@ponds to the case when the
depleted mantle and continental crustal comporaetpresent not only in the outer
part of the Earth, but also in the lower mantle ewehthey can be mixed with
primitive mantle. This is a more realistic modelhigh suggests a mixture of
depleted and primitive mantles with isotope chamastics of most intraplate
oceanic island basalts, whose source is depletetampatible elements (PREMA
[10], FOZO [11], or PHEM [12]), but to a lesser ent than the MORB source.
This model implies that:

(1-Xo) |Ide"'Xc[(Dccchm

whereX. = X&/(Xee + Xam), Xeec @and Xy are respective fractions of continental crust
and depleted mantle in the silicate Ea@@th,andCy,, are respective concentrations of
an element in these reservoirs, abgl, is the concentration of the element in the
primitive mantle. HenceX; = (Com - Cam)/(Cec - Can). This formula was applied to
calculateX. on the basis of the contents of different inconipatelements in the
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continental crust and depleted and primitive mantResults of these calculations
are shown in Fig. 2. The optim&} for a group of elements was calculated by the
least square method as 0.021. Figure 2 showshbat values for some elements
significantly differ from this optimal value, whiamay indicate either imperfection
of the applied model or uncertainty in the estirdateerage contents of these
elements in components of the silicate Earth.

Figure 3b demonstrates a primitive mantle-normdlizailtielement diagram
for a mixture of depleted mantle (97.9%) and caattal crust (2.1%) with the
optimal mixing proportions obtained by the leasueag method. There are
significant deviations for the elements which behalfferently in processes of
basaltic mantle magmatism (magmatism of mid-ocelyes and intraplate oceanic
islands) and formation of the continental crustefage composition of the
continental crust and calc-alkaline magmas). Thase Nb and Ta, whose
abundances in the continental crust are lower thase of their analogues in the
basaltic systems (e.g., U for Nb), as well as flmobile components (e.g, Pb, Sn,
and others), which are abundant in the continasrtadt and calc-alkaline magmas
[13]. Thus, the considered model (Fig. 3b) demeanss a negative deviation for
Nb and a positive deviation for Pb and Sn, fromahkheepted composition of the
primitive mantle. Thus, calculated optimal proponis of the depleted mantle
and continental crust show excess crustal geoclamignatures. Hence, the
material enriched in incompatible elements withdigtinct negative anomalies
of Nb and Ta and positive anomalies of fluid-molm@amponents is required, in
addition to the continental crust, to solve theleo of global geochemical
reservoirs.

EARLY BASALTIC CRUST

Concepts of three-component composition of thea# Earth (continental
crust + depleted mantle + primitive mantle) are alst consistent with U and Th
geochemistry. The Th/U ratio is practically the samthe primitive mantle (3.83)
and the continental crust (3.85), and almost twees lower (2.1) in the depleted
mantle (MORB source). At such Th/U ratios, the e mantle cannot be
represented as a mixture of continental crust ampleted mantle. One more
component with higher Th/U ratio as compared td thahe primitive mantle is
required.

The oceanic crust, which formed at the earliespestaof the Earth's
evolution, can be inferred as a possible enricheskrvoir, in addition to the
continental crust. The early basaltic crust endcheincompatible elements was
proposed to be at least temporarily isolated froenupper mantle to explain rapid
changes in Nd and Hf isotope ratios in the depletaditle. In the upper mantle
depleted in Nd and Hf relative to Sm and Lu, tfidd/*Nd and*"Hf/*"'Hf ratios
significantly increased during the first severalliom years of the Earth's history
[14]. It was also proposed that the early basadtiest might be a significant
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component of the lowermost lower mantle (below 1&®Q), which could be
partially isolated from the overlaying convectiwstem of the silicate Earth [15].
Table 1.

Contents of incompatible elements (in ppm) in diffeent hypothetical reservoirs of the
silicate Earth

Element PM DM CcC FMORB EM
Rb 0.605 0.055 32 139 1.06
Ba 6.75 0.61 250 154 11.8
Th 0.083 0.008 3.5 1.9 0.11
\W 0.016 0.002 1 0.29 0.021
U 0.022 0.004 0.91 0.4 0.027
Nb 0.6 0.19 11 10.7 1.06
K 260 49 9100 3492 364
La 0.686 0.29 16 8.6 1.03
Ce 1.785 0.96 33 22.4 2.2
Pb 0.185 0.039 8 2.3 0.25
Pr 0.27 0.17 3.9 3.2 0.3
Nd 1.327 0.93 16 9.4 1.8
Sr 20.3 16.05 260 217.6 24.4
Sm 0.431 0.35 3.5 53 0.5
Sn 0.138 0.113 2.5 1.8 0.17
Hf 0.3 0.23 3 3.8 0.37
Zr 10.8 8.14 100 89.5 13.2
Ti 1282 1168 5400 12225 1441
Eu 0.162 0.14 11 1.6 0.18
Gd 0.571 0.5 3.3 55 0.59
Tb 0.105 0.092 0.6 1.03 0.1
Dy 0.711 0.64 3.7 6.8 0.7
Ho 0.159 0.14 0.78 1.4 0.16
Y 4.37 4.06 20 43.1 4.4
Er 0.465 0.42 2.2 4.4 0.47
Tm 0.072 0.065 0.32 0.67 0.07
Yb 0.462 0.42 2.2 4.3 0.46
Lu 0.072 0.064 0.3 0.66 0.072

Note: (PM) primitive mantle [4]; (DM) depleted mantle];]§CC) continental crust [9]; (FMORB) early
basaltic crust (this paper); (EM) enriched perigatnantle (this paper).

To estimate the composition of the early basalticst; the ancient magma
generation was assumed to be similar to the magmargtion in the modern mid-
ocean ridges; however, the source of the magmapwasive pyrolite material
rather than the depleted mantle of present-day ositipn. Consistently with this
assumption, the average contents of incompatil@mets in the N-MORB were
multiplied by the ratios of their contents in thenptive mantle [4] to those in the
depleted upper mantle [8] (table, Fig. 3a).

Assuming similar formation conditions for the eaalyd modern basaltic crust,
we accepted that the temperature of the conveatpeer mantle was mainly
defined by parameters of the transition of pertdotnaterial from rigid to plastic
state and practically did not vary with time. Sigzantly higher global heat flow
in the first several million years after accretiowing to the significantly higher
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contents of heat-generating elements led to theedoaverage thickness of the
lithosphere and significant increase of thermalveation. As a result, magma
production was significantly more intense thanhe present day. However, the
thin lithosphere universally defined low partial Itmg pressures, which were
similar to those in the shallow magma-generatingtesys beneath modern mid-
ocean ridges.
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The least square estimate of the optimal propatioh depleted mantle,
continental crust, and hypothetical early basalticst (FMORB) on the basis of
incompatible elements yields 97.46, 1.60, and 0,948$pectively. This three-
component mixture is compared in Fig. 3b with gatheaccepted composition of
primitive mantle. This model is somewhat bettenttfae previous one; however, it
still shows significant negative Nb and Ta anonsland positive, Pb and Sn. This
indicates overestimated amount of the continentastcin the latter model and
requires the involvement of an additional enricgedchemical reservoir.

ENRICHED PERIDOTITE MANTLE

Estimates of EM sources of intraplate oceanic ddawere used as an
enriched geochemical reservoir [10]. Data on thentical composition of
lavas from Tristan da Cunha Island were taken &bcidations.

Suggesting that the considered magmas were ddoydide partial melting
of mantle lherzolites, we calculated the parametdrshis process taking into
consideration that the contents of moderately inmaitble elements, including
HREE, in different early peridotites practicallypdamd neither on the addition of a
minor intergranular melt (mantle metasomatism) oorthe previous removal of
such a melt (generation of depleted MORB-sourcetlmd@mom primitive mantle).
These contents of moderately incompatible elemangsclose to those in the
primitive mantle and significantly differ from camts of strongly incompatible
elements (LREE, U, Th, and others).

Assuming that HREE contents in the oceanic basaltce were similar to
those in the primitive mantle prior to melting, wan subsequently calculate the
parameters controlling the generation of primarygmas and the contents of
strongly incompatible elements, including LREE tie magma source. To solve
this problem, we used the above calculation prosedwggesting the magma
formation by the model of aggregate fractional mglt

Fractional melting caused by adiabatic decomprassidhe ascending mantle
primarily depends on the initial mineral compogsitiof source and the degree of
melting at the end of the process. Depending ordépth of protolith solidus, the
melting material initially contains certain amounfgarnet.

Garnet is generated from enstatite, diopside, stitetmakite components of
pyroxenes by the following scheme:

(Mg,Fe)Si,Os + (Mg,Fe)ALSiOs = (Mg,Fe)Al,SizO1,

The simulation of the phase composition of prinatiypyrolite with a
PARMEL program [8] shows that garnet-free two-pwo& pyrolite under near-
liquidus conditions (at pressure of about 2.6 Gf2a) be represented as a mixture
of respective 0.26, 0.14, and 0.6 weight fractiohslinopyroxene, orthopyroxene,
and olivine, the amount of which decreases aftengjaappearance (weight fraction
Far) according to the following equations:

11
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Fcox=0.26 - 0.2 - &
Fopx=0.14 — 0.3333 -dr
Fo= 0.6 — 0.4667 - 4,

which define the initial mineralogic compositionmfrolite prior to melting.

Discretization of continuous fractional melting watsained by segmentation
of the total (aggregate) fraction of generated nmth small intervals (taken as
0.001 of total weight of the system).

Within each interval, the proportions of crystafliphases vary owing to
different extent of resorption (or crystallizationuring melting, as well as
pressure decrease during adiabatic decompressmeasing mainly the garnet
fraction. Modeling of pyrolite melting during adiatic decompression at 2.8
GPa with a PARMEL program shows that the appearaheeunit weight of the
melt decreases garnet and clinopyroxene contentedpective factors of 0.97
and 1.08 and increases olivine and ortho-pyroxemtents by respective factors
of 0.63 and 0.42. These proportions taken as cohfta the considered process
were used to calculate the mineralogic compositbipyrolite at all stages of
fractional melting. The mineral composition is reqed to estimate combined
(bulk) distribution coefficients. Distribution cdefients for individual minerals
were taken from [16-18]:

CS.all — P, + AFY)

AFYK + 1 — B,

where(f, is the content of trace element in the crystalliesmdue at the end of an
interval of fractional meltingC,_; is the content of trace element in a crystalline
residue at the end of the previous interval oftfcamal melting,F, is the weight
fraction of the melt from the total weight of thgseem for the interval of fractional
melting, and Kis the combined (weighted averaggtyibution coefficient.

After completion of the entire cycle of fractiomaklting (F.L = F-, where
F- is the melt fraction after completion of partial ltirey), the conten{C") of a
trace element in an aggregate melt (mixtures ofnadlts produced during
individual intervals withF,

increment equal t&AF") was calculated fronC® using the following mass
balance formula:

where C° is the element content in the source poidhe partial melting.

At given concentrations of trace elements in sowaod primary magma,
deviations of the calculate@" from the observed contents in magmatic rocks
(with correction for olivine fractionation) were mimized by SIMPLEX algorithm

12
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[19] with variations ofF- and F®", thus providing optimal estimates of these
parameters.

The estimated- andF°" were then used together with distribution coeffitse
to estimate the contents of strongly incompatibEments in an aggregate melt,
assuming that their contents in the source weratici to those in pyrolite.
Deviations of thus calculated contents from thdsgeoved in primary magma (in
magmatic rocks with correction for olivine fractetion) could be explained by
differences between real source and model pyroliteerefore, the contents of
these elements in the initial protolith were cadtetl from the formuldT™ =
CpyC™IC™* where C? is the element content in protolit€™" is its content in
pyrolite, C°*is the observed element content in the magmatic with correction
for olivine fractionation), an€*“ s the calculated element content in the aggregate
melt assuming pyrolite composition of the source.

Calculations of the peridotite source for volcamcks from Tristan da Cunha
Island using the described procedure yield a cortipossignificantly enriched in
strongly incompatible elements as compared to ixienpyrolite: (Lay = 1.5 (table
and Fig. 3a). Least-square calculations showed ttrefprimitive mantle can be
represented as a mixture of 1.05% continental cfu$B8% early basaltic crust,
68.58% depleted mantle, and 30.18% model enriclatle

The comparison of the calculated mixtures with nedleomposition of the
primitive mantle (Fig. 3b) shows that the additioh enriched mantle as a
hypothetical reservoir, accompanied by a decreasarount of the continental
crust and hypothetical early basaltic crust, sigaiftly improved the model: the Nb
and Pb anomalies almost disappeared, while thdiyms$sn anomaly somewhat
decreased.

The mass balance calculations for the chondriticd@hcof the primitive
mantle raise two questions: (1) which are the priomas of the proposed compo
nents, in addition to primitive pyrolite, in thewer mantle and (2) which
mechanism is responsible the for generation othad mantle?

Assuming that the material of the continental crumstthe silicate Earth
accounts for 0.65%, i.e., is equal to the fractdrthe continental crust, the lower
mantle should consist of 50.99% primitive mantld3,12% depleted mantle, and
24.85% enriched mantle. In this hypothetical c#s® continental crust is absent in
the lower mantle, while the proportion of primitiveaterial is the highest. Early
basaltic crust is estimated to account for onlyp%1

On the other hand, assuming that the lower maites ¢hot contain primitive
pyrolite, it should consist of 58.70% depleted nean0.64% enriched mantle,
0.41% continental crust, and 0.25% hypotheticalyebasaltic crust. In this
case, the contribution of continental crust to ltheer mantle composition is the
highest.

Actually, the lower mantle composition can be intediate between the
considered extreme cases. Thus, according to dimats, the lower mantle
consists of 0-51% primitive mantle, 23-59% depleteantle, 25-41% enriched

13



Ryabchikov I.D.

mantle, 0-0.4% continental crust, and 0.15-0.25%lyebasaltic crust. As
mentioned above, these components are not unilief@a@sent in pure state in
the lower mantle. Real lower-mantle rocks presuggiesent mixtures of
different materials. As estimated by Allegre frosotope data, the lower mantle
contains 20 + 10% depleted mantle, [20]. It is st&xt our lower limit for this
value coincides with the upper limit estimated Hiegre.

According to the data in [21], which were obtainegaised on Ar isotopic
evidence, the contribution of continental matet@lthe lower mantle does not
exceed 0.24%, a value that also lies within ourmedéd range of the possible
percentage of continental crustal material in dveelr mantle (0-0.4%).

Several hypotheses have been advanced to exphiarigin of the material
enriched in incompatible elements, which is traethe isotope signatures of the
magmas of some intraplate ocean islands. A verwlpopviewpoint is that the
geochemical features of these magmas are causeuildsydence of continental
material enriched in incompatible elements, propabl the form of abyssal
sediments subducted together with oceanic platés, the deep-seated mantle
horizons. For some volcanic complexes, this hymishes confirmed by the
correlation between continental signatures, fomgxa, between the size of Nb
mining and thé’Srf®Sr ratio [22). The mass balance calculations ptesein this
work are consistent with the possible contributadra few tenths of a percent of
continental material in the lower mantle procesblsvever, the predominant part
of the enriched mantle bears no signatures of mwental material, and presumably
originated owing to differentiation of the mantlsalf.

A very attractive idea is that the enriched matasaransported into deep-
seated zones owing to break-off (delamination) wbcentinental lithospheric
blocks, which were influenced by the low-degreetsiehriched in incompatible
elements, i.e., silicate or carbonate melts peteetranto the lithosphere from the
underlying convective mantle [23]. AccumulationRé&-Os isotope data cast some
doubts on this hypothesis, since the residual mahtdrat predominates in the
lithosphere has very low Re/Os ratios, which resulin time-integrated low
radiogenic'®0s/*Os ratio. At the same time, ocean-island magmasrge&r and
Nd isotope signatures of enriched mantle typicahow no anomalously low
1870s/%%0s. We suggest that this fact is not decisive. @lbtuthe subsidence of
lithospheric blocks in the lower mantle can sigafitly affect their Os isotope
characteristics owing to the percolation of sulfidelts. This explanation can be
substantiated by the fact that temperatures inughger mantle are higher than
cotectic temperatures in the Fe-Ni-S system, u#ide melts can be universally
present in the interstices between crystallineati#is and oxides. New geochemical
data indicate that the infiltration of sulfide n®elin the mantle rocks can
significantly affect Os isotope composition [24].

The considered model of the mass balance of ewricdmed depleted
reservoirs in the primitive mantle cannot be talkenfinal. The crystallization
products of the global magmatic ocean, includingdpminant magnesian silicate
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perovskite with subordinate calcium silicate pekmesand ferripericlase have to be
added to the enriched components [25]. Such a alin@ssemblage can be
significantly enriched in incompatible elements ogvito their high distribution
coefficients for calcium silicate perovskite. Theegence of such a material in the
lowermost third part of the lower mantle, whichsigpposedly isolated from the
global convective system of the silicate Earth, waerred from data on the
planetary heat flow [15].

CONCLUSIONS

1. Mass balance calculations of incompatible eléméor different possible
reservoirs of the bulk silicate Earth show that keer mantle, in addition to
primitive mantle material, contains a depleted MG&&Irce mantle component
and domains enriched in incompatible elements.

2. Only an insignificant part of the enriched metein the lower mantle can
be represented by the continental crustal compoiiém® predominant part of the
enriched mantle resulted from differentiation odittantle itself.

3. The enriched material was presumably supplitaltire deep-seated zones
of the silicate shell owing to delamination of sabtinental lithospheric blocks
affected by mantle metasomatism and their subségugnlvement in mantle
convective system.

4. Variations of Os isotope composition in the sidxs lithospheric material
are caused by the infiltration of sulfide melts.
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INTRODUCTION

The Khan-Bogdinsky massif (KHBM) of alkaline gramds, one of the largest in
the world, occurs in the south of the Gobi degdir(golia) and occupies the central
part of the Late Paleozoic trough, in which thensl arc calc-alkaline (varying
alkalinity) differentiated volcanic sequences agplaced by rifting bimodal basalt-
comendite alkaline granite associations. PositibnKbBIBM is controlled by the
intersection of sublatitudinal Gobi-Tien Shan uzftine with the oblique transverse
fault, controlling bimodal magmatism. The massif asmposed of Western and
Eastern ring-like bodies; it has sharp crossing mag contacts with the island arc
sequence and tectonic fault boundaries with bima#gjuence. The internal ring
structure is characteristic of the western bodyiarspecified by location of ring dykes
and roof sagging of the hosting island arc sequel@ansidering preliminary
gravimetric data, the massif looks as a flattenedyl(laccolith), with the basement
dipping in a step-like manner towards north-west.

Reliable geochronological data was acquired forrduks of the massif and its
setting: alkaline granites (main intrusive phak#PF)), measured by U-Pb method
after zircon (2981 Ma), Ar-Ar method after amphibole and polylithien(283t4 Ma
and 2857 Ma), Rb-Sr isochron method (28% Ma), about 290 Ma. It is close to the
age, defined after zircon, of red non-alkaline il@ogranites (2961 Ma) and Rb-Sr
age of bimodal sequence of the southern settingeofnassif. The earliest magmatic
formations enclose the rocks of the island arc dexnwithin the massif outlines and
in the roof sagging, which formed about 330 Ma afjioe geodynamic model of
KHBM formation involves collision of the Hercyniazontinent with the hot spot of
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paleo-ocean as two versions. In the first versadter collision of the edge of the
North-Asian paleo-continent with the hot spot thantte of plume processed the
subducted lithosphere, having produced somethkey tlhe asthenosphere window,
which was the source of rifting magmatism and KHBMper. In the second version
of the model the hot and buoyant mantle of plumeahed the subducted plate,
stopped the island arc magmatism, and possiblyemtd¢he local convective system in
the asthenosphere of the mantle wedge, which boa to formation of the sources
of rifting magmatism. A huge volume of alkaline-gita plutonic and volcanic rocks
of KHBM and its ring structure are formed due te ttaldera mechanism of intrusion
and evolution of its magmas.

Alkaline granitoids and their volcanic analogs (edlerites and comendites) are
comparatively rare magmatic rocks searched for églagists, petrographers and
geochemists. This is conditioned both by rarityh&fse rocks and frequent occurrence
of rare-metal mineralization, relationship with teem geodynamic settings,
uncommon mineral and chemical composition, causmany questions on the
genesis. This is typical for huge massifs of alk@lgranitoids, exemplified by KHBM
in the southern Gobi of Mongolia (over 1500%mn contrast to many large massifs
of alkaline granites, e.g. Cave on the Kola Pernimdhe KHBM is well outcropped,
and it is feasible to observe relationships bottin\wbst rocks, and between different
granitoids within the massif, as well as its indrstructure.

The massif was practically not studied so far, ard territory was not
geologically surveyed even at scale one millionw#ts recognized by the Russian
geologists in 1950s and 1960s, e.g. Yu.Ya. Pethp\BAM. Kazakov in 1958. In 1965
it was assessed for piezo-quartz reserves Ay Kuryaev, VM. Andreev, P.V.
Osipov, N.N. Senkevich, but alkaline granites haeger been reported. Our further
investigations were conducted in 1960s through 4986 part of the Soviet-
Mongolian Expedition, Academy of Sciences of theSBSand Mongolia. Only In
2000s the survey indicated that KHBM is composedypically alkaline granitoids
[2, 4] and is involved in the South Gobi belt dfaline granitoids extensively striking
in sublatitudinal direction [5]. Referred to as Geblien Shan, it makes part of Late
Paleozoic rifting province of alkaline rocks of @entral Asian fold belt [20].

GEOLOGICAL POSITION AND STRUCTURE OF KHBM

The first geological map of KHBM and its settingsMauilt based on numerous
walk geological routes (airborne photos were mgpsiithe contributions were made
by geologistsA.V. Goreglyad, L.P. ZonenshaiM.V. Durante,0.D. Suetenko, G.
Enzhiin, A.Ya. Saltykovsky. This map was published in thelbfd. After Landsats
of this territory were acquired, the map was spetjfand the last variant of this map
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was built with spectro-zonal space images appkee Figure 1). On the images the
massif looks as craters on the lunar surface (falg.and consists of the Western and
Eastern intrusive bodies. Alkaline granites occigy forms of relief, and hosting
hornfelsic rocks produce elevated ring-like framing the massif, in places
overlapped by younger loose sequences. The fortheofvestern and eastern bodies
of alkaline granitoids is rounded, but such shapearticularly typical for the western
body. The internal structure of the body is circuemphasized by location of roof
sagging and numerous ring dykes (Fig).1The general northeastern extension of
massif agrees with the strike of the system of ltest dykes of micro-grained
syenites and monzonites in the massif. (Fg. 1

Geological structure of the massif settingThe KHBM of alkaline granitoids is
located in the center of the depression with saarmaej filled with Upper Paleozoic
sedimentary-volcanogenic sequences, framing theifmasthe south, east and north
in the exo-contact zones of the massif and in émeote periphery. The granitoids of
the massif and its rocks are overlapped with Ufifretaceous red color sedimentary
sequences containing the remains of dinosaur emgsyas stated by Mongolian
geologist Hos Bayar.

The most ancient (Pre-Caboniferous) rocks of tigeoreare greenstone siliceous
and terrigenous sediments with a visible thicknES30 m, outcropped in the south-
west of KHBM (in the region of well Gashun-Sukhowldduk). The lower boundary
of this complex from data by Zonenshain L.P. [2hgists of greenstone altered basic
volcanics, cut by numerous bodies of hornfelsicagabas well as siliceous and clay-
siliceous schists and jasper. The upper sequenttesafomplex consists of siliceous-
clay schists, polymictic sandstones and congloresrathe age of this complex is
defined as Pre-Carboniferous, and by formation aswion this complex belongs to
ophiolites (eugeosyncline formations in [2]). Thapar Paleozoic stratified sequences
of the Khan-Bogdinsky depression are the sequeoic€arboniferous and Permian
age, their rocks unconformably occur on the rodkfi® ophiolite complex. The most
ancient Upper Paleozoic formations of the depressimake up a sedimentary
sequence composed of sandstones, siltstones aghbemnates and characterized by
Turonian-Visean fauna, and tuff-sedimentary seqgeenwith the Middle
Carboniferous flora. The higher horizons of thetisacconsist of essentially volcanic
rocks, which are united into andesite (differeetiBt and bimodal (basalt-
trachyrhyolite-comendite) association of rocks [18]

Andesite (differentiated) associatias subdivided into the lower sedimentary-
volcanogenic (506600 m) and upper lava (up to 2500 m) sequences. Cibes-
section of sedimentary-volcanogenic sequence begitlisa series of grey andesite
flows, which are replaced at the top by congloneratith pebbles of andesite
porphyrites, rarely granites and gabrodiorites, apdthe section by rhythmically
alternating tuff sandstones, tuff siltstones arifités with flora of Middle-Upper
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Fig. 1.Landsat-7 of KHBM of alkaline granites (a) and scheme of its geological structure
(b).

1-5 — rocks of massifl — alkaline granites of the main intrusive ph&se,fine-grained aegerine granites, 3
— dykes of micro-grained syenites and monzonites)ate pantellerites, 5 — alkaline granite-porgsy6—8
- volcanic rocks of bimodal association6 — comendites, trachyrhyolites, their tuffs agdiinbrites, 7 —
basalts; 8- non-dismembered rocks of association; 9 — rocksslaind arc associtaion (differentiated
complex); 10- Pre Late Paleozoic complexd4.-13 — roof of massif11 - hornfelsic rocks of differentiated
complex, 12 — biotite and amphibole-biotite grasited granosyenites, 13 — sites of hematithizealinék
granites MIP («red granites»); 14 — faults; 15 urmaries of volcanic flows.

The scheme marks sampling sites for isotope dating.

Carboniferous [2]. The upper parts of cross-sectimplay flows of andesites

irregularly distributed over the section.
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The lava sequence is primarily composed of flowsandesites and andesite-
basalts. On the area of Khan-Bogdinsky depressisnsiructure shows facial
alterations, linked with different conditions ofugetions. Its northern parts basically
contain dark-cherry and violet-grey lavas, in ptaweth well expressed slag zones,
which formed under subaerial conditions. Along tmuthern part edge of the
depression the structure of the sequence is defyeldlack massive andesites and
andesite-basalts with infrequent layers of jaspel fayaloclastites, that indicates their
formation in the aqueous medium. The cross-sedsogompleted with beds of
grayish common and sintered dacites — trachyrtegliSuch a change of basic and
medium rocks is fairly common for cross-sections @érboniferous volcanic
sequences of Southern Mongolia, that allowed tingdygish such rock associations as
differentiated volcanic complex [20].

Bimodal volcanic association (or bimodal compléex)}composed of alternating
packets of rocks of markedly different compositigr): basic lavas and (ii) tuffs,
ignimbrites and lavas of comendite and trachyritgatomposition. The rocks of the
complex occur along the northeastern and southwestemination of KHBM. The
structure of the eastern lava field is marked Isygaificant ruggedness with volcanic
sequences sloping gently into fine sand. That ig thie rocks of the complex occur
as thin homogeneous fragments of the cross-secliois. was the cause to initially
divide them into liparite and basalt-liparite segces [2]. However the further
research [18] enabled to unite these sequencea initnodal complex.

The most complete cross-section of the complekascase within the volcanic
field of the KHBM southern termination. The rocksnéormably overlie volcanic
sequences of the differentiated complex, separdtmg them with sandstone and
gravel beds of irregular thickness. At the top adss-section there is sequence of
volcanic rocks (thickness in meters): (1) basaltsl andesite-basalts (400), (2)
trachydacite and comendite tuffs and ignimbrite®0§2 (3) olivine basalts (350), (4)
comendites and trachyrhyolites (100), (5) basalt®0), (6) trachyrhyolites,
comendites and their sintered tuffs and ignimbr{t€800 m). The total thickness of
the cross-section is in excess of 2000 m. The watgailes are filled with a series of
bedded intrusions, of hydrothermally altered conitesd and alkaline granite-
porphyries.

Both volcanic fields show a series of similar stasal units, indicating affinity
of their cross-sections. Thus, cross-sections ¢l lields are topped by series of
compositionally similar trachyrhyolite (comenditégva flows, ignimbrites and
sintered tuffs. The low parts display basalts andeaite basalts characterized by a
number of common morphological features, such aw thickness, abundance of
almond-like, slagging and burnt rocks. They botlarehthe feature of having
subvolcanic formations, which are dykes and bedbdedies of alkaline granite
porphyries, comendites and trachyrhyolites and lyatmsalts. The dykes are
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particularly numerous in the northeast of the laekl. They cross practically entire
complex of volcanogenic formations, except for tngper series of acid lavas,
ignimbrites and sintered tuffs, and belong to twibecently oriented and spatially
separated systems. Close to the massif these eeplystdipping bodies of east —
northeast strike lying on the continuation of th@mfaults and accompanying dykes,
observed through entire massif of alkaline granifesay from the massif there are
dykes of alkaline granite porphyries, which beldoghe arc-bended (circular) system
of bodies, dipping under angle ~°4& the western and southwestern directions, i.e.
towards the massif of alkaline granites. The amafndykes is truly high. In the
southern part, the dykes with thickness 5-9 m oesary 50 m across the general
strike of the dyke system. These bodies are maradsmt towards north.

Bedded intrusions of trachyrhyolites and alkalimangte-porphyries are widely
developed in the structure of both volcanic fieltts.the cross-section of rocks of
bimodal complex they commonly lie under the thiediess of ignimbrites and sintered
tuffs. The composition of subvolcanic intrusionsaaid composition they define the
rocks which produce a continuous range of tramsstiofrom glassy to properly
crystallized varieties. The endocontact zones tofignons are composed of glassy and
fluidal comendites and trachyrhyolites, which cepend to erupted rocks. The
degree of crystallization increases towards thérakparts of bodies, as well as along
their strike towards the granite massif. The roeksguire porphyry-like structure,
defined by the development of phenocrysts of quantd alkaline feldspar in
microgranite or granophyre bulk mass with micralitd alkaline amphibole involved.
Crystallized varieties of subvolcanic bodies becosmmilar in composition and
appearance of rocks to the dykes of alkaline gegmirphyries of KHBM.

The above characteristics indicate a considerabidasity of the lava fields
structure over the northeastern and southwestemirtation of the massif. Also
considering that along the southern and easterndawies of the massif there is a
narrow zone of exposed rocks of bimodal complexitingn both fields by a
continuous zone of exposures, it appears that oltanic sites belong to the one
larger volcanic field. It initially occupied the wle area of the granite massif, and
made up no less than 1800 — 200G k&bundance of ignimbrites and sintered tuffs,
continuous strike of volcanics, as well as a latgekness of cross-sections with a
limited spatial distribution enable an assumptiwat tvolcanic piles formed within the
structural depression of the type of a flatly lytingugh with the beds dipping towards
its center. In the south it is bounded by a laagétf in which volcanic formations dip
relative to the structure of the basement more tna2000 m. Its northern side is
overlapped by sediments of Mesozoic depressions,jumging from the ratios
observed 40 km to the northeast from the KHBM #hde was fordmerl;y a normal
fault with the amplitude close to that of volcagraben bottom subsidence, like along
its southern boundary.
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Palaentological age of volcanic complexe$he age of subaerial volcanogenic
formations within the KHBM was defined from the tdisution of plant remains of
the Late Paleozoic [2]. As reported previously, ¢hess-section of the Late Paleozoic
stratified formations of the region exhibits: inetthower part it is a sedimentary
sequence, and in the center these are the rockffexential complex, which consists
of (i) volcanogenic-sedimentary sequence at the,basd (ii) lava andesite sequence
at the top, and in the upper part there are ro¢kisimodal complex, which were
subdivided byM.V. Durante et al. [2] into lipartite and basafidrite sequences. The
rocks of the sedimentary sequence [2] enclose ftdréhe Middle Carboniferous,
which defines the lower age boundary of volcaniesetbpment. Some tuffites of
sedimentary-volcanogenic sequences, making upaWwerl horizons of differential
complex contain flora charactristic of the Middlg@gér Carboniferous. This flora is
the evidence that eruptions of andesites and feomaif magmatic rocks of the
differentiated complex proceeded in the seconddfdtie Carboniferous.

One more group of plant prints was found in théstaimong acid volcanics of
liparite sequence [2]. These prints represent feagm of cordaites typical of the
Lower Permian. As was stated above, the rocks eflifarite sequence are united
with the rocks of the basalt-liparite sequence otttwf plant remains, into a single
bimodal complex [16]. Therefore, the age of rocksimnodal complex should be
regarded as Lower Permian.

Settings of the Upper Paleozoic complexes formatiorstratified sequences
within theKHBM depression are typical of continental volcafuomations. The early
(andesite or differentiated) complex of these rodlgtributed all over the area of
South-Mongolian Hercynides are commonly accompabiedliscordant massifs of
non-alkaline granitoids. In particular, toward wastd northwest from the massif, as
well as to the north from the village Khan-Bogdrthés a plutonic association of
monzonite-syenite-granosyenite-granites (MSGG)errefl to banatite [3]. This
association is dominated by pinkish-grey amphiliodgite monzonites and pink
guartz and quartz-devoid syenites, cut with dyKab® same kind of rocks, as well as
basalts and pink granites. Towards south-west fthen massif there are separate
plutonic bodies of pink leucocratic biotite grasit&Such a body makes up the Mot
Eligenny-Khira (coordinates of the center of thesaihare 4314’'N. 10642’ E). It
consists of pinkish-grey monzonites, cut by numeneeins of red amphibole-bearing
granosyenites, quartz syenites, and the lattecatréy the dykes of altered basites.
The contact between monzonite and red granosyem#és®bserved 1 km to the south
from that Mount. In the vicinity of Mount Barun-Kraiu-Ula there is an intrusive
contact of monzonites and red grano-syenites witbanics close in composition.
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Fig. 2.Scheme of geological structure of site «<Armstronggt».

1 - alkaline granites of the main phase of the ma&sifpegmatoid alkaline granites;-3«cleavage»
of ekerite and pegmatite bodies-4silicified alkaline granites; 5 quartz rocks; 6- basic effusives; *
rhyolites and breccia of basic effusives in theeb@ant of rhyolite sequenc8=11 — rocks of schlieren
pegmatites (on the inlet):8 — ekerites with «suns» of aegerine-Yine-grained ekerites, 10 alkaline

granitic pegmatites with armstrongite, $Xzone of anchi-monomineral armstrongite;-12lements of rock
occurrence.
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These are dark-grey hornfelsic andesites, trachgmestrachydacites. All these
rocks are cut by apophyse of alkaline granites neder well Tsokhon-Usu-Khuduk
to the west from Khan-Bogdinsky massif.

Magmatic associations MSGG within the HercynidesSoluith Mongolia are
more widespread, than normal granites, which predai® in Caledonides of Central
Asian foldbelt [21], and in Northern Mongolia. Théssociation refers to intrusive
analogs of volcanics of the differentiated complémat is why enclosing are earlier
Pre-Late Paleozoic rocks of ophiolite ciomplexes] aimilar in composition and age
rocks of the Early and Mid Carboniferous volcaregences. Jointly with latter they
produce a marginal volcano-plutonic belt, which vimsned in the Early and Mid
Carboniferous within the territory of South-Monguwii Hercynides, which was an
active continental margin of the Paleo-Asian camir{13, 20].

In contrast to magmatic associations of the malgbedt the rocks of the
bimodal complex and conjugate massifs of alkalowks are under structural control.
They are confined to the chain of troughs, whichtreced through all southern
Mongolia, and is controlled by a system of fauttsnfined to the boundary between
South Gobi micro-continent and Hercynides of thatBdJlongolian zone. This chain
of troughs host zones of dykes, basalts, comenditashyrhyolites and alkaline
granites, their formation is related to the larggphtude extension. Such features of
structural position of rocks of bimodal associatias well as presence of widespread
alkaline granites and comendites, the indicatorsootinental rifting setting, enabled
the zone of their distribution to be distinguistaedthe Gobi — Tien Shan rift zone.

Roof sagging in the massifFigure 16displays the contribution of alkaline
granites in the roof sagging. They commonly compttee peaks of hypsometric
elevations. For example, the highest point of thassii Mount Khan-Bogd is
composed of the roof sagging. The same are mourggeBSher and others. They are
underlain by the apical parts of the massif, ince&a occurring as schlieren
pegmatoids (stock sheiders) and ekerites. Thegsagding basically consists of dark
grey hornfelsic volcanic rocks, rarely cutting thbynsubvolcanic rhyolites, similar to
the rocks of the island arc association. They ammglified by sites Armstrongite
(Fig.2) and Severny (Fig.3), in which the roof loé tmassif is made of stratified dark-
grey glassy dacites and their breccias cut by tieels of pink and white rhyolites.
Position of these sites is shown in Figuée Ih the other sites of the massif the rocks
of the roof are andesite porphyrites, dominatinghie zone of the northern endo-
contact of the massif and rarely the tuff sedimgntacks. The complex of rocks,
involved in the structure of roof sagging is conguhto the rocks of the differentiated
complex, and thus indicate that formation of thessifaoccurred at the depths below
the base the bimodal complex. Also note that ndexnge assimilation between the
rocks of the roof sagging was observed with allkagranites of the massif.
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Fig. 3.Scheme of geological structure of site «Severny».

1 - loose valley type sands, 2 alkaline granites of endocontact facies; Xstratified» bodies of
ekerites and pegmatites,—4dacites and tuff breccias of dacites; Shyolites, 6— bodies of ekerites, 7
bodies of alkaline granitic pegmatites; &lements of rock occurrence and elements of ttadhyidization.

In contrast to the roof sagging of volcanic rocksnaliths of pink biotite
leucocratic non-alkaline granites and granosyerkese to the enclosing association
MSGG, occupy low parts of relief in the northermtd the massif and on the contact
of the western and eastern bodies (F&@. In the northern part of the massif the roof
sagging in the form of biotite granites produce cairic fields of the rounded
fragments of biotite granites, as well as transaicamphibole-biotite granites, being
the result of interaction of biotite and alkalineugtes. The evidence of assimilation
with alkaline rocks of biotite granites is quitenmmon. Presence of breccias of
rounded segregations of biotite leucogranites céaadewith alkaline granites reminds
of interaction of «cold» magmas of biotite leucogr@s with «hot» magmas of
alkaline granitoids when magma is intruded into magThat is why, it seems that
magmas of these two granite types could occurfferént time (biotite leucogranites
are somewhat earlier, than alkaline granites),aaclose in time of formation.

In the west-lying body the roof sagging disclosecitcular structure, separating
the internal part of the from the external one. ddpe dyke alkaline granitoids,
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including their rare-metal varieties, are spatidfigated in the roof sagging in the
massif. In the eastern body the roof sagging istkxt in its western part, partly
tracing the contact zone of the western and eastedres of alkaline granites. The
hypsometric level of roof sagging shows that thptldef erosional cross-section of
the massif is not in excess of a hundred metersatian of the massif of alkaline
granites in the upper part of the of the Upper &ale island arc, which is
overlapped by bimodal sequence is possibly due ¢baamge of regime of tectonic
compression in formation of island arc sequencés tactonic extension in the
formation of the bimodal association with its numes dykes and volcanic units (Fig.
16, [2]).

Contacts of the massif and its morphologyThe contact surface of the massif
of alkaline granites with hosting rocks of the westbody in the west, south and
north gently (5-1% submerges underneath hosting rocks. The cortéets varieties
of alkaline granitoids of the massif with hostiragks are very sharp and distinct, in
places with xenoliths and apophyses. In the exaobritalo both hosting rocks roof
sagging are hornfelsic. Considering all evidenhke,dranitoids of KHBM formed in
the process of magma intrusion, with the tracatssahechanical impact on host rocks
being evident due to phenomena of xenolith rotattbair pull-apart and migration.
This is indicated by small fissure bodies availabigong relics of the massif roof and
being its apophyses. The area of flatly dippingcalppart of the massif does not
strike, judging from the width of hornfels halortluer 1 km away from the contact.
Besides, in places the hornfelses of the margiaéd lare cut with vertical dykes
outlining the contour of the massif in the aboveddysequences. All this evidence
indicates the primary circular contour of the miand its steep lateral constraints, as
well as existence in the massif roof of circulastire zone, being continuation of its
lateral surface. The roof sagging within massif die the alkaline granites nearly
horizontally and flatly dip towards south, west amatth in the endo-contact parts.
Dipping of the flat separation of alkaline granitdsthe massif commonly coincides
with dipping of the contact surface of granitese3é data indicate poorly convex
form of the upper surface of the massif and shaosgsional occurrence.

We draw particular attention on the ratio of alkeligranites of the massif with
the rocks of the bimodal complex, which indicatetdeic, post-intrusion contact
between them. Both volcanics and granites are edushin the contact and are
transformed into a tectonic breccia. Volcanic roeksng the extensive line of the
contact are fresh and are devoid of the evidenommédct produced by the granites of
the massif. Besides, in the recent erosional csestion with rocks of the bimodal
complex the same hypsometric level is marked fer rincks of the differentiated
complex (as roof pendants) which lie at depth al®bm in the Late Paleozoic
formations. This is the evidence that after emplaa®t, the KHBM experienced
vertical displacement with the amplitude over 2 km.
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In 1973 the KHBM was cut by the gravimetric routerh SE to SW across the
Mount Khan-Bogd with observation spacing 2-3 km Qgophysicists under
leadership by Yu.A.Zorin. The quantitative intetpteon of gravimetric data [2]
indicated that the massif looks as a flattened Kabeolith), with the base dipping in
a step-wise manner to NW up to 7 km, producingdéngth in the central part 4.5 km,
and in SE partitis 1-2 km. We assume that irthinekest part of the body there was a
feeding channel, and the step-like dipping of tasebis due to presence of faults.

Relationships and sequence of formation of the roskof the massif.The
general sequenad formation of magmatic rocks of KHBM is as follsw(from early
to late): (1) light grey to pink alkaline coarsexedium-grained granites of the main
intrusive phase (MIP) with accessory elpidite, mgkiup the larger part of the
Western and part of Eastern bodies; (2) dykesna-@jrained ekerites, porphyry-like
ekerites, bedded alkaline granitic rocks, composédalternating ekerites and
pegmatites, pegmatoid alkaline granites, pegmatitdsch occur in the Western
body, underlining its circular structure; (3) lildime- to medium-grained alkaline
(normally aegirine or arfvedsonite-aegirine, oftayarolitic) granites with accessory
zircon, making up a larger part of the Eastern bddy dykes of micro-grained to
glassy dark-blue or dark-green pantellerites, (&ed of alkaline porphyry-like fine-
grained leucogranites, developed in the northerngfdhe Eastern body; (6) dykes of
micro-grained red granosyenites and monzonitesymiaod the system of extensive
dyke bodies of sublatitudinal strike in the Westéody; (7) rare carbonate and
guartz-carbonate veins. The relationships betwdéenrocks do not cause doubt
relative to the enumerated sequence of their foomgFig. 2). The contact between
alkaline granites The contact between alkaline igganMIP of the Western and
Eastern bodies is more complex, as in the contaw granites of these bodies often
become alike. In 2 km to the south-east from MdBunt there is cutting of alkaline
medium-grained amphibole-bearing granites with s&oe/ elpidite (MIP of the
western body) by violet fine-grained aegirine-begralkaline granites with accessory
zircon (MIP of the Eastern body).

The fine-grained violet aegirine-bearing alkalinergtes of the Eastern body
produce flatly lying (subhorizontal) intrusive bodpout 100 m thick, without any
evidence of a circular structure. In the base ittacts alkaline granites MIP of the
Western body cutting them and the vein body of pegmd alkaline granites of
spotted texture (Fig. 4), often with erosional vong, composed of MIP of the
Western body.
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Fig. 4.Ratios of alkaline granites of the Western and Eastn bodies.

1 — alkalune granites MIP of the Western body,g2gmatoid alkaline granites, 3 — alkaline granites
the Eastern body, 4 — ekerites.

In the roof of granites of the Eastern body theresagging of the roof of the host
rocks described above. It appears that intrusiomajma of granites of the Eastern
body proceeded in subhorizontal direction betwdsn dpical surface of alkaline
granites MIP of the Western ring and their roof.adtes of the Eastern body
practically lack dykes of the"2phase. However the dyke of glassy pantellerit8s (4
phase) was found there. It cuts both granitesethstern and Western bodies. In the
north of Eastern body there are extensive subthtith dykes of porphyry-like
alkaline leucogranites. It is likely that granite$ the Eastern body are nearly
synchronous to dyke rocks of the 2nd phase of teet&vn body.

The ring structure is observed in the graniteshef Western body, and it is
outlined with a ring location of the roof saggirag, well as ring dykes of rocks of the
2" phase. There is a spatial relationship of circdlgtes of the ¥ phase and roof
sagging. Later dykes of microsyenites and monzsmifehe & phase are confined to
sublatitudinal fissures concordant with a generrétes of the massif. Smaller dykes of
such rocks are submeridionally NW-directed. In sioeithern-most dyke of thé"6
phase the structure is more complex: the earlersdq-contact) rocks are dark-grey
diorites transformed into pinkish-grey monzonitesd aquartz syenites, similar to
analogous rocks of the island arc (banatite) aasoni, which are cut by thick bodies
of porphyry-like ekerites, cut by later fine-graihekerites. Porphyry-like and fine-
grained ekerites are referred to th&thase. The relationships of diorites, monzonites
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and syenites of this complex dyke with alkalinengges MIP of the Western body are
not clear. On the one hand, they compose the dgllg im MIP granites jointly with
cutting ekerite. On the other hand, they can bé sagging in ekerites, confined to
the hypsometric uplift in MIP cut by ekerites. IF@anumerated rocks of this complex
dyke are later as compared to MIP granites, onaldhadmit the multi-stage of
island-arc magmatism in the massif vicinity (prioralkaline granites and after them).
If the island arc association of the dyke is thef ®agging, as was observed in the
other roof sagging, it is more logical to accept younger formation for the main part
of island arc magmatism as compared to alkaline YtHhites. The most widespread
dykes of ekerites of the"2phase are fairly diverse in structure and textorg,so
much in composition. They involve rare metal andrtbn” varieties not differing
much but in lack or abundance of rare metal miseral

With this in mind, the following scheme of the KHBMmplacement is
proposed. In the early phase the rocks of the bainbdsalt-comendite association
were formed, they overlap differentiated basaltemite-rhyolite island arc
association of high alkalinity and its plutonic kbogs. The next to form were
medium-coarse-grained alkaline granites MIP. Thegme from which they were
formed, filled the circular chamber of the Westand Eastern bodies, and the feeding
channel was displaced most likely to the north-wesh the center of the Western
body. The magmatic chamber, consisting of MIP deanilied between pre-
Carboniferous complex and Upper Paleozoic sequeotdse island arc specifics
within the andesite and liparite series of the nfidssming, composing its roof. This
formation erupted subhorizontally in SE directidost likely, the cause of intrusion
of abundant alkaline-granite magma was the chang®mpression conditions into
tectonic extension, when the Upper Paleozoic tronigthe KHBM originated. It is
very possible the massif roof descended into a na#ignchamber, as it happens in
collapse calderas due to eruption of comenditeshef bimodal complex, which
resulted in formation of the ring structure of tA&estern body. It seems that ring
faults united the roof of crystallized body of dlka granites with a residual
magmatic chamber. The dykes of ti&ghase intruded along them, the larger part is
confined to the sub-horizontal surface in the dmocae of MIP granites. A bit later
along the roof of MIP granites there was an inotnsef the new portion of alkaline-
granite magma which led to formation of fine- medigrained aegerine-bearing
alkaline granites of the Eastern body.
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ISOTOPE AGE OF MAGMATIC ROCKS IN KHBM

Some papers report K-Ar [2, 19] and preliminary &bfl, 15] estimates of the
age of alkaline granitoids of KHBM. The K-Ar estiteRa show a large scatter
(218-362 Ma) and cannot be accepted satisfactory. Thexg wbtained from different
minerals (mica, amphiboles, alkaline feldspardfetently preserving the radiogenic
argon with the processes overlapped. It is notdwoatitat alkaline feldspar has the
scatter of ages from 218 to 306 Ma. This mineraimonly loses radiogenic argon in
the processes overlapped, so the age defined fn@mnntineral is underestimated.
Amphibole retains radiogenic argon much bettertcAalkaline granites, the K-Ar age
after amphibole varies from 226 to 362 Ma. The mmaxn age, obtained after
arfvedsonite and polylithionite (362 and 342 Mazadingly), is defined for alkaline-
granite pegmatites, for which the age is overesath&r unknown reasons even with
K-Ar system [7]. Without these extreme estimates KhAr age of alkaline granites
varies within narrow limits between 266 and 310 Nhe age definitions were made
for granites by Rb-Sr method, and they amount #£:28 Ma [1] and 2869 Ma [15].
But they were based on the erochrons with a faldsge scatter of isotope
composition, therefore these figures are hardiginéd.

This contribution provided new data both for Rbsgstem (e.g. for volcanics of
the southern termination of the massif), and focans by U-Pb method, their ages
being most reliable, as well as amphibole and pblghite by Ar-Ar method.

The accessory zircon was extracted for geochromabgtudies by standard
technigque with utilization of heavy liquids at tls®tope laborartory oMI'T /] RAS.
Zircon was decomposed and Pb and U were chemisalharated after modified
technique byl'. Crow [22, 23]. The level of blank experiment wex in excess of 50
pg Pb. The isotope composition of Pb and U wasopmdd on a mass-spectrometer
Finnigan MAT 261 in the static regime or with ae@lonic multiplier (coefficient of
discrimination for Pb is 0.30.11). Experimental data was processed with program
“PbDAT” and “ISOPLOT” [24, 25]. When the ages weaalculated, the commnly
accepted values of uranium decay constants weré [258. The corrections for
ordinary lead were introduced in accordance witldahoalues [26]. All errors are
provided at the level@ The analytical parameters of geochronologicallistiafter
other isotope systems are described elsewheré.[7, 9

In addition to the age of alkaline granites propleg, principal geochronological
issue is the age of massifs of biotite non-alkalexeogranites analogous to the roof
sagging in KHBM, located to the west from the lafféig. 5). This is why the zircon
ages, obtained by U-Pb method, thought to be as rabable, were measured for
alkaline granites MIP of the western body, rareahatkaline-granite pegmatites of
the 29 phase, for trachydacites of the roof sagging & Buste Mount, biotite
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leucogranites of the massif located to the wesKBBM (Fig. 5) analogous to
xenoliths in alkaline granites. The sampling séesshown in Figs. 1 and 5.
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Fig. 5.Scheme of the structure of the central part of Gobt Tien Shan rift zone and its
position in the system of structures of the marginiebelt of Southern Mongolia.

The inlet shows the structural scheme reflecting seific position of KHBM within Gobi — Tien Shan
rift zone: 1-3 — complexes of rift zones: 1 — KHBM, 2 — fields @evelopment of bimodal volcanic
associations and alkaline granites; 8roded and rift zone sites overlapped by youngek sequences; 4 —
area of Hercynides developent and complexes ofeactintinental margin; 5 Caledonide; 6 — complexes of
South Gobi microcontinent; 7 — Meso-Cenozoic degioes; 8 — massifs of biotite non-alkaline gramigi9

— faults of Dzun-Bainsky system; 10 — faults; 4boundary between Mongolia and China; 12 — sites of
sampling rocks for dating and their age in milligars.

Rift zones: Gobi — Tien Shan, Main Mongolian lineameBtocks of South Gobi microcontinent:
TII-Ul — Toto-Shan-Ulanul, Ts-Ul — Tsagan- Ul. Dz-B>zun-Bainsky system of faults.

For MIP granites of the western body the U-Pb asmmple Xb5-1807) is
measured from zircon as 20D Ma, for rare-metal alkaline-granite pegmatiteshaf
2" phase (sampl&B-1745) its was 2921 Ma, and for pink biotite granites of the
massif, located to the west of KHBM$-4448), and xenoliths in granites MIP it was
290t1 Ma, for trachydacites of roof sagging in the nfa@ampleXb-1802) the age
was 33@1 Ma (Fig. 6). Considering these figures it follothat alkaline granites MIP
and their pegmatites have practically the sameahget 290 Ma, which is estimated
with a high frequency. Pink biotite non-alkalineagites have the same age. They
produce both individual massifs and large xenoithalkaline granites MIP. We shall
underline that the age of pink granites is defimed from xenoliths but from the
massif away from Khan-Bogdinsky alkaline granitescusa, which the influence of
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the latter on pink granites impossible. Besides;hydacites of roof sagging have the
age 330 Ma. For comparison, we also identified Arages (Fig. 7) for amphibole of
alkaline granite MIP (sampl¥b-1808) and for polylithionite of rare-metal pegneti
of the 2° phase XB-1433). They turned out to be close, although yeuragainst
zircon dates, e.g. 283 Ma and 28%7 Ma, respectively. The spectrum of the ages of
amphibole of sampl&Xb 1808 is marked by well developed segment of platea
(Fig.7b), which age may be regarded as the aganph#bole crystallization. The
spectrum of polylithionite ages is similar to tleditmixing components with the ages
about 295 Ma (polylithionite proper) and 229 Ma c(medary phase), possibly
representing the time of superimposed event (kig. 7

The Rb-Sr age of the island arc sequence of théhaoutermination of the
massif, defined from two points (basalt and daciie)32%5 Ma (Fig. 8c). This
estimate is tentative because it is defined frono t@oints only. However, it
practically coincides with the age of zircon froracde of roof sagging, and shows
similarity of the age of roof sagging with islangt aequence of the massif framing.
The Rb-Sr age of bimodal sequence of the souteemiriation is evaluated from the
isochron (Fig. 8): all varieties of volcanics of bimodal sequenesdnthe age 294
Ma (CKBO=52), for acid volcanics it was 2885 Ma (CKBO=122, absent in the
figure). The Rb-Sr isochron age for alkaline graidis MIP of the Western body of
the massif (Fig. 8 b) was determined to betZ8Wla (CKBO=1,8). Thus, we have got
close ages for alkaline granitoids of KHBM measubydU-Pb method by zircon
(2901 Ma), Ar-AR method after amphibole and polylithien(283t4 Ma and 2847
Ma), Rb-Sr isochron method (283 Ma), close to 290 Ma. This age is close to that
after zircons of red biotite granites (220Ma) and Rb-Sr age of bimodal sequence of
the southern termination of the massif. Geologala indicates that red biotite
granites were formed somewhat earlier than alkajramites, but the difference in
their age is not detected by radiological methadsl, in the first approach they can be
considered synchronous in time. The earlier magnfatmations are the rocks of the
differentiated complex within the massif and infreagging, which formed about 330
Ma ago. Available geochronological data agree vagié determinations obtained
from floristic prints [2]. Thus, the age of trackagites from the rocks of the
differentiated complex defined as 330 and 328 Maresponds to the geological
estimate of time when the complex was formed — L@#eboniferous. The Early
Permian age of rocks of the bimodal complex alsopesponds to the results of
geochronological investigations, which showed tfuatmation of these rocks and
related alkaline granites occurred about 290 Ma.
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Fig. 6.Diagrams with concordia for zircons from KHBM rocks and its framing.

a — alkaline granite MIP, b alkaline granitic pegmatite of the 2nd intrusiveape, ¢c- biotite non-alkaline granite to the west of massif
of alkaline granites, & trachyrhyolite of roff sagging of alkaline granitinassif.

GEODYNAMIC MODEL OF FORMATION OF KHAN-BOGDINSKY
VOLCANO-PLUTONIC ASSOCIATION

Available geological and geochronological data point that KHBM of alkaline
granitoids, massifs of non-alkaline biotite leuagtes and associated volcanic
sequences of calc-alkaline and bimodal complexéginated within the active
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continental margin of South-Mongolian HercynidesheTspecific feature of its
development was that prior to the border 330 Maiagonderwent the event of basalt-
andesite-rhyolite magmatism [13], which resultedfonrmation of magmatic rocks
(differentiated) series, typical for marginal magmmdelts [11, 12]. It was followed
by rifting processes with specific bimodal basaltrendite magmatism with
pantellerites and alkaline granites. These riffingcesses within Gobi - Tien Shan
zone commenced from the border 318 Ma in the regfofost-Nuru Mounts [9], i.e.
at least 10 — 15 million years after the marginalgmatic belt ceased to evolve, and
proceeded to 290 Ma (time of formation of KHBM). Agesult, the extensive Gobi-
Tien Shan rift zone came to existence, which wamsmposed onto the marginal
belt striking for over 1000 km.
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Fig. 7.Ar-Ar age spectra of polylithionite XBb-1433 &) and amphiboleXB-1808 (b) of
rare-metal alkaline granite pegmatites of KHBM.

Formation of the Gobi-Tien Shan rift zone was iotflormation of the largest
continental rift systems of the world — Late Pateoz Early Mesozoic rift system of
Central Asia. The specifics of its development veasequential displacement of
rifting zones from the end of the Late Paleozoicthtésian paleo-continent into the
depth with formation of a series of sub-parall&lzones, their age varying from Late
Carboniferous- Early Permian (Gobi-Tien Shan zone, margin of icemit) to Late
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Permian (North Mongolian zone, mostly remote fréwva ¢dge of the continent). Such
a displacement of rifting zones enable to relagecuse of the rift system origination
and, in particular, Gobi- Tien Shan rift zone, wi#hsequential overthrusting of
continental edge onto mid-oceanic ridge of Herayrpaleo-continent or hot spot of
the mantle within its outlines [20] (Fig. 9, modelB and C).

The existence of the mantle hot spot in the oceasedator is indicated by the
involvement of high-Ti basalts within Middle Paleaz ophiolites of South Mongolia
[14] with geochemical characteristics of OIB-typashlts (our unpublished data).
These rocks, characterized by the evidence of fooman the settings, remote from
transport areas, produce tectonic slabs. In thentestructure they are tectonically
compatible with of rock complexes of island arcéicl evidently occurred due to
accretionary processes in the formation of the Isddbngolian Hercynides. It
appears that presence of such rocks amongst Hdesymdicates existence at least in
the Middle Paleozoic paleo-Asian ocean of the dsaor lava plateau, their formation
being controlled by the mantle plume, by analogihwecent islands.
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Scheme 9 displays two possible variants of devedopiraf events after collision
of the edge of the North Asian paleo-continent it mantle hot spot (B and C). In
the one case (B) it is assumed that oceanic isldatsked the subduction zone,
causing break-off of subduction slab. The asthem&sp window was intruded by
mantle plume, which affected both mantle wedge, lehdsphere, triggering tectonic
and magmatic activity.

In the second variant (C) we assume that subdubtiedsphere acquired
additional buoyancy under the influence of ascemdiiot plume and it did not “sink”
immediately, but gently proceeded in asthenospbader the lithosphere base, and
only at a significant distance from the edge of doatinent it subsided into low
mantle. As is known from the example of CordillecdSouthern America, above the
sites of flat (subhorizontal) movement of subductmdate along the lithosphere base
the magmatic activity oAKO type is not the case. Such a cessation of magmatic
activity occurred in the end of CarboniferodusEarly Permian within the southern
active margin of the North-Asian paleo-continenbwéver in its back part in Central
and North Mongolia it was the onset of activity thie continental margin type.
Formerly these changes in redistribution of comtiak margin magmatism were
related to overflipping of continental lithosphexigove subduction zone [6]. It seems
that the model proposed (Fig. 9 C) is preferredtfoonsiders contribution of mantle
plume to the general geodynamic setting of magmeafesmation in the marginal part
of paleo-continent. In this version, plume affectamhtinental lithosphere indirectly
through partial melting of oceanic lithosphere amahtle of the mantle wedge. These
both models assume that within the south Mongotantinental margin rifting
processes proceeded after magmatism of continertagin type, when conditions of
magma formation had not changed much. It is betighat this is the evidence to
explain specific magmatism of Gobi - Tien Shanzdhe. Its structure formation was
contributed by the two kinds of magmatism: bimodatl the one typical for supra-
subduction settings. This assumption is exemplifigexistence of andesites of calc-
alkaline specifics, involved in the structure ofmbidal association along with basalts
of OIB type [8]. Noteworthy, these are common, eathhan alkaline granites,
occurring within KHBM and having the same age, l&alme granites. The same can
be referred to calc-alkaline island arc association crustal anatectic formations,
formed under the influence of hot mantle magmashénformer scenario thuis could
be associated with contribution of metasomatic feaoit mantle wedge into melting
processes, initiated by mantle plume. In the secwmmk, the same effect can be
caused by plume affecting non-dehydrated oceatimdphere and above-lying
mantle of the wedge.
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330 m. a. oceanic magmatism of the
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290 m. a. Central Mongolian
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D comenditic volcano

deeper magmatic chamber

Fig. 9.Model of fomation of KHB volcano-plutonic associatn.

Solid arrows show directions of block movement,hdaslines denote possible ways of the upper
mantle convection.
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Considering the issue of KHBM formation one shoké&kp in mind its huge
size, which is the evidence of presence of a gresgmatic chamber in its basement.
The conditions of its origination were possibly idefl by the features of structural
position of the massif. As follows from Figure Getmassif is located in the site of
knee-like bending of the rift zone. This bend iguated to the fault zone, which
crosses Hercynides under a sharp angle and siegabtfiiSouth Gobi microcontinent,
and it is traced by superimposed Meso-Cenozoicedsmns of Dzun-Bain trough.
The zone of faults displaces the Tsaganulinsky Boibshan-Ulanul blocks of the
microcontinent, being a large strike slip fault. tAe same time, the structures of the
rift zone become adjusted to the newly formed bamnaf the microcontinent, they
follow in parallel to it and include NE-striking Kg swarms, concordant with the
strike (see Fig. 5) of Dzun-Bain system of faulBansidering that this fault zone
originated after formation of sublatitudinal stues of the active margin, and that it
controls the boundaries of the rift zone within KMBand north-east off it, one
concludes that the time of its emplacement wascgmhied to the time of the rift zone
formation, and, consequently, it can be correlat#tl transform faults. The site of
juncture of this fault with the rift zone creatazhditions for a maximum extension of
the rift zone in the basement with formation of e cavities, capable to enclose
large volumes of mantle magmas, its subsequergrdiifiation eventually ensured
formation of voluminous alkaline granite melts, e-anetal ones included. It is
important that the volumes of initial magmas fombdal associations and alkaline
granites are in this case not very large and ampeoable with moderately-sized
trappean formations.

It should be reminded that rifting magmatic proesssn the study region
commenced with simultaneous eruptions of basicadkaline-salic lavas. The results
obtained while studying the lava fields of the bgabvolcanic association in the
other parts of the rift zone [18, 8] indicate that eruptions of basic lavas proceeded
from fissure channels, whereas formation of alleaBalic rocks was associated with a
large volcano of central type. In the history ofcamo formation there is a completion
phase of ignimbrite volcanism, during which thewstge with thickness over 800 m
originated. Its outcrops are observed over the m&ssning, therefore we assume
that initially it occupied that part of the termyp which is currently occupied by the
alkaline granite massif, where the central partvolicano, erupting alkaline-salic
melts, most likely was located. The area of theusage the area of the sequence
distribution, consequently was no less than 2006 lamd the volume was in excess
of 2000 kni, with the account of a high thickness of volcaromplex
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lying close to a volcano. Voluminous ignimbritese asommonly linked with
formation of gigantic calderas of Vellis type [11¥], their mechanism of formation
involves collapse of the roof of magmatic chambegeding volcanic activity, and
formation of the ring system of faults, which bouhd descending block and defined
the outlines of the above-forming caldera (Fig. 8d E). The caldera probably
formed due to an extension regime, existing witkine rift zone and causing
formation of faults, which drained the deep magmahamber and thus, could cause
a fast outflow of fluidized (ignimbrite) melts ontioe surface.

Descending of supra-roof block was obviously accammgd by formation of
detachment cavities, lying from its lateral boumeliboth inside descending (caldera)
block, and in the enclosing framework following lpahart mechanism (Fig. 9E).
Widespread bedded intrusions of comendites andtgrparphyres within the massif
framing are likely the evidence of such an intecscbetween the rocks of the frame
and collapsed caldera block. In the structure efldétter the detachment cavities could
be fairly sizable due to differentiation of movered its different sites, due to
heterogeneity of friction forces along the latesakface of the block causing its
splitting. Considering the stratified structure tbe crust of the caldera block the
largest cavity could originate above the foldedan®irphic massive basement in
stratified sequences of the Early and Middle Caifeoous rocks, where it should
enclose melts ascending from deeper magmatic chraml@ppears that this was the
way how the intermediate magmatic chamber was fdrntewas turned into the
massif of alkaline granites after differentiationdahardening of crystallized melts.
Presence of two isometric bodies in the structuréghe massif is obviously the
indication of one more act of caldera formationjalhcould be looked upon in terms
of the model, proposed by Williams [28, 29]. It &ips formation of subsidences
above shallow laccolith due to redistribution ofltsén the horizontal line, when the
magmatic chamber was expanding. Following this hadis feasible that in KHBM
magma rushed in from the laccolith in horizontakdiion along the weakened zone
controlled by northwestern system of faults andedykA repeated subsidence of the
caldera block should have created the concentrstesy of dislocations in the
structure of the massif. It had to be used in faronaof ring dykes within the massif.
We assume that deep differentiation of alkalinerijeamagmas was due to the fact
that the massif located within the rift zone, was$ affected by stresses which could
violate the course of processes of differentiation.

Emergence of the massif on the surface (Fig. 9F) niekated to the uplifting of
the within-caldera block, which occurred at the tprsdera stage of the territory
development, possibly after folding involving vahta sequences of the bimodal
complex, before the Late Mesozoic platform coves Yeamed in the region. The data
is lacking on a precise evaluation of time of teaént, so it is not feasible so far to
relate this process with some geological evenbst{Carboniferous history of South
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Mongolia. Nevertheless, we may assume that it westd processes of collisional
compression, which occurred along the continengmadrecause of closing of Paleo-
Asian ocean and affecting deep crust level, inclgdileep magmatic chamber and
causing deformations with a redsitribution of plagnaterial underneath caldera
block with a subsequent squeezing upwards.

CONCLUSIONS

1. This investigation provided results on the geolabigosition, internal
structure and tectonic position of KHBM of alkaligeanitoids, one of the largest in
the world. It lies in the south of the Gobi degdibngolia) and occupies the central
part of the Late Paleozoic trough, in which theansl arc calc-alkaline (varying
alkalinity) differentiated volcanic sequences asplaced by rifting bimodal basalt-
comendite alkaline granite associations. PositiorKBIBM is controlled by the
intersection of sublatitudinal Gobi-Tien Shan uaftne with the oblique transverse
fault, also controlling bimodal magmatism.

2. The massif is composed of Western and Eastegalike bodies; it has sharp
crossing magmatic contacts with the island arc esecgl and tectonic fault boundaries
with bimodal sequence. The internal ring structsreharacteristic of the western body
and is specified by location of ring dykes and reafiging of the hosting island arc
sequence. The sequence of formation of the masdikris as follows (from early to
late):

(1) light-grey to pink alkaline coarse-, mediumigesl granites of the main
intrusive phase with accessory elpidite, composgglarger part of the Western and
part of the Eastern bodies; (2) dykes of coarseygdaekerites, bedded alkaline-
granitoid rocks, composed of alternating ekerited pegmatites, pegmatoid alkaline
granites, pegmatites, which are developed in thet®¥e body, emphasizing its ring
structure; (3) lilac small- to medium-grained alkal (commpnly aegirine or
arfvedsonite aegirine, often miarolitic granitesthwaccessory zircon, making the
larger part of the Eatern body; (4) dykes of migrained to glassy dark-blue or dark
green pantellerites, (5) dykes of alkaline porpHikg small-grained leucogranites
widespread in the northern part of the Eastern p{@)ydykes of micro-grained red
granosyenites and monzonites forming the systenexténsive dyke bodies of
sublatitunal strike in the Western body; (7) rameébonate and quartz-carbonate veins.

From preliminary gravimetric data the massif loos a flattened body
(laccolith), its basement dipping in a step-wisenn& towards north-west. Reliable
geochronological data was obtained for the rockb®imassif and its framing: for
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alkaline granites MIP, the ages were measured IBbWnrethod after zircon

(290t1 Ma), Ar-Ar method after amphibole and polylithiten (2834 Ma and
285t7 Ma), Rb-Sr isochron method (28% Ma), close to 290 Ma. This age is
approached by the age after zircon of red biotimites (2981 Ma) and Rb-Sr age
of bimodal sequence of the southern framing of tieessif (table 1). The earlier
magmatic formations include rocks of the island difterentiated complex in the
massif framing and in the roof sagging, which fodnadvout 330 Ma ago. Available
geochronological data on hosting rocks agree waél whe age determinations
obtained from floristic prints [2]: island arc semee is dated as Middle-Late
Carboniferous and bimodal sequence as Early Permian

3. The geodynamic model of KHBM formation assumedision of the
Hercynian continent with the hot spot of paleo-ocaa two scenarios. In the first
version after collision of the edge of the Northigkspaleo-continent with the hot
spot of the mantle the hot spot of plume reworkieel subducted lithosphere,
having formed something like asthenosphere windeihich was the source of
rifting magmatism and the KHBM proper. In the setorariant the hot and
emerging mantle of plume smoothed down the subdyusge, stopped the island
arc magmatism, and possibly created local conve&ystem in the asthenosphere
of the mantle wedge, which contributed to formatminthe sources of rifting
magmatism.

4. A huge volume of alkaline-granite plutonic amalcanic rocks of KHBM
and its ring structure are conditioned by the aaladeechanism of introduction and
evolition of its magmas. The initial basite magmadhto form the volume,
exceeding the volume of alkaline granitoids andrth@canogenic analogs, which
iIs commensurable with the volume of magmas of neidbr sizable trap
provinces.
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ENRICHED MANTLE RESERVOIRS ARE THE SOURCE OFALKALIN E
MAGMATISM

L. N. Kogarko

Vernadsky Institute of Geochemistry and AnalytiCalemistry, Moscow, Russia,

e-mail: kogarko@geokhi.ru

Alkaline magmatism has occurred since 2.5-2.7 Ga its1rabundance has
continuously increased throughout the Earth’s ystélkaline rocks appeared on
the Earth with changes in the geodynamic regimeuofplanet, i.e., when plume
tectonics was supplemented by plate tectonics. &dohle development of
plate tectonics at the Archean—Proterozoic boundatiated subduction of already
significantly oxidized oceanic crust enriched inlatbes and largescale mantle
metasomatism caused the formation of enrichedvessras sources of alkaline and
carbonatite magmatism. Study of metasomatized manthterial showed the
occurrence of traces of primary carbonatite meltsch are strongly enriched in rare
elements, according to ionmicroprobe analyses. rékalts obtained allowed us to
propose a new two-stage genetic model for Caridmoretites including (1)
metasomatic wehrlitization and carbonatization ofintte material and (2)
partial melting of wehrlitized mantle with formaticof carbonaterich melts or three
immiscible liquids (at high alkali contents), i.silicate, carbonatitic, and sulfide (at
high sulfur activity).

INTRODUCTION

The appearance of alkaline magmatism in the Eahist®ry is related to the initiation of
plate tectonics and, as a consequence, of largescahtle metasomatism, which led to the
formation of enriched mantle reservoirs. lonmical@ studies of products of carbonate
metasomatism in mantle material from some localitiemonstrated that the metasomatizing
mantle fluids had very high rareelement concemnati which are comparable to those in the
Lovozero giant deposit and some carbonatites. ERalts allowed us to propose a new two-
stage genetic model for Carich carbonatites arate@ldeposits. According to current data of
seismic tomography and heat flow, the metasomatiftinds enriched in rare elements were
probably derived from plumes ascending from anooslanantle existing in the Earth’'s
interior.

ENRICHED RESERVOIRS IN THE EARTH'S HISTORY

Alkaline igneous rock associations are the mostdyecbve for various
valuable elements. Modern data on geochemistrigpgoand seismic tomography
show that alkaline magmas were generated from legdtiocnantle reservoirs. Giant
complex deposits of rare metals (Nb, Ta, Zr, REEK, Ba), radioactive
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elements, phosphorus, and aluminum are concentmatadkaline rocks. Almost
100% of world reserves of magmatic Sr and >85% lmf 2, and Ce are related to
alkaline igneous rocks and carbonatites. Demandhiese elements continuously
increases, particularly in industrial coun tridajg, alkaline rocks can be regarded
as materials of the future.

The alkaline magmatism is most typical of stablgars (platforms) and is
controlled by rift structures and zones with abljupdecreasing thickness of
the continental lithosphere. Note, however, thkalale rocks originate in almost
all geodynamic settings, including oceanic ones. olidion of the
magmatic regimes of the Earth is primarily deteendity global differentiation of
the mantle, as the thickest layer in the Earthteriar.

The postaccretionary history of the Earth comprisedtiple episodes of
mantle melting resulting in the formation of comtirtal and oceanic crust. During
this process, the mantle gradually lost CaO, Al2 @82 ,rare lithophile
elements and transformed into strongly depletedstsate, which could produce
only highly magnesian magmas depleted in rare el&sneHowever, such
evolution is not typical in the Earth’s history. Gime contrary, many data show
enrichment of mantle magmas (basalts and picrites) Ti, LREE, and
incompatible elements [1].

Isotopic studies show the existence of mantle vesersignificantly enriched
in rare elements, which could not be possible ie thodel of continuous
global melting of mantle in the postaccretionaryrtkaevolution. The ideas
developed in the last decades suggested activelananist interaction [2] with
largescale exchange of materials and formatioh@htantle reservoirs enriched in
rare elements. The appearance of alkaline magmatigdmextreme concentrations
of 4 KOGARKO rare elements is undoubtedly relatedtlte generation of such
zones in the mantle.

150

100 0 Carbonatites

m Alkaline rocks

0 200 600 1000 1400 1800 2200 2600

Fig. 1. Distribution of intensity of continental alkaline magmatism with time.

The analysis of literature and our data [3] shohet alkaline magmatism
appeared in the Earth’s history at about 2.5-2.7(f@. 1), and alkaline rocks
older than 2.7 Ga are extremely rare. The figur@wshcontinuously increasing
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activity (abundance and volume) of alkaline magsmti with the Earth’'s

evolution. For example, the total volume of youn@atgphonolites in Kenya
exceeds 50 000 km 3 [4], which is much larger ttenvolume of alkaline rocks
of all other geologic epochs. The increasing soakkaline magmatism with time
was also noted by Lazarenkov [5]. A similar tendems characteristic of the
evolution of oceanic magmatism. The database foneags rocks of
oceanic islands and seamounts of the Atlantic Qceamarily of alkaline

composition, helped us to reveal that the intensifyintraplate magmatism
significantly grows with time. The appearance ddatihe rocks at the Archean—
Proterozoic boundary coincides with several glogablogic events, and this
boundary became an important benchmark in the Bdri$tory.

Most researchers believe that the geodynamic regfroar planet changed at
this boundary, and plume tectonics was supplementgdate tectonics [6].

The oxygen atmosphere of the Earth originated qadatly at this boundary
[7], generally due to hydrogen dissipation to casmpace and the activity of
living organisms.

At the earlier stages, the Earth’s atmosphere statsiof é¢c4 ,H2 , and éé2
[8].At the Archean—Proterozoic boundary, the caatiial crust extensively grew
and stable, cratonic regimes were developed.

The oxygen bearing atmosphere caused the formatimxidized marine
sediments (jaspilites, carbonates) and the oxidatib paleosoils [7]. Note that
the Archean giant sedimentary pitchblende and eweposits of the
Witwatersrand type have no analogues in the Igtecles, because the minerals
composing their ores are unstable in an oxygen gtheye [7, 9]. Global
development of plate tectonics at the Archean—dPoabic boundary initiated the
subduction of already significantly oxidized oceaciust with elevated contents of
volatiles (generally H2 O and CO2 ), which, in turesulted in the involvement of
these components in mantle cycles. Active mantlesténteraction increased the
concentrations of volatile components in the mantMiich had lost these
components during hightemperature accretion at éaelier stages of Earth
evolution. Intensive studies of the mantle fluidgile revealed mantle
heterogeneity with respect to oxidation—reductianeptial. According to recent
data [11], oxygen fugacity in the mantle substwages within five—six
logarithmic  units around the quartz—fayalite—mageet (QFM) buffer
system. However, despite the significant redox rogeneity of the lithospheric
and astenospheric mantle of the Earth, there ame soegularities. Most
researchers accept theidea that the oldest Archéaospheric mantle (a
diamond source) had loWw O2 values. Diamonds are much older than host
kimberlites [12-14], >3 Ga in some cases. They aiantinclusions of Nifree
metallic iron [15], moissanite, magnesiowuestité][land methane [17], which
indicates strongly reduced conditions in the ol¢h&an mantle. These data are
consistent with dataon the V contents in Archehnleiites [18] and the
significant growth of the Ti/V ratio during diffenéation caused by fractionation
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of pyroxenes concentrating reduced trivalent V. Qacent studies revealed
the occurrence of Cubearing Fe—Ni alloys in thetteane., the phases composing
the Earth’'s core [19]. Their stability requires wedow oxygen fugacities, by
three logarithmic units lower than the wuestiteritauffer [20]. Such conditions
probably existed in early geological history at @ibd.6 Ga during the core
formation. Arculus and Delano [10] experimentallgtermined the oxidation—
reduction regime for mantle xenoliths using eledtemical cells and
demonstrated that lohe2 values for some rocks and megacrysts in basaltalso
close to the wuestite—iron buffer. On the contr&uwyllhaus [21] recently revealed
the more oxidized state of most mantle peridotiiesm —2 to O logarithmic
units with respect to QFM), particularly the manttecks strongly modified by
metasomatic processes (2 and higher logarithmidsunelative to QFM).
Islandarc andesites and basalts (+3 logarithmid¢surglative to QFM) closely
related to the subduction of oceanic crust andatkaline rock of oceanic island
(+2 logarithmic units relative to QFM) are the mosgidized igneous rocks [21].
Our data demonstrate a significant degree of oxidaif the highly alkaline lavas
of Trindad Island [22] with the oxygen fugacity eedlingf €2 of the QFM buffer
by three orders of magnitude. Study of the oxidatiegree of volcanic gases [8]
determinedf €2 and CO/CO2 at 0.01 and 0.03 respectively, wimdicates high
oxygen fugacities during magma formation in the sradmantle. All these data
emphasize the significant heterogeneity of the feamtith respect to redox
conditions, verify the existence of relicts of aldeduced mantle domains within
more oxidized mantle material, and may indicate bglo processes of
mantle oxidation in the Earth’s history.

Mantle oxidation might be generally caused by @proportionation into
the Earth’'s core [23]. According to Galimov [23paut 95% of the iron core
was formed over about 100 m.y. of the earliest wah of the Earth. Further
growth of the core by consumption of FeO from thentte resulted in oxygen
generation over the next 100-500 m.y. of the Esrthistory in the amount
sufficient for mantle oxidation to QFM buffer vakieSome researchers believe
and our calculations verify their ideas that subidncaccompanied by influx of
oxidized H2 O — fluid into mantle cycles could aisorease oxygen fugacity in
mantle fluids. This processis distinctly pronowhcéen zones of global
mantle metasomatism. A significant increase of Melanflux into the mantle due
to the activation of subduction at the beginninghaf Proterozoic stimulated large-
scale mantle metasomatism, because the oxidized flnase ( O +CO2 ) is
capable of transporting great amounts of silicasgenmal [24]. According to [25]
and our calculations, annual addition of H2 O ard2dnto mantle due to the
subduction of oceanic crust with hydrous minerald earbonates is 10 14 g molly
and 6 10 12 g molly, respectively. Note that carbonatitantaining 20%
C compose no more than 6-27% in alkaline igneog®ceions. Relation of
carbonatites with the oceanic crust recycling isfiegl by the wide scatter 0f 13
values for carbonatite complexes worldwide [26]. u3jchanges in the
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geodynamic regime of the Earth and the strong atotin of the mantle—crust
interaction led to the global metasomatic migratoddmmaterial and the formation
of zones enriched in rare elements in the manthstsate, a source of alkaline
magmas. Coincidence of these events could not loeleatal and prob ably
indicates a basic relation of these processesliAk@gyneous rocks appeared at the
end of Archean as a result of the above eventswaard not abundant during the
whole Proterozoic, at least until the end of thedian (Fig. 1). Some small peak
occurred only at the end of the Middle Proterozdefween 1300 and 1000
Ma. Instead, the activity of alkaline magmatism tawmously increased from 600
Ma, with peaks at about 550, 400, and 250 Ma, amticolarly strongly from 200—
180 Ma, reaching the maximum at about 40 Ma inBbeene. A similar increase
in the abundance of alkaline rocks is also typmiindividual continents, i.e.,
North and South America, Eastern Europe, Siberia] Adrica. The role of
kimberlites, lamproites, and carbonatites alsongfiyo increased since the end of
the Ordovician with a maximum in the Late Cretaceand Early Paleogene. It
should be mentioned, however, that the primaryridigion could be disturbed
because of the significant consumption of old atleatocks of oceanic islands and
seamounts in subduction zones. It primarily cons¢he Mesozoic igneous rocks
of the eastern Pacific Ocean. Thus, continentalialk massifs are probably best
preserved. If the subducted rocks could be takeéo account, the temporal
distribution of alkaline rocks would be less coatnag, but woold not principally
change. Hence, this distinctly heterogeneous digion with a strong increase of
alkaline rock abundance in the Panerozoic requmese specific interpretation.
Most alkaline rock massifs were emplaced in in@#plenvironments due to
mantle plume activity. Only some of them are lodadé spreading axes above hot
spots, e.g., the Azores archipelagoin the Atlan@icean. According to
seismic tomography data, there is a close reldtipnsetween descending slabs of
the subducted oceanic lithosphere and nearby ascenthntle plume jets at the
deep mantle level near the mantle—core boundarya Aesult, even the volcanics
emplaced within the lithospheric plates show ismto@nd geochemical
signatures of recycled crustal material, which wasealed, for example, for
Hawaiian volcanoes [27]. One more suggestion shaildd be considered. It is
possible that periods of the whole-mantle convectamd two-layer convection
(separately for the lower and upper mantles) adttexh in the Earth’s history. The
two-layer  convection dominated during epochs of eaddy of
supercontinents (Pangeas), while the whole-mawotwexction operated during the
supercontinental epochs and breakup initiation. dlkaline rocks appeared with
the formation of the first (sufficiently well docuemted) PangeaO supercontinent.
According to Ringwood'’s ideas [28], the slabs sudted during periods of two-
layer convection could be retained at the upperlawdr mantle boundary, where
they could be entrapped by plumes. There is a digpee between mantle
viscosity and convection structure, and probabdityhe whole-mantle convection
increases with increasing viscosity caused by ghdwooling of the Earth.
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The whole-mantle convection is probably operatimyvn while the two-layer
convection was typical of the Late Archean, and@s were initiated at the base
of the transitional zone between the lower and uppantles at depths of about
660-670 km. Significant changes in deep geodynaaresuggested at the end of
the Neoproterozoic. They corresponded to the tromaof the Rhodinia breakup
(early Late Riphean) and may have been expressatbnmnant whole-mantle
convection. The latter may have further developater| at400-250 and,
particularly, 200-180 Ma, during the epoch of th#iation of Wegener's Pangea
breakup. According to seismic tomography data, malaps of the subducted
oceanic lithosphere (eastern Pacific periphery, §dtin—Okhotsk and South Anui
paleooceans [29]) began to reach at that time they@r at the mantle base and to
stimulate plume ascent from this depth. Thus, toel-fich material from the
mantle base (1000-1200 km), rather than from teslupper mantle boundary
(670 km), could ascend to the surface.

The demonstrated increase in the activity and adecelof alkaline
magmatism in the Earth’s history may have been erhuby the gradual
involvement of progressively deeper mantle horizonso the whole-
mantle convection and advection (plumes), progvelsincreasing material
exchange between the Earth’s surface and crustitandeeper interior due to
recycling, and progressively increasing filtratioh metasomatizing fluid flows
through the mantle.

GLOBAL MANTLE METASOMATISM AND GENESIS OF

ENRICHED MANTLE RESERVOIRS

Large-scale interstitial pellicular melting by theechanism suggested by
Ringwood [28] may have occurred as a geochemicalsemuence of the
global degassing of the subducted material andetflease of oxidized fluids (H2 O
and CO2 ). We imply that the melts enriched in Har@ CO2 , generated at low-
melting degree and capable of transporting greabuais of incompatible rare
elements and alkalis, presented the main metastnmtagent in the mantle.
Experimental data show [30] that aqueous fluid camtain at high pressure a few
tens of percent of alkalirich silicates.

It was demonstrated earlier (e.g., [31]) that nuatasic processes play a
highly important role in the generation of alkalimagmas. Strong enrichment of
alkaline magmas in rare lithophile elements and ledem with respect to
radiogenic isotopes can be accounted for only leyntfetasomatic influx of rare
lithophile elements into zones of alkaline magmaegation. This idea can be
verified, for example, by our isotopic data [32] dme worlds largest alkaline
complexes on the Kola Peninsula (Khibina and Lov@reassifs) accompanied by
giant raremetal deposits. These data show stroptetiten of the initial mantle
source of alkaline magmas with respect to rare etesn In the]Nd —{ISr
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diagram, the rocks and ores of the Khibina and kzevo massifs fall within the
field of depleted compositions [31, 32]. This paradan only be explained by the
very rapid addition of metasomatizing material stflg enriched in incompatible
rare elements to the melted mantle domain whem thas not enough time for the
accumulation of radiogenic isotopes ( 87 Sr and l4i3), and the Sr and Nd
isotopic ratios still correspondedto the initialepteted compositions.
Recent detailed studies of mantle material fromowar regions [33, 34] and our
data [3, 37] demonstrated the significant role etasomatism in the geochemical
history of the mantle. Crystallization of amphilbxle@hlogopite, apatite, primary
carbonates, minerals of the lindsleyite— mathiasiégies, and other minerals
concentrating rare elements is related to metasomstctions in mantle substrate,
most likely, to low-degree melts. As was shown expentally by Fransis [35],
partial melting of strongly amphibolized metasomati mantle can generate
alkaline melts. Highalkali glasses in metasomatipshtle xenoliths were also
described by Edgar [36]. When studying stronglyasematized and carbonatized
nodules from volcanics of the Montana Clara Islari@&nary Islands) and
Fernando de Noronha (Brazil), we found glassesa@sociation with primary
carbonates) corresponding in composition to phte®knd trachites oversaturated
in alkalis. Thus, alkaline magmas could have beenerated during the partial
melting of metasomatized mantle.

Recently, we actively studied the processes of im@arbonate metasomatism
in various regions. In the oceanic mantle of sonttrfic islands [3, 37],
we revealed primary carbonates developed metaswatigtby the following
reactions:

2MgSiO3 +CaMg(CO3 )2 =2Mg2 SiO4 +CaMgSi2 06 +2C0O2 ,
3CaMg(COL))2 +CaMgSi2 06 =4CaCO3 +2Mg2 SiO4 +CO2 .

Metasomatic clinopyroxenes and olivines are prazlatthese reactions. Using
a CAMECA ion microprobe, we determined concentragio of
metasomatic pyroxenes in oceanic and continentbboatized mantle (Canary
Islands, Fernando de Noronha, and East Antarctiddlith the partition
coefficients of rare elements in pyroxene—carbonat# equilibria [38, 39], we
calculated the concentrations of rare and raréeatements in the
metasomatizing mantle carbonate melts. Note thatatrerage composition of
the Lovozero massif accompanied by giant rare mdgplosits fall within the
interval of concentrations calculated for metasazrimag mantle fluids (Fig. 2).
These data are consistent with the compositionscavbonate melts in the
metasomatized mantle of some other regions [39]n#&llts are enriched to a
various degree in LREE and incompatible elementss TREE distribution
(with LREE enrichment) indicates that metasomatmltfluids were generated
in crystal melt equilibria, because the LREE piarti coefficients in most
mantle rockforming minerals, particularly in gasesre notably lower than the
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HREE partition coefficients. Most calculated compoes of metasomatic
meltfluids show minima of HFSE (Ti, Zr, Nb) (Fig).2This is consistent with
experimental data [38] on the Ilow solubility ofsee elements in
hightemperature carbonatite liquids. However, HR8Bxima (Ti, Zr) were
revealed in some cases (Fig. 2), which could indie#kaline carbonate— silicate
compositions of metasomatizing agent, because HESHbility strongly
increases in highly alkaline silicate melts [39]edpite some differences in
the compositions of metasomatizing melts, all ofnth are enriched in
incompatible rare elements and LREE. Universalolment of mantle fluids in
rare elements is a basic geochemical feature diénth’s mantle.
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Fig. 2.Spidergram for the mantle metasomatizing meltflui¢ (calculated by ion microprobe
analyses of metasomatic clinopy roxenes of mantlecks from Fernando de Noronha
Island, East Antarctica, and Canary archipelago).

Stars—average composition of rocks of the Lovozetkaline massif,
asterisks—average composition of carbonatites.

The ascending mantle plumes induce low-degreemgetif the surrounding
mantle (particularly at the base of the plumes),ictvhproduces carbonate
melts enriched in rare elements and volatile corept®) These melts have very
low viscosities, rapidly penetrate to upper horgoand metasomatically replace
mantle peridotites (stage 1). Further ascent ofdibpir causes the partial melting
of metasomatized mantle and the generation of iatkand carbonatite magmas
(stage 2). The proposed model of the formationnoiceed reservoirs is generally
consistent with the geochemistry of metasomatizivedtfluids, but requires very
low melting degrees of mantle material. If the n@rstource of giant rare-metal
deposits of the Kola Peninsula was strongly deg@leterare elements [32], the
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mass of the depleted material producing metasomgtiiuids should be huge. It
Is more logical to suggest that the plume itsel§nificantly enriched in rare
elements as compared even to primitive mantle th@source of rare elements for
the giant alkaline intrusions. Let us consider ¢hgoblems in the next section.

DEPTH OF FORMATION OF ENRICHED MANTLE RESERVOIRS

According to modern concepts, two global reservaipper and lower, can be
distinguished in the Earth’s mantle. However, récetata of seismic
tomography [40] indicate the occurrence of new cétnal heterogeneity in the
lower mantle below about 1000 km until D" layer2800 km. Pwave velocities
significantly decrease in this interval [40]. Thedata suggest the existence of
three dynamic regimes in the Earth’'s mantle. Thevakheterogeneity continues
over about two thirds of the transitional lower rhawncore layer (Fig. 3) and
comprises 20-30% of the whole Earth’s mantle. Teerdogeneity is related to
elevated viscosity and density of the materiahatliase of the lower mantle.

Oceﬂ:;l“
-;__ L OA{’.G'-

2900km 8

Fig. 3.Structural scheme of the Earth’s upper and lower mantle (after [40]).

The size and shape of this region (megaplume) ndigate the chemical
heterogeneity of the lower mantle. If this seishmiterogeneity had thermal origin,
it could not exist for a long time because of tradwus heat flux from the core.
Density in the anomalous zone probably increases tduthe decomposition of
silicates and the formation of high-density oxidemgnesiowuestite, stishovite) at
pressures >650 kbar. Crystallization of magnesieiee enriched in Fe is
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another mechanism of the formation of heavy mamidgerial. The suggestion of
the existence of an anomalous layerin the lowentimais consistent with
modeling of the thermal regime of the Earth. ThatH&ix of the whole Earth is
estimated at 44 TW; the heat flux of the crus6iIM due to high concentrations
of radioactive elements [40], and the remainingT¥8 should be supplied by the
mantle and core. Even if the whole Earth was chbodn composition, its heat
flux would be only 31 TW [41]. It is established wmahat 25-90% of mantle
substrate (MORB sources) is depleted in rare adwbaative elements, and, thus,
heat flux of the Earth should be lower than 31 TA¥]] but it is actually much
higher (44 TW). Hence it follows that a layer proothg huge heat amount
corresponding to U concentration of 25.6 ppm sheuidt in the mantle [41].

The origin of this zone enriched in rare and racliva elements in the mantle
Is not clear. A proposed model suggests the longtelevelopment of a
reservoir isolated since the early stages of thehEaevolution and originating
either during the evolution of the global magmaite=an or by the recycling of
Archean crust enriched in mafic components and mpaiible rare elements.
Elevated contents of radioactive elements shouldeactive heat generation and
very high temperatures in the D" zone. Under tfecteof heat flow from the core,
hot and dense material of the lower mantle coudd and produce superplumes,
e.g., African or East Pacific. We also considerbe possi bility of magma
generation for the Kola alkaline igneous provinanf an anomalous zone in the
lower mantle. According to [42], the total volumeabkaline rocks of the Khibina
and Lovozero massifs is about 11000 km 3 . Usimgabwerage contents of rare
elements in these rocks (e.g., Zr and Th), we cdmate the volume of the
primitive or depleted mantle as sources of thes&s.0According to our isotopic
studies [31, 32], the giant alkaline intrusiongt# Kola Peninsula were generated
from a mantle source depleted in rare elements.flittber calculation showed
that the volume of mantle material for the formataf the Khibina and Lovozero
massifs should be about 3L® 6 km 3 for primitive mantle and 31® 7 km 3 for
depleted mantle. These volumes are not realistet @@ comparable or even
exceed the volumes of the largest mantle plumasekample, the volume of the
Siberian superplume is about. 0 6 km 3 [43]. Moreover, there is no
geological evidence of the relation of the Kolaaditke province with any large
plume. Thus, our calculations may indicate a muabremenriched source of
alkaline magmas for the Kola alkaline province. yioeuld be derived from an
anomalous layer of the lower mantle. General redida in fractionation of rare
and radio active elements in mantle reservoimnalls to estimate the distribution
of incompatible elements in the anomalous layer.wss mentioned above, U
content in the anomalous zone is 25.6 ppm [40&lllincompatible elements are
proportionally fractionated in mantle processesirtbontents should be (like the U
content) by about two orders of magnitude high@ntim the primitive mantle.
These estimates are semiquantitative. However, staiicentrations at 15%
melting degree of anomalous lower mantle domairss (imelting degree is
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normally accepted for superplumes producing floasidits) and the addition of 5—
30% of metasomatizing fluid could provide for thesngration of alkaline
magmas with concentrations of rare elements clodkeir average concentrations
in the ultrabasic alkaline magmas parental for thitrabasic alkaline rock
associations in Polar Siberia and the Kola Pengnslihe calculations suggested
Nb contents of 0.7 ppm in the primitive mantle,pffm in the anomalous mantle,
490 ppm (calculated value) in a metasomatizing ,naitd 131 ppm in parental
magma [42] and assumed 5% melting degree of a omagally modified
substrate. At these Nb concentrations, the cakedilabntribution of metasomatic
material is 1.3%. At lower melting degree of 1%,e tramount of the
metasomatizing melt-fluid will be very low (abouD@3%). Our studies, together
with literature data [44] demonstrate that the emb@ations of metasomatic
minerals (amphibole, mica, apatite, etc.) in thentheaare low (a few fractions of
percent). Metasomatic processes in the mantle émtu do not cause the
formation of specific minerals. The addition of earelements by
metasomatizing melts can be low and only increéiseis concentrations in rock-
forming minerals.

Therefore, the evolution of alkaline magmatismhe tEarth’s history was
determined by the intensity of mantle metasomatisausing the formation
of enriched mantle reservoirs as sources of akkalmagmas. The global
development of metasomatism in the mantle was eelad the subduction of
oceanic crustinitiated at the Archean—Proterozbaundary. The genesis of
alkaline and carbonatitic magmas and related giargmetal deposits may have
been caused by mantle metasomatism induced by #ngalpmelting of the
anomalous substrate in the lower mantle. Such alousi@ones are revealed in
recent studies using seismic tomography [40, 41].
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The oxygen isotopic data suggest that many eclagiteliths, especially the group C
eclogites, are representatives of subducted crastpresence and preservation of coesite in
eclogites from Udachnaya and other kimberlite pipe¥akutia gives a strong proof of the
involvement of oceanic crust in subduction by titleokphere formation. Presented in this
paper data are interesting considering their imaglhn to this problem at least in three
aspects: 1) first of all, because of their widelatawns in composition of studied samples, 2)
in connection with the unusual peculiarities of karlites of this pipe, and 3) as samples
containing diamonds.

Oxygen isotope data were obtained from more th&nclean garnet mineral separates
of xenoliths from the Nurbinskaya pipe by laserofination techniques. Garnets were
separated from the different types of diamondiferganoliths including eclogites, garnet
websterites (pyroxenites), and peridotites. Theonitsjof the peridotites garnet samples lie
within the range of average mantle values (5.5+0#) except one wittd' ' [Jvalue —
6.57%0. Garnets from xenoliths of suggested weligteparagenesis in most cases have
0 [lvalues above 6.0%0. and only in two samples oxygetof® estimations were 5.89 and
5.98%o. It should be pointed that in two sampleshif paragenesis garnets have Jvalue
7.30 and even 8.59 %o.. The restricted rang& % garnets from eclogites is 4.73 to 9.65 %o
and lie predominantly in the range reported fologité xenoliths from Siberian platform
(between 2.8 and 8.0 %o). We not find any markedetBhce in oxygen isotope
compositions of garnets from different varieties emflogite xenoliths but about 2/3 of
investigated samples hade [Jvalues above 6.0%o.

It is possible to speculate from these evidencasrtany eclogites and part of garnet
websterites (pyroxenites) are products of subduotszhnic crust or experienced a strong
metasomatic influence. There is ample evidencelaitar statement is more confident that is
confirmed by wide distribution of zoned garnet imvestigated parcel of samples and
intensive development of phlogopite and other noeteic minerals.

KEY WORDS: xenoliths, eclogites, pyroxenites. deds, oxygen isotopes,
subduction

INTRODUCTION
As xenoliths in kimberlites are potential sourcek® for diamonds and

representatives of deep mantle levels, and thergfimvide important information
about the mantle petrology and conditions of diathtormation, they have been
the focus of numerous conventional oxygen isotopsliss. Data on oxygen
fugacity of southern African eclogites predominatel include studies on Roberts
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Victor [18, 23, 31], Bellsbank [6, 30], Orapa [1&)d Southern Africa in general
[39]. Oxygen isotope data for mantle peridotite olghs from Southern African
kimberlites have been reported by Kyser et al..[28w laser-fluorinatior®' [
data for constituent minerals from more than 100okéhs in South African and
Siberian kimberlites have been reported in Mattegl.e[29] and Jacob et al. [22].
Analyses of eclogites and peridotites or their margeefrom Yakutian kimberlites
are much less abundant and were done predominfamtipe xenoliths from the
Udachnaya and Obnazhennaya pipes [41, 42, 53857, 5

It is well known that whereas peridotite and ed®gkenoliths occur in
varying proportions in kimberlites, diamondiferousclogite xenoliths are
significantly more abundant world wide than pentoienoliths with diamonds.
In contrast to garnets from most mantle peridatitdsich haved '[] values in the
very small range + 5.36+0.18 [27], many mantle gitéo xenoliths haved [
values that are significantly outside of the ramgeepted as normal for mantle
rocks. Thed' [ of garnets in mantle eclogites show wide variatioR.3 %o to +
9.2%0 [11, 29]. By analogy with a section rocks fraphiolite sequences [19],
eclogites (or their constituent garnets and climopgnes) withd' [ values above
those of “common mantle” are thought to repressmbducted ocean basalts that
have been altered by interaction with sea wateéeraperatures below about 350
°C, whereas eclogites with low& [ values represent mafic rocks that have
interacted with higher temperature hydrothermat#828]. Taylor et al. [57] have
suggested that similar mixing of subducted oceamitst with more refractory
mantle material was an important process in thduéweo of the eclogite suite
xenoliths from the barren kimberlite pipe Obnazlam@n(Siberia).

Most workers interpret high and low oxygen isotogtos of mantle eclogite
xenoliths as the result of subduction and prograwdamorphism of oceanic
lithosphere that has undergone oxygen isotope egehaith sea water on or near
the sea floor [23, 28]. But discussion on possibseson of wide variations &f [
values in eclogite xenoliths is still continuesoffarthis point of view any new data
especially if they were provided for the represewea collection of mantle
xenoliths could have important implication for ttheciphering of mantle processes
and explanation of possible variation in oxygentape composition of mantle
substrate. Presented in this paper data are ihiteyeonsidering their implication
to this problem at least in three aspects: 1) fafstall, because of their wide
variations in composition of studied samples, 2xamnection with the unusual
peculiarities of kimberlites of newly discoverediyasky field, and 3) as samples
containing diamonds. In result it allows us to plamnstraints on the source
material and processes involved in formation ofnehads in eclogite and
pyroxenite xenoliths from the Nyurbinskaya pipe.e3& results could have
important implication to the understanding of dianmis genesis and lithosphere
evolution.
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GEOLOGICAL BACKGROUND

The first deposit of diamonds of the Nakynsky kimiipe field was found in
1994. In the passed ten-year period much attentias paid to the study of
geological structure, mineralogy of kimberlites asttier specific features of the
Nakynsky kimberlites [1, 8, 35, 50]. Nonordinarysesce of the new field
kimberlites is demonstrated in these works bothidmtopic characteristics of
kimberlite rocks, which draw them together with kienlites of group 2, and by
specific features of indicator minerals compositigarnets and chrome spinels in
the first turn. Sufficient differences in compaositiof both the lithospheric mantle
of the new Nakyn field and the low crust in thigion were revealed, which point
to their distinction by a set of petrographic typesrocks and their tectonic-
magmatic evolution from neighboring Malo-Botuobipsand Daldyn-Alakitsky
fields [50].

Already the first evidence on studying external pimiogy of diamonds from
kimberlites of pipe Botuobinskaya indicated thatlmccupy intermediate position
by spectrum of morphological groups among diamdrm® kimberlites of Malo-
Botuobinsky and Daldyn-Alakitsky fields [8]. Incie=d quantity of rounded
diamonds, coated diamonds or crystals in “jacket aiamonds with cavern,
channels, crystals with etching and other indicetioof natural dilution and
resorption were revealed in diamond populatiorhef Kakynsky field kimberlites
[50]. During visual study of mineral inclusions miamonds from this field
increased content of orange garnets and other atsgoresumably of eclogite
association, was indicated in them, which pointed possibility of higher
distribution of eclogitic mineral inclusions amomiamonds of these pipes in
comparison with diamonds from other kimberlite d®l This statement was
confirmed by investigation of mineral inclusions idiamonds from the
Botuobinskaya pipe [48]. These data have shownutgency of more detailed
research of diamond-bearing associations, whictarbecthe basis for fulfilling
this work.

The Nakyn kimberlite field represents on the whaléectonic block in the
central part of Vilyuy-Markhinskaya zone, with 387 area, which is constrained
by faults of north-eastern strike, along which tdyfes preceding emplacement of
intruded kimberlites. By now two kimberlite pipesBaotuobinskaya and
Nyurbinskaya) have been discovered within the Nakgld, having cylindrical
shapes extended in north-eastern direction, gezdbgharacteristics of which is
given in [8]. Both pipes were formed in two intrusiphases: subvolcanic (the first
phase) and volcanic. Both kimberlite pipes of teevriield are characterized both
by resemblance of their material composition araandind content and are infilled
with porphyric kimberlites and autolithic kimbedit breccias, with sharp
prevalence of the latter.
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Two varieties of kimberlite rocks — autolithic kielite breccia and
porphyric kimberlite, were distinguished in pipe udginskaya. According to a
number of features they fall into a category ofquei ones among earlier
discovered kimberlite pipes of Yakutian diamondiies province [25]. First of all
it is due to their highest productivity, specifieatures of morphology and quality
of diamonds, petrographic and mineralogical charatics of kimberlites, and due
to composition of diamond indicator minerals. Sgaadteration is characteristic
feature of kimberlitic rocks, which is expressed ahsence of olivine relics,
intensive chloritization of phlogopite to the deptfh 200 m, and practically
carbonate composition of the basic matrix on upgezls [50].

Kimberlites of the Nyurbinskaya pipe differ by exsively low content of
chrome spinels, picroilmenite and perovskite. Tlaeg depleted in pyrope and
enriched in almandine garnets. The latter, mosbaity, is conditioned by low
content of abyssal xenoliths and high — metamorpingstal rocks. As by
petrochemical features of kimberlites and concéintraof heavy fraction minerals,
in comparison with their distribution in other pgyeNyurbinskaya testifies
similarity with kimberlite rocks of Aykhal (AlakiiMarkhinsky field) and
Lomonosovskaya (Zolotizky field) pipes [50].

By content of major elements kimberlites of bothgs are close to each other
and sharply differ from kimberlite rocks of otheipgs of Yakutian province.
These are low-titanium (less than 1.0 weight % ,Ji®w-ferruginous, medium-
magnesia and relatively high-potassic rocks. Averagemical composition of
Botuobinskaya and Nyurbinskaya kimberlites diffei®m composition of
kimberlite rocks of Malo-Botuobinsky and Daldyn-Klesky region pipes by
increased content of alumina and potassium oxidematll quantity of titanium
oxide. The age of kimberlite pipes determined otogbpite by Rb-Sr method
constituted 366+9 Ma years [1], and on phlogopité®r/ **Ar method - 380+12
Ma [25].

SAMPLES AND ANALYTICAL TECHNIQUES

More than 150 samples of mantle xenoliths from amberlite pipes
Nurbinskaya, which situated in newly discovered Wedky field, of the Yakutian
kimberlite province were studied. Modal analysesshaeen performed for most of
the xenoliths. Major-element analyses were perfdrfoe garnets from all samples
and partly for the other rock-forming minerals. Alhmples were classified into
different varieties of eclogites, websterites argfigotites according to their
petrographic features and chemistry of garnet.

Major element compositions of garnets and some rothmerals in all
xenoliths were determined with a Superprobe JXASBB@lectron microprobe at
the ALROSA Co Ltd. (Mirny, Russia). Care was takenanalyze only those
minerals from the samples that did not appear taamo inclusions or exhibit
alteration. Analytical conditions included an aetcating voltage of 15 keV, a
beam current of 20 nA, beam size of 5 um, and §0rss counting time for all

62



Deep-seated magmatism, its sources and plumes

major elements and 100 seconds for Na, Mn, Ti,Mind\ll analyses underwent a
full ZAF correction.

Fresh garnet grains were selected from over 120plesmeclogite and
peridotite xenoliths collected from the Nurbinsk&yaberlite pipes. The mineral
was crushed and sieved to 200 um and picked udnmgoaular microscope. After
picking the clean, optically gem-quality garnetigsawere washed with water and
acetone. A split of each sample was used for EMiyaaes. Pure separates were
obtained using heavy liquids, magnetic separaaod, careful hand picking under
a binocular microscope. Another 10 mg portion watsaside for oxygen isotope
analyses by laser-fluorination. The oxygen-isotapalyses were performed on the
garnet separates, approximately 1-2 mg per rungusi32 W CO2 laser, BF5, and
a dual-inlet Finnigan MAT/251 mass spectrometdhatUniversity of Wisconsin.
Replicate analyses were performed on many sampétcularly those that had
initial oxygen values outside that of mantle. Thengral procedures are those
discussed by Spicuzza et al. [54]. All values aported with respect to V-
SMOW.

RESULTS
Petrography and sample description

As mentioned above we have studied a representaiiection of more than
150 xenoliths with visible diamonds from the Nudkaya pipe. Most of the
xenoliths are presented by the samples of rountiagesor sometimes by the
monomineralic garnet megacrysts containing ingrevethdiamonds. It should be
noted that 2 and even more diamond crystals waradfoan some samples. It is
necessary to emphasize the unique nature of tHlecton of xenoliths and
megacrysts with diamonds, which is determined HWmththe fact that they were
found in kimberlites of recently discovered pipehe new kimberlite field, and by
multiplicity of the samples. Though kimberlites siich known pipes as Mir and
Udachnaya were developed for many years generatiguaf xenolith finds with
diamonds in them does not prevail 100 samples ¢h @alividual pipe as a rule.
This is true at least for the xenolith populatidran studied in detail kimberlite
pipes, mantle associations of which are known amdit@ly described in literature
[22, 49]. The quantity of xenoliths and garnet nergsts containing diamonds,
which are characterized in kimberlites from theggipf South-African craton [24],
Is within the same number.

Leaving comprehensive characteristics of diamomdsegnt in xenoliths we’'ll
note only that in most of the samples they areesgmted by crystals of octahedral
forms (Fig. 1). The following ratio of morphologicaliamond groups was
established for the whole collection: octahedrab5%, rounded and transitive
forms — 22%, intergrowths and boart — 8%, variogses$ of twins — 5%. Two
xenoliths, comparatively similar in composition bfsic mineral garnet and
containing in one case octahedron with polycerdtiacture of facets, and in the
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other case — sharp-edged octahedron, are showg.iil &, b. It should be noted
that in both cases diamonds are deeply submergedniztrix of hosting garnet but
at the same time one can trace margin around tepnesented by chloritizated
phlogopite. Similar but more pronounced margin cimgy of monomineralic
completely chloritizated phlogopite is distinctlgesr around corroded crystals of
irregular shape (Fig. 1d). Some of the studied $@snpontain diamonds in the
guantity of up to five and more crystals. In sonmendliths, therewith, there
accumulations of diamonds forming individual chaamgl veinlets are occur (Fig.
1c). Diamonds in some samples are presented bgdcagstals which usually are
of yellow-green colour. The size of diamonds vafiesn 0.5 mm to 4-5 mm in the
long axis. It is necessary to emphasize that maasn@hds contain channels of
etching and other indications of corrosion (see. Big). The quantity of such
crystals in the studied collection on the wholestitates about 30%.

s

Fig. 1.Diamondiferous
xenoliths from the
Nurbinskaya pipe.

a) Sample N-6, by the garnet
composition belongs to the
magnesian (Group  A)
eclogites. Diamond is
presented by  colorless
smooth faced octahedron,
size - 2.4x1.8 mm; b)
Sample N-4, by the garnet
composition belongs to the
garnet websterites. Diamond
is presented by colorless
polycentric octahedron, size
— 3.0x2.0 mm; c) Sample N-
17, by the garnet
composition belongs to the high-aluminian (Groupe€lpgites. Diamonds are presented Byag wise
distributed crystals of octahedral form; size ofstals varies from 2 to 3 mm; d) Sample N-20, by th
garnet composition belongs to the ferrian (Groupegogites. Diamond is presented by grey heavily
corroded crystal of irregular form, size — 3.5x&. It is obvious channels of corrosion, which aut
crystal and also is seen a reround diamond that is presented by phlogopitdchvintensely replaced by
chlorite.

What is concerning the host-rock of xenoliths thegk in many cases as
garnetites or garnet megacrysts because of straclg alteration, which caused
only garnet presence as a fresh mineral relicejme cases with little amount of
corundum or rutile that are stable to alteratioplalogopite that have obvious late
origin. No fresh relicts ortho- or clinopyroxene n@amet in studied samples even
after their cutting and polishing. Reasoning frdns t classification of the studied
xenoliths has been done predominantly on the basleeogarnet composition of
samples.
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Chemistry of garnets from Nurbinskaya xenoliths

Garnet is a major mineral of eclogite and pyrox@nienoliths especially
garnet websterites. Chemical composition of thigarntant constituent of eclogites
largely reflects their nature. Garnets from eclegishow a wide variation in
content of Mg, Fe and Ca oxides. Eclogitic garnetsally are poor in chrome
content but in websterites they could contain up.@wt% CpO;. As it was noted
earlier grains of garnet were selected from alltaeoliths and analyzed on the
subject of determining major components, in mostesaat that definition of
composition of garnet central and peripheral zamas performed with the goal of
revealing possible zonality.

Table 1.

Average composition of garnet cluster groups of dimondiferous
xenoliths from the Nyurbinskaya pipe

Average composition of garnet cluster groups
Sort 8 G1 G2 G3 G4 G5 G6 G7 G8

SiO, 39.26 39.73 40.05 40.48 40.28 40.62 40.62 40(72
TiO> 0.27 0.45 0.29 0.38 0.40 0.30 0.37 0.15
Al,O3 21.22 21.28 21.75 21.96 21.8 22.05 21.98 15|39
Cr,03 0.07 0.08 0.08 0.10 0.10 0.11 0.1y 9.87
MgO 9.38 10.23 12.43 14.10Q 9.00 15.53 20.59 19J09
CaO 5.09 8.27 5.05 10.20 16.33 3.82 3.3 6.12
MnO 0.48 0.39 0.38 0.19 0.14 0.37 0.34 0.47
FeO 23.07 18.22 18.83 10.76 11.08 16.26 10.65 7.46
Na,O 0.10 0.16 0.12 0.22 0.17 0.12 0.12 0.04
NiO 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
Total 98.94 98.83 99.00 98.41 99.26 99.19 98.12 99(31
Number of samples and relative %

Ol

Sort 8 G1 G2 G3 G4 G5 G6 G7 G8
samples 10 17 51 8 13 40 10 12
% 6.2 10.6 31.7 5.0 8.1 24.8 6.2 7.5

Based on the chemistry of garnets we have triedassify all samples on
their belonging to one or another variety of mar#deoliths. The received data of
compositions of this mineral were calculated witle thelp of factor analysis,
which made it possible to distinguish 8 groups arfngts, clearly varying by these
or those major components (Table 1). The Tableamasitaverage compositions of
cluster groups and the quantity of analyzed sangoieisheir percent content in the
studied parcel. It is necessary to note that tloeigs of garnets distinguished by
the results of cluster analysis sufficiently clgsebrrespond to these or those
varieties of garnets in specified types of mafid atramafic xenoliths. It should
be noted that the distinguished groups correspondmolith varieties of mantle
rocks by a number of indications. In particular graG8 completely responds to
garnets of dunite-harzburgite paragenesis accorttintheir high GO; content,
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garnets of group G7 are differ by much les®©O{and low CaO content with
similar high MgO and correspond to garnets of lbkte and wehrlite or some
pyroxenite paragenesis, though they are distingdishy decreased chromium
content. The group of G6 garnets corresponds te thineral from garnet
websterite xenoliths, which is less magnesian imgarison with garnet of two
previous groups but also has low CaO content. Moluded that some garnets of
this group could belong to Group A eclogites. Theug of G5 garnets completely
corresponds to the garnets from eclogite xenoldhshigh-aluminous variety
represented usually by grospidites, kyanite andsitmesclogites or corundum-
bearing samples, what is also confirmed by thesfiodl individual corundum
grains in the samples of this group. The high Ca(arnet is a criterion for
recognizing of these kinds of xenoliths (SpetskB04). Garnets of"4group are
close to the previous by Mg# and differ by lesstenh of CaO and by their
chemistry could belong to different kind of Groupe8logites. Groups G1, G2 and
G3, for which low chromium content, increased Fe@ &arying contents of
calcium oxide are characteristic, correspond tonegar from the varieties of
magnesian and magnesian-ferruginous eclogites. e&araf group G6 with
increased magnesia and decreased calcium contgritetang both to xenoliths of
magnesian eclogites (Group A) and include a grodpgarnets that are
characteristic for garnet websterites. Garnetsafijgs G6 and G7 are in somewhat
indefinite position, being distinguished by incre@snagnesia content and by low
content of calcium and chromium. Similar garnetsundboth among pyroxenite
xenoliths and can be correlated with garnets ofaoggt association. Probably it
Is expedient to isolate them into a group of tiasirocks. In any case the first
five groups, which unite garnets with moderate Mg# increased FeO, respond to
varieties of mantle rocks of eclogite compositibtoare than 60% of samples in the
parcel of investigated mantle
rocks with diamonds account
for this type of diamond-
bearing xenoliths. It should
be pointed that samples of for
sure dunite-harzburgite
association according  of
garnets chemistry constitute
less than 10% of the whole
population of diamondiferous
xenoliths (see Table 1).

Fig. 2.Garnet composition in
diamondiferous xenoliths from
the Nurbinskaya pipe.

For comparison field of garnets in
diamondiferous eclogites from the
Udachnaya pipe is shown.
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Wide variations of garnet composition of investeghikenoliths is evidenced
from the triangular diagram that shows as distrdsutof mineral in the whole
parcel and prevalence of garnets with moderateeats0f all three elements (Fig.
2). It should be pointed that according to garneimgosition the most
diamondiferous samples from the Nyurbinskaya pipeupy fields of groups B
and C eclogites. In the whole the distributiord@mondiferous xenoliths is close
to the distribution of diamondiferous eclogitesifrthe Udachnaya pipe [see 49].

It is well known that garnets in the majority ofl@gites and websterites
exhibit intra- and inter-grain homogeneity [49, 9]t it is not a case for the
garnets of diamond-bearing xenoliths from the Ninskaya pipe. Analyses of
garnets were made in different types of eclogitéh whe attention to possible
zoning of this mineral (Table 2). We presented hmtly data that show a rather
wide difference in Mg/(Mg+Fe) ratio from sampledample and obvious variation
in content of major elements from core to rimshbuld be pointed that zoning in
garnets probably could be formed as a result tdaet two different processes: (1)
magmatic crystallisation or subsolidus transfororatand (2) zoning could be a
result of metamorphic mineral transformation ofuahce of metasomatic events.

Table 2.

Zoned garnet in diamondiferous xenoliths from the Murbinskaya pipe

Sample | SiQ | TiO, | Al,03 | Cr,03 | FEO | MNnO | MgO | CaO | NgO | Total
N3c 41.03| 0.31| 22.37 0.08 20.34030 | 12.29| 4.06/ 0.13 100.61
N3r 41.53| 0.34| 22.58 0.07 20.010.31 | 12.47| 4.01| 0.10 101.11
N16¢c 41.76) 0.32| 22.82 0.04 16.220.38 | 15.91| 2.88) 0.12 100.06
N16r 41.53| 0.36| 22.62 0.07 15.Y30.36 | 16.35| 2.91] 0.12 99.69
N24c 41.72 0.29| 2285 0.10 17.070.36 | 14.87] 4.01] 0.12 101.03
N24r 41.87| 0.31| 23.0(¢ 0.07 16.880.33 | 14.54| 4.00; 0.11 100.77
N34c 39.64| 0.23| 22.47 0.04 18.240.45 8.68 | 9.54| 0.20, 99.04
N34r 40.41| 0.25| 2255 0.04 17.580.49 8.75| 9.80| 0.19] 99.56
N35c 40.69, 0.42| 22.79 0.02 18.530.27 | 11.18] 7.16/ 0.18 100.98
)]

N35r 41.16| 0.53] 22.63 0.03 17.140.44 | 11.71} 7.53] 0.20 100.92
N59c 40.48) 0.26| 22.62 0.09 17.170.21 | 13.21} 5.16] 0.17, 99.16
N59r 40.58| 0.32| 2241 0.07 17.340.32 | 12.61] 5.34] 0.13 98.79
N60c 41.52] 0.49| 2263 0.05 15.230.39 | 14.40, 6.13] 0.15 100.59
N60r 40.71| 0.53] 2192 0.06 16.930.40 | 12.27| 7.26] 0.1 99.84
N66¢C 41.17) 0.20{ 2241 019 946 0.14 12131 13.7108 Q.99.52
N66r 41.44) 0.49| 2231 0.21 95 023 16{21 9|25 10.09.52
N77c 40.42] 0.40| 22.6§ 0.07 10.420.16 | 11.24] 14.20 0.14 99.55%
N77r 40.76| 0.40| 22.83 0.01 10.810.17 | 10.67| 14.63 0.13 99.74
N113c | 40.01 0.39] 22.3¢ 0.01 21.620.34 | 9.88| 6.16/ 0.19 100.61
N113r | 40.19] 0.46| 22.3] 0.02 21.240.33 | 9.84| 6.49| 0.220 100.79
N-150c | 40.81] 0.46] 21.9 0.08 12.580.21 | 13.87| 9.23] 0.15 99.29
N-150r | 41.91] 0.44| 22.39 0.04 12)5 0.29 14{49 8/84.150 101.05
N-155c | 41.33] 0.48] 22.0¢ 0.00 13.690.53 | 17.81] 3.64] 0.16 99.7C
N-155r | 40.53] 0.45| 21.8] 0.01 142 056 17{14 3|39.150 98.30

=60
OO0 o1

N—O SO
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Note;Abbreviations (here and further): N-pipe Nyurbiag&; c: core; r: rim.

In the result of zonality that forms during magroatrystallisation usually
both garnet and other minerals exhibit decreasinilg# and increasing of iron
content from core to the rim of grains. In contrgaste verse Mg# increased from
core to the rim in our case and subsequently @&simgreased content of CaO. The
content of FeO decreased to the periphery of gayraghs in most samples. Such
major elements behaviour suggests that the modbaple scenario for the
formation of zoning garnet was the changing of Mg, Ca and others element
concentrations under influence of introducing metaatic fluids. Last statement is
obvious from the picture (Fig. 3) that demonstraeslationship of garnet zonality
with the intergranular space and boundaries betwemmineral grains and cracks.
It is obvious that zoning and changing in garnehgosition from the core to the
periphery of grains correlates with the intensityreetasomatic processes and was
formed under fluids incorporation.

Fig. 3.Zoned garnets in eclogite xenolith from the Nurbinkaya pipe (Sample N-60).

Notice non similar rim thickness. Analyses of cangl rim see in Table 2.

Oxygen isotope composition of garnets

Analyses of oxygen isotopes were obtained for 1Barc garnet mineral
separates by laser fluorination techniques [59]céirectedd [values of garnets
from studied samples are given in Table 3. Theailigion of estimations oxygen
isotopes of garnets from the whole parcel of xéhslis shown on Fig. 4 from
were is obvious wide variations & [Jvalues and unusually big shift of most
samples to higher level from the range acceptewasnal for the mantle rocks.

It should be noticed that 7 investigated garnetsewwaken from ultramafic
xenoliths. This is obvious as from their speciftdar and other features of garnets
and as well is proven by high chromium content afngts (8 wt.% ¢O; and
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more) that confirming the belonging of these sampbethe Iherzolite-dunite suite
xenoliths from the kimberlite pipes [43]. Thesergs haved'®O value that varies
Table 3.
Representative corrected'®O values of garnet in diamondiferous
xenoliths from the Nyurbinskaya pipe

18 18 18 18
Sample d—o Sample d—o Sample d—o Sample d—o
corr. cotrr. cotrr. colT.
N-3 6.38 N-35 6.64 N-72 6.52 N-104 8159
N-4 6.74 N-36 6.39 N-73 6.76 N-105 6/72
N-5 6.30 N-37* 5.05 N-74 6.72 N-106 6.28
N-6 6.46 N-38 5.5]1 N-75 6.27 N-107 6/29
N-7 6.73 N-40 6.40 N-76 6.59 N-109* 557
N-8 6.35 N-42 6.82 N-77 5.39 N-110 5/98
N-9 6.48 N-43 9.65 N-39 6.56 N-111 589
N-10 7.08 N-44 6.52 N-78 6.71 N-112 6/59
N-11 6.63 N-45 6.31]] N-79 7.17 N-113 6|78
N-12 6.51 N-47* 6.03 N-80 6.63 N-117 679
N-13 6.65 N-48 6.40 N-81 6.47 N-118 | 621
N-14 551 N-49 6.70 N-84 4,78 N-119 |  6/43
N-15 5.40 N-50 6.55 N-85 6.56 N-120 6/82
N-16 6.24 N-51 7.24 N-86* 6.03 N-121 525
N-17 5.43 N-53* 6.57 N-87 4,73 N-122* 5.86
N-18 6.44 N-54 7.14 N-88 6.23 N-124 6|94
N-19 5.54 N-55 6.46 N-89 6.25 N-125* 524
N-20 6.44 N-56 6.60 N-90 6.35 N-127 6|81
N-21 6.52 N-58 6.89 N-91 6.42 N-129 730
N-22 5.29 N-59 6.68 N-93 6.76 N-131 6|56
N-23 6.31 N-60 6.96 N-94 6.65 N-132 6/70
N-24 6.55 N-61 6.89 N-95* 5.06 N-133 6,64
N-25 6.42 N-62 6.98 N-96 6.23 N-135 6|37
N-26 6.75 N-63 6.35 N-97* 4,98 N-136 6,23
N-27 6.15 N-64 5.33 N-98* 5.07 N-140 6/08
N-28 6.64 N-65 6.75 N-99 4.98 N-141 6(50
N-30 6.35 N-66 6.02 N-100 5.07 N-143 6.61
N-31 5.43 N-67 6.57 N-101 6.94 N-145 6,38
N-32 6.17 N-68 6.66 N-102 6.85 N-157 554
N-33 6.57 N-69 6.80 N-103 6.71 N-126 6,33
N-34 6.75

Note:*- xenoliths of ultramafic compositions with higilontent of chromium in garnet 8 wt.% CgOs)

in a narrow range 4.98 to 5.36%.. These entire daramples lie within the range
of average mantle values (5.5+0.45 %o, [29]). Gamétmore probable lherzolitic
association have usually restricted variatddn_values inside mantle estimations
range but do not all have equivocally “normal” pletitic values except one
sample N-53 withd' [Jvalue — 6.57%.. Garnets from xenoliths of suggested
websteritic paragenesis in most cases havevalues above 6.0%. and only in
two samples oxygen isotope estimations were 5.89 @08%.. It should be
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pointed that in two samples of this paragenesisaarhaved [value 7.30 and
even 8.59 %o0. Garnet of eclogitic paragenesis ha#/stihe widest variation (4.73
— 9.65 %o0) and subsequently the highest as @&ellvalue. No very light values
less than 4.0 %0 are observed, as reported from smhogites [28]. It should be
pointed that those garnets with strikingly diffearérom the most samples high
&' signatures in pyroxenite and eclogite xenolithe, garnets having values of
8.59%0 and 9.65%o, and it is suggested by compangtm other eclogitic garnets
that these 2 xenoliths have no obvious distinctiontheir major elements
composition or other features.

NHurbinskaya Garnets

Fragueancy
w

-

1- b ] B L = # ] ] o L] )
K A ﬂfp SO S R R ST, T O T TP I I

i Gamet

Fig. 4.0xygen isotope values of garnets in mantle xenolitinom the
Nurbinskaya kimberlite pipe.

Estimated® [ values have shown any obvious correlation with omaj
elements (FeO or CaO) of garnet, as reported fogge diamondiferous xenoliths
from the Udachnaya kimberlite pipe by Jacob et[22]. We didn’t found any
correlation of oxygen isotopes behavior with thiéedent varieties of xenoliths or
with other criteria as well. But it is evidencearr their chemistry that garnets
from most samples showing high [ value (above 6 %c) as a rule exhibited
strong secondary alteration and zoning. These bwows from comparison of
major elements contents and oxygen isotope analggegarnets from given
samples.
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DISCUSSION

Mantle xenoliths in kimberlites worldwide are regpeated by mafic and
ultramafic rocks. Both these types are couplediamimost probable that they
were formed in different terrains of Yakutian kimlite province at the same
time. The lowest peridotite osmium isotopic composs require Re depletion in
the mid-Archaean (3.2 Ga) according to [33] and tge is interpreted as the
time of differentiation of the Siberian lithosphemantle. Ancient origin for
Siberian lithosphere supported by Re-Os and Sm-bidetrages for eclogite and
peridotite xenoliths from pipe Udachnaya is obtdibg different authors. Age of
formation of parent xenoliths mantle rocks and rthtekfferentiation in mantle
according with isotopic data and other petrologiclence is not less than 3.0 Ga
(e.g. [34], and references therein). Besides thH®festimations of diamonds of
ultramafic paragenesis from Yakutian kimberlitegegan age 2.8-3.4 Ga [34]. If
it is correct for the whole province and for thengkths from different pipes the
conditions of PT-formation of similar mantle rocks well their isotope systems
should be similar. New investigations of Re-Os aygitics in mantle samples
and diamonds show that the Re/Os isotope systemis htbe key to further
progress in understanding continental mantle ewslunot only with reference
to mantle keel depletion but also to the additidnedogitic components via
subduction [20].

The carbon isotopic ratios of diamonds from kimibes| reveal that many
diamonds haves'®C values distinct from typical mantle [10-14, 17[he
reasonable explanation for the high and very35€ values involves an ultimate
source from the crust. This crustal source is alggported by sulfur isotopes of
sulfide diamond inclusions [15]. In addition, oxygesotopic data suggest that
many eclogite xenoliths, especially the group @gitks, are representatives of
subducted crust. The presence and preservatioroedite in eclogites from
Udachnaya and other kimberlite pipes of Yakutiavites evidence of the
development of the sub-continental lithospheric theaby subduction of ancient
oceanic crust [22, 46].

The distribution o® [Jvalues of garnets from different mafic and ultraimarf
mantle xenoliths from the Nyurbinskaya kimberlitpgin comparison with others
Is shown on Fig. 5. As were shown previously foe tkenoliths from the
Udachnaya and Obnazhennaya pipes some estimatfongygen isotopes of
peridotitic garnets givé' '[Ivalues of garnets that are outside the averagelenant
values [53]. A significant number (~20%) of garnefsmore than 100 samples
from these pipes has been lies outside the mamtidow both above and below.
Some garnets with high' [Jfrom these pipes belong to the xenoliths of mantle
pyroxenites and partly Iherzolites [53]. Basing account of these data it was
concluded that besides eclogites some xenolithmyaixenites and peridotites can
represent the remnants of subducted crust. Oxygeoge compositions of garnets
from different mantle xenoliths of the Udachnayal arther kimberlite pipes of
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Yakutia evidenced that not only eclogites as welihs ultramafic xenoliths of
peridotite-pyroxenite suite and alkremites contgamnet with3'°0 values lying
beyond of the mantle range that could be interdrasea result of subduction [53,
57].

Variations in oxygen isotope composition of garnediamondiferous mantle
xenoliths population from the Nurbinskaya pipe thgg containing diamonds and
are parent rocks for their origin are wide and prethantly anomalously high (see
Fig. 4). In many cases garnets have vabi&d that are far outside of mantle range
and estimations positioned on much more higherdethan even minerals or rock
of possible crustal formation or with rather ob\savidence for their relationship
with subduction processes. If we will state on ¢oesions that all samples of
eclogites and websterites with oxyg8liO values of garnets clearly above the
mantle range (even 6%.0) we will have anomaly largantgty of xenoliths of
possible crustal origin. It is obvious that aboi® df the whole eclogitic and
websteritic xenoliths population could be origirhteia subduction (Fig. 4).
Anomalously wide variation and hight®0 values of garnets in diamondiferous
xenoliths from the Nyurbinskaya pipe that predomthalie beyond of the mantle
value is clearly seen in comparative distributiothvprevious estimations for the
xenoliths from the kimberlites of other pipes of kddan and South African
provinces (Fig. 5).
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Fig. 5. Comparison of oxygen isotope data of garnets in m#e xenolith from different
kimberlite pipes.
Note: Oxygen isotope values for eclogitic xenolithsrgas from the Yakutian kimberlites (after Snyder
at al. [41] with addition).
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As it was shown earlier hight°0 values have been met more often in garnets
from kyanite- and coesite-eclogites as in kimbesliof Yakutia and South Africa
as well [21, 40, 53]. It is possible to speculatenf different petrologic evidences
that some types of eclogites are products of subduoceanic crust. It is
confirmed first of all for the coesite-bearing asmine diamondiferous eclogites.
Coesite-bearing eclogites present in the Udachngggadochnaya, Sytykanskaya
and other kimberlite pipes of Daldyn-Alakitsky reqj which represent the central
part of Yakutian kimberlite province as well thentral part of the Siberian
platform [37, 53]. It should be noticed that thedevidistribution of coesite in
lithospheric mantle under Siberian platform alsafecmed by often presence of
coesite as inclusions in diamonds from kimberlts Udachnaya, Zarnitsa and
others [4, 5]. These data give a strong evidencaddition of crustal component
during formation of eclogites and lithospheric nantnder Siberian platform as
well as for the presence of crustal component imosmmded medium during
formation of diamonds of eclogitic paragenesis.

Another line of evidence for subduction is the preation of isotopically
light diamonds in some mantle xenoliths as welkimberlites. This is the most
important signature from the diamonds carbon isegoptudy that could be
identified for the possibility of crustal protolghand subduction by their formation
[22]. The C isotopic ratio of diamonds from the Ydakn kimberlites has shown
that many diamonds haw®C distinct from the typical mantle value [17]. Such
crystals are widespread in all well studied kimiberpipes of Daldyn-Alakitsky
region and present in the Mir pipe and others kitites of the province. Besides,
in many cases isotopically light diamonds are presk by cubic crystals that
widespread in kyanite and other types of highlyrahous eclogites. It should be
pointed that proportion of isotopically light dianmds increase from the south to
the north of the province. The most reasonableaagtion for the high'*C is a
contribution of carbon with appropriate isotopeiamatin time of diamond
formation from the subducted oceanic crust. It &hdoe pointed that cubic
crystals are often met among diamonds of the NysHKaya pipe and they
comprise about 3% of the whole diamond populatiothis pipe.

In case with oxygen isotope composition of garnetsdiamondiferous
xenoliths from the Nyurbinskaya pipe not only gasnaf Group C eclogites have
high oxygen isotope values but more than 2/3 pefrt&roup B eclogites and
garnet websterites shod’O values far above on mantle range. From our pfint
view this phenomenon is not possible to explairy oyl subduction model of their
origin.

Although it has been suggested that mantle fraation models might be
able to explain derivation of low' C values from “normal” mantle carbon
reservoirs with initia®' C near -5%o [7], this type of model does not accdant
the anomalously high oxygen isotope values of ey silicates. Oxygen
iIsotope crystal-liquid fractionation is minimal aantle temperatures, and
differences in pressure do not cause a measuraige [9]. Igneous processes in
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the upper mantle thus cannot account for the wadige ofd '] values of mantle
eclogites. As shown above, most workers intergretanomalously high and low
oxygen isotope ratios of mantle eclogite xenolassthe result of subduction and
prograde metamorphism of oceanic lithosphere taatumdergone oxygen isotope
exchange with sea water on or near the sea flagr 28]. But discussion on
possible reason of wide variations®f(] values in eclogite xenoliths still is far
from the finishing. On a base of obvious correlatid high oxygen isotope values
of garnets in many studied samples with zonationgafnets and strong
metasomatic alteration of samples with diamondsiftbe Nyurbinskaya we can
conclude that oxygen composition of garnets in maaynples experienced
fractionation through metasomatic influence. Ipassible to speculate from these
evidences that many eclogite and garnet webstgat®liths are products of
subducted oceanic crust or experienced a strongsomatic influence. There is
ample evidence that latter statement is confidemt & confirmed by wide
distribution of zoned garnet in investigated paroélsamples and intensive
development of phlogopite and other metasomaticerais in studied samples..
Another line of evidence for the possible influenmethe metasomatose and
alteration on oxygen isotope composition of gansethe wide distribution of
samples with well developed textures of deformaéind cataclasis among studied
xenoliths and development of veins of partial npetiducts, which are similar to
described in the Udachnaya pipe [53]. Taking aéisth observations together
indicates that the presence of different kind oftasematic fluids is widely
recorded in eclogite and websterite xenoliths.dme cases these fluids probable
have had a strong subduction signature leadinghigra & [ values as found in
many eclogites from kimberlites worldwide [30, &38].

It is not possible to define at that moment whatenthe conditions of these
processes and at what time it has happened bgt the most reasonable explanation that
metasomatic fluids are account for the anomalobgin oxygen isotope values of garnet in
diamondiferous xenoliths of this pipe. It shoulddmnted that diamonds and xenoliths as well
kimberlites itself contain strong evidence of uralsieatures of mantle representatives of this
newly discovered kimberlite field.

CONCLUSION

The Nurbinskaya pipe in Nakynsky field (Yakutiagis unusual occurrence of
diamondiferous xenoliths with the wide variationsmajor element chemistry of
garnet the main constitution of these rocks. Widgridution of eclogitic and
websteritic or probable megacrysts varieties isaéad.

New results, obtained on oxygen isotope compositain garnets in
diamondiferous xenoliths from the Nurbinskaya pipleow a wide variation and
predominantly highd'°0 values of garnets in different varieties xenglitbf
eclogite and pyroxenite composition that nevereha@en met before in one given

pipe.
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Presence of zoned garnet in many investigated ssngild other evidence
give a strong support for the influence of metagos®on garnets oxygen isotope
composition and other peculiarities of xenolithenir this pipe. These evidences
allowed explaining the wide oxygen isotope compamsitof garnets from the
Nurbinskaya pipe as a result of introducing of reetaatic fluids on one stage of
such events probably connected with the global lImamétasomatose.

Anomalous wide variations and hig'®0 values of garnets in
diamondiferous xenoliths from the Nyurbinskaya pibat lie beyond of the
mantle value and rather different of previous eatiams for the xenoliths from the
kimberlites of other fields of Yakutian province ggests about intensive
lithospheric mantle evolution beneath this field.
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(3) Central Science and Research Geology And Potisggelnstitute Of The Stock Company
"ALROSA", Chernyshevsky Str,7, Mirny, 678170 RudSeteration
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Monomineral thermobarometry including 4 new methéals clinopyroxene,
garnet Cr — spinel and ilmenite correlated with gdthopyroxene thermobarometry
was used for the reconstruction of the mantleroolsistructure beneath 5 kimberlite
fields in Siberian platform. Heavy minerals concateg of 18 kimberlite pipes 500
analyses in average for PT estimates for each .piPesition of the geotherms found
using each monomineral methods are close and atlodetermine mantle layering
consisting from 10-12 primary subduction horizohe features of mineralogy are
depending on the degree of metasomatism and ntetaction. Each mantle column
have in the bottom thermally excited horizon, tt3ed horizons with the dunite —
harzburgite — Iherzolite — eclogite sequence whtre degree of depletion is rising
to the bottom and 3-5 horizons at the upper patthefcolumns divided with the
pyroxenite horizon at the middle part.

Splitting of the geotherms is characteristic foe tmost of TP diagrams
referring to the multistage melt percolation prassstypical for the mantle beneath
kimberlite pipes. The most large pipes are usudiiynond bearing and have the
most depleted peridotite lens under the asthenospleyer. The sub adiabatic
geotherm (or PT path of the melts) and the denseertration of the pyroxenites
bodies dispersed in the peridotite columns cornedpdo the high concentration of
the melts beneath large pipes. The structure ofthietle sequence may highly very
in kimberlite field and even within the single pigeups.

Clinopyroxene geotherms as a rule are more low péeature. They
obviously mark the pyroxenite lens in the middlet md sequence dividing the low
column part with K — metasomatism and upper patth wie Na — melt influence on
the peridotites. Garnets give 2-3 geotherms thet lhie$ one corresponds to the
peridotites with signs of interaction with protoliarlite melt. Location of magma
feeding system in pre — eruption stage is markethéylmenite thermobarometry for
megacrysts. Cr —Mg rich varieties show the TP walim metasomatites and
pyroxenites and Mn — Fe — rich ilmenites for edegiand pyroxenites.
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INTRODUCTION

The reconstruction of the structure of the lithcesph mantle allow to
decipher the processes of the creation of the memtis and influence of the plums
at the lower horizons of the lithosphere what imntus determined by the
convective mantle [29] motions. Major part of theardond was captured by the
kimberlites from the lower part of the lithosphemantle [11, 20, 36, 38, 43, 46,
47, 54, 55, 62]. In the early works devoted to kemibes and diamonds the study
of the mantle xenoliths and mantle structure plapartant work [19, 38] what
allow mapping mantle lithosphere [32]. Due to hajteration degree of xenoliths
the structure of mantle was obtained mainly for theElachnaya [22],
Obnazhennaya pipes [68] and Mir [14, 15, 18, 43, ®&4]. Thermobarometric
estimates using garnet [32, 34, 52] made by W.@riéind his colleagues [14]
allow to compile the profile of the lithospheric mk and determine the evolution
of the mantle in the Northern part of the Sibegdatform [32, 53]. This variant of
garnet thermobarometry gives rather preliminaryltesfor the pressures which
sometimes are far from those determined with thignpoaeral methods. Using
only garnets do not allow obtaining the completagen of the mantle sequences.

More then 15000 original microprobe analyses of xkaocrystic minerals
from Siberian kimberlites from 6 kimberlitic reg®rof Siberian platform were
made for the 3 reports on the exploration of masitlecture and dynamics of the
evolution for the ALROSA stock made by the autHorshis article.

Methods

In this work only results of calculation the monomeral thermobarometry for
5 major minerals in mantle rocks: orthopyroxene, [242], clinopyroxene [7,8,47],
garnet [4, 6, 25, 35, 58], chromite [10, 69] andahite [3, 11, 31, 69] were used.
Four last new methods were calibrated on the opstgmates and include new
variants of barometers and thermometers transfortoethonomineral version
[10,11, 69]. Their usage show the agreement with plolymineral methods
commonly used in the mantle thermobarometry [24,3%5 40, 45, 46, 47, 51, 58,
69]. Detail mantle sections fro the more then 3fhberlite pipes in Siberian
platform revealed the layered structure of the eabéneath kimberlite regions
and the position of the feeding and vein syster@isi[4].

RECONSTRUCTION OF THE MANTLE COLUMNS BENEATH
THE KIMBERLITE FIELDS OF SIBERIAN PLATFORM
Daldyn region

Three types of the mantle section may be recogriizext. (fig. 1). The first
type is characteristic for Udachnaya [5] and Zamipipes [5, 13]. The last one
show discrete interval for the pressures and csnieyering what possibly is
explained by the presence of pyroxenite horizontherbasement of each paleo
slabs
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Fig. 1. TP estimates for the mantle columns beneath the kiberlite fields of the
Daldyn region

1. garnet thermobarometry for peridotites [4,6]tHe same for pyroxenites; 3.- clinopyroxene thératometry (Cr) [47]; 4- clinopyroxene
thermobarometry (Jd- Di) [7,8]; 5. orthopyroxnerthbarometry [24, 44]; 6. Sp thermobarometry [19]; lIm thermobarometry [11].

connected with the lithospheric keel (eclogiteBefype) [18, 36, 61, 62]. In the middle part of
the section the anatexic and hybrid pyroxenites5@®&bar), built up the pyroxenite lens [5, 42,
43, 53]. Pyroxenite bodies are also abundant inspeel facie and near Gar-Sp transition. [5,
53]. Hardly depleted dunites [55] are found witlwwo intervals in 45-60 kbar [5,13]. More

abundant in Cr- spinel rocks are tracing the moat temperature conditions in he 32-58 kbar
interval for
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Table 1.
Representative analyses of garnets from Yukutia kitverlites
Element [SiG, |TiO, |AlL,O; Cr,0O; |[FeO |MnO (MgO |CaO [NaO |K,O ([Total
1 2 3 4 5 6 7 8 9 10 11 12
DALDYN FIELD
AEROMAGNITNAYA PIPE
AerG01 39,44 0,65 12,90 11,64 6,51 043 19,0122 | 0,20| 0,00 99,90
AerG04 41,300 0,021 16,26 9,66 7,05 0,43 234691 | 0,02 0,00 99,1p
AerG05 40,94 0,41 16,39 8,82 7,44 045 19,08,10| 0,06| 0,00, 100,02
AerG10 40,79] 0,09 17,06 8,45 7,80 0,47 19,0211 | 0,03 0,00 99,82
AerG1l4 41,49 0,62 17,70 6,25 7097 0,89 20,7548 | 0,07 0,00 99,81L
AerG34 41,620 0,09 20,50 4,07 8,12 044 195882 | 0,03| 0,01 100,27
AerG38 41,88 0,24 20,67 3,33 7,88 0,88 20,5567 | 0,06 0,01 99,6f
OSENNYAY PIPE
0OSGa066| 41,63 0,2% 7,39 18,02 6,68 0j37 868 19@»7 | 0,00 100,41
0SGa067| 41,79 0,2% 16,42 7,92 7,69 0J49 20,6778 | 0,06| 0,01 99,3F
0OSGa068| 42,11 0,3( 16,16 8,39 7,84 043 18,5630 | 0,04 0,00 99,38
0OSGa071| 435% 0,73 20,64 1,70 8,11 030 20,8533 | 0,06| 0,01 99,28
0OSGa072| 42,73 0,37 21,18 0,80 11j20 0|51 18,8271 | 0,06| 0,02 99,28
0OSGa073| 42,64 0,01 19,0 5,29 7,82 0J39 19,8379 | 0,04| 0,00 99,26
0OSGa078| 41,17 0,04 1535 10,32 7,49 0|53 18,4181 | 0,06| 0,02 99,19
DOLGOZHDANNAYA PIPE
DIG28 41,47 1,00 19,01 3,31 9,85 042 19,06,07 | 0,08| 0,00 99,26
DIG29 41,41 0,93 19,91 2,28 9,65 042 19,7458 | 0,09| 0,00 99,0D
DIG32 41,44 0,94 19,55 2,37 9,84 0,37 19,8468 | 0,08| 0,00 99,0¢
DIG1 42,62 0,01 19,19 6,19 6,6l 0,35 22/92,31| 0,03| 0,01 100,23
DIG2 41,20 0,02 17,65 7,32 758 0,42 18(58,36 (| 0,02 0,01 99,00
DIG5 41,82 1,02 19,40 2,80 9,86 040 19(22,90( 0,08 0,00 99,48
DIG6 41,28| 0,02 17,66 7,34 756 048 18{36,44 ( 0,02 0,00 99,1D
ZARNITSA PIPE
ZarG04 40,8 0,47 18,74 341 1245 047 12,99,63| 0,05 | 0,00| 100,08
ZarG10 42,28 0,08 18,53 5,79 7,83 0,82 20,310 | 0,02| 0,00{ 100,25
ZarG20 41,44 0,17, 18,37 6,48 793 045 19,706 | 0,05| 0,00f 99,69
ZarG19 41,371 0,43 17,0 7,76 7,61 046 194876 | 0,08| 0,00 100,01
ZarG24 40,53 0,34 16,61 8,00 106 On4 17,8518 | 0,08| 0,00[ 100,07
ZarG06 40,21 0,35 14,41 9,99 1018 0,66 18,2822 | 0,07| 0,00 99,31
ZarG17 39,90 1,82 11,66 11,54 847 0B7 17,3679 | 0,13| 0,00{ 99,04
MALOBOTUOBINSKY REGION
MIR PIPE
MirGar28 | 40,49 0,17 16,98 7,97 6,4 041 175844 | 0,06 0,01 98,68
MirGar56 | 41,50, 0,40 17,37 6,73 7,38 045 1788,19 | 0,12 0,00 99,94
MirGarl6 | 41,67 0,11 19,35 4,97 8,17 041 199462 | 0,06 0,01 99,31
MirGarl2 | 41,42 0,27 19,59 5,07 748 0,45 20,6362 | 0,07 0,01 99,61
MirGar26 | 41,85 0,60 19,93 3,77 6,97 0,833 21,09,62 | 0,08 0,02 99,16
MirGar53 | 41,56 0,18 20,91 3,29 9,05 0,53 19,6898 | 0,04 0,00 100,22
MirGar52 | 41,11 0,44 22,37 0,00 1363 041 14,6971 | 0,15| 0,00 99,51
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Table 1. Continued

1 | 2| 3] 4| 5 | 6| 7| 8] 9 10 111 17
DACHNAYA PIPE
DacGr74 | 40,1 00§ 1554 9,92 7,66 0p9 175148 | 0,03] 0,00] 98,97
Dac23 4149 013 1799 759 7,34 0n8 195659 | 0,13] 0,04] 99,2p
DacGr63 | 41,8 0,13 20,24 437 7,32 o0W8 211352 | 0,04 0,00 99,1f
Dac19 42,04 045 2069 350 687 0B9 210072| 025| 0,01 99,84
DacGr70 | 41,51 009 2094 284 876 o047 19,F11| 003| 0,00 99,1p
INTERNATIONAL'NAYA PIPE
IntGo1 | 40,29] 0,10 14,1 12,40 7,499 058 140837 | 0,06] 0,00 99,75
IntGos | 41,15 0,27 17,70 793 749 0,47 201309 | 0,00 0,00/ 100,23
IntG10 | 41,68 0,30 19554 489 800 045 198489 | 0,05 0,00 9964
IntG11 | 42,17] o,11] 2113 282 919 0%2 196851 | 0,03 0,00/ 100,16
IntG13 | 42,28] 0,07 2229 156 915 0%0 198444 | 0,03 0,00/ 100,15
AMAKINSKAYA PIPE
AmGGO02 | 40,84 0,03 1689 903 743 049 203295] 0,05] 0,00] 100,20
AmGGO03 | 41,28 0,200 1817 709 817 052 191866 | 0,06] 0,01 10024
AmGGO04 | 40,64 0,17] 183§ 646 845 057 20,1860 ] 0,07 0,02 100,97
AmGG09 | 41,92 0,14 2059 4,04 812 048 20,2866 | 0,04] 0,00 100,22
AmGG10 | 41,33 0,19 2069 3,10 813 0,89 20,8952 | 0,07] 0,01 99,2F

ALAKITE FIELD

AYKHAL PIPE
Aikh001 [ 40,34] 002] 12,44 1444 662 047 1§27,11] 0,01] 0,03] 99,6p
Aikh006 | 40,20 0,47] 10,08 1340 586 0,83 749 21,.6905] 0,00] 9951
Aikh1l [ 41,552] 0,29] 17,17 7,26 7,60 0,35 19[56,00] 0,04] 0,00] 99,86
Aikh025 | 41,86 003] 2043 3,74 831 042 196613 | 0,02] 0,00] 99,6
Aikh44 [ 41,38 0,89] 20,01 2,01 10,46 043 19/16,08 | 0,06] 0,00] 99,8[
Aikh77 [ 41,97 0,76] 21,43 055 11,33 048 19/18,66 | 0,07 0,01] 100,45
KOMSOMOL'SKAYA PIPE
KmGal07] 41,49 007 1754 7,88 730 oj2 23,1804 | 0,00] 0,01] 99,94
KmGal25| 41,29 130 1632 669 7,88 0B3 198927 | 0,09| 0,00 100,30
KmGa011| 41,94 013 1914 57 7,9 0B6 20,330 | 0,07| 0,00 100,37
KmGal39] 41,909 091 1824 489 898 0Bp5 19830 | 0,09 0,01] 10053
KmGa094| 42,51 022 2064 2,64 757 0B2 213867 | 0,04 0,00 100,01
YUBILEYNAYA PIPE
YbG146 | 4159 0,04 16,74 849 7,48 O0p3 1§911] 0,04] 0,01] 100,11
YbG201 | 41,23 0,03 1769 709 7594 0,84 195311 | 0,06] 0,00 9952
YbG150 | 41,70 0,100 17,8 6,96 7,70 0,46 191571 | 0,04] 0,002 99,70
YbG138 | 42,17] 0,23 1950 513 684 040 208573 | 0,06] 0,01] 99,92
YbG007 | 42,41 0,02] 20,89 370 7,97 048 21,2350 | 0,01 0,002100,26
SYTYKANSKAYA PIPE
sytcool | 41,74 oo0d 1853 664 7,1 okl 21340] 006] 0,02] 9941
SytGo67 | 41,84 03¢ 1903 584 692 0B8 20,9437 | 0,08 0,01] 99,78
SytGo72 | 41,94 103 1889 364 834 0P9 20,5887 | 0,08 0,01] 99,63
SytGoe2 | 41,89 023 2124 264 842 0B9 20,2856 | 0,08] 0,01] 99,8p
SytG043 | 42,31 047 21,04 193 798 O0p2 21,1427 | 003| 0,03 9964
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Table 1. Continued

1 | 2| 3] 4| 5 | 6| 7| 8] 9 10 111 17
OZERNAYA PIPE
0zG324 | 42,49 0424 1667 737 7,35 0B0 19496 | 0,09] 0,02] 100,49
0zG311 | 42,97 020 1884 664 670 0B5 19,3418 | 0,08] 0,01] 99,3p
0zG290 | 42,26 0635 1834 593 7,64 OMBO 18870 | 0,11] 0,002 99,84
0zG270 | 4259 0,152 2034 353 7,17 o0B2 21,184 | 0,03] 0,01 100,17
0zG070 | 41,43 114 2014 153 11p1 o0B5 195475 | 0,10 0,02] 100,35

UPPER MUNA FIELD
DEIMOS PIPE
DeiGO2 | 40,84 0,36 1487 113p 630 Ok1 142811 ] 0,08] 0,00] 99,51
DeiGO3 | 41,65| 007 1591 10,79 7,016 OoMh6 23,3395 | 0,02] 0,00 100,35
DeiGO9 | 42,09 080 1797 619 741 033 195343 | 0,12 0,01] 100,39
DeiG13 | 41,91 1,16 1907 31 945 056 1923827 | 0,10[ 0,00 100,43
DeiG16 | 41,85 0,28 22,14 1,31 1041 OM5 18357 | 0,07| 0,00 100,49
NOVINKA PIPE
NovGO5 | 41,83 006 1547 9,7 652 0586 216421] 002] 0,01 99,8
NovGo7 | 41,71] 0,11 1674 88§ 6,39 0,83 22,9264 | 003| 0,01 99,68
NovG1l | 42,39 0,11] 183 657 6,30 0,83 229381 | 002| 0,01 99,83
NovG16 | 42,000 0,19 1945 441 748 029 210816 | 004| 0,01 99,65
NovG22 | 42,11 0,91 2039 177 843 0,80 213438 0,20 0,00 99,7
ZAPOLYARNAYA PIPE
ZapG01 | 41,94 0,194 1753 790 7,04 0B2 29,5868 | 0,05] 0,00 100,22
ZapG02 | 41,49 042 1544 859 6,96 O0B0 19614 | 0,03] 0,00 98,95
ZapG05 | 41,549 043 1842 627 6,20 0B0 20,8786 | 0,07 0,00] 99,0p
ZapGl2 | 42,84 0,27 21,09 329 638 0B4 216%29| 0,10] 0,01 100,27
ZapG13 | 4323 093 2087 163 871 0p5 206838| 0,12 0,01 100,17
KOMSOMOL'SKAYA MAGNITNAYA PIPE
KomMGO01] 42,06] 0,00] 1517 10,7 57p 0,31 24[06,69 | 0,04] 0,03 9921
KomMG04 41,14| 0,16] 16,48 8,80 858 030 20[3843| 004| 0,03 99,31
KomMGOH 41,64 0,00] 16,23 9,19 6,51 0,33 23/66,99 | 0,02] 0,02 99,95
KomMGOg 41,51 0,24] 1855 6,03 6,34 040 18/6#,74| 0,11| 0,01] 99,78
KomMG11 42,10 0,41] 20,23 3,72 6,77 0,33 21/58,41| 0,08| 0,01] 99,8p
NAKYN FIELD

NYURBINSKAYA PIPE
13n 41,03] 0,09 1351 13,21 6,96 18[96,02 | 0,04 99,72
6N 40,89 0,10[ 13,73 12,77 7,1 18/86,17 | 0,03 99,5(
GNur417 | 42,31 o046 17,84 607 7,40 0,80 20,529 | 0,07 100,05
GNur403 | 41,47 0,33 1869 551 6,67 0,86 21,962 0,06 99,59
160m50 | 420d 0,19 2203 1,74 9,22 20/13,84 | 0,04 99,13
BOTUOBINSKAYA PIPE
37B 41,82 0,08 1587 1093 7,08 047 228894 | 0,01] 0,00 100,04
botgar38 | 42,11 023 1962 543 7,83 0[5 20,885 | 0,09] 0,01 99,6
botgar51 | 41,74 0,01 2191 227 933 055 19,%15| 005 0,01 99,88
botgar17 | 41,04 0,19 1602 927 7,80 050 18,484 | 0,05| 0,01 100,40
36B 42,41] o010] 17,61 813 717 0239 223808 0,05] 0,00 100,30
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Udachnaya pipe, garnet bearing rocks are more bBFThe same pressures
and ortho — clinopyroxenes give the ranges of #maperatures in the same
pressures. [5]. For the mantle sequence beneathitzarpipe three discrete
intervals of the pressures were found estimatedgugarnet and pyroxenes [13].
Cr-spinel marks the layers upper and lower thes ttiviee. The ilmenites show all
the intervals showing the branches close to thosgked with garnets with the
different degree of heating. It is possible thagma did not captured only some
selected intervals but contrast in lithology mamndkjuence gave the different
pressure intervals for Cr-spinels and garnet —ymmes (fig.1).

The pyroxenite layer definitely seen on the TPUWolachnaya is not evident
on the diagram for Zarnitsa pipe. In this mantiedsphere sections the heating to
the SEAG [52] at the level of Sp-Gar transition aipger was estimated. The sub-
vertical sub-adiabatic TP gradient was determinad athopyroxene for
Udachnaya pipe comparing to the other mantle cotuninere the nearly
conductive TP gradients are prevailing.

llImenite TP estimates for Udachnaya refer to magepd(up to 40 kbar)
parts of mantle lithosphere and more heated whil&érnitsa [13] they are tracing
step by step all the pressure interval 65 to 2%.kba

The second type of the mantle section is foundGmernayaya pipe [68]
where the more fertile Cpx- rich rocks are makimgtioe interval 40 to 55 kbar,
what is close to the estimates for ilmenites. Lothen 55 kbar the depleted dunite
horizon is represented in concentrate by coarsenalte grains giving heated
conditions ~60 kbars. The Garnet estimates are-ldemperature. limenite TP
points allow to suggest the broad distribution d&fe tHT°C IIm — Cpx
metasomatites within the long pressure interval.

For the Aeromagnitnaya pipe (3-type), which hawe $imilar structure of
the mantle column the close position of the Cpx lBmdl'P estimates within 65-45
kbar also suggest the presence of metasomatic.rBoksipper IIm are splitting on
to three branches with the different heating degfée spinel estimates are
corresponded to low temperature conditions bah@tevel of 40 kbar they mark
three geotherms 35 40 and 45 mYimthe pyroxenite layer.

Mantle structure beneath the Dolgozhdannaya pipgose to Osernyaya
pipe. But Irelyahskaya show only rich in the Cpxnth& basement and transition
from convective to conductive branches.

Judging on the example of the Daldyn region itesgible to say that the
same field the structure of the close pipes maydoging in high scale [1, 5]. The
pipes even in the same field may carry quite varget f the mantle peridotite
xenoliths and of course eclogites and metasomatites

Alakite region

The most detail reconstructions of the mantle welgained for the
kimberlite pipes of the Alakite field (fig.2) [2,, 36, 65]. The TP diagram for the
Aykhal pipe reveal the structure similar to thosdculated for the South Africa
pipes. [48, 49,
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Fig. 2. TP estimates for the mantle columns beneath the kiberlite fields of the
Alakite region. Signs are the same.
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60]. Essential heating from 38 to 45 m¥/mas found for the lower part 80-
50 kbar including the horizon of the garnet dunB@s60 kbar . The evident 8-9
pressure intervals are marked by the discrete yredatervals for garnets and
clinopyroxenes.  Close structure reveal the mard@dumn beneath the
Yubileynaya pipe [2, 5], essentially enriched bypapyroxene comparing with the
others. The 2 horizons of the essentially depleteds are found at the basement
of the mantle column 58-65 kbar. The high tempeeatgarnet branch (~ 45
mv/nt) to 40 kbar, most probably corresponds to the xgmides or those from the
contact zones of the deep seated feeding chanfidls.lower part of the mantle
section beneath the Sytykan pipe are representedabyet harzburgites and
dunites at the level 60~ 50 kbar, several lendethe eclogites- like rocks are
suggested upper judging by the mineralogical festof the eclogites — like rocks.
Pyroxenite lens was found at 45-35 kbars, upper ¢ksentially depleted
(harzburgite layer is suggestedP. estimates of the Cr-spinel are located along the
low temperature conductive branch for Sytykanakaykhal [16] and Ozernaya
mantle columns. But in lithosphere beneath Komsskayla and Yubileynaya they
trace several (3-4) separate layers with the vasge of heating. More HT
estimates usually are located near the pyroxeraierl In mantle beneath
Sytykanskaya [19, 56] spinel peridotites compile tens between the heated
depleted layer 65-58 kbars and essentially pyraixehorizons starting from 50
kbar. Mantle column under the Komsomolskaya pigenaore enriched comparing
with the mantle horizons beneath the southern kiltdgipes. And the layering
became similar to those from the mantle Upper Migld. The deviations for the
clinopyroxene TP estimates to the lower temperatare typical for the eclogites
and similar rocks with high Na2O content in pyrogen

The TP conditions for the ilmenites from Aykhal @iare tracing part of
mantle columns wit the temperatures upper 35 Mvimere determined using
chromites and starting from 50 kbar with pyroxertas. the Yubileynaya pipe the
deviations to the high temperature field on TP diagare more pronounced in the
upper part of the mantle column. The mantle coluraneath the Ozernaya pipe
which is located just near the Yubileynaya shovesHT polybaric ilmenite trend
with the strong deviations from conductive branthe TP estimates for ilmenites
beneath Sytykanskaya pipe in the lower part ointlaatle section refer to the low
temperature gradients beneath the Sytykanskayaapighgpractically coincide with
garnet TP points suggesting broad ilmenite — clmnoxene metasomatism what
was found as the hydrous Cpx-lim veinlets in theol¢hs. But in the upper part
of the mantle section it gives more heated conustithen gradients for the
common mantle peridotites. The mantle section fe@ Komsomolskaya pipe
lower part also represented by metasomatites dlos€P conditions to the
common harzburgites. Heated metasomatites areelbagiper. Protokimberlite
melt intrusion in several stages and accompanigdsomatism is a most probable
model for these phenomena.
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U7

Table 2.
REPRESENTATIVE ANALYSES OF PYROXENES FROM YUKUTIA K IMBERLITES

Element [SIG, [TiO, |AlLO; |Cr,0; |FEO |MnO |[MgO ([CaO [NaO |K,O |Total

1 2 3 4 5 6 7 8 9 10 11 12
DALDYN FIELD
AEROMAGNITNAYA PIPE
AeCp096 | 54,64 0,17 2,20 4,28 2,04 0,11 15,17 17,A38 | 0,02 | 98,17
AeCp098 | 54,12 0,35 1,83 0,60 420 0,15 19,73 15,4250 | 0,04 | 98,70
AeCpl103 | 54,35 0,15 3,39 2,48 248 0,13 1366 18,357 | 0,00 98,86
AeCpl04 | 54,57 0,32 2,53 1,74 303 0,14 1549 18,5667 | 0,03| 98,54
AeCpl105 | 53,85 0,20 0,89 2,78 1,79 0,04 15,74 20,2404 | 0,02| 98,81
AeCpl06 | 53,93 0,30 2,30 4,78 2,23 0,10 14,46 16,8807 | 0,00 | 98,50
AeCpl107 | 54,31 0,10 1,32 0,51 1,72 0,08 16,24 23,1612 | 0,00| 98,72
AeCpl09 | 54,30 0,56 4,70 0,57 399 0,08 1596 14,378 | 0,01| 99,20
OSENNYAY PIPE
OsD64 52,90 0,36 3,37 1,58 261 0,09 1472 21,7460 1, 0,00 | 98,97
OsD68 54,08 0,09 1,31 4,98 299 0,10 1452 17,6420 3, 0,02 | 98,48
OsD69 53,77 0,04 2,83 3,98 225 0,12 1452 17,7559 3, 0,00 | 98,81
OsD70 55,22 0,09 2,33 4,28 290 0,05 1448 17,5423 3, 0,01 | 99,73
OsD71 53,35 0,32 3,55 1,81 248 0,08 1443 21,3784 1, 0,00 | 99,23
OsD72 55,17 0,04 2,57 4,04 2,66 0,07 1405 17,3839 3, 0,02 | 99,39
OTHOPYROXENES
OsEO02 51,88 0,05 4,60 0,28 16,20 0,87 24,32 Q,2908 0, 0,00 | 101,0
OsEO03 51,65 0,06 4,70 0,32 1569 0,29 24,04 (Q,3303 (, 0,00 | 99,12
IRELYAKH PIPE
IrD-2-1 55,08 0,20 1,40 1,33 321 0,2 17/12 19,6368 | 0,01| 99,79
IrD-2-5 54,79 0,20 1,57 1,43 356 0,09 15/28 20,1883 | 0,00| 98,93
IrD-2-7 55,58 0,22 1,35 1,29 246 0,07 15/72 21,3939 | 0,01 | 99,44
IrD-2-8 54,84 0,31 1,29 1,29 292 0,09 17/46 19,1%,39 | 0,00| 98,74
IrD-2-11 54,98, 0,19 1,72 0,20 398 0,06 15/38 21,6239 | 0,00| 99,59
IrD-2-12 55,21 0,23 1,26 2,20 2,88 0,08 16/07 19,3988 | 0,02| 99,24
MALOBOTUOBINSKY REGION
MIR PIPE
MirD17 54,22 0,14 1,93 2,62 2,09 0,10 15712 1982612 0,00 98,65
MirD09 54,66| 0,13 2,66 2,81 2,32 0,09 14p4 18,23,213 0,01 | 98,66
MirCp55 | 54,79 0,14 2,21 4,81 19¢r 0,9 14|57 16,8367 | 0,04 | 99,13
MirCp30 | 54,99| 0,20 3,37 2,58 1,2p 0,06 14/60 19,6294 | 0,01 | 99,61
Mirl6 54,88| 0,16 8,76 0,09 2,34 0,05 1058 16,10085, 0,00 | 98,04
MirCp01 | 54,12| 0,18 2,73 0,28 1,74 0,06 16/08 21,8557 | 0,01| 98,64
MirCp27 | 54,66 0,03 0,65 0,32 2,84 0,Q7 17)17 23,00,62 | 0,01| 99,39
DACHNAYA PIPE
DachDO1 | 53,6 0,41 2,30 0,07 575 0,15 16,97 17,113 | 0,03 | 98,62
DachD0O6 | 54,05 0,48 5,57 3,67 143 0,07 12,20 16,4598 | 0,00| 98,55
DachD16 | 53,37 0,16 3,80 5,99 2,719 0,10 1328 13,m97 | 0,02 99,25
DachD14 | 54,32 0,05 3,38 3,38 297 0,11 1359 16,8506 | 0,01 | 98,77

88



Deep-seated magmatism, its sources and plumes

Table 2. Continued

1 2 3 4 5 6 7 8 9 10 11 12
DachD21 | 53,95 0,24 2,28 288 244 0,09 1584 18,306 | 0,04| 99,03
DachD22 | 50,27 0,97 2,89 068 848 0,21 1584 19,25 | 0,00| 98,40
DachD28 | 54,23 0,14 2,70 469 2,16 0,06 1354 16,990 | 0,01| 98,34
DachD33 | 54,10 0,28 3,79 106 1,346 0,04 1534 20,1855 | 0,01 | 98,56
DachD46 | 54,17 0,13 2,78 4,12 2,27 0,09 14,07 17,3861 | 0,00| 98,61
DachD49 | 53,7 0,55 1,64 069 7,36 0,22 16,75 18,724 | 0,00 | 99,96
INTERNATIONAL'NAYA PIPE
IntDO1 54,78 0,17 2,82 2,90 2,11 0,Q7 14|59 1§,78013 0,01 | 99,24
IntD02 54,91 0,17( 3,21 1,84 238 0,05 14|61 19,18862 0,00 | 99,21
IntD06 54,75 0,17( 2,71 3,04 2,24 0,08 14|34 1§8,68093 0,01 99,10
IntDO7 53,88| 0,19 2,27 1,81 2,6 009 14/95 20,66327 0,01| 98,89
IntD10 55,50 0,03| 7,64 3,70 3,80 0,13 10{27 1Q,41,377 0,01| 98,91
IntD11 54,65| 0,19| 2,27 5,07 241 0,11 14{17 14,78653 0,02 | 99,27
IntD12 54,55| 0,19| 4,24 3,19 1,47 0,06 13|61 18,03783 0,01 | 99,13
IntD13 54,37 0,14 2,92 3,37 22 008 14/30 1§,17303 0,00 | 98,87
IntD14 53,84 0,18 2,44 0,49 431 0,11 15/14 19,87232 0,04 | 98,64
IntD16 54,84 0,03 3,42 6,43 26 0,07 12|61 14,1723 0,01 | 99,48
IntD18 54,76| 0,16| 2,54 2,60 23 0,06 14{78 19,75652 0,03 | 99,71
ALAKITE FIELD
AYKHAL PIPE
AiD008 55,13 0,09 2,59 3,29 250 0,22 14)89 18§,19133 0,01 | 99,94
AiDO11 55,36 0,16 3,03 1,95 291 0,09 15225 18,28133 0,02 | 100,1y
AIDO13 55,43 0,20 2,51 3,33 256 0,22 15/16 1767193 0,03| 100,21
AiD014 55,091 0,13| 2,45 2,24 194 0,08 1549 20,41,312 0,01| 100,1f
AID015 55,00( 0,39 1,84 0,61 48p 0,17 18)61 16,85611 0,05| 99,92
AiD020 54,55( 0,17 3,17 0,98 1,72 0,03 15/70 22,16581 0,01 | 100,0y
OZERNAYA PIPE
OzCp029 | 52,671 0,47 2,74 0,70 6,92 0,15 16,06 19,4324 | 0,01| 99,40
0OzCpl26 | 55,3§ 0,19 3,14 3,7 2,69 0,p3 14,34 16,3390 | 0,03| 99,771
OzCp128 | 54,79 0,09 0,27 230 224 0,p2 1585 22,2370 | 0,01| 99,59
0OzCpl131 | 55,19 0,10 0,24 28 2312 000 13546 21,395 | 0,01| 99,45
OzCpl35 | 55,19 0,23 2,59 098 3,68 0p4 1537 19,&33 | 0,02 100,26
OzCpl36 | 54,80 0,09 0,51 218 2,66 005 13594 21,8879 | 0,00| 99,60
OzCpl37 | 54,471 0,08 0,51 22p 2,66 0,p0 15,83 20,4695 | 0,02| 99,21
YUBILEYNAYA PIPE
YuCrD129| 55,24| 0,02 1,36 198 2,29 0,06 16,81 2021 169 4 (Q,®9,70
YuCrD238| 54,92| 0,06| 3,44 332 233 0,08 13[/2 17,42 360 0 Q,®8,90
YuCrD15 | 55,43 0,19 2,65 3,7¢ 233 0,09 14{86 16,5949 | 0,03 | 99,44
YuCrD146| 54,71| 0,12| 0,43 241 23% 0,07 15P7 2167 179 1Q,®9,52
YuCrD216| 54,84| 0,25| 2,37 3,57 236 0,09 1454 18,10 307 3 0,®9,23
YuCrD39 | 55,07 0,15 2,40 4,94 238 0,0 14{42 16,0879 | 0,04 | 99,3¢
YuCrD101| 55,00| 0,16 1,60 262 241 0,07/ 1507 20,20 2,41 0 Q,®9,64
YuCrD217| 55,19| 0,08| 0,55 3,04 242 0,0/ 1541 20,73 215 1 0,®9,65
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Table 2. Continued

1 | 2| 3] 4| 5] 6| 7] 8| 9| 10| 11 12
SYTYKANSKAYA PIPE
SytD028 | 54,160 0,12 074 182 27 008 16/18 22,0263 | 0,04] 98,97
SytD030 | 54,360 0,09 287 365 225 009 1396 18433 | 0,08] 99,15
SytD034 | 54,48 0,13 051 218 2041 006 1594 222054 | 0,06| 99,16
SytD035 | 54,771 0,35 1,79 430 250 042 1435 17,8637 | 0,09| 99,43
SytD036 | 53,98 022 29§ 078 3741 007 1471 2{,0218 | 0,06| 99,13
SytD041 | 5404 022 294 078 332 0,08 1499 20,8433 | 0,07 | 99,59
SytD043 | 54,050 021 291 077 330 008 1447 20,6236 | 0,06] 98,83
SytD045 | 54,100 0,23 289 076 3231 0,07 1468 20236 | 0,07| 9881
SytD047 | 54,080 0,200 305 077 316 006 1453 20,224 | 0,03] 99,03
SytD049 | 53,81 0,200 297 074 317 0,08 1449 20,8623 | 0,04| 98,59
SytD050 | 54,42] 0,05 284 294 223 0,07 1401 18,R09 | 0,03| 985§
SytD052 | 54,36f 0,05 283 301 218 010 1427 18,306 | 0,03| 98,85
KOMSOMOL'SKAYA PIPE
KmsDi063| 53,83 0,24] 243] 255 288 0,07 14p2 1965 2[68 3 (,®9,28
KmsDi065| 55,07 0,14| 2,33] 230 210 0,07 1582 1987 2[71 3(,000,44
KmsDi066] 52,36 0,20 2,76 1,73 210 006 15p1 21509 2/98 1(,®8,79
KmsDi067| 54,97| 0,10 345] 397 1,79 000 134 1839 364 0 (,000,24
KmsDi070| 54,82 0,23 233] 556 233 010 1303 16/69 4/03 3 (,000,05
KmsDi071] 54,96 020] 166] 275 211 0,08 1502 2127 2[39 2 (,000,86
KmsDi075| 54,19] 031 453] 2,74 160 006 1392 1894 3[47 00,09,76
KmsDi076] 54,54| 027 330 447 275 009 1365 1603 4/44 20,0955
UPPER MUNA FIELD
DEIMOS PIPE
DeiDO1 | 53,95 0,16] 0,66 248 321 047 1555 20,66033 0,01 ] 98,78
DeiD02 | 5508 0,13 064 092 350 006 16[12 21,13491 0,01 | 99,08
DeiDO6 | 51,84 0,15 554 09¢ 1,89 008 14[71 2146761 0,03 | 9841
DeiDO8 | 50,78] 0,30] 335 012 7,66 0,3 1271 23.8148(Q 0,00| 98,34
DeiD10 | 54,71] 0,11] 130 082 152 006 1695 23,2488( 0,00 | 99,58
DeiD11 | 52,96 032 081 126 345 008 1625 234280( 0,02 | 99,37
DeiD14 | 5324 032] 441 117 181 005 14[84 2141063 0,01 | 99,34
DeiD17 | 5447| 0,14] 222 146 160 005 15190 2154671 0,05| 99,1
DeiD19 | 54,77 0,14] 041 273 227 006 1596 21,8990] 0,00 | 100,14
NOVINKA PIPE
NovDiO1 [52,87 [0,17 | 2,66 | 442 | 230[ 0,11 1439 15/896 [0,02 [ 99,71
NovDi04 [54,33 (032 [ 1,72 | 1,40 | 285 0,12 1829 16851 [0,05 | 9955
NovDi07 [55,29 [0,29 | 1,83 | 3,39 [ 1,95 0,07 1587 17/810 [0,04 | 99,01
NovDi09 [52,14 [ 0,23 | 315 | 0,03 | 891] 0,17 1345 198694 [0,04 | 99,01
NovDi1l [55,07 [0,29 | 1,54 | 0,97 [ 2,27] 0,08 17,41 19[854 [0,05 [ 99,01
NovDi12 [54,48 0,26 | 1,88 | 403 | 1,99] 007 1564 17[292 [0,04 [ 99,01

ZAPOLYARNAYA PIPE
ZpD134 | 5565 025 155 307 150 009 16[11 2¢,35213 0,06 ] 100,85
zpD137 | 5598 027 207 087 337 045 1908 16,7978 1 0,04 | 100,4p
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Table 2. Continued

1 2 3 4 5 6 7 8 9 10 11 12
ZpD138 55,72 0,30 1,79 236 1,88 0,07 1613 19,78112 0,04 | 100,20
ZpD139 55,40, 0,34 1,53 098 244 0,09 17|75 20,07511 0,06 | 100,16
ZpD141 54,84 0,27 1,51 3,3( 1,45 0,03 16(04 20,4223 2 0,05| 100,14
ZpD142 55,41 0,20, 1,49 3,52 1,76 0,08 16{j17 19,0442 2 0,05| 100,15
ZpD144 55,53 0,02 1,43 23% 166 0,06 16(62 20,66741 0,02 | 100,10
ZpD145 55,02 0,21 1,99 383 227 0,08 14[91 1891822 0,05 | 100,09
ZpD146 54,56| 0,33] 1,48 157 24 0,10 1746 20,42641 0,03 | 100,02

KOMSOMOL'SKAYA MAGNITNAYA PIPE
KomMGO]f 54,68 0,197 1,90 0,58 4,42 0,091 19/66 1520 1,630260 98,36
KomMGO03 53,88 | 0,253] 1,42 1,90 26 0,065 17)21 19,29 1,630420 98,36
KomMGO04 54,56| 0,270 1,81 2,31 248 0,06 16/64 18,47 2,100370 98,71
KomMG1]f 52,07 | 0,295 5,18 2,04 2,30 0,105 2079 18,06 (,690000 99,46
KomMG12 55,35 0,213 2,00 0,54 4,0y 0,126 1977 1540 1,600360 99,04
KomMG13 54,88| 0,309] 1,45 1,01 3,14 0,125 17/99 18,37 1,370290 98,67
KomMG1qg 54,54| 0,267 0,83 1,32 2,19 0,067 18/07 21,35 (,830070 99,46

NAKYN FIELD

NYURBINSKAYA PIPE
CrDNu072| 56,16 0,19 2,42 287 2,2y 15,19 18j76 2,83 0,020,700
CrDNu059 55,39| 0,21| 2,13 393 241 0,20 14p2 17,40 307 3 0,®8,99
CrDNu051| 54,88 | 0,17 1,54 259 219 011 15p0 1997 190 6 Q,P9,01
CrDNu035| 54,06| 0,30| 1,33 238 2583 0183 171 1855 194 50Q,®8,38
CrDNu061| 55,48 | 0,20| 1,58 0,30 3,47 0,11 16,27 21,07 126 2 Q,®9,76
CrDNu042| 55,48 0,40| 1,60 153 268 0,15 176 199 1{68 9 0,100,972
CrDNu048| 55,53| 0,37 1,65 1,07, 3,48 0,17 16,68 1847 1,69 9 0,®9,19
CrDNu029 54,80| 0,31| 2,04 239 2,14 0,10 1549 1985 2,23 3 Q,®9,08
CrDNu005| 56,04| 0,15| 2,15 1,813 280 0,183 1744 17,91 2{27 6 Q,000,78

ORTHOPYROXENES

CrDNu001/55,13 | 0,00 | 4,37 0,62 489 0,18/ 32,40 0,78 0,02 0,(])98,19

CrDNu04354,93 (0,13 | 3,73 0,68 469 0,11 3399 080 0,02 0,(])98,75

BOTUOBINSKAYA PIPE

BoCp204 | 54,64 0,18 1,69 03 3,66 0,05 1606 21,0573 | 0,02| 99,39
BoCp207 | 55,09 0,17 1,64 0,2 3,7 0,03 16,38 21,6339 1 0,04 | 100,22
BoCp208 | 55,25 0,22 14 108 399 0,08 1792 17,9147 1 0,03| 98,95
BoCp211 | 55,02 0,19 1,64 0,22 3,48 0,07 16,23 21,1253 | 0,05| 99,71
BoCp212 | 53,49 0,01 3,59 091 141 d 14,3 22,7 (94,02 | 99,33
BoCp219 | 55,254 0,23 1,51 061 384 0,08 1717 19,4539 | 0,04| 99,57
BoCp222 | 55,2| 0,23 1,12 1,14 2581 0,05 16,39 21,04181 0,03 | 98,89
BoCp223 | 53,85 0,18 1,571 024 325 0,06 1681 21,3381 0,05| 98,69
ORTHOPYROXENES
BoE202 54,95 0,000 4,18 0,60 478 0,11 3412 0500340, 0,01 99,28
BoE239 56,43 0,000 2,34 0,54 488 0,06 3436 052070, 0,00 99,22
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Malo — Botuobinsky field

Reconstructed in details the mantle sequence detleatMir pipe [14, 15]
based on the original data for minerals from cotrege (530) and data for about
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Fig. 3. TP estimates for the mantle columns beneath the kiberlite fields of the Malo-
Botuobinsky region [67]. Signs are the same.
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30 xenoliths was completed by the literature da&g7]. Despite on the
difference in the chemical features of the minefia@a Mir and Internationalnaya
pipe in general the structure of the lithospherelese. (Fig.3). Highly depleted
rocks are distributed beneath the Mi pipe in 6 -kbar interval. In upper part
Iherzolites including the metasomatic minerals ¢gbbite and amphibole) are
more typical. The lens of eclogites and pyroxenitey be found there and the hot
pyroxenites are found at the basement. In mandetiocn under the
Internationalnaya pipe the heating to 14000C isfbfrom basement to 50 kbars.
Three large peridotitic units it is possible toaguize in the lower part of the
mantle section of both pipes. For Internationalndlga lower units contain
essentially eclogitic or hybrid peridotite. Thersgli TP trajectories trace from the
bottom the conductive geotherm but upper it istspy and branching further to
the top TP trajectories appeared in TP plot. Tihectre of the mantle beneath
Dachnaya pipe should be very close to the Mir p§nel horizons are compiling
there only conductive geotherm 35 m@/end at the level 35 mvArit show
heating. Pyroxenes are giving there very LT condaastimates with the clusters
(fig.3).

The structure of the mantle lithosphere beneath kkmskaya and Taezhnaya
probably is close though the data are not sufftci€nromite PT estimates refer to
the middle part of the section and clinopyroxentheobasement of lithosphere.

The ilmenite trends for these two pipes refer ®ltdwer part of section with
gradient clothe to conductive marking metasomati&es Mir pipe ilmenites give
the TP conditions of HT metasomatites in the baserbat upper as well as for
Dachnaya pipe they are tracing the fractures afifgesystem rising to the Moho
with the clusters correspondent to the mantle lagetn the mantle column of the
Internationalnaya pipe the ilmenites from the hotshow good correspondence to
the conductive geotherms and from 50kbar the sdicaksub adiabatic gradients.

Upper Muna field

Detail TP diagrams were obtained for Deimos, Zagolgya and Novinka
pipe [9] and fewer representatives for Poiskovdpéer-Kosmos, Mechta, and
Debyut. All this pipe reveal rather different TPgeence from the other region
showing the presence of the enriched in clinopymexeorizons in the basement of
the lithosphere what is more typical for the MesoZomberlites of South Africa
and other parts of the post Gondwana continents 498 They reveal gentle-
inclined geotherms at the basement of the lithagphd&hey are repeated tree or
more times in the lower part of the mantle sec(fan4).

Three types of the mantle sections it is possibleldtermine there. Mantle
column beneath Zapolyarnaya pipe contain wide raofjyghe rocks of the
metasomatic and pyroxenitic signatures within &0 kbar interval. The HT Ti-
rich garnet branch is likely referred to the cohtassociations in the mantle
column developed near the feeding rising protokmiteesystems. The separate
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chains of the TP points probably correspond toRfepaths of the mantle melts.
The ilmenite TP estimates are plotting sometimedoasDeimos on the three
different TP trajectories regularly marking therstey of finishing parts of the

geotherms referring to the different magmatic evemtvein sys tem of different
scale. HT clinopyroxene rocks are typical for thevidka and Zapolyarnaya pipe
in the lithosphere basement but are rather rabeimos.
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Fig. 4. TP estimates for the mantle columns beneath the kiberlite fields
of the Upper Muna region [7]. Signs are the same.

Inclined geotherms for the lithosphere beneathkeweya and inter- Kosmos
are tracing by the spinels; they are repeated thirees in the lower mantel
sequence. Ti — rich garnets widely developed thesemore HT in the lower part
of the mantle columns. In the upper part of mandkimn near 30 kbar the HT
branch close to SEAG [52] or to 60-65 m{/im outlined by several points.
limenite rocks are marking the separate discreteldeprobably of the mantle
metasomatites at the basement of the lithosphese the pyroxenite lens (40
kbars) and Gar- Sp transition referring to the aasi TP gradients of the mantel
diapers and magmatic systems.
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Nakyn field

Peridotite mantle beneath the Nakyn field is heagéekring to the judging on
the garnet TP estimates to geotherms 40 miffiig.5) an possibly to 47 mv/m
for the mantle column of Botuobinskaya pipe if cédte the pressure using
pyroxenite scheme. Pyroxene geotherms in the Ipadrare tracing the inclined
convective branch which is reflect the heating asdoment from 43 to 35 mvim
more evidently represented for the Botuobinskayatleaequence. In the mantle
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Fig. 5 TP estimates for the mantle columns beneath tharkberlite fields
of the Nakyn region Signs are the same.

section beneath Nyurbinskaya pipe the pyroxenenastis from 55 to 40 kbar
are tracing heating from 35 to 39 mv/geotherm. The main part of the spinel TP
points are plotted in the middle part of the masestion reflecting the inflection
at the geotherm near 50 kbars. Lower part staftiogn this level is essentially
heated what was probably the main reason of thk Higmond potential. TP
diagrams for both Nyurbinskaya and Botuobinskaypepiare similar in the
configuration but the later has more depleted meacwlumn what was the reason
of the rarity f the pyroxenes and there low Al casiion. limenite TP estimates
for Nyurbinskaya pipe is located within 60-50 kbaterval coinciding with the
enrichment in the pyroxenes (fig.5).

DISCUSSION

Models of the mantle column evolution

Major conclusions and simple schemes of the evmistivere developed as a
result of the study of monomineral thermobarometryd chemistry of the
xenocrysts from 25 kimberlite pipes. Mantle dolmémseach region have their
specific features though the concrete structurethef mantle column in the
kimberlite field may vary in a high scale. Inteiantof the deep seated melts and
fluid s with the lithospheric mantle in each reglwas their specific features
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For Daldyn field the contrast layering with the sgrce of the peridotite and
eclogite slices with contrast mineralogy is typital majority of pipes. [1, 5, 12,
13, 44, 46, 49]. Peridotites are moderately de@le@ntaining low Na, Al, Cr
content [11, 14, 46]. The Alakite field is chaetzed by the wide distribution of
the metasomatism in the mantle column [6, 17, 18, 4D, and 55]. Mantle
peridotites in the Malo- Botuobinsky region in thmeddle part of the section are
characterized by the moderately enriched compasitichich is typical for
continental mantle. Similar features were recoghitoe the Nakyn region wit the
abundant eclogites and metasedimentary rocks pgcisic features in the Upper
Muna field [9] are abundant metasomatites and natdigr enriched characteristic
of the pyroxenes at the deeper part of the martittia [8, 13]. In the mantle
column of Prianabarie the highly depleted and nkegeich [5, 17], with the wide
distribution of the Phlogopite- limenite metasonegiand local fertilization under
the influence of the

Broad variation of the mantle column structure n@ocur in the same
kimberlite field what probably is a result of theciined position of the mantle
layers or motley compositions of the paleo subductslabs coupled in the
lithospheric keel and probably local distributiohtlbe zones of metasomatism in
the zones of the fluid flames.

There is an impression that the composition of mh@ntle rocks in the
basement seriously influences the degree of thasosatatic alteration and on the
diamond potential. The pipes highly enriched innthads have thick depleted
dunite horizon in the basement and are originaflyicked in the subduction
diamonds probably at the stage of the lithosphaaton growth. It is well known
that dunites are beautiful conductors of the mg 37], hence they should
concentrate the subduction and then different phgtts including the stage of the
kimberlitic magmatism. The melts flowing along thattom of the lithosphere are
choosing the dunites for rising and then penegatmthe upper part they create
the series of he pyroxenites in the different Is\aid heat the mantle column what
in the favorable FO2 and presence of the carbaherrocks should bring to the
growth of the good diamonds. Part of the diamond@sfeom the PT conditions
refer to the pyroxenites lens with the more hightimg degree. The composition
of the basement determines also the type of theyaation. Interaction with
dunites bring to the creation of impregnated pédite® of porhyroclastic
peridotites. Intrusion of the melt brings to thHeearing. Such a structures and
rocks were found in the contact zones with the roggalline ilmenite rocks [50].
It case of the essentially pyroxenitic rocks otilerperidotites the rocks brings to
the HT magmatic substitution like found in the ThHudiatreme, Colorado [60] or
to creation of hybrid low -Cr pyroxenites [48] whiare typical for the Mir pipe
and the South Africa and Angola and in our casee pipolgozhdannaya,
Irelyahskaya.

Only Mir pipe from he fife studied pipes in the Mal Botuobinsky region
have judging of the frequency of the deep seatbdaicic garnets [55], have large
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dunite lens in the basement. This is the largesindnd — bearing pipe in this
region.

Large pipes also have steeper geothermal gradanetsmes close to the
subadiabatic what probably is a result of the hegabf the mantle columns by
large portions of the rising melts. This heatingsga favorable factor for the
diamond growth. The high developing of the pyrokenassociation and the
contact interaction is another one characteristture of large pipes.

The common feature of the mantle in Siberia an@roWorld regions is the
layering [16, 34] consisting from 10-12 slices. Ttméckness of the layers and
other characteristics are very close for the lighasic keel in the World. This
conclusion was checked at least for the 40 pipeSileria. The exclusion is
Prianabarie where the Mesozoic pipes are samgiagniantle column subjected to
the influence of the Permo — Jurassic superpluike,in case of the mantle of the
Aldan shield [17] where in the lower part of thentla the Fe dunites with the Fe-
Ti metasomatites are prevailing.

In some mantle column like in Alakite region thetasmmatism penetrating
through all the mantle columns are prevailing whatk smoothing the contrast
layering but the rising melts create at the bouedaihe layers of the pyroxenites
and metasomatites. The pyroxenite lens found alttiin all the regions of the
World at the level near ~40 kbar is the sourceomgif the partial melting. The
character of the metasomatism from K-type in thiveelosection to the Na type [2]
upper probably is due to the decomposition of piymsubduction amphibole on
this layer. For example Mantle column beneath Yaywibhya pipe demonstrate
high developing of the K — metasomatites with eché and phlogopite including
K — pyroxenes in the lower part of the mantle secand Na-pargasite in the lower
part [55].

Large magmatic systems which are interacting witle tcontinental
lithosphere are referred to several types. H20 lachproite melts and H20 rich
basaltic easy pass through the continental lithexsgpto upper asthenospheric level
where they are responsible for the heating to SEfeGthermal gradient and
fertilization and additionally to Fe- metasomatibke in mantle columns beneath
the Udachnaya pip and the diatremes of the Aldaelcsil7]. Tholeitic plum
melts which often became Mg-rich and as a resulthefincreasing of heating
degree due to the Adiabatic upwelling brings tseesial depletion of the
lithospheric mantle if the whole volume. Protokinlie and essentially
carbonatite melts which appear as a result ofdhg Hifferentiation and liquation
course the heating mainly in the lower part of nfentle section up to 40 kbar to
the 40-45 mv/rhand the Ti — metasomatism, this interaction pogsiba favorable
factor of the diamond growth. Besides the high terajure komatiite melts that
are responsible for the creation of the HT branabfegeotherms 166Q at the
basement of the lithosphere.
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RESUME

The major models of the thermobarometric study fatewing. Mantle
domens in each region have their specific featafdbe structure and interaction
of the deep seated magmatic systems with the pgiedmantle. The primary
structure of the lithosphere is forming at the sudtiehn stage and in period of the
compression of the lithosphere of the oceans antdrnamts. The fragments of the
mantle lithosphere in each geodynamic environmeanetheir specific features
with the close compositions of the rocks and milsevehich leave their major
characteristics after the coupling to the contiakwrtaton lithosphere. The melt
and fluids flows of the subduction and plum nataray essentially change the
geochemical features of the most permeable zondkeiithospheric keels of
cratons. Usually mantle columns are separated cawd@arts at the level 40 kbar
by pyroxenite layer for due to dehydration of thduction slabs near 120- 130
km.

The most large pipes were formed in the most pdileeaones in the
lithosphere which usually are represented by treerdglly dunite slices. The
advection geothermal gradients are resulted pigriolale to the upwelling of the
large magmatic masse in the continental keel what be a favorable condition
for the diamond growth [20].

The common feature for the Paleozoic kimberliteSiiferia is the layering
consisting from 10-12 slices. For the region sulejcto the influence of the
Permian — Jurassic superplume in Anabar and Aldaelds [17] is deep depletion
and Fe- metasomatism of the mantle column loweki40.

Protokimberlite melts (which should be essentiafrbonatitic at the last
stages of the evolution are responsible) for treatoon of the megacrystalline
kimberlite associations at the stage of the craatiothe feeding system which is
accompanied by the Ti — metasomatism usually todth&bar with the thermal
gradient to 40-45 mv/fMmwhat may be one of the serious factor of the diagn
growth.

CONCLUSIONS

1. Using of the methods of the monomineral thermoinatry for 5 separate
minerals show the agreement of the TP estimategassibility to determine the
general features of the mantle rocks of the mamlemns.

2. limenite trends and associated Ti — metasorsaditel contact associations
are the result of the forming of the magmatic fagdsystems at the stages
preceding the eruptions. They are polybaric ancewezated in several pulses.

3. Mantle sections containing large amount of thiegtes have as a rule
peridotites with the hybrid features and sometimestasomatites and anatexic
pyroxenites

4. Layered mantle structure is characteristic fag most of the kimberlite
pipes and the circles of there creations are mgulom periodicity of the plum
activity which cut the slabs
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5. The largest diamondiferous pipes reveal theiBpdeatures of he mantle

column structure- presence of the dunite horizand adiabatic gradients and
large amount of the pyroxenites in the mantle stmec
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Effects of the Yakutian plume on processes withirhke upper
mantle of the Siberian Craton: geochemical data
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egorov@crust.irk.ru

Ingenious data on distribution character of incatiippe rare elements (Nb, Zr,
Hf, Ti, Y, REE) in Cr-poor garnet megacrysts, inrggs and clinopyroxenes of high-
temperature deformed peridotites and low-tempegagmanular peridotites from the
Udachnaya pipe kimberlites, are given. GeochemistiHFSE and REE in Gnt
megacrysts, in Gnt, Cpx from deformed peridotitestbagree with hypothesis of
asthenospheric melt percolation through asthenospdred lower part of continental
lithospheric plate. Origin of these melts is dueupdift of the Yakutian plume to the
lithosphere basement. Geochemistry of HFSE and REE&nt and Cpx from low-
temperature granular peridotites suggests thabsitheric mantle of the Siberian
Craton in the early Middle Paleozoic kimberlite leytivas washed” by reduced fluids
arriving from asthenospheric melt chambers. Aristhgds intensively extracted
incompatible rare elements from rocks and mineetsiched in them and left them
on oxidizing barriers in reaction type metasomatit¥etasomatic diamond and
graphite might be a product of this reducing prece$he ancient olivine-
orthopyroxene cumulates complementary to high-pressmajorite-Mg-silicate-
perovskite cumulates buried in the upper mantiestton zone and enriched in HFSE
represented a protolith substance of lithospheantha. Lithospheric protolith was
enriched in LREE and depleted in HFSE, respectively

INTRODUCTION

The Upper Devonian kimberlite magmatism the mostpctive for diamonds
IS suggested to be related to the Yakutian plubhet[is supposed that the plume
arrived to the base of rigid continental plate,duwes asthenospheric melts, parent
associations of Cr-poor megacrysts and realizggeeaific magmatic substitution of
substance in upper sections of asthenospheric émgtower parts of lithospheric
plate. These processes were demonstrated with geocdl characteristics of
megacrysts and high-temperature deformed peridofiiten kimberlites of South
Africa and Yakutia [10, 11, 21]. B. Harte, C. Hawimrth [15], S. Burgess, B.
Harte [10] give evidence on refertilization of $pheric base by asthenospheric
melts. The paper [12] shows that zoning relativeni@or and rare elements in
marginal garnet parts from low-temperature granbkazburgites in the Southern
Africa kimberlite is due to the fluid agents affesttortly before their capture by
kimberlites. It is developed in “lherzolite” compiiens of Gnt at the expense of
those of “harzburgite”. It can be supposed thatgreeess is related to chemical
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fluid effect above the zone of direct percolatidnasthenospheric liquids. At the
same time all these problems are not finally rembhand invites further
investigation.

The present work discusses data on geochemisiriessof incompatible rare
elements (Nb, Zr, Hf, Ti, Y, REE) in Cr-poor garmaegacrysts, in garnets and
clinopyroxenes of high-temperature deformed peitelotand low-temperature
granular peridotites from the Udachnaya pipe kirigst The authors’ aim is to
show the distribution character of HFSE, Y, REEGnt and Cpx from deformed
peridotites and in Gnt megacrysts, determine geuda evolution of melts
equilibrated with these minerals and discuss tip@issible nature. Hypothesis
proposed previously for the mantle lithosphere mg by reduced fluids arriving
from asthenospheric melts at early stage of kintkeidrming cycle is verified
with geochemistry of minerals from granular pentst [5].

INVESTIGATION METHODS

All xenoliths studied and megacrysts were analyiredetail in samples and
thin sections. Gnt megacrysts as well Gnt and Cpr fdeformed and granular
peridotites in central and marginal parts of grawgse analyzed for major oxides
using X-ray microanalyzer “JXA-33” of the “Jeol’rfn in the Geochemisty
Institute of SB RAS (Irkutsk). Contents of rare ménts in garnet and
clinopyroxene are obtained using the method of rsdgxy-ion spectrometry
(SIMS) with microanalyzer “Cameca IMS ion probe” ie Institute of
microelectronics of RAS ( Yaroslavl) using the noeth[3]. The later method
provided the measurement accuracy of rare elematitsconcentrations 0.1 g/t -
10-15 % and 40-50 % for concentratien8.1 g/t.

DEFORMED PERIDOTITES AND GNT MEGACRYSTS

Deformed peridotitesAmong studied xenoliths of deformed peridotitiesir
(samples 00-90, 02-49, 00-99 and 01-297a) aresepted by Gnt lherzolites and
two (00-112, 01-286) by Gnt harzburgites. Deforomatlegree of rocks is reflected
in the structure and texture peculiarities, as wasllin quantity of relic clasts of
initial olivine in mosaic matrix from small olivineeoblasts. In compliance with
early distinguished types [4], deformed peridotisee subdivided into coarse-
porphyric and fine-porphyric varieties. Large garperphyroclasts (1-6 mm) and
enrichment in garnet and clinopyroxene (to 25-30%axh mineral), along with
relatively narrow (0.1-0.5 mm) kelyphitic rims orargets are typical of coarse-
porphyric type. Semi-cut small crystals of Cpx, @id sulfide globules are
infrequently enclosed in garnet. Regular, parti@iy, garnet grains and sulfide
globules occur in clinopyroxene too. Garnet in segsorphyric type are brown-red
and orange-red; their color is similar to that afgacrysts. Specific rocks enclosing
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high-deformed Gnt, Cpx, Opx, Ol and Il megacrystatsl representing, to all

appearance, deformed megacryst cumulates [2] Hrerén this type composition.

In studied collection two xenoliths belong to magatalline ones (00-92 — with 2

Gnt megacrystals 0.5 an 1.0 cm in size; 02-49 @iBnt megacrystals 0.5-1.5 cm
in size). Fine-porphyric garnet Iherzolites arerplyadepleted in Gnt ( usually less
than 10%) and Cpx (less than 3-5%), besides thah&wide (0.5-2 mm) opaque
kelyphitic rims. Gnt in fine-porphyric type is chgred, winy-red and violet-red

with specific metallic luster. Development of whltiporous rims on clinopyroxene
grains occupying from 10 to 70% of their areasypidal of these rocks. Two

megacrystalline Iherzolites (00-92, 02-49), cogrsghyric lherzolite (00-99) and

fine-porphyric lherzolites and harzburgites (01-2900-112, 01-286) are studied in
present paper.

Microprobe studies shown that Gnt and Opx are h@mogs within grains
and exhibit zoning only in narrow edges (100-150 Cpx changes distinctly its
composition in whitish muddy rims and Ol showsjsolated cases, differences in
compositions of relic clasts and matrix neobladtlsually, TiQ, and FeO
compositions increase significantly and,@y and mg# value decrease in narrow
garnet rims. GOz composition in Gnt sharply increases (from minimiu®-1.7%
to 11.5% in Gnt harzburgite 00-112) and CaO contjposincrease notably when
changing from megacrystalline and coarse-porphyiat |herzolites to fine-
porphyric lherzolite 01-297a and Gnt harzburgit®shavior of TiO2, FeO and
Mg# value is less clear. For example, fine-porphydnt lherzolite 01-297a and
harzburgite 01-286 contain garnets with 0.1-0.2f%i0,, whereas Ti@content in
high-chromium Gnt from Gnt harzburgite 00-112 resch.2%. All garnets studied
belong to lherzolotic paragenesis. As a rule, retabmposition change of almost
all oxides occur in marginal altered Cpx zones, huts not of directional
disposition. When discussing the compositionalateon of central parts of Cpx
grains successively from mega-coarse-crystallinént-porphyric Gnt Iherzolite
01-297a one can note the decrease,, TKD,O;, FeO, NaO contents and increase
mg# value (in the range of 86.6-92.5). Behaviothaf most part of major oxides
when passing from central homogenous parts of Qping to narrow marginal
zones does not exhibits distinct regularities. Qultoxenes from central grain
parts become more magnesian and less Al-bearinggdpassage from mega- and
coarse-porphyric Iherzolites to fine-porphyric riteites and harzburgites. Ol in
series from mega-coarse-porphyric lherzolites twe-fijorphyric lherzolites and
harzburgites reveals a significant FeO decreasenaneiase of mg# with maximum
difference 86.6-91.6.

P-T parameters calculated with method [9] displatresl ranges for central
grain parts: T=1398-1206 and P = 80.5-49 kbar and for marginal zones: 7£13
1038C, P=84-46.5 kbar.

Garnet megacrystslhree garnet megacrysts from the Udachnaya Zagadna
pipe and one from the Udachnaya Vostochnaya pipge {0857, UZ 91-71, UZ
76-910 — growth with ilmenite, UV — 91-81). All magysts are represented by
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smooth round and ellipsoid nodules from 1 to 3.5igrsize. Megacrysts have a
coarse cleavage which is cut by fine jointing aicuie angle. Small cavities filled
with submicroscopic polymineral aggregate and isgreng evidently the former
melt inclusions [5] occur usually in megacrystscéwing to major oxides the Gnt
megacrysts belong to low-chromium association tisatcommon for world
kimberlites. They have low €D; (0.33-1.63%), high Ti©(0.56-1.05%) contents
and rather wide range of mg# (67-86). Gnt megasgst chemically more similar
to Gnt from deformed Iherzolites 00-92, 00-99.
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Fig. 1.Spidergrams for REE+HFSE and REE in garnet from meacrystalline garnet
Iherzolites.

Microelement concentration in mineral is relatieeG1 chondrite [24]. Sample numbers are indicated i
plots. Hereinafter: solid symbols — central graones, open symbols — narrow marginal grain zone.
Different symbols indicates different grains. Argdypoints in marginal zone is located inig§darge open
circle) in 150u from kelyphitic rim (small open circle) in Gnt @2 grain.

Distribution of rare elements in garnet from defechperidotites Data on
distribution of studied incompatible rare elemant&nt from deformed peridotites
are given on spidergrams (Fig. 1, 2). Contentsacé elements in large Gnt grain

(0.5 cm) from Gnt Iherzolite with quasi-angular Gmegacrystals (00-92) are
determined in two fresh blocks from relatively hageoous central parts and in two
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points from narrow marginal zone near kelyfitic 1(6® and 15Q. from grain edge)
— Fig. 1. Low relative LREE contents (La, Ce, Ndjlats consistent increasing to
HREE (Yb) are characteristic of distribution ofegalements in two central blocks.
Distribution lines have very characteristic stgiéaks HFS elements — Nb, Zr+Hf,
Ti that was previously marked for Gnt from megatalyme Gnt lherzolite from the
Udachnaya pipe [2].
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Gnt (00 - 99) Gnt (00-99)
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1.00 —{

100 (01-297a)
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T T T T T T I 0.10
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Nb La Ce Nd Zr Hf SmEuTiGd Dy Y Er Yb la Ce Nd Sm Eu Gd Dy Er Yb
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Nb La Ce NdZr Hf SmEuTi Gd DyY Er Yb la Ce Nd Sm Eu Gd Dy Er Yb

Fig. 2.Above - spidergrams for REE+HFSE and REE in garnefrom coarse-porphyric (00-
99) and fine-porphyric (01-297a) Iherzolites.

Microelement concentration in mineral is relatived1 chondrite [24]. Analysis points in marginaheds
located in 6Qu( large open circle) in 350 from kelyphitic rim (small open circle) in Gnt @3 grain.

Below - spidergrams for REE+HFSE and REE in gafr@h Gnt harzburgites: 00-112 — squares and
circles; 01-286 — stars.
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Visible distinctions for different blocks of theagn central part are established
only for the most incompatible elements — Nb, La, Compositional lines of the
grain marginal zones are shifted upwards in left pbplots especially for the point
located directly on grain boundary. At the sameetipeaks for HFSE become
distinctly smooth. The same distribution regulastof incompatible rare elements
are shown in plots for two small Gnt grains fromgaerystalline Gnt lherzolite
with Cpx megacrystals (02-49). Different Gnt grdiresn this rock show noticeable
differences in La and Ce contents and Nb, La, Geets significantly increase,
Nb content remarkably decrease and max Zr+Hf am@#md out in marginal part
of one grain.

Fig. 2 represents relative contents of incompatialee elements in garnet
grains from coarse-porphyric lherzolite 00-99 anoht fine-porphyric lherzolite
01-297a. Lines of rare elements distribution in Gain sample 00-99 are
completely similar to lines for central parts oft@Gom deformed Gnt lherzolites of
megacrystalline type (Fig. 1). Line for narrow magj zone of Gnt 00-99 shows
significant increase of relative contents of ralments in series from Nd to Yb
and its feasible absence for Nb, La and Ce.

Fundamentally different distribution type is rewhlin Gnt from poorly
deformed fine-porphyric Gnt lherzolite 01-297a, e&m sinusoidal distribution
character of REE, weak minima for Zr+Hf and Ti, devowering of almost all
elements from Nd to Yb (Fig. 2). Grain marginal ea@loes not show change in rare
element composition as compared to central onériligon type of rare elements
in Gnt from Gnt harzburgites 00-112 and 01-28éigeneral similar to that in Gnt
from fine-porphyric Gnt lherzolite 01-297 a (Fig). Zsnt from poorly deformed
rock 00-286 does not reveal essential distinctibesveen two different grains.
Content level of rare elements and its distributitbiaracter in Gnt from this rock
are very similar to those for Gnt from poorly defed fine-porphyric Gnt lherzolie
01-297 a. Gnt from highly deformed Gnt harzburdi®®112 has a significantly
higher level of rare elements contents in seriemfiNd to Yb, at the same time
keeping sinusoidal form of curve for REE. Narrowrgmaal zones of two Gnt
grains in this sample show essential content isered elements in series from Zr
to Yb and some approach to distributions typical aafarse-porphyric and
megacrystalline deformed Gnt lherzolites.

Distribution of rare elements in garnet megacrysiistribution of rare
elements in four Gnt megacrysts (Fig. 3) both asotdent level and curve type are
similar to Gnt from deformed megacrystalline andrse-porphyric Gnt Iherzolites.
There is certain difference in absence of max TiGat megacrysts except for Gnt
UV 91-81. On line of Gnt UZ 76-910 (garnet growtlithwilmenite) there is a
distinct Ti minimum. Gnt megacrysts exhibit greahitarity with zoning in Gnt
from samples 00-92 and 02-49 for the most incorbfgmelements among Nb-Eu.
As distinct from zoning Gnt megacrysts reveal digantly more wide range as to
HREE (Gd-Yb) contents. At the same time for Gnt aweygsts there is a clear
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correlation between HREE content and ferruginosftynineral. Line of Gnt UZ
76-910 traverse a parallel line system of remaimmggacrysts that apparently
indicates the affect of Gnt co-crystallization wiitihenite.

MUHEpaJ/XOHAPUT

MHHEPaJ/XOHAPUT 100.00—

100.00—

Meg Gnt

10.00 108 1

1.00 — 1.00

0.10 '
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Nb LaCeNd ZrHf SmEuTi GdDy Y Er Yb la Ce Nd Sm Eu Gd Dy Er Yb

Fig. 3.Spidergrams for REE+HFSE and REE in garnet megacrgts.

Microelement concentration in mineral is relatiee @1 chondrite [24]. Megacrysts: UZ 77-857
(mg# =0.86) — solid circle; UV 91-81 (mg# = 0.825so0lid rhomb; UZ — 91-71 (mg# = 0.74) — open
square; UZ 76-910 (mg# =0.67) — solid square.

Clinopyroxene from deformed |herzolit&ufficiently similar distribution type

Is revealed for all Cpx studied: min for Nb, Zr+&tid Ti and convex curves in the
region of LREE (Fig. 4, 5). Cpx curves from finerployric lherzolite 01-297a 01-
297a have a more sharp slope from Nd to Er on R&fapd the most deep Zr+Hf
trough. Rare element Cpx composition from puredargegacrystal block and the
small grain center in sample 02-49 is identical.n€ot of all rare elements
especially the most incompatible (Nb, La, Ce, Naddl #he least compatible (Dy-
Yb) increases in decolorized marginal zone of si@ak grain (02-49). Nb and La
contents slightly increase and those of Er, Yb elese in marginal zone of Cpx
from megacrystalline Gnt Iherzolite 00-92.

Calculated melts equilibrated with Gnt megacrystsl &nt and Cpx from
deformed peridotitesMelt compositions equilibrated with Gnt and Cpxerev
calculated for evaluation of possible compositiansl sources of melts that gave
rise to megacryst associations and transformed stitestance at lithosphere-
asthenosphere boundary during kimberlite-formingcley Accordingly to
conceptions [6] it is suggested that conditiondoctl mineral/melt equilibration
realized in asthenospheric part and lithospheatepbasement during this period.
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Calculation was made by formuldL+ Cmin/K, where CL — element concentration
in melt; Cmin - element concentration in mineral; K element distribution
coefficient between mineral and melt.

The following distribution coefficients were takéor calculations -KGnt/L:
for Nb — 0.005; La — 0.0011; Ce — 0.008; Nd — 0;049- 0.25; Hf — 0.23; Sm —
0.21; Eu — 0.345; Ti — 0.1; Gd — 0.54; Dy -1.592-¥.5; Er — 2.702; Yb — 4.
KGnt/L for Nb, Zr, Hf, Ti, Yb by [26]; for La, CeNd, Sm, Eu, Dy, Er [ 10 at
1300°C]J; for Gd by [27]; for Y by [13].

MHHEPAJ/XOHIPUT

Cpx(00-92)

10.00—

1.00 —

MUHEPAJ/XOHIPUT

Cpx (02-49)

T T T T T T T T T T T 11
Nb LaCeNd ZrHf SmEuTi Gd Dy Y Er Yb

MHHEpPa/XOHJPUT

Cpx(00 - 92)

10.00

1.00

T T I T T T T T 1
La Ce Nd Sm Eu Gd Dy Er Yb

MUHEPAI/XOHAPUT

Cpx (02-49)

10.00
1 10.00—|

1.00

T T T T T T T T T T T T1 — T T T T T T
Nb LaCeNdZr HfSmEuTi Gd Dy Y Er Yb La Ce Nd Sm Eu Gd Dy Er Yb

Fig. 4.Spidergrams for REE+HFSE and REE in clinopyroxendrom megacrystalline garnet
lherzolites.

Microelement concentration in mineral is relatige1 chondrite [24]. In Cpx 00-92 grain, compositie

measured in narrow marginal zone (50x36- large open circle and in pure transparent binskle wide
colorless rim — small open circle. In sample 02@8x composition is measured in large pure blooknfr
megacrystal (solid circle), in unaltered centrat g small grain (solid circle) and in turbid margl zone
—in 100u from this grain boundary (open circle).
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KCpx/L for Nb — 0.05; La — 0.061; Ce — 0.092; Nb — 0;189— 0.233; Hf —
0.2; Sm — 0.276; Eu — 0.31; Ti — 0.384; Gd — 0[2¢;— 0.386; Y — 0.467; Er —
0.344; Yb — 0.43KCpx/Lfor Nb, Zr, Hf by [26] ; for La, Ce, Nd, Sm, EuyDEr,
Yb by [10] ; for Gd by [13] ; for Ti, Y, by [14].

Rare elements contents relative to chondrite isutaled melts for different
zones in Gnt grains from deformed megacrystallinellerzolites 00-92 and 02-49
are given in Fig. 6. Melt compositions equilibrateth megacrysts as well as with
central zones of Gnt grains from all studied defminperidotites are shown here
too. L calculated contents for zonal Gnt 00-92 @2d49 show enrichment of
external narrow zones in the most incompatible edgenents, especially in Nb, La,
Ce sharply expressed in the most external zonenbDG-92. This tendency is also
well traced for Gnt megacrysts. Gnt megacrystscement in all rare elements is
an essential difference L compositions equilibratetth megacrysts. This
enrichment of L Gnt megacrysts increases with @ntukinosity increasing that
may correspond to fractional crystallization treads decreasing of temperature.

MHHEpaN/XOHAPHT
MHHEPAI/XOHAPHT

Cpx (00-99) ] Cpx (00-99)

10.00 10.00

1.00 A O 1.00—

0.10| \ / 010

T T T T T T T T | T T
Nb La CeNd Zr HfSmEuTi Gd DyY Er Yb la Ce Nd Sm Eu Gd Dy Er Yb

(01-297a)

Fig. 5.Spidergrams for REE+HFSE and REE in clinopyroxendrom coarse-porphyric (00-
99) and fine-porphyric (01-297a) garnet lherzolites

Microelement concentration in mineral is relatiee@1 chondrite [24]. Cpx — circles; Cpx 01-297a —
triangles. In Cpx 00-99 the composition is measumegide colorless turbid rim — in 70-1Q0from grain
edge (large open circle). In Cpx 01-297 a the casitipo is measured in wide colorless turbid rirm-50-
70 from grain edge (large open triangle).

L Gnt lines of the most ferruginous Gnt megacri$fs76-910 traverse L Gnt lines
of other megacrysts that may be related to effecomplimentary factor besides of
mineral fractionating. Maxima for HFSE (Nb, Zr+Hfi) on distribution curves of
incompatible rare elements are common featurelfonelts equilibrated with Gnt
megacrysts and Gnt from megacrystalline and cqawgehyric Iherzolites. These
maxima are practically not occur for Nb, Zr+Hf onels of melt equilibrated with
narrow marginal zones of Gnt 00-92 and 02-49. BistZr+Hf minima occur on
Gnt melt lines from central grain parts of Gnt lanmgites 00-112 and 01-286 and
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the lines themselves show significantly greatepesl’som Nb to Yb. Line of melt
equilibrated with Gnt 00-297a (fine-porphyric Iheliie) except for Ti peak is
similar to L lines from Gnt harzburgites.

Contents of L melts equilibrated with Cpx from defed Gnt lherzolites are
given in Fig. 7. Troughs for HFSE the least proreashfor Ti are typical of all
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Fig. 6.REE+HFSE and REE spidergrams for calculated melt@mpositions (L Gnt)
equilibrated with garnet from deformed peridotites and megacrysts ( vd. explanations in
text).

Microelement concentration in mineral is relatigeX1 chondrite [24]. For L Gnt 00-92 and L Gnt (24
legends are in Fig. 3. Symbols of melts equililitatéth central zone of garnet from deformed pertdst
(L Gnt-c): 00-92 — solid circle; 02-49 — solid sge00-99 — solid and open rhombs; 01-297a — stid
00-112 — oblique cross; 01-286 — straight cross

lines. This feature was previously recorded for Gmmn megacrystalline Gnt
Iherzolite from the Udachnaya pipe [2]. There isNibtrough and that of Zr+Hf is
shown significantly slighter on L line of margiraine of Cpx 02-49 grain.
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Increase of Nb, La, Ce and Dy-Yb concentratioredse recorded for this melt.

pacIuiaB/XOHIPUT
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Fig. 7.REE+HFSE and REE spidergrams for calculated melt@mpositions equilibrated
with clinopyroxene from deformed Iherzolites (L CpX.

Microelement concentration in mineral is relatieeG1 chondrite [24]. All melts is calculated fomteal
unaltered part of Cpx grains (solid symbols) exdeptmarginal grain zone Cpx 02-49 (open square). L
Cpx symbols for central grain parts: 00-92 — cir62-49 —square; 00-99 — rhomb; 01-297a — star.

Zr+Hf trough is sharply expressed and fractionihgaoe elements from La to Y is
shown stronger on L line of Cpx 01-297a (fine-pgmuhGnt Iherzolite).

GRANULAR PERIDOTITES

A special series of granular peridotites with difet olivine color was
selected in order to verify the hypothesis for “liag” of lithospheric mantle by
reduced fluids flows [5] deriving from asthenospbemelts during kimberlite-
forming cycle. The Mossbauer study of polychromeiné from granular xenoliths
is shown that orange, brown and vyellow olivines taon noticeable F&"
admixture, whereas it is almost completely abseipaile-green varieties [22]. This
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phenomenon was explained by irregular reworkingthed mantle lithosphere
substance by reduced fluids not long before theucamf xenoliths by kimberlite

melt. Xenoliths with orange, brownish and yellowiles are extremely rare in
population of granular peridotites from the Udaglngipe. Xenoliths with

polychrome olivine occur more often, whereas obviis green, pale-green or
colorless in sharply predominant xenoliths quaeditiGarnet color of peridotite
changes with olivine chromacity: garnet reddishatiopink-violet and violet in

xenoliths with orange and polychrome olivine andhgais of bluish, lilac and ink
tints.

MUHepan/xoHapuT
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100 3
1.00—
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0.01

Nb La Ce Nd zr Hf Sm Eu Ti Gd Dy Y Er Yb la Ce Nd Sm Eu Gd Dy Er Yb

MUHepan/xoHapuT

100 MUHEpan/xoHapUT
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100
10 3 E

7 10
1005 & E
1.00—

0.10—| E
E 0.10

0.01 4 1
E 0.01 =

—
Nb La Ce Nd Zr Hf Sm Eu Ti Gd Dy Y Er Yb ta Ce Nd Sm Eu Gd Dy Er Yb

¢-1 02 A-30-40-5+-6x7 x-8 x-9+-10

Fig. 8.HFSE (Nb, Zr, Hf, Ti), Y+REE and REE compositionsrelative to chondrite [24] in
garnet and clinopyroxene from granular garnet peridbtites with different olivine color.

Symbols for samples: 1 — 343/87; 2 — 545/80; 3/8254 — 50/82; 5 — 325/87; 6 — 544/80; 7 - 4282,
43/82; 9 — 00/212. Thick lines — samples of growakhed lines — group 2, and thin lines —group 3.

Three control groups of granular garnet peridotit@serzolites and
harzburgites) from the Udachnaya pipe were studi¢cenoliths with 50-90% of

orange, brownish-pink and yellow olivine from itstal bulk (343/87, 545/80,
45/82); 2) with polychrome olivine in which orangesownish-pink nuclei and
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grains occupy 10-25% and remaining body of mineraépresented by green and
colorless varieties (50/82, 327/87); 3) with grepale-green and colorless olivine
among which there are sometimes up to 3-10% obwesh-gray olivines ( 544/80,
42/82, 43/82, 00/212, 03/108). Three xenoliths WA contents in olivine
calculated using the Mossbauer method of spectpgsantered into series
composition [22 Sol98].

Studied garnet l|herzolites and harzburgites from thdachnaya pipe are
granular peridotites of common type and have no fEatures of cataclastic
structures typical of deformed peridotite xenolitftean kimberlites. Model mineral
composition for major paragenesis of minerals, gaigge compositions of orange,
brownish and yellow olivines from total olivine quidy in rock and character of its
secondary changes:

343/87 — garnet |Iherzolite: Phl | — single plat@,7%0 Gr, 3% Cpx, 20% Opkx,
69% Ol (90% Ol is represented by pinkish-brown gatlow-gray varieties). By
data [8] F&%Fe, is equal to 0.025 in pinkish-brown olivine. Xenbliis
serpentinized by 5-7%.

545/80* - garnet harzburgite: 3-7% Gr, 5-10% O8O0l ( approximately
50% of olivine is represented by orange and grdlpwevarieties). F&/Fay is
equal to 0.034 [8] in orange olivine. Xenolith egentinized by 59-60%.

45/82 - garnet l|herzolite: 1, 6% Gr, 8% Cpx, 24.29%x, 66.2% Ol
(approximately 50% of orange and greenish-yellovieti@s). Xenolith contains no
more than 1-3% of secondary minerals of late metasic paragenesis (kelyphite,
phlogopite Il, emphibole, calcite, ore mineral).

50/82* - garnet lherzolite: 13% Gr, 10% Cpx, 22%x0p5% Ol (10% of
orange and 40% of yellowish-green varities), thekroontain no more than 1-3%
of secondary minerals.

325/87 - garnet Iherzolite: 18% Gr, 2% Cpx, 29%x0p1% Ol (25% of
orange, pink-brown varieties). B e, is equal to 0.020 in orange and 0.008% in
green olivine. Rock is serpentinized by 25%.

544/80* - garnet Iherzolite: 8% Gr, < 1% Cpx, 15%x075% Ol (total olivine
Is represented by colorless variety); Rock is seipeed by 50-60%.

42/82 - garnet lherzolite: 6.5% Gr, 2.5% Cpx, 23%x068% Ol (10% of
pale-orange grains, remaining olivine — pale-graea colorless), rock contains no
more than 1-3% of secondary minerals.

43/82 - garnet Iherzolite: 3.4% Gr, 3% Cpx, 18.9%x0r4.7% Ol (total Ol is
represented by pale-green and colorless variet®s§,contains no more than 1-3%
of secondary minerals.
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00/112 - garnet Iherzolite: 6.8% Gr, 0.3% Cpx, 26%x, 67.9% Ol (5-10% of
yellowish grains, the rest of olivine is pale-greand colorless), rock is
serpentinized by 10-15%.

03/108* - garnet harzburgite: 12% Gr, 18% Opx, 70%(olivine is green,
pale-green and colorless).

Mineral ratios in rocks in samples with* were detgred approximately by
lines in large sample and in the rest of sampleg #ne calculated by grain ratios in
crushed samples. Single strongly deformed orthogyre megacrystals from 0.7 to
2 cmin size are present in samples 343/87 and.R0There is a negligible amount
(< 0.5%) of irregular intergranular Al-Cr-spinel sstutions frequently in
myrmekitic growths with clinopyroxene in the mosiripof garnet lherzolites. From
the mineral ratios one can say that Al-Cr-spineleflgped after the main
paragenesis of minerals and before metasomatiinpioeklite paragenesis, by [5].

Comparison of garnet chemistry in major oxides does show sharp
differences in three distinguished groups. It orded only increased FeO content
in sample 45/82 (group 1) as well as systematidatiper CaO content in garnets
of 3 group. Unlike garnet the clinopyroxene containsisistent increasing of
Al,Os, Cr,0O3, FEO and N# contents during transition from first to thirdnadiths
group that may be possibly due to Al-Cr-spinel demment. P-T parameters
calculated by method [9] are typical of low-tempera granular peridotites: 670-
970°C and 33-45 kb.

Distribution of rare elements in garnet and clinopyene from granular
peridotites It is established that in garnets as well adimopyroxenes the contents
of all incompatible rare elements studied decr@aseries from rocks with orange
and yellow olivines to rocks with pale-green andodess olivines. Decrease of
rare elements concentrations occur extremely itaglyu Nb and Yb content in
garnet from different groups is practically remaina the same level whereas
LREE content especially Nd and Sm change by tweethorders (Fig. 1).
Reduction of all rare elements, maximum also forawd Sm (more than 10 000
times) occur in clinopyroxene. Curve forms on smdams change radically too —
instead of troughs for Nb, Zr+Hf and Ti, weak peaksheses elements sometimes
occur on clinopyroxene lines from rocks of grouprid on lines of mineral from
rocks of group 3. Troughs of Zr+Hf and Ti typicdlgarnets from group 1 rocks
(with orange and yellow olivines) are usually altsemgarnets from group 3 rocks (
with green and colorless olivine) and weak peakthe$e elements occur in place
of them. Lines of minerals from xenoliths of groapcupy intermediate position
between lines of minerals from groups 1 and 3hait, distribution character of rare
elements in Gr 50/82, Cpx 50/82, Cpx 325/87 islgimd group 1 minerals, while
Gr 325-87 are closer to group 3 garnets by levdl @stribution type. Garnets of
group 1 and Gr 50/82 of group 2 show sinusoidalesitypical of garnets from
granular peridotites [8, 12] on REE plot.
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DISCUSSION

Behavior characteristics of incompatible rare eletmien Gnt and Cpx from
deformed peridotites and in Gnt megacrysts from Wdgachnaya pipe given in
previous section are considered on basis of B.eHairtal. [16] mechanism: melt
percolation through solid rock matrix with simulésnus fractional crystallization.
Megacrystalline and coarse-porphyric Iherzolitepresented apparently high-
pressure megacryst cumulates before deformatiomdasated by preservation of
deformed Gnt, Cpx and Ol megacrystals in rockswall as almost complete
similarity in rare element distribution in Gnt teat in Gnt megacrysts (Fig. 1-3).
Gnt fractioning results in accumulation in residoalt of the most incompatible
elements including LREE and in its depletion in HRAO]. Cpx, Opx and Ol
fractioning results in gradual accumulation ofREE [10] and possibly of HFSE in
magmatic liquid and ilmenite crystallization — s sharp depletion in Nb and Ti
and to a lesser degree in Zr and Hf [2].

In this context the accumulation of most incomgatiblements in marginal
zones of Gnt 00-92 and 02-49 may be resulted froystallization and garnet
removal from melt (Fig. 1). At the same time mooanpatible rare elements in
series studied do not depleted marginal zones addwze expected during Gnt
fractioning that may be explained in terms of exkEmpf parallel exsolution of
other silicate minerals from melt. On the contrargrrow marginal grain zone in
Gnt 00-99 is distinctly enriched in elements inesfrom Nd to Yb, that possibly
can be related to the fact that accumulation ade¢hedements is predominantly due
to crystallization of other silicates. Enrichmeatk of marginal zone of this Gnt in
the most incompatible rare elements in series oNNlrould resulted neither from
silicate fractioning including Gr nor chromatographkffect and possibly is due to
previous distillation of fluids. Reverse correlatiof rare element composition with
Gnt mg# is revealed for Gnt megacrysts and melislilecated with them (Fig. 3,
6). Most ferriferous Gnt megacrysts and melts dopaited with them have the
highest HREE contents hence excepting Gnt fractgpmole in melt evolution.
Apparently, contamination with lithospheric materédso effect on rare element
composition of asthenospheric melts. From this tpoirview the melt equilibrated
with the most magnesian megacryst UZ 77-857 (m@86)0.is the most
contaminated. Depletion of melt equilibrated witloshferriferous megacryst of
Gnt Uz 76-910, light REE might be most likely réedl from previous removal of
LREE-rich volatile phase.

It is significant that melts equilibrated with gata from deformed |herzolites
of coarse-porphyric and megacrystalline type artti ®@nt megacrysts are enriched
in HFSE, which show maxima on distribution lines. drder to explain HFSE
maxima against REE in asthenospheric liquids darailed with Gnt from coarse-
porphyric deformed Iherzolites and megacrysts care draw the ancient oceanic
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crust submerged in transition zone or at lower heagdre boundary as a melt
source [19]. Hypothesis for the presence of crateiisin oceanic plate accreted
continental lithosphere as a result of the anaiexterplating beneath lithosphere is
a variety of hypothesis for buried ancient oceaplate [25]. Enrichment of
asthenospheric melts in HFSE against REE in andlgzse, may be related to
refractory minerals — concentrators of HFS elemesiieh are preserved in ancient
oceanic melt [24]. It should be saying, that intespof all attractiveness of
R.Walker’s et al. idea, none authentic xenolitideformed eclogites that can testify
the presence of ancient oceanic crust beneatlsfitieric basement of the Siberian
craton is to present day found among deformed iésol

Uniform “mantle” isotopic oxygen composition in gq | kimberlites and
their Gnt megacrysts suggests that oceanic crusifiem by sea water was not
present in magmatic source [23]. From data [20, @%jerals from deformed
peridotites have negatiw®s values while this value is highly positive inogites
from the Udachnaya pipe (about from 500 to 700Q)usT even a negligible
amounts of eclogites that may represent the anoesdnic crust added to source
material will sharply displacgOs value in asthenospheric melts to positive values
These all data unlikely suggest that source matmnasthenospheric liquids gave
rise to Cr-poor megacrysts associations and tramsi the mantle material in
lithospheric plate basement and in asthenospheperupart was ancient oceanic
crust buried in deep mantle.

From rare elements distribution in komatiites aaddits of different ages Q.
Xie et al. [26] argue the presence of layer endclwe majorite and silicate-
perovskite in the mantle transition zone. It is thehors’ opinion that this layer
preserved in mantle after crystallization and afhhpressure silicates in ancient
Pre-Archaean magmatic ocean. It is significant these mineral accumulate HFSE
predominantly with REE in themselves [19, 26]. Aamti cumulative material
isolated in the mantle transition layer arises ¢atimental lithosphere basement
during kimberlite-forming cycle in the form of gigplume[10]. Maximum T of Cr-
poor megacrysts (1470, [23]) meets exactly this layer.

Incompatible rare elements distribution in Gnt frdine-porphyric Gnt
Iherzolite 01-297a and Gnt harzburgies 00-112 afael86 (Fig. 2) is most
authentically explained by chromatographic effeatimy asthenospheric liquids
percolation upwards through thick solid rocks tfdsphere [10]. Garnets from the
Siberian samples likewise to central parts of s@amet grains from deformed
peridotites of Southern Africa [10] have sinusoiB&E distribution that is typical
both of garnet from granular peridotites of Sibema Southern Africa [8, 12]. One
more characteristic feature is distinguished, ngrgarnets from poorly deformed
rocks (01-297a and 01-286) have more lower levetaodé elements contents in
series for Nd-Yb in comparison with strongly defexnxenolith 00-112 and well
expressed Zr+Hf and Ti troughs, too. Zr+Hf minimadamore differential rare
elements distribution are revealed for L Gnt ling.these characteristics can be
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apparently related to preferential accumulationtlod most incompatible rare
elements during the melt transport when the rockd sonatrix absorbs

predominantly the most compatible elements [16]d A the same time poorly
deformed rocks essentially preserved the featufesital granular protolith.

External narrow zones of two Gnt 00-112 grains shsmwne approaching to
distributions in Gnt megacrysts and megacrystaltoarse-porphyric |Iherzolites
that suggests their approaching to equilibratiaih wsthenospheric melts.

Distribution peculiarities of rare elements in C@om deformed Gnt
Iherzolites 00-92, 02-49, 00-99 (Fig. 4, 5) areikimto those for Cpx from
megacrystalline Gnt lherzolite described by K. Eyoet al. [2]. Contrary to
garnets, HFSE troughs the most pronounced for Zidftypical of Cpx. Melts
equilibrated with Cpx of these xenoliths except @px 02-49 marginal zone also
show HFSE troughs especially sharp for Zr+Hf (Fig. Moreover, LCpx in
comparison with LGnt from appropriate samples aseptially depleted in LREE
that is possibly due to considerable fluid lossntlts before mass clinopyroxene
crystallization. It can be inferred that clinopyemes were in equilibrium with
liquids from which the solid phase like ilmenitedamircon were exsoluted [2].
Marginal zone of Cpx 02-49 might be equilibrium kvresidual liquid enriched in
the most incompatible elements. Cpx from fine-pgrghlherzolite 01-297a have a
lesser level of all rare element composition exéepNNb that it is also recorded for
calculated melt (Fig. 5, 7). Furthermore, a raissnfY to Yb atypical of other
xenoliths clinopyroxenes is recorded for Cpx andpkurves of this sample.
Apparently, it can be explained by relic geocheifeatures of rare element
composition of primary solid rock remained in mger

It can be assumed that plume action consists ngtinrsupply of heat and
volatiles invoking melting but in rather long-temmechanical effect — pressure on
overlying mantle layers. Thick cataclastic processed plastic rock flows in
asthenosphere and in the lithospheric plate badesatarated with melts could
arise owing to viscous friction when spreading olunge substance in
asthenosphere.

As discussed earlier, composition level of raremelets in garnet and
clinopyroxene from low-temperature granular peitdstand curve type in plots of
their relative compositions are not consistent vathounts of these minerals or
orthopyroxene in rocks but they are directly re=iiffrom composition of orange,
brown and yellow olivine. For instance, garnet bargites 545/80 (gr. 1) and
03/108 (gr. 3) similar to modal mineral compositdiffer distinctly in composition
and rare element distribution in compliance withocwarieties of olivine. It was
indicated earlier [22] that orange, brown and yellolivine has a significant
admixture of oxidized iron and it was preservedrél& one when transporting
through solid rocks of reduced fluids related toyeatage of kimberlite-forming
cycle. Formation of native graphite in mantle metaatites of reaction type [6] is
probably due exactly to these fluids. Here, it $tidoe emphasized that on data of
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some researchers [5, 7, 18], Cr-poor megacrystsdafmmed peridotites were
formed under substantially oxidized conditions (QBbWfer). There is good reason
to believe that the development of asthenosphergtsmbeneath cratonal
lithosphere and reworking of their overlying honaaby reduced fluids took place
within single kimberlite-forming cycle and they aremplementary. Reduced fluid
character can be explained by a head front of lyaire in asthenospheric melts by
[5]. These fluids extracted intensively incompatilbhre elements from rocks and
minerals and apparently realized the reaction typetasomatism [5, 6] at
geochemical oxidized barriers. Complementary essemé processes in
asthenosphere and overlying lithosphere is showth bo different distribution
character of incompatible rare elements in megé&cyarnets and mega- coarse-
porphyric |herzolites and in garnet from granularigotites of group | poorly
reworked by reduced fluids. In spite of the formbe later show HFSE troughs
against REE on distribution lines. This can sugdgeat ancient high-temperature
orthopyroxene and olivine cumulates were a prdtobf lithospheric mantle
substance. Parent melt was impoverished in HFSteagxpense of precipitation of
high-pressure majorite garnet and Mg-silicate pekide and strongly enriched in
LREE rare elements. Accordingly, cumulate opthopgne of mixed type was
enriched in LREE and depleted in HFSE. Subsequemtlying removal of
exsolution structures from cumulate orthopyroxetiese minerals redistributed
rare elements according to DGr/Cpx value.

From this it is inferred that representatives ofimary substance of
lithospheric mantle of the Siberian Craton are nooks and minerals depleted in
incompatible rare elements but on the contrarysehenriched in them. This
inference causes us to give a new glance at im#aire of lithospheric mantle of
ancient cratons. If ancient lithospheric mantle wasmarily enriched in
incompatible rare elements, it is not consideredbé¢oa restite of basaltic and
komatiitic liquids melting as it is believed by raaty of researchers until now [8,
12 et al.]. In our example, ancient enrichmenthef testite mantle in incompatible
rare elements at the expanse of introduction oflsctiion silicic melts [17] is not
consistent with absence of direct relation betwamrient of rare elements in garnet
and clinopyroxenes and quantity of these minerald arthopyroxene in rock.
Garnet and clinopyroxene from Iherzolite 00/212 ¢f3) are depleted in rare
elements in direct conformity with pale-green amdodess olivine, whilst the
xenolith is enriched in orthopyroxene and contamsfew relic deformed
megacrystals of this mineral. If the later were iamic porphyroblasts originated
during effect of subduction acid melts, mineralstia$ rock would preserved the
rare element enrichments and not the reverse.
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CONCLUSIONS

Geochemical characteristics of Gnt and Cpx fronoiheéd peridotites shown
that among this rock group there are two stabledyp mega- coarse-crystalline
Gnt Iherzolites and fine-porphyric Gnt peridotiieefzolites, harzburgites). Garnets
from deformed Iherzolites of the first type are mheaompletely identical to Gnt
megacrysts from the Udachnaya pipe in geochemi$tragre elements studied. Gnt
from the second type peridotites have residual gedchemical features from
granular Gnt Iherzolites from this type and kimlesl of the Southern Africa.

The data obtained are the most logically consistith hypothesis of
asthenospheric melt percolation upwards througlastieenosphere and continental
lithospheric plate basement [16] in HFSE and RE&riution character in Gnt,
Cpx and equilibrated with them calculated melts. e Timechanism of
chromatographic enrichment of minerals and meltdh wlie most incompatible
elements is, apparently, the most effective duforghation of Gnt and Cpx rare
element composition in fine-porphyric type of defed peridotites.

The source of asthenospheric liquids producing a&ciip magmatic
metasomatism at the continental lithosphere-astdpdrere boundary, along with
local substance might be matter of plume initiatimgse processes.

Plume substance has geochemical features indicatty its origin from
transition mantle zone enriched in majorite andtaié-perovskite and feasible
existence of magmatic ocean in early history ofganet.

Lithospheric mantle of the Siberian Craton in egriod of the Middle
Paleozoic kimberlite cycle was “washed” by reduckdids deriving from
asthenospheric melt chambers. Uplifting fluids @&cted intensively incompatible
rare elements from rocks and minerals, enrichéddlese minerals and left them on
oxidized barriers in reaction type metasomatitesstagomatic graphite and
diamond might be a product of this reduced process.

Light olivine-orthopyroxene cumulates crystallizadancient magmatic ocean
and complementary to high-pressure majorite-Mga&ié-perovskite cumulates
buried in the mantle transition zone and enrichedHFSE, were a protolithic
substance of lithospheric mantle. Lithospheric qitbt was enriched in LREE and
LIL and depleted in HFSE, respectively.

The work is supported by RFBR (project 06-05-64.756)
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TP- fO2 were determined with the monomineral thermobaand
oxybarometry for ilmenites and Cr-spinels (Ashdtep Vishnykova , 2005), The
iimenite method give the conditions for the meg@alwme veins served as the
feeding systems for the protokimberlite melts foretasomatites and pyroxenites.
Chromite thermobarometry shows the conditions feridgotites. Every studied
region or kimberlite field or even kimberlite pipeveal distinct features of the
construction magmatic systems and mantle columeriiag.

Long compositional trends with TP values tracinggival from 20 to 65 kbar
are common type determined for Mir and Dachnayagmepresenting the magmatic
fractionation without the essential interactionhwibhe wall rocks in the long vertical
fracture. Rapid rise of the oxygen fugacity refer the crystallization without
exchange. Intensive exchange with the wall rockswvshthe high variation of fO2
and the Cr-Ni-V components in the oxide minerals.

For Daldynsky region (Udachnaya, Dolgozhdannayaomagnitnaya show
relatively short intervals (65- 50 kbar) while fafarnitza , Leningradskaya,
Osennyaya and Ukrainskaya 65-40 kib@r.content rising due to contamination.
Layered structure with the high variations of fG2determined for every mantle
columns in Daldyn region.

In Alakite field ilmenite from most of the pipessgiay the long compositional
ranges with stepwise rising Cr content and melt elfpmg. Three major levels of
fractionation are determined for Sytykanskaya, Aatkand Komsomolskaya and
more for Yubileynaya. t P- fO2 trends found for §frinels show two branches in
each horizons. One with continuous fO2 growth jognivith the ilmenite trend is
formed due to anatexic melt percolation while th#heo one is referring the
conditions of the pervasive metasomatism.

For the MaloBotuobinsky region long compositiorrahtd without rising of Cr
content means tracing by crystallizing protokinlibes in rising fracture. The others
including Internationalnaya, Taezhnaya, Amakinskayantle columns shows the
stop in developing of feeding system at 40 kbarhwitrther creation of
metasomatites in veinlets. Peridotitic chromiteoahow the sharp divide at the 40
kbar with wide fO2 ranges. While rising of fO2 belthis pyroxenites lens suggests
high degree interaction with small relic trend.
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Long continuous ilmenite trends are not charadierisr the Verhne —Munsky
region — only discrete relics of the trend are fbim concentrated from Poiskovaya,
Debyut, Malaya, and InterKosmos. Only Deimos anankomolskaya- Magnitnaya
pipes reveal long compositional ranges with thiegeasate PT levels and two stages
of contamination similar to the Alakite pipe. Butromite highly enriched in the
ulvospinel show the straight rising of fO2 wit thecreasing pressure 2-3 such lines
what possibly means the direct migration of thegkionberlite melts.

In Nakyn field only Nyurbinskaya pipe show crysigdtion of protokimberlite melt
within 60-50 kbar and rising of fO2 conditions fperidotites at the same interval
while upper their values sharply decrees.

In Prianabarie cold branch at the basement of tlaatlen columns reflect the
developing of the metasomatites with clinopyrox@0e60 kbar. The maim level of
the magma fractionation close to 45-60 kbar seamsetcontinuous. Synchronous
trend fO2 rise fro spinel seems to be the resuihethigh degree interaction also.
General tendency is that the multistage pipes hheemore steps of the melt
protokimberlite melt rising in the mantle. Long goositional and TP trends are
more common for lithospheric mantle with continénsagnature and highly
metasomatic mantle columns. Oxygen fugacity foreitite trends are partly within
or close to the diamond stability field and at tes@mme diamonds may grow up in
megacrytstalline bodies or directly in the contacts

INTRODUCTION
METHODS

Chromite (+Ol) and llmenite (+OI) oxygen barometdBs3] in monomineral
versions [2,4] were used for the estimation of thxedizing conditions of the
lithospheric mantle beneath the kimberlite pipe¥akutia The lImenite method
[2] give the conditions for the megcrystalline \&served as the feeding systems
for the protokimberlite melts for metasomatitesl gyroxenites. Chromite [4]
shows the conditions for peridotites. Usually tleeigotites the oxygen conditions
are lower the QMF in some unites; in most casesaiad is growing in depth. In
opposite the ilmenite trends are close to the QMfhtty lower and the oxidation
state is rising with the reducing pressure whidwo accords to the differentiation
degree of the ilmenites. For the Kaapwaal cratenarupt reduction dip, was

detected at 150 km [19]. Melts in mantle are mosttye oxidized then peridotites
due to the fast diffusion of the hydrogen from thagma. The values determined
for the peridotites and ilmenites megacrystalle @ampared with those found for
the inclusions in the diamonds [28 ,20,29-31] ddsdtehe diagrams.

Usage of the monomineral versions give quite simiksults as the bi-
mineral versions (see fig.1) This means that tygen values are regulated by the
Fe3 content of the spinels and ilmenites.
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Fig. 1Co- variations of thefo, values determined by the Ol —llm oxygen barometeand
values calculated with the monomineral versions

Variations of the oxygen conditions in mantle colum beneath Siberian
kimberlite pipes.

Daldynsky region (Udachnaya, Dolgozhdannaya, Aeromagnitnaya show

relatively short P(kbar) intervals (65- 50 kbar)iHor Zarnitza , Leningradskaya,
Osennyaya and Ukrainskaya the main ilmenite fraation interval is within 65-
40 kbar. TheCr content for later pipes is rising together witle decreasing of the
pressure and means the step by step contaminaten welt intrude the next
upper level. For the first three pipes the Cr gng only at the end of the trend
during the final melt solidification. Layered sttue with the high variations of
fO, is determined for every mantle columns in Daldygiog.

On the diagrams for th@(kbar) —fQ, (Fig.2) for the mantle columns of the
Daldynsky region the widkD, arrays determined with chromite with nearly equal

P values were determined at 35- 45 kbar and canespto the pyroxenite layer
for Zarnitza, Udachnaya, Aeromagnitnaya and theerohigh variation interval
fo, corresponds to the diamond stability field. Headty in all pipes the

relatively high number of the Cr-spinel TP values @lotted in the diamond

stability in 50- 60 kbar interval but lower 60 kbahis became relatively rare and
only diamond inclusions [22, 34-35] estimates agpresented here. For the
Udachnaya pipe each the 6 horizons detected watlsginel thermobarometry give
there own range of tHg, values. The deepest is reduced ~Albg fO,.
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Table 1.
Representative analyses of iimenites from Yukurtrdokrlites
Element TiO, AlLO; | Cr,O; | FeO MnO MgO NiO \LOs Total
1 2 3 4 5 6 7 8 9 10
DALDYN FIELD
Aeromagnitnaya pig
Aerl21 54,51 1,01 0,98 30,24 0,25 14,28 0,11 - 101,28
Aerl23 53,11| 0,60 3,93 27,47 0,43 15,24 0,11 - 100,49
Aerl26 52,70 0,45 4,81 24,15 0,53 15,52 0,13 - 97,80
Aerl97 48,15 0,49 0,90 39,75 0,30 9,05 0,01 - 98,56
Aerl99 47,741 0,45 0,84 41,67 0,32 8,20 0,06 0,17 99,37
Aerl100 478 0,67 7,89 34,89 0,21 10,36 0,18 - 100,71
OSENNYAY PIPE
0OSll02 42,87 0,31 1,38 47,10 0,23 6,87 0,07 0,36 99,21
(O] [0X] 44,29 0,53 1,36 39,81 0,25 12,22 0,13 0,48 99,29
0OSllo4 44,69 0,49 2,25 41,95 0,23 10,15 0,12 0,35 100,30
0Osllo9 46,73| 0,45 1,93 41,74| 0,29 9,88 0,12 0,13 101,27
0Osli10 46,78 0,44 1,21 39,07 0,89 10,58 0,08 0,18 99,31
Osli14 47,08 0,50 2,09 38,90 0,30 9,771 0,12 0,39 99,18
UKRAINSKAYA PIPE
Ukrl05 46,28 0,51 1,25 42,17 0,23 8,78 0,03 0,23 99,47
Ukrl08 46,59 0,45 1,19 41,83 0,29 9,48 0,09 0,24 100,15
Ukrli09 46,60| 0,52 1,28 41,11 0,24 10,23| 0,09 0,23 100,31
Ukri1ll 46,66| 0,62 1,27 39,90 0,24 11,55 0,08 0,18 100,49
Ukri1l3 46,76| 0,49 1,22 40,73 0,29 10,24 0,12 0,27 100,11
Ukrl14 46,81 0,53 1,26 42,58 0,29 8,60 0,10 0,15 100,31
UDACHNAYA PIPE
Udch05 41,79 0,21 0,22 51,63 0,14 5,55 0,01 0,35 99,90
Udch06 47,01 0,72 0,74 42,05 0,17 9,40 0,06 0,15 100,30
Udch08 46,86| 0,59 1,16 42,06| 0,19 8,78 0,08 0,25 99,96
Udch14 47,45 0,51 0,84 41,86 0,24 9,23| 0,07 0,18 100,37
Udch17 48,18 0,52 0,75 40,79 0,32 9,71 0,08 0,07 100,42
Udch18 46,39 0,55 2,21 41,94 0,22 8,71 0,10 0,07 100,17
MALOBOTUOBINSKY REGION
Mir pipe
Mirl01 50,34| 0,56 0,77 3675 0,31 10,32 0,10 - 99,14
Mirl02 48,61 0,48 0,86 39,09 0,34 9,12 0,10 - 98,59
Mirl08 51,16 0,50 0,55 34,59 0,32 11,42 0,09 - 98,64
Mirl09 53,23 0,57 1,12 32,04 0,25 12,48 0,16 - 99,85
Mirl10 50,75 0,49 0,73 37,12 0,29 9,93 0,09 0,07 99,48
Mirl13 32,39| 0,74 3,68 56,64 0,11 3,99 0,48 0,12 98,15
Mirl14 36,46| 0,69 0,66 56,08 0,14 439 0,35 0,05 98,82
Mirl16 48,05| 0,62 0,10 41,38 0,21 8,69 0,11 0,08 99,24
DACHNAYA PIPE
DaclO01 52,49 0,72 0,81 31,33 0,49 13,48 0,17 - 99,49
Dacl04 52,09 0,56 4,19 28,31 0,54 13,63 0,15 - 99,47
Dacl05 51,77 0,76 0,68 33,64 0,46 12,71 0,13 0,09 100,24
Dacl07 51,72 0,51 0,57 35,25 0,33 11,08 0,10 - 99,56
Dacll11 51,55 0,39 4,07 28,13 0,53 15,24 0,10 - 100,01
Dacl12 51,52 0,90 1,28 32,95 0,40 12,58 0,20 - 99,82
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Table 1. Continued

1 | 2 | 3 | 4 | 5 | 6 | 7 8 | 9 | 10
INTERNATIONAL'NAYA PIPE
Intl01 5362 048] 068] 3214] 034 1235] 0,13 ] 0,20 99,94
Intl04 50,08 0,81 ] 024 ] 37,74] 0,29 10,33] 0,20 | 0,07 99,77
Intl06 4481| 063 ] 061 ] 4510| 0,23 7,07] 0,09 | 0,20 98,74
Intl07 4961 0,75] 0,09 | 39,01| 0,30 9,75 0,09 | 0,13 99,73
Intl10 50,08/ 0,81 | 0,24 | 37,74] 0,29 10,33| 0,20 | 0,07 99,77
Intl15 50,21 0,69 | 3,71 | 3380] 0,33 10,51 0,22 | 0,20 99,67
AMAKINSKAYA PIPE
AmlI59 51,14] 020 ] 391 ] 3290] 051 12,25] 0,09 | 0,38 101,38
AmlI62 49,15 067 ] 015]| 4099| 0,21 9,81 0,08| 055 | 101,61
AmlI65 4247 0,80 ] 012 | 4792| 0,15 7,82] 0,11 | 0,67 100,04
AmlI67 34,79| 0,83 ] 382| 5521] 0,10 448| 0,11 99,34
AmlI70 4494 059 ] 016 | 46,10] 0,16 6,99] 0,04 | 0,27 99,26
ALAKITE FIELD

Aykhal pipg
5AYkS 50,34] 056 | 0,77 ] 36,75] 0,31 10,32 0,10 - 99,14
14AykS 4934 049] 0,79 ] 3890| 0,33 9,34] 0,08 | 0,14 99,41
15AykS 51,16/ 050 | 055 | 3459| 0,32 11,42 0,09 - 98,64
24AykS 53,23| 057 | 1,12 | 32,04] 0,25 12,48| 0,16 - 99,85
25AykS 5075 | 0,49 | 0,73 | 37,12] 0,29 9,93] 0,09 | 0,07 99,48
27AykS 4838 0,25] 2,07 | 3947| 0,24 9,93] 0,11 | 0,29 99,02
Ozernaya pipe
0Zel120 5249 0,72 ] 081 ] 3133] 0,49 13,48 0,17 - 99,49
0Zel122 5221 0,70 | 0,73 | 3244| 0,36 12,50 0,21 - 99,15
0Zel123 52,09| 0,56 | 4,19 28,31| 054 | 13,63] 0,15 - 99,47
0Zel124 51,77] 0,76 | 0,68 | 3364| 0,46 12,71 0,13 | 0,09 100,24
0Zel129 51,72] 051 ] 057 | 3525 0,33 11,08 0,10 - 99,56
0Zel135 51,55 0,39 | 4,07 28,13| 0,53 15,24 0,10 - 100,01
0Zel136 51,52] 0,90 | 1,28 | 3295 0,40 12,58 0,20 - 99,82
YUBILEYNAYA PIPE
Ybl09 5258 054 | 064 ] 3505] 0,23 11,56| 0,08 | 0,09 100,77
YbI10 50,11| 0,4 | 3,98 | 3531] 0,32 9,70| 0,16 | 0,47 100,20
Ybl11 50,10/ 050 | 1,68 | 37,49] 0,26 10,12 0,11 | 0,18 | 100,43
YbI15 4455 0,34 | 412 | 4093] 031 7,77] 0,10 | 0,22 98,35
Ybl16 51,08 047 ] 071 | 4105] 0,27 6,95] 0,04 | 034 | 100,92
KOMSOMOL'SKAYA PIPE
Kml314 51,23| 048] 063] 3565| 0,20 11,57 0,14 | 0,03 99,93
KmI316 4999 0,39 ] 162 | 36,74| 0,27 10,70 0,08 | 0,07 99,87
KmI318 4859 0,33 ] 1,67 | 39,06| 0,27 9,31] 0,07 | 0,08 99,38
KmlI323 50,72 049 | 255| 3425 0,23 12,00 0,14 | 0,12 100,50
KmlI325 51,00/ 051 ] 2,01] 3457 0,26 11,22 0,15 | 0,03 99,75
KmlI327 51,50/ 0,18 | 4,23 | 30,74] 034 | 1266| 0,22 | 0,03 99,89
SYTYKANSKAYA PIPE
Sytl111 50,73| 054 | 0,34 | 3846| 0,22 10,07 0,07 | 0,11 100,55
Sytl113 51,55 0,89 | 1,02 | 3393] 0,28 12,42 0,15| 0,34 | 10058
Sytl096 4658 025] 2,71 | 4184] 027 8,10] 0,09 | 0,19 100,03
Sytl005 4653| 025] 264 | 4191| 031 7,99] 0,07 | 0,111 99,82
Sytl006 50,87| 067 | 1,68 | 3456| 021 11,64 0,17 | 0,17 99,97
Sytl007 4867 047 | 2,18 | 3871| 0,27 9,71] 0,13 | 0,11 100,25
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Table 1. Continued

1 2 3 4 5 6 7 8 9 10
Sytl028 46,56| 0,04 3,45 40,12| 0,30 9,06| 0,12 0,12 99,78
Sytl029 43,88| 0,16 3,37 44,37| 0,26 7,23| 0,07 0,32 99,66
Sytl030 51,58| 0,55 0,46 36,71| 0,24 10,72| 0,11 0,14 100,50
Sytl031 50,05| 0,63 0,46 38,56| 0,25 9,87| 0,10 0,13 100,04
Sytl081 46,02 0,09 4,23 40,54 | 0,36 8,32| 0,12 0,24 99,91

UPPER MUNA FIELD

Deimos pip¢
Del001 52,70 0,63 1,76 30,83| 0,24 13,71| 0,22 0,32 100,40
Del002 51,30 0,51 0,73 35,43 0,26 11,70 0,12 0,36 100,41
Del012 50,29| 0,47 2,04 36,27 0,29 10,17| 0,12 0,46 100,11
Del013 48,93 0,44 1,85 39,84 0,79 7,74 0,21 0,60 100,40
Del015 51,93| 0,53 0,65 35,14 0,24 11,22 0,12 0,24 100,07
Del016 47,42 | 0,25 2,24 40,83 | 0,30 8,18| 0,07 0,51 99,80
Del018 52,44| 0,68 0,54 33,61 0,28 12,32| 0,15 0,34 100,38
Novinka pipe
Novll02 4797 0,72 0,22 40,12| 0,21 9,03 0,10 0,15 98,53
NovIl06 47,56| 0,68 0,13 42,63 | 0,22 8,95 0,04 0,06 100,27
NovlIl07 51,90| 0,38 1,10 36,79 0,29 10,00| 0,08 - 100,54
NovIl08 46,08 0,63 0,13 4496 | 0,22 7,81| 0,04 0,35 100,21
NovlIl10 48,75| 0,60 0,10 41,61| 0,30 8,94| 0,05 - 100,36
Novll11 47,89 0,61 0,16 41,75| 0,18 9,11] 0,09 0,11 99,89
Zapolyarnaya pipe
Zpllo4 4541| 0,43 0,85 45,63| 0,21 6,94 0,08 - 99,55
Zpll19 54,21| 0,23 3,03 27,82 0,28 14,48| 0,25 0,18 100,49
Zpll20 54,73| 0,80 2,99 25,78 | 0,42 15,37 0,26 - 100,35
Zpll28 44,43 | 0,48 0,88 46,52 | 0,23 6,71| 0,06 0,11 99,25
Zpll29 46,78 0,39 0,88 43,48| 0,21 7,75] 0,11 0,10 99,49
ZplI30 48,82| 0,35 1,60 37,61 0,39 10,64| 0,09 - 99,41
Zpll32 53,58| 1,00 3,74 27,46| 0,24 14,54| 0,26 - 100,56
Komsomol'skaya magnitnaya pipe
KmM3 47,85| 0,45 0,81 43,02| 0,19 7,02| 0,02 - 99,33
KmM4 48,46 | 0,45 0,79 44,33| 0,23 6,93| 0,04 - 101,19
KmM5 47,96 0,47 0,78 42,83| 0,18 7,08| 0,05 - 99,30
KmM6 54,96| 0,70 4,06 26,70| 0,24 13,76 0,08 - 100,42

NAKYN FIELD

Nyurbinskaya pipe

Nurbl199 49,51| 0,48 0,89 39,28 0,28 963 | 0,45 0,06 100,59

Nurbl186 4991 0,49 0,91 38,04 0,26 11,08 0,47 0,11 101,27

Nurbl240 49,96| 0,52 0,87 38,42 0,25 10,67 | 0,58 0,07 101,34

Nurbl209 50,02| 0,59 0,82 38,37| 0,28 10,73| 0,38 0,03 101,22

Nurbl214 50,03| 0,50 0,97 38,28| 0,32 10,27 0,41 0,06 100,83

Nurbl229 50,13| 0,47 1,12 37,81 0,25 11,19| 0,36 0,12 101,44

Nurbl241 50,60| 0,64 1,00 35,86 0,27 12,58 | 0,40 0,08 101,42

Nurbl191 50,78| 0,53 0,79 37,09 0,32 11,14 0,53 0,10 101,28

Nurbl200 51,94| 0,58 0,52 35,20 0,29 12,37| 0,42 0,10 101,41

Botuobinskaya pipe

2B 50,13| 0,51 0,85 37,75 0,25 11,09| 0,43 0,03 101,04
4B 49,61| 0,46 0,89 39,64| 0,27 9,72 0,31 0,08 100,98
18B 49,39 | 0,88 5,19 34,19| 0,25 10,87| 0,66 0,17 101,59
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Daldyn field
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mineral (Ol-Sp) oxybarometer [33], monominerl correction from the pressures determined

with spinel and ilmenite monomineral barometers fothe [2-4]) for the concentrate from

But the upper megacrystalline dunites [26] are iaed then again reduced
with the gradual lowering of reduction to 30kbaar Zarnitsa the layer near 55
kbar is relatively oxidized with the range charaste for the diamond inclusions.
Upper in 30 kbar again reduced horizon. The san® faand for the spinels of
Aeromagnitnaya pipe. The increase of g the conditions determined with the

ilmenites means the interaction with the protokiritee magma crystallizing the
ilmenites. Continuous rising of the oxygen fugacsijjues for the ilmenites means
the differentiation in the relatively closed systaihile the break of the trend with
the reduction in the upper level suggest the veiNetasomatism with the

the kimberlite pipes of Prianabarie.

interaction with the peridotites.

Alakite. At the diagramsAlog fO,.-P kbar for the Alakite region the long

continuous trends with two branches for all 5 stddpipes probably means the
two stages of the malt percolation in the lithosghmantle. For Aykhal it is more
continuous then for others where the step by stpgr conditions for spinels
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probably means the interaction of the evolved amdlinng melts with the
peridotitic mantle.
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Fig..3 Alogfo, —P (kbar) diagram for the oxygen conditions dermined with the bi

mineral (OIl-Sp) oxybarometer [33], monominerl correction from the pressures determined
with spinel and ilmenite monomineral barometers fothe [2-4]) for the concentrate from
the kimberlite pipes of Alakite field.

The ilmenite trends everywhere corresponds to tmencite — based in pressures. For the
Yubileynaya — at the basement to the top the tratdbe interaction of the proto kimberlite
melts produces several arrays with the negatienatcon of the sub trends at the lower part due
to interaction with peridotites of relatively smalbrtion of the protokimberlite magma and to
normal and then rapid fractionation at the uppgy tewvel and then going to the metasomatic
associations. Ozernaya represent at least 6 ifdehexe the lower is more oxidized then the
upper what probably means the two stages of thmdbon megacrystalline ilmenite bearing
veins. Komsomolskaya show quite continuous ilmemgad of the fractionation to 50 kbar and
then interaction at the upper levels.
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Malo Botuobinsky region.The oxidizing conditions in the mantle columns
for the chromites beneath the Malo Botuobinsky aoegare forming the wide
inclined trends that are characteristic for theasetnatites. They partly coincide
with the fields of the diamond stability. In mantkeneath the Internationalnaya
pipe the widefQ,. Dispersion near level ~40 kbars correspond&eaplyroxenite

lens. Extended ilmenite trends for the Mir and Degla pipes show relatively
high inclination of the ilmenite PT path due to tfractionation in the closed
system. For Mir at the basement to 55 kbars thewa&urbcal trend reflect the
interaction with the peridotites. In mantle beneiduh other pipes they reflect the
stop of rising near 50 kbars and then probably ldgueg of the metasomatic vein
system upper.
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Fig..4. Alogfo,. —P (kbar) diagram for the oxygen conditions detrmined with the

bi mineral (OI-Sp) oxybarometer [33], monominerl corection from the pressures
determined with spinel and ilmenite monomineral baometers for the [2-4]) for the
concentrate from the kimberlite pipes of Malo-Bouolnsky field.
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Table 2.
Representative analyses of chromite from Yukutizblerlites
Element [TiO, [ALO; [Cr,0; [FEO [ MnO [ MgO | NiO | VOs | Total
DALDYN FIELD
Aeromagnitnaya pipe
AerCO07 0,05| 17,43 | 51,91 | 16,66 0,31 | 12,96 0,07 0,46 99,84
AerC09 0,22| 8,85 | 60,92 | 18,16 0,28 | 11,40 0,06 0,38 | 100,28
AerC10 0,38| 12,54 | 54,08 | 18,76 0,32 | 13,38 0,16 0,31 99,93
AerCl11 0,23| 5,44 | 62,71 | 19,01 0,31 | 12,05 0,11 0,20 | 100,05
AerC18 2,84| 5,74 | 54,16 | 23,01 0,35 | 12,36 0,20 0,26 98,92
AerC20 1,16| 4,05 | 57,68 | 26,17 0,39 9,85 0,13 0,33 99,76
Osennyay pipe
OSCr019 0,56| 5,24 | 58,98 | 23,03 0,19 | 11,94 0,10 0,17 | 100,24
0OSCr022 0,74 4,82 | 59,39 | 21,49 0,19 | 12,64 0,20 0,20 99,67
0OSCr024 1,81 6,52 | 55,14 | 24,10 0,30 | 12,35 0,15 0,24 | 100,63
0OSCr028 3,03 6,96 | 49,25 | 28,33 0,28 | 10,92 0,24 0,31 99,34
OSCr031 3,75 12,94 | 41,03 | 27,29 0,12 | 13,28 0,33 0,29 99,02
0OSCr032 471 5,02 | 36,28 | 43,08 0,23 9,96 0,25 0,39 99,94
Leningradskaya pipe
LEnS2 0,15| 3,47 | 63,14 | 21,96 0,23 | 10,77 0,10 0,19 | 100,00
lenS02 0,03| 48,51 | 20,77 | 11,93 0,11 | 19,16 0,20 0,11 | 100,81
lenS03 0,06| 28,11 | 38,68 | 14,82 0,08 | 16,51 0,19 0,24 98,69
lenS04 0,07| 23,63 | 46,42 | 15,44 0,16 | 13,92 0,08 0,25 99,96
lenS07 0,14 5,05 | 63,30 | 18,91 0,20 | 11,46 0,09 0,39 99,53
lenS09 0,16/ 4,99 | 64,51 | 1842 0,27 | 10,84 0,10 0,42 99,70
Zarnitsa pipe
Z55 0,38 9,15 | 59,07 | 17,94 0,32 | 11,46 0,08 0,39 98,79
267 3,06 2,35 | 48,36 | 36,51 0,48 7,67 0,15 0,38 98,95
Z18 - | 17,60 | 48,19 | 21,59 0,36 | 10,89 0,05 0,29 98,97
Z51 498 | 1,78 | 3857 | 4494 0,44 6,92 0,20 0,59 98,42
Z19 0,02 | 39,09 | 29,25 | 14,71 0,17 | 16,57 0,15 0,12 | 100,07
744 558 | 1,69 | 34,71 | 48,88 0,45 6,37 0,28 0,55 98,51
MALO-BOTUOBINSKY FIELS
Mir pipe
MirC1052S 0,03| 47,18 | 20,41 | 10,04 0,35 | 21,06 0,29 0,12 99,48
MirC1053S 0,02| 47,49 | 20,59 | 10,00 0,38 | 20,98 0,26 0,14 99,86
MirC1054S 0,65| 26,58 | 35,04 | 20,18 0,55 | 16,31 0,23 0,31 99,85
MirC1055S 2,47| 6,67 | 43,89 | 35,72 0,99 8,84 0,21 0,22 99,01
MirC1057S 0,26| 14,77 | 53,87 | 18,51 0,81 | 11,57 0,07 0,44 | 100,30
MirC1058S 0,10| 10,35 | 55,71 | 22,23 0,96 | 10,41 0,07 0,31 | 100,14
MirC1059S 1,29| 8,54 | 56,78 | 21,40 0,94 | 10,61 0,15 0,36 | 100,07
Dachnaya pipe
DacS2 2,69 854 | 47,46 | 27,92 0,16 | 11,51 0,15 0,39 98,81
DacS3 0,03| 20,72 | 47,54 | 16,08 0,12 | 14,92 0,14 0,34 99,89
DacS6 2,08 7,81 | 5042 | 27,57 0,24 | 10,28 0,12 0,35 98,87
DacS8 0,81 7,05 | 54,00 | 25,72 0,21 | 1042 0,18 0,38 98,77
DacS9 0,28| 13,89 | 54,74 | 18,24 0,15 | 11,46 0,06 0,35 99,16
DacS13 0,11 6,02 | 61,28 | 19,23 0,17 | 11,91 0,10 0,39 99,20
International'naya pipe
IntS02 1,74| 5,66 | 56,94 | 24,07 0,30 | 10,07 0,15 0,40 99,31
IntS03 0,14| 31,03 | 36,26 | 16,09 0,16 | 16,58 0,19 0,24 | 100,69
IntS04 0,27 | 27,56 | 42,10 | 15,85 0,24 | 14,24 0,10 0,24 | 100,59
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Table 2. Continued

1 2 3 4 5 6 7 8 9 10
IntS05 0,02| 8,46 | 57,17 | 22,53 0,26 | 10,34 0,03 0,19 99,00
IntS10 0,12| 25,62 | 41,43 | 17,07 0,12 | 15,65 0,16 0,29 | 100,45
IntS13 0,28| 5,68 | 59,38 | 22,46 0,19 | 11,18 0,12 0,31 99,59
IntS19 193| 6,82 | 52,61 | 26,98 0,27 | 11,17 0,17 0,25 | 100,20
IntS21 0,67| 8,551 | 54,87 | 25,05 0,29 | 10,22 0,13 0,24 99,97
Amakinskaya pipe
AmSI59 0,27| 7,48 | 59,34 | 20,92 0,29 | 10,48 0,10 0,48 99,36
AmSI68 2,00 3,15 | 53,58 | 30,32 0,44 9,26 0,18 0,40 99,33
AmSI70 0,55| 11,90 | 55,57 | 18,86 0,27 | 12,51 0,12 0,42 | 100,19
AmSI|72 2,88| 4,88 | 46,69 | 34,89 0,37 9,20 0,26 0,41 99,58
AmSI75 0,12 | 22,10 | 46,96 | 17,34 0,16 | 12,77 0,07 0,36 99,87
AmSI69 0,68 10,30 | 54,63 | 21,30 0,18 | 11,55 0,11 0,48 99,23

ALAKITE FIELD

Aykhal pipe

AykSCO06 0,12 5,84 63,66 17,24 0,26 11,71 0,04 0,2799,14
AykSCO08 0,03 6,00 61,90 18,87 0,26 11,63 0,08 0,5399,30
AykSC20 0,31 11,62 54,06 21,74 0,3b 11,01 0,09 0,2899,46
AykSC25 0,03 18,17 49,92 17,38 0,2b 12,34 0,02 4,29 99,04
AykSC26 0,25 16,63 48,26 20,32 0,28 12,21 0,10 0,27100,24
AykSC27 4,81 4,36 45,68 32,78 0,31 9,5p 0,18 0,28 9,08
AykSC28 0,59 24,69 41,87 15,08 0,18 16,38 0,16 0,2199,67
Ozernaya pipe
OzeCr09 0,25 5,30 64,34 18,06 0,23 11,¥3 0,09 0/371.00,36
OZeCrl2 0,81 4,63 61,47 20,45 0,24 11,76 0,12 0/2099,63
OZeCrl3 0,95 10,73 55,57 19,70 0,25 12,84 0,08 0}2899,91
0ZeCr39 1,81 2,24 55,2( 31,89 0,40 8,90 0,19 0,38 00,6D
OZeCr31 4,21 4,30 52,27 26,87 0,39 10,¥7 0,11 0/2899,19
0OzZeCr34 3,23 4,78 50,96 30,54 0,39 9,88 0,19 0,34 00,31
0ZeCr32 4,17 1,65 45,58 39,31 0,42 7,41 0,17 0,33 9,08
Yubileynaya pipe
YubS02 0,92 48,87 11,99 17,21 0,10 20,82 0,47 0/18.00,55
YubS03 0,01 42,69 27,57 10,28 0,08 18,99 0,15 0/1799,94
YubS04 0,17 35,02 31,49 14,62 0,15 17,95 0,19 0/2299,81
YubS05 0,37 15,99 38,81 28,70 0,12 15,54 0,329 0{34.00,19
YubS08 3,12 12,54/ 45,69 23,56 0,19 13,57 0,27 0/3399,26
YubS09 0,15 11,43 55,95 19,67 0,20 11,67 0,05 0/3399,45
Komsomol'skaya pipe
KmsSI059 0,04 5,28 64,19 16,75 0,16 12,67 0,10 0/2999,49
KmsSI048 0,44 10,75 61,11 16,20 0,18 11,08 0,13 80{2100,18
KmsSI054 0,27 1296 56,86 16,84 0,17 11,94 0,07 7 0{2 99,38
KmsSI021 1,28 8,16 54,29 26,35 0,78 9,51 0,14 0,35100,86
KmsSI046 2,64 12,23 46,61 23,99 0,17 14,01 0,0 5 0j2100,12
KmsSI052 0,34 29,91 39,24 14,18 0,12 15,85 0,13 5043 99,55
Sytykanskaya pipe
Syt3 0,26 8,01 59,21 21,08 0,28 10,60 99,44
Syt4 0,61 8,21 58,28 21,58 0,28 10,83 99,78
Syt5 0,47 9,72 55,03 23,74 0,32 10,14 99,43
Syt7 1,83 3,69 51,92 32,28 0,44 8,91 99,07
Syt8 2,56 14,32 43,88 26,41 0,27 11,32 98,75
Syt9 0,22 8,59 58,51 21,23 0,32 10,12 99,58
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Table 2. Continued

1 | 2 | 3] 4] 5] ] 7] 8] 9] 10

UPPER MUNA FIELD

Deimos pip¢

DeiS22 003 [497 [ 6556] 1715] 0,19] 11,66 0,08 0,32 9,99
DeS025 2,69 155 | 56,61 | 2958 0,30] 814] 020 0,32 ,4099
DeS026 0,02 | 4803 | 2050] 12,22] 0,12 18,70 0,18  0,1{99,88
DeS032 4,91 800 | 4769| 2642| 032 11,73 022 0,299,599
DeS034 1,35 309 | 57,31 2866| 0,34] 842 0,118 0,389,609
DeS037 0,37 26,82 | 39,47| 19,54| 0721 1312 0,15  0,1®9,04
DeS038 0,403 | 7,28 | 56,14 26,72 0,29] 8,70 0,11 0,289,679

Novinka pipe
0ZeCr06 0,08 19,62 | 41,86| 21,71 0,531 14,01 0,23 90,1/98,23
0OZeCr31 0,77 9,58 50,72 | 28,11 0,723 8,95 0,1 0,32 9,2
0OZeCr08 0,04 20,47 | 46,02 | 16,21 0,534 15,01 0,11732 0, 98,72
0OZeCr34 0,11 32,76 | 35,73 | 14,66 0,489 15,19 0,07629 0, 99,30
0ZeCr21 0,70 20,24 | 40,66 | 21,1 0,541 15,79 0,219 7 0,1|99,42
0ZeCr30 0,10 40,42 | 27,23 | 12,02 0,348 19,39 0,21419 0, 99,92
Zapolyarnaya pipe

ZpSll 0,04 5,02 63,72 | 17,13 0,85 12,32 0,06 0,26 ,4099
ZpS13 0,04 5,41 64,64 | 16,36 0,76 12,66 0,08 0,38 0,380
ZpSl4 0,04 4,29 62,01 | 21,20 0,73 10,68 0,11 0,24 ,3199
ZpS16 0,07 12,48 | 55,19 | 18,33 0,67 12,62 0,10 0,28 9,739
ZpS18 0,08 4,45 62,55 | 17,91 0,69 13,33 0,10 0,32 ,4299
ZpS19 0,08 9,10 59,17 | 18,17 0,69 13,05 0,07 0,22 0,580
ZpS21 0,09 12,85 | 5524 | 17,19 0,66 13,40 0,08 0,25 9,769
ZpS29 0,44 18,51 | 34,74 | 32,59 0,59 12,04 0,09 0,48 9,439
Komsomol'skaya magnitnaya pipe
KmMSO01 2,72 1,13 57,60 | 29,21 0,51 8,32 99,49
KmMS05 0,02 5,37 63,23 | 16,95 0,28 12,41 98,26
KmMSQ07 1,75 5,55 58,98 | 19,67 0,33 11,68 97,96
KmMS11 0,05 5,82 65,25 | 16,40 0,30 12,66 100,49
KmMS14 0,91 14,22 | 51,21 | 19,78 0,26 13,59 99,96
KmMS15 3,36 4,94 59,33 | 18,58 0,31 12,98 99,50
KmMS17 0,22 8,59 58,51 | 21,23 0,32 10,72 99,58
NAKYN FIELD
Nyurbinskaya pip

"145m19 " | 0,32 5,34 63,70 | 19,10 0,24 10,24 0,09 ,390 |99,43
"160m22 " | 0,13 17,27 | 52,84 | 17,34 0,20 11,84 0,030,38 100,01
"145m18 " | 0,30 12,62 | 51,80 | 23,63 0,20 10,92 0,110,38 99,97
"130m09 " | 2,87 8,29 51,92 | 23,54 0,21 12,14 0,13 ,560 |99,66
"130m10 " | 0,48 22,72 | 4556 | 17,53 0,20 13,36 0,090,26 99,67
"145m03 " | 0,17 47,17 | 21,30 | 12,52 0,10 18,21 0,290,22 99,69
"175m06 " | 1,38 8,75 58,66 | 17,46 0,26 12,04 0,10 ,330 |99,94
Botuobinskaya pipe

5B 0,91 17,81 | 46,60 | 18,67 0,54 14,21 0,16y 0,279 ,189
7B 0,28 18,81 | 42,38 | 24,44 0,58 12,82 0,150 0,202 ,609
11B 0,67 26,13 | 3540 | 22,01 0,42 14,79 0,218  0,0949,73
12B 0,20 519 62,98 | 19,16 0,74 10,97 0,026 0,233 ,499
13B 1,09 13,87 | 51,27 | 21,71 0,61 11,25 0,098  0,34600,24
15B 0,22 5,68 63,16 | 18,01 0,81 11,33 0,043 0,168 ,4299
22B 0,22 13,41 | 51,22 | 21,54 0,66 11,85 0,076  0,2469,219
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Upper —Muna field.The Cr- spinels from the pipes of this field inngeal
give several continuous trenddog fO,-P with the increasing of the oxygen

fugacity in the lower part of the mantle sectiohisTmeans the percolation of the
Upper-Muna field
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Fig..5 Alogfo, —P (kbar) diagram for the oxygen conditions dermined with the bi

mineral (Ol-Sp) oxybarometer [33], monominerl correction from the pressures determined
with spinel and ilmenite monomineral barometers fothe [2-4]) for the concentrate from
the kimberlite pipes of Upper Muna field.

reduced melts from the bottom which was not assediavith those produced
ilmenite megacrystalls. For pipes Deimos and Zagolgtya it starts from 60 kbar
and join with the ilmenite trend at QMF buffer nélae pyroxenite lens. The other
trends started from 50 kbar probably means theepoesof intermediate melting
levels and percolation upward what correspondstioer enriched composition of
the mantle beneath Upper Muna field. Interestingtuiee that chromite rising
trends are often finished with the ilmenite assomis. In mantle beneath Malaya,
Inter-Kosmos, Debyut there are not less then Snmediate trends with different
fO, starting values. For the upper part (less then k& krelatively reduced sub

vertical trends probably mark the way of the manteng diapir. limenite trends
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here at the deep levels are presented only in Beifapolyarnaya and Novinka
pipes that are of the most practical use.

Nakyn field. Oxygen conditions for the mantle columns beneathNakyn
field are determined more detail for Nyurbinskay@ep It shows the two branches
at the deep level from 60 to 40 kbars. And moreiced conditions are determined
at 50-40kbars. High variations are typical at 4@rklblmenite trend developed at
the basement 65-50 kbar is of typical magmatic tgpé rather oxidized. Some
deviations to reduced conditions refer to the axteon with the peridotite mantle.
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Fig..6. Alogfo,. —P (kbar) diagram for the oxygen conditions detrmined with the bi

mineral (Ol-Sp) oxybarometer [33], monominerl correction from the pressures determined
with spinel and ilmenite monomineral barometers fothe [2-4]) for the concentrate from
the kimberlite pipes of Nakyn field.

Prianabarie.Variations of the peridotite mantle in Prianabaie represented
mainly for the Vympel pipe. The common values fantie peridotites near -4-2
log units are more complicated at the 50-55 kbag thu interaction with the
iimenite parental melts which also demonstrate tkduction trends. The
interaction is extended up to pyroxenite lens.

Deep seated magmatic trends for the ilmenites yea for the mantle
columns beneath the Trudovaya, Hardah, and Anofialy. For the later ilmenite
and spinel trends practically coincide what propabeans the high degree of the
interaction in the deep part of mantle columns b#nghe Dyuken. This is
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emphasized by the high ulvospinel content of chtesnthere. Sub vertical trends
are separated at 3-5 parts probably due to thelenéaytering. llmenites from
Hardah pipe show several sub parallel trends piglzhle to the several pulses of
the melt percolation what coincides with the zamatin the grained ilmenite
aggregates. The break at the upper part of theleneslumns and formation of the
separate trend with the more inclination probabgans the direct percolations of
the ilmenite parental melt in to relatively smadins systems.
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Fig..7. Alogfo,. —P (kbar) diagram for the oxygen conditions detrmined with the bi

mineral (Ol-Sp) oxybarometer [33], monominerl correction from the pressures determined
with spinel and ilmenite monomineral barometers fothe [2-4]) for the concentrate from
the kimberlite pipes of Prianabarie.

Discussion

Reconstruction of the vein-feeding deep seated magfic systems

based on the ilmenites.
lImenite is one of the most wide spread minerahm upper mantle conditions and is developed
in the different Magmatic associations in mantledsphere. It is typical for the protokimberlite
or carbonatite melts that were forming the feedthgnnels for the further eruptions. In this
megacrystalline associations ilmenite are forming intergrowths with the olivine(Ol), garnet

139



Ashchepkov 1.V), Vladykin N.V), Sobolev N.V., Rekko N.P. et al.

(Gar), and contain the inclusions of rutiles (Rutlapatite (Ap), zircons (Zr) In the
polycrystalline nodules the contacts wit the Tirieimed peridotites which include the Cr- rich
garnets (to 9 %). Monomineral ilmenite thermobartgnegive the positions in the mantle
sections of the magmatic bodies and metasomafiies. calculate fractionation models in
general refer the precipitation of the ilmenite aigine but the fluctuations of Cr, Ni, V, Al
also suggest the contamination and participatiothefgarnets and sometimes pyroxenes in the
crystallization processes. Simple schemes of thedtions of the Magmatic systems in the
mantle it is possible to make basing on the thearmmbetry and deciphering of the trends of the
major components.

The intervals of the pressure found for the ilmemiare in coincidence with
the estimates based on the other minerals- Crelspigarnets pyroxenes. limenite
trend that was analyzed from the concentrate franmifsa pipe consist from the 7
intervals and is characterized by the fluctuatiohshe CpO; in each level and
probable characterize the polybaric systems wighltical stops at the boundaries
between the layers. Of the primary subduction lomsz IImenites from he
Osennyaya pipes are characterized by the irregtitaconcentration within the
mantle section what probably refer to the high terajure interaction of the
varying in scale magmatic systems in the peridotitdl rocks at the different
levels. limenite trend from Udachnaya is just cldsethe PT values of the
convective branch (the same for Dolgozhdannayahatbasement and became
hotter in the 50-40 kbar interval. llmenites fronerAmagnitnaya probably trace
the hot metasomatic system at the basement.

Lithospheric mantle columns beneath the Mir andHdaga [7] pipes traced
by the ilmenite trends from bottom to the Moho wstbhme intervals according to
the layering are close. The TP gradients (see #pepin this volume) for the
ilmenite are close to adiabatic or at least coweddo the advective geothems. In
the bottom The TP values are close to the hot ptticl branch and upper the
ilmenite bearing rocks became more Ha® well as the spinel peridotites. Upper
the pyroxenite lens the different rapidly growth awtprobably means that this
magma conduit serve for the transference of thgeldfagmatic masses or very
rapid intrusion of the magma in the open fractutéeenite Pt values for the
Amakinskaya and Taezhnaya pipes are restrictetianptessure to 50 kbar and
refer to the conductive TP gradients that are ¢aled for the garnets and
clinopyroxens.

In Alakite mantle domain [8] the PT values of ilntentrends reflect the
formation the mantle magma feeding systems andwsumetasomatic rocks in the
different levels in the mantle. For the Aykhal pites is the continuous system
with the gradual evolution judging by the smoothgd3s. There were at least four
separate levels of the protokimberlite systems &inthe Aykhal pipe. The pipe
Yubileynaya show gradual rising of the magmaticteys through the several
separate levels to pyroxenite lens. Upper it tide vertical advective geotherm
~950C. Close located Ozernaya pipe also reveal severatls of the
metasomatites which give the range of th®& Tvalues it each horizons to
pyroxenite branch. In the upper part of mantle eswluthe TP gradient became
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close to SEA geotherm forming together with the @pel Gar's TP estimates the
adiabatic branch. The degree of the interactidgijug on the Cr — content rapidly
raises upward the mantle section. The amount ofrtek in this mantle column
was lower then beneath the Aykhal pipes where thas(early constant in
ilmenites and raises only upper then 40 kbarshénnhantle columns beneath the
Sytykanskaya and Komsomolskaya pipes the magmaticas were developing
only from the bottom to the interval 40kbars maimijth the high interaction
within the mantle columns and formation of the raetaatites. The tracers of the
veins beneath the Sytakanskaya are rising to tineldpacie.

Beneath the Upper Muna field [6] using TP valuasifoenites it possible to
determine several stages of the creation of protb&rlite system and not less then
five levels of the magma concentration levels wmithe main channel of the rising
system. limenite TP estimates traces 3 differentlggms and probably reflects
TP passes of the different in the sizes magmastesys or different stages of the
evolution of Magmatic sources. Starting from the i&f&ars the interaction with
peridotites became visible due to the Cr- risingiehite TP estimates for the
mantle columns beneath the smaller pipes Poislgwdglaya and Inter- Kosmos
are not abundant and localized mainly upper 50 kg localized reflecting for
the Inter-Kosmos the polybaric system rising to @a-Sp facie. For Malaya the
main Magmatic source probably is locating near bérk
In Anabar region ilmenite TP values reflect the tmisep seated associations in
most cases located just on the geotherms and Tiésrabtained with the silicates.
The TP conditions for ilmenites in most cases heednly points represented on
the TP diagrams in the lower part of the sections tb the much depleted
composition of the Anabar mantle. They represeatrtetasomatites that rarely
contain Cr- bearing garnets and clinopyroxenesvewplin the vein system up to
40 kbars. Starting from this level the Mn beariimgennites that were formed in the
eclogites slices where the presence of Mn — beasediments is probable.
liImenites from the Dyuken field in general give moestricted interval of pressure
55-40 kbars which is closed to the characteristiceome small pipes of the Upper
Muna field

CONCLUSIONS.

1. Monomineral thermo-and oxybarometry for pycroilntes and chromites
allow to estimate the variation of the redox cawodi$s within the mantle
columns beneath pipes showing mainly the procefiseafnelt percolation

2. Basement of the lithosphere show high scale vanatof the oxidation state
which are traced mainly by diamond inclusions ofochites. The upper
levels are marked by the rising ¢, to the 40kbar (pyroxenite lens ) for

peridotites.
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3. .llmenite shows the sub vertical of the rising fegdsystem at the pre-
eruption stage with the more reduced conditions tfeg contaminated
portions and for metasomatites.
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Detailed and comprehensive examination of all #te Devonian volcanic rock
occurrences known in the Zimni Bereg kimberlitetriis (more than 60 igneous rock
bodies) revealed a regular, symmetric distributioin variations in kimberlite
composition within this area. The wide variety otal kimberlites may be due to
polygenetic and polyfacial structure of the mantiéjch, in turn, may be related to
asthenospheric matter intrusion (diapiric or locaijo the old, “homogeneous”
lithospheric mantle in the Middle to late Devoniafhis intrusion might have
resulted in the formation of a peculiar mantle sw#te in the zone of kimberlite
magma generation, this substrate being complexibatructure and in composition
due to participation of newly formed asthenospheraks and to varying intensity of
metasomatic effect exerted by the asthenosphérigsion on old lithospheric rocks.
The degree of asthenospheric influence on the mantbstrate, which manifests
itself in kimberlite mineralogy (presence of pi¢neenite), geochemistry (Ti, Nb and
Ta contents) and Nd-Sr isotope parameters (closBSB) would be one of the
definitive factors when classifying kimberlites bgomposition. The “Ta-Sc”
diagram, accounting for the type of mantle souroé the rocks and degree of
kimberlite melt differentiation at once, is mosfi@ént and versatile for geochemical
typification of different kimberlitic rocks.

INTRODUCTION

The kimberlitic rocks occurring in different regernworldwide vary in
composition very widely, and their variety appedos widen with routine
discoveries of new kimberlite occurrences and askiiown occurrences become
better studied. The great diversity of kimberlitmcks does not fit in with the
commonly accepted strict classification scheme wimcludes just two kimberlite
groups (Group 1 and Group 2, [19]) and a singleplaite group. There is a need to
develop a regular classification system accounforgthe totality of kimberlite
varieties, since a good rock classification schesn@ useful research tool for
genetic derivations. To do this, it is necessargltwidate the essential factors and
processes governing the changes and variationmiveklite composition.

Much useful information, which would help tacklestiproblem, could be
gained from the analysis comprehensively explorad studied Zimni Bereg
district. Varying quite widely in composition, kiradites of this province have
similar modes of occurrence, their bodies beingetwéh not only closely located
but also regularly distributed, all of them haviegsentially the same (Late
Devonian) age. In addition, almost all the localagus rock bodies contain high-
pressure indicator minerals of the coesite sub$aldi8] and (even though single)
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diamonds (according to sampling data available framing companies), which
may suggest a common magma chamber initiation deptbcal kimberlites. This
similarity of many characteristics at once shownthg Zimni Bereg volcanics,
along with the wide variation in their compositi@uggests that the formation of
local kimberlitic rocks may be related to a singkenmon magmatic event, which
would be “convenient” for detailed analysis of tleigent and evolution sequels.
We infer that the wide variety of Zimni Bereg kimlites and their rocks is due to
an interaction of the asthenospheric and lithosphmantle sources, or plume-
mantle interaction [4,5]. The result of plume effem mantle rocks and the
ensuing development of local igneous rock varietigs differing composition are
the subject matter of this study.

Subject matter and methods of investigation

The Zimni Bereg kimberlites and kimberlite-alliedbcks have been
extensively and thoroughly investigated (includirsptope studies) by many
researchers [1,4,5,8,9,12 and many others].

The main objective of this study was to analyze tegularities in
compositional variations of Zimni Bereg kimberlitesd their allied volcanic
rocks, which have been revealed based on gendiatfiznd interpretation of data
on geology, petrography, geochemistry and highsumresmineralogy for all (more
than 60) known igneous rock bodies in this proviioeluding about 4000 mantle
xenoliths samples), along with Nd-Sr isotope data30 igneous rock bodies
representing all volcanic rock varieties of the dirBereg district.

The obvious spatiotemporal unity of the Zimni Benagjcanics and their
general similarity in geological structure suggesine consanguinity for all Early
Hercynian volcanic rocks in this province, which,turn, enables one to treat this
volcanic area as a “spatiotemporal developmenthi®mantle chamber evolution”
[Vaganov, 1987]. Analysis of this evolution was fpemed through isoline
mapping of different compositional characteristics Zimni Bereg volcanics.
Geochemical and isotope studies were conductedopriedntly with autolithic
inclusion. In isoline mapping, arithmetic averagdues of the parameters being
plotted were used for each particular igneous fuoxky.

When plotting the model plans and sections forujweer mantle of the study
area to illustrate the rock spatial arrangementdiffierent mantle rocks, we
assumed that each volcanic pipe is a “natural lmdeélof a sort, such that the
high-pressure material it contains must, in one w@gnother, have bearing on the
sequence of “sampled” mantle rocks underlying e [2]. The “arrangement”
of the different mantle rocks in depth was perfainteaving regard to the
following inferred direct correlation: “forming pssure of mantle xenolith mineral
suites = lithostatic load = rock occurrence depp”
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MINERALOGICAL AND GEOCHEMICAL PECULIARITIES

of Zimni Bereg volcanic rocks

Comprehensive examination of Zimni Bereg volcanackr occurrences
revealed that among local kimberlites rock are esentatives of two distinct
groups (series), drastically different from eacheotin most of the compositional
characteristics, including geochemistry, isotopesncistry and high-pressure
mineralogy: Al-series and Fe-Ti-series [8,9] (Fgul). Within each of these
series, kimberlitic rocks also differ from each ath however, only
“quantitatively”. The “qualitative” dissimilarityn rock composition is related to
peculiarities of the initial mantle substrate, thheantitative” distinctions are due
to differentiation nuances of the products of alithantle substrate transformation
(extent of disintegration and partial melting).

ity
P,
11
gE
|
Arkhangelsk
Kimberlite rocks:
© Al series 4?
A Fe-Tiseries oL
<= Basalts 0 20 KM
e

Fig. 1. Distribution of volcanic rock on the Zimny Bereg kimberlite area.
I-1l — line of the section for the figure 7.
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The Al-series kimberlitic rocks formed from an extrely geochemically
“depleted”, homogeneous “dunite” substrate, which reflected in the very
restricted set of mantle rock relicts occurringkimberlites: chrome spinel dunite
(sharply predominating), garnet dunite (rare), gietrie (very rare), pyroxenite and
eclogite (few if any).

The Fe-Ti-series kimberlites formed from a heteregpeis “eclogite-
peridotite” mantle substrate of “fertile” type, whi manifests itself in the very rich
spectrum of mantle rock relicts in these kimbeslitggarnet peridotite and
pyroxenite; ilmenite, garnet-ilmenite and garnetleuperidotite; various eclogite
(Groups A, B and C) and grospydite rocks; clinopgre-phlogopite metasomatic
rocks; lastly, varuous megacrists (garnet, oliviohopyroxene, clinopyroxene ,
phlogopite, ilmenite, rutile, omphacite-jadeite).dases where the rocks contain no
mantle xenoliths, mantle material products occulliseries kimberlites as single
grains of chrome spinel and\or, more rarely, chrai@side and pyrope, while in
Fe-Ti-series rocks they occur as single graindabpmenite, pyrope and\or, more
rarely, chrome spinel, but most commonly as Ti-retom spinel from the rock
matrix.

The two kimberlitic series differ drastically in@ghemistry. The Fe-Ti-series
rocks are characterized by significantly higherntreverage concentration of
incompatible elements, primarily and particularly Ta and Nb, and also Th and
Hf. This agrees perfectly with the abundance ofgilimenite, the main high-
pressure host mineral for Ti, Ta and Nb, in theeptal mantle substrate of Fe-Ti-
series kimberlitic rocks.

Within each of the two series, the rocks form ragidequences (rows), in
order of decreasing ultramaficity, from diamondifes kimberlites to melilitites
and picrites, which shows as a decrease in higbspre material (olivine
macrocrystals and mantle nodules) content fromd0% to trace amounts, along
with an increase in relative abundance of kimbeniitelt crystallization products
(phenocrysts of olivine, melilite, nepheline, phdpge, Ti-rich chrome spinel and
glass). Along with this, concentration of compatildlements also show regular
trends of decrease in Ni, Cr, Co contents and ngagnendex and increase in Al,
Ga, Y, Na, Fe, V and Sc contents. Diamond poteofidhe rocks in each of the
two series depends on how close are their mineratlesy and chemical
composition to those of the initial diamondiferoukramafics of the melting
mantle substrate.

The Al-series rocks form a sequence (row) from diadiferous kimberlites
of the Zolotitsky pipe cluster (the Lomonosov depdas kimmelilitites (the term
taken from [Milashev, 1974]) and divine melilititesf Verhotina, Suksoma,
Chidviya and Izhma. The Fe-Ti-series rocks formoa ifrom diamondiferous
kimberlites of the V. Grib deposit and poorly diamdderous kimberlites of
Pachuga to kimpicrites [Milashev, 1974] and mdilgicrites of Shocha, Kepina,
Soyana, Pachuga and Megra. The carbonate-phlog@otnées comprising the
famous sill at the Mela River occupy a peculiantérmediate” position in the
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Zimni Bereg magmatic system, being just somewhaiserl to Al-series
kimberlites.

By a set of compositional characteristics, the Fe€fies kimberlitic rocks of
Zimni Bereg are similar to the petrological typeckened as Group 1 South
African kimberlites, for which an asthenosphericnti& source is inferred. The
asthenospheric effect manifests itself in the nalogical characteristics of the Fe-
Ti-series rocks (presence of picroilmenite, “nompldéed” peridotite and
megacrysts), as well as in their geochemistry (lkighTi, Nb and Ta contents) and
Nd-Sr isotope characteristics (close to BSE) [Lasl®/9]. As regards Al-series
rocks, they are in some respect similar to theopmgrcal type known as Group 2
South African kimberlites, for which an old lithdsgric mantle source is inferred.
Along with this, the Al-series rocks appear to bgoad candidate for the role of a
“petrological type” for kimberlites of lithospheriorigin (no matter what their
name will be). Those rocks are stronger geocheiypidapleted and dissimilar in
composition relative to Group 1 asthenospheric krfiles (and to Fe-Ti-series
Zimni Bereg kimberlitic rocks) than the South Afit Group 2 kimberlites,
obviously being related to an extremely depletedhtteasubstrate. Alternatively,
the role of petrotype for the geochemically “deptBtlithospheric mantle could be
played by the homogeneous “dunite” substrate ofZimeni Bereg district [11],
and its geochemical characteristics, when calalilaie average composition
parameters for the most abundant mantle rock x#sofrom kimberlites of the
Zolotitsky pipe cluster, may be of great petroladionportance, along with the
average “primitive mantle” composition.

The “Ta-Sc” diagram is the most efficient and cameat discrimination
diagram being used to group (typify) kimberlites ¢pgochemistry and identify
particular kimberlitic rock varieties within theguiously identified series (Figure
2). This diagram enables one to take into accdumigeochemical type of mantle
source and the extent of differentiation (and ufiméicity) of kimberlitic melts at
once, since Ta content of the kimberlitic rock eet the extent of asthenospheric
influence on the mantle source, and its Sc coritaatbearing on the ultramaficity
of this rock.

In kimberlite geochemistry studies, only autolithed bulk of rock with
xenogenic material content not higher than 5% aally dealt with. The bulk
rock composition is indicative of the abundancalepth-derived mantle material
relicts (primarily, olivine macro crystals) in thexamined rock, and the
composition of autoliths has bearing on the charaatd extent of kimberlitic melt
differentiation. It is precisely the pair “autohktbbck bulk free of xeniliths” that
yields maximum geochemical information on a kimiberlrock. As regards
isotope chemistry studies, these are only worthevhilth autoliths or effusive-
appearing rocks.

In the “Ta-Sc” diagram, the Fe-Ti-series rocks mr@minent due to high Ta
content of their autoliths (10-40 ppm), with norsfggcant difference found in this
respect between kimberlites, kimpicrites and pasritThe lowest Ta contents (8.6
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ppm for autoliths and 3.3 ppm for kimberlitic tites) are found in the
diamondiferous V.Grib pipe, which is characterizgdthe highest ultramaficity

among the Fe-Ti-series kimberlitic rocks.
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Fig. 2 Diagram of Ta-Sc for Zimnii Bereg volcanic rocls.

Lines show of Al series and Fe-Ti series volcankrcomposition trends. Rhomb shows the «primitive
mantle» compositions [15]; circle shows the «degglehantle» compositions [11].

The Al-series rocks are characterized by a lowanthverage Ta content
(below 5 ppm), with the following trend: in the roVkimberlite-kimmelilitite-
pyroxene-free olivine melilitite”, the Ta contendrssistently decreases from 3-5
ppm to 2-3 ppm and 0.5-1 ppm, respectively. Alonthwhis, Sc content of the

rocks increases from 8 to 21 ppm.

Compositional trends of all kimberlitic rock typeand even of the
“geochemicaly enriched” Fe-Ti-series rocks, origgnprecisely from the field of
the calculated average “depleted” mantle compasitather than from the field of
average “primitive” (or “fertile”) mantle compositn. Quite close to each other are
kimberlitic tuffisites from the Lomonosov and V.Brideposits with a high
proportion of crushed mantle material; these rarkesmost similar in composition
to mantle peridotite.

When analyzing the Nd-Sr isotope characteristicghef kimberlitic rocks
(Figure 3), a situation similar to that describdd\ae is observed in theSreNd
diagram: different Fe-Ti series rocks, regardlegstheir ultramaficity (be it
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kimberlite, or kimpicrite, or picrite), are charagized by quite similar parameters,
close to BSE (which is characteristic of asthenesphmantle, as was revealed
previously [4,5]). Alternatively, Al-series rockserin a regular row (according to
the trend of change in Nd-Sr isotopic charactes$twithin the compositional

field of old, enriched lithospheric mantle: fromadiondiferous kimberlites of the
Lomonosov depositeNd = -2.5 / -4.9gSr = -4.2 / -18.8 ) to melilitites of 1zhma
and SuksomealNd =-8.6 / -10.2gSr = -29.6 / -60.5).
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Fig. 3. Sr and Nd isotopic composition of the Zimni Bereg inberlitic rocks
(for a kimberlite age 370 Ma).

To summarize, based on the most indicative isotagpid geochemical
characteristics, the Fe-Ti-series kimberlitic rofdisn a quite homogeneous group
(regardless of their degree of ultramaficity), wdes the Al-series rocks are
characterized by regular and intercorrelated vanatin composition, including the
Ta-Sc relationships and Nd-Sr isotopic parameters.

Analysis of the spatial distribution of kimberliticocks with dissimilar
compositional characteristics in the Zimni Beregaanllows us to make certain
inferences as to one of the factors probably resptanfor the actual diversity of
local kimberlites and their allied rocks.
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ZIMNI BEREG KIMBERLITIC ROCKS: RELATIONSHIP

BETWEEN COMPOSITIONAL PECULIARITIES AND SPATIAL

localization

The regular distribution of different compositionaharacteristics of
diversified volcanic rocks within the Zimni Beregea appears to be evidence for
some consanguinity of these volcanics [8,9]. Thetmegular pattern, with evident
central symmetry, characterized the distributionTofand Ta concentration in
volcanic rock autoliths (Figure 4). Ta is an indoraof the presence of ilmenite
ultramafic rocks in the deep-seated substrate rareilmenite is the main high-
pressure host mineral for Ta in kimberlites [3]a iFoconcentration lines form a
clearly concentric pattern within the Zimni Beregea with Ta concentration
peaks shown by the rocks located in its central @aad low Ta content values
characterizing the volcanics occurring in the maagzones of this area. This Ta
distribution pattern agrees well with the spatiadtiibution of mineralogical
peculiarities characterizing the local volcanicémeanite-bearing Fe-Ti-series
kimberlitic rocks occur in the central part of taea, whereas ilmenite-free Al-
series rocks and basaltic occurrences are confongsl marginal zones. Moreover,
Al-series rocks themselves also show a regulargdamtheir Ti and Ta contents
with distance from the central part of the areapé#mticular, when passing from
kimberlites of the Zolotitsky pipe cluster throuGhidviya kimmelilitites to 1zhma
melilitites, Ta content of the rocks regularly deases from 3-5 ppm to 2-3 ppm
and to 0.7-1 ppm, respectively.

Kimberlite ropksf . / Kimberlite rocks:
© Al series R b %/ © Alseries
A Fe-Tiseries A + 5 A Fe-Tiseries
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Fig. 4. Isolines of TiG, content (through 0.2 wt. %) and of Ta content (though 1 ppm) in
the autoliths of the Zimni Bereg volcanic rocks.
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A similar pattern, with an obvious central symmetoharacterized the
distribution of Nd isotopic characteristics of tn@canic rocks in the Zimni Bereg
area. This holds both faNd and for model age of mantle source as determined
relative to depleted mantle (FDM) and to uniform chondrite reservoir
(Two)CHUR).

As regard€Nd (Figure 5), it shows a regular change, fromvaleles typical
of weakly depleted mantle and BSE in the centrdl plathe study area, i.e., in the
zone of development of Fe-Ti-series rocks (+0.12d), to the values typical of
wearly enriched mantle shown by Zolotitsky clugiéseries kimberlites (-2.6 to -
4.9) and Chidviya and Verkhotina kimmelilitites .(t6to -7.2) and, further, to
values typical of enriched lithospheric mantle éxiedd by Izhma and Suksoma
melilitites (-8.6 to -10.2).
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Fig. 5.1solines of€'yg and of €'s; in the autoliths of the Zimni Bereg kimberlitic rocks.

The distribution of theeSr parameter in Zimni Bereg volcanics (Figure 5),
while largely depending on the degree of alterabbithe rocks being analyzed ,
yet proves to show a regular trend of change, inegative weakly positive values
in the central part of the area, i.e., in the zoh€&e-Ti-series kimberlites (-9.7 to
+15.8), to values typical of weakly enriched mastiew by Zolotitsky cluster Al-
series kimberlites (+4.2 to +18.8) and Chidviya arerkhotina kimmelilitites
(+4.8 to +24.3) and, further, to values typical efriched lithospheric mantle
exhibited by Izhma and Suksoma melilitites (+29.6-60.5).

The model age of mantle source determined relatvealepleted mantle
(Tino)(DM)) shows a similar regular trend of change (fFeg$). The youngest
model age characterized the Fe-Ti-series kimbertcks in the central part of the
area (on the average, 850 Ma); older-dated mardleces are inferred for
Zolotitsky cluster Al-series kimberlites (1250 Mand Chidviya and Verkhotina
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kimmelilitites (1520 Ma); lastly, the oldest modayje would characterized the
mantle source for the Izhma and Suksoma melili{2d4.0 Ma).
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Fig. 6. Isolines of Tnp)DM and of Tnpy)CHUR (Ba) in the autoliths of the
Zimni Bereg kimberlitic rocks.
The model age of mantle source determined relabvaniform chondrite
reservoir (Tap)CHUR), being generally about 500 Ma younger thas{{DM)),
exhibits the same trend of change.

RESULTS AND DISCUSSION

The distribution of different compositional charxtstics of the diversified
kimberlitic rocks in the Zimni Bereg district is yeregular, symmetric and
interrelated. The Fe-Ti series kimberlitic rockscrring in the central part of the
area, show a set of mineralogical, geochemical Naibr isotopic characteristics
suggesting an asthenospheric origin for these rgakandance of picroilmenite
along with high Ti, Nb and Ta contents, and Nds®topic Characteristics close to
BSE). Diversified Al-series kimberlitic rocks, grfedly related to old, enriched
lithospheric mantle [4,5], occur in the marginahes of the Zimni Bereg area.
These rocks show a regular change in compositioenwgassing from the very
marginal zones to the zones located closer to émtre of the area. They are
characterized by the following “centripetal” trends, Nb and Ta contents of the
rocks gradually increase, their Nd-Sr isotopic ektaristics become closer to
BSE, and the model enrichment age for the mantlgcsorelative to chondrite
reservoir becomes younger (from 1480 Ma in the veayginal zones to 650 Ma
in the zones located closer to the centre of tha)aAlong with this, the intrusion
age (determined from paleofloristic data, with searadiogeochronic data
involved [7,9]) proves to be nearly the same fdrkalbow volcanic rocks of the
Zimni Bereg, namely, Late Devonian (360-374 Ma)jclhs generally close to the
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model enrichment age of mantle source determinkadivie to chondrite reservoir
for Fe-Ti series Zimni Bereg kimberlitic rocks.

It is interesting that the intrusion age of the XGpipe, be it determined
based on paleofloristic data (Late Devonian: 360-Bla) or by isotope dating (
Rb-Sr: 372 +/- 8 Ma), is very close to the Nd-modetichment age of mantle
source for kimberlites comprising this pipenNd) (CHUR) = 351 Ma) and to the
age of mantle metasomatic rock xenoliths from tames pipe (Rb-Sr: 372-385
Ma), as well as to the age of garnet-ilmeniteapiyroxenite from its “scarnoid”
zone, i.e., zone of contact with garnet lherzo(Rb-Sr: 361 Ma). This fact
suggests that the processes of mantle source smmthwith LREE, formation of
ultramafics and metasomatic rocks of the mantlestsate, and intrusion of the
V.Grib pipe kimberlites were nearly synchronous (be geological scale) and
could be interrelated .It is probable that the fation of the V.Grib pipe and other
Fe-Ti-series kimberlitic rock occurrences of thendi Bereg area had its origin in
some asthenospheric material intrusion (diapiriclamal) into the lithospheric
mantle in the Middle to Late Devonian. This intarsimust have been quite local
(several Tens of kilometers across) and probabhad partially tectonic contacts,
but, anyway, it was capable of forming vast zorfenetasomatized (reworked to a
variable extent) lithospheric mantle rocks arousdlf, from which the diversified
local Al-series kimberlitic rocks could have origted. Gradual metasomatic
transformation of mantle rocks, up to complete aepiment of common garnet
peridotite by garnet-ilmenite peridotite, is obsshin mantle rock xenoliths of the
V.Grib pipe.

The spatial trend of change in model enrichment @gmantle source for
different Al-series Zimni Bereg kimberlitic rock¢hé closer to the centre of the
area, the younger the source enrichment age) mayéd¢o gradual change in Nd
isotopic composition under the action of the youagthenospheric diapir
(intrusion) rather than to several enrichment evéimat could have taken place at
different times. In line with this gradual changbke calculated model age of
mantle source enrichment also tends to change ailgdwhich may be an
artefact. Metasomatic “steaming” of surroundingdgpheric mantle rocks by the
asthenospheric diapir could cause changes in tp@ichemical and isotopic
characteristics (gradually weakening with distafroen the diapir) which in turn,
could give rise to changes in geochemical and fBoteharacteristics of the
kimberlites that formed as a result of melting lbése mantle rocks. A model
section of the upper mantle of the Zimni Beregralisis shown in Figure 7. It is
probable that the intensity of asthenospheric efbecthe old lithospheric mantle,
which results in certain complication of structared composition of mantle rocks
in the kimberlitic magma generation zone, is on¢hefcrucial factors responsible
for the diversity of kimberlitic rocks occurring ithe Zimni Bereg area (and,
probably, this is true for other provinces worldejd
In other Middle-Late Devonian melilitite-kimberlitiprovinces of the northern part

of the Russian platform, asthenospheric effechemtantle substrate manifests
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itself quite variously and, in general, less chgdinan in the Zimni Bereg district.
This effect is most prominent in the Umbinsky dddtrMiddle Timan, where
kimberlites and kimmelilitites are characterizedthg presence of picroilmenite,
high Ti, Nb, Ta and K contents, and Nd-Sr isotagraracteristics close to BSE.
The model age of rocks comprising the Sredn{enskmeaTnd
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Fig. 7. A model section on line I-11 (see figure 1) of theipper mantle of the
Zimni Bereg district.

A - asthenospheric intrusion, L - lithospheric nanDifferent shading - zones with
varying intensity of metasomatic working of lithdspic mantle rocks formed under the
influence of an asthenospheric intrusion. Ovahe magma generation zones for different
volcanic rock types. Above - character of changesotopic-geochemical characteristics of
volcanic rocks of the Zimni Bereg area on a lire I-

(CHUR) = 355 Ma, which is essentially the samehad of the V.Grib pipe
kimberlites (351 Ma) and of other Fe-Ti-series kariic rocks of Zimni Bereg.
In kimberlites and mililitites of the Tersky Berealystrict, Kola Peninsula, the
asthenospheric effect is less pronounced: thedes roontain no picroilmenite,
however, being characterized by higher than avefagélb, Ta and K contents
and Nd-Sr characteristics close to BSE (except th@ higher than average
proportion of radiogenic Sr in melilitites). In thMyonoksa district, Onega
Peninsula, no sign of asthenospheric influencehenpairental mantle substrate of
melilitites is evident. Being strongly impoverishédepleted) in incompatible
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elements (including HFSE, i.e., Ti, Ta and Nb ) @aatopically enriched, these
rocks are similar in geochemistry and Nd-Sr isatagaracteristics to pyroxene--
free melilitites of Izhma and Suksoma in the ZirBereg area.

CONCLUSIONS

The heterogeneous “eclogite-peridotite” mantle sabs of the central part of
the Zimni Bereg district is comprised of garnetigetite and clinopyroxenite,
ilmenite peridotite and clinopyroxene-phlogopite tas®@matic rocks, i.e., it is
geochemically non-depleted, or “fertile”, which maye evidence of its
asthenospheric origin. This substrate obviously egated the Fe-Ti-series
kimberlitic rocks, which appear to be analoguesGmup 1 South African
asthenospheric kimberlites. The gomogeneous “dunsigostrate, which is
characteristic of the marginal zones of the Zimmrd®) district, is comprised
essentially of chrome spinel dunite. This substiiat extremely geochemically
“depleted”, which may be evidence of its relatiapsto old, geochemically
depleted lithospheric mantle. The diversified Afise kimberlitic rocks that
formed from the “dunite” substrate show a regulaange in their compositional
characteristics depending on their location withi area. As the central zone with
the heterogenic “eclogite-peridotite” substratapproached, pyroxene-free olivine
melilitites (Izhma, Suksoma and others) give wakitomelilitites and phlogopite
kimmelilitites (Chidviya, Verkhotina pipes), andeth to kimberlites (Zolotitsky
cluster pipes). In this succession, Al-series rati®nv a regular increase in Ti, Nb,
Ta and K contents along with an increase in phldgagntent, while their Nd-Sr
iIsotope characteristics grade from the values &paf isotopically enriched
lithosphere to BSE. This may be due to graduahgtreening of the influence of
the asthenospheric intrusion on surrounding lithesic mantle rocks as the
contact zone is approached. The intensity of asmreric influence on the
mantle substrate, which manifests itself in kimiberimineralogy (presence of
picroilmenite ), geochemistry (Ti, Nb and Ta cons¢nand Nd-Sr isotopic
characteristics (closeness to BSE), appears tmé®bthe definitive classification
criteria for typifying kimberlites by composition.

It is quite probable that the wide variety of kimliiee rocks appearing
somewhat “intermediate” between the two kimberlgetrotypes by isotope
chemistry and geochemistry is related to varyirtgnnity of some infiltration and
/or diffusion (i.e., magmatic and/or metasomaticife of an *“active”
asthenospheric mantle source on a “passive” lithexsp mantle substrate rather
than to simple intermixing of mantle matter fromot{or more) different sources.
This effect may result in the formation of a mardléstrate with very complex
structure and composition, both due to participatid newly formed rocks of
asthenospheric origin and because of varying iitteaEmetasomatic effect of the
asthenospheric intrusion on old lithospheric rockfie great diversity of
kimberlitic rock varieties may be essentially doeheterogeneous structure of the
mantle in the kimberlitic magma generation zone.
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This study is illustrative of the fact that ana$ysf all plausible characteristics
of all known volcanic rock bodies within an ignequsvince enables one to reveal
a lot of interesting regularities, often interreldt sometimes unapparent and, not
uncommonly, even unexpected.
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UDK 550.4:552.323.5:551.732.2
Geochemistry of within-plate basaltic lavas from tie SW Paleo-
Asian Ocean: evolution of plume magmatism from théate
Vendian to the Early Cambrian

Safonova l. Yu.

Institute of Geology and Mineralogy SB RAS, NowvsibRussia; inna@uiggm.nsc.ru

A group of seamounts existed in the south-westated?Asian Ocean and was
produced in Late Vendian - Early Cambrian time die oceanic hot spot
magmatism. Major and trace element concentratiamsl Sr—Nd isotopic
compositions of pillow lavas and flow samples ine tiKurai and Katun’
Paleoseamounts of Gorny Altai provide50 Ma record of the chemistry of the
Hawaiian-typenagmatism manifested during the evolution of thie¢#&sian Ocean
from 600 to 550 Ma. These data demonstrate that there lasge variationsh the
composition of magmatism over this period. Thaileiibasalts from the Kurai
paleoseamount (600 Ma), southern Gorny Altai, héameer concentrations of
incompatible trace elementmd higher*’Sm/*“Nd ratios, compared with younger
tholeiitic andalkaline lavas from the Katun’ paleoseamount (558) ®utcropped in
northern Gorny Altai. The Katun’ lavas have tratenentcompositions similar to
those of lavas from the Hawaiian Islan@ise **’Sm/**Nd ratio extends to a lower
value compared to the Kurai lavas. We suggestthieablder Kurai paleoseamount
was built upon thin lithosphere closer to a forrspreadingentre than the younger
Katun’ lavas. However, the trace-element and isot@ompositionsof the older
Kurai lavas appear to rule out plume-ridgeeraction as an explanation for their
depleted composition$he observed temporal chemical and isotepitations may
instead be due to variations in the degreenefting of a heterogeneous mantle,
resulting from differenceis the thickness of the oceanic lithosphere upoithvthe
Kurai and Katun’ Paleoseamounts were constructedinD the Late Vendian, when
a Paleo-Asian Ocean plume was situated beneathggouthin lithospherethe
degree of melting within the plume was greater, ammbmpatibletrace element
depleted, refractory mantle components contribubede to melting. In the Early
Cambrian, i.e. 50 Ma laterthe plume “tapped” the thicker lithosphere resgiltin
lower melting degrees and more enriched componeoits lower mantle
heterogeneities contributed to the basaltic melt.

KEY WORDS:Kurai paleoseamount; Katun’ paleoseamqguoteanic plume;
lava geochemistry; lithosphere thickness; mantlkefogeneity

INTRODUCTION

Hotspot (within-plate) magmatisns generally thought to be the surface
expression of mantlelumes—columns of relatively hot material risingrfrdeep
mantle [15]. Geochemical studies of Precambriamdzaic within-plate
magmatism can therefore potentially give insigiméo the structure and
composition of the Earth’s deepantle existed at that time. Previous studies ef th
Kurai and Katun’ Paleoseamounts (Fig. 1) which odouGorny Altai orogenic
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belts, SW Siberia, Russia - have shown that thentda compositions of intra-
plate oceanic lavas are more diverse thase of lavas from mid-ocean spreading
centers of the Paleo-Asian Ocean, which saroplg the uppermost mantle (e.g.
[4, 10, 25]). The origin of thehemical and isotopic heterogeneity in both young
and old within-plate oceanic lavessunclear, although subduction of oceanic crust
and sedimenis probably responsible for generating heteroggneitthe deeper
mantle [10, 11].

Biysk-Barnaul basin
|

|I”It Chagan-Uzun 7/
\_[_Altai-Mongolian] | | | o
83° i( L1 tlell'rlalllel L 88° ) é()\)‘!s
| \ B o

[ 1] Cenozoic Gondwana-derived terranes oceanic crust €,-O,
forearc trough O, E thrusts Strike-slips
Early Cambrian accretion wedges: Vendian-Cambrian island arc:
olistostromes tholeiite-boninite series
Paleoseamount carbonates calc-alkaline series
OIB, OPB gabbroic massifs
] o I A s

Kr - Kurai and Kt - Katun paleoseamounts

Fig. 1.Location of Kurai and Katun accretionary wedges andregional geology
of Gorny Altai (modified from [3])

Seamount chains, created when oceanic plates mese mantleplumes,
record changes in the composition of lavas erugbedea single plume over time.
The study of temporal changes in ttemistry of within-plate magmatism can
give us insights into thmfluence of the oceanic lithosphere on the chewnit
within-plate lavas [1, 6]. In order to use tpeochemistry of within-plate lavas to
probe the composition e deeper mantle, it is important to know theuefice
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of shallow-level processes such as these on the cgrofsoceaniasland lavas.
The existing data show that along sossamount chains, there are significant,
systematic variations lava chemistry, whereas other hotspots appedrate
eruptedlavas with very similar composition over long peisoof time.For
example, the composition of the lavas erupted altogélawaiian hotspot in the
southern Pacific has changed significantly overphst 80 Ma. The lavas from the
Hawaiian Islands erupted between 80 Ma and theepteasnd appear tshow
temporal changes in trace element and isotope stigmGeochemical variations
among lavas are explained by variations in dstance from spreading centers
and/or by their eruption over the oceanic lithosph# variable age and therefore
thickness [20, 21].

In this paper, we present the results of a geodat@ratudyof lavas from the
Kurai and Katun’ paleoseamounts from Gorny Altayckhwvere formed in the SW
Paleo-Asian Ocean and provide a 50 Ma rec¢tnam 600 to 550 Ma) of the
geochemistry of a paleooceanic mamiieme. The Paleo-Asian Ocean existed in
Vendian time between Siberia and East Gondwanacaoltl be up to 4000 km
wide (e.g. [14, 26, 33]). Its NE branch was clogsetlate Carboniferous-Permian
time as a result of the collision of the Kazakhstaa Siberian continents. The
fragments of the oceanic crust of the Paleo-AsiaeaD, including ophiolites and
plume-types basalts (oceanic island/plateau basalt®IB/OPB) have been
preserved in Altai-Sayan area (ASA) — a Caledondlisional zone at the western
and southern margins of the Siberian continen22325].

Previous geochemical studies of these lavas hahewn that the trace
elements of théavas from the oldest, Kurai paleoseamount difignificantly
from those of the younger Katun’ paleoseamountZ3R-The existing data also
show that the chemical variations are largely caeghavithmost other seamount
chains ([21] and the references cited therein).thi¢éeefore carried out a detailed
geochemical and preliminary isotopic study of latt@sn the Kurai and Katun’
Paleoseamounty document in detail the temporal variations iRam@c plume-
related magmatisend estimate their origin.

AGE OF BASALTS AND SAMPLE LOCATION

The geological position of the Kurai and Katun’ @tmonary wedges —
structures hosting the Kurai and Katun’ Paleoseantspuespectively - has been
previously discussed in many publications (e.g.325, 22, 25) (Fig. 1). In both
structures basalts are closely associated withethypes of paleoseamount
sedimentary rocks: carbonate cap, slope facies saithsedimentation (Z-shaped)
folding textures and foothill sediments. Here weulddike to focus on the dating
of basalt-sedimentary units. The age of the Kuade@seamount was estimated as
Late Vendian by the Pb-Pb isochronal 598+25 Maaigbe 500-m thick massive
carbonate cap conformly overlying the pillow la&s 29]. The dating of the
carbonate unit was performed by Uchio et al. [29]the Tokyo Institute of
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Technology. The basaltic units of the Katun’ paéaaount are overlapped by
slope-facies seamount sedimentary rocks. The nussdf assemblages of
microphytolites, calcareous algae and siliceoushgpaspicules in the overlying
sediments indicate that the age of the Katun’ mamount ist least 550 Ma

(Lower Cambrian) as was determined by Terleev.428].

The previous papers of Safonova and co-authorsepted the detailed
description of geochemical characteristics of 2alditic basalts of the Kurai
seamount and 9 lava samples from the Katun’ seam@2R25]. The samples
providea ~50 Ma record of the geochemistry of Paleo-Asianadceithin-plate
magmatisnmbetween~600 and 550 Ma. Kurai seamount basalts were sangiled
the Karatyurgun’ River, east of Kurai Vil., and Kat basalts were sampled in the
Akkaya Valley, SW of Chagan-Uzin Vil., and south @$t'-Syoma Vil. [5, 25].
The paper presents 11 more trace-element and 5 isetopic analyzes of
paleoseamount basalts from both localities.

SAMPLING PROCEDURES AND ANALYTICAL METHODS

Samples for geochemical analyses were obtained theneast altered and
deformed outcrops of pillow-lavas and flows in tkarai and Katun’ localities
(Fig. 1). All the samples were powdered using aateagill. Major element oxides
were 101 wt%.

All analyses except for several XRF determinatimese made at the Institute
of Geology, Siberian Branch, Russian Academy oésm. Abundances of major
and trace elements (Rb, Sr, Ba, V, Ni, Zn, Ga, ¥ Nb) were determined by XRF
using a “Nauchpribor” spectrometer (analytical madure following the Russian
state analytical standard OST-41-08-212-82 Ming88F; analyst — A.D. Kireev)
and SR XRF (synchrotron radiation XRF, descriptidriechnique see in Phedorin
et al. [17]). Abundances of Sc, Cr, Co, Hf, Ta, did rare earth elements were
determined by instrumental neutron activation (gstaV.A. Bobrov) using Ge
detectors for Y-rays higher that 30 KeV and beld@@ KeV. For verification of
obtained INAA and XRF results 29 trace elements ERBFSE, LILE) were
determined in 3 samples by inductively coupled mpkasnass spectrometry ICP-
MS) using a Finnigan mass-spectrometer in theturistof Geology, SB RAS. The
observed discrepancies between INAA/XRF and ICP mt&hods respectively
appeared to be less than 10% for REE and lessl&fanfor other trace elements.

Sr and Nd isotope analyses were carried out atv#greadskiy Institute of
Geochemistry and Analytical Chemistry RAS, Moscowder supervision of Dr.
Yuri Kostitsyn. The accuracies achieved were <1#&f0/Sr, <0,01% fof'SrFSr,
<0,1 % for Sm/Nd, < 0,005% foNd/***Nd. Nd and Sr isotopic ration were
determined by mass spectrometry using a TRITONunstnt. Rb, Sr, Sm and Nd
concentrations were determined by isotope dilutidme samples were digested in
HF-HNG; in titanium autoclaves equipped with fluorpladticshes at 20C for 2
days, also using a mix&Rb-2‘Sr tracer. Rb, Sr and the rare-earth elements (REE)
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were separated using a chromatography cation egehachniques on fluorplastic
columns with 3,5 ml Dowex 50x8 resin usingl2,ACI as eluant. Nd and Sm were
separated on Eichrom Ln.spec columns usingdg®d 0,75 HCI as eluants,
respectively. The SRM-987 Sr and La Jolla Nd staigla gave
87SrP°Sr=0,710256+18 (@ n=21) and**Nd/**Nd=0,511843+11 (&, n=19).

RESULTS
Major and trace element composition

Major and trace element data for the Kurai and KaRaleoseamounts lavas
are illustrated in Figs 2-4. Alteration has modifie compositionsf most of the
samples analyzeds a result, concentrations of mobile trace elesi@nimanyof
the samples cannot be considered as primary. Wadsrmost LILE as relatively
mobile elements during post-magmatic alteratiorcgsses. Post-eruptive growth
of secondary minerals (particulartalcite, quartz, chlorite) in vesicles, together
with variable replacememtf olivine, orthopyroxene and plagioclase by aliera
products suchas saussurite, calcite and Fe-hydroxides, havectatfethe
concentrations of some major elements such as Ca\a&and P, given the
observed abundance of these secondary minerthle most altered samples.
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Fig. 2.Major element compositions of Kurai and Katun pale@eamount lavas. The lower
TiO, and P,Os contents of the Kurai tholeiites compared to Katuhand Emperor-Hawaii
lavas should be noted.

Kurai Paleoseamount600 Ma)
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The 19 selected samples from the Kurai localityehdiwerse petrographic
textures, ranging from fine- to medium-grained adajgidal and porphyritic. The
samples are highly altered clinopyroxene = plagiselphyric basalts, with
Mg#=66-36. TiQ and BOs contents ranging from 0.43 wt% to 2.3 wt % andadrfro
0.1 wt% to 0.58 wt%, respectively. The Kurai Paésosount lavas have lower
concentrations of Ti©andP,Os than tholeiites from the Katun’ Paleoseamount
and from the Hawaiian tholeiites (Fig. 2).

The Kurai tholeiites have lower concentrations loé highlyincompatible
trace elements, e.g. Th, Nb, La, Yb, than thoteilasaltsfrom the Katun’
Paleoseamount and Emperor-Hawaii Chain with simidgO (Fig. 3).
Concentrations ofh and Nb lie at the depleted end of the rangén@efEmperor-
Hawaii seamount lavablowever, concentrations of the heavy rare eadments
(HREE) in the Kurai lavas are higher than thoseélaivaiian lavas (Fig4a), and
La/Yb ratios are intermediatbetween those of tholeiites from the Hawaiian
Islands and mid-oceardge basalt (N-MORB) from Sun, McDonough [27] (Fig

3).
4T *
(a)
3 T "
* L Fig. 3 Nb versus Th (a) and La/Yb
E 2T N . (b) variations in Kurai
A and Katun tholeites. Data
sa g = for Emperor Seamount
1T o gets 2 tholeiites [21] and for N-
| = MORB (triangle) and
P OIB (star) [27] are shown
9 +~-*+r——t——+—1—+— for comparison. Other
0 10 20 50 40 50 symbols see in Fig. 2.
Nb KatunPaleoseamount(
(b) % 550 Ma)
16 +
L ]
12 + - .
[ i =
B P ]
8+ a b
i L
.- i Fy
-“. ] " E
T L 4
0 * ; } } } ;
0 10 20 30 40 50
Nb

164



Deep-seated magmatism, its sources and plumes

The 17 samples from the Katun' locality are thdieiiand alkaline
clinopyroxene and plagioclase basaltic porphyri@staining 3.5-8.7% MgO. The
Katun samples have higher hi@nd BOs contents compared with those of the
Kurai lavas and overlap with the Hawaiian lavaallrbivariant major oxide versus
MgO plots (Fig. 2).

100

Kurai

10

sample/primitive mantle

100

10

sample/primitive mantle

MORB

Th Nb La Ce Nd Zr Hf Sm Eu Gd Tb Dy Y Ho Er Tm Yb Lu

Fig. 4.Multi-component diagrams of Kurai and Katun’ paleoseamount lavas (with MgO
ranging from 3.9 to 7.9 and from 3.5 to 8.7 wt.%, @spectively).

The bold dashed lines represent average OIB andORB1of Sun, McDonough [27] (upper and lower
curves, respectively). The bold black lines repnesgpical Daikakuji (42 Ma) and Detroit (81 Ma)ks
of the Emperor-Hawaii seamount chain (upper anafaurves, respectively).
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Compared with tholeiites from the Emperor-Hawaii aibh the Katun
tholeiites have similar concentrations of the hyghicompatibletrace elements
(Figs 3 and4b). Concentrations of the most incompatielements such as Th are
lower than is classic OIB of Sun and McDonough [®tdf similarto the Th
concentrations in the Emperor-Hawaii seamount laj28] (Fig. 3). The
concentrations of the HREE (Er to Lu) are in averagpse to those in the
Emperor-Hawaiian seamount tholeiites and their nmgatible trace element
patterns are similar as wéfig. 4b). The trace element compositions of the Katun’
tholeiitesare like those of most other intra-plate tholei[&gj.

Sr—Nd isotope data

All Sr and Nd isotopic data for Kurai and Katun'lgaseamount lavahown
in the following figure have been corrected foricadtivedecay since eruptiomg,
andeyg Values are reported relatiteeCHUR.

Kurai Paleoseamount

Initial &5, values of the Kurai tholeiitic basalts are mucghieirthan those of
any tholeiites yet reported from the Emperor chaml Hawaiianslands. The
Kurai tholeiites plot in the “prohibited” right-upp quadrant in Figh. Mahoney et
al. [13] observeda similar result for leached, old, highly alteredsailts, and
attributed this to incorporation of non-magmatidr@o thecrystal structure during
replacement of plagioclase by secondalgspar. Therefore, we interpret this as a
result of post-magmatic alteration of sea-floordibans. If we boldly project the
plotted point to the vertical axes we will find thewithin the Hawaii field. For
most samples the valuesagf are positively correlated with K, Sr and Rb cotden
This indirectly confirms that secondary alterationparticular, kaolinization and

12
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feldspathization, was possibly responsible for salbhormally high values ak,.

Sr and Nd isotopic compositions of similar rockenfrthe Altai-Sayan folded area
analyzed by Yarmolyuk and Kovalenko [32] as wellchsAruba oceanic plateau
basalts analyzed by White et al. [31] also fallhmitthe right-upper-quadrant range
of oursamples. Thus, if ignoring the post-magmatic ali@naprocesses, the data
for Kurai lavas overlap with the fieldefined by Hawaiian lavas in terms of their
Sr—Nd isotopic compositions (Figh).Field for MORB and average values for
Detroit (81 Ma; triangle) and Daukakuji (42 Ma; rhb) lavas are from [21]. The
only Katun’s date is within the both Hawaii fieldehe Kurai field lies to the right
from the mantle trend assuming a high degree ofipagmatic alteration in sea-
floor metamorphism conditions. If projected to thetical axis (thus ignoring the
post-eruption Sr input) the values would plot withhe Hawaii field as well.
Symbols see in Fig. 2.

Katun’ Paleoseamount

The only analyzed Katun’ tholeiitic sample has ghler initiales, and lower
eng thanall other Hawaiian—Emperor lavas from [21] (F&). On the other hand,
the Sr and Nd isotopiwomposition of this lava sample overlaps with tieddf of
theHawaiian Islands in Figb.
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Fig. 6.Age of Kurai (600 Ma) and Katun’ (550 Ma) lavas vesus La/Yb, Gd/Yb, Th and Nb.
Symbols see in Fig. 2.
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Causes of chemical variations in Kurai and
KATUN’ LAVAS

Figure 6 compares the compositions of lavas froemmKhkrai (600 Ma) and
Katun’ (550 Ma) Paleoseamounts following the apphoaroposed by Regelous et
al. [21] who compared older (85-43 Ma) lavas of th@peror Seamounts and
younger lavas of the Hawaiian Chain (<43 Ma). Sanhyl, we tried to find out if
there are any temporal chemical and isotcpanges in Paleo-Asian Ocean plume
magmatism. Tholeiites from the Kurai Paleoseam({@0@ Ma) have lower

concentrations of incompatible elements, aegleted trace element ratios and
higher gyq isotope values, compared wiylounger Katun’ tholeiites. The older
Kurai lavas have in average lower La/Yb and Gd/#tos and lower Th and Nb
contents (Fig. 6). They are similar to the oldestak of the Emperor Seamounts -
Meiji and Detroit Seamounts of 85 and 81 Ma agspeetively. Tholeiiticand
alkalic lavas from the Katun’ Paleoseamount of appnately 550 Maage have
trace element compositions that lie within the mrgf young lavas from the
Hawaiian Islands and of the youngest Emperor SeatadDaikakuji) (Figs 4, 6).

As far as we confidently regard the older deplétachi lavas as those related
to mantle-plume oceanic magmatism according to aggcdl, lithological and
chemical features [5, 22-25] we must explain sudivarse composition of plume-
related lavas of the SW Paleo-Asian Ocean from laealities in Russian Altai.
The lack of a representative number of Sr-Nd isetegues and the absence of Pb
isotope data make determination of mantle sourcellgmatic. That is why we
will make our conclusions based on the previouslietu performed by many
geologists in the Emperor Seamounts and HawaiiainQf21] and the references
cited therein).

By analogy with previously reported interpretatione must explain the
temporal changes in Paleo-Asian Ocean magmatiisraccount for the more
depleted trace elemeahd Nd isotopic compositions of tholeiitic laiasm the
older Kurai Paleoseamount compared to the youngéurk Paleoseamount.

Keller et al. [12]suggested that beneath young, thin ocelghimsphere, the
melting column extends to shallower deptled the ratio of depleted
asthenosphere to enriched plume matftég is melted may be larger. Regelous
suggested that intra-plate lavas erupted onto yemrpinner lithospheravere
produced by larger mean degrees of melting, atshataverage depth, than melts
produced beneath thicker lithosphdreis is because the overlying lithosphere acts
as a '‘lid’ that restricts the upper boundary of the meltindurom during
decompression melting ([21] and the referencesl ¢lierein). Therefore, both the
degreand the depth of melting influence the chemistrinbf-platenagmas.
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Fig. 7. Variation of Lu/Hf and La/Sm in Kurai and Katun’ lavas. The curves are taken
from [21] and show the effect of the equilibrium méing of spinel and garnet peridotites
between 0.01% and 20%.

The source (star) has primitive mantle composifidri]. Most of the younger
Katun’ lavas are mixtures of spinel and garnetdmiie melts formed at low to
high degrees of melting. The older Kurai lavas heoe La/Sm and high Lu/Hf
ratios which are indicative of even higher degreésnelting within the spinel
stability field.

Variations in the depth of melting may also inflaenthe traceslement
chemistry of intra-plate lavas, according to howchnof the melting occurs within
the stability field of garnet [7, 8]. The Kurai fkotes have low La/Sm arigh
Lu/Hf ratios compared with Katun' lavas (Figs and 7). The trace element
compositions of the Kurai tholeiites indicate thfaty arehe product of relatively
high degrees of mantle melting, athét much of the melt was generated at low
pressure, withirthe stability field of spinel (Fig7). Larger mean degreex
melting beneath thinner oceanic lithosphere maylagxpghe low incompatible
element concentrations of Kurai lavas.

Thus, thetemporal variations from Kurai to Katun’ lava consgitons may
resultfrom variable degrees of disequilibium melting bé theterogeneoydume
mantle supposedly consisting of low melting poincompatible element enriched
heterogeneities embedded in a more depleted, tefyamatrix (e.g. [9, 16, 19]),
which in turn could be a result of variations ire tthickness of theverlying
lithosphere (Fig. 8). With progressive melting otk a heterogeneous manés,a
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result of an increasingly thin lithosphere, the ts\eproducedwould have
increasingly lower incompatible trace element cot#eandower ratios of more-

to less-incompatible elements [18]. \Mleggest that the depleted compositions of
the Kurai lavasire the result of melting a relatively refractogpteted component
contained within the ascending plume mantle (Figil8patdepleted component did
not contribute to younger Katun’ lavaghich were formed by lesser degrees of
melting beneath thickdithosphere and the resulting melt was dominatedhiay
substance of enriched mantle heterogeneities.

Depleted hot-spot Enriched hot-spot
magmatism magmatism

600 Ma 940 Ma

Enriched mantle « | Taller mantle -
heterogeneities \_; : column e ® |Shorter mantle
o|COlUMN
= .‘ = ®
- @ g L _ e
e | Beginning of melting | *
Depleted e ® - =
refractory matrix . ® | Higher degree « | Lower degree
T~ _ 3| of melting . | of melting
® =]

Fig. 8.Scheme for the 600 Ma depleted and 550 Ma enrichdmbt-spot magmatism of the
SW Paleo-Asian Ocean (modified from [21])

At 600 Ma the relatively high degrees of meltingulke in a larger portion of
incompatible element deleted refractory materialhi@ melt, whereas at 550 Ma,
when the plume is located under a thicker but yeuraggeanic lithosphere, the
average degree of melting is lower and the meltmisre contributed by
incompatible element enriched less refractory metef mantle heterogeneities.

Such a tendency was first proposed by Regelous. §2H who to some
extent confirmed it at other seamount chains: &)Nimetyeast Ridge-90 Ma to
38 Ma) andKerguelen Archipelagce-45 Ma to present) in the Indian Oce®imich
record changes in the chemistry of magmatism ablozvd&erguelemplume; 2) the
Easter Seamount Chain in the eastern Pacific wdgehof magmatism varies from
0O Ma at Easter Islandnd Salas y Gomes, t30 Ma at its eastern end; 3) the

170



Deep-seated magmatism, its sources and plumes

Louisville Seamount Chain, in the SW Pacific, ramginage from 66 Ma at the
western end, to 0 Ma at the eastern end, etc. §2d jthe references cited therein).

In summary, the geochemical variations along otEmmountchains are
consistent with lithospheric thickness being anangntcontrol on the extent of
melting of plume mantle, and hent® compositions of the lavas produced. The
hypothesis of Regelous predicts that intra-plata lehemistry willivary with the
thickness of the lithosphere and that such an teffan occur only along those
seamountchains where the age difference between the seamoamd the
underlying oceanic lithosphere is less thd@ Ma. The extrapolation made in the
present paper confirmed the previously observedlagties in respect to much
older Kurai (600 Ma) and Katun (550 Ma) Paleoseam®of the SW Paleo-Asian
Ocean presently outcropped in Russian Altai.

CONCLUSIONS

1. Major and trace element, and Sr isotopic analys86 samples of volcanic
rocks from two seamounts of the SW Paleo-Asian ®©¢zavide a 50 Ma record
(from 600 to 550 Ma) of the geochemistry of palezaac magmatisnand show
that there were large temporal variations in treleeent chemistry and isotopic
composition of the magmatisower this period.

2. Lavas from the oldest Kurai Paleoseamount hameted incompatible
trace elemenaind Sr—Nd isotopicompositions, compared with thoseyounger
lavas from the Katun’ Paleoseamount. Iniitg] values of the Kurai tholeiitic
basalts are much highttyvan those of any tholeiites yet reported fromEneperor
chain and Hawaiiatslands. If ignoring the post-magmatic alteratisogesses, the
data for Kurai lavas overlap with the fieddfined by Hawaiian lavas. The Katun
tholeiitic sample has a higher initia§, and lowereyg thanall other Hawaiian—
Emperor lavas. Its Sr and Nd isotopamposition falls in the field of thgawaiian
Islands.

3. The trace elemeand isotope compositions of these lavas wvatly the age
of the underlying oceanic Paleo-Asian lithospheretha&t time of seamount
magmatism. The oldest Kurai Paleoseamdamts, which were eruptednto
relatively young lithospherelose to a former spreadirggntre, have relatively
depletedncompatible trace elemeand isotope compositions. In contrgstinger
Katun’ lavas were erupted onto oldéthosphere, and have more enriched
compositions.

4. Major and tracelement compositions of Kurai Paleoseamdbnoteiites
indicate that they were formed by relatively ladpggrees omantle melting, at
lower pressures, compared wyttunger Katun’ tholeiitic lavas.

5. By analogy with the Emperor-Hawaii seamount chae suggest that the
temporal compositionathanges in the Paleo-Asian Ocean magmatism can be
explained by variable degrees of meltwiga heterogeneousantle and variable
lithosphere thickness. When the plume was situlagegath thin lithosphere, the
melting produced Kurai melts of relativetiepletedirace element compositions
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due to the contribution of more refractory deplesedirce material. In contrast,
younger Katun’ lavas built on thicker crust wer@guced by smaller degrees of
melting, andso the melts were dominated by the contributfom incompatible-
element-rich, easily melted materials of mantleeregeneities.
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Early paleoproterozoic vulcano-plutonic komatiitic association
of Southeast Fennoscandia as Mantle plume “Windybél
realization

Bychkova Ya.V. , Kulikov V.S., Kulikova V.V.”, Vasiliev M.V.”

"Karelian science center RAS, Petrozavodsk, kulikae@arelia.ru
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A comprehensive geologic, petrologic, geochemicad &otopic study was
performed for Paleoproterozoic (2.45-2.41 Ga) kateatbasalts and layered
intrusions in the Vetreny Belt paleorift. A reprat#ive sections of the paleorift,
including Sinegorie lava plateau, Goletz, ShapoglikalLevgora and Kozha was
drawn using an original method. The volume of thepted mantle material was
estimated as at least 30000 of cubic kilometerstHer structure. Isotopic research
evidences the unit of magmatites isotopic systethfarmation age. The model of
generation and evolution of the calculated prim&omatiite melt suggests its
differentiation from the “head” of the Early Paleoferozoic Windy Belt plume. It
was responsible for the formation of the Vetrenyit Bmaleorift with its thick
sequence of komatiite basalt lavas and numerousigoratic intrusive rocks, as well
as other mafic-ultramafic intrusions that were empt in the paleorift sides,
including the Burakovo layered massif, the largest on the Fennoscandian Shield.

INTRODUCTION

Large fanerozoic basalt provinces are formed bytlmatume activity. Such
Precambrian provinces including volcanic and plidoncks are proposed to take
place on the Fennoscandian territory [7, 12, 18]spite of their fragmentary
safety komatiitic magmatic rocks play essentiaé ol the Fennoscandian Shield
construction. Mafic-ultramafic magmatic series (katiitic, toleitic, picritic and so
on) characteristics and role in the Earth histdrgnrged. High magnesia volcanic
rocks (komatiites and komatiitic basalts) are tleamnbers of the specific komatiitic
series, which plays an essential part in formatibthe early Precambrian series.
Such rock are not typical for Fanerozoic geotecteeitings. Complex geological,
petrological and geochemical research of high msignebjects of large stable
Precambrian earth crust blocks can realize theuatiah of these series role in
Paleoproterozoic intraplate magmatism. Creationthef model of the parental
mafic-ultramafic melt evolution from the momentitsf separation from the plume
at the Earth crust base to the time of the magmalbjects formation is an
important aim of the research. Besides it is neags® solve problems of the

175



Bychkova Ya.V., Kulikov V.S., Kulikova V.V., Vasii.V.

volcano-plutonic association volume and order @& tbrmation of bodies from

different depths, intracrust chambers rise, praxzesd crust and parental melt
interaction.

One of the problem in the komatiitic rocks reseaixhheir the place in
magmatic classification. TAS-diagranK,0+NaO — SiQ) was not success,
because the role of the main classification pararaefSiQ and alkalines) are
insignificant. IUGS [8] recommended classificatibased on the TAS diagram,
with TiO, and MgO value for komatiites, meimechites and bibes. The best
separation of the high magnesia rocks was realigethe help of diagram ATM
(MgO - 10*T|OZ-A| 203’A| 203/T|02) [4, 9]
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Fig. 1. Mafic-ultramafic intrusions (1. Burakovsky; 2. Monastyrsky; 3. Scheleiny Bor; 4.
Kolozersky; Fig. 1. Geological scheme of the VetrgrBelt paleorift, Southeastern
Fennoscandia.

Volcano-plutonic komatiitic association Vetreny Rey is the most
representative on the fennoscandian Shield thamkiset magmatic rocks volume
and variations of komatiitic rock composition. Pairy magmatic minerals and
magmatic glass are presented in the rocks of sotngsions, lava covers and lava
lakes, because of the low stages of metamorphisfierént igneous rocks facies
(both differentiated covers and subvolcanic inasiof paleorift and deep-seated

massifs from the rift shoulder, such as Monastyrsakgd Burakovsko-
Aganozersky). Fig. 1.
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PALEORIFT VETRENY POYAS STRUCTURE.

Linear paleorift Vetreny Poyas, which rocks builduntain range of the same
name by chain of individual hills 200-350 meterghhiThe hills succession is the
following (from NW to SE): Goletz, Chelpan, Shapkah Shuigora, Olovgora,
Karbasnikova, Big and Small Levgora, Ovinishnaygaktiukha et al. Nowadays
the primary structure of the paleorift is changad &agmentary destroyed during
Svekofenian orogeny (1.9 — 1.8 Ga). It is the tesiulhrust of Arhaean Belomorian
metamorphic complex over the Karelian craton fromrorthern-east.
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Fig. 2. Geologic structure (A) and generalized section tlmugh the komatiite basalt lava
plateau (B) of the Sinegorie region (by V.S. Kulika, V.V. Kulikova, and A.l. Zudin).

A Paleoproterozoic (Sumian): 1. komatiite basaltsthe Vetreny Belt Formation; 2. nonsubdivided
mafic--ultramafic intrusions; 3 layered mafic--alinafic intrusions; 4. sedimentary rocks of the Nia
Formation; 5. sedimentary and volcanic rocks of Kozhozero Formation; 6. volcanic rocks of the
Kirichi Formation; 7. arkoses and quartzites of ffaksha Formation. 8. Boundaries of formations, 9.
some faults within the lava plateau, 10. strike dipdof lava flows, 11. areas (profiles) studieddetail
and their numbers (in circles): (I) Myandukha, (Uhaksa, (lll) Vazhozero, (IV) Somba, (V) Charosa,
(V1) Ovinishnaya.

B Komatiite basalts: .a. high-magnesium (>14 wt @, b. low-magnesium (<14 wt % MgO).
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Preserved paleorift fragment is represented by vang- sinclinorium,
including sedimentary, volcanic-sedimentary andcavic rocks, united into 6
series [5]: tokshinskaya (terrigenic-sedimentarijrichskaya (volcanogenic),
kozhozerskaya (sedimentary-volcanogenic), kalgakiaya (terrigenic-
sedimentary), vilengskaya (tufogenic- terrigenidisentary) and Vetreny Poyas
(lava) (Fig. 1).

High magnesia rocks of paleorift represent lavan&l and hypabissal facies.
Lava facies is the dominant. It is constructedlbyw$ and covers sometimes over
4 km thick. Diatremes described by V.S.Kulikov & thills Goletz, Myandukha,
B.Levgora and Bezymyannaya (“Neccovaya”) and hygsdi mafic-ultramafic
dykes are concerned to funnel facies. Stratumililadic-ultramafic bodies, lying
among volcanic-sedimentary rocks, underlying Vetrétoyas series complete
Hypabissal facies. The sections of Myandukha, GpBhapochka B.Levgora are
research best of all.

Komatiitic basalts plateau Synegorie corps ouhatléft coats of the Onega
river at the southeast oh the paleorift. (Fig.2).

Its common section is build as a sum of 6 individuam different blocks
(from south to the north): Myandukha, Unaksa, Va#no, Somba, Charosa,
Ovinishnaya. This blocks are characterized as simspluctured and monocline
rock dip to the north or north-east with dip angles(®. Common section
thickness was controlled by the data of gravity amagnetic researches of the
Kipozero-Telza profile, which is situated some krasiv Geophysical parameters
show that the lava plateau thickness is 4 km [6@ndan, Devonian and
Carboniferous sediments of Russian Plate overlasa lplateau with angle
unconformity at the southeast of Fennoskandianl&hie

Two types of cover are separated in the plateauctsire: differentiated and
undifferentiated. Differentiated cover are représdnby layers with different
structure, mineral and chemical composition. Urdédhtiated covers include two
zones — inner massif and upper pillow. Thicknesgabdanic bodies change in the
diapason 3-80 m. 62 lava covers were escaped ikotmatiitic basalt lava plateau
3,15 km thick. (Fig.2).

The same researches were realized for base secdtid@sletz, Shapochka,
B.Levgora and Kozha. (Fig. 1). Vetreny Poyas seeiffissive rocks separates to
ultramafic (komatiites - MgO>24%) and mafic (konitati basalts — MgO - 9-
24%).

The major minerals of komatiites with the massifusture and porfiric
texture with glass are olivine and clinopyroxendiisTrocks always includes
chrome-spinel and magnetide. Glassy mass fills @50@o of the rock volume. It
is crystallized. Serpentine, talc, chlorite, trena@olare the typical minerals of
metamorphosed rocks.

Komatiitic basalts can be divided into high magadsasalts (HMB) and low
magnesia basalts (LMB). HMB (MgO = 14 - 24%) arareltterized by porphiric
and spinifex texture, and massif, amygdaloidal ate€lak structures. Major
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rockbuilding minerals are olivine, clinopyroxenaigée, dyopside), chrom-spinel.
Basic plagioclase is presented in crystallized m&sspentine, talc, chlorite,
actinolite-tremolite are the typical secondary mite LMB (MgOot 9 - 14%) are
the effusive rocks with porfiritic texture and méssructure. Course to mineral
composition they can be divided into olivinitic,rpyxenitic and plagiopyroxenitic
LMB. This rocks are typical for differentiated bedi Spinifex structures can be
formed by olivine, olivine and pyroxene and by psgpe. Secondary minerals in
metamorphosed rocks are chlorite, albite, quadtmalite-tremolite.

A lot of intrusions take the equal place with théugve in the paleorift
structure. Data, we have got last years, confireir tbomagmatic nature and the
common magamatic association membership.
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Fig. 3.Geological structure of volcano-plutonic associath Goletz-Guiga

1. Vilengskaya series sediments; 2. Komatiitic basalistreny Poyas series with spinifex
amygdaloidal textures; 3. pyroxenites; 4. webserénd verlites; 5. gabbro-norites; 6. gabbro; 7.
boundaries; 8. tectonic fault; 9. sample situation.

Ruiga intrusion(Fig. 3). Lopolitic-form massif Ruiga is situatatithe north-
west end of the Vetreny Poyas riftogene structnréné mouth of the Ruiga river
[4]. It outcrops around Goletz komatiitic basatt;rhing half-ring.

Vilenga series sediments are Guiga intrusion inogidocks. While Guiga
intrusion is bad denuded the boundaries betwedereift zones are not diagnosed
yet. Rocks regular order and common structure prinag all of this rocks belong
to the same differentiated body. Guiga intrusiontie subvolcanic chamber,
situated 2-3 km deep. Four zones can be separ#tediowest pyroxenitic
(bottom), websterite-verlitic, gabbro-norite andlgepic.
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Pyroxenitic zonel00 m thick is represented by metamorphosed medkhinch
fine-grained rocks, including monocline pyroxeneal amphibole pseudomorph.
Sossurite and chlorite replace the intersticialgilelase. In spite of deuteric
alteration all major minerals can be diagnosed lmyaacope.

Olivine websterite and verlite zong 350 thick and includes fragmentary
alterated rocks. On the zone bottom a layer of ghgmatiod coarse-grained
websterite with olivine is situated. Its thicknessabout 70 m. Rock is presented
by clinopyroxenes and orthopyroxenes. Orthopyroxgraens have a large size
(1.5-2 sm). Olivine is fine. Its concentration istMmore than 10%. Higher in the
section orthopyroxene disappears and the rocksneseerlites. Granularity and
mineral-quantity vary. Thickness of the verlitetsat of the zone is 280 m.
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Fig. 4. Geological structure Scheleiny Bor intrusion.
1. chlorite-tremolite rocks, 2. skarnoids, 3. setpmios verlites, 4. Tremolituos Serpentinites, 5.
metagabbroids, 6. gabbro, 7. outcropping boundaBidaults.
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Gabbro-norite and gabbroic zong200 and 160 m thick accordingly) are
distinguished by cumulative plagioclase appeararGabbro-norite zone is
constituted by medium-grained gabbro-norites. Gaibbzone is constituted by
leucocratic gabbro. Rocks of these zones are @dtera

Scheleiny Bor intrusion is situated 20 km southigom the central part of
paleorift Vetreny Poyas (Kozhozero Lake). Its meddection break into blocks is
denuded (Fig. 4). Gabbroids represent the nucleae,zand ultramafic rocks
represent marginal zones. Black peridotites buikel East Hill and their typical
feature is sheet joining. The boundaries betweemdqées and gabbro are
tectonic. Peridotites of the West Hill are replabgdremolitic serpentinite. Rocks
of the Lower endocontact zone (30 m thick) are metahosed.
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Fig. 5. Geological structure Burakovsky-Aganozersky intng14]

5. Olovozersky; 6. Nyukhcherechensky; 7. Ruiga);KBmatiitic basalts Vetreny Poyas series; 3.
Vilengskaya series sediments; 4. Preriftic paletgpozoic and archean rocks; Svekofenian thrust; 6.
Russian plate platform mantle boundary
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NETPOXUMWYECKAA KNACCUPHKALIMA MATMATUYECKX MOPOL
© B.B.Kynukoga, B.C.Kynukos (2000 r.)
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Fig. 6. Komatiitic series on the ATM diagram [9].

Some mafic-ultramafic intrusion bodies of the phutofacies are situated on
the paleorift shoulders Burakovsko-Aganozersky, B&&iwsky et al.).
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Burakovsko-Aganozersky intrusion is situated on #ast branch of the Onega
Lake. It is the European largest layered intrugkig. 5). Its average composition
corresponds to the Vetreny Poyas komatiitic basatiposition [7].

Researching association of volcanic and intrusiveks are concerned to
komatiitic series [9, 10, 11] (Fig. 6).

First Sm-Nd isotopic dating of komatiites from tkeutheast part of the
Fennoscandian Shield was realized in 1997 in thelavimock samples and
monomineral olivine, augite and pigonite fractiafsvolcanic rocks. It is a good
agreement between Re-0s, Pb-Pb and Sm-Nd isoches) which represent 2.45-
2.41+ 0.05 Ga [10, 11]. Stable isochron data made stide to diagnose series
Vetreny Poyas and underlying paleorift series asi&u (Fig. 1): Goletz Hill —
2432+ 34Ma; B.Levgora Hill — 2387 + 5Ma, paleovolcano Kirich - 2438 Ma
(Fig.2). Zircon age (2449.1 Ma) and Sm-Nd age (23%890 muH. Jer)
represented for Burakovsky layered intrusion andeewskaya Dyke situated on
the south-west paleorift shoulder correlate with #ges of volcanic rocks [1, 2].
Modern research of geological structure, geochdnabaracteristics and Rb-Sr
and Sm-Nd isotopic relations begins (project RFEER0B-64788). Its aim is also
to represent the age of different deep-seated siotnubodies of the riftogene
structure (Ruiga, Scheleiny Bor, Monastyrsky et.al)

0.513 .. .
Ruiga intrusion
0.513
4108-Opx
0.512 | 4108-Cpx
©
pd
3 0512
~
©
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2 2108-pl T =2360£110 ba
0.511 1 MSWD=40
0.510 1 *WR
0.5101 H Minerals
0.509
0.05 0.10 0.15 0.20
147Sm/144Nd

Fig. 7.Relations*’Sm/*Nd and ***Nd/***Nd for minerals and WR of

Ruiga intrusion.

Isotopic research of Ruiga intrusion (Rb-Sr and Mansystems). Probes of
the whole rocks and monomineral olivine, pyroxeaesl plagioclase fractions
were researched from different rocks (laboratoryisoitopic geochemistry and
geochronology GEOCHI RAS). Data of isotopic relatias represented in the Fig.
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7. Relations*’Sm/*Nd and ***Nd/**Nd for minerals and WR form linear
dependence serving the age of 2360+Md) (***Nd/**Nd), = 0.50946+0.00015,
MSWD=40. But this line can not be called isochrtwecause of considerable
errors. So it is age approximate estimation, whugtrelate well with age data of
Vetreny Poyas volcanic bodies. Relati6f8°Sr u *’RbF°Sr *Nd for minerals
and WR form linear dependence serving the age otitaB Ga. Considerable
variations and errors (2401a) evidence isotopic system distribution. The Rb-Sr
errochron “age” is significantly lower, than theystallization age. It indicate, that
the rocks were affected by the metamorfic Rb amlditduring late tectonic
influence of Svekofennian orogeny (1.9 — 1.8 Ga).

The same researches were realized for ScheleinynBasion rocks. 4 whole
rock probe were studied. Using data of the cona&ntrs and relations we can see
that in isochronic coordinates Sm-Nd form a comggmotp. These rocks have the
similar Nd concentration, while thé’Sm/A*Nd variations are small. So it is not
possible to build isochron. The Rb-Sr errochrore®ag 1457 +81Ma.

The data ofeyg show is nearly uniform =3 to 1, which can be eix@d by
minor crustal contamination or asthenospheric natéretreny Poyas magmatites
geological position is in the ancient rocks of \tmtrsky Block. They can become
the contaminant for komatiitic magma.
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Fig. 8.Relations*’sm/*Nd and ***Nd/***Nd for minerals and WR of different
volcanic and intrusive bodies of Vetreny Poyas pabeift.

So we can say about both comagmatism volcanic rindsive objects and
their uniform isotopic relations and age. Usingadabm [2] we build Sm-Nd
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isochron diagram for Burakovsky Intrusion (as thestndeep-seated body) and
situate on this diagram data for Vetreny Poyassefés and Ruiga and Scheleiny
Bor intrusions. All points lie on the lin@&ig. 8).

€ng Points situation in the negative field of the dam (Fig. 9) evidence the
comtamination of asthenospheric material by crastiais typical for all rocks of
research volcano-plutonic association. So, in spiteolcanic belt and plutonic
bodies are situated far from one another, we cgntkat they were formed in the
unit time and from the same lythospheric mantlecau
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Fig. 9.end(T) versuses,(T) diagram for different volcanic and intrusive bodies of
Vetreny Poyas paleorift.

Contamination model primary poor magma from thesras$pheric source
was discussed in [10]. It was base on the quamidgieling using geochemical and
isotopic data. Crust contaminanta must constitiieut 4-15 mas.% to provide
iIsotopic-geochemical variations in Vetreny Poyagmatites.

It is very difficult to estimate the depth of theagmatic hearths. Fig.10
demonstrates one of the variants of reconstructiontermediate chambers depth:
| — plume “head”; Il — Burakovsko-Aganozersky imgion; Ill — Monastyrsky,
Melnichny, Shardozersky massifs, may be Scheleioy; BY — subvolcanic
intrusions (Ruiga, Kolozersky, et. al).

The volume of the Sinegorie lava plateau is abd®08km 3 at its present
area of >2600 km and total thickness of lava secgieaf >3.15 km, which is
consistent with geophysical data [6]. Total voluofeerupted material probably
exceeds 10 000 km 3, if we also include volcanicbpbly eroded from the
northern part of the structure and intrusive rockse latter values should be
trebled to about 30 000 Krfor the whole Vetreny Belt paleorift structure.
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According to White and McKenzie (1995) [16] extemesmagma production
cannot be provided only by lithospheric melting @aeduires contribution of high-
temperature material from deeper mantle horizonscoAding to Girnis et al.
(1987), such a material could be represented byakidio melt with about 30 wt
% MgO, which was generated by high-degree meltingantle at P = 35-40 kbar,
T =1790-1860 C, and Ig f O 2 > -7. The melt wasdguilibrium with harzburgite
restite. Ascending together with plume it partiallyst crystallizing olivine,
reached the crust boundary, and spread beneathritan area of about 200 km in
radius. The main processes of magma differentiatiath fractionation of
intratelluric olivine operated within this magmaseevoir and its separate parts,
"plume pillows". Our modeling demonstrated thafefiéntiation of the Sinegorie
komatiite melt could occurred at P = 8 kbar. Thdtsngeparated from the plume
pillow corresponded in composition to komatiite deéswith 9-17 wt % MgO.

Fig. 10.Reconstruction of magma chambers situation duringVindybelt Plume
degradation.

Melts with lower MgO contents (<9 wt %) could berrfed in shallower
conditions (3-5 km), for instance, in a subvolcadmamber, such as the Ruiga
differentiated intrusion beneath Golets volcan@oorly studied Undozero, Iksa,
and some other mafic-ultramafic massifs.

V.V.Kulikova and V.S.Kulikov propose a hypothesek \éetreny Poyas
volcano-plutonic association belonging to the uiftbgene system (2.45 — 2.39
Ga) of paleoproterozoic multicontinent (modern dfuan and American).
Probably its volcanic belts reached from northegtsito southern-east through the
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Fennoscandian territory: Tremse — Karasyok — Paanaj Lehti-structure
(uncluding Imandra-Varzuga) — Vetreny Poyas - .Kotlas (?). Their intrusive
facies are represented by layered intrusions otbiNBmland and North Karelia,
Kola peninsular and Belomorian mobile belt [15].

According to N.L.Dobretzov et. al. notion [3] theajor plume “head” size
must be more than 1000 km. Plumes, which “head® sdetter than 200 km, are
secondary. So, Vetreny Poyas volcano-plutonic aasoe (Burakovsko-
Aganozersky intrusion — Vetrny Poyas series) is eault of hypothetical
“secondary” plume WINDYBELT. Its formation can berpared with rise and
evolution mechanism of Hawaiian-Impair Arc. Fenraosian komatiitic volcano-
plutonic associations research permits to propasmrglary paleoproterozoic
plumes moving toward the surface, such as: Windyb8buth-Laplandian,
Central-Kola, derivative from Sumean thermochemicalperplume of
Fennoscandian Shield (may be Euro-American). Waddes high-temperature
komatiitic magmatites formation in the same time peove the planetary event.

CONCLUDING REMARKS.

Using complex methods for research high-magnes@gmattes we examined
different effusive and intrusive objects of VetydPoyas paleorift and came to the
following conclusions:

1. Chemical compositions of volcanic and plutonicks of the paleorift
Vetreny Poyas are similar and correspond to koteatand komatiitic basalts due
to IUGS reklassification [8] and ATM [9]. Age of pal&brformation and
crystallization is 2.41-2.44 Ga and it is unit falf studied magmatites. Sm-Nd
isotopic systems of effusives and intrusions ameilar both in the axis of the
paleorift and on its shoulders.

2. Magmatic rocks of the Southeast Fennoskanditgharenembers of the unit
volcano-plutonic komatiitic association, which wiasmed due to the Windybelt
plume activity. Magmatic material volume was ab80000 kmi. So, extensive
magma production cannot be provided only by litth@sic melting and requires
contribution of high-temperature material from deemantle horizons. Isotopic
researchers evidence contamination processes.
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results.
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New geochemical and Nd- and Sr-isotopic data asgummeulti-stage model
of forming for the Kingash mafic-ultramafic intrusi massif that locate among
highly metamorphosed rocks of the Kansk greenstmgie in the Eastern Sayan
ridge, SW Siberia. Sm-Nd isochrons for whole roakgl some minerals from main
petrography associations (dunites, wehrlites andx@nites, metagabbro and vein-
like albitites) yield three different temporal balamies with ages of 141049 Ma for
“ultrabasic” unit, 87338 Ma and 87479 Ma for “wetedpyroxenite” and “basic”
units and 49845 Ma for albitites. It is mainly exfted three autonomous stages of
magmatic melt injection during the forming of stedlicomplex. The Rb-Sr isotope
system was significantly transformed by late matestic and metamorphic
processes.

Initial isotopic ratios calculated for corresporgliages: NdT from —7.3 to 3.4,
87Sr/86Sr(T) from 0.7031 to 0.7061 and SrT from #h048.2, are confirmed a
mixing mater sources of parental magmas with vadedrees of combination
between mantle substrates of PREMA- or DM-type andtal material including
pelagic sediments and basalts.

These isotopic features, as well as high Th, UA.#dnd low Nb, Zr and HREE
concentrations in ultrabasites and basites may »jgaieed by subduction of
sediments derived from oceanic crust into depletadtle and subsequent melting of
metasomatized peridotite. The comparison initiatdpe parameters of rocks from
“ultrabasic” and *“basic” units is demonstrated affedlence of geodynamic
environments between these petrography associatmmsected with scales of back
arc sea basins.

INTRODUCTION

The geochemistry of ultramafic and mafic igneousksois a clue to
understand an origin of deep magmatism and to asim geodynamic regime of
mantle activity during the geological evolutiontbé Earth. Compositional features
of such rocks are mostly reflected a matter soafgaimary magmas as well as a
character of mantle-crust interaction, especiallgy complexes formed in
intercontinental and subduction geodynamic envirems The Kingash massif
including specific PGE-Ni-bearing sulfide mineralion is one of interesting
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natural objects in the EW folded frame of the Sdoecraton. It was studied during
more 40 years and constantly attracted scientiiention so many questions about
the genesis of this complex are open now. For elgmpme authors believe these
rocks to classify as komatiites of ancient greemstdelts [13, 14]. Other
researchers compare the Kingash massif with PGEAgekayered intrusions like
to the Sudbury and Monchegorsk [9, 10] or assumaeniilti-stage formation from
different derivative melts [2, 8]. The probable sea for this situation can be a
shortage of modern geochemical and isotopic dadh dallow constructing more
precious petrologic models.

On the other hand the age of the Kingash compldis@issed too. According
to the regional geological scheme, all “Kingashetypltrabasic and basic rocks
are corresponding to Early Proterozoic magmatifeth® Kansk greenstone belt
with the age of 2.1 Ga [22]. The main argumenttios interpretation is a location
of ultramafites and mafites among oldest highlyaneirphosed sediments of the
Eastern Sayan region and a crossing of them byswveairplagiogranites like to
Proterozoic granite intrusions. Nevertheless K-Ad &Ar-Ar isotopic dating of
biotite from these plagiogranites is temporallyretated with an Ordovician stage
of regional metamorphism[10, 19].

Our geochemical and isotopic data received for rpatnography varieties of
the Kingash deposit and their minerals assume apo@w of view on the model of
formation that suggests a presence of two chromdflg autonomous rock
associations formed in the complex geodynamic regwh suboceanic crust
evolution during the Early and Late Riphean timeor&bver geochemical and
iIsotopic parameters of studied rocks are demosestrdifferent scales of mantle—
crust interaction in primary magma sources and sifee of latest metamorphic
alteration at the Early Ordovician epoch.

GEOLOGY OF THE KINGASH DEPOSIT

There are numerous small bodies of ultramafic aaficmocks in the Eastern
Sayan ridge. They are formed a structure like teegstone belts that can be
interpretative as fragments of oceanic crust indineire zone between the Kansk
subcontinental terrain and SW margin of the Silmeriatform. The country
stratigraphic sequence is present by highly metphused sediments of the Late
Archean Biryusa Formation including plagiogneiss@sl garnet-bearing schists
with local layers of amphibolites and marbles. Asuke, magmatic massifs are
tectonically bordered with host rocks. It is usyallconnected with
dynamometamorphic events in the Paleozoic time. [M@jertheless there can be
no doubt about the igneous origin of studied ulahi®s so they have a typical
fabric of magmatic cumulates with the obvious idoyphism of olivine crystals
relative to other minerals.

The Kingash pluton is one of largest in the Kansk&egstone belt and is
situated in the upper part o the Kingash riverexalllts lens-like morphology
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stretched in the NW direction is similar to striatf dunite-pyroxenite-gabbro
lopolith, concordant with the enclosing metaseditasn sequence. The present
subvertical position of the Kingash intrusion amdthmetasediments is the result of
late multi-stage deformation during regional metgrhesm. According to
geophysical data and cross sections of drilled hotes, the vertical order of main
rock units is following: ultrabasites- wehrlites and pyroxenites- gabbro.
However the total structure of studied massif calso present as a combination
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Fig. 1.Geological map of the Kingash massif (Made by O.Mslazunov using materials of
the Kingash GMT and IG SB RAS)

1-2 — the Buryusa Formation (1 — gneisses andts¢léis- marbles); 3 — "Ultrabasic” unit
(dunites, pyroxene- or plagioclase-rich dunites hwibcal layers of magnesium- high-
metagabbro and vein-like albitites); 4 — the contaaction zone of wehrlites and pyroxenites; 5
— "Basic" unit (melanocratic and mesocratic metagabwith local layers and veins of
plagiogranites); 6 — layers of sulfide mineralipati 7 — major faults; 8 — minor faults; 9 —
problematic geological boundary; 10- drilled borelds where was checked samples for
researches; 11 - samples from prospecting trerasegheir numbers.
of two equal bodies of predominant dunite- and gadbjpe associations
accordingly. There is only a narrow contact zona ttonsists of wehrlites and
olivine-bearing clinopyroxenites (fig. 1). Obtainddference in volumes of main
rock units is unusual for layered intrusions sustiree Monchegorsk or Bushfield,

but more similar to multi-stage complexes of thalor Alaska-type.
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The heterogeneity of ultrabasic body is manifedtasdf in variation of content
of sulfides, pyroxene and other interstitial mingaases as well as in small-scale
horizons of amphibolites. Most authors regard thiesgures to be elements of
initial magmatic layering. However there isn’t amggularity in the vertical
sequence of petrography types that mostly presgmyoxene- and plagioclase-
bearing dunites or their serpentinized kinds. Ta® is indirectly confirmed an
autonomous differentiation in the “ultrabasic” unithe textural anisotropy of
gabbro is usually displayed in the gneissosity dahding with rhythmic
interchange of light- and dark-colored or fine- a@rse-grained rock varieties as
well as local horizons of sulfide mineralizationdarare dunite xenoliths with
reaction rims of wehrlites and pyroxenites. Ofteelanocratic gabbro is arranged
for the bottom of intrusive chamber, but that cér@ta direct evidence of magmatic
layering. There is more regular zonality in the halge-pyroxenite” unit, where a
content of olivine decreases as far as dunitesgehém gabbro. This tendency is
corresponding to micro fabric that shows a replaa@nof initial olivine grains by
granoblastic crystals of diopside in these rocks.

Geological features of the Kingash massif more ansde the model of its
two-stage formation in conditions of successiveusibn of picritic and basaltic
magmas accordingly. Their crystallization coulddi®iously discrete in the time
so the reaction zone of wehrlite-pyroxenite comgmsiwas formed on the contact
of them. The clear differentiation in main intrusiwunits is absent that may to
demonstrate a relative quick consolidation of metissmall depths. This scenario
assumes an injection of picritic melt in the “pdge’-like consistence with
intratelluric crystals of olivine. Neverthelessethrystallization of similar magma
must to be certainly accompanied by a preservatidatest differentiates enriched
by the interstitial matter. Residual portions of ltmeould be present by local
horizons of plagioclase- and pyroxene-rich ultréteas[2] or autonomous high-
magnesium basites. On our opinion vein-like bodiesamphibolites inside the
“ultrabasic” unit are corresponding to such rocksus we can propose a presence
two genetic types of basites in studied object.

Late metamorphic processes significantly complatatee initial magmatic
structure of massif that made a difficult for imestation. The progressive regional
metamorphism was realized on the level of epidatpfabolite facies and altered
primary appearance of basites by means of theat sonhphibolization and local
garnetization. This process could be accompanidia the intrusion of numerous
veins of plagiogranites and albitites crossingaliéisic and basic rocks from both
magmatic units. The Ar-Ar isotopic age of such gem changed from 480 to 590
Ma [19]. The secondary low-temperature transforomatncluding a development
of serpentine, actinolite, chlorite, clinozoisitadaother hydrosilicates had rather
place during more late regressive stage of metamsnrp[25]. Tectonic destruction
was manifested too. There are few NW- and NE-stakits. Their kinematics isn'’t
fully recognized, but we assume a horizontal andiocad displacement for these
structures, especially for that with NE strike.
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SAMPLES AND ANALYTICAL PROCEDURE

More three hundreds samples from the Kingash deposie selected to
represent the compositional range of igneous, metasc and metamorphic rocks
as well as sulfide ores. Low temperature metamorpinocesses alter most of
samples, but some of them are relatively presepvidary magmatic mineralogy.
Samples denoted “Kc"-index was selected from drvdles with corresponding
number {e 1, 2, 3, 4, 8, 17) and on the determined deptmatros. Samples
denoted “Ksh”- or “KH"-index were selected from ordgps or mining trenches
(trench Ne 6). Their localities are shown in Fig. 1. Only twe samples were
selected for geochemical and isotopic researchesn Mhemical parameters of
them are shown in the table 1. These rocks areegmonding to all magmatic
associations including «ultrabasic» (Kc-1/272, K&#4 Kc-4/164, Kc-8/83, Kc-
8/85) and «basic» (Kc-3/173, Kc-3/209, Ksh-6/5, #$bh0) units as well as
«wehrlite-pyroxenite» reaction zone (Kc-17/129, BH) and latest veins of
albitites (Kc-1/241).

Major element concentrations were determined byveotional X-ray
fluorescence technigues (XRF analysis) at the Unibestitute of Geology,
Geophysics and Mineralogy of Siberian Branch of dfars Science Academy
(Novosibirsk, Russia). Trace element concentratiwase measured using ICP MS
techniques (at the Institute of Mineralogy, Geocisény and Crystallography of
Rare Elements RAS, Moscow) and X-ray spectrum aislfat the Institute of
Geochemistry SB RAS, Irkutsk). The Sm- and Sr-isetdata were received for
whole rock samples and some mineral separatesasuglivine, clinopyroxene and
plagioclase from most fresh varieties. These aeralysere conducted at three
different science centers (Niigata University, Jgdastitute of Geochemistry and
Analytical Chemistry RAS, Moscow, Russia; Institutef Geology and
Geochronology of Precambrian RAS, St-Petersburgssi@y using a Finnigan
MAT-262 mass spectrometer equipped with 8-collesymtem following standard
technique. The isotope dilution method with additas **°Sm,**°Nd, #‘Sr, and™Rb
tracers measured element concentrations. Resutteasurements in samples were
checked relative to isotopic ratios in BCR-1, LHaJand SRM-987 standards.

Data regressions have been performed using théotgmmgram, version 2.0
(Ludwig, 1989) with precessions f6FNd/*“Nd are no more:0.005% and external
precession for*’Sm/*/Nd is +0.5%. Both internal and external precessions for
8Srf°Sr are +0.01% and external precessions for 87Rb/86Sr +4r8%. Nd-
iIsotopic compositions are given in teldd notation as proposed by DePaolo and
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Table 1.
Geochemical parameters of studied samples
Ke- Ke- Ke- Ke- Ksh- | Ksh- Ke- Ke- Ke-
Sampll 177 | 4/164 [Ke-8/83Ke-8/85 1 ool 171100 KH5Y “ais | 610 | 31173 31209 | 1/241
Rock 1 2 3 4 5 6 7 8 9 10 11| 17

SiO, 38,82| 42,21 | 37,85 44,65 41,4444,89 | 37,89 48,59| 46,87 | 47,94 43,86 | 63,78
TiO, 0,17| 0,38 0,37/ 087 024 022 012 0,0 07 048220 0,10
Al,O3 240 | 446| 4,40 1160 491 410 0,72 443 1538 QRY¥6,71| 17,13
Fe,0s' 13,81| 14,03 | 13,85 14,42 12549,80 | 14,36 7,66 | 10,58, 8,41 995 2,85
MnO 0,17 | 0,16 | H.o0. Ho. | 0,48| 0,12| 0,121 0,25 0,16 0,42 0,11 0J05
MgO 37,50| 33,35| 30,66 13,50 36,2225,23| 32,38 25,90 9,47 | 9,85| 12,33 2,50
CaO 1,40| 2,83| 2,89 10,60 2,20 1265 1,91 447 14,89 70713,70| 3,57
Na,O 085| 080| 0,12/ 160 048 030 030 o040 Op1 1,01,1018,71
K,0 0,08| 0,11| 0,02/ 058 025 014 0,50 oOop4 0p3 0,17,3000,68
P,O5 0,03| 0,07| 0,01 0,08 <0,03<0,03| <0,03 <0,03| 0,04 - -
TLILII 3,79 253| 882 248 098 199 108945| 101| 167, 2,88 0,26
Total 99,02]100,93| 98,99 | 100,38 99,47| 99,48 | 98,82 99,42| 100,11|100,05 101,16| 99,66
Normative mineral composition (%)
Fsp 109 16,1| 14,1 31,4 165 138 4p 185 47,0 40,2 ,35284,6

CPx 3,6 4,3 2,6 23,9 0,4 429 82 10/5 287 465 22,7161
OPx - 6,0 12,8 - 3,9 - 12,2 57,6 9,0 - - -
Ol 80,2 | 72,7| 69,8 289 78y 415 753 16,2 141 10,7711 04
™ 54 0,9 0,8 6,0 0,5 2,4 0,4 0,2 1,2 2[7 719 3.4
f(Ol,OPx) | 10,6 | 175| 182 33,1 14 182 188 140 544 680,7 9 O
An% (P)) | 37,0| 67,8 954| 624 778 836 136 743 879 852108 10,8
Chemical parameters
Kh 535| 469| 443 187 568 508 447 6p3 16 231,452 1,53
mg# 712 | 688| 687 449 729 709 685 754 444 50418953 16,9
ID 831| 764| 116/ 180 586 362 371 42 880 991161 795
CaO/AILO; | 058 | 063| 066 091 045 309 265 101 0,97 1,3982Q 0,21
Ka,O/Na,O | 0,09 | 0,24| 0,17/ 0,36 052 04y 033 O0OB5 087 0,17,27Q 0,08
Trace element contents (ppm
Cr 6400| 4900| 3200 116,7 4232 2200 1648 2887 454,8 940882,5| 28,7
Ni 4200| 4600| 2400, 80,9 2917 1200 1218 3905 215,7 83254 71,2
Co 160 200 180 54,3| 1219 230 265 | 129,0 60,3 | 73,0 93,7 121
Cu 1000| 4600| 970 95,1 332 57( 458 99,9 57,9 1884 | 29,7
Ti 1020 | 2100| 2220 6554 1209 1360 6%5 7068959 | 2068| 1587 123D
\Y 79 260 100 374| 68,5 260 67 386 194 211 136 47
Sc 19 - - 77 8,6 41 - 5,9 29 42 25 -
Ti/Cr 0,2 0,4 0,7 56,2 0,3 0,6 04 0,2 8,7 5|1 8(7 429
Co/Ni 0,04 | 0,04| 0,08 o067 004 019 002 o003 0,8 0,8775Q 0,17
Sc/V 0,24 - - 0,21 0,13 0,16 - 015 01 0,20 0,18 -

Note: Rocks: 1, 2, 5 — dunite; 3 — serpentinized pyrexdch dunite; 4 — fine-grained metagabbro from
«ultrabasic» unit; 6 — olivine-bearing clinopyroien 7 — wehrlite; 8 — melanocratic gabbro (platase-bearing
metawebsterite); 9-11 — metagabbro from «basicty LiRi— vein-like albitite.

Symbols for normative mineral composition: Fsp eldispar; Cpx — clinopyroxene; Opx — orthopyroxe@é—
olivine; f, opxy — ferrous index for olivine or orthopyroxene in lexular % content of Fa or Fs end members
respectively; An % (Pl) — content of An end membethe plagioclase. Chemical parameters: Kh — msigne
index by Hess (Kh=MgO/F€0in molecular %); #mg — crystallization index by & (#mg=100*MgO/
(MgO+FeO+Fe203+Na20+K20)); ID — differentiation éxdby Thornton and Tuttle (the sum of normativatalb
and orthoclase contents). Analysis of rock samptes-3 were conducted at the IG SB RAS (Irkutsk, Ra)sssing
silicate chemical (analysist is T.V. Ozhogina) atom absorption (analysist is O.A. Froidakova) rodth Samples
Ne 4-12 were analyzed at the UIGGM SB RAS (NovoshliRussia; analysist — N.M. Glukhova) and at th&sIRE
RAS (Moscow, Russia; analysist is D.Z. Zhuravlesing RFA and ICP MS techniques respectively.
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Wasserburg [3] with values calculated using CHURapweters of Faure [7]. Sr-
iIsotopic compositions are given in the initial cafor corresponding age and in the
€Sr notation with values calculated using the URapweaters after. De Paolo [4].
The model age gy was calculated on the base of modern depleted lenant
parameter$*Nd/*Nd=0.51315 and*’sm/*Nd=0.2137 after Peucat et al.[20].

GEOCHEMISTRY OF STUDIED ROCKS

The distribution of major and minor elements ink®of the Kingash massif
has been described by many workers [2, 10, 13ndiother]. Usually they studied
patterns of siderophile, chalcophile and preciowtai but not REE and HFSE.
Most of authors show a convergence of rock comiposit with products of
komatiitic or melapicrite-basaltic series as well an inheritance of chemical
parameters between main petrography varieties. mfmless, two types were
divided among gabbroides that different betweem#®dves in the level of TiO

CaO/AlLO,
10 4 100 A

0,11

mg# o4 mg#
80 60 40 20
[e]1 [°]2 [@D]s [L»]4
Fig. 2.Variation of some geochemical parameters versus aagnesian index by Kuno for

main rock types of the Kingash massif
Symbols: 1 — basites of "ultrabasic" unit; 2 — tessiof private gabbroid intrusion; 3 — compositidireld of rock association (1 — dunites, 2 —
wehrlites and pyroxenites, 3 — gabbro, 4 — allsitiéted tronhjemites); 4 — variety trends of basites.

The two-stage model of the Kingash massif formaisoaccording to the bimodal
distribution of Ti between final mafic differentes of picritic magma and rocks of
private gabbroid intrusion. We took attention oe thariety of some geochemical
parameters (CaO/ADs, TiO,, Ti/Cr. Sc/V) relative to a magnesian index after
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Kuno (#mg=100MgO/ (MgO+FeO+EF8s;+Na,0O+K,0)). Two trends are actually
obtained for different basic associations (fig. Rjgurative points of “ultramafic”
metagabbro are distributed along the first trendt, foints of private gabbrioc
intrusion are mostly showed a tendency to stretimhgathe second trend. However
this regularity isn’t directly obvious so some sadespof basites from the gabbroid
body are located near the first variation linemiy be connected with chemical
heterogeneity depending on a presence of locallitiedi&e blocks of “ultrabasitic”
series in the late gabbroic intrusion.

Our new geochemical data allow estimating pectiksi of fractional
crystallization and geodynamic regime of formatfonthe Kingash massif. REE-
patterns of studied rocks show a successive grafitbontent from dunites to
pyroxenites and far to mafites (fig. 3). Some fesdtwof REE accumulation are for
different types of gabbro. For example the spectlinm of metagabbro from the
“ultrabasic” unit (sample Kc-8/85) opposite to Y@ate” metagabbro (samples Kc-
3/209, Ksh-6/10, Ksh-6/12) is characterized by gatige slope with a local
depletion of LREE. This pattern is mostly conjugettehat of plagioclase-bearing
dunite (sample Kc-1/272). It is partly confirmedesidual origin of similar basites
from the parental picritic magma. Usually the degné REE fractionation is low in
Ti-rich rocks. This regularity was already remarkia basites of the Kansk
greenstone belt as an indicator of different foramatype or structural setting [17].

100
e 1
12
03
X 4
3
© .
£ oNin. 22
= \‘-O<O‘———O—-O——O'—O——Q__o_ Ksh-6/12
g . O~_ A O —~0-—0—-0
£ Kc-8/85
B 10
a
E TO— 0 —0Ksh-6/10
w
S — Kc-17/129
------- OKc-3/209
— O~ —O~ _Ksh-6/5
Kc-1/272
N S><—ke Kc-1/86
X Kc-1/241

1 T T I I I T I I I I I I I I

La Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

Fig. 3.Chondrite-normalized REE patterns for rocks of theKingash massif. Chondrite
REE concentrations are given after Evensen et al1978)

Symbols: 1 — rocks of ultrabasic unit; 2 — rocks\weéhrlite-pyroxenite” reaction zone; 3 rocks
of gabbroic body; 4 — albitites of latest veins.
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The distribution of REE in studied metagabbro apaxyenites (sample Kc-17/129)
hasn’'t Eu anomalies that refuse any role of pldgge fractionation during
crystallization of basic melts. The weakly negatwe®maly of this element in some
dunites (sample Kc-1/86) and wehrlites (sample KBH-Tould reflect an early
accumulation of olivine in the parental picritic gmaa. At the same time strongly
positive Eu anomaly in albitites (sample Kc-1/24ahd negative that in
melanocratic gabbro (sample Ksh-6/5) may be to ecnmwith metamorphic
transformation of rocks such as secondary beddipgrioned melting.
Table 2.
Rare element data (ppm) for studied rocks

Sample Kc- | Ke- | Ke- | Ksh- | Ksh- | Ksh-| Ke- | Ke- Kc- | KH- | Ke-
[ 1/86 | 1/272| 8/85| 6/5 | 6/10| 6/12 | 3/209| 3/173| 17/129| 5/1 |1/241
Rock 1 1 2 4 5 5 5 5 3 3 6
Cs 0,227/ 0,153| 0,155/ 0,165/ 0,098/ 0,142 0,512| 0,052| 0,207 | 0,0860,103
Rb 3,461) 4,573(35,82| 1,07 | 11,9119,68| 18,10 3,43 | 3,402 1,0906,504
Ba 24,15434,973 744,8/133,01147,07143,76166,43 40,67| 39,82 | 8,548431,9
Th 0,309] 0,347/0,437/0,263] 1,289/ 0,575 0,837| 0,288| 0,439 | 0,1520,183
U 0,071} 0,073(0,119/0,107|0,315|0,112| 0,205 0,105| 0,140 | 0,0480,068
Sr 12,97229,701 503,3| 23,42/ 392,2/ 422,4] 311,9/ 309,5| 46,5 | 11,021002,%
Zr 11,85310,251 49,094,722/ 41,99| 32,48| 22,63| 17,35| 14,23 | 9,0073,618

Hf 0,333 0,306| 1,89| 0,158§1,306|1,169| 0,639| 0,603| 0,506 | 0,2610,117
Nb 0,84 | 0,919 2,145| 1,359| 3,244/ 6,025| 7,164| 0,921| 0,815 | 0,88115,64%
Ta 0,168/ 0,179|0,191/ 0,178/ 0,261| 0,48 | 0,406 0,053| 0,066 | 0,0341,661
La 1,026| 1,742|2,906|1,132/6,148| 5,28 | 6,45| 1,95 1,968 0,693,931
Ce 2,368| 3,775| 7,78 | 2,58913,89 13,17 12,75| 5,04 | 4,355| 1,675,812
Pr 0,301 0,469|1,275| 0,32 | 1,89| 1,8991,422| 0,77 | 0,565| 0,2080,921
Nd 1,31 1,9826,883] 1,57 | 8,1049,532| 5,559| 3,81 | 2,602| 0,92(13,991

Sm 0,324{ 0,477| 2,538/ 0,505| 2,095| 2,926| 1,210| 1,28 | 0,838| 0,250,771
Eu 0,072/ 0,171| 1,022/ 0,104{0,734|1,103| 0,406| 0,515| 0,272 | 0,0760,911
Gd 0,381 0,576| 3,688/ 0,610| 2,264| 3,906| 1,167| 1,59 | 1,064| 0,3130,596
Th 0,064 0,100{0,677/0,111{ 0,381 0,697| 0,198 0,285| 0,197 | 0,0570,089
Dy 0,403| 0,625(4,591)0,724{2,303|4,495| 0,195| 1,772| 1,214 | 0,3510,455
Ho 0,089| 0,143| 1,012/ 0,163| 0,495| 1,028| 0,241| 0,361| 0,248 | 0,0770,088
Er 0,231{ 0,384|2,901)0,435| 1,273| 2,784| 0,660| 1,003| 0,683 | 0,2160,233
m 0,033 0,060(0,425| 0,069/ 0,177/ 0,399| 0,095| 0,142| 0,095 | 0,0320,033
Yb 0,218| 0,377(2,763/0,444( 1,127| 2,554| 0,573| 0,835| 0,582 | 0,2100,197
Lu 0,034] 0,061(0,423|0,062| 0,159| 0,368 0,081| 0,12 | 0,083| 0,030,028
Y 2,401 3,88 | 23,28 4,41 | 13,6827,64] 7,09 | 10,69 7,37 | 2,294 2,72
Note:Rocks: 1 — dunite; 2 — metgabbro from "ultrabgiciit; 3 — wehrlite and pyroxenite of reaction
zone; 4 — melanocratic metagabbro (plagioclaseiigpanetawebsterite); 5 — metagabbro from "basic"
unit; 6 — vein-like albitite. Element concentrasomwas determined at the Institute of Mineralogy,

Geochemistry and Crystallochemistry of Rare Elema@fitRAS (IMGRE, Moscow, Russia) using ICP
MS technique Finnigan mass spectrometer, anaigdZ. Zhuravlev.

The variety of rare element contents normalizethéprimitive mantle (PM)
and NMOR-type basalt is shown in fig. 4. The ermeht by “crust” components
(Cs, Rb, Ba, Th, and U) as well as depletion by Riband HREE assumes some
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role of subduction zone during a generation of pryjymagmas. It is corresponding
to the point of view about an initial formation @fotolith for the Kansk greenstone
belt in the regime of back-arc spreading [17]. Tl of Zr, Hf, and Nb depletion
Is usually more strongly for rocks from the privagtbbroidic body. We regard to
make that depend on different scales of back-ardasin and velocity of spreading
during generation of parental magmas for two mairusive phases of the Kingash
massif. The distribution of Sr is contrast in Ubagites (lower to PM) and basites
(higher to MORB) that can be explained as a retathobility of this element in
metamorphic processes.

30

Ke-1/272

Kc-1/86

0,3

T T T T T T T T T T T T T T T T T T T
Cs Rb Ba Th U Nb Ta La Ce Sr Nd Sm Zr Hf Ti Tb Y Yb Lu
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100 A
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10 4

-\\;\ /.W
b_;%’\o,_o\o\
Cs Rb Ba Th U Nb Ta La Ce Sr Nd Sm Zr Hf Ti Tb Y Yb Lu
Fig. 4.Spider-diagrams of trace element distribution for ®me samples of ultramafites (A)
and mafites (B) from the Kingash deposit
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SM-ND AND RB-SR CHRONOLOGY

Sm-Nd and Rb-Sr isotopic data for whole rock saspled mineral separates
are listed in table 3. The Sm-Nd isotopic systemase stable for metamorphic
alterations so it can be more informative for datih private magmatic events.

143Nd/144Nd 143Nd/144Nd

" g o708 Ke-1/272 Wr ®
05130 { | T=1410+49Ma Kc-8/85 Wr 0.7084 -
MSWD = 1,01
eNdy = +3.2 T =882+33Ma
o 0.7080 4 MSWD = 1,75
Ke-8/83 W I,= 0,704239
05126 4 0,7076 -
Ko-a/77 Wr f Kc-4/164 Wr -
0124 7 Ko-1/272 Wr 07072 1
05122 4 Ve 0,7068 -
7 Ke-8/85 Wr
0 Ke-11241 cPx
/ -
0,5120 7 Kc-1/241 W /\ T = 498 +45Ma 0,7064 Kc-4/164 Wr
e MSWD = 0,99
08118 1 Syorpparpy  LNATT T 07060 1 Ke-4/77 Wr
1
Ko-1/241 Wr
J J T T T T T T T T
0,05 0,10 015 0,20 0,25 0,30 0,1 02 03 04
143 144
0551312 4 Nd/ "'Nd ] — D
07088 7 KH-5/1 W ¥
/
/
0,7084 - /
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Ke-17/129 oPx 0,7080 Keh-6/5 Wru//
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/
1 /|
/Kc-3/1 73 Wr 0,7068 - Ksh-6/10 Wr , (=875 Ma
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/
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Fig. 5.The variety of Sm-Nd and Rb-Sr isotope compositiom rocks of the Kingash
ultramafic-mafic massif
A — Sm-Nd isochrones for whole rock samples frortrabasic" unit and for the vein-like albitite
spatially associated with them; B — Rb-Sr isocHmrdunites of "ultrabasic" unit; C — Sm-Nd isoches
for the “wehrlite-pyroxenite” reaction unit and favcks of private gabbroid intrusion; D — a vanatiof
Rb-Sr isotope parameters in rocks of "wehrlite-pgrote” and "basic" units.
Symbols: 1 — ultramafites (dunites, wehrlites, pmites); 2 — basites; 3 — albitites.
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In the Sm-Nd evolutionary diagram, data points aflkbcompositions
represented by dunites (Kc-1/272; Kc-4/77; Kc-4/184-8/83) and metagabbro
(Kc-8/85) from the “ultrabasic” unit are carefulypproximated (MSWD=1.01) by
regression line with a slope corresponding to am@&dl41@49 Ma (fig. 5a). The
eNd; of this line is +3.2. The revealed age can be rosgh a final stage of
consolidation of ultrabasic intrusive body so gemulstry of studied rocks is
reflected features of picritic melt differentiationthe magmatic chamber. However
the internal isochron constructed for data poiritplagioclase, whole rock sample
and augite from the vein-like albitite (Kc-1/241% only shown the Early
Ordovician metamorphic events with age of #98 Ma (MSWD=0.99;eNd=-
7.1). This isotopic dating is mostly correspondiaghat received for biotites from
host gneisses and vein-like trondhjemite (T=480-8) using the Ar-Ar isotopic
method [19]. The distribution of Rb and Sr isotopekess regular in studied rocks,
especially in basites (fig. 5b). A regression liwgh parameters T=8833 Ma,
MSWD=1.75 and’Srf°Sr,=0.704239 can approximate only bulk compositions of
dunites. The deviation of figurative point of metbbro (Kc-8/85) is obviously
connected with the secondary amphibolization acemiegl by extraction of'Sr
from metasedimentary units of the Biryusa Formation

The Sm-Nd isochron line calculated for four poimts whole rocks and
minerals from reaction zone (bulk composition ohvi#e denoted KH-5/1; olivine,
diopside and whole rock composition of clinopyroxerdenoted Kc-17/129) is
regained direct balance too (MSWD=0.89). Its slopgesponds to age of 8733
Ma with eNd=+0.7 (fig. 5c). The variety of isotopic data incks of “private”
gabbroid intrusion is less regular so a deviatib8ma/Nd ratio is very short in these
samples. Nevertheless, the regression line cagzllf@r whole rock compositions
of this gabbro has a slope corresponding to sinalge of 87479 Ma with
MSWD=0.64 and eNdy=0. The successive decrease &fid; values from
ultrabasites to pyroxenites and far to gabbro isfiomed a “contact-reaction”
origin of total rock sequence in the Kingash mas3ifiere is a significant
transformation of Rb-Sr isotope system in listechgl@s also (fig. 5d). More weak
deviation from regression line corresponding to ag&75 Ma is only obtained for
figurative points of wehrlite (KH-5/1), olivine-baag clinopiroxenite (Kc-17/129)
and plagioclase-bearing metawebsterite (Ksh-6/%)th& same time basites are
characterized by different scales of contaminatipmadiogenic strontium.

Our results of isotopic dating allow distinguishittyee main stages in the
evolutionary history of the Kingash massif. Thestfiof them is corresponding to
the Early Riphean (Early Neoproterozoic) time (T¥4Ma) when the “ultrabasic”
unit was formed. The equilibrium distribution of Smd Nd isotopes in dunites and
vein-like bodies of Ti-rich gabbro spatially assded with them confirm it.
Following Late Riphean stage was remarked as ioinuand emplacement of
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“private” gabbroid plutonic body accompanied byhaethermal and metasomatic
interaction with the early ultrabasites and formwvghrlite-pyroxenite reaction
zone. Such scenario is according to the similasitySm-Nd dating for gabbro
(T=874 Ma) and pyroxenites (T=873 Ma). Moreoversthevents was reflected in
the transformation of Rb-Sr isotope system in cdaigwvith near age of 8832 Ma.
The main mechanism of this reorganization could becal metasomatic alteration
with the development of secondary phlogopite cigstamed reaction rims around
olivine and ore minerals or located in the intdéiedtispace. The third stage was
connected with injection albitite and trondhjemvieins that correspond to Early
Ordovician epoch of regional metamorphism. Geolalgchronometers of these
events are Sm-Nd and Ar-Ar isotope systems of lexat@ vein-like rocks in the
Kingash massif.

MATTER SOURCES AND GEODYNAMIC REGIME OF
FORMATION

The high mobility of LIL-elements (Rb, Sr, Ba) dugi a secondary
amphibolization [1] is confined to estimate mateurces of primary magmas for
rocks from the Kingash massif using only initidNd/*Nd ratios. Values oNd;
calculated for corresponding ages of different raslsociation are formed four
independent groups that range to following integval) from +3.1 to +3.4 in
varieties of parental picritic magma; b) from +@6+0.9 in rocks and minerals of
wehrlite-pyroxenite “contact — reaction” unit; apm —0.1 to +0.1 in “private”
gabbroides; d) from —7.3 to —7.0 in bulk compositamd minerals vein-like albitite
(Kc-1/241). Such discrete variation &fldr supposes an obvious heterogeneity of
mater sources for rocks in studied plutonic bodié& decrease of this parameter in
more young intrusive phases is shown a successoxgtly of participant role of
crustal components in the generation of magmatitsme

A lowest level of crustal contamination is charaetl for ultrabasites.
However,eNd; values obtained in them must to assume a mixirginoof initial
matter source with Nd isotopic composition corregpog to the combination of
depleted (DM— or PREMA-type) and enriched (EMI- BMII-type) mantle
substrates. Model Nd ages calculated for DM vafiiesn 1.9 to 2.1 Ga in this
rocks. It is a little younger relative to that forthogneisses from the Kansk
greenstone belt ¢f; = 2.4 Ga). The dating of gneiss protolith using’kJisotope
method shows an age of 2.3 Ga weNd; =+3 [18]. Similar Nd isotopic
composition in ultrabasites of Kingash massif anetavolcanites of greenstone
belts are demonstrated a multi-stage melting ofoumi mantle substrate during
Early Proterozoic and Early Riphean time.

The mixing model is necessary to explain featufesdisotopic composition
in rocks of “private” gabbroid intrusion too. Thelbsluction-relative genesis of
them is obviously remarked in geochemical and @otparameters. Moreover the
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emplacement gabbroic body is temporally correlat@td main stages of tectonic
evolution of Arzyba neighboring terrain that coh$iem juvenile crust complexes
of oceanic arc type[21, 24]. Its arc-like formirgysupposed at Grenville ocean on
the boundary of 1000 — 1100 Ma, but its collisimcration to the Kansk terrain
was later about 800 Ma [19]. Our chronological data“‘private” gabbroid of the
Kingash massif (T = 870 —900 Ma) is coordinatechvatmiddle stage during the
closing of this oceanic basin. According to sucénseio, the basaltic magmatism
could be connected with processes of back-arc dimgeaor local rifting on the
continental margin and be accompanied with tect@volution of the Kansk
terrain.

Slightly positive values ofeNdr in rocks of wehrlite-pyroxenite unit
correspond to the model of their forming in cormdi8 of contact interaction
between solid ultrabasites and basic melt. Negatiakies of eNd;y in bulk
composition and minerals of vein-like albitite aeflected increasing role of crust
during Ordovician stage of regional metamorphism.

The RDb-Sr isotopic system is unstable during metpmo alterations of
rocks, but it could be more informative for redoastion of geochemical evolution
on latest stages of history. For example, theidigion of Rb and Sr isotopes in
studied dunites was obviously transformed by inflee of fluids from “private”
gabbroid intrusion. We suppose to connect this gimgnwith an addition of some
®Rb content that could alter the initial distributiof Sr isotopes. In this case,
samples with low Rb/Sr ratio must to mostly presefr isotope composition
similar to that in picritic parental magma. The ®&rf°Srg, in sample Kc-4/77
calculated for age of 1410 Ma is 0.7031:(%{ =+4.0). At the same time Sr-
iIsotopic composition of ultrabasites and pyroxenitalculated for age of 875 Ma
could be more similar to that of parental basic magvith®’Srf°Sr, value ranging
from 0.7064 to 0.7074. It is corresponding to ugrad eSrr from +11 to +22.

The Rb-Sr isotopic system was mostly transformedindu regional
metamorphism, when Sr-rich mineral phases (climxene and plagioclase) was
undergoing to amphbolization and albitizatoin. Téteong variety of?’Srf°Sry,
value in basites is a regular argument for suctrpmétation. Nevertheless all rocks
of the Kingash massif have relatively low valuese8ir (no more +50) that
demonstrate a specify of isotope composition irt hetamorphic units as well as
origin of metamorphic fluids from the oceanic crudte moderateSr = +24.7 in
albitite similar to that in rocks of “wehrlite-pyxenite” units may be shown on the
forming of such veins by portion melting of ultrafitermafite substrate, but not a
relationship with the Ordovician granite magmatisnthe Kansk terrain.

The composition ofeNd; and €Srr values allow to distinguish two main
regularities for variations of isotope composition studied rocks (fig.6). The
significant range o€Sr (trend 2) is mostly connected with metamorphieraltion
accompanied either with addition BRb from more late gabbroid intrusion (in case
of dunites) or with aliel’Sr supplement from host metasedimentary units durin
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secondary amphibolization of mafites. The removaswch influence gives us to
construct an evolutionary trend for private magmatistems (trend 1). A slope of
this trend corresponds to mantle array that refecicessive involving of crustal
material in processes of melting in order fromraitiasic” to “basic” unit and far to
veins of albitites. Som&Sr enrichment in rocks of the Kingash massif retato
mantle-type varieties could be caused by actioslai§-derived fluids with isotope
composition similar to oceanic metasediments. Tpaiticipation in the magma
generation is confirmed a subductional origin ofimmack associations in studied
massif.

+20-] H1 8
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Continental crust

EMI

Fig. 6.eNdy vs.€Sry plot for the Kingash ultramafic and mafic rocks ard vein-like albitites

Symbols: 1 — dunites of «ultrabasic» unit; 2 — mabdbro of «ultrabasic» unit; 3 — wehrlites and
pyroxenites of contact-reaction zone; 4 — metagabbrbasic» unit; 5 — hypothetical initial compam

of rocks from «ultrabasic» unit; 6 — hypotheticaitinl composition of rocks from «basic» unit; 7 —
isotopic composition of albitites from vein-likersas; 8 — hypothetical trend of isotopic evolutifor
magma generated reservoirs; 9 — trend of metamogitaration; 10 — mantle reservoirs (DM — depleted
mantle, HIMU — mantle substrate under oceanic ddamriched by Th and U relative to Pb, BSE — Bulk
Silicate Earth, EMI and EMII — lithosphere mantlerieched by components of lower and upper crust
respectively; 11 — field of middle ocean ridge hizs@MORB).

Location of mantle reservoirs and MORB are showooseting to their modern parameters after A.
Zindler and S. Hart [26].
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CONCLUSION

Results of our geochemical and isotopic researalew to make following
main inferences about geodynamic regime of formatmd genesis of rock
associations at the Kingash PGE-Cu-Ni-bearing depos

At the first this object presents itself a multi-formatiorrusive massif where
Is spatially combined different magmatic units. dtggin could be interpreted as
successive injection of two autonomous magmas afitipi and basaltic
composition at the time of 1410 and 875 Ma respelsti Obtained sequence of
rock kinds (dunites- pyroxenites— gabbro) in the vertical cross section of massif
Is a result of contact interaction of these mediist not a result of magmatic
differentiation in intrusive chamber.

At the secondmatter sources of total rock association areadtarized by
discrete range of isotopic parameters with fouepwhdent intervals @Nd; values
corresponding to “ultrabasic”, “wehrlite-pyroxeriite “basic” and “albitite-
plagiogranite” units. This distribution is obviousteflected different degrees of
mixing between prevalent plume-type (PREMA) or é&gdl (DM) mantle
substrates and material of enriched lithospheretlmmg&EMI) or oceanic crust
(metasediments and basalts) during magma generdtenRb-Sr isotopic system
was significantly transformed by secondary metaimorpreorganization of
geochemical composition in studied rocks that caruged for reconstruction of
latest history including a formation of final orenaralization.

At the third features of Sr and Nd isotope composition as aglpatterns of
HFS- and RE-elements in studied rocks are assumedctve participation of
subductional processes in the geodynamic modéieoKingash ultramafite-mafite
complex forming. The role of subduction is less deneration of parental picritic
melt (rocks of “ultrabasic” unit) that could be cmtted with more wide back-arc
sea basin in Early Riphean time. Rocks of “basmuit are mostly correlated with
products of island arc- or continental margin-typegmatism in rifting zones.

At the fourth the Ordovician stage of regional metamorphism aasugh
significant for total history of the Kingash deposihe vein-like complex of
albitites and plagiogranites can be interpretedwadence of local portion melting
of ultramafites and mafites respectively. This dosion is confined by relatively
low €Srr values and positive anomaly of Eu in albitite gefrom “ultrabasic” unit
that is contrast to that in melanocratic gabbro.

The study was funded by the Russian Ministry ofc&thn and Science
(projects UR 09.01.008, UR 09.01.042) and RussiaunBation for Basic
Researches (grant 04-05-64331).
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INTRODUCTION

The carbonatite occurrences are which undergoribaeps of metamorphism
are not wide spread.

This is carbonatite occurrence in Mount Grace (@ritColumbia), where
carbonatites were metamorphized on the level ofréloofite facies. The bodyes of
alkaline rocks were modify into gneisses. The casbites were recrystallized into
coarse-grained granoblastic rocks [4]. Metamorph@mGulinsky carbonatites
(Russia) was obtained Zhabin [10]. According to lihathe main process which
occured during metamorphism was the recrystalbpatf the carbonatite matrix
that was similar to the formation of marbles atékpense of limestones.

The discussion [8] about formation of Celigdar d@p@Russia) is probably
related with it's participation in the process oétamorphism. It is likely that the
metamorphic processes were caused by the of triasolialcs, metacrysts of
apatites, the refined of minerals from admixtured anusuab'®0%. and&**C%o
iIsotopic compositions.

As any other rocks, which were to metamorphismctimbonatites there must
here: a) the processes of recrystallization undefminerals with the change of
structure and texture of rocks; b) the exchangpriohary and appearance of new
mineral species; c) the change of chemical compasitand some isotopic values
of the minerals.

Metamorphism of carbonatites must have the conwerdeatures with
metamorphozed sedimentary apatite-bearing carbooeits. This is concerns only
carbonatites matrix. High consentrations of P, B, Nb, TR must be due the
appearance of new minerals in the carbonatites.

Metamorphosed Veseloe carbonatites are very inbegesobject of
investigation. The age of the carbonatites has lkarmined as 593+3.5 Ma
using the 207Pb/235U ratio from zircon. Rb-Sr dath the metamorphism using
phengite gave 550+14 Ma (MSWD - 1.2).

In the Veseloe carbonatites there must be cleadn dransformations of
primary minerals, the appearance of new mineralt #re not typical of
carbonatites.
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ANALYTICAL METHODS

Whole rock chemistry was determined by atomic gtisam, with trace
element determinations by XRF and REE by ICP-AE® \preliminary chemical
concentration. For REEs certified standard apatiée(AR) and apatite (AK) were
used as quality control standards. CO2 was detedniby titrameteric chemical
decomposition. Strontium isotope values in nondiurn minerals were carried
out using arMI-1201 T mass-spectrometer. A Rb/Sr isochron was plott@agus
data from mica, K feldspar and whole rock. All thesethods were carried out in
the laboratories of the Geological Institute SB RA3an-Ude, Russia). The
minerals were analysed using electron probe minadyais (EPMA). Most
analyses were carried out at the Geological Irtsti®D RAS using a MAR-3
WDS (SV Kanakin) microprobe with an acceleratingtage of 20 kV, beam
current of 40 nA, beam size of 3-4 um and a 20uhiog time and a LEO-1430
scanning electron microscope with an IncaEnergy-80€rgy-dispersive system
(SEM-EDS) (NS Karmanov) 4 operated at 20 kV andrfA5 Additional imaging
and analyses were carried out at the Natural HisMuseum, London. Two
instruments were used: a Jeol 5900LV SEM equippéd an Oxford INCA EDS
system and operated at 15 kV and 1 nA specimeremumeasured on a Co
standard, calibrated with various natural and sstithmaterials and using a ZAF
matrix correction and a Cameca SX50 WDS electrotraprobe operated at 15
kV and 20 nA (carbonates) and 20 kV and 20 nA (esjcsilicates, phosphates).
The $13C ands180 isotope values were analyzed in the isotoperddbry of the
Analytical Center FESC RAS (Vladivostok, Russiajngsa Finnigan MAT 252
sensitive mass-spectrometer. The analytical em@® not more than + 0.05 for
carbonates and + 0.5%. for magnetite. A concordm\ags determined using the
207Pb/235U ratio in zircon by analysis on the SHector SHRIMP-II mass-
spectrometer in VSEGEI (St. Petersburg, Russia).

GEOLOGICAL DESCRIPTION OF THE VESELOE AREA

Veseloe carbonatites occur within the Baikal-Muwét bf Riphean islandarc
area which is in southern part of Siberian crafift zone was formed in Late
Riphean-Vendian in the eastern part of this belttloa territory of Kelyano-
Irokindinskaya area; this area was accompaniedjigdl complexes of volcanic-
sedimentary rocks and basic magmatism [1] (Fig. 1).

Veseloe area is located in the western part of INeliya block. The block
represents the part of Early Precambrian crystallasement that consists of
slates, gneiss, granite-gnaiss. The rock of basemes broken through
Prevendian gabbroids and granites. Block preseatly Precambrian crystalline
basemen consist from of slates, gneisses, granésges break through do vend
gabbroid and granites. All rocks, including carlidraas well as slates, gneisses,
granite-gneisses and marbles were metamorphosg@emschist conditions with
a temperature up to 450°-470°C and a pressure &dm8 Kbar (pressure was
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calculated according to Massone et al. (1989) usirgg). Rock of this area were
metamorphosed at amphibolite, epidote-amphibolitd aome times eclogitic
conditions.

Crystalline slates occur on the west from blocke Thck are regarded by
some researchers to Late Precembrian granite-gsetss processed crystalline
basement [1]. Some geologists (S.V. Okorokov e} atpoted that rocks were
formed metasomatic processes. To the west theychamged by volcanic-
sedimentary rocks of Muya series of Riphean agek&®f Muya series are
represented by of basic and volcanic rocks thaewsstamorphosed it greenschist
conditions. Built by chlorite, actinolite, epidotapite and clear micas consist the
rocks [1]. The composition of crystalline slatestba Veseloe area are micaceous-
quartz-feldspar. They are enriched by chlorite,inatite, epidote, lenses of
dolomite marbles.

Metamorphic rocks are broken through by bodies agkes of gabbroes
Riphean, ultrabaisites, Palaozoic granitoids. Insalee area the basic and
ultrabasic rocks consist of the chains of bodia$ dykes along tectonic zones to
north-north-west (fig. 1).

Bl [T ]o
[0

Fig. 1 Geology of the Veseloe occurrence

1- drift, 2 — Cambrian limestone, 5 - Riphean datermarble, 3 — Late Riphean crystalline slates, 4
Riphean crystalline mica-quartz-feldspar slates Ralaeozoic alkaline and biotite granites, 7 -eLat
Riphean gabbro: a) — bodies, b) —dykes, 8 — altelteabasic rocks (talc-carbonate rocks and listesi,
9 — bodies of carbonatites, 10 — faults.
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GELOGICAL-PETROGRAPHIC DESCRIPTION OF
THE VESELOE AREA

Micaceous-quartz-feldspar crystalline slates corsfishe Veseloe area (fig.
1). These rocks are fine-grained, with banded testuwith thin bands of mica. In
these rocks the zone of schistosity are widespread.

The feldspars are microcline, albite and oligoclaBkey are sericitezed.
Potash-feldspar contains 1.3-1.7% of BaO.

Layers of clear micas are orientated accordingadbd of rocks. Mica is
phengite, it contains 2-7 wt.% of FeO and more th&nwt.% of MgO (Table 1).
Amount of Fe and Mg are up to 0,5 f. c. Mineralaitemn the barium (0,21-0,49
wt.%), fluorine (0,31-0,55 wt.%). Phengite has hggimtent of silica (3,25-3,4%.
e.), what indicate about high pressure at formatibmineral.

Table 1.

Chemical composition of micas in rocks from slatethe Veseloe area, wt.%

SiO, | TiO, | Al,O3 | FeO | MnO | MgO | KO | BaO | F Total
48,89| 0,55 | 24,56 7,51 0,15 2,33 11,37 0,25 0,590,78
49,17| 0,5 24,05 7,17 0,24 2,57 11,23 0,21 0,5400,33
48,29| 0,2 24,23| 7,65 0,26 2,73 11,39 0,29 0,599,98
47,12 0,44 | 30,53| 3,97| <0,06 125 11,% 0,88 0,28€0,13
47,54 0,58 | 29,64 4,32 0,07 154 11,36 0,49 0,300,58

0

0

0

0

e

47,67| 0,52 | 29,44| 4,29 0,09 1,549 11,23 0,48 , 310,23
49,25/ 0,33 | 27,52| 3,18 0,07 3,13 11,44 0,81 , 390,55
49,82| 0,06 | 28,52 2,39 0,09 2,86 11,66 0,85 , 300,56
48,95/ 0,39 | 27,86 3,03 0,08 293 11,32 0,87 ,300,15

Note. Total result is given with theoretical water aadcounting CaO, BaO, Ma contents
considering which below detection limit of about %t

Epidote consits isometric grain. Sometimes the nineontains of the single
inclusions of allanite. Large crystals of allan(itg to 2-3 cm) are present in potash
feldspars veinlets of slates.

Biotite associated with epidote, quartz. They arentated according to
banded of rocks.

Magnetite is presented from ore minerals. It i® asentated according to
banded of rocks.

Chemical composition of slates and admixture elésnanthem indicate that
these slates to be formed as of metamorphism dfracks. On the composition the
rocks (NaO+K,0) are regarded to subalkaline series. Amountltoa siaries from
69 - 76 wt.% of SiQ 12-15,15 wt.% of AlO;, of iron 0,25-2,39 wt.% of RF®;and
0,11-1,03. wt % of FeO. Amount of titanium is fra02 to 0.36 wt.% of TiQ
Amount of sodium, potassium and calcium vary fro®83- 6,57 wt.% of N#D,
2,16 - 3,88 wt.% of KO, 0,46-1,48 wt.% of CaO.

Dolomite bodes are presented in slates (fig. 1)l taey were modified at
metamorphism in marbles. They are lenticular boavéh thickness 10 metres.

O O[NNI IWN| -
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Marbles contain the dissemination of phengite aathlets of quartz. Phengite
contains 0,16 wt.% of FeO and 5.53 wt.% of MgO (&&2). Amount of silica is
3,41 f.c. in the mineral. In the dolomite marbles tarbon and oxygen isotopic
compositions are similar to limestones (an aved@f@=13,7-16,1%.5°*C=+2,8-
+3,8%0). Table 2.

Chemical composition of phengite from dolomte marld, Veseloe area, wt.%.

Ne S|02 TIOZ Al 203 FeO MgO K20 Total

1 51,80 1,31 26,32 0,08 5,00 10,69 101,25
2 49,32 1,05 30,32 0,16 3,49 10,42 100,9(
3 51,01 0,28 26,49 0,16 5,53 11,25 100,29

The gabbroes and ultrabasic rock are presented gammaigmatic rocks [7].
They also undergo of metamorphism.

Ultrabasic rocks were metamorphosed with formatibquartz-talc-carbonate
rocks. The rocks consists the lenticular bodiescivtthickness is up to several
metres. Carbonate minerals are predominant in treedes. Magnesite, dolomite,
chlorite, talc, phengite, quartz, actinolite, pldpde, chromite also consist these

rocks.

Magnesite, dolomite and quartz are the main rooksyition minerals.
Dolomite contains less than 4 wt.% of FeO (Table.Msagnesite has amount of
FeO (from 6,72 to 13,12 wt.% of FeO), it is similaibreunerite.

Table 3.

Chemical composition of carbonate minerals from damites marbles and
talc-carbonates rocks the Veseloe area, wt.%.

Ne FeO MnO MgO CaO Total

1 <0,07 <0,06 21,69 29,73 98,45
2 0,22 <0,06 22,08 29,91 99,2

3 0,07 <0,06 22,33 30,19 99,59
4 0,09 <0,06 21,99 30,33 99,41
5 0,08 <0,06 21,79 29,79 98,67
6 7,09 0,24 42,24 0,04 102,00
7 6.72 0.09 42.56 0.04 99.44
8 8.94 0.18 40.33 0.56 100.10
9 13.12 0.36 38.72 0.05 99.67
10 7.55 0.14 42.12 0.06 100.17
11 2,50 0,25 19,79 29,12 99,11
12 3,98 0,17 18,26 29,88 100,34
13 3,55 0,43 18,33 30,24 100,02
14 2,20 0,46 21,10 28,76 99,85

Note. Samples 1-5 dolomite from marbles, 6-10 magndsienerite and 11-14 dolomite from
talc-carbonate rocks. Strontium was not identifiElde total is given with account theoretical £QiO,,
TiO,, Cr,03 N&O, Al,O3 K,0 and BaO, Their amounts is not higher than tectitra of the percent

The oxygen and carbon isotopic compositions fronarggutalc-carbonate

rocks are showing in table 4.
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Table 4.
Oxygen, carbon and strontium isotopic compositions minerals from talc-carbonate
rocks of the Veseloe area

Ne Samples Mineral 3%0%.SMOW | 8°C PDB | 8'gy/%gy

1 Sr-7 magnesite+ 12,0 -1,9

2 Sr-8 dolomite 12,2 -0,9

3 4/04 11,7 -1,0

4 8/04 10,4 -1,4

5 EB-11 -/l- 11,5 -1,6

6 EB-12 -/1- 14,2 -1,4

7 131/05 14,1 -0,6 0.70426
8 22/05 -11- 12,6 -0,8 0.70527
9 19/05 13,3 -1,6 0.70583

Note. The analysis was carried out in Analytical CemteFar East Scientifie Centre RAS (Vladivostok,
Russia).
Table 5.
Chemical composition of minerals from modified ultabasic rocks, Veseloe area, wt.%.

Ne | SiO, | TiO, | Al,O3 | Cr,03 | CaO | FeO| MgO| NaO | K,O | NiO | F Total
1| 30,76/ 0,05| 17,40 0.52 - 7,41 30,30 - - - | 0,64| 99,18
2 |31,19| 0,05| 17,83 0.52 - 7,78 29,36 - - - | 0,45| 99,24
3 |29,36| 0,05| 16,23 0,53 - 7,22 28,07 - - - | 0,78 94,58
4 | 30,64| 0,05| 17,63 0,93 - 6,88 29,14 - - - | 0,65 97,95
532,38/ 0,05| 16,44 0,56 - 762 29,78 - - - | 0,74| 100,19
6 | 31,23/ 0,05 | 15,16/ 2,11 - 6,50 30,18 - - - 10,75/ 86,09
7 | 48,41 0,11 | 25,72| 4,68 - 0,85 3,01 - 10,70 - - 98,93
8 | 50,20| 0,09 | 24,13| 3,76 - 0,883 5,08 - 10,74 - - | 100,44
9 | 47,89| 0,10 | 25,39 5,90 - 0,89 3,14 - 10,74 - - 99,18
10| 50,49| 0,12 | 22,59| 3,28 - 259 4,66 - 10,82 - - | 100,51
11| 48,36| 0,06 | 26,67| 4,22 - 0,92 3,00 - 10,81 - - 99,32
12| 47,77| 0,10 | 24,51 5,79 - 1,09 3,46 - 10,79 - - 99,10
13147,91| 0,11 | 25,27 5,71 - 1,00 3,1b - 10,60 - - 98,41
14| 56,54 - 0,81 - 10.95 7.11| 19.85 1.25 - - - 98.9
15| 56,07 - 1.09 - 11.36 7.31| 19,99 1.24 - - - 97.43
16| 54,82 - 0,93 1,17 | 11,035,61| 21,15 1,09 - - - 98,80
17| 43,10 - 10.47| 0.94 - 2.7% 26.76 - 10.84| 1.03| 5.35| 101.59
18| 42.77| - 10.86| 0.77 - 3.13 26.68 - 11.51] 0.95| 5.02| 101.51
19| 42.49| - 10.77| 0.84 - 3.12 26.57 - 10.99| 1.24| 5.25| 101.27
20| 4259 - 11.41| 1.38 - 3.23 26.29 - 10.90| 0.48| 5.01| 101.29
21| 43.24| - 11.11| 1.55 - 3.48 26.86 - 11.09| - |5.08| 102.41
22| 42.70| - 10.96| 4.75 - 420 24.26 - 10.10| 0.88| 4.53| 102.38
23| 43.14| - 10.99| 1.98 - 3.05 2498 - 10.44| 1.01|5.81| 101.41

Note. Sample: 1-6 chlorite, 7-13 phengite, 14-16 atit;w017-23 phlogopite. Total with theoretical
water.

Chlorite is represented by leaf-like fibrous aggteg and occurs between
grains of carbonate. Chlorites have high contemagnesium (from 28,07 to 31,23
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wt.% of MgO) (table 5). Amount of aluminium is up 17,83 wt.% AJO;. Content
of iron up to 8wt.% of FeO. The mineral contaipsto 2,11 wt.% GOs.

Talc (5-10%) formsolorless fine flakes with dolomite and magnesitendfal is
associatied with phengite.

Bright-green mica (1-2%) is chromium-bearing phengMineral is growing
together with quartz. Amount of MgO varies fr8f81 to 5,03 wt.% and FeO up to
2,59 wt.% (Table 5). As well as in others rocksriegnesium and iron concentration
is 0,5 f. c. Amount of silica is 3,39-3,44 f.a. phengite there is from 3,28 to 5,90
wt.% of Cr,0s.

Chromite is typical mineral and is represented @peised dissemination.
Grains of chromite have isometric form. Mineraleoftis replaced by chrome-
bearing phengite and chlorite.

In the talc-carbonate rocks presents as well pipiggolt included together with
quartz an chromite grains and it also occurs adatbonate matrix. Mineral is similar
to fluoroflogopite with high contents of chrome amckel (Table 5).

Quartz (6-7%) forms aggregate accumulations, grand veinlets. It is
irregularly distributed in the rock.

Massifs of the basic rocks occur in the west arsdl part of the Veseloe area.
This is hornblende gabbro transferring into thebgatliorite.

Gabbro dykes are presented on the Veseloe Hneg. are accumulated in the
stripe of north-west direction with 5-6 km thickedfig. 1). Thickness of dykes is up
to several meters. Their contacts with host sclhistsharp. These are massive fine-
grained rocks of deep-green colour. In result ofamerphic processes the gabbroes
were transformed in the aggregate of epidote, itbJamphibole, biotite, with few
amount of plagioclase, titanite. There are veirdets small assemblages of mica.

Chiefly, bulk of rocks are composed by epidotéorins isometric grains. Large
grains of epidote have sharp border and closetcesds with chlorite.

Table 6
Chemical composition of minerals from gabbro of the/eseloe area, wt.%.

Ne SiOz A|203 FeO MgO CaO | NaO | Ce03 | LayO3 | Pro0O3 Nd203 Total

1 |38,04) 27,09| 9,11| 0,10 22,98 - 0,16 0,16 0,27 0,28 99,41
2 | 37,77| 26,33| 10,37 0,05 | 23,33 - 0,16 0,16 | 0,27 0,28 100,01
3 |38,41| 27,39| 9,27| 0,06 23,12 - 0,16 0,16 | 0,26 0,28 100,38
4 |37,39| 24,01 | 13,24 0,03 | 23,14 - 0,16 0,16 0,27 0,28 100,12
5 | 37,26 27,21| 9,56, 0,6 2325 - 0,16 0,16 | 0,26 0,28 99,3b
6 | 67,82 19,89| 0,14 - 0,09 114 - - - - 99,34
7 | 67,33 19,82| 0,33 - 0,06 114 - - - - 99,01
8 | 67,75/ 19,97| 0,17 - 0,05 114 - - - - 99,91
9 | 67,32| 20,33| 0,14 - 0,4 11,2 - - - - 99,61
10 | 48,70, 7,66 | 13,35 14,22| 11,25| - - - - - 100,01

Note. 1-5 epidote, 6-9 albite, 10 amphibole. Total wtboretical water.
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Albite forms the isometric grains together with asfie. By parthly albite is
corroded by biotite. Amount of AD; is from 19,82 to 20,33 wt.%, amount JJais
within the of limits 11,15-11,41 wt.% (Table 6).

Amphibole is presents a isometric grains, prisnesraeedles of bright green
colour. It composition conforms tremolite with cenmts of CaO 11.25 wt.%
(Table 6).

CARBONATITES

Carbonatite dykes and drift is occur on the aréanlwide and about 4-5 km
long. Carbonatites was traced on distance 600-10680es along of broadsides
stream Veseloe and right-bank of stream SrednickRess of carbonatites bodies
are several metres.

The carbonatites are fine-grained rocks. They Hazaeded textures, which
conform to the country rock contacts. The textgreaused by common orientation
of apatite, dolomite, magnetite, rutile and alkaliamphibole, as well as by the
presence of zones and lenses rich in apatite, di@@md calcite.

The contacts with host slates are tectonised antke suf the slate has been
pulled off into in carbonate matrix. Occasionallin phlogopite zones are
preserved at the contacts and these are the omerexe of any fenitisation
processes at Veseloe. The phlogopite is usuallyroefd and partially replaced by
chlorite.

The Veseloe rocks are magnesiocarbonatites [6].istindt geochemical
feature rocks is the high concentrations of P u@.17 wt.%, FOs), Ti (up to 0.54
wt% TiO,) and F (0,32-0,76 wt.%). Comparison with average
magnesiocarbonatite [9] emphasized the higher Cfat\B-4 time) at Veseloe and
lower Nb (4-17 ppm), Zr (47-270 ppm), MnO (0,110y4t.%).

The carbonatites are LREE-enriched the chondrit®rmalized plots are
similar to other carbonatites worldwide.

Table 7
6%0%0 and 6*°C values and initial®’Sr/%®Sr rations from the Veseloe
carbonatites

Ne sample Mineral 5'%0% SMOW 5°C PDB 8'Sr/%°sr
13/04 dolomite 10,7 -2,3 0.7037
19/04 11,1 2.1 0.7038
25/04 10,1 2,0
8/04 10,4 1,4
72 8,9 2.2
8/03 10,1 1,9
8/03 10,2 1,9
124/03 calcite 9,8 -2,3
8a/04 1,5
1%/04 magnetite 3,9
215/04 4,0
Bec-5 apatite 5,3
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Oxygen isotopic composition in the carbonate milseisasimilar to primary
igneous carbonatites (Table 3)%0 values in the magnetite and apatite are similar
to mantle. Values initiaf’Sr°Sr ration in dolomite from carbonatites also are
similar to mantle — derived rocks.

The carbonatites consist of dolomite (75-80%), itg#15-20%) and calcite
(5-15%). Minor minerals consist of magnetite (1-2%hlogopite (1%), and
alkaline amphiboles. There are 3 associations Wt formed at magmatic
carbonatite process, metamorphic and hydrothertages. Mineral composition is
given in the table 8.

Table 8.
Mineral composition of carbonatites Veseloe area.

Associations Mineral composition

Main: dolomite, apatite, calcite
Carbonatite Minor and accessory: phlogopite, magnetite, rutile,
magnoriebeckite, richterite, zircon, molybdenit@nmazite
Phengite, quartz, talc, tremolite, actinolite, ché&
anthophyllite, dolomite, calcite,

Metamorphozed barite, baritocelestine, monazite, allanite, sisomte,
synchysite
Hydrothermal not-related with| Chlorite, quartz, pyrite, chalcopyrite, haleniteintie
carbonatites

FEATURE OF METAMORPHIC PROCESSES IN THE
CARBONATITES.

The carbonatites, crystalline slates, basic andahdsic rocks, dolomite
marbles have signs of metamorphic processes. Hnereecrystallisation, changed
structure and texture of rocks, neoformation oferats, and rafination of primary
minerals from admixtures. Metamorphism of the Vesatarbonatites was caused
the partial recrystallization of carbonate matredination of apatite and dolomite
from REEs and Sr. Recrystallization was accompdnetbrmation of secondary
calcite and dolomite veinlets. The examples o$¢hgrocesses are given in figures
2, 3. Assembly of calcite, quartz, monazite, rutdad ilmenite is present an the
figure 2. Carbonate veinlet with allanite, monazibarite-celestine is given in
figure 3.

Introduce of Si, Al, Na and K an carbonatite fromuntry rocks and
interactive with calcite were caused the formatadntalc, amphibole, phengite,
chlorite, quartz, allanite. These minerals distiediirregularity. It was caused by
different degree of rock failure. Amount of thesmenals are not more than 3%. In
some causes up to 5-7 persent. Talc consists aatheveinlets (with size up to 1-
3 millimeter).

Phengite and amphibole form the disseminations d&twdolomite grains.
Occuring of phengite in carbonatite is given irufig 4.
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40pm |

Fig. 2.Aggregate of quartz (9,10,12), calcite (7,8,11), mazite (2,3), rutile (1,4,5,6), titanite
(13), which were formed at metamorphic processes

60pm |

Fig. 3.Veinlet of calcite (8) with allanite (2,4), monazg (5), barite-celestine (3),
titanite consists of the main area (1). Magnetiterad ilmenite are points (6 and 7). All these
minerals were formed at metamorphic processes.
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Phengite is most interesting from neogenic minefalsonsists of the mica
flake and plates with size up to 0,2-1,5 millimefey. 4). Composition of mica is
similar to phengite from host slates. Amount of Mgl Fe in the mineral is 0,5 f. c.
Phengite contains up to 1,72 wt.% ,Qy (table. 9) in the Cr-rich parts of
carbonatites (this is assemblage chrome-bearingtitdf, magnetite with chromite).

100 pm
Fig. 4.Phengite (Phn) in the dolomite (Dol). White-rutile.
Table 9.
Chemical composition of phengite from Veseloe cadmatite, wt.%.

Ne SiO, TiO Al 03 Cr,03 FeO MgO KO Total
1 46,43 0,27 30,55 1,12 2,31 1,87 11,95 99,21
2 47,29 0,42 29,64 1,13 2,39 1,79 11,54 98,94
3 49,25 0,34 27,57 - 3,18 3,13 11,45 100,55
4 49,82 0,06 28,52 - 2,4 2,86 11,6} 100,56
5 48,95 0,39 27,86 - 3,04 2,93 11,31 100,15
6 48,58 0,41 28,77 - 3,22 2,75 11,36 100/8
7 48.71 0.79 26.44 1.72 3.72 2.56 11.96 95.90

Note. Total include the MnO, N® and theoretical water.

The metamorphic amphibolies presented magnesiahqpaimyllite) and
calcium-magnesian (tremolite-actinolite) types IlgaliO, fig. 5), whereas the
alkaline amphiboles (riebeckite, richterite) usyalte in carbonatites.
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Table 10.
Chemical composition of metamorphic minerals at th&/eseloe area.wt.%.

° SiO, | TiO, | Al,O3| FeO | MnO | MgO | CaO | NaO | KO Total
1 58,89| <0,05 0,09 4,03 0,0y 21,92 1222 0j46 0,1300,81
2 59,18| <0,05 0,260 3,19 <0,06 22,62 12|36 050 0,9%00,63
3 59.00| <0,05| 0,28 4,85 0,09 21,33 12,17 0}54 0,1100,87
4 59,07| <0,05 0,24 4,06 <005 22,14 12/29 0,79 0,1700,70
5 58,63| <0,04 0,29 4,74 0,08 21,66 12,07 0|62 0,1400,47
6 58,83| <0,04 0,16 3,34 0,0y 22,35 1245 0j46  0,1300,29
7 58,67| <0,05 0,36 4,51 0,06 21,82 12,00 0}70 0,1500,64
8 58,67| <0,05 0,15 4,46 <0,09 21,88 12,33 043 0,0200,34
9 62,79 <0,04 0,08 540 <0,06 27,49 0,07 0j08 <0,098,50

Note. Samples: 1-8 tremolite-actinolite; 9 antophyllit@tal with CpOs;, BaO, NiO, 403, their amounts
are not more than fraction of the percent. Fluoisneot detected.

1,0 i
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+,0,5
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8,0 7,5 . 7,0 6,5 6,0
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Parameters of diagram: Ca,>1.50; (Na+K),<0.50

5,5

Fig. 5.Diagnostic diagram of metamorphic amphibolies fronVeseloe carbonatites

Talc was replaced of carbonatites and formatioqaafrtz-carbonate veinlets
were at the metamorphism. Talc replaced amphibade dolomite. Sometimes it
form the thin (up to 1-3 millimeters) veinlents.|dasually occurs in silicification
parts of carbonatites. Talc has high content of (fowt.% of FeO).

Allanite also is in carbonatites (fig. 6). It conggmns is in the table 11.
Mineral have 13,16 wt.% AD;, 29,89-32,31 wt.% Si&) and 11,22 wt.% CaO.
Allanite is enriched the light rare eaglements.

Table 11.
Chemical composition of allanite from Veseloe carbwatites wt.%.
Ne A|203 SIOz CaO TiQ FeO | La0s | Ce0s | PrO3 NdzOg Total
1 11.62| 30.94 10.58| 1.10| 17.25 4.44 | 1254/ 1.83 573 96.03
2 13.16| 31.3111.22| 0.53| 17.59 6.38 | 11.01] 0.86 3.55 95.6]1
3 10.91| 32.2110.67| - |15.53| 6.79 | 11.39 - 2.01] 92.81
4 10.89| 29.89 9.99 - | 1548 6.73 | 11.71) 0.74 2.34 90.99

Note. 3 and 4 samples have 1,22 wt. % BaO and 2,10 Wwig®%.
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Fig. 6. Allanite (Alt) fill up the dolomites intergrowth space (Dol). Thin section 17/04.
Nicol +. Increase x70.

Rafination of minerals from admixtures (from REE%, and Ba) was at
metamorphic processes. Apatite and dolomite weeentlains sources of these
elements. The result of rafination was formationnoherals: monazite, allanite,
strontianite, barite, celestine. These mineradsméd microveinlets and
disseminations. Small grains and microveinlets ohazite are usual for apatite

(fig. 7).

" 100pm |

Fig. 7.Monazite (Mnz) dissemination (white) in the apatitg/Ap), dark-grey is dolomite
(Dol).
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Monazite is enriched of light rare earth elemetdblé 12). Amount of Ce is
stabile, amount of La and Nd is varied. High amooihiNd is characterized for
monazite inclusions from apatite. In addition thmenal contains strontium (from
0,5 to 4,23 wt.% SrO), thorium and admixture otaah (1,8 wt. % CaO).

Table 12.
Chemical composition of monazite from Veseloe carlmatites, wt.%.

Ne P,Os | CaO | SOz | SrO | La,O3 | Ce0O3 | ProO3 NdzOs SmOs3 ThOz Total

1 |30,34| 1,08 | 0,46 - 16,48 33,81 3,88 12,63 - 1 98,68
2 | 30,87 1,37 - 0,82 14,74 | 31,43 4,14 15,66 1,56 0,9 101}49
3 132,18/ 0,69| nd.| 0,61 19,27 | 35,22 3,75 9,28 - 0,66 101,66
4 29,34/ 094 | nd.| 0,76 15,44 | 32,12 3,88 15,02 - - 97,30

Figure 8 show that dark parts within of apatitemggare poor of Sr and REEs.

o ot

2ok

T 100pm |

Fig. 8.Rafination apatite from Sr and REE (dark sites), the main area is dolomite.

Strontianite consists of the dissemination of radggregates in the dolomite
matrix. It size is not more than ten fraction oflimeter.

DISCUSSION

Concerning the problem of metamorphism, recrysttiion of rocks is mainly
mentionedn recent publications. The carbonatites of the Gllirdeposit (Russia)
which have relict sites with primary structures atecttures are given as an
example [10]. Similarly, there is a recrystallisatiof carbonatites up to coarse-
grained rocks in British Columbia (Carbonatites34P An easy recristallisation of
calcite is mentioned in the book [4]. As for otlpeocesses of carbonatite changes
accompanying metamorphis, there is lack of inforomaabout it in literatures.
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The Veseloe carbonatite of are of interest as thaerienced metamorphic
transformations like host crystalline slates, Wasites, dykes of gabbroids and
bodies of dolomites. Besides the recrystallitaidmocks caused marked changes
in the mineral composition. From one hand, the apg®e of minerals not typical
for carbonatites, but inherent to metamorphic psses is due to the changes in the
mineral composition. Such minerals as talc, phengtulorite, tremolite-actinolite,
ortite refer to them. Another consequence of metpmem is rafinetion of
minerals from ad mixtures with the form of new $aimineral phases. The main
minerals among them are monazites, strontianitagels, celestines.

Mineral parageneies of host rocks correspond tofdlces of green slates
(epidot-muscovite-chlorite subfaces). The presesbaation of phengite, chlorite,
epidote, tremolite, actinolite, albite witnessesowtbit. The paragenesis of
metamorphic minerals in the carbonatites on thelevisosimilar to the paragenesis
of host rocks. The composition of mica, which istypomorphic mineral of
carbonatites, metamorphosed ultrabasites, marisles) the whole similar to the
composition of phengite of the host slates. Theipartant feature is the high
contents of silica in the phengite in the tetrafedite (3.25-3.45 f.c.) in all the
cases, which show the high pressure condition®ak and mineral formation. It
the temperature of the formation of mineral assmsias to 400°-430°C the value
of pressure must be 6-8 kbar (fig. 9) [3].
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Fig. 9.The evaluation of metamorphic pressure of the rocky a phengite barometer
(Massone et. al, 1989) in the Veseloe site.
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Deep-seated magmatism, its sources and plumes

The diagram of amphibole composition dependencsusgetheir genetic
nature [2] (fig. 10) shows that the amphiboles aétamorphic origin of the
Veseloe site are clearly separated from the ampdsbof carbonatites and are
located outside the area typical for thesl_g rocks.

Cla LAY | o

Fig. 10.The diagram of amphibole composition from the Vesek carbonatites with
carbonatites of Ca-Mg-Fe contents.

1-ribecite, 2-richterite, 3-tremolite-actinolite. ©the area of amphiboles associated with carliesati
The arrows show the evolution trends of chemicainges of amphiboles in granites and gneisses (A),
amphibolites (B), and rocks Mg-rich (C).

The introduction of potassium, silica and aluminfrom the host slates into
carbonatites led to the replacement of some calcumch magnesium minerals
(dolomite, calcite, alkaline amphiboles) by new emals such as tremolite-
actinolite, talc, phengite, chlorite.

One more consequence of the process of metamorpgbkighe process of
rafination of the apatite, dolomite and calcitenfr@admixtures. Originally they
contained higher concentration of strontium andapatite rare earth elements as
well. As a result, the concentration of the mergmbrnabove elements in the
minerals sharply decreased, and newly formed mutmagironzianite, sinchisite
and allanite appeared round the edges of graing@u#ts of minerals. The age of
the monazite released from the apatites of the dagoe occurrence [5]
coincided with the one of the Veseloe site locatedorth Transbaikalia and
happened to be 550+17 min years old.

It is likely that metamorphism had a certain effestthe oxygen and carbon
iIsotope compositions in the minerals. The hetereggrof carbon and oxygen
values in carbonate minerals, which are easily eaibfo recrystallization is
probably due to metamorphism. The enrichment ofdthlemite and calcite by the
heavy$'®C value in the carbonatites of the site is suppdsdoe connected with
metamorphism as well. The hea®¥/C value is known to be also typical for the
Seligdarsky deposit (Russia) the rocks of whicheumgnt deep metamorphism.
Such minerals as talc, tremolite and chloritizeédsswitness about it. It should be
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pointed out, that increasing the carbon isotopepmmiion in the carbonate rocks
transformed in marbles is a rather spread phenomefmm the other hand,
magnetite and apatite are more stable to the pgesesf recrystallization which
preserved the typical oxygen composition for cadbibes (5.3%. in the apatite and
4.0%o in magnetite).

CONCLUSION

All research showed that in the carbonatites, bawetamorphically changed,
some alterations of structural textural peculiasitiof mineral composition, mineral
recrystallization processes accompanying the admaxelements reduction and
Isotopic composition changes can exist. So it cordithe necessity of more careful
geochemical and more detailed isotopic researcht Whl contribute to opening of
discovering/finding some non typical and not alwayslerstandable processes of
mineral formation in these rocks.
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