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IIpenuciioBue pexakropa

B nocnegnue roapl B CBSA3M C HHTEHCUBHBIM Pa3BUTHEM TUIIOTE3bI IIIFOMOBOM TEKTOHUKH B
mupe u Poccum nposiBiIics MOBBIIICHHBIN HHTEpEC UCCleoBaTeNeil K N3y4eHHIO MEeTPOJIOTHH U
TCOXUMHUHN BHYTPHUKOHTUHEHTAIHHOIO Marmaru3Ma TMOBBIIMIEHHOW MIenovYHocTH. K HuM
OTHOCSITCS KUMOEPJIUTHI, MOPOJbI IIETOYHBIX KOMIUIEKCOB, IIeNo4Hble 0a3anbThl. Lllemounsie
MOpOJbI- YHUKANIbHBIE 0oOpa3oBanus 3emun. C HUMH CBSI3aHBI KPYIMHEHUIIINE MECTOPOKICHUS
Nb,Ta, Zr,Y,TR, Cu, B1 apyrux pyaHbIX 3JIEMCHTOB, a TAK)KE M YHUKAJIbHBIC MECTOPOXKICHUS
camonBeToB. uapouta, Cr- amorcuaa, AwaHuTa. B nammpouTax ABCTpalnuu JTOOBIBAIOTCS
anMasbl. CIIOXKHOCTH TPOILIECCOB MX OOpa30BaHUS BbI3bIBAIIM MHOTOJETHHE HAy4yHBIE CIOPHI,
KOTOpbIE HE YTUXAIOT M JI0 CUX MOp. Pa3BUTHE HOBBIX METOJOB HCCIEAOBAaHUN MOCTOSIHHO
YIOyOJAI0OT 3HAHUSA 00 OCOOEHHOCTSAX HMX BEHIECTBEHHOI'O COCTaBa, I'€HE3WCa, YTO B CBOIO
ouepeib, IO3BOJISET pacuIupoBaTh TTyOMHHYIO T'€0IMHAMUKY 3eMITH.

Pemenuto »>tTX  mpoOieM OBUT TMOCBAIMIEH MEXIyHapoAHbIM cemuHap «lllemounoit
MarMaTH3M M MpoOiIeMbl MaHTHHHBIX HCTOYHHMKOB», mpomenmuidi B 2001 rogy B UHCcTHUTyTE
reoxumurn CO PAH r.Mpkyrck. BmecTo TpaauIMOHHBIX MajlOOOBEMHBIX TE3WCOB HalleyaTaHBI
3aKa3HbIC JIOKJIAJIbI 10 CEMUHApa HA aHTJIMICKOM SI3BIKE, a TIOCIIe CEMUHApa - Ha PYCCKOM SI3BIKE.
OTOT METO/ ompaBai ce0sl M B HACTOSIIEE BPEMS 3TU KHUTU TOJIb3YIOTCS OOJBIINM CIIPOCOM .

Bropoii cemunap no stum mpoGiemam mpoBeaeH B 3Tom roay B JIBI'M JIBO PAH B r.
BrnamuBoctoke B 2002roay. B 3aka3zHbIX MOKIaAax JAaHHOTO COOpPHHUKA PACCMOTPEHBI BOIPOCHI
3apOKJEHUS] TUTIOMOB W JMHAMHMKA WX JIBIDKEHUS K TOBEPXHOCTH, MpoOIeMbl 0OpazoBaHUs
pYIHBIX (QopMaiuii, CBA3M HCTOYHUKOB PpEIAKOMETAIBbHOTO Marmaru3mMa C IITIOMOBBIMU
npoueccamu Uit LlenTpanpHoil Asum u bantuiickoro mmura, paccMOTpeHa IETPOJIOrus
nammpoutoB Bocrounoro IlpunanoOGapes u AHTakTUABI. [IpHBOASTCS MaHHBIE TEOXHMHUUYECKOTO
uszydeHnus Ca-kapOOHATUTOB, MAHTUHHBIX KceHOMUTOB CuOHUpCKOTo KpatoHa, [IpumMopks 1 muiara
Konopano, anmMa3zoHOCHBIX TNTyOMHHBIX MOPOJ ApPXaHTeNbCKON MPOBUHIMN U HETPAIUIIHOHHBIX
UCTOYHUKOB ajna30oB B MIeNOYHbIX MuHeTTax Kanaapl. Ha OCHOBaHMM Te€OXUMHYECKOTO
M3y4deHusT KalWHO30MCKuX 0a3anpToB poccuiickoro JlampHero Bocroka m Kopew caemana
MOMNBITKA PEKOHCTPYUPOBATh COCTaB W HBOJIOLMIO MAHTUHHOIO BEIECTBA 30HBI IEpPexojaa
KOHTHHEHT — OK€aH, Te€0JMHAMUYECKHE OCOOCHHOCTH €€ pa3BUTHS.

Ms1 HagestMcsl, 9TO TOJOOHBIE BCTPEUH YUCHBIX 10 T€HETHYECKUM BOIPOCAM TIIYOMHHOTO
Marmarusma OyayT MpPOAOKEHbl U TAKHE CEMUHApPBI CTaHYT TPAAUIIMOHHBIMU A1 CHOMpPCKOro
peruoHa, Kak reOXMMHYECKHE IIKOJIbI IIETOYHOro MarmaTu3ma B Mockse.

IIpencenarens oprkomurera

Unen-koppecnonaeHt PAH AU Xanyyk
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V]IK 553. -552.2
DEEP FLUID SYSTEMS OF THE EARTH
AND PROBLEMS OF ORE FORMATION

F. A. Letnikov
Institute of the Earth's Crust, S D. RA S, Iskut

Abstract—A fundamentally new model is proposed for the gatien of heat
and ultradeep fluids in the Earth's liquid coren€idering the rheological properties
of the liquid core (viscosity from fa0° to 10-10° poises), pressure and
temperature gradients, and relative rotation vakxciof liquid layers with different
viscosities, heat is concluded to generate asudt resinternal and external friction.
That is, a mechanism for transformation of graiotal energy of the Sun into heat
in the rotating liquid core of the Earth is propmskEeat generation causes explosions
and is accompanied by plumes developed in the wigtate regime and superplume
outbursts in case loss of stability. The separgtsdplumes possessing high potential
energy(Ps > 1300 kbar and> 4000°C) burn through the mantle reaching the upper
lithospheric layers where they cause melting amch&bion of ore-magmatic systems.
The ascending plumes and superplumes are inheremtighed in C and S, which
results in the formation of carbonatite magmas aunlfide accumulations in the
upper mantle. Thermal activation of asthenospHhasiers at the base of continental
plates results in concurrent processes relatedumgs and fluid systems of the
asthenosphere of various maturity and various ndeggochemical characteristics.

INTRODUCTION

Fluids play a crucial role in the processes of rackl ore formation. The
Earth's lithosphere was formed through the glolealadsing of the planet. During
this process, tremendous amounts of matter werevednfrom the interior into
the upper lithospheric levels and beyond the |phese. Degassing of the outer
mantle shell resulted in the three-layered strectfrthe continental lithosphere:
granite-gneiss layer, depleted mantle, asthenospfiide term "fluid" refers to a
predominantly gaseous, water-gas, water, or vapedium composed of fluid
components in combination with rock-forming oredamther components and
residing or moving within lithospheric rocks. THaidls of deep-seated processes
occurring atT > 400°C are represented by gas mixtures. Gas mixtares
compressible, and at great depths their density Ineayery high. Consequently,
they are unique heat carriers that can accumulatenaiderable amount of heat
energy in a relatively small volume of compresdedif Thus, the study of fluid
conditions of endogenous processes involves thdy stfi heat sources of these
processes and the genesis of heating-transpoltiagsstems [26,27].

Recent geophysical data on the interior structdréhe Earth demonstrate
unambiguously that the major and largest fluid-beprsystems are the
asthenosphere and the outer liquid core, which cearly distinguished by
geophysical methods. They generate the most intbmskeflows, providing the
basis for all endogenous systems developing in dpper horizons of the
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lithosphere. Recent achievements in geochemisttyology, and geophysics have
cast doubt on the significance of radioactive danaye formation of global heat
flow. This is especially true with respect to theahanism of heat pulsation in the
Earth's history, accompanied by extensive endogemoacesses [36,35,4]. The
thesis on the importance of deep-derived fluids #wedouter core of the Earth in
the generation of the planetary heat field seenbetadequately substantiated.

THE EARTH'S OUTER CORE

The Earth's outer core extends from the depth 6028n to 5150 km, i.e.,
over 2250 km. It is a high-gradient system, whosgsal parameters vary from
top (the boundary with the mantle) to bottom (tleardary with the solid core) as
follows: P, from 1350 to 3300 kbaff, from 4000 to 5700°C; viscosity, from %0
10° to 10-10' poises; and density, from 9.9 to 12.5 g/cm addition, there is a

Avsyuk [4] emphasized that the pepm, km
solid shell and liquid core might have
different rotational velocities. Similar
relationships might be characteristic of
the inner core-liquid core system.
Since the inner core is suspended in
the liquid core, its connection with the
bulk Earth may be considered not
rigid. Taking into account that the
orbital motion of the Earth accelerates
or decelerates, the cyclicity of its |
motion within the Earth-Moon system
(365 d.), periodic rotation around the
barycenter (27.5 d.), and longer
periodic movements within this system
(18.6,8.85, and 6 y.) imply suggestion Viscosity, poises
on the presence of perpetual external Fig. 1. Variations of viscosity in the
disturbances affecting the Earth and its Liquid (E) and solid core (G) and in the
interior zones. The Earth and its core adjacent zone of the mantle (k)
function in an oscillatory regime. The Earth, Sangd Moon together make up a
nonsteady-state oscillatory system with a transitfoom linear to nonlinear
development of processes. Geomagnetic boundary ilaybe lower mantle (P,
which extends from 2870 to 2900 km, with physidadmcteristics that differ from
those of the outer core: density of 5.5 gl@nd viscosity of 18 poises [8]. This
boundary zone shows a stepwise change in densltyiacosity, which could have
important consequences, as will be discussed bdlbus, the outer liquid core of
the Earth is bounded by the mantle and the solid (f€ig. 1).

It is assumed that one of the heat sources irE#réh's core is radioactive
decay or the latent variations suggest distortafithe steady-state regimes, while
the nonlinear character of these variations suggastability of the system as a

25704
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whole [4].heat of solid core crystallization at tbepense of the enclosing liquid.
Since the core diumally rotates together with thetl, the difference in the
rheological properties of the outercore and manmtiehe one hand, and the solid
core and liquid core on the other hand inevitabluits in the drag of a quasi-flow
on the boundaries of these media and frictionatihgalong the whole perimeter
of these boundaries. Moreover, since the density, and viscosity of the outer
liquid core change (the latter parameter, by 4-&em of magnitude) throughout
the section, there is an inevitable stratificatadrnthe viscous matter of the outer
core into zones with different densities and vigess (Fig. 1). This phenomenon
results in the formation of the layers on mega-¢cnmaand micro-scales moving
with different velocities relative to each otham, the rotating mass of the outer
core. Eventually, a great number of melt bands ditferent viscosities appear in
the section of the outer core. Friction of low-asity matter at the boundaries
with the mantle and the inner core, as well as betwthe bands with different
viscosities within the
outer core results in heat generation. Taking adoount the tremendous volume
of the outer core, the major contribution of heattgration there will be result from
the interior friction between the layers of lowaasis substrate moving relative to
each other. Given the size of the outer liquid camd the distance of more than
2000 km between its upper and lower boundarias,avident that their velocities
will be different. Because of this, a velocity gett, AV/An, forms within the
section of the outer core, whefm is the layer size. This gradient shows the
change of absolute velocity value per per unitflenga direction perpendicular to
the velocity vector, i.e., to liquid layers. Accord to the theory, the existence of a
velocity gradient between adjacent liquid layersults in the appearance of
interior frictional forces. According to Newton, ehshear stresst)( of interior
friction forces is proportional to the velocity grant,t =nAV / An , wheren is
the coefficient of interior friction or viscosityf the medium. Thus, the greater the
velocity contrast between separate layers andatiged the number of such layers,
the higher is the value of friction and the scdid@at generation due to friction.
The degree of friction between layers depends arawiyc viscosity, H, which is
the quotient of the tangential for¢€) necessary to maintain the velocity gradient
between two parallel layers of flowing media eqieabne and, thus, the contact
area of these layers:
n=F/ (dVv/ dL)AS,

whereF is the module of inner friction force between ldjlayers,AV/dl is
the module of the velocity gradient, af8 is the contact area of the liquid layers.
Dynamic viscosity is measured in Pascals per sebgrgkbcond (Pa s). Kinematic
viscosity {V) is equal to the ratio of dynamic viscosity and sign(p) of the
matter: V=7/p, m’/s or mni/s, where one square meter per one second is the
kinematic viscosity of the medium with a dynamiscoagsity of 1 Pa s and a density
of 1 kg/n? [39].
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Thus, the dynamic viscosity is primarily a functioh the interior friction
between the layers of flowing medium. The layenngosing the outer liquid core
might be continuous or discrete, but in either dagehuge size of the liquid core
results in a total contact area of tens of milliohsquare kilometers.

if the velocity of the
solid mantle at the
boundary with the liquid
core is \{ and that at the
boundary with the solid
core is 4 then \j>> V,.
Velocity distribution in
the intermediate layers of
the liquid core decreases
from the outer to the
inner part of the liquid
core. In other words, the
velocity gradientAV/An
shows the rate of change

Fig. 2.A scheme of heat generation due to in absolute Ve|0C_itY_Value
friction in the liquid core of the Earth per a length unit in the
see text for explanation). direction perpendicular to

the liquid layers and
correspondingly, to the velocity vector. In a gahethis situation is illustrated by
Fig. 2.

The question of the existence and number of layetise liquid core remains
unsolved. The following facts support the conjeeton the presence of layers with
contrast rheological properties in the outer ligeode of the Earth.

|. The huge size of the outer core (~2250 km) ssiggihe obvious conclusion
that, owing to daily rotation, liquid layers at theundary with D (2900-3000 km)
move faster than the layers adjacent to the solid ¢at a depth of ~5150 km). In
other words, Such a situation is favorable forappearance of individual layers in
a heterogeneous medium, whéreP, density, and viscosity change within the
section considered.

2. In a rotating liquid sphere, stratification déetmedium will be inevitable
when along a distance of 2250 km pressure increfases 1350 to 3300 kbaif
from 4000 to 5700°C; viscosity, from 300 to 10-10'° poises; and gravitational
acceleration changes. Moreover, such stratificati@s experimentally obtained
for rotating liquid media with constant physicataaeters [40].

3. Since the dynamic viscosity is primarily a fuaotof the internal friction
between liquid layers, friction heating will depeod the dynamic viscosity. It is
evident that the greater the number of layers wifferent viscosities in a given
section, the higher the degree of heat generatyothd melt mass. The released
heat will dissipate along the vectbrinto the enclosing colder mantle (conduction
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heat transfer), compensate heat loss, and prolemgdnservation of the mobile
medium in a liquid state.

Qe of hcat an
\“q-il‘ * generation

Fig. 3.A generalized model of heat generation in the ligd core of the Earth.

The proposed model and mechanism of heat generattbe outer core of
the Earth illustrates realization of the mechandrtine Sun’s gravitational energy
transformation, forcing the Earth to rotate, irfte friction heat energy in its outer
liquid core (Fig. 3). In this context, it is evidahat as long as the Earth possesses
a sufficiently large outer liquid core that genegaheat flow, the steady-state heat
flux toward its surface will persist.

Composition of the liquid core is controversialnmany respects. Independent
of the chemical composition of the outer core lats viscosity is explained to a
large extent by anomalous fluidization of the mat#sccording to experimental
data, atP and T approaching the conditions of the liquid core, 8lubility in
molten Fe is no higher than 1%, even at unreadibyichigh oxygen fugacity
(logfo, from 10" to 10°), although there is a tendency toward increasing S
solubility in liquid Fe at increasing andT [13].

According to some estimates, the outer core canstdt three major
components: 86% Fe, 12% S, and 2% Ni. Even takitg account the extreme
estimates oP andT in the liquid core, the analysis of the carbongghdiagram
implies an important conclusion about the posstgeurrence of liquid carbon in
the liquid core, especially in its deeper part.iBes, H* and other reduced fluid
components (Ck CO), considerable amounts of sulfur and carbog agzur in
the liquid core. This can have important geochehsoasequences, because the
problem of S and C sources in deep-derived flurds racks is not yet adequately
understood.

Ringwood [34] suggested that during the Earth'dlsland core formation,
FeO was partially retained in mantle silicates, nghe C and H were removed
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from the mantle with Fe descending into the corecokding to this model, Si
occurs in the core in a reduced form, and S combégitt be as high as 10-15%.

The Earth's outer core probably consists of FeesNFalloy, whose ability to
dissolve gases and especially hydrogen is univei$as is equally true for the
melts of these metals.

Taking into account the high density of the mattethe liquid core (>9.9
g/cnT), of particular importance is the problem of thaamic compressibility of
Fe and its compounds. Furthermore, according tartbdels of Bullen and Berg,
in addition to major Fe, a certain amount of lighekements must be present in the
core [12]. The density of crystalline iron undee gtandard-state conditions is 7.9
g/cnT. Thus, it is necessary to account for the comiitisg of solid and liquid
iron underP-T conditions of the Earth's core, because otheruwisgould be
necessary to assume the occurrence of a numbeagi lelements with densities
>8-9g/cnt , namely Au, Pt, Os, Ir, Pd, Ni, Ag, etc.

Unfortunately, despite multiple investigations ¢zdr out under static and
dynamic conditions, there is uncertainty in comgami of the data obtained by
different methods that results in incompatibiliti tbese data. One of the major
problems here is the subjective estimation of thatboundary of the Earth’s inner
solid and the outer liquid cores B:330 GPa. The estimates vary from 4000 to
9000°C [12]. Thus, in spite of considerable redeatice problem of the Earth’s
liquid core composition remains controversial, althh Fe predominance is
accepted by all researchers.

Proceeding from the hypothesis of hydrogen-domirantposition of fluids
in the Earth's core and the reliable concept ofathetiron liquid and solid core,
the most interesting question concerns the interaaif hydrogen with metals,
primarily with Fe. Analysis of the published datvealed no experimental studies
on hydrogen/metals interactionRtandT of the Earth's core. The data are limited
to P no higher than 2000 MPa afdlower than 2000°C. Nevertheless, general
tendencies were established on the interactionydfdgen with the metals of
various groups of the periodic table [3,5]. It slidobe noted that at increasing
temperature, hydrogen dissociates into atoms, lamdiégree of dissociation is as
high as 0.9469 at | atm and 5000°C. Thus, it casuggested that hydrogen occurs
in the core mainly in the atomic state and displayfigh chemical activity.
Interaction of hydrogen with metals under reducedditions produces various
hydrides. However, there is no reliable evidencetlom processes of hydride
formation under the conditions of liquid cofe > 1300 kbar andr> 4000°C).
Thus, one can only rely on the general data oldaatdowerP andT, which are
just preliminary. As far as the liquid and solid talkc core is concerned, of
particular interest are the metallic hydrides, Wwhiepresent solid solutions of
hydrogen in Cr, Fe, Ni, Cu, Mo, Co, Mg, Al, Pt, Bdd other platinum-group
elements (PGE). All these metals dissolve hydrofmming true solutions, with
Pd showing the highest hydrogen solubility. Thectiea of hydride formation is
endot-hermic and accelerates with increa3inghe set of elements in the series of
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metallic hydrides is remarkable. It includes, oa tne hand, elements typical of
sulfide deposits in mantle-related rocks: Ni, Cu, &, Mg, Co, Pt, Pd, and PGE;
and, on the other hand, elements of copper-molylndeporphyry deposits: Cu,

Mo, and Al, which are related to the influence oantie fluid systems in the

continental crust.

As mentioned above, this group of metals showsnanease in hydrogen
solubility with increasingl’, when the changing hydrogen concentration in metals
IS proportional to the square root of phrtial pressure. In the gas-metal system,
the formation of solid solution consumes one atémas per 1000 atoms of metal
at the highesP andT, whereas the formation of a chemical compoundtata@on
produces stoichiometric compounds of MeMeH, and MgH types [3].

The ability of hydrogen to react with the aforememéd metals suggests that
hydrogen might occur in great amounts in the meta&lbre, either dissolved in
metals as solid solutions, or forming chemical compuls of the hydride type
[37,19].

Acknowledging reliability of the statement on tleuid state of the outer core
composed mainly of Fe, and considering its behaaga consistent system, we
must operate within the concept of a high-tempeeatuetallic liquid occurring
under ultrahigh pressure. Unfortunately, there mwedata on the structure and
properties of such metallic liquids.

Proceeding from the described model of friction@athgeneration along the
boundaries and within the liquid core of the Eadhutmost importance is the
problem of the pulsed ejection of compressed heghperature fluid
accumulations from the liquid core known as pluniasessence, these are heat
explosions manifested on giant scales. First tlemrth of heat explosion was
quantitatively formulated in 1928 by Semenov [3)d then it was developed in
the works of other researchers [11, 28].

In the context of our model of heat generationhia liquid core of the Earth,
the hydrodynamic problems of the theory of heatl@sipns considered by
Merzhanov [29] become the most interesting. In,facheat explosion is such a
rapid emission of heat in condensed or non-condemsslia, when the mechanism
of conductive heat transfer is unable to remove fieen its generation zone. This
definition suggests that the heat explosion phemomaes accompanied by a gas-
phase release, which is a heat carrier.

Applied to a moving liquid in the outer core of tkarth, the hydrodynamic
problem of heat explosion is reduced to the inteim&ion-generated heat that
cannot be opportunely removed into the overlyingnthea which results in a
nonlinear increase im. The increase i under isobaric conditions results in the
decrease in gas solubility in a melt, and the iasireg tendency of its separation
into an independent phase. Accumulation of gasitgnseparation in a melt mass
stimulates instability of the system and ejectidrih@ gas accumulated from the
liquid core into the mantle. This is the mechanamplume formation and outburst
from the liquid core. For the moment, this genesdi model does not account for
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chemical reactions that accompany this processcandsubstantially increase the
energy potential of the plume.

Such a model helps explain the mechanism of pyléade separation from
the liquid core, whose character is believed toeliber deterministic [9] or
stochastic [23].

A number of authors distinguished the periodicitgndogenous processes in
the crust and mantle. This work reflects the sedochreliable criteria for dis-
crimination of the mechanism of deep-seated “heathme” action producing
outbursts of heat energy from the Earth's interidise studies of terrestrial
magnetic field inversions in the context of the raliag interaction character of
solid and liquid portions of the Earth's core [4fgued the same goal. Conflict of
opinions, when some researchers [38] relate tlouénecy of magnetic inversions
with rearrangements in plate kinematics, whereasthers [20] argue against the
relationship between magnetic inversions and maitlene activity, caused use
abstract from these opinions and approach the gsesdn the core from the point
of synergetics.

The liquid core of the Earth is an open, nonegudin, nonlinear, dynamic
system [4,1]. According to our model, heat reledse to internal friction in the
liquid core is also nonlinear. Changes in the Inegime under isobaric conditions
are accompanied by changes in entropy productiothé& system, which is
expressed through the universal evolutionary eoiteof an open system far from
equilibrium, 8,0 whereo is the local entropy production in the system [TAje
stability condition for a steady state far from #@Quum is 3,0 > 0. Figure 4
shows various situations of entropy)(6hanges in an open system. The areas of
steady states are distinguished (C, and G), which are characterized by positive
fluctuations of the local entropy productiod > 0). Such fluctuations disappear
shortly after their generation owing to the prideipof minimum entropy
production. After fluctuation, the system relaxeghe initial steady state (arrows
on Fig. 4,0,0 > 0). In other words, this is the region of thenfation and
relaxation of fluctuations, and the steady statgeneral can be characterized as
stable if entropy production is not a function t#te [23].

It is known that a steady-state system continuoesighanges matter and
energy with the environment and is characterizedtH®y presence of constant
gradients. The maintenance of a steady state e=gaircontinuous input of free
energy. In the framework of a given steady stdie,rate of irreversible processes
occurring in the system is quasi-constant and tbh&kwf the system is directed
toward its conservation in the steady state.

Quite a different situation occurs with the appaaeaof negative fluctuations,
whend,o < 0, which characterizes the instability of a diestate. In such case, the
whole system loses stability over a certain timenval, and disturbances of the
energy state and changes of gradients occur irsytsiem After some period of.
time, the
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Fig. 4.Changes in entropy §) and entropy production (.0) in steady states1, C, Cs)
and at the loss of system stabilityH; and Hy).

system passes into a new branch of developmenadieazed by a new steady
state, when entropy production in the system duedeersible processes is equal
to AS < 0, which indicates an increase in system ordering fandation of new
structures in it [14]. Returning to the liquid cakthe Earth and proceeding from
the described model of a nonlinear open system,came to the definite
conclusion thattwo fundamentally different types sthtes are possible in the
Earth's core: steady-state and unstable. The ergatgntials of magnetic field
inversion and plume activity are incomparable [Afafl are connected with quite
different states of the core.

In our opinion, normal fluctuations in a steadytstaegime of the liquid core
correspond to separation of moderate-scale pluBwesh a process is possible at a
certain periodicity for the given steady state.should be clarified that the
frequency of fluctuations and their energy poténtisl change in geologic time
owing to changes in the energy potential of thecdhe disturbance of the steady-
state regime and transition of part of the core iah unstable state will be
manifested in the formation of superplumes [41,B,8®ich transport tremendous
amounts of heat energy into the upper lithosphere.

Magnetic field inversions are probably not relatedthe process of plume
formation and are caused by the repeated stochassiof stability of the Earth's
solid core.
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PLUMES

Disturbances of the steady-state regime of ther matiee are accompanied by
heat explosions with spontaneous extensive outbafgjases and the formation of
superplumes on this basis. In the context of sgj&oization theory [18], heat
explosions at the liquid core-mantle boundary meayclassified as regimes with
exacerbation. The regime with exacerbation is heatsport in a medium with
constant heat conductivity under the conditionsgnvat the
oundary of a medium temperature or heat flux apgres the infinity in a finite
time interval of exacerbation.

Considering the heat explosion phenomena in ligomde in terms of
synergetics, it is evident that nonlinearity resuftthe new nonexponential laws of
instability growth and the formation of new struets, which are represented by
plumes. The nonexponential character of attenuaticany heat disturbances is a
consequence of system transition into the domamoafinearity, when instability
occurs and processes of self-organization and foomaf new structures take
place in open nonequilibrium dynamic systems. Ohahe elements of such
structure-formation is fluid separation from thetrna represented by silicate or
metal-based melt in the liquid core.

Taking into account P-T parameters of the liquicecd is evident that a gas-
dominant phase is separated with plume#$ at 1300 kbar andl' > 4000°C.
Interaction of such energy-rich fluid with the lawmantle will result in rock
sublimation into the gas phase. It should be pdiot# that in this case the process
Is nonequilibrium. This is a unidirectional irresdsle process of “burning” of the
mantle by an ascending gas jet.

Unfortunately, there is no experimental evidenae tbhe solubility of
elements in ultracompressed high-temperature gasdgnamic systems. A few
studies, which used concentrated sources of erfggrs, electron and ion beams,
shock and electromagnetic waves, etc.), do notigeothe necessary information
for substantiated conclusions on the quantitatiseameters of concentration in
high-temperature compressed gases inPttaad T range under consideration [6].
The problem of saturation of such super-fluid bykrocomponents remains
unsolved. It is certain that, on the one handcthecentration of these components
in gas will increase and its ability to dissolga$ capacity) will decrease. On the
other hand, the volume of gas mixture will increas@scent and decompression,
which will increase the capacity of the ascendihgne to consume material of
burned rocks [40]. Moreover, it is necessary t@taito account that as long as the
plume is connected with the parental liquid cora &iconduit, a new portion of
super-fluid will be supplied, which will increasts ienergy potential and promote
its further movement into the upper mantle levélscording to our model,
separation of a plume or a superplume from thadigore may be accompanied
by a series of heat explosions and the formationaofhigh-energy gas
accumulation.
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In such case, the gas flow will “burn” the manttedasimultaneously will be
enriched in the elements of the solid mantle. Trecgss of sublimation of the
lower mantle matter will consume large quantitiésheat energy, i.e., the process
will be endothermic. At first sight this circumstanseems to play a negative role
in the development of the plume, because high-gnesgsumption must result in
its degradation and disappearance. Nevertheless, ptiocess of chemical
interaction of a reduced hydrogen-dominant fluithvwaxygen-bearing matrix will
be accompanied by exothermic reactions, which wolimpensate a significant
portion of the heat loss. In other words, a hydroglume sublimates oxygen-
dominant material (in mantle rocks, oxygen accotmt$0 to 80% of the volume
of rock-forming minerals) and compensates for theslof heat energy at the
expense of exothermic reactions of hydrogen andy@xyRealization of such a
mechanism results in the transition of a primargrbgen plume into a hydrogen-
water one, whose gas phase contains volatile congsoof the aforementioned
components, primarily, Si, Mg, Fe, S, and Ni, aodatlesser extent, Al, Ca, Na,
Cr, Mn, Ti, etc. The input into the plume of sulkdites from the lower mantle
material “burned” by the gas jet during the asad@rguch plume will result in the
increase of its volume, and compensation of thé éreergy loss. No less important
Is the decrease in viscosity of the heated envisntrof the plume if, of course, it
Is not limited by the processes of phase transtiath formation of denser phases.
Besides exothermic effect, the interaction mecmand hydrogen and oxygen
from the lower mantle
minerals will have a considerable petrologic sigaimce, namely, enrichment of
the plume head in 4. This factor plays a crucial role in the increasé®y,o in
the frontal part of the plume, because at the trémsn sublimation to melting of
the matter the increase ofy8 is responsible for the decrease in solidus
temperature of the melts generated therein.

Remember that the melting of rocks is accompanyednbincrease in volume
(+AV). The dependency of melting temperature on theéereal pressure is
specified by the Clausius-Clapeyron equation:

dTi/dP= (V -VOTF

ML

where T is the temperature of fusioML; is the molar latent heat of fusion,
i.e., the amount of heat consumed at the transitfane mole of solid matter into
the liquid state; and/, and Vs are the molar volumes of liquid and solid,
respectively. Temperature and heat of melting atleer approximately connected
by the relationshipAL; = 2.2T. Accordingly, the molar heat of sublimation is the
amount of heat adsorbed at the transition of oné mb solid matter into the
gaseous state. Sublimation requires much more end@n melting, because
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sublimation heat(Ls ) is equal to the sum of melting he@dt ) and heat of
evaporation at the same temperatpgre

Ls=Ls+Lv.

The increase of fluid® and T will always result in an increased amount of
sublimated matter. Besides, sublimation is greatigtrolled by the plume’s gas
phase composition, being directly related to itthailpy (H) and free enerd%rr).

Melting of the mantle matter is also an endotherpnmcess accompanied by
heat energy consumption. This process, howeverunglirectional, and
exothermic reactions of fluid component dissolutigfO, H, etc.) in a newly
formed melt cannot compensate for the decreaseeat anergy due to rock
melting.

In other words, if the process of mantle matter galslimation is to some
extent of compensational and energy-saving chataitte process of melting is
energy-consuming and is limited By T parameters of the fluid on one hand, and
mantle matter composition, on the other hand. ketni[22] demonstrated that
along with the normal volume melting of silicatasyder certain conditions,
contact and mechanical melting inclusive, the merdmas of pre-melting are
realized. In the rock in which these two processasir, they bring up the same
effect — the decrease of the rock’s strength asdogity. In other words, contact
and mechanical melting phenomena could take platche mantle matter during
the mantle plume ascent. In any case, these pexessult in the decrease of
surrounding rocks’ viscosity and the increase efpglume’s velocity as it ascends
throughout the lithosphere.

Thus, the plume’s movement through the mantle ompanied by two
processes: sublimation of solid rocks, with partianpensation of heat energy of
the plume by exothermic reactions between the elgas components and the
oxygen of sublimated rocks, and complete or partialting of the upper mantle
matter proceeding with predominant consumption @athenergy. The melting
zone in the plume head is a sort of peculiar hesd, twhere, along with heat
consumption due to rock melting, the fluid compdseare dissolved in the newly
formed melt (Fig. 5).

The zone of melting of a formed in the plume head attain substantial
sizes, and itself plays the role of heat anoma$y/durable existence is supported
by the heat energy accumulated in the melt andtsnptiheat and fluid from the
lower plume.

Letnikov and Dorogokupets [26] pointed out that theapacity of the gas
composed of H,

He, N, CH; , and CO and launched from the depth of 2900 kiseigeral
orders of magnitude higher than the enthalpy oidpéte melting underT-P
conditions of the upper mantle. That is why, thathenergy of such gases is
sufficient to melt the upper mantle rocks and taseadestruction of the upper
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lithosphere horizons (Fig. 6). There is, howevearedain limitation. In accord with
the Clausius-Clapeyron equation for melting:
dP/dT=4H/TA4V,

where the decrease of total pressfife and the increase in volundg/ at
melting are closely related. This fact is of spkesignificance for silicate rocks,
whose melting alwaysesults in a volume increase. Since melting ocedtis an
increase in volume, the process is possible ortlyafpressure of the melt is higher
than the lithostatic load of overlying rocks.

.n-""" ‘-i
<ok THCS.N: T
-~ /,-;_ - Liquid core --5“:“\
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F 4 Ve Pofls [M]e [@]5 276 E=37

Fig. 5.A generalized model of a plume in the lithospherdgl) Continental crust; (2)
depleted mantle; (3) asthenosphere; (4) upper mamtlbeneath the asthenosphere: (5)
melting zones in a subcrustal layer; (6) pathwaysfdluid ascent from the asthenosphere:
(7) zones of possible contact and mechanical melgiin the mantle.
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Thus, specific critical levels must exist in the ntti@ section, where the
processes of extensive melting of material areidodn. This is mainly controlled
by total pressure of the overlying rock column. Apsocesses in the mantle
tending to decrease total pressure induce meltiocesses.

1400

0 400 800 1200 1600 2000 2400 2800 3200
Depth, km

Fig. 6.Energy capacity of H CO, and CH, released with a plume from the liquid
core.

When this critical barrier is overcome, extensivantie material melting
takes place aP; > Py Fluid composition of is of particular importance,
especially if the fluid is dominated by ldnd HO.

The widely recognized significance of sulfur in #foemation Earth’s liquid
core, with sulfur concentration being over 10%.ndirectly confirmed by the
analysis of igneous, in particular, extrusive peses in the Earth's crust. Indeed,
the petrogenetic analysis of igneous systems vbtmdant sulfide minerals has
repeatedly revealed the deficit of sulfur necesdarybonding of tremendous
amounts of Fe, Cu, Ni, and other chalcophile elémen sulfides. This peculiar
phenomenon, of the Norilsk-type deposits in paladicus still not explained. Even
better, it is manifested in the areas of recentarubm, where sulfur compounds,
primarily hydrogen sulfide, are the major composeasftvolcanic gases, especially
at a postvolcanic stage, when prolonged and scamifi ejection of E5 may
continue for many decades after the terminatiovotfanic activity.

The controversy is that equilibrium solubility of &d its compounds in
silicate melts is rather low and insufficient fottensive formation of sulfides on
the basis of igneous melts. Completely differenthis situation when a plume
separated from the Earth's liquid core containssicemable amounts of°Snd
H,S. Even upon intense interaction of plume fluidthwhe mantle matter, H and
C will react first, due to their higher chemicafiaity to the oxygen of mantle
minerals, while S and 5 will accumulate in the residual fluid. That iBywS and
H,S can reach the upper lithospheric levels with gldmeads. In the shallow upper
mantle or intermediate crustal chambers, these ooems can participate in
country rock melting and react with chalcophile nedmts forming sulfide
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accumulations. In other words, according to thisheste, large sulfur
accumulations in form of sulfides or gas jets itcaaic areas can be

Ain apriori considered as relics of the former esige plumes ascending
from the liquid core of the Earth. This scheme ak@ the giant sulfur
accumulations related to igneous and volcanic @sE® where S and,$Hl
occurring mainly as bubbles or larger concentrationot only saturate but
oversaturate the bulk of the melt. Judging by prgéd functioning of sulfur jets
on the Earth's surface (“roaring fumaroles” of tRaramushir Island), it is
reasonable to consider the fluid-magma systems exbed with prolonged
emission of sulfur and its compounds at depth tothee relic fluid systems
previously separated from the liquid core togethign plumes.

A number of publications describes the mechanismlwihe movement into
the upper lithosphere. Most of them are basedropli$ied physical models or the
results of model experiments. Among the aspectsetlexperiments studied was
determination of the conditions of a deep-derivedne passing through 660-km
mantle heterogeneity, when an abrupt change imsigcoccurred. It is manifested
in plume configuration, which consists of a thickdnhead and an extended
conduit. These experiments and analysis of geodandata resulted in the
conclusion about the bimodal character of volcansnthe Java Plateau in 122
and ~90 Ma, which was controlled by configuratminthe plume that caused
mantle melting [17].

Taking into account the tremendous size and greatgg potential of the
core, it is evident that even small fluctuationsha mass of the liquid core will be
accompanied by significant emissions of heat energginly in the form of
plumes. Since the liquid core accounts for 31 %heftotal mass of the Earth, even
small deviations in the state of this dynamic systevhich occurs in the diurnal
motion around the Earth axis, will be accompanigdebergy effects of such a
magnitude that their action will affect the stafetlee Earth's crust and the upper
mantle.

PROCESSES OF ROCK AND ORE FORMATION

The record of heat flow action in the Earth's crigstliverse. It includes a
wide spectrum of rocks and ores. The heat impatherhithosphere always causes
transformation in the solid substrate: metamorphismatasomatism, or melting,
while the processes of ore generation corresporddaver hierarchical level both
in the scale of phenomena and energy consumptiothéar realization. Thus, it is
reasonable to analyze the effect of superdeep Hyslems on the rocks of the
crust and upper mantle from the viewpoint of pedragsis, assuming that the ore-
forming systems are derivatives of the deep-derifledl systems partially
transformed by interaction with the lithosphericttea The recognition of the
fluid flows nature is also complicated by the fdwt since the processes of mass
transfer from planetary interiors toward outer Ehelre driven byP and T
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gradients, the planet as a whole is a nonlineasighive hypersystem, where
multiple subsystems of mass transfer at lower lobreal levels operate
simultaneously. Within a single plate, severaldimegasystems of various natures
may occur simultaneously, being different in energptential, ore and
geochemical characteristics, and physico-chemirpeters. Taking into account
that derivation of igneous rocks in the crust amthe mantle needs different heat
amounts, it is reasonable to assume that matunme for such magmatic systems
and the related ore-bearing fluid systems is ail$erdnt.

Grachev [16] proposed the criteria for discrimioatbetween mantle plumes
and hot spots. In his opinion, the hot spots rdsoith the within-plate tectonic and
magmatic activity, whereas the mantle plumes araifestations of the within-
plate tectonic and magmatic activity related toecand lower mantle processes.
Great scales of continental flood and plateau basaturrence typical of
interaction processes between deep-derived plumeshe lithosphere are among
such criteria. According to Anderson [2] and Grach#6], hot spots are the
derivatives of shallow upper mantle fluid systemispwing a different extent of
endogenous activity and specific enrichment in dratements. This, to some
extent, suggests their connection with the flurdsf asthenospheric layers.

Letnikov [23] demonstrated that asthenosphericriayaderlying lithospheric
blocks of various maturity have a fluid nature amd the products of irreversible
process of the upper mantle degassing.

Figure 7 schematically shows the situation wherutidirectional removal of
fluid and
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Fig. 7. A scheme of the simultaneous formation of triad ginite-gneiss layer-depleted
mantle-asthenosphere. ( 1) Earth's crust: (2) graite-gneiss domes; (3) depleted mantle; (4)
asthenosphere; (5) pathways of granitizing fluidsrad incompatible elements; and (6) ways

of squeezing of fluid and super-stoichiometric comgnent by the crystallization front.

incompatible components from the mantle must cassenpoverishment in these
components and crystallization of rocks. This rssut squeezing of fluid and
trace components at the crystallization front ardhftion of the asthenosphere. In
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where the asthenosphere occurs at Archean crdtmnasthenosphere is unusually
thin or is even not observed at all. In the latti@se, the absence of asthenospheric
layer is caused by prolonged processes of its tleplen fluid components, which
occurred repeatedly in the course of several billiears [22]. Figure 9 shows the
general tendency in redistribution of trace andedlond components incourse of
the concurrent processes of granite-gneiss cruspleskd mantle, and
asthenospheric layer formation.

The heat affect of a deep superplume on the lithe@spis obscured by the
involvement of all available fluid systems into fhi@cesses of melting in the crust
and mantle. Only the unusually high contents of BgCu, Ni, Co, Pt, and PGE in
the mantle-derived or crustal melts can be indreatif their primary plume nature.

Correlation between high magnesium content and esgretions of the
aforementioned element s suggests their transmorttccom the planetary interiors
together with core-derived plumes.

Taking into account the high energy potential dfaileep fluids and their
ability to extend laterally in the upper mantle atdhe crust base, the inference on
their interaction with fluid systems of asthenosphéyers and the relics of the
former fluid systems buried in the mantle is qutevious. All this together with
differences in dynamics, fluid regime, and phystb@mical parameters of mantle
melting, significantly complicates nature underdiag of the fluid systems, whose
activity resulted in the processes of mantle meltin

Deep seismic tomography of mantle revealed thezcneesponding to the
onset of plume ascent toward the upper lithosphecethe traces of the former
degraded plumes. The observed phenomena are rédpomsr the chaotic
nonlinear character of plume-related seismic an@sdl30]. It is evident that
throughout the section, from core-mantle boundargrtist base, the mechanisms
of plume-derived gas interaction with mantle matlernay be different. At the
initial stage whenT and energy capacity of the plume are the hightbst,
mechanism of sublimation dominates, and the plusieshaped as narrow
ascending channel or a slit-like cavity. This wasved by a model and numeric
experiments [17,9]. Decreasing energy potentiafjad in the plume results in a
different mechanism of its ascent. Terminated sodiion results in penetration of
high-temperature gas occurring under very higtdfluiessuréPs > P;,) along the
boundaries of mineral grains and the developmentootact melting processes
[21] with the formation of submolecular melt filmghich are able to dissolve
fluid components. At this stage, the area of fladlion increases and the basis is
formed for volume melting and segregation of coaalle melt masses. Extension
of plumes at the crust base records the upperd@faignificant plumes’ influence
on the mantle matter mainly through the mechani§rooatact melting. That is
why, the laterally extended and relatively narrcamdbs of low-velocity material in
the mantle represent the relics of formerly actphemes and superplumes. In
accord with the wave theory of stress distributiopressurized continuous media
[23], subhorizontal areas in the mantle distingeisby reduced seismic velocities
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reflect the character of the extension-zone distiam in the lithosphere, where
superdeep fluid systems are concentrated at thditmon P; > R (Fig. 10).
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Fig. 10.Typical seismic velocity sections of the upper mdle [33]. (1) Earth's crust;
(2) mantle; (3) low-velocity (presumably, fluidized part of the mantle; and (4) Mohorovicic
discontinuity.

In essence, the lateral and vertical mantle heegreity is the result of the
influence of plumes that did not reach the Earthigace for various reasons. To
some extent, they could represent the relics akahplumes buried in the mantle,
whose decomposition could proceed both in verral horizontal directions. In
any case, configuration of plumes and their leegimteraction with the enclosing
rocks are controlled by plume mass and energy patefihis is observed in deep
tomography. In petrology, the indirect criteriom tbe energy inventory of plumes
assessment is the ratio of Mg/Fe in the mantlerddrimelts. Magnesium-rich
basalts characterize highdr of melting and, consequently, energy-rich fluid
systems.

A heat flow measured at the Earth's surface caadetuately characterize
the total heat flow from the Earth's interiors tosvdhe surface in a particular
geologic time. Any melting zone in the mantle oustris a heat sink adsorbing
heat energy carried by fluid. Thus, in the regirhaative melting, the zone of melt
formation will seal an ascending deep-derived flfimv that serves as a heat
carrier. Only after a sufficiently large magma clhbemis formed, can it begin to
play the role of heat anomaly generating the exeeagmas and fluids. The
degradation of the magma chamber causes the l@ab#élow it to decrease and
shifts isotherms to greater depths.

A very different situation is characteristic of iflization processes in the
upper lithosphere or in the crust. In this cases pathways of plumes are
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controlled by tectonic forces breaking up the lIgploere. The existence of
weakened tectonic zones promotes relatively rdpid &scent

to certain levels in the lithosphere, where thegibhactively reacting with the
environment. Compositions of fluid and the matmdich this fluid reacts with
control the resulting composition and associatibnooks and ores formed during
this process. In other words, the fluid systemsasthenospheric layers are
relatively autonomous and show little interactioithwthe enclosing rocks along
their way toward the upper lithospheric horizonkisTconclusion is supported by
high geochemical and ore specialization of asth@measc fluid systems in the
lithospheric blocks of various maturity, which pided a basis for generation of
the deposits with strictly specialized charactersst

The synchronous occurrence of mantle and crustghraism is established
not only in various geody-namic settings but alsdhie ocean and in continents.
This suggests that in the Earth’s geologic histbere existed giant superplumes
whose heat energy resources were sufficient foumolous melting of both
mantle and crustal materials [7,8,39]. Recognitbdra single primary source of
energy brings about the conclusion on the divdrtsd $§ystem types in the mantle
and crust involved into endogenous activity duethi® energy supplied by the
plumes from the Earth's outer core.

In the context of the problem under consideratibig obvious that since an
active fluid source lies at the base of endogemodls- and ore-forming processes,
the analysis of endogenous activity in the lith@sphis subdivided into two
independent aspects.

|. Degassing of the Earth as a cosmic body, foonaaf the Earth's crust,
lithosphere, and asthenosphere as elements ofgée gmocess of heat energy
dissipation and conservation in the volume of rockkis scheme distinctly
differentiates the elements of regularly occurremgmatism, granitization, meta-
morphism, and mineralization processes dependirtgranof a particular geologic
block development and depth of an asthenosphears @ccurrence. Letnikov [25]
formulated the concept of fluid geochemical lithespc facies, which control the
formation of typical endogenous mineral depositectdnic impulses of
lithospheric block activation result in the ascehtasthenospheric fluid systems
into the upper crustal levels, which form the bdsisa variety of endogenous
processes. That is why blocks with similar matutéyels are characterized by
similar associations of rocks and mineral deposits.

2. Regular occurrence of endogenous processeshiospheric blocks of
various maturity is distorted by powerful energyurses of thermal impact on the
lithosphere, being, in the first place, charactstiZoy dominanated extensive
generation of mantle and crustal melts. The arédlsese large-scale phenomena
manifestation involve lithospheric blocks of varsoumaturity. Numerous
observations unambiguously prove that the energggsence, fluid) source of all
these processes is located deep in the mantle b#lewasthenosphere and
correlates with the influence of deep-derived flpidmes on the lithosphere.
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Besides, a high-energy deep-derived plume may sometcause energetic
activation of asthenospheric layers underlying litleosphere. This conditions
further occurrence of ore-magmatic systems inheoénthe initial lithospheric
block. In this scenario of ultra-deep fluid plumgstems’ influence on the
lithosphere, the boundary areas between lithosplocks of different maturity
show characteristics of both deep-derived plume asthenospheric layers
underlying lithospheric blocks. Plume tectonicst thecently came into being is
based on abundant geological evidence suggestang ggales of basic magmatism
and lesser scales of felsic magmatism both in team and on continents at the
thermal impact duration of several tens of milligesrs [7,9].

Among geological studies of superplumes, of paldicimportance is that of
Yarmolyuk et al. [40], who traced the whole spectrum of the withiate
Phanerozoic magmatism over the vast Siberian phatiand its folded framing.
Basing on convincing arguments they concluded thahe Early Paleozoic to
Cenozoic the within-plate magmatic regions of vasicage were related to the
plumes whose activity was caused by decompositimhleeat degradation of the
North Asian superplume. Such large-scale genetmizavas made for the first
time. Returning to the author's inferences on “laottl “cold” plumes, it should be
noted that extensive melting in the mantle and tcmias accompanied by
considerable consumption of heat energy. That i, @hy melting zone is a heat
trap adsorbing a considerable amount of heat enémgiensive interaction of a
plume with mantle or crustal rocks causes meltimd)\&ill obviously result in heat
degradation of the latter and formation of so-chfieold” plume areas.

The concept that discriminates between the crastdlmantle sources of ore
material has formed as an enduring part of therthebmineral deposits. During
the recent decades new data were obtained on is@epchemistry of elements in
ores and genetically related igneawsks. Basing on these isotopic data some
authors advocate a crustal-mantle origin for tharses of ore matter. They
suggested that, owing to various processes, cros#grial was transported into
the mantle and then participated in the formatibrore-magmatic systems [31].
Due to convergence of isotopic characteristics Hi@] diversity of not completely
understood factors controlling isotope fractionatisuch inferences cannot be
considered reliable.

Proceeding from Rb-Sr, U-Th-Pb, Sm-Nd, and Re-O®Ec characteristics,
a number of authors pointed out the prevalence ofaatle component in the
formation of deposits related to typical mantle magic systems: Khibiny,
Lovozero, and Norilsk [31]. These isotopic systeans highly informative; they
were tested on a great number of objects. The sarors, however, write that
isotopic compositions of C, 0, and S from the saewes of rocks and ores show
considerable variations. This allowed some reseascto argue about significant
assimilation of crustal material by mantle magmag erust-mantle interaction not
only in the crust but also in the mantle [31]. Fa[i1], however, pointed out that
determination of isotopic composition of the mamtebon was rather problematic.
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The processes of isotope fractionation occur evenveery high temperature, and
the influence of isotope heterogeneity of the neardhrbon and its possible
fractionation result in significant variations isotopic composition of carbon in
carbonatites and diamonds. This is true even toeatgr extent for the isotope
geochemistry of sulfur and oxygen in complex hejerneous ore-magmatic
systems of the initial mantle origin. The influermfeplume fluid systems derived
from the Earth's core on ore-magma systems in @ mantle just adds
uncertainty to interpretation of S, C, and O isatajata.

Having analyzed the available data we were to mn@izegthree major sources
of heat energy and ore matter of the Earth.

|. The Earth's outer liquid core, which is a getmraf global heat flows and
high-temperature plumes composed of reduced gases.

2. Relicts of plumes, which failed to attain thenthecrust boundary and are
distinguished by geophysical methods as laterakiereled zones of reduced
viscosity through the whole mantle section.

3.The least deep global heat source representethdoyfluid systems of
asthenospheric layers underlying continental am@dwoic plates.

Our ideas assertinthat the steady states of the core are changeddy t
periods of stability loss may correlate with thedegenous activity cycles of
planetary character. Wilson supercycles, Bertrandtsky cycles, Stille cycles,
etc. [16]. Direct correlation, however, would beather rude approximation, as
from the point of synergetics and cooperative ammoe of unidirectional
processes, analyses of these phenomena shouldna¢beuinfluence of cosmic
factors [4] and discontinuous-continuous processtimbsphere formation. These
processes are manifested in fluid activation oflithesphere of different maturity
at various stages of its formation [23,24]. Perhafig continuous linear
unidirectional process of the Earth formation asoamic body, that follows the
inherent and not completely understood regulariiesrbitrarily divided into the
cycles involving the processes related to diffefantors and supplied by different
energy sources. Understanding these regularitiemanisobjective for future
investigations.

The work was financially supported by the Russiaurfélation for Basic
Research, project no. 99-05-64169, and the Progr&rBupport for Leading
Scientific Schools, project no. 00-15-98573.
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PROBLEM OF PLUMES AND THEIR BEARING ON SOURCES
OF RARE-METAL MAGMATISM IN CENTRAL ASIA

Kovalenko V.I. B Yarmolyuk V.V. E Vladykin N.V. ™ Kozlovsky A.M. "
YInstitute of Geology of Ore Deposits, Petrograpftineralogy, and Geochemistry,

RAS; 35 Staromonetnyi per., Moscow, 109017 Rugsi@igem.ru
“Unstitute of Geochemistry, SB of RAS, Irkutkd@igc.irk.ru

The Central-Asian folded belt (CAFB) is charactedzy abundant rare-metal alkaline
and lithium-fluorine granites, pegmatites, neprekiyenites, and various carbonatites as well as
by some rocks of salt systems (apatite-rich, fibkeerich and others). These magmatic
assemblages are related to within-plate magmatispnesented by various alkaline rocks,
including mafic and felsic varieties and spanningr@ad age interval from the late Riphean to
Cenozoic. The long-lived magmatic activity withiEB derived from the specific character of
geodynamic settings within the Siberian Continemt &s folded folded surroundings during the
Phanerozoic. In Riphean time, under the actionhefduperplume, a wide array of ultramafic
complexes and the related carbonatites have evaBiade the end of the Riphean period, after a
breakup of the supercontinent has occurred, theeri@ip area was displaced in another
superplume-affected region, namely, the Asian slpere. The influence of the latter
superplume existed over the whole range of Phanardime. The formation of a succession of
age - variable within-plate magmatic provinceshia Siberian region that conditioned a scope of
rare metal metallogenic provinces for each timerirdl was favoured by the continent rotation
occurred above the mantle plumes of the superplume.

Formation of rare metal mineralization in thedstuegion was due to the deep
differentiation of parent magmas. Isotopic dataaot®d indicate that the main among sources of
rare metal melts are sources of crust, mantle camgt-mantle nature. In different time intervals,
the sources of within-plate magmas in CAFB includddpleted mantle (DM), moderately
depleted mantle (PREMA and/or HIMU), enriched maiftlariable in enrichment degree: EM-I,
EM-II), and various combinations of the above-lisieantle sources.

INRODACTION

Igneous rocks strongly enriched in Zr, Hf, Nb, W¥a,Li, Rb, Cs, Be, and
rare earth elements (REE) (up to commercial cogjeare termed herein as “rare-
metal magmatic rocks”. Under ordinary conditioriie Blbove-mentioned elements
are either disseminated within rock-forming minsrat make up own accessory
mineralization not affecting a standard rock conipws These elements are often
concentrated in lithium-fluorine and alkaline gtasi in granitic pegmatites, in
carbonatites and some other rocks of salt systphnssphate, carbonate, sulphate,
fluoride and so on) as well as in various rare IHataring alkaline rocks
(mariupolite, lujavrite, naujaite, leucite lampmi{wolgidite) and its pegmatites.
Such the rocks are fairly often described in liier@ and we shall not dwell on its
characterization. We will now highlight only oneirtt). The technologies of
forthcoming centuries will be in many respects feth on rare elements usage.
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The per capita consumption of rare elements magobsidered even at present as
a quality of technological progress.

The Central-Asian folded area framing the Sibefdaitform on the south
and recognized as the Central-Asian folded beltKBAis marked by abundant
rare-metal deposits. This territory is also chamazéd by a peculiar block-mosaic
tectonics as well as by special magmatism that sw@eially and temporally
isolated from plate boundary magmatism called aféogeosyncline magmatism,
activization magmatism et cetera. The purpose ef phesent paper was to
investigate the causes of extensive distributioracé-metal mineralizationb within
this region, its sources and geodynamic conditajrtBeir formation.

MAJOR AREALS AND STAGES OF WITHIN-PLATE RARE-
METAL-TYPE MAGMATISM

Figure 1 shows the main within-plate magmatic o@nges in the Central
Asia region, including the largest Phanerozoic go&h batholiths (Angara-Vitim,
Khangai and Khentei) as

e+ Y e
80° gp° 100° 110920
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Fig. 1.Location scheme of the main continental igneioslarm the Siberian Craton and Central-Asian
folded area framing Siberia in the south.

1 -12 igneios complexes : 1- Cenozoic complexew fiields of hot spots; 2,3 — Late Mesozoic
complexes: 2 — intracontinental rift zones and areé hot spots fields, 3 — the marginal belt ofsBol
Khingan; 4 — 6 - Early Mesozoic complexes-{T.,): 4 — rift system of western Siberia, 5 — withlatp
volcanic and plutonic assemblages of autonomous, tgp- collisional assemblages in the Mongol-
Okhotsk andran-Sharbelts; 7 -9 — Late Paleozoic-to- Early Triassiemggexes (g— Ty): 7- rift zones
from the Central-Asian rift system, 8 — the Sibetiap, 9- Late Paleozoic marginal belt; 10,11 —déllie
Paleozoic complexes (S +)C10 - rift zones, 11 — Devonian marginal belt; 1&te RiphearRhodinia
disintegration zones; 13 — Pre- Riphean continemd microcontinents; 14 — folded belts; 15 — West-
Siberian Plate.
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well as the structures such as continental riftsrotling within-plate magmatism
in Central Asia. Figure 2 gives the locations ofjonaare-metal deposits and
occurrences in the study region. The total sethef tare-metal occurrences has
been refered to as the Central Asian rare-metalimee. This province is mostly
located between the Siberian Craton to the north Barim and Korea-Chinese
Cratons to the south and comprises Caledonian anclyhian structures as well as
Riphean formations of microplates such as the TasviMongolia microplate etc.
[7, 20]. The rare-metal occurrences are controld within-plate tectonic
structures (basically by grabens, troughs and dsymes) found in all structure-
formational zones of the Central-Asian folded b&lie same structures determine
the entire within-plate magmatism in the regione Tare-metal-bearing magmatic
rocks are derivates of common within-plate magmatrepresented by various
alkaline rocks, including subsilicic rocks and gtaids (normal, lithium-fluorine,
alkaline [4].
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Fig. 2.Location map of of rare metal mineralization in theCentral-Asian rare metal
province.
1 -5 — areas of within-plate igneous occurrences: af Early-to- Mid- Paleozoic age, 2 — of
Late Carboniferous age, 3 — of Permian age, 4- ebbdkoic age, 5- batholiths, 6-7- rare metal
deposits and occurrences: 6 — of Prephanerozoic,afje- of Phanerozoic age, 8 — cratons, 9-
folded areas, 10 — young platform.
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We will look at the basic regularities in the distition of rare-metal-type igneous
occurrences within CAFB region in relation to majone intervals (epochs) of the
within-plate magmatism. Inception of magmatism uncknsideration is recorded
since Late Riphean time(720-600 Ma). Magmatic formations of this age maé
are represented by alkaline rocks distributed imi¥ey Kryazh (Ridge), East
Sayany and Aldan areas as well as by dike beltgeistern Pribaikal region [1].
There is relation between these rocks and rarelmathonatites and some salt
systems rocks. Till now, we are short of geologid aspecially isotope studies for
this time interval. Based on the data of many wmka single supercontinent
Rhodinia must have been in existence in the vigioitthe equator at that period of
time. All previously formed continental blocks diet Earth were parts of Rhodinia
arisen as a result of Grenville orogeny. Within shpercontinent Rhodinia, Siberia
bordered on Laurentia along its southern side [&B a breakup of the
supercontinent into the two above-mentioned bladairred

along the southern Siberia border (Fig. 3). Thevabsiated within-plate igneous
rocks and the known dike belts [14] recorded mjftnelated Rhodinia
disintegration. Since the interval of 750-600 Maarty all continents displayed
signatures of within-plate activity thereby recoiglthe continued disintegration of
Rhodinia into separate blocks. This proves thatretvas initiated a large
superplume beneath the Rhodinia area. Japanesaeraeses proposed plume
tectonics concept [10] identify the above mentiosaderplume with the present-
day South-Pacific superplume that is recorded hgnse tomography. Figure 4
gives a projection of this South-Pasific superpluatea moment of Rhodinia
disintegration. The above noted the Riphean wigtate alkaline magmatism of
south Siberia as well as numerous deposits andrecmes of rare-metal
carbonatites located in the southern portion ofessb Craton appear to reflect
disintegration of Rhodinia and formation of Palesigh Ocean on which place the
Central-Asian folded belt (CAFB) was developed.

The further geodynamic history of within-plate magi®m which, according our
large set of rock datings, proceeded with the periof relative magmatic
quiescences and activization throughout the Phaoeraip to Holocene time. In
history of within-plate magmatism, based on ignemesudesences, the early to
middle Paleozoic, late Paleozoic to early Mesozdate Mesozoic to early
Cenozoic, and late Cenozoic epochs are recogniZed $). We consider the
location and character of rare-metal-type magmatsmwell as its relation to
within-plate magmatic activity in CAFB for each sge epoch. In table 1, the
main provinces and areas marked by within-plateviactas well as examples of
rare-metal deposits and occurrences within CAFB tloe each epoch are
summarized.

Figure 6 reveals that there is relationship betwienlocation of within-
plate magmatic occurrences tife Early to Middle Paleozoic epochand the
position of extensional zones, i. e., grabens, ekgons and adjoining to them
areas. This epoch covers a time span of about
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Q‘ BALTIES

Fig. 3.Reconstruction of theRhodinia supercontinent - after [12].
1 -2 structures of Archean age: 1- cratons, 2 —amed structures within the time interval of
2,000 —-1,900 Ma; 3 - 4- structures of Proterozage:a3 — with juvenile crust (2,000 —1,900
Ma), 4 — structures of folded belts, 5 — folded$atisen as a result of Grenville orogeny.

200 m.y. The earliest (older than 500 Ma) withiatplalkaline rocks of this period
started to form in the area of Yenisey Kryazh, tha extensive burst of within-
plate-type magmatism occurred during the intenetiMeen 500 and 360 Ma has
embraced the vast territory within described CAR (90 x 700 krfy, including
the Minusinsk Depression, the area of East and \8agany, the north-western
part of Mongolia. In the Early to Middle Paleozonathin Yenisey Kryazh region,
the earliest rare-metal rocks [1] may be exemplifizy the Srednevorogovsky
massif represented by alkaline granites rich iroplglore and euxenite with an age
of 567-526 Ma and, probably, by the Kyisky massimposed of ultramafic
alkaline rocks and related high-rare-earth carbtwsatSlightly younger rare-metal
deposits [3, 2 and others) are found in north-eastava (the Aksug and Aryskan
alkaline granites dated between 460 and 450 Ma}hénEast Sayany area (a
number of rare-metal lithium-fluorine granites) aimu Pribaikal region (the
ultramafic alkaline rocks with associated carbdeatmaking up Saizhen massif.
However, the most intense within-plate magmatism tbé epoch under
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consideration was characteristic of the time irdaeref 450-300 Ma. Among
examples of magmatism and related mineralizatiothisfage are: (1) within the

Minusinsk Depression, the

Number of determinations for 20 Ma intervals

400

500
Age, Ma

Fig. 4.Schematic
reconstruction of the Late
Riphean Rhodinia
supercontinent for time of its
disintegration (750 — 650 Ma) —
after [10].

1 — projection of the presumptiv
Pacific hot superplume; 2 — split
zones of supercontinent; 3 —
continental rifts of the Siberian
Platform; 4 — structures welding
and fringing continental blocks,

including shelf ones.

Av- Australia; Am — Amazon area; An —
Antarctic Continent; Ba — the Baltic

Sea region; Gr — Greenland; In —
India; Ko — Kongo; La — Laurentia; Si

— Siberia; Jar — Yangtze (Kiang).

Fig. 5. Distribution of
geochronologic datings on
alkaline and Li-F granites,

alkaline and nepheline

syenites, and carbonatites in
the Central-Asian rare metal
province.
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Provinces and major areas of within-plate magmatisnand some rare metal deposits and

occurrences within the Cen

tral-Asian folded belt

Epochs of
igneous activity

Provinces and areals of within-plate igneous actity in the Central Asia region,

major magmatism types, including

rare-metal-bearingmagmatism (numbers in

parentheses indicate ages of magmatic rocks, Ma)

Early to
Middle
Paleozoic

Altai-Sayany province (O-D,) - alkaline
magmatisn{490, 460, 450-410, 390, 37
alkaline and Li-F granites

Alkaline granites (REE, Zr, Nb):
Aryskar{454],

Khaldzan-Buregte}375], Ulan-Tologoi
Li-F granites: Khoroisky, dikes related t
Bugulminsky massif404]

%ilyui (S-C,) —basaltic and alkaline magmatism

arbonatites (REE, Nb, Ta): Tomtorsky Group,
massifs of Sette-Daban area

D

Late Paleozoic
to early
Mesozoic

Barguzin-Vitim province (Cs-P,) -
alkaline magmatisrf830-290]
Synnyrsky rift zone [310, 290]
Alkaline granites (REE, Zr, Nb):
Synnyrsky[293], South-Sakunsk288],
Burpala massifs.

Late Paleozoic rift system of Central Asia —
bimodal, agpaitic and plumasitic (Li-F)
magmatism

Gobi-Tien-Shan rift zone (Cs-P;) [310-285]
Alkaline granites (REE, Zr, Nb): Khan-Bogdinsk
[290]

Alkaline and Li-F granites (Nb, Ta, REE)i-F granites: Yugodzyrsk{283]

Zashikhinsky
Udino-Vitim rift zone
Carbonatites: Saizhensky

Siberian trap province (P,%T,)

Ultramafic complex with carbonatites (N

P): Gulinsky complef253]
Chadobetsky massif

West Siberian rift province (T,-J1) -
bimodal and trachybasaltic magmatism
[235-218]

Altai-Sayany province province [[>-J;) —
Alkaline granites (REE, Nb, Zr): Ulug-
Tanzek{180]

Plumasitic (Li): Alakhinsky, spodumene
pegmatites located in Tuva

Gobi-Altai rift zone (P) [275]

Alkaline granites (REE, Zr, Nb): Tszarta-Khudu
North-Mongolian rift zone (P,) [265-250]

Early Masozoic Mongolia-Transbaikalye rift
system (T-}) — bimodal, agpaitic, plumasitic (Lit
B) and alkali- carbonatite magmatism
West-Transbaikalye rift zone (Ts-J1) [230-190]
Alkaline granites Be): Ermakovsky224], Orot,
Aunik, Amandak

North-Gobi rift zone [230-185]

Li-F granites: Zhanchivlansi90], Barun-Tsogt
Areal-type magmatism occurrences:
Carbonatites: Lugin-Golsky mas§50]

Late Mesozoic

Central-Asian intracontinental province

—alkaline-basaltoid-, alkaline, agpaitic, plumasit

(Li-F), and alkali-carbonatite magmatig60-90]

to
Cenozoic

South-Khangai area

Carbonatites (REE, P, Sr): Mushugai-
Khuduk[150], Ulugei-Khid

West- Transbaikalye are

Carbonatites (REE, P, Sr): Khalyutinsky

Arshansky[120]

East-Mongolian area

Li-F granites: Soktuisky, Etyka, Arybuldk40,
143]

Aldan area

Carbonatites: Murunskji40]

Alkali -ultramafic complexes (Pt, Au): Inadil45],
Konder

Kiya-Shaltyr’ foyaite containing stock, the Petrojmvsk massif of alkaline rocks
with the related carbonatites, the Dedov massif pmsed of higher-rare metal

nepheline-syenite, (2) within East Tuva, the Chavantrusion with rare metal-

bearing nepheline-syenite, the Kharly, Bayankol,ikCimtrusions and related
carbonatites, the Terekhol intrusion with rare-mb&aring mariupolites, the
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Fig. 6.Schematic representation of rare metal-type magmagim occurrences in system of
the Early — Middle Paleozoic igneous assemblagestbe Central-Asian folded belt.
1 -3 - igneous assemblages: 1 — bimodal and al&assemblages of rift structures; 2 — calc-
alkaline assemblages of marginal volcanic belts; Batholith assemblages; 4 - outer circuit of
within-plate activity area; 5 — alkaline granite§;— rare metal deposits; 7 — carbonatites; 8 -
lithium-fluorine granites; 9 — oceanic basins; 1@entinental massifs.

Pichekhol’ massif and related to it rare-metal rediple pegmatites, (3) in North-
West Mongolia, the peralkaline granitoid-relatedaklizan-Buregtey rare-metal
deposit [5] and occurrences of similar mineralmatin the area of the Khan-
Khukhey Ridge, and (4) in the area of Central Mdiagahe Khukh-Del-Uldield

of rare-metal lithium-fluorine pegmatites [16]. Mugeochronologic data by V.A.
Kononova, R.M. Yashina, E.D. Andreeva and otherafmve mentioned areas are
summarized by L.N. Kogarko [1]. Using the paleon&tgndata, figure 8 presents
a reconstruction of Siberia and some microcontsevith respect to the areas with
within-plate igneous activity (i.e., with resped mantle plumes projections).
Since this time Siberia has been displaced towhed mid-latitudes. A lull in
igneous within-plate activity occurred after Rhodinlisintegration was likely to
be related to Siberia moving away the South-Paatiperplume. The intence
magmatism resumed during Ordovician to Devoniaresimmost probably, took
place when Siberia was coincident with new activithin-plate source that is
referred by us as the Asian hot field of mantlehar Asian superplume consisted
of four individual plumes. Their activity resultedn the above-named
consequences, including formation of multifariousriehed in rare elements
igneous rocks

36



Deep- seated magmatism, magmatic sources arutdhéem of plumes.

90°

()

90°

1)

90°

(=)

9 Sy
=] —~ !
S S35 O
5= 8§39 =
g =X Y«
TTTTT TTT g EE sb
I ek A~ SN 8o
MRRRENINE S NN " Y | = =
's'g‘ﬁ'l'%"rw':-' N |‘f|:|:|:|:“ i‘C]L\ g :§ 2o OEF
S e\ CURHERN o sz S . &7
SRR < PlLilny = = E S Y TR
LT 2o SF RN = S
S ARNRRNREE KN | 2 A S ==
A NRNNRENE N I = &
. NN AN b WIS BT S
4 (1 | Saat
s O (NN R RUN i = =85 9«
s NN NN NN NN = 3= =
N o = S s =
NN NN NN ; s » N
JIIII II'I'I'FI\IIIII NN ’ g % = § Q
CIVE T e e S 2 ;2 T
NN NN AN T = QW = o
NI (NRRNNRY it (Os 52 RF
SN RN _rTzKT/I'I AT S T % 0=
AN HNNANN AL RN NN AR R R © 2 S 3§
el o = RN (XN AR m = S5 R
y 39 i|’||| 8 L),*_: I-E
i @ 9 N=
rl < TY XM
1) 3>
ndaln [<%] -'S.-E a5 |
= )
[ - UQ‘ %]
TTTTT] = =1 &=
NN RN = SN L
INRNNN = S RS
2l |10 = S |
v XHNNEN S 23
HREN = S 8 3=
NRRN 2 [
B o B =S Lo
1A = .w O
A1 g u 3 5
f||||j||||l| o @, g s 2 =2
S e ' = v S v
_ TS E]R8E 83
..... L AN ENRREN XTRES S8
o) SN TN w S eT33 80 S
b AT EE“U =
SRR RN RN > -3 S =
A RRNRNRENNEN | 8 F 3 = s
STLLE Ll " & S oo ©
B LN - S . K
N ) N NN R [N Ll e =y =8
[ ANRRAN RN RN RN o = SR
. HRNRRRRN RN - =5 =3
5 KN NRNNN NN + =B R NN
= L S S = S
Il Bl T R AR SRR o ) DV‘
w I = Ig
£ -5 3%
T g3 O
g
CANRNNANEN w ® 535 £3
ENRN ANNNRN = S 3 S &
RN NN W s = = 5
KANNNNN S sy & 3 =
SRS 8 &% =%
XHRNN &) =R “ =
XN A B§ |§
RN N 3 £§ NCR
N . ;=
NN & o) 28
WHNMN o I = 50 =
FIi]le 2 3=
FT T T TR = S
B G g S @w .. =8
ey RN 2 8. .9 &
i SRNRN - % 525§
I o BH S éé S 3 "‘3
& |y_‘w) = mh%cECL
E =E85°w |
sl g f §3tig
) % = S ST ESQ
— &...wxh
2 : £ S ETR=w
= =] z s S
o > =l <t = CQ*-.QJ"E“:
) S
3 g S =SS
2 2LATX
T~
R g—;-h.:“é’(?
o 22T
. oo M'Hb{)
o S T E g
[N 3 LW o >
~SS0=

37

Central-Asian, Str-Siberian trap; GT —Gobi-Tien-Shan; WS — West-Siberian



Kovalenko V.I., Yarmolyuk V.V., Vladykin N.V., Kggky A.M.

sjoquids 3y} jo uoneue[dxa 10} 9 “S1] 93§ }[9q PIPIOJ UBISY{BIIUI)) ) JO sagejquiasse snoausi (p)
J10Z0Ud)) A[IR]] -0)- JIOZOSIA] e PUek ‘(3) 310Z0Sy A A1eq “(q) ueruLId ‘(8) uRIULIdJ ALIRH -SNOJJIUOGIR))
3)e Y} JO WAISAS Ul $IDUALINIO0 wispewdew adL)-  [epow aaed Jo uoneyuasaadas snewdydS /S

o9LL o801 2001 oTh
Yl 011 o , 4 <86 e ek meoaed ——
¥

03

o@.v
o9

o8t
o8F

[ — uomwsardop -
—_ 300 —

08 F—"RI[0SUCIA ——,

0§ — =M
=

IS

TS
9
o5 oS o801
801
811 11 2901 o701 6 ~_ sAI09pd_
bl 011 2901 86 o6 06 298
¥

— nossardop —__
—- PO —
—-B1j0B3uop f

1o08

olS

u

o811

I I 801 o201 .86 o6 06 98

38




Deep- seated magmatism, magmatic sources arutdhéem of plumes.

Geodynamic setting in CAFB fahe Late Paleozoic to Early Mesozoic
epoch (330-185 Ma) is shown in figure 8. By this peri@&iperian continent was
enlarged through the South-Mongolia Hercynides dp@iocreted to it and via its
collision with Kazakhstan microcontinent. The mag@ologic event of the epoch
under consideration was development of a vast @eAsian rift system. This
system represented a sub-east—west striking belpased of several subparallel
rift zones (Fig. 8-a, b, c) filled with bimodal l@ispantellerite-alkali-granite
assemblages accompanied and followed by formatiomarge belts of dikes
compositionally similar to above mentioned assedsa This rift system created
during the interval 280 —250 Ma was manly recordédin the area of Mongolia
and was found in the area adjacent to the Pribgkatgion as well. Among
igneous rocks of the Central Asian rift systemgeraretal-bearing rocks are in
abundance.They include the Khan-Bogdin and Kharkimadsifs of rare metal
alkalic granites with age of 280 Ma located in $euh Mongolia [15]; the Synnyr
and Byrpalin massifs of high-potassium alkalic ¢&pprox 290 Ma) and related
to them rare metal and other type (K-Al, P) mineetlon found in the northern
part of Pribaikalye; the Sakun massif of rare mb&ring rocks in the area of the
Aldan Shield. Within East Tuva, the Late PaleoZbarly Mesozoic epoch saw
formation of rare metal nepheline syenite and @grpatites related to the Dugdin
massif with emplacement age of 290-280 Ma, the Kidabin massif (with a age
of 304 Ma) as well as to the Ylanergin massif date822 Ma. We believe that the
enormous in size Angaro-Vitim batholith, estimatesl old as 320-290 Ma and
comprising some lithium-fluorine granite massifoowk within-plate signatures
[19]. The Lugingol massif and a number of smalleghkpotassium alkaline
intrusions and the related rare earth carbonaiiteted at 250 Ma) as well as the
Yugodzyr massif made up of rare metal lithium-finer granites with an age of
280 Ma) [6, 7] have been recorded at the southeriplpery of the Late Paleozoic
within-plate magmatic areal. During Late PaleoZéarly Mesozoic epoch, the
Late Paleozoic and Early Mesozoic areals charaet@rby zonal arrangement of
igneous rocks were formed on the final stage ohiwiplate magmatic activity.
The cores of these two areals are made up of tlaadgd batholith (its age is 250
Ma) (Fig. 8-b) and of the Khentey or Kyrin (with age of about 200 Ma)
batholith (Fig. 8-c), respectively. Their northenmd southern peripheries consist of
diverse granites, including alkaline and lithiuradtine varieties as well as
volcanic rocks. The rare metal deposits and ocouoe® formed during the Early
Mesozoic are the Dzarta-Khuduk occurrence of rae¢ahmalkaline granites and
pantellerites (dated at 200 Ma) in Central Mongottze Zhanchivlan, Abdar,
Bagagazzryn massifs of rare metal lithium-fluorgranites [6, 7] as well as the
Ermakovskoe [11, 9], Orotskoe and other rare magdglosits (of 220-210 Ma in
age) in west Transbaikalye. The Early Mesozoic wifflate magmatic activity
was also characteristic of the Altay areal in whittlfe unique rare metal
spodumene granites and ongonites of the AlakhiasklKulgutinsky deposits are
found [2]. The Altay areal covers the Tuva regionl aorthwestern Mongolia as
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well (Fig. 8-c). In East Tuva, the dikes of raretahenepheline syenites, the
pegmatites related to the Kadyros and Kyshtag fisa&kated at 212 Ma), and the
Ulugtanzek rare metal deposit have been formecduhis period. Separate rare
metal occurrences of Early Mesozoic age are knowtné Pribaikal region (the
Akit occurrence of rare metal alkaline pegmatitesl garisite-and xenotime-
bearing fluorite-carbonate rocks, of 199 m. y. old)

As is shown in Figure 7, at the boundary of thebGaiferous and Permian,
Siberia separated by oceanic basins from China &mwhtral-Mongolia
microcontinent continued to interact with the Askaot field of mantle. Included in
this hot field are the Barguzino-Vitim and Gobi-ii#€han plumes. Beginning in
the Permian/Triassic boundary and continuing uginéoearly Jurassic, the Centrai-
Asian Plume was in operation and, as a consequére€&entral-Asian rift system
has been developed. The Late Permian was chamsciely an activity of the
Siberian plume which gave rise to the formatiorvasét trap province situated in
the central and northern portions of Siberia. ThdyeMesozoic West-Siberian
plume caused the

formation of the West- Siberian rift system and @b’ paleo-ocean. On
the whole, during Permiam to early Mesozoic timéhwv-plate activity in CAFB
was gradually reduced.

The Late Mesozoic to Early Cenozoicepoch of within-plate magmatic
activity started at about 180-170 m. y. Ago andeehat the boundary of the
earliest Miocene (about 25 Ma). The within-plategmatic activity of this period
was mainly centered in Transbaikalye, central aastesn Mongolia and at the
northern periphery of the Aldan Shield [17] (FigdB

In Transbaikalye and eastern Mongolia, during tB@och rare metal
deposits and occurrences related to lithium-flumgnanites and ongonites (within
the Transbaikalregion, among them are the Orlowkgka, Ary-Bulak deposits
dated as 140 Ma; within eastern Mongolia, amongntteee the Borun-Zogt,
Yugodzyr, Ongon-Khaierkhan deposits dated as 1%0Ma) have been formed.
Within Central Mongolia and Western Transbaikalye alkaline complexes with
REE, lead, and barium-strontium mineralization fdum the related carbonatites,
apatite-rich and fluorite-rich rocks have been fednAmong ore deposits located
in Central Mongolia, the Mushugai-Khuduk, Khotogbiugei dated at 140-130
Ma are worthy of notice (Kovalenko, Samoilov, 1983s examples of
mineralization found in Transbaikalye it may be sidered the Khalyutin, Arshan
and others occurrences dated at 130-120 Ma. Mimat@n of similar type is
observed in Tuva (the Kara-Sug occurrence). lbteworthy that in the vicinity of
Mushugai-Khuduk deposit volcanic rare metal lithifloorine ongonites are
recorded. The presence of intrusions of nephelyanites with associated rare
metal mariupolites and pegmatites (the Borgoi nmiadsl5 Ma) is noticed in
western Transbaikalye. The late Mesozoic rare metaurrences are most
commonly distributed at the northern peripheryed Aldan Shield. Noteworthy
are the following unique rocks with rare metal nnatzation (Vladykin, 1997):
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the charoites and benstonitic carbonatites of Malom massif (145 Ma); the
Inagli rare metal alkaline pegmatites (137-129 Mdde Yllymakh vein-type
eudialyte syenites (165-133 Ma) and others. Eveeye/lover the volcanic regions
of discussed here epoch, volcanic complexes wemindded by alkaline and
subalkaline flood basalts. Taking into accountrthvalume, the bulk of within-
plate magmatism of this epoch may be as much amithtd’aleozoic within-plate
magmatism capacity. So, within the above mentioeedchs, the two main
maximums in activity of within-plate magmatism ageident. During the Late
Cretaceous-to-Early Cenozoic the activity of withblate magmatism in CAFB
was gradually decreasing. As illustrated in Fig.a@tivity of the Central-Asian
plume covering southern Siberia was extended toddlam and China as well.
Everywhere over these areas the compositionalliabigr occurrences of within-
plate magmatism and related rare metal-type magmatre wide spread.

In Late Cenozoic epoch the within-plate activitynttoued with the eruption
solely of basaltic rocks characterized by a high#alinity. No rare metal
occurrences of this epoch have been found.

SOURCES OF WITHIN-PLATE MAGMATISM

Sources of within-plate compositionally varied magism are different.
Most granitoid samples in our data set are assidoetthe Caledonian isotope
province of CAFB. So, the Caledonian continentalstrcan be considered as
source of rare metal lithium-fluorine granites amgjonites. This can be shown in
Fig. 9, where the isotope compositions of rare mataum-fluorine granites are
situated in the field of isotope evolution of Caladhn continental crust [6, 7].
Individual massifs of rare metal lithium-fluorineagites were derived from older
Precambrian continental crust and thus, they dyspiare low values ofyg (Fig.
9). In these cases, such massifs are located wrlgnambrian blocks. In CAFB,
continental crust of different ages was formed doe the multiple-stage
transformations of oceanic crust into continentaé an the areas of converging
plate boundaries. Besides, within-plate magmatisppked additional material to
continental crust. However, the main role of witplate magmatism consisted in
thermal influence on continental crust with its sedpuent anatexis. Strong
differentiation of such the anatexis-related metfpecially in the presence of mica
and apatite in anatexis process, stimulated foomaif rare metal lithium-fluorine
granites and ongonites. Mantle plumes which coleoithin-plate igneous
ativity were also responcible for processes dewsloat the area of plate
boundaries.

The other types of rare metal-bearing igneous recksrelated to mantle sources
[8]. These variant types will be considered on th&@mples of bimodal and
alkaline within-plate magmatic assemblages of veriage. Figure 10 shows the
fields of isotope compositions of within-plate maaa rocks, with contours of
fields corresponding to each of the above menticg@achs. In the same figure,
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the fields of mantle and crustal sources are gi¥enong described sources, there
are fields of enriched mantle EM-I, EM-II, relatiyelepleted mantle HIMU which
in its properties and composition is close to theshcommon mantle PREMA,
depleted mantle DM as well as fields of island aot<entral Asian
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Fig. 9.Scheme showing dependence &4 of granites in the Central-Asian folded belt on i$
ages and location in provinces of isotope crustabgrces (after[6]).

1 — normal granites from Hercynian province; 2 +mal granites from Caledonian province; 3
- normal granites from Precambrian province; 4thilum-fluorine granites.

DM- depleted mantle; CHUR-chondritic unexhaustesergoir. Dotted line —evolution line of
average composition of the Caledonian continentastc

ophiolites and continental crust components. Tis-named component is
represented in the figure by isotope compositiangfanitoids from the largest in
the study region batholiths (the Angaro-Vitim, Kigan Khentei batholiths). In
figure 10 and in the next ones, the fields of ipatccompositions for rocks from
model regions for alkaline granitoids, such as é&era Island in the
Mediterranean region and Voznesenia Island inAtitentic ocean, are plotted for
comparison. The isotopic compositions for the stddwithin-plate magmatic
rocks of Central Asia fall into the fields of ispio compositions for the all above-
listed sources lying in the area correlated withntiea However, the data
demonstrate that the within-plate rocks exhibit eauompositional variation with
respect to the fields reflecting their emplacenege. The isotopic compositions
for the Early—to Mid-Paleozoic within-plate magneadireal display the highest and
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relatively constant values efq' (most often > +5) with rather broad variations of
initial ratio Sr®”/SF° (1,>"). On the whole, the compositions of this areal emoé
the sources of DM, HIMU, island arcs, and youngtic@mtal crust. Within the
described areal, general variations in isotopic pasitions of mafic and felsic
(alkali-granitic) rocks are similar, suggesting #fénity of its magma sources. The
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Fig. 10.The initial Sr and Nd isotope compositions for witin-plate igneuos rocks from
Central Asia and for typical mantle and crustal souces.

For the region of Central Asia: 1 —Cenozoic igneousks; 2 - Late Mesozoic igneous rocks
(here and in next figures — filled symbols =felsicks, open symbols — mafic rocks); 3 — Early
Mesozoic igneous rocks; 4 - Late Paleozoic igneoaks; 5 — Middle Paleozoic igneous rocks;
6 — ophiolite complexes (are shown in Fig. 12);#f@r other areas characterized by
occurrences of alkaline granites and their volcagigiivalents: 7 - Pantelleria Island in the
Mediterranean region; 8 Yoznesenidsland in the Atlantic ocean; 9- arrow indicatégt
displacement of isotope compositions of continesriadt and MORB on passing from the
Paleozoic to the Mesozoic (see Fig. 12); 10 — fe¢lchantle trend. Explanation are discussed in
the text.

ena' Values show closeness of the Early—to Mid-Paleormgmatic areal to
the isotopic compositions for rocks from Pantefleand Voznesenia Islands. The
iIsotopic compositions of felsic rocks from Voznesemsland, moreover, are
characterized by relatively broad variations inueal of Sr®/Sf° ratio. The
isotopic compositions of the Late Paleozoic withlate magmatic areal partially
fall into the fields of isotopic compositions fdret Mid-Paleozoic rocks (the Gobi-
Tien-Shan belt), but the greater part of them @wbi-Altay, North-Mongolian
belts) is situated between fields of isotopic cosipans of DM, HIMU, batholiths
(or of Riphean continental crust) and EM-II. Iseltfigurative points fall on the
trend inclining to EM-1 source. On the whole, sianly to Middle Paleozoic time,
variations in values ofyy' for the Late Paleozoic mafic and felsic rocks aliiee.
In the field of EM-II, there are situated nephelisygenites strongly enriched in
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radiogenic strontium and related to them rare eslgment mineralization-bearing
carbonatites of the Lugingol massif (Gobi-Tien-Shait). In model regions, felsic
rocks are rather more enriched in radiogenic strtomthan the comagmatic mafic
rocks [18].

For the Early Mesozoic within-plate magmatic aréalsed on a small set of
isotopic analyses, the magma sources for bimodadnalslages lie between the
sources of DM (or HIMU) and of EM-II. Isotopic daten Nd and Sr isotopes for
mafic and felsic rocks are similar (Fig. 10).

As to the Late Mesozoic within-plate magmatism Rkresotope
compositions of rocks are also arranged betweemcasuof DM (or HIMU),
continental crust (batholiths) and of EM-II. Isoéopompositions for felsic and
marfic rocks are alike. The one exception is repreeskby the volcanic field in the
area of the Gusinoe Lake, western Transbaikalyerevthe compositions of felsic
rocks located within the field of EM-II are shiftegkto the region of enriched in
radiogenic strontium compositions (Fig. 10). Thikahhe rocks and carbonatites
from the Aldan Shield [17] reveal isotope compasis of EM-I field.

And finally, in the Cenozoic within-plate magmasiceal, where only mafic
rocks were found, the majority of its isotope comsipons is situated between
fields of DM (or HIMU), EM-I, batholiths and EM-Ifield. Thus, the presented
isotopic data suggest that the sources of felsgaiig magmas as well as of
related mafics, fluctuating within the bounds ofimanantle trend, range from
depleted mantle DM or HIMU (the Mid-Paleozoic magimareal and Gobi-Tien-
Shan belt of the Late Paleozoic magmatic areagniached mantle EM-II (the
Late Paleozoic, Early and Late Mesozoic) and EM-Iita mixture of depleted
mantle and continental crust. The consanguinitysofope signatures of mafic
rocks and alkaline granites, pantellerites andratlialine felsic rocks proves that
all these rocks were derived from common sourcdsaa@ genetically affined.

A considerable body of isotopic data concerninglatle granitoids and their
volcanic analogues from other world-wide occurrenakso falls into the field of
main mantle trend and isotope compositions of dedsid mafic rocks from those
objects proved to be mostly similar. For rocks frétantelleria Island, as an
example, Sr and Nd isotopic compositions for mafid felsic rocks (trachytes and
pantellerites) are similar. As to the mafic-comémdialkaligranitic association
from Voznessenia Island, felsic and mafic rocksil@kisimmilar variation ingyg
values, but value d¥Sr/®%Sr initial ratios for felsic rocks proved to be hég (up
to ~0.709). This distinction is attributable to tet#ect of hydrothermally altered
oceanic crust upon felsic rock composition. The ilaim pattern is also
characteristic of rocks from the regions of maimi&pia Rift and the Tuareg
Shield (Algeria). Within the main Ethiopia Riftelsic rocks (pantellerites and
comendites) and mafics revealed a variatioenii values from +1.9 to +3.5, and
from +1.3 to +3.7 (10), respectively. Within theafag Shieldgng' values vary
from +6.6 to +6.7 for mafic rocks of Pan-Africaneagnd range from +4.8 to 7.7
for agpaitic alkaline granites. from +4.8 to 7.7.
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Nd isotope composition is noticeably less influehbg various factors than
Sr isotope composition. Initial Sr values are herdletermine with a necessary
low error because of high Rb/Sr ratios frequenttgusring in pantellerites and
alkaline granites. In case of high Rb/Sr ratios #éppreciable variations in’l
values are made possible due to even small vargatio assessment of rocks age.

If alkaline granitoids and its volcanic equivaleigplay
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Fig. 11.Nd isotope compositions vs. the Zr/Nb (a), Th/La riéos for within-plate igneous
rocks of Central Asia, Pantelleria Island,Voznesenia Islandand typical mantle and crustal
sources.

See Fig. 10 for explanation of the symbols.
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¢ Rodinia supercontinent

Fig. 12.Scheme illustrating model of mantle superplumes aribution to the formation of
the Central-Asian folded belt.

Volcanic fields and provinces: V — Viluyi; AS — Altai-Sayany; BV — Barguzin-Witi CA —
Central-Asian; Str-Siberian trap;

1 — Siberian Continent; 2 — craton regions of Rimai 3 — Riphean microcontinents of the
Central-Asian folded belt; 4 — oceanic crust; 5 antle and boundaries of upper and lower

mantle; 6 — “hot mantle of superplume”; areas othin-plate ativity; 8 — trends of mantle flows
motions.
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low Sr concentrations, changes in Sr isotope comiposnay taking place even at
small contamination of melt by material with higter content (for instance, by
sediments or marine water). If reliable isochrongstimations of ages by the U-
Pb zircon method are not available, all the abegtifies to smaller reliability of

l,>" values assessment for alkaline granitoids in coispa with estimations of

eng Values

The magma sources can be estimated also from thelatmns of trace
elements, especially if their bulk crystal-melttgam coefficients are very small.
For the present purpose the diagrame — Zr/Nb andeyg' — Thr/La were used
(Fig. 12). Zr/Nb ratio is poorly sensitive to degref magma differentiation up to
saturation of magmatic system by zirconium and immband a proportion of these
elements may be kept practically constant in theegieally related igneous rocks
assemblages under various geodynamic conditions.g€bchemical character of
Th/La ratio is essentially identical to those ofNv ratio. It is to be noted that the
magma sources such as DM or island arc componemds HHMU, merged
practically on isotope diagram of Fig.11, can beognized by values of Zr/Nb
ratio. The sources EM and continental crust comptndhat are almost
indistinguishable from each other in Fig. 11 mayéegnized from Th/La ratios.
Figure 12 shows that the within-plate associatiohsnafic and alkaline felsic
rocks of Early-to-Middle Paleozoic age were fornien mixed source consisting
of DM or island arc components and HIMU with, irrteén cases, participation of
EM-II and continental crust components. The Latke@zoic igneous rocks likely
to be derived from mixing sources DM and HIMU, kbt most probable its
derivation was connected with mixture of (DM+HIMW)th EM-II (sometimes
with EM-I) and continental crust. This providesexplanation for the extension of
isotope compositions field in relation ¢Qq" as well as foe the presence of branch
(“apophysis”) of this field in direction of Th/Ladh ratios (Fig. 11).

Isotope compositions of within-plate igneous roais Early and Late
Mesozoic age have been formed with a consideradgcypation of EM-II and
continental crust. This is supported by elongataahfof fields for the Early-to-
Late Mesozoic rocks located between the regiorthe@fbove mentioned sources
(Fig. 11). Judging by predominant position of igmocompositions of the
Mesozoic felsic rocks in the field with high valuelsTh/La ratio,among the rocks
in this field, the alkaline granitoids derived lahg from material of continental
crust may be present. At the same time in the fatl values of Th/La ratios less
than 0.2, there is assumed also a contributiomwfce (DM + HIMU) recorded by
the extension of isotope compositions field in tielato eng' values (Fig. 11). In
addition to the diagram presented in Figure 10ui€gll reveals that isotope
compositions of Cenozoic rocks indicate a presafid¢IMU and EM-I or EM-II
sources. However, as is seen from Figure 10, rnigneative point of the Cenozoic
areal fall into the field of EM-Il source. Thus, ethoblongness of fields
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corresponding to isotope compositions of the Celvazafic rocks in relation both
to €yq' and to Th/La ratio values is due to assimilatigntibe mafics of small
portion of continental crust.

So, the presentation of our data concludes tha¢ vdsteddiverse magma
sources for within-plate mafic rocks and related tahem alkaline granites and
other felsic alkaline rocks, including rare metal-kearing ones.

All available isotopic geochemistry evidence for shaf these rocks
indicates that they were genetically related to theasources of mafic rocks,
though for the Early Mesozoic igneous, the esskentatribution of continental
crust component to the source is quite possiblg. (F2).The necessity now arises
of isotope- geochemical systematization of alkalgranitoids and its volcanic
equivalents in terms of their sources. Using fonvamience the types of mafic
rocks in terms of its sources, alkaline granitaasl the related volcanics can be
classed into the following types: DM, HIMU, EM-IMEIl and their mixtures as
well as CC-type (continental crust). The last-namguke of alkaline granitoids
(CC-granites and CC-comendites) requires additicnddstantiation. Most of
studied alkaline granitoids represent mixed tyesording to major components
of magma sources, the Early-to-Middle Paleozoiksdgelong to (DM +HIMU
+KK)-type, the Late Paleozoic granitoids are cl@sgias (HIMU + DM + EM-II
+ KK)-type, the Early- and Late Mesozoic rocks assigned to (EM-II + KK)-
type, the Cenozoic alkaline magmatites represeil(H+EM-1 +KK?)-type. The
published materials suggest that the rocks frontdlana Island belong to HIMU-
type whereas bimodal assemblage from the Ethiogiadre of (HIMU + EM)-
type. According to current isotopic geochemistrmaepts, the component EM-I is
located on border of a core of the earth and lonemtle and the EM-II component
is centered on border of lower mantle and uppertigan

Sources of within-plate igneous activity in the €ahAsian folded belt are
related to mantle plumes. The latter can be at&idbto enriched mantle. However,
the mixtures of various mantle components in saiafewithin-plate magmatism
of different ages suggest that within plume, theiots constituents of these
sources not only interacted with each other buséhsonstituents interacted with
depleted mantle of lithosphere as well.

The general model of a role mantle plumes in thectire of CAFB is
represented in Figure 12. In the initial stage stgr@inent Rhodiniyasituated at
the equator zone has broken up under the effecthef South-Pacific hot
superplume. Within the block of future Siberia, thege rare-metal carbonatite
deposits of Late Riphean age (the regions of YgniRe&lge, East Sayany,
northeastern Aldan) have been formed. Since thly Pateozoic Siberia has been
displacing to the north from the equator, towam tid-latitudes, probably, due to
breaking superplume “cap”. The within-plate igneaafivity rather decreased but
it continued to produce magmatites, including naetal-bearing ones. We also
assume the second, more probable, variant in dewelot of CAFB. We suppose
that during the interval of Ordovician-to- Devoni@iberia in the course of its drift
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has got in the area of the Asian hot field of maniihe Early-Middle Paleozoic
within-plate magmatism province with numerous nawetal deposits hosted within
carbonatites, alkaline granites and others rocks fwamed under the influence a
series of plumes of this mantle plume system. lie [Raleozoic-to-Early Mesozoic
time the within-plate igneous activity continuediwprobable reduction of the area
of magmatic occurrences due to sinking cold sigkenm into superplume field. In
the Late Mesozoic, “degradation” of the Asian pluooatinued culminating in the
Early Cenozoic. However, spatially limited withitepe magmatism including its
rare metal occurrences continued. From about tina twithin-plate activity
became more intense and it continues up to thepresys being related to deeper
source EM-I.

This work was supported by the Russian FoundatwnBasic Research
(projects *  99-65645,99-05-65647, 00-05-65288).
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DEVONIAN PLUME MAGMATISM IN THE NE BALTIC SHIELD: R ARE
EARTH ELEMENTS IN ROCKS AND MINERALS OF ULTRABASIC
ALKALINE SERIES AS INDICATORS OF MAGMA EVOLUTION

A. A. Arzamastsev*, F. Bea**, L. V. Arzamastseva*, and P. Montero**

* Geological Institute, Kola Science Centre, Russian Academy of Sciddcé®rsmana St.,
Apatity, Murmansk Oblast, 184200 Russia, e-mail: arzamas@geoksc.apatity.ru

** University of Granada, Dept. of Mineralogy and Petrology, Fuentenueva s/n., 18002,
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In order to elucidate evolutionary paths for the alkaline ultransafries of the
Kola province, we studied distribution of rare earth elements (REE)cks and
constituent minerals of the rock sequence dunite, clinopyroxenite)itotied,
meltejgite, ijolite, nepheline syenite. Abundances of REE and athes elements
were measured in olivine, melilite, clinopyroxene, nepheline, apatigrovskite,
titanite, and magnetite. Distribution of most of trace elemeantsovdor-type rocks
Is shown to differ fundamentally from that in the Khibiny alkalingamhafic suite
and to have been controlled by perovskite crystallization. Prin@iyine
melanephelinitic melts of the Kovdor series are demonstrated ¢bavacterized by
early crystallization of perovskite, the most important REE nainéterovskite co-
precipitating with olivine and clinopyroxene leads to a dramatic REE depletibe of t
residual melt, to produce REE-depleted derivatives, ijolites and neplsjenites.
By contrast, the genesis of the Khibiny alkaline ultramadites was complicated by
mixing of minor batches of phonolitic melt with the primary olivindanephelinitic
magma, which led to changes in the crystallization order of REBaettanates
and Ti-silicates and to enrichment of late melt batches imtbst incompatible
elements. As a result, Khibiny ijolites have the highest Riiih@ances, which are
accommodated by high-REE apatite and titanite.

INTRODUCTION

In the northeastern Baltic Shield, the Paleozoiaget of tectonic and
magmatic reactivation involved generation of alkalplutonic complexes, which
have been customarily divided into two rock suit@salkaline ultramafic rocks
associated with carbonatites (Kovdor, Vuoriyarvirikanda, Seblyavr, and other
massifs) and (ii) agpaitic nepheline syenites, @spnted in the vast Khibiny and
Lovozero plutons. Available isotope ages indicéuat @all the Paleozoic alkaline
massifs of the Kola province were coeval, and tpairental melts were derived
from the same mantle sources [23, 26]. The hallmétke region’s alkaline rocks
Is their immense abundances of REE, Y, Sr, Zr,NMlf, Ta, and Th. These are
either concentrated in apatite, titanite, peroeskind other accessories or, given
their concentrations in melts were high enoughmftineir own discrete minerals,
such as loparite, pyrochlore, and eudialyte, whexssnomic deposits provide the
basis for the region’s mining industry.
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Geologic observations and experimental evidencegesigthat alkaline
ultramafic rocks forming parts of carbonatite coexgls originated through crystal
fractionation in nephelinitic melts, which resulteat early stages, in olivine,
clinopyroxene, and melilite cumulates and their pamentary foidolites and
nepheline syenites [3, 11, 19, 30, 40, 51]. Avadalata on behavior of
incompatible elements during magma genesis sugigaistvith advancing magma
crystallization, such elements as Sr, Zr, Hf, N, Th, and REE are likely to
become enriched in terminal melt derivatives ofdli@line ultramafic series. This
Is indeed the case in alkaline ultramafics of thebky massif, at whose lower
horizons large fragments of such bodies are foumgbsgnded by agpaitic syenites
[4, 16]. However, in the majority of alkaline ultnafic plutons, terminal
crystallization products (ijolites, nepheline syenj and cancrinite syenites) are
appreciably depleted in Nb, Ta, and rare earths.

This work is intended to study how the above tratements behave in
alkaline ultramafic suites and, in particular, todf out why rare earth elements
follow different distribution patterns in ultramafcarbonatite intrusions and in the
Khibiny massif. Our study draws on mineralogicald ageochemical data on
representative samples from the Kovdor, Vuoriya@ape Turiy, Salmagora, and
Afrikanda massifs, the Lesnaya Varaka and Ozerhvaraka intrusions, and the
Khibiny complex. ICP-MS analyses were made on wiotk samples and on
separates of coexisting perovskite, apatite, téamlinopyroxene, melilite, olivine,
nepheline, and magnetite. Data obtained enableougdntify those factors
responsible for the diversity of REE distributioatierns in alkaline ultramafic
suites and, in particular, to assess the role gh-REE accessory phases
perovskite, apatite, and titanite.

2. GEOLOGIC STRUCTURE OF THE INTRUSIONS

In the northeastern Baltic Shield, intracratoniggmatism that spanned some
40 to 50 m.y. can be divided into three episodé ifitial episode, from 405 to
380 Ma, coinciding with the final phase of Caledwnorogeny, involved inception
of the Khibiny, Lovozero, and Kontozero calderas the foreland of the
Caledonian front, accompanied by subalkaline vaftanand emplacement of
ultramafite and Ne-syenite intrusions. The printipariod of igneous activity,
between 380 and 360 Ma, gave rise to the multiph&sbiny and Lovozero
plutons and to alkaline ultramafic intrusions ass@c with carbonatites [26, 27]
(Fig. 1). The final episode resulted in dike swaram&l diatremes made up of
alkaline picrites, melanephelinites, melilititeadekimberlites.

2.1. Alkaline ultramafic plutonic suites forming parts of carbonatite
intrusions (Kovdor type)

Plutonic alkaline ultramafic suites are found fangiparts of multiphase
intrusions. Lithologic zonation of the intrusivedies portrays the following order
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of emplacement of rocks that constitute the sdiijedunite, (ii) pyroxenite, (iii)
melilite-bearing rocks (turjaite, melilitolite, okia), (iv) melteigite, (v) ijolite, (vi)
nepheline/cancrinite syenite, and (vii) carbonaté®d phoscorites. The complete
set of lithologies is represented in the Kovdomp€auriy, and Vuoriyarvi massifs,
whereas in the rest of intrusions only particulaoups of rock varieties are
exposed at the present topographic surface. In nmasisions, olivine and
clinopyroxene cumulates make up their cores, nehlibcks and foidolites

- Paleozoic intrusions
m Paleozoic sediments

Meso- and Neoproterozoic
sediments
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Fig. 1.Location scheme for Paleozoic igneous occurrences in northeastern BaBhield.

Intrusions: 1 — Khibiny, 2 — Lovozero, 3 — Niva, 4 — Mavraguba, 5 — Kovdor, 6 — Sekli, 7
Sallanlatva, 8 — Vuoriyarvi, 9 — Kandaguba, 10 — Afrikanda, 11 — Ozernaya Varaka, 12 —
Lesnaya Varaka, 13 — Salmagora, 14 — Ingozero, 15 — Cape Turiy, 16 — Kurga, 17 — Kontozero
18 — Ivanovka, 19 — Seblyavr. Terrane location scheme, after [6]

occurring in peripheral zones (Fig. 2). Nephelimel a&ancrinite syenites either
make up detached satellite bodies near the intiagi®.g., the Maly Kovdor) or fill
in veins in alkaline ultramafics (Ozernaya Varakadss-like carbonatite bodies,
surrounded by carbonatite stockworks, are usualgated centrally in the
intrusions, but occasionally they are displacednfigeometric centers of the ring
bodies of alkaline ultramafites. The order of emplaent, based on generalized
field evidence from all the intrusions of the ragics consistent with that reported
for alkaline ultramafic intrusions worldwide [222,339, 53]. Alkaline ultramafic
intrusions occur in spatial association with bodiolivine melteigite porphyry
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and with dikes and diatremes of alkaline picrité;n@lanephelinite, nephelinite,
and melilitite.

2.2. Alkaline ultramafic plutonic suites forming parts of agpaitic
syenite complexes (Khibiny type)

According to geophysical data [4], volumetricalglkaline ultramafic rocks
make up at least 30% of the Khibiny pluton withimet12.5 km depth range
accessible to gravity surveying. The pluton is thlngwn to comprise the complete
series of rocks typical of alkaline ultramafic mé&s®f the province: peridotites,
pyroxenites, melilitolites, melteigites, ijolitegnd carbonatites. The Khibiny
complex displays at least three phases of emplateoh@lkaline ultramafic melts
with intervening stages of Ne-syenite magma ingecijFig. 3). The peridotites,
pyroxenites, and melilitolites originated at thelieat formative phase of the
massif, which preceded agpaitic syenite injectionise ring melteigite—ijolite
intrusion took shape after the emplacement of nemhesyenites forming the
margin of the Khibiny massif, but prior to the fation of the Ne-syenites found
in its core. The Khibiny alkaline ultramafic serieslminated in carbonatites,
which cut through the Ne-syenite core of the maasd carry pyroxenite, ijolite,
and melteigite xenoliths.

3. Analytical techniques and sample preparation

Sixty-nine representative samples, collected froith cbres and outcrops
in the Khibiny, Kovdor, Afrikanda, Cape Turiy, Lesra Varaka, Ozernaya
Varaka, Seblyavr, Salmagora, Sallanlatva, Vuoriyaand lvanovka intrusions,
were selected for this study from a total of mdvant500 samples.

Whole-rock major element analyses were carriedabuhe Geological
Institute, Kola Science Center, Russian AcademySokences, using a routine
technigue of sample fusion with. 2)G0;+1Na-tethraborate followed by
dissolution in HCI. Si, Al, Mg, Ca, Fe, Ti, Ni, C&r, and V were measured by
atomic absorption on a Perkin Elmer 403 instrunvétit an accuracy (coefficient
of variation, CV) better than 3% (G. Gulyuta, asflyNa, K, Li, Rb, and Cs were
measured by flame photometr¢\( ~ 5%); P and S, by photocolorimetry and
polarography from the same solutions with an aayuief ~ 5% and ~ 10%,
respectively; and F and Cl, by the ion-selectiezibdes method (CV ~ 15%).
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.o+ Phlogopite-diopside- .
oo glivine rocks Pyroxenite

rooooog Melilite-monticellite-

se5292229 olivine rocks Peridotite and dunite

Melilitolites Archaean basement

Fig. 2.Scheme showing geologic structure of the Kovdor massif, simplified aft[47].

The F&t/Fe3+ ratio was measured by titration (CV ~ 10%)CHand CQ
were analyzed by the gravimetric method (CV ~ 10%hce elements were
analyzed by ICP-MS at the University of Granadanfla
charges of 0.1 g were allowed to stand for 30 mimn HNQ + HF mixture in
Teflon-lined containers & = 18CC and ~200 p.s.i., evaporated until dry, and
dissolved in 100 ml of 4% HN{Each specimen was analyzed three times on an
ELAN-5000 PE SCIEX instrument using a rhenium withab standard.
Accuracies were £2 rel.% and 5 rel.% or betterdoncentrations of 50 and 5
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ppm, respectively. Major elements in minerals waer@asured at the Geological
Institute, Kola Science Center, on a Cameca MSs#6nicroprobe using natural
and synthetic standards. Acceleration voltage v@ak\B8for Sr and Zr and 20 kV
for the rest of the elements; sample current wagl@hA, and ion beam diameter,
1.5-3um.

Kalsilite nepheline syenite

E Olivine melanephelinite
"rischorrite"

pipes

Carbonatites L
Foidolite

Pulaskite

Foyaite trachytoid
Foyaite massive

~~7| Nepheline syenite,
— jrregular grained

. Apatite-nepheline rocks

Urtite massive
D Juvite massive

Fig. 3 Geological map of the Khibiny massif. Generalized from the map of MGRE
"Sevzapgeologiya".

Nepheline syenite ("khibinite")
trachytoid

Nepheline syenite ("khibinite")
massive

Ultrabasic alkaline rocks

Fenites

Faults

N OB & GG

Precambrian basement

Mineral grains separated for trace-element analysi® inspected under
an optical microscope in order to reject foreigolusions. A number of samples
were inspected under a scanning electron microsddjperals were separated on
a magnetic separator and in heavy liquids. Fin&h4,0 mg charges were cleaned
by repeated hand-picking to 99.9 vol % purity. Bralement abundances in
sample charges were measured by ICP-MS as desetiloee.
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4. Petrography of the rocks and distribution of REEbearing mineral
phases

Ultramafic rocks. Kovdor-type dunites, Ol-clinopyroxenites, and
pyroxenites are adcumulates and mesocumulateslithe and clinopyroxene as
cumulus phases and ore minerals, phlogopite, spiaed nepheline, as
intercumulus. The only primary high-REE minerals gerovskite and apatite. In
the dunites, perovskite occurs sporadically aseeréumulus phase forming small
rounded grains. In the pyroxenites, perovskitergs@nt as an early cumulus phase
accounting for as much as 40 vol % in Vuoriyarvck® 19-31 vol % in
Afrikanda, and 11-16 vol % in the Salmagora mg&sif 30]. In ultramafic rocks,
apatite is less common, dunites containing no ntba® 0.2% and pyroxenites
usually bearing up to 3% apatite by volume. They @xiception is Vuoriyarvi and
Afrikanda pyroxenites, in which apatite accounts & much as 8% of rock
volume [30]. Besides perovskite and apatite, theoxgnites contain sporadic
titanite that forms secondary segregations paytiaéiplacing perovskite and
magnetite.

Ultramafic rocks encountered in the Khibiny and &pero massifs are
represented by peridotites and, chiefly, by pyraesn which are texturally and
compositionally similar to ultramafics of the Kowdsuite. Pyroxene with
characteristic cumulus features is in places ghirtraplaced by richterite and/or
phlogopite. REE-bearing accessories are represegtagdatite and titanite (up to 6
and 2 vol %, respectively). An important distinatics that perovskite is a rare
accessory in all ultramafic rocks from the Khibiny.

Melilite-bearing rocks dominantly uncompahgrites and turjaites, form
independent intrusion phases in the Kovdor andrahaline ultramafic massifs.
In the Khibiny and Lovozero, melilite rocks are euntered as xenoliths. Melilite
together with phlogopite compose large oikocrystghwclinopyroxene and
nepheline inclusions. REE-bearing phases, repregdat perovskite, apatite, and,
less frequently, titanite, occur sporadically. tstieial segregations of magnetite
are not infrequently rimmed by secondary perovskitdicative of a Ti-bearing
phase having been exsolved from primary titanomigtgn&8].

Foidolites occur widely in both the Kovdor and Khibiny alkadi
ultramafic suites. The rocks are ortho- and mesodat®s with nepheline
segregations varying in habit from anhedral to dullein less and more
leucocratic rocks, respectively. Clinopyroxene nsalp zoned segregations whose
compositions are different in the Kovdor and Khibsuites. In foidolites of the
Kovdor and other alkaline ultramafic massifs, pyos is represented by diopside,
which makes up grain cores, while grain rims armposed of aegirine-augite.
Pyroxenes in Khibiny ijolite-melteigites are moikadine than in the Kovdor suite
and, unlike the latter, are composed of aegiriggtaurimmed by aegirine.
Accordingly, late amphiboles developed after clyromene have different
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compositions, mostly pargasitic in Kovdor foidositeand corresponding to
richterite or magnesiocataphorite in the Khibinytesu

Distribution patterns of REE-bearing accessoriesdiiferent in Kovdor
and Khibiny foidolites. In Kovdor, Vuoriyarvi, an@ape Turiy, melteigites and
jjolites, the early-generation perovskite, just sgmatite and titanite, is a typical
accessory phase. Not infrequently, the perovskitebiserved to be replaced by
titanite. The mean titanite abundance in ijolitesil vol %. Apatite abundances in
foidolites attain a critical maximum of 1.2 wt % ithe most melanocratic
lithologies [5].

Unlike the Kovdor suite, Khibiny foidolites conta@patite and titanite not
only as late magmatic accessories, but also asspidad primary REE minerals.
Both apatite and titanite are most abundant in noalatic foidolite varieties,
where they account for 4 and 5 vol % on averagspeively. A distinctive
feature of Khibiny foidolites is that they lack mmary perovskite.

Nepheline and cancrinite syenitesKovdor-type massifs show evidence
of early crystallization of light-colored phasegpheline and K—Na-feldspar. Just
as in foidolites, pyroxene is represented by zogwins of diopside rimmed by
aegirine-augite. REE-bearing accessories aretttamd apatite.

Arzamastsev et al. [4] showed that neither Khilmey Lovozero agpaitic
Ne-syenites are cogenetic with rocks of the allaluitramafic series. This is
evidenced, in particular, by the fact that the Rigaring mineral assemblage in
agpaitic syenites differs fundamentally from thatthe alkaline ultramafic rocks.
Lovozero lujavrites have as much as 90 vol % eythahnd 12 vol % loparite,
while in Khibiny Ne-syenites the most widespreatngry magmatic phases are
eudialyte and apatite. Distribution, compositiong arigin of these economically
important minerals were studied by Kogarko [20, ad¢l Kravchenko et al. [28]
and are beyond the scope of this work.

5. Results
5.1. Rock chemistry
5.1.1. Major elements

Bulk-rock analyses of representative of Kovdor- akdibiny-type
alkaline ultramafic suites are listed in Table bnpositional variation trends for
both suites, plotted on the totality of major-el@tanalyses amassed to date (Fig.
4), show the ultramafic portion to be controlled fmecipitation of olivine and
clinopyroxene, whereas the foidolite trend is colled by fractionation of
clinopyroxene and nepheline. The decrease in Mg&uth this rock sequence
from 0.90 in dunites to 0.56 in Ne-syenites of wvdor suite is correlative with
variations of Ni, Cr, Co, V, and Sc.

The following distinctions exist between the Kovamd Khibiny suites in
terms of major-element abundances. Khibiny foidslitare relatively lower in
MgO and higher in Si©Qand alkalis (Fig. 4). Thus, weighted mean abunesod
these oxides in Khibiny foidolites are 43.62 wt @5 9.40 wt % NgO, 3.59 wt
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% K,O, and in Kovdor-type foidolite intrusions, 41.64 % SiO, 8.10 wt %
Na,O, 2.73 wt % KO. The high contents of silica and alkalis are remted in
modal-mineral compositions of Khibiny foidolitesjch that K—Na-feldspar is a
characteristic accessory mineral in ijolites, whewecounts for as much as 10 vol
%. Among other distinctions between Kovdor and kiylrocks, one should note
the higher F content of Khibiny rocks and the d#feces in TiQ and BOs
distributions. Thus, in Kovdor suite the highesOJabundances are detected in
pyroxenites, which have 8-15 wt % MgO on averadgeereas in Khibiny suite,
TiO,is highest in the most evolved rocks, ijolites amelteigites, which have 3-7
wt % MgO.

5.1.2. Rare earth elements (REE)

Chondrite-normalized plots for REE from both rocktes, listed in Table
2, are shown in Fig. 5. Along with data for specgamples, all the plots display
the REE pattern for the weighted mean compositiaadka@line ultramafic rocks of
the Kola province [3].

All the Kovdor-type alkaline ultramafic rocks laélu anomaly and show
depletion in the light REE relative to the heavyER{Eig. 5). The lowest total REE
contents and (La/YR)ratios (11.7-17.4) were detected in olivine curaddrom
the Kovdor, Lesnaya Varaka, and Salmagora madsBifscontrast, pyroxenites
from the majority of massifs, which contain peratskand, to a lesser extent,
apatite, are sharply REE-enriched relative to theamcomposition of alkaline
ultramafic rocks. These rocks have steeper REEmatwith (La/Yby) = 52—-226.
More evolved derivatives (melilitolites, foidolitesnd Ne/cancrinite syenites) have
lower REE contents compared to the mean alkaliramafic rock composition
for the province, at 5 x 10 to 3 x Zfmes the chondritic level. Therefore, with
advancing differentiation of the Kovdor suite, latage ijolite and Ne-syenite
derivatives become progressively depleted in REE.

Khibiny alkaline ultramafic rocks have a REE distition pattern, which
Is sharply dissimilar to the Kovdor suite (Fig. By and large, REE abundances of
perovskite-free peri dotites and pyroxenites apselto the estimated mean values
for the alkaline ultramafic series. Due to low (¥Bj)y ratios, ranging 31.4-53.4,
the light REE contents are 0.5-0.7 times the mealueg for the alkaline
ultramafic series, whereas the medium and heavy &fents are 2 times higher
than the mean values. Just as in pyroxenites, RidBdances in Khibiny melilite
rocks are within the range of mean values estaddidbr the alkaline ultramafic
rocks. On the other hand, the latest derivativaleansuite, ijolites and melteigites,
are markedly REE-enriched relative to the mean amipn of alkaline ultramafic
rocks of the province. In particular, melteigitesm the Khibiny layered complex,
which have up to 8 vol % titanite and 5 vol % afgatshow 2x 10° times the
chondritic REE concentrations. To sum up, the Kiylalkaline ultramafic suite is
characterized by a progressive REE enrichmensdéié derivatives.
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Fig. 4 Major oxides (wt %) vs. MgO in alkaline ultramafic rocks of the Kovdor (empty
circles) and Khibiny (solid circles) type.
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Fig. 5.Chondrite-normalized REE patterns for alkaline ultramafic rocks of the Kovdor
and Khibiny types. In all the plots, heavy line shows REE pattern for the wghted mean
composition of the alkaline ultramafic series. Normalizing values, after [1]

5.2. REE distribution in minerals
5.2.1. REE-bearing phases

Perovskite Two generations of perovskite have been repdrted alkaline
ultramafic rocks of the province. Generation | peiates originate from the early
igneous stage of alkaline ultramafite crystalliaatias evidenced by the fact that
melilitolites and foidolites, makes up rims aroupeérovskite | and around
magnetite. According to [35, 46], the early-generat perovskites are
compositionally close to the ideal formula CajiQvhereas late perovskite
segregations follow a loparite trend associatett eitrichment in Na, LREE, Nb,
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and Th. Established are appreciable compositioisindtions between the early
and late generations of the perovskites extractad ahalysis. Generation |
perovskites (Table 3) have the lowest REE, Nb,Y/d), Th, and Sr abundances,
which have been detected in Vuoriyarvi pyroxenit€s the other hand, in
Generation Il perovskites, as represented by sanfiigen Kovdor melilitolites and
Ozernaya Varaka ijolites, the listed elements Hat@ 10 times the concentrations
of the early magmatic perovskites. Overall, all gerovskites are sharply LREE
enriched ((La/Yh) = 207-518) (Fig. 6). Compared to perovskites frother
carbonatite assemblages worldwide, the varietiegustudy are closely similar to
those from the Oldoinyo Lengai foidolites [12] akinberlites [37] in terms of
REE contents, but the latter have higher (LagYfalfios.
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1000 1000 f
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F Fig. 6. Chondrite-normalized REE patterns

1000 £ = e for perovskite, apatite, and titanite from alkaline
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ultramafic rocks. Normalizing values, from
(Anders and Grevesse, 1989).

| —B—25-AFR
100 £ & AFR-5
E —e—7/928
I —A—8-0V

e Ce PrNd | Sm Eu Gd To Dy Ho Er Tm Yb Lu

Apatite Besides Ca, P, and F, apatites from all the rackier study have
appreciable abundances of Sr, Y, and REE (Tabl¢h8))ate apatite generation
having highest values. Apatites from pyroxenited &mdolites of the Kovdor,
Afrikanda, Sallanlatva, and Khibiny plutons havewearrow ranges of both total
REE contents and (La/Y{p)57-278. Chondrite-normalized REE spectra (Fig. 6)
for apatites are nearly parallel and broadly catre¢ to the REE abundances of
host rocks. The earlier report on Eu anomaly [28§ hot been confirmed by any
single measurement. Comparison with other provineceserms of REE contents
and patterns shows that apatite compositions ustlgly resemble those from
carbonatites of the Alno, Sokli, and Fen massi§.[1

Titanite.We have analyzed late titanites, which replaceyskite in

Afrikanda pyroxenites, and groundmass titanitemffdzernaya Varaka and
Khibiny ijolites. Comparison shows that Khibiny \&tres are appreciably enriched
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in Sr, whereas Ozernaya Varaka and Afrikanda tganihave elevated
concentrations of Zr, Hf, U, and Th (Table 4). & varieties havearrow ranges of
REE contents and relatively low (La/Xb)atios (40-53), which results in gently sloping,

straight chondrite-normalized patterns (Fig. 6).
Table 4.

Trace element composition (ppm) of titanite and magnetite in the rocksf the Kola
ultrabasic alkaline series.

Mineral Titanite Magnetite
Rock PRX IJL DUN MELT
Massif AFR ozv KHI KVD | LSV KVD
Samplg 25-AFR 8-0OV 301/500 | 1636/874 1636/721 4/400 Z-6 252/100
La 693 1260 961 678 382 8.12 1.2 24.0
Ce 1416 3323 2463 1813 989 12,8 2.25 53.7
Pr 154 407 309 228 123 1.43 0.23 5.69
Nd 556 1423 1148 840 442 4.28 0.5¢7 20.3
Sm 109 209 194 137 70.0 0.60 0.1b 2.87
Eu 36.3 59.6 58.7 41.4 20.7 0.0n n.d. 0.84
Gd 98.0 135 143 109 54.7 0.3b 0.0b 1.93
Tb 13.2 16.9 18.9 14.3 7.29 0.06 0.01L 0.27
Dy 62.5 78.6 90.3 63.1 32.2 0.34 n.d 1.09
Ho 10.2 12.8 14.8 10.3 5.33 0.0b n.d. 0.18
Er 20.9 25.7 29.7 20.3 11.1 0.09 n.d. 0.39
Tm 2.40 3.11 3.36 2.25 1.24 0.0 n.d. 0.04
Yb 11.6 16.0 154 9.80 5.11 0.08 n.d 0.18
Lu 1.26 1.87 1.66 0.86 0.49 0.00 n.d 0.02
(La/Yb)y| 40.1 53.2 42.1 46.6 50.4 173J0 - 95.8

5.2.2. Rock-forming minerals

Olivine. To analyze trace element contents, we selectedutest olivine
grains of Fg.o; composition from Kovdor and Lesnaya Varaka dunifgsis,
however, did not ensure the absence of magnetitgomclusions, which are
distributed evenly within olivine crystals.

Scanning electron microscopy detects extremely fenovskite rims
around primary chromite inclusions in olivine. Ohet one hand, positive
correlation of Nb and Ta with REE in olivine (Ta® implies the presence of
perovskite microinclusions. On the other handtledl olivine specimens analyzed
show negative Eu anomaly, also observable in magrtbat coexists with olivine
(Fig. 7). The highest Eu oxidation degree (Eu/Eu®0.68) was established in
Lesnaya Varaka dunites, which contain significanbants of magnetite. Based on
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Table 5.

Trace element composition (ppm) of rock-forming minerals of the Kola uiabasic alkaline
series.
Mineral Olivine Pyroxene Melilite Nepheline
Rock DUN PRX MELT | IJL MLG MELT IJL
Massif KVD LSV |AFR KVD OzVv| KHI KVD KVD KHI
25- 8-

Sample 100 |a/898|  Z-6)AFR [252/100 | 7/30| OV [301/500 | 227/43252/100 | 7/30] 455/402
La 19.9| 17.3| 2.29 16.1 148 9.17 23.3 36.6 39.2 38.3 2p.40 4.81
Ce 33.01 29.8/ 3.85 29.1 324 226 52.5 84.9 70.2 66.2 140.3 9.42
Pr 3.34| 3.21] 0.42 3.09 3.87 3.19 6.04 10.0 7.48 7.01 _.68 1.00
Nd 11.5] 9.44| 1.31 11.1 154 12|1 22.4 38.0 25.2 25.2 [12.6 3.35
Sm 1.87| 1.20f 0.097 1.8b 2.73 1.94 3.46 6|45 3.48 8.40 [1.72 0.64
Eu 0.33| 0.19| 0.002 0.58 0.68 0.35 0.p4 1195 Q.67 D.78 10.30 0.03
Gd 1.19| 0.73] 0.10 1.76 1.82 1.39 2.b1 4,88 1.82 1.81 (.04 0.57
Th 0.18| 0.08| 0.02 0.25% 0.23 0.14 0.34 0/66 0.19 0.20 0.12 0.07
Dy 0.98 | 0.31| 0.06| 1.11 1.1p 0.74 1.81 3,67 0195 0.93 0.45 0.34
Ho 0.19| 0.02| 0.01 0.16 0.19 0.14 0.30 071 0.15 0.13 0.05 0.05
Er 0.48| 0.02| n.d| 0.38 0.46 0.36 0.83 1,99 0.24 0.25 0.08 0.10
Tm 0.0710.001| n.d| 0.06 0.07 0.07 0.13 036 0.03 0.03 p.01 0.01
Yb 0.51| nd.| n.d. 0.58 0.52 0.95 1.00 3.39 0|16 Q.13 0.03 0.07
Lu 0.09| nd.| nd. 0.1d 0.09 0.19 0.18 0.66 0]02 Q.02 0.00 0.01
(La/Yb)\| 27.7 - -119.7 20.2 6.8 16.4 76 177.8 202.8 463.3 47.7

this evidence, we assume that a considerable dracti REE contained in
olivine grains is concentrated not in this mingpabper, but in perovskite and
magnetite microinclusions.

Clinopyroxene. In early cumulates of the alkaline ultramafic esyi
clinopyroxene is represented by diopsidegBd;sAcs, with foidolites and
nepheline syenites containing zoned segregaticatsramge in composition from
augite DisHdsAcs to aegirine-augite RiHd30ACyo [2,30]. A study of zoned
pyroxene grains using the laser ablation techn{dueamastsev et al., in press)
shows that zone-to-zone variations of major elememithin crystals are not
accompanied by any marked variations in the costafttrace elements, in
particular, REE. This is further supported by asaly/of pyroxene separates from
pyroxenites, melilitolites, and ijolites from carmdite massifs of the province,
which reveal a narrow range of REE variations irta groups of rocks (Table 5).
The higher REE contents are observed in rock vasihom Khibiny ijolites,
although all the rocks have the same REE distobupiattern. Plots shown in Fig.
8 demonstrate all the clinopyroxenes to be enricghedb and Lu relative to Dy,
Ho, and Er.Melilite. Microprobe measurements on melilites from rockshe
Kovdor massif yield the following composition (m@&d): Mg-akermanite, 49—-70;
Fe-akermanite, 5-11; Na-melilite, 36—40. As coradawith previously published
data on melilite compositions in the rocks of thevince
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[7], the analyzed melilites have higher Mg/Fe matia feature typical of Ne-
free alkaline ultramafites (46, 34]. Overall, thelilite is high in Sr due to the
isomorphous replacement®Sr— C&". Unlike Khibiny melilites, Kovdor ones
display no appreciable enrichment in Sr (TableAs).compared with the scanty
reported REE measurements on melilites from vanmosinces [42, 36], Kovdor
specimens have somewhat lowered total REE congsmisstraight patterns with
relatively high (La/Yby ratios of 178—-203 (Fig. 7).

Nepheline Nepheline compositions in rocks of the Kovdor-tygkaline
ultramafic intrusions range from N&.g KSge.1849Z1432 10 Nege.g1.&KSiso
201Qz1.4.3 In foidolites and Ne-syenites, respectively. Ndples from Khibiny
foidolites are higher in the kalsilite end-membed ailica (N@g 4.72.&S21 526 QZ s
7.4). Because of high E@®; contents in the matrix of nepheline, all the ndiplee
grains are replete with aegirine microlites repnéisg exsolution products. REE
contents in all the nepheline varieties range filom to very low (Table 5).
Chondrite-normalized REE patterns are straight.(Fjgnephelines from Khibiny
jjolites having negative Eu anomaly (Eu/Eu* = 0,18j)idently due to the presence
of magnetite microinclusions, rather than aegiones only. On the other hand, in
nephelines from Kovdor ijolites, which are leastiatbant in aegirine microlites,
Eu anomaly is expressed poorly (Eu/Eu* = 0.69).

5.2.3. REE distribution in coexisting mineral phases

Data on REE distribution in principal REE-bearingapes—perovskite,
apatite, and titanite (Tables 3, 4) — enable usatoulate partition coefficients for
these phases. Comparison of coefficients obtairad thhe coexisting pairs
perovskite/apatite (E\ap), perovskite/titanite (i), and apatite/titanite (i)
(Table 6) shows that in early pyroxene—perovskitendates, REE partition
preferentially into the perovskite. Overall, durintagmatic crystallization, REE
enter the above minerals in the following orderropskite > apatite > titanite.
According to our calculations, the early-generatmarovskite (sample AFR-5)
extracts medium- and heavy REE most strongly.( for Tb—Lu > 3), whereas
in perovskite Il—apatite pairs (sample 8-OV) thékbaf the heavy REE partition
into the apatite. The results obtained are condistéh microprobe measurements
on minerals from Ugandan clinopyroxenites and kagiéé lavas [33] and from
the plutonic Oldoinyo Lengai alkaline ultramaficcks [11, 12], which reveal a
relative constancy of REE distribution in the peskite—apatite pair (B\vap: La 9,
Ce 16, Nd 9.5).

5.2.4. Estimating REE distribution between minerals and rocks

In view of the fact that alkaline ultramafic rocksxder study are
differentiates, and their chemistries do not nemd@gscorrespond to compositions
of those melts that precipitated the mineral phasm#tained in these rocks,
estimates of mineral/melt partition coefficients,(la.) may be very tentative.
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Fig. 8. Melting diagram for the system nepheline—diopside—titanite, after [48]
Di — diopside, Prv — perovskite, Ttn — titanite, Mel — melilite, Ggrregieite, Ne — nepheline,
Ol — olivine, L1 + L2 — immiscibility region. Point signifies the weighted mean composition for
the Kovdor-type primary alkaline ultramafic magma. Paitlt represents the hypothetical
primary magma of the Khibiny-type alkaline ultramafic series, whose campobas been
changed by mixing with phonolitic melt.
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Table 6.
Inter-phase REE partition coefficients for perovskite, apatite and tianite.

Dper/ap Dper/ap Dper/ap Dper/tit Dper/tit Dap/tit Dap/tit Dap/tit
Rock PRD PRX MLG PRX IJL PRX MLG IJL
Sample AFR-5 25-AFR| 8-OV | 25-AFR| 8-OV| 25-AFR| 8-OV | 1636/874
La 1.43 0.79 4.08 1.80 8.49 2.27| 2.08 2.65
Ce 1.79 1.52 5.01 2.18 6.67 1.43] 1.33 1.51
Pr 1.86 1.23 5.20 1.40 5.42 1.14] 1.04 1.05
Nd 1.89 1.23 5.11 1.23] 4.72 1.00f 0.92 0.90
Sm 2.30 1.16 4.49 0.90 3.24 0.78| 0.72 0.63
Eu 2.73 0.98 3.94 0.69 2.66 0.71| 0.67 0.56
Gd 2.61 1.00 3.12 0.65 2.21 0.65| 0.71 0.66
Tb 3.32 0.93 2.87 0.56 1.84 0.60| 0.64 0.57
Dy 4.38 0.77 2.43 0.41 1.41 0.53| 0.58 0.52
Ho 4.99 0.70 1.97 0.35 1.11 0.51| 0.57 0.49
Er 5.67 0.62 1.57 0.28 0.93 0.46| 0.59 0.48
m 6.58 0.66 1.48 0.27 0.84 0.40| 0.57 0.44
Yb 8.77 0.58 1.42 0.24| 0.87 0.42| 0.61 0.44
Lu 7.69 0.46 1.61 0.22 1.01 0.48| 0.63 0.51

Denviap Values similar to those obtained by us for the late perovBkipatite pairs
were established for Kaiserstuhl calcite carbonatites [1#};,APin these rocks decreasing from
6.8—4.9 for the LREE to 3.0-1.5 for the MREE through to 0.5 for Yb.

Hence, when calculating D REE for early phases fimymoxene and
olivine cumulates, REE contents were correlatedatbt their host rocks, but with
the mean composition for alkaline ultramafic rockBable 1), which best
approximates the composition of the melt paremtahe series. Coefficients thus
obtained are listed in Table 7 and are comparguubtished experimental values.
In the plot showing Bvmert for the entire REE spectrum, partition coefficgefdr
Kola perovskites, while plotting somewhat lowegyshonetheless with the same
trend as does fmer In Melilite—olivine basalts, as determined by Oauet al.
[42].

In calculations of D REE for minerals from the menslved members of
the alkaline ultramafic series (ijolites), we assdmtheir constituent phases
(clinopyroxene, melilite, apatite, and titanite)htave been in equilibrium with the
host rocks. The obtainedcRrock and Dypirock Values, listed in Table 8, are broadly
compared to those for minerals in alkaline voleasitom other regions [9, 15, 18,
31, 42]. On the other hand, partition coefficiefus titanites from Khibiny and
Ozernaya Varaka ijolites are lower than those fammwlite-hosted titanites [54].
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Table 7.
Mineral - bulk rock REE partition coefficients for pyroxene and olivine aumulates
of the ultrabasic alkaline series.

Perovskite Apatite
Rock PRX PRD PRX PRX PRX PRX PRX
Sample 25-AFR AFR-1| 282/224| 205/297.5 282/251| 25-AFR| AFR-5
La 9.5 26.7 14.9 6.7 12.4 12.0 2.4
Ce 12.4 37.1 18.4 9.2 17.1 8.1 2.0
Pr 7.9 29.3 17.7 10.1 16.8 6.4 1.8
Nd 7.0 26.5 17.7 10.7 16.7 5.7 1.7
Sm 6.8 19.3 16.4 9.5 14.7 5.9 1.8
Eu 7.0 18.6 17.6 9.7 15.1 7.2 2.2
Gd 6.3 17.4 16.0 9.0 13.9 6.2 2.4
Th 5.8 14.9 14.3 7.6 12.2 6.3 2.3
Dy 4.2 8.8 11.1 4.8 7.7 5.5 2.0
Ho 3.5 6.2 7.9 3.7 5.9 4.9 1.9
Er 2.4 4.3 5.7 2.5 4.1 3.9 1.7
Tm 2.0 3.1 4.2 1.9 2.8 3.1 1.5
Yb 1.5 2.7 3.5 1.5 2.4 2.6 1.0
Lu 1.1 2.0 2.7 1.2 1.7 2.3 0.9

Note. Drirock@Nd Dhp/rockiS @ ratio between mineral phase and weighted average composition
of the ultrabasic alkaline series (Table 2, analysis AVER*).

6. DISCUSSION

Petrologic evidence, supported by experimental ffEta52, 13, 32, 43, 44, 49],
indicate that the main process responsible forgieesis of alkaline ultramafic
suites of various provinces worldwide was fractloogystallization of primary
olivine melanephelinitic magma. Coherence of thekrfmrmation sequence from
early olivine- and clinopyroxene cumulates to nitelite, foidolite, and Ne-
syenite, is corroborated by geologic and petrograpbservations. Estimates of
magma compositions for the Kola alkaline provindg dllow the inference that
alkaline ultramafics of the Kovdor and Khibiny typeriginated from the same
primary magma. This is further supported by isotstuelies, indicative of a single
mantle source for Khibiny and ovdor alkaline rodR€]. Variation trends in
major-element plots for both suites reflect se d¢jakrprecipitation of olivine,
clinopyroxene, and melilite. Foidolites are prodiicéarough a reaction that
involves resorption of melilite and formation obdside and nepheline:
3CaMgSiOs + 2NaAlSIQ = Mg,SIO, + CaMgSi,O; + NaCaAlS;O; +

NaAlSi;Og diopside nepheline olivine melilite (solid solution)
liquid Published data concerning distribution ohce elements in the above
principal mineral phases of the alkaline ultramagcies are indicative of REE, Sr,
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Y, Zr, Hf, Nb, and Ta enrichment of final derivags/ Indeed, taking into
account that partition coefficients for these eletaein the first phases to
crystallize, olivine and diopside, and consideraldwer than 1, incompatible
elements should be concentrated in late ijolite ahelsyenite melts. Such
distribution is exemplified by Khibiny-type alkaBnultramafics, in which, as
follows from the plot in Fig. 5, late ijolites aadnormally high in REE, Sr, and Y.
On the other hand, as appears from the diagranginSEwithin the Kovdor-type
alkaline ultramafic series, late ijolites and ndpteesyenites of the Maly Kovdor,
Vuoriyarvi, and Ozernaya Varaka massifs are maxngty depleted in REE than
early differentiates. A similar pattern is foundatkaline ultramafic suites of the
Maimecha—Kotui province in Siberia [14], the Garticomplex in East Greenland
[38], and Tanzanian plutonic alkaline suites [11].

Let us consider the main factors responsible fer dtiferences in REE
enrichment patterns between Kovdor- and Khibinyetgtkaline ultramafic rocks,
which should include (i) conditions, under whicle thrimary alkaline ultramafic
magma precipitates the principal REE phases (pkiteyspatite, and titanite), and
(i) changes in the composition of the primary magand, accordingly, in the
crystallization order of principal and accessormenal phases as a result of mixing
with batches of phonolitic melt supplied from adependent source.

According to experimental data [21,48] and to stadin melt inclusions
[20, 49], perovskite and apatite crystallized atyeatages. This is evidenced by
the fact that euhedral perovskite and apatite alystontain inclusions that were
homogenized at temperatures of >82Z0and 1000-70W, respectively [38, 24].
Hence, crystallization paths of the alkaline ultadim series must be considered
with due account of REE-bearing phases, in theextndf the six-component
systems Si@-TiO—~Al,0;~CaO-MgO-NgD and SiG-P,Os—Al,0;—~CaO-MgO-
Na,O.

In the pseudo-ternary nepheline—diopside—titanigdting diagram (Fig.
8), perovskite and the five remaining phases cpamg to the mineral assemblage
constituting rocks of the alkaline ultramafic seridccording to (Veksler and
Teptelev, 1990), perovskite forms a large crystation field contiguous to the
fields of all the phases except olivine. The priynatkaline ultramafic melt of
compositiond, which contains 2—-3 wt % TiQplots in the diopside crystallization
field, so that resultant melts evolve toward theectc lines Di—Prv (point8 and
C) to produce olivine and pyroxene—perovskite cumeslaand melilitolites. One
factor controlling perovskite stability in melts sdica activity, described by the
reactions CaTi@+ SiO, = CaTiSIG and 2CaTi@ + NaAlSEOg = NaAISIO, +
2CaTiSiQ [8, 48]. Hence, eveemall amounts of a more silicic material, when
added to silica-undersaturated olivine melanephielimelt (the melt evolution
course 4'-B'—C"), prevent early crystallization of perovskite. Asresult, Ti-
silicates will crystallize not in initial melt destives in the form of perovskite, but
in more evolved products (ijolites and nephelinenstes) in the form of titanite.
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CaTiSiO; 20 40 60 80  CaMgSi,0,
Fig. 9. Melting diagram for the system nepheline—diopside—apatite, after [21].

Di — diopside, Ap — apatite, Pho — Ca-phosphate, Mel — melilite, Cg — careegie —
nepheline, Ol — olivine, L1 + L2 — immiscibility region. Pointsignifies the weighted mean
composition for the Kovdor-type primary alkaline ultramafic magma, and petntthe
hypothetical composition for the primary magma of the Khibiny-type alkaline ultramafic.

The behavior of apatite during evolution of theadilke ultramafic series can be
approximated by the section NaAlSQKTaMgS}Os—Ca(PQy)sF (Fig. 9), as
discussed by Kogarko (1990), where the primaryiméivmelanephelinitic melt
falls in the diopside crystallization field. Sinttee BOs content of the initial melt
is 1.26 wt % (Table 1), apatite is unlikely to ppetate at early stages of rock
crystallization. Theeriegact that ROs distribution in all the members of the series
points to the existence of a maximum of 2.8 wt melanocratic members of the
foidolite trend [5] suggests that apatite appears the liquidus during
crystallization of nepheline—pyroxene assemblagBsased on the above
experimental models for crystallization of REE-legrtitanium minerals and
phosphates, the following evolution paths for all@lultramafic suites of the Kola
province can be considered.

6.1. Evolution of the Kovdor-type alkaline ultramafic series

According to the first scenario, which is appangnthaterialized in the
Kovdor-type rock sequence, the olivine melanepitedimelt 4 of Fig. 8, after
having precipitated olivine, will evolve toward thigopside—perovskite cotectic,
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where perovskite—clinopyroxene cumulates are fornkealy crystallization of a
phase that hasdpe >>1 will result in a dramatic depletion of resitlnzelt, which
will sequentially produce the series of REE-depletkerivatives (ijolites and
nepheline syenites). The dominant role in earlyastion of REE from melt was
thus played by perovskite, although apatite map algve played a subordinate
role at this stage, because it could, in principkye reached the liquidus as well
(Fig. 10). With respect to the Kovdor-type alkalumé&amafic series, evidence for
the model just proposed is as follows:

(1) The Afrikanda, Vuoriyarvi, Salmagora, and Cape Turiy massifs contampgilioxene—
perovskite cumulates composed of primary magmaecoyskite. In some
intrusions  (Kovdor, Afrikanda, Ozernaya Varaka, Yarvi), local
clinopyroxenite zones with up to 3% primary magmapatite have been found.

(2) The latest derivatives of the Kovdor series stnarply depleted in REE,
Nb, Ta, and Sr relative to both the mean paren@yma composition and to
earlier cumulates.
guential precipitation of olivine, clinopyroxenenda melilite. Foidolites are
produced through a reaction that involves resonptibmelilite and formation of
diopside and nepheline:

(3) Primary REE-bearing accessories in late diffea¢es of the Kovdor series are
relatively low in REE and Sr due to the melts betigpleted in these elements.
Thus, apatites from Ozernaya Varaka cancriniteisgghave as little as 0.67-0.71
LREE,O; and 0.60-0.68 wt % SrO, and those from Maly Kovdepheline
syenites, as little as 0.33-1.31 LREE and 0.59-1.07 wt % SrO [5].

Data on REE distribution in alkaline intrusions wdrious provinces
indicate that early fractionation of REE-bearin@gés is a characteristic feature of
alkaline ultramafic suites. Thus, the Oldoinyo Lenglutonic suite has been
reported to comprise clinopyroxenite (jacupirangitemulates with up to 28%
perovskite [11]. The character of REE distributionthe Oldoinyo Lengai rocks
corresponds exactly to that in the Kovdor serieEERare enriched in early
cumulates and sharply depleted in terminal membérthe series (ijolites and
eucolite-bearing Ne-

syenites). Another example is provided by the Mainae-Kotui province,
where the Kugda, Guli, and Odikhincha massifs epented to contain olivine and
clinopyroxene cumulates rich in primary magmaticropskite [14]. The
Nizhnesayansky carbonatite massif (southern Sipéaa also been reported to
incorporate a rock suite encompassing the full spetof alkaline ultramafites,
including clinopyroxene cumulates with as much %&b Jerovskite [10].

6.2. Evolution of the Khibiny-type alkaline-ultramafic series

The set of rock varieties that make up fragmenthefalkaline ultramafic suite in
the Khibiny massif, the order of their formatiomdaoverall major-element
characteristics were formerly believed to suggmsila courses of REE evolution
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and distribution for the Khibiny and Kovdor suitedowever, according to
geologic observations and geochemical data forKihidiny alkaline ultramafic
suite, generation of early olivine and clinopyrogercumulates was not
accompanied by massive precipitation of perovsKikes is the reason why REE
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alkaline series of the Kovdor type and Khibina.

remained in residual melt until final stages of stajlization, and REE
enrichment did not occur until late ijolite derivets started to form. Two factors
preventing early crystallization of perovskite cbe considered, both of them
being apparently related to a drastic increaselicasactivity in the melt. Firstly,
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the change in SiQactivity may result from interaction of the prirgaolivine
melanephelinitic magma with surrounding Precambi@sement rocks. This,
however, is at variance with Sr and Nd isotope ,datach suggest that crustal
material was not involved in alkaline magmagenasishe Kola province [26].
Secondly, the change in Si@ctivity may have been caused by mixing of the
olivine melanephelinitic magma with a more silicielt. A likely candidate for
such a melt might be the phonolitic magma that gaeeto the Khibiny agpaitic
plutonic suite. This suite, according to isotopeaemical and petrologic data [4,
27], evolved independently, and its origin is rethto a mantle source other than
that of alkaline ultramafic melts. The main featwk agpaitic melts is their
relatively higher SiQ (52-56 wt %), alkali (N80 + KO > 16 wt %), and F
contents. However, REE contents in agpaitic sysniéecording to our data [4],
are only a little higher than in alkaline ultrame$. Hence, addition to the primary
silica-undersaturated melanephelinitic magma ohaweor batches of phonolitic
melt would increase silica and alkali contents lid tmagma while changing its
REE content only slightly. Indeed, in compariso/tmriyarvi, Ozernaya Varaka,
Sallanlatva, and Kovdor ijolites, their Khibiny aderparts are much higher in
SiIO,, N&O, and KO (Tables 1, 2), and feldspar-bearing varietiesvadespread
among them. In the nepheline—diopside—titanite ingeldiagram (Fig. 8), the
change in the composition of crystallizing meltivaé expressed in that the initial
liquid of compositiond shifts away from the perovskite cotectic surfateto
produce perovskite-free olivine—diopside, diopsidehlite, and diopside—
nepheline rocks (optionA'-B'-C"). Accordingly, REE will be enriched
progressively in these differentiates, and extoacithf REE from melt will not
occur until the melt has reached the apatite andéamite liquidus surface at the
final stages of alkaline ultramafic petrogenestsergfore, evolution of the alkaline
ultramafic series in the Khibiny massif was distdlby mixing of minor portions
of phonolitic melt with the primary olivine melarteginitic magma, which led to a
change in crystallization order of REE-bearing naties and Ti-silicates and
enrichment of late batches of melt in the majoatyincompatible elements (Fig.
10).

6. Conclusions

Our study of REE distribution in rocks and minerafsPaleozoic alkaline
ultramafic rocks of the Kola province affords tledwing conclusions:

(1) REE patterns in rocks of the Kovdor, Afrikandduoriyarvi, and
Salmagora massifs indicate a systematic depletamn earlier to later (ijolite and
nepheline syenite) melt derivatives. Analysis atkrguites to be found in alkaline
intrusions of other provinces (Maimecha—Kotui prmé of southern Siberia and
East African province) shows that the above treagldngeneral character, inherent
in many alkaline ultramafic suites.
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(2) REE distribution in Kovdor-type alkaline ultrafic suites is controlled by
crystallization of perovskite and, to a lesser eiteapatite. Primary olivine
melanephelinitic melts of this series experiencastallization of perovskite, the
main REE-bearing mineral. Perovskite coprecipitpatwith the first phases to
crystallize from melt, olivine and clinopyroxeneatls to a dramatic REE depletion
of the residual melt and to formation of REE-degdeterivatives, ijolite and
nepheline syenite.

(3) Petrogenesis of the alkaline ultramafic suitehe Khibiny massif was
upset by mixing of minor batches of phonolitic melith the primary olivine
melanephelinitic magma, with an ensuing changehe drystallization order of
REE-bearing titanates and Ti-silicates and enrigtiro€late batches of melt in the
majority of incompatible elements. As a result, lihy ijolites, which are late and
the most evolved derivatives of the alkaline ultaéi;m magma, have the highest
REE concentrations, accommodated by high-REE apatid titanite.
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THE ROLE OF SULPHIDE-CARBONATE-SILICATE AND
CARBONATE-SILICATE LIQUID IMMISCIBILITY IN THE
GENESIS OF CA-CARBONATITES

L.N.KOGARKO

Vernadsky Institute of Geochemistry, Moscow

During the investigation of a harzburgite nodule from the MontdaeaG/olcano (Canary
island archipelago) evidence of a primary carbonate me#t e@éscovered. This carbonate is
enriched in calcium and it occurs together with glass contasuighide globules. In addition to
primary olivine and orthopyroxene there are pockets of fine-gtamimerals belonging to the
metasomatic second generation (more magnesium olivine, sodiumepbe&inopyroxene, less
aluminous spinels). The metasomatic assemblage was formedabiion of sodium-bearing
dolomitic melt with the harzburgite according to the reactions:

2MgSiG; + CaMg(CQ), = 2M@SiO,+ CaMgSiOg + 2CQO,.

3CaMg(CQ),+ CaMgS}0Os= 4CaCQ +2Mg,SiO,; + CO,

The calciocarbonatite and sulphide phase almost invariably ftobulgs in silicate glass
indicating the existence of three immiscible liquids undetageupper mantle conditions resulting
from melting of the metasomatised mantle material during tpeising and adiabatic
decompression. Our experiments reveal carbonate-silicate-suliptmaiscibility. Therefore, the
investigated mineral assemblage, including carbonate and gkassbe considered as a micro
model of the generation of the Ca-rich carbonatitic magmasigitine processes of the partial
melting of carbonatized merasomatized oceanic mantle. Thelogewent of carbonatite
magmatism on the Canary Islands (Lanzarote) and the Cape ‘gkndédslis likely to be related to
the partial melting of carbonatized mantle in the Southntitta which took place over a vast
territory.

Another example of carbonate-silicate immiscibility under elustnditions is represented
by phonolites (Polar Siberia, Maimecha-Kotui) containing carleoggibules. We investigated
some dykes of carbonatitic massif Dolbykha which comprise oligim@ melilite nephelinites,
nosean, calcite and cancrinite phonolites, calcite trachytes aaitke ccarbonatites. Some ultra
alkaline phonolitic dykes contain carbonate-bearing globules. Gllmalesist of polycrystalline
calcite aggregate and contain albite, mica, apatitepedhite, zircon, ancylite, ilmenite and
strontianiteT. There are phenocrysts of albite, mica aménite in phonolites. There are also
albite, mica, calcite and nepheline present in the groundmhssaralysis of these materials in
light of experimental data on the liquid immiscibility in canlate-silicate systems suggests that the
separation of carbonatite melts from phonolitic ones took placeodtie immiscibility while in
the liquid state. We propose that originally carbonate noeltéained significantly higher alkali
concentrations which were subsequently lost in the fluid phas¢odmeongruent dissolution of
calcium-sodium carbonates in aqueous fluid at low temperaturedishavery of nyerereite in
carbonatite of Polar Siberia confirms this assumption.

Thus one of the very important mechanisms of the genesisaaiclt carbonatite melts was
the formation of liquid immiscibility which may take place in mantlerastal conditions.

INTRODUCTION
At present three groups of carbonatite origin meaeé generally discussed:
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1 - carbonatites may be formed during the partieltimg of carbonated
mantle; 2 - carbonatites emerge due to the liguithiscibility in carbonate-silicate
magmatic systems; 3 - carbonatites appear at timein@ stage of prolonged
fractional crystallization. Recently detailed sesliof the geochemistry of mantle
nodules and primary mantle carbonates permit theclasion that carbonatite
magmas may be generated in the mantle [1,25,1§]efirental data [33,34,8]
support the possibility of the generation of cadtdas in the processes of partial
melting of carbonated mantle substrate. Mineliaklgand geochemical
investigations of some carbonatitic complexes [BAré also in agreement with
these ideas.

The experimental investigations conveyed by manth@s suggest that
liquid immiscibility plays the leading role in tlggenesis of carbonatites [11,12,14].
Experimental data demonstrated the presence ofegtensive fields of two
immiscible liquids in the system Si®Al,0;+TiO,-MgO+FeO-CaO-NgO+K,0-
CO,. The immiscibility gap expands with increasinggsuwe and alkalis content
and, according to Woh-jer and Wyllie (1996), witletdecrease in magnesium
concentration. From these data the conclusion wawrd that residual magmas
enriched in alkalis during differentiation may irgect the boundary of the silicate-
carbonate liquid immiscibility gap under crustainddgions. Recently, however,
Woh-jer and Wyllie (1994, 1995) discussed a numbgkrdimitations on the
hypothesis of the genesis of carbonatites by liqumdaniscibility and they
maintained that ,beyond any doubts, there is nglesiprocess responsible for the
formation of all carbonatites. According to thepimon, fractional crystallization
of carbonate-bearing alkaline magmas might be & waportant process of
carbonatites origin. Similar ideas were proposed\wyman and Gittins (1987).

Because the problem of the genesis of carbonatibedinues to remain
unsolved, field evidence, particularly geologicatianineralogical observations on
the interrelationships between carbonate and ®licaaterial in magmatic rocks
has become very important.

In this paper we investigate the metasomatic iotema between sodium- and
Ca-rich carbonate liquid with mantle material frdvhontana Clara Island (Canary
archipelago) resulted in the webhrlitization and boaatization of primary
harzburgite. The partial melting of this matereédds to the formation of silicate-
carbonate-sulphide liquid immiscibility and the geation of Ca-rich carbonatitic
melts. We have investigated the immiscibility ir thystem Ca-rich carbonate-Fe,
Ni sulphide-silicate melt of phonolitic compositieontaining F. The immiscibility
has been observed in the investigated system aibitexhin the complete
separation of carbonate and silicate liquids wiresdphide melt was present in
the form of globules in both liquids. Therefore theestigated mantle material can
be considered as a micro model of the generatidheo€a-rich carbonatites which
form during the processes of the partial meltingmehrlitized and carbonatized
mantle.
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Moreover we studied carbonate-silicate liquid inoibgity phenomena in a
phonolitic dyke from Maimecha - Kotui province (BolSiberia) containing
carbonate globules. The interrelationships betvederate and carbonate materials
In this phonolite and the compositions of minertstify to the immiscibility
phenomena in these rocks. Recently Peterson (19%48)sgaard and Peterson
(1991) reported the possibility of the generatidnatkali-poor carbonatites of
Shombole Volcano (East Africa) as a result of atkecarbonate immiscibility.
This study was based on the petrographic and ewpatal observations of
nephelinites, containing carbonate globules. Is fraper we summarize data on
petrography, mineral compositions of carbonateibgaphonolites from Polar
Siberia and proffer the suggestion that carbondtdutes in this phonolite
represent quench droplets of carbonate immiscibédt ivhich separated in
intermediate magmatic chambers during the diffeaéot of alkaline magma. The
liquid immiscibility is strongly controlled by th€0O, pressure (depth of magma
chamber).

PARTIAL MELTING OF CARBONATED PERIDOTITE AND
CARBONATE-SILICATE- SULPHIDE LIQUID IMMISCIBILITY IN THE
UPPER MANTLE

We investigated unique harzburgite nodule ( Mc+bnt the Montana Clara
Island (Canary archipelago) where we, for the finsie, discovered evidence of
primary carbonates

Fig.1Back-scattered electron images of carbonate-silicate segregations in Mana
Clara nodule MC-1: Interstitial patch between first generation olivine crystals
(abbreviations: C carbonate,pc-‘plucked-out’ carbonate, G-silicate glassS-sulphide global,
as-altered sulphide bleb,Ol -olivine.

84



|.N.Kogarko

Table 1
Compositions of nodules and minerals and carbonates from nodule MC-1

sample SiQ | TiIO, | Al,O; | FEO| MnO| CyO; | NiO [ MgO | CaO| NgO | KO [ POs | S Sum Mg
nodule MC-1 445 003 088 77 01B 03P nla. 4%56.75| 011 | 004 00§ nal 1001 0.p1
nodule MC-12 441 0.04 1.4 79 01 057 nla. 440.73| 010 | 009 009 nal 993 091
minerals
Olivine ()™ 416 | - - 86 | - - 0.31 50.1f o0.0f 100.7 0Pp1
Orthopyroxené | 57.4 | - 1.0 52| 0.1 o050 o011 34p o0.p1 199 0.92
Olivine(ll)* 393 | - - 73| 014 - 037 511 020 984 930
CPX(I)™ 543 | - 3.0 26| 012 o097 - 17.9  19|8 1.1 - - -| 899 0.93
CPX(I)™ 535 | 0.05| 2.6 23| 010 034 011 183 215 o0f9 - - 98.9 | 0.94
Spinel(l” - 0.03 | 303 | 154 - 395| 041p 154 100.0.67
Spinel(Ily” - - 257 | 13.9| - 447| 010 1549 - - - - - 99.4 066
Spinel(Ily” - 010 | 193 | 114 - 53.8| - - - - - - - 100{3 0.1
Glas$ 638 07 | 160 | 20| - 0.06 - 25| 38 64 3B - -| 099 0.69
Carbonaté 41 | - 1.2 0.59| 0.09| o0.14| - 6.8 543 020 0[13 1|90.24| 69.7 | 0.95
Carbonaté 11 | - 0.27 | 028 - 0.18| - 31| 508 031 56/00.93
Carbonaté - . . 0.10| - - - 31 | 479 o013 - 0.1p 014 50p 980
CPX(host lava) | 49.5| 1.6 | 5.7 58| - 057 - 143 2218 o067 - - - .200 0.82

“First () and second (ll) generation; n.a.-not analysed;- -notctdeteNodule analysed by XRF at
Institute of Geochemistry, Moscow; minerals by electron micropeabdanchester University ( ED,
Cameca Camebax;

* ED,Jeol SEM) and Moscow (WD, Cameca) with beam Current 15 nA and spot sizen 2xcept for
glassand carbonate where beam wagri0

The investigated xenolith which is 8 cm x 6 cm gstissof olivine (86%) first
and second generation, orthopyroxene (11%), sp#iéh), clinopyroxene (2,1%),
carbonate (<1%) and glass (3%). First generatiorerals (olivine, orthopyroxene,
spinel) are cut by fine-grained aggregates congstf clynopyroxene, glass, and
carbonate (1Fig. 1)

Carbonate in the investigated nodules forms tyjyicahall 10-30um segregations
of oval, rounded and wormicular shape, which atenéonly in association with
(krishtonite?). glass, second generation olivind gpinel or with clinopyroxene.
Carbonate is enriched in calcium and has low canagons of magnesium and
iron (Table. 1). Tiny crystals of fluorite were fodi in carbonate. Apatite is
possibly also present. There is a mineral phaseoohded shape in one of
carbonate segregations whose size is smaller tmaicrbn (the size of an electron
beam) which contains chromium, cerium and lanthgr@enbeing prevailing over
La. From these semiquantitative analysis one masumas that this phase
represents the mixture of very fine crystals oboaates of cerium, lanthanum and
chromite or it represents a mineral belonging ®ghinel group with the formula
AM , O, where A is Ce-La and M is Cr

Glass forms wormicular interstitial veinlets and bayments between
crystals. The color of the glass is slightly broginand sometimes unquestionably
brown. Very often the glass is associated in vésngth rather small crystals of
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clinopyroxene, second generation olivine, spineld anarbonates. Glass
composition plots into trachy (syenite) field with a rather high agpaitic index
(0.8-0.9). Very small (10 um) globules of origiyabulphide rich material are
present in the silicate glass, usually very closegliass-carbonate boundaries.
Microprobe analyses indicate that these globules eompositionally and
mineralogically complex, with 1um thick oxide rirasd cores containing mixed
sulphides and fine-grained oxide phases of Fe,ndi @u, including Fe-bearing
bunsenite (NiO), trevorite (ideally NiE®,4), and magnetite. Pyroxene with up to
7.6 wt% NiO has also been found. Similar oxide-Biglp mixed phases have been
reported from an ophiolite complex [28]. This phassemblage, by analogy with
sulphides in other upper mantle nodules [21], coudde initially formed as
immiscible Fe-, Ni-, Cu-rich monosulphide melt ghtds, which subsequently
exsolved into pentlandite, pyrrhotite, and chaledpyand ultimately were altered
by low temperature oxidizing fluids.

In one thin section of the investigated xenolith fe&nd segregation of
carbonate in association with glass of rather large (250 x 150 microns) situated
at the boundary between two olivine crystals (FigQarbonate is immersed into
glass and forms with it a distinct meniscus. Semaflegregations of carbonate
form rounded or oval blebs surrounded by glassthete are oval-shaped holes
which obviously represent carbonate crushed ouhdyolishing. This is a high-
calcium carbonate with a low magnesium concentnattbe carbonate of this
composition is similar to calcite carbonatite-sesit Textural features of the
investigated nodule and chemical composition of méerals testify to a
metasomatic interaction of harzburgite in the nmentl Montana Clara Island with
primary dolomitic melt. The latter was probablyrisported from the lower zones
of a carbonatized mantle during its partial meltiAg a result of this interaction
andthe following reactions:

2MgSiO; + CaMg(CQ), = 2M@SiO,+ CaMgSyOg + 2CQ,.

3CaMg(CQ),+ CaMgS;Os = 4CaCQ+ 2M@:SiO,+ CO,
the assemblage of secondary minerals olivine pjusxene, plus spinel appeared
which means that partial wehrlitization of startingrzburgite took place. During
this process depleted harzburgite was considerabfiched in light rare earths
(Table 1) The primary carbonate melt of the mamikgterial of Montana Clara
Island was to a large extent enriched in sodiumabge clinopyroxene in the
investigated nodule contains up to 1.1%®lavhich, according to our calculations
based on experimental data of Dalton and Wood, 3)98orresponds to 5%
NaxCOs. Therefore a metasomatic assemblage of secondargrats was in
equilibrium with a sodium-containing dolomitic coogtion. However, the
investigated carbonate from the nodule contains
low sodium concentrations (0.1-0.3%). It is proleattlat sodium was dissolved by
the late low temperature fluids whose evidence @ifasted in oxidation and
decomposition of sulphides. From the experimenrdg §i7] one may conclude that
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nyerereite, which is the main sodium compound imatarbonatites, is dissolved
incongruently under the conditions of low temperatinydrothermal process.
Sodium carbonate enters solution during nyerereteraction with hydrothermal
fluid while the solubility of calcium carbonate lmwver by an order of magnitude.
During the reaction of primary carbonate melt witrzburgite the Ca/Mg and
Mg/Fe ratios in the metasomatising liquid changecdkding to experimental data
[6] with decreasing pressures Ca-Mg partitioningMeen melt and clinopyroxene
shifts to a more Ca rich liquid; the Ca/Ca+Mg+Fe+dto in the carbonate melt
reaches up to 0.92. The magnesium to iron rafio micreases. The presence of
calcium-rich carbonates confined to wehrlite vdmlef the investigated nodule
which are characterised by very high Ca/Cat+Mg+Fe+H@a#84-0.91) and
Mg/Mg+Fe-(0.95) ratios result from reactioteking place at pressures below 20
Kb.

Using two pyroxene thermometers [5] we estimates l[dwer temperature
limit of the metasomatic reaction between carbona# and harzburgite because,
in this case, orthopyroxene is an unstable phagshisnprocess. The estimated
temperatures fall into the range 1150-1075 Oxygen fugacity was estimated
from olivine-spinel-orthopyroxene geobarometry [82d yielded a range of 0.76-
to 0.06 log units below the QFM ( quartz-fayalitegnetite) buffer.

Our investigations revealed a very complicated ggohl history of the
mantle material of Montana Clara Island. The ex#&lgndepleted character of the
investigated xenolith (Table 1) points to processiesubstantial melting - more
than 25% - during which the initial substrate Isstcalled basaltic elements: CaO,
Al,O3 ,TiO, Na& O and others. All the sulphur should have been dosing this
process due to the low melting temperatures of masdlphides. Later this
depleted mantle material was penetrated by metasingacarbonate melt with
the prevailing dolomite component and containingiwm and possibly potassium,
sulfur, light rare earths, strontium and phosphorDsiring the metasomatic
reactions partial wehrlitisation along the veinletad fissures of the initial
harzburgite took place. Later, during the very dapscend of mantle material
(otherwise primary carbonate would not survive) thiBb mineral assemblage
which contained carbonate melted during decompraessiThe character of
interrelationships between carbonate, sulphideujésband glass (Fig.1) testifies
to the processes of immiscibility between carborsitieate and sulphide melts.

The immiscibility between silicate and sulphide twdhas been known for
many years. Many authors also reported immiscyilietween silicate and
carbonate liquids in a wide range of temperatunespessures (Koster van Groos,
Wyllie, 1966 and many others). However, the imntigity in carbonate-silicate-
sulphide systems has so far not been revealedglspiston-cylinder apparatus,
we have investigated the immiscibility in the syst€a-rich carbonate- Fe, Ni
sulphide-silicate melt of phonolitic compositionntaining F. Experiments were
made at 125 and 4-15 kbar. The double Pt capsule method wasoged in
order to control oxygen fugacity. Immiscibility haseen observed in the
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investigated system as exhibited in the completgars¢ion of carbonate and
silicate liquids, whereas sulphide melt was pregetite form of small globules in

both liquids (Fig.2). Sulphur solubility in siliGamelt varies from 0.15% to 0.35%
and in carbonate liquid it ranges from 0.02% td®8depending on alkali content.
These results permit us to suggest that the immiggiof carbonate, sulphide and
silicate melts took place during the partial mejtof upper mantle material. The
glass in the investigated nodule is enriched ialelkand silica probably due to the
incongruent melting of jadeite-bearing clinopyrogeduring the reduction of

pressure.

Therefore the investigated unique mineral assemblagluding carbonate
and glass can be considered as a micro model @fetheration of the carbonatitic
magmas during the processes of the partial mettingehrlitized and carbonatized
mantle. The development of carbonatite magmatisnthenCanary Islands and
Cape Verde Islands is likely to be related to thetipl melting of carbonatized
mantle in the South Atlantic, which took place omarast territory.

In summary, the investigated
mineral assemblage of
carbonate + glass + sulphides
+ clinopyroxene +
orthopyroxene + spinel is the
outcome of the process of
metasomatic interaction of
depleted mantle with
carbonate melt and subsequent
partial melting forming
carbonate liquids similar to
carbonatites. It may be
concluded that high-calcium
w ot carbonate melts may be

Fig.2 Back-scattered eiectron image of the run formed during partial melting
product, T-1220P C, P-8kb. Sulphide-silicate-carbonate of wehrlitic mantle. It may be
immiscibility, S-sulphide liquid, C-carbonate liquid, noted in this respect that

Gl-glass, silicate liquid. Magnification x30.000 earlier [27] we have found

xenoliths of carbonated wehrlite with calcium-ricarbonate containing 3.52%
MgO on San-Vincente Island (Cape Verde Islands)revkearbonatite volcanism is
wide spread.

THE ROLE OF CO, IN DIFFERENTIATION OF ULTRAMAFIC
ALKALINE SERIES. LIQUID IMMISCIBILITY IN CARBONATE
BEARING PHONOLITIC DYKES (POLAR SIBERIA)

One of the largest of its kind in the world, theiMaicha-Kotui province of
ultramafic alkaline rocks, is situated in the Naoflthe Siberian platform in Polar
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Siberia and extends over an area 220 x 350 km ketMaimecha and Kotui
rivers [9,18]. There are 37 ultramafic alkaline andrbonatitic massifs of
complicated structure. This province is particylanbteworthy not only for the
abundance of carbonatites but for the associafionamy of them with ultramafic
rocks. The representative rocks types include dupiroxenite, ijolite, melteigite,
jacupirangite, phoscorite, a range of melilite-begarrocks and numerous and
varied carbonatites. There are hundreds of dykesuding radial dykes which
surround the ultramafic-alkaline massifs (for ims& Bor-juryakh, Romanicha,
Odichincha, Dolbykha, Kugda).

We investigated a series of radial dykes of Dollaykfassif which comprise
alnoite, olivine-nephelinites, nephelinites, m&dilinephelinites, cancrinite, nosean
and calcite phonolites, calcite trachytes, calcaédonatites and monchiquites.
Some dyke phonolites contain carbonate-bearinguigsbof rounded and oval
shapes ranging in size from 1-2 mm to 17-20 mm. @akule-bearing phonolite (
N 873 ) was chosen for detailed investigation. fitsn consists of phenocrysts
(~10%) represented by albite, mica, and ilmenitggbgles (~ 20%) and
groundmass (=70 %). Globules consist of polycriistalcalcite aggregate and
contain albite, mica, apatite, cancrinite, Sr-lueshzircon, ancylite, ilmenite,
strontianite (Fig.3, 4). Occasionally the reactielations between mica and albite
are observed. Albite grains form rims around mi€arbonate-bearing globules are
characterized by sharp contact with ground mass,tlagy are seemingly flowed
around by the crystals of groundmass (mainly albBoundmass is fine-grained
and it includes albite and mica with subordinatéekispar and nepheline. Among
accessory minerals, apatite, ilmenite, ancylited &r-lueshite were observed.
Representative microprobe analyses of mineral ghase given in Table 2. The
substantial substitution of Ca by Sr in apatite ealtite was observed. A similar
feature was described by Kjarsgaard and Peter€g@®il{lin globular nephelinite
from Shombole.

The consideration of this material in the lightexfperimental data on the liquid
immiscibility in carbonate-silicate systems suggeshat the separation of
carbonatite melts from phonolitic ones took place tb their immiscibility while
in liquid state.

Petrographic data support this hypothesis becaystats of ground mass
(albite and mica) obviously flowed around carborgdtdulesIt may be noted that
there is great similarity in the composition of erals in groundmass and in
globules, which demonstrates the existence of iequin in this carbonate-
bearing phonolitic system (Table 2). As has beeeadly noted, the increasing
alkalinity of carbonate-bearing magmatic systemsfas the appearance of
immiscible liquids. It should be pointed out thdtet boundary of liquid
immiscibility field in the system N&®+K,0-Al,0; +Si0O, -CaO-CQ corresponds
to an agpaicity index N® +K,O/Al,O; close to 1. (see Fig 15-1,[4]). This implies
that in agpaitic melts liquid immiscibility is moti&ely to occur. The investigated
phonolite belongs to peralkaline type (agp. ind..¥), and therefore formation of
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immiscible liquids is more probable. The crystallien of mica phenocryst
enriched in Al also results in an increase in thlkalinity of residual melt.

Fig.3The same carbonate globule in phonolite N 873, reflected light menica, Anc - ancylite, Ab -
albite, cc-calcite, Ap-apatite

The presence of Sr lueshite in globules of invastid phonolite also supports
the oversaturated in respect alkalis characteradbianate melt because lueshite
can crystallize only from peralkaline compositioascording our experimental
data on NgO+K,0-SiO,+Al,0;-Ca0-CQ system in which the direction of the tie-

line corresponds the more alkaline composition aojuildrium carbonate
immiscible liquids.
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Fig. Phenocrysts of calcite in phonolite N 2003, mg 100 crossed nicols magnification
x250.

The alkalis were subsequently lost into fluid phdse to incongruent [15]
dissolution of calcium-sodium carbonate in aquefuisl at lower temperatures
[7]. Our discovery of nyererite as solid microinglns in perovskite in the Guli
carbonatite of Polar Siberia [16] confirms thisaspt ion From recent
experimental data of Woh-jer and Wyllie (1995) wancconclude that under.
higher pressure (2.5 GPa) liquid immiscibility daegst even in miaskitic melts,
while under lower pressure (1 Gpa) in the sameegysinmiscibility phenomena
are absentmostly due to degassing. Calcite, melilite and asithnite may
crystallize as liquidus phases if the melt becorery Ca-rich. In one phonolitic
dyke (N 2003) of Dolbykha complex there is liquidtedcite as the phenocrysts
without signs of any immiscibility phenomenon (5.

The regime of C@in alkaline systems controls differentiation oficrial
phonolitic magmas. Under high carbon dioxide presdhe separation of an
immiscibility carbonate liquid occurs. At lowegd values liquid immiscibility is
not observed and calcite may crystallize eithgotsnocryst or in groundmass. At
still lower pressure carbonates are not formedtdulee loss of carbon dioxide and
mineral assemblages, including either melilite oollastonate, occur. Some
melilite-bearing rocks of Polar Siberia are a resftithis process.

Thus one of the important mechanisms of the gemésarbonatite melts in
Polar Siberia were phenomena of liquid immiscipilit strongly differentiated
phonolitic magmas. The generation of the carbagmi probably controlled by
the depth (and Ro,) of the intermediate magma chamber where diffeatan
took place, and probably by the alkalinity of medisd the speed at which the
magma ascended to the surface.
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CONCLUSION

The above examples demonstrate an important rdiguwfl immiscibility in
the genesis of Ca-rich carbonatite magmas. Thedtom of immiscible liquids
during processes proceeding in the upper mantleltsegn the generation of
phonolite and carbonatite liquids.

Among the continental carbonatite formations theme Ca-rich carbonatites
exclusively occurring with syenites Okorusu, Namilp23], Siilinjarvi, Finland
[24], Stjernoy, Norway [26], and Vishnevye Gory, Ria [18]. It is possible to
suggest that the origin involves liquid immiscityilin these cases. It should be
pointed out that the Phalabora Complex, South Afrighich contains a satellite
plug of alkali syenite, alkali quartz syenite arikah granite in association with
calciocarbonatite [10], is also characterized bg fhiesence of Cu-Fe sulphide
deposits. This leads us to speculate that caldocatite-silicate-sulphide
immiscibility similar to that observed in the Monta Clara nodule might have
played some role in the genesis of this complex.

Under the conditions of earth’s crust the carboisdieate liquid
immiscibility arises at the late stages during fmelonged differentiation of
ultrabasic-alkaline magma. The principal factorsitoaling the generation of
carbonatites during formation of immiscible liquidee the CQ partial pressure
and alkalinity of magmatic systems.
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LAMPROITE ROCKS OF THE EASTERN ANABAR REGION
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The diatremes of the Eastern Anabar Region, briefly cBHiednabaria, and the Tomtor
massif contain rocks referred to the lamproite family émmis of chemical and mineral
composition [13]. Olivine, leucite and sanidine varieties ofmgdeoites have been
distinguished in the study area. All rocks of diatremes undergmsat carbonatization.
Besides, complete pseudomorphoses of carbonate are formed afitee aind leucite
crystals, thus making their diagnostics fairly complicated. Twhnique of recovering
primary chemical composition of rocks via removing carbomgtdnydrochloric acid was
proposed. Kimberlites are transformed into lamproites, with the ansbunita increased to
80%. In petrochemical and geochemical parameters lamproitesafdbaria are close to
lamproites of the other regions. As regards the ratio of isotopes, Sr ancrités pf Eastern
Preanabaria and carbonatites of the Tomtor occur in the tomasiarea of enriched mantle
between EM - 1 and EM - 2. The diamond-bearing lamproite tuffseoT bmtor massif are
assumed to be the source of the Ebelyakh placer.

Introduction

Lamproites represent exotic deep-seated rocksgrmiofound scientific and
practical interest [4,6,7,11] and hosting a larganabnd field-Argyle [2]. In
Eastern Preanabaria (Fig.1) two zones were foondottain lamproite group
rocks: 1- East Anabar and 2- Tomtor [13,16].

- 105° 114°

72

72

[I]]@@

W M

66°

§
123°
Fig.1L Geographic settlement of Preanabarska lamproite province: JAnomalies of Eastern
Preanabaria, 2-Tomtor massif, 3-Anabar Shild.
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The first zone covers the entire contact betweenAhabar shield and Siberian
platform.

It consists of picrite-(kimberlite)-alneite-lampie association of rocks with
abundant carbonatites. The Tomtor massif occumittigin the Udzhinsky uplift is
located 200 km to the east of the former zone ][&Bis is where the picrite-
lamproite-syenite-carbonatite association of rodks predominant [15]. The
carbonatites of the massif enclose a large dejpbgiare elements. Besides, the
Ebelyakh diamond-bearing placer, its original searnot known, was discovered
on the Preanabaria area. One region is locatechdoetist of the Ebelyakh
diamond-bearing placer, the other one to the wHstis, lamproites of these
regions will be looked upon separately considedifiggrent rock assemblages.

TECTONIC SETTING AND ISOTOPE SOURCES OF LAMPROITE
MAGMATISM

In the summary study on kimberlites D.B.Dausonr§ljorted on the spatial
location of large diamond-bearing kimberlite ocemces of the central parts of
platforms and on the minor amount of diamond-mgakimberlite rocks of the
peripheral part of platforms where kimberlite magsm is combined with
alkaline magmatism. This pattern is valid for ®iberian platform as well. The
examination of tectonic setting of lamproite ocemges [12] revealed two
different areas of geodynamic settings typicabofiproite magmatism fall
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Fig.2 87Sr/86Sr isotope ratio and Nd epsilon in the lamproites worldwide.Aldan:-1
Murun, 2-Yakokut, 3- Bilibinsky, 4- Khani; the USA[6]: 5- Leucte Hills, 6- Montana; 7-
Australia [2], 8- Spain [6]; 9- Tomtor and- East Preanabaria.1-4 and 9 represenhé
authors’ data [12,14].
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occurrences. 1.The areas of complete folding in pleform surroundings:
Spanish, Italian, SW Australian (Ellendale zonkeg, tralian province.

2. The platform margins and areas of shield jumctukrgyle, Aldan, North
American, also some sites of the Chinese, Paragual Indian provinces of
lamproites. In the second geodynamic settingdah®loite magmatism is spatially
and genetically related to the occurrences of degped K-alkaline magmatism,
like in the Aldan and North-American (Leucite Hjllprovinces. We studied in
detail the lamproite magmatism of these two proam¢,11,14]. These studies [12]
pointed out that lamproites of the Aldan and Nd&therican province, identical in
geochemical parameters and isotope ratios (PN@®r,intothe same area in the
plot [5,12] representing the deepest enriched sdtik¢-1 (Fig. 2). The lamproite
occurrences of these provinces are located in dumg rift zones between the
northern part of the Aldan shield and Siberianfptat, as well as the southern part
of theCanadian shield and North-American platformspite of the difference in
age (Aldan lamproites of Jurassic-Cretaceous andrisan lamproites of Tertiary
and Quaternary) they are similar in many param¢i&}s Geodynamic settings of
lamproite magmatism of type 1 (area of completdifg attached to platforms) in
the ratio of isotopes Sr and Nd have enriched pstgourceEM-2 [12].
Lamproites of Argyle and Greenland province [6yd&&r and Nd isotope ratios,
which fall into the area diM-1 andEM-2 junction.

LAMPROITE ROCKS OF THE EASTERN ANABAR REGION

If kimberlites occur in the Central part of theb&ian platform the
lamproite occurrences must be located in its perghpart. In the southern
termination of the Siberian platform (Aldan shieldjnproites are widespread and
are studied in detail [11]. Earlier in the northaermination of the Siberian
platform (Preanabaria) one occurrence of the faldggpe of lamproites has been
described [10].

The Anabar diamond-bearing province is located le teastern and
southeastern part of the Anabar shield and extasds arc-like zone 50 km wide
and 300 km long. The province contains kimberlited &imberlite-like rocks
(picrites, alnoites and meimechites). In the rivefsthe province over 300
diamond placers, their original sources not knolmaye been found. The detailed
observation of the core from the wells drilled Ire tmagnetic anomalies of the
Anabar province led to discovery of rocks of thapaoite series [13].

Lamproite rocks produce diatreme explosion pipes;ks, sills, dykes and
cut metamorphic and sedimentary rocks of Precamlamal Cambrian. They occur
in association with kimberlite and alkaline rockghe province which have Lower
Mesozoic and Mesozoic age. The rocks of the lart@group occur in different
fields of the East Anabar province, e.g. LuchikandRirigindinsky, Djukensky
and Ary-Mastakhsky. They have been currently susdewy the Djukensky field.
The lamproite rocks of the Djukensky field are éomotally and structurally
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different from those of the Tomtor massif. tihese parameters they are close to
picrites and alnoites, with which they produce ourius series. In the East
Anabar region olivine and sanidine lamproites aventl in some places. The
olivine lamproites of the Djukensky field are theegnish-gray rocks of the
porphyry appearance, massive, with fine-grainedelyaglassy mass. The
phenocrysts consist of rounded separations ofdHg elivine, its content reaching
10%, that of mica 20-30% or over. The aphyre bulss consists of fine mica,
altered olivine, rarely pyroxene and amphibolewa#i as apatite, carbonate and in
places garnet. Spinelides — titanium magnetitegroite, perovskite, and sulfides
are abundant. Genetically, these lamproites are ddterentiated. In addition to
the secondary carbonate they contain magmatic catbaot detached from the
silicate magma so far.

The dyke in anomaly 97/63 represents specific tyaaé lamproite. This is
fine-grained rock of light brownish color, whichesas to consist of mica only. In
fact it consists of small phenocrysts of olivin@%2), which are surrounded by the
aggregate of grown small grains of light green ailmgle and brown
tetraferriphlogopite and ore mineral.

CHEMICAL COMPOSITION AND PETROCHEMICAL FEATURES
OF EASTERN PREANABARIA LAMPROITES

Table 1 yields chemical composition of lamproitese to intense processes
of lamproite carbonatization and olivine serpeataion, the chemical
composition of rocks does not correspond to theimary composition. The
abundance of many elements are underestimateddofihigh concentrations of
the carbonate and aqueous components. The cHemp=riment was conducted
to reduce primary composition via dissolution ofrbmmate and analysis of
insoluble residue. This technique will be considaredetail when reporting on the
Tomtor lamproites. Processed samples represenh®llamproites. The contents
of K20 in the study rocks are reduced incompletadcause of dissolution of
broken mica. The Djuken lamproites are charactdrizehigh contents of Ti, Ba,
Sr, Cr and Ni. The correlation plots for petrogemiements of the Anabar
lamproites, picrites, kimberlites and Aldan lampeeiare represented in Figure 3.
All lamproites show similar trends of the elememintent variations. The
lamproites of Aldan have lower Ti content. The cosipons of rocks of picrite-
kimberlite series of Preanabaria occupy compac arethe angular part of the
diagram. This is what markedly distinguishes themmfthe lamproite series rocks
of the same region (Fig.3). Such a regularity isesbed on the diagram of pair
correlation of MgO and K20 with ¢ ADs. Lamproite rocks produce extended
trend of compositions, the rocks of the kimberpierite group make up a compact
field of a small size (Fig. 3). Such behaviour etrpgenic elements is explained
by higher differentiation of the rocks of lamprogeoup against picrite-kimberlite
one. On the plot picrites display clear correlatmetween MgO and CaO , and
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absence of correlation of these elements for laigxoThis pattern is explained
by greater contribution of carbonates to formatodrkimberlites. In lamproites,

CaO is involved into composition of 2 minerals +bmmate and pyroxene. In the
East Anabar region lamproites do not form gendyigcablated group of rocks,

Table 1
Chemical composition of lamproites from anomalies of Eastern anabaria (weight. %).

boil 38/89 90/63 17/63 17/63 17/636/63| 36/63| 36/63| 36/8941/63 | 41/63 97/63 | 109/63
depth 63 36,4 37 38 39 50 51 52 26 102 110 27 40,5
a b a b
SiO, | 25,65| 41,62 24,63 | 42,34 33,02| 32,89 32,8430,49| 27,55| 30,70, 28,8330,29| 31,59 32,42 | 34,63
TiO, | 1,98 | 3,35 3,26| 6,08 4,76 4,41 492 3/66 3/15 398500 4,89 | 3,84 4,74 5,50
Al,O3| 3,67 | 4,87| 3,20| 5,42 3,63 3,7 4,07 458 427 514546 3,98 | 5,23 2,88 4,02
FeOs| 7,09 | 9,65 851 12,157,22 | 6,60| 8,20 8,1% 6,22 8,23 421 927 927 10,326
FeO| 3,78 | 4,85 2,78 449 7,09 6,74 589 3/68 3/86 494990 3,32| 35| 3,68 6,73
MnO | 0,21 | 0,21 0,25 0,23 0,22 0,19 0,23 0j21 0417 0,2015D 0,16 | 0,19 0,20 0,22
MgO | 21,18 23,73 22,02 | 16,53 26,89 | 26,50 26,9922,08| 20,49 | 22,71 22,2128,13| 27,00 24,01 | 23,41
CaO | 16,15| 1,47 1533 2,49 5,18 5,27 4,11 10,88,22| 9,84| 16,65 5,33 | 4,84| 7,13| 4,13
BaO | 0,22 | 0,30 0,26/ 041 0,20 0,23 0,29 0J21 020 024190 0,23| 0,47 0,23 0,23
srO | 0,17 | 0,02 0,16/ 0,02 0,12 0,09 0,4 0,09 0j14 0,08090p 0,08| 0,05 0,05 0,05
K,O| 1,92 | 245| 1,81 294 21% 3,00 157 345 3/11 406538 3,38 | 4,41 6,03 2,551
Na,O | 0,13 | 0,11 0,07 0,07 0,10 0,10 0,02 0J02 010 0,10 0,10 | 0,10, 0,25 0,10
P,Os | 1,28 | 0,06/ 1,23 0,02 0,70 0,783 0,84 0)77 166 07206 0,46 | 0,38 0,17 0,32
CO, | 11,88| 0,03 9,81 0,03 04% 165 003 4/92 699 0&;55| 1,38| 2,058 320 0,87
H,O | 462 | 693 6,60 632 81% 7,76 9,07 6,64 5/75 852005 9,15| 6,77 4,36) 8,96
F 0,32 | 0,33 0,25/ 0,25 0,2% 030 0,29 0441 024 038370 0,22| 0,34 0,36 0,33
S 0,09 0,12 0,200 0,10 o005 0,02 04 0,110,07
Sum |100,12 99,84| 100,06/ 99,68| 100,06| 100,17| 99,88| 99,88| 100,22 100,09 99,76| 100,30| 99,93| 100,04] 100,15

Note: a — initial rock; b — rock after HCI treatmierData of quantometric XRF, anysed by Finkelshtein
A.Concentrations ofCO, , F, S were defined by chemical method, analystvééata L.N., Institute
ofGeochemistry SB RAS, 1999.

they have gradual transitions with kimberlite-pgierrocks. We have a series of
samples with a gradual increase of mica in the mdks (80%). It appears that the
boundary between alkaline kimberlites and lampsoite reasonable to conduct
with K,O= 3-4 % in fresh unaltered rocks.

9

9



Deep- seated magmatism, magmatic sources and the problem of plumes.
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Fig 3. Plots of triple correlation of petrogenic elements in lamproies of Eastern Preanabariad),
Aldan lamproites (b), picrite-kimberlites of East Preanabaria ¢).

GEOCHEMICAL FEATURES OF LAMPROITES OF THE
EASTERN ANABAR REGION

The rare elements of lamproites are givenahld 2 . The Ba, Sr, Cr and
Ni contents in the study rocks lie within the tygdidevels of their concentrations
characteristic for lamproites. Large variationsrafe element concentrations in
lamproites are due to a wide spectrum of their amiipns. The variations of
ratios Bato Srand Cr to Ni indicate the conttibn of magmatic differentiation
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Norm.chondrit (McDonough, 1989)
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Fig. 4. Rare-earth element spectra in lamproites of Aldan (b), Preen@)arand Australiaa]: 1-
Argail, 2- Ellendail-11 - olivine lamproites, 3- crosses — Preanabaria.

Contents (ppm) of rare elements of lamproites from anomalies of EastePreanabaria.

boil 38/89 90/63 17/63 17/6317/63|36/63| 36/63| 36/63| 36/89| 41/63 | 41/6397/63|109/63

O

depth (m)| 63 | 36,4 37 38 39 50 51 52 2 102 110 7 4D,5

a b a b

Ba 1964 | 2679 | 2321 3661| 1820| 2080 2589| 1875| 1790| 2170|1720 2050| 4240| 2030| 2040

Sr 144 | 169 | 136 169 99¢ 750 118 762 121003 | 730| 659 464 398  38%

Cr 530 | 1000| 510 90Q 650 1000740 | 790| 900| 800 81 750 340 910 710

Ni 1100 1300 710| 1000 1200| 1400( 1800| 1100| 1100f 1200| 160 | 100Q 660 | 1400, 1100

Co 60 80 51 70| 71 85 84 64 60 710 45 84 145 60 85

\Y, 250 | 300 | 180 250 250 300 140 28O0 250 220 370 |12@0 | 170| 180

Sc 14 28 13 25 18 30 12 15 5 106 21 %2 P4 11 P6

Zr 280 | 320 | 230 280 221 290 270 2%0 42 277 |91 |93 [2089 |2 143

Sn 3,1 35| 41 45 4] 5 36 34 .2 3 14 24 B26 3,5

Pb 17 10 25 17 11 7 13 22 0 5 98 1,7 66 20 6 5,

(=)
o
(0]
NS

Cu 63 70 94| 100 120 150 13 00 110 |20 |59 4128 91

O
=
N
o

Mo 0,6 1 15 2 0,7 1 1,1 0,8 1 0)/06,7| 16| 04 0,4

B 36 30 15 11} 34 28 63 1§ 5 3 §,7 48 54 43 56

1
2
3
8
Zn 87 95 | 100, 11Q 120 14 13 100 PO |72 |67 (1500 |1 110
1
1
1
0

Ag 0,1 02| 02 03] 009 02 012 0,1 10,10/ 0,03| 1,5| 1,6 | 0,05 0,06

Be 3,4 38 | 22 25 4 44 3,7 2B 25 20 15 Dp57 D 15 1,35

Note: a — initial rock; b — rock after HCI treatmieramproite samples were analysed by: Ba, Sr- XRF,
analyst Finkelshtein A.L., the rest elements byngjtaive emission spectral method, analysts Kismet
A.l., Vorobieva S.S. and Chernysheva O. M.

processes. The charts of TR spectra in lampréiteanabaria and Australia are
similar (Fig. 4).The concentrations of other ralements occur within variations
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of their concentrations in lamproites.  The levels concentrations of rare
elements in the study rocks confirm that they weoerectly attributed to the
family of lamproites. This province is a good

polygon for classification of lamporites with trémens between picrites and
lamproites, kimberlites and lamproites, like novehelse in the world.

LAMPROITES OF THE TOMTOR MASSIF

West off the Ebelyakh placer, a great Tomtor mastiK-alkaline rocks,
lamproites, and carbonatites lies. It will be cdesed in detail. In 1980’s a large
deposit of Nb-TR carbonatites was discovered enrtfassif. The survey of this
deposit mainly touched upon the ore sequence, vdililsate rocks were given
minor attention. These were basically ijolite-gyemocks, which were studied,
the rest were attributed to the foidite-tinguaieeiess, though Porshnev reported in
[8] that in every well the upper horizons are cosgmbof decomposed K-effusives
of picrite type.

In the massif numerous occurrences and diatreme&-uitrabasic rocks
were found [8]. The major contribution to the intvgation of diamond-bearing
capacity belongs to Grigory Porshnev, who foundiamdnd in a diatreme.
Available rock samples were classified as picréard kimberlites. Some rocks of
diatreme breccias [9] were referred to lamproitesyever abundant melilite was
later found in these rocks, so they cannot be nedieio lamporites. Diatremes with
the rocks of the picrite-alnoite series were désctiin the southern termination of
the Tomtor massif.

Detailed studies of the Tomtor massif led to thecavery of the lamproite
series rocks [13,16] and thus magmatism of the domtassif was interpreted
differently [15].

ROCKS OF THE LAMPROITE SERIES OF THE TOMTOR MASSIF

The picrite-lamproite-carbonatite series of rockstree Tomtor massif is
referred to the volcanic stage of development efftomtor volcano-pluton. These
rocks were found in core of the upper sections amynwells drilled in the massif.
These are essentially disintegrated rocks of gséenolor, bearing voluminous
disintegrated mica. The rocks look very much asgiteg [8], however their
primary composition is hard to be regained. Fatinigk strata (to 50 m) are flatly-
lying sills or sloped dykes composed of olivine famtes. In the two wells (0865
and 0855) leucite lamproites were found.

Olivine lamproites look as fine-grained rocks otgrcolor, composed of
porphyry separations of odd olivine crystals wharle covered with more fine-
grained micaceous-pyroxene mass. The crystals ad phienocrysts produce flow
textures, very typical of rocks of the
lamproite series [5]. After crystallization of langges the fluid-enriched
carbonatite magma intruded and they underwentsetearbonatization. Olivine is
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totally replaced with carbonate of different compos. Pyroxene is often
disintegrated after carbonatization.

Leucite lamproites consist of leucite phenocrys$tsut and rounded habits
which are covered by micaceous-pyroxene aggreddie. mica separations are
often confined to leucite crystal faces. The separa of leucite, the same as
olivine, are totally replaced by carbonates. Theocess of lamproite
carbonatization is widespread in the Uralian arttain lamproites.

CHEMICAL COMPOSITION OF THE TOMTOR LAMPROITES

A difficult determination of the true compositiofilamproites in the Tomtor
IS due to overlapped process of carbonatization. digtinguish the primary
composition of lamproites carbonate was dissolne8Di samples.

Technique of dissolution: 30 grams of lamproite was dissolved during 5
minutes in 300 ml of cold HCI (1:1). Solution wpsured off, filtered, and
analysed. Insoluble residue was carefully washet water, dried and analysed.
Chemical compositions of rocks of lamproite groupipto (a) and after (b) acid
treatment are given in Table 3.

Primary compositions of carbonatized rocks show &mounts of Si@and
high CaO and CQ therefore they were attributed to the rocks ofifgekimberlite
group. After removing carbonate the contents of ,Si®MgO, KO, and TiQ
increased and they corresponded to compositionmproites. In some rock
varieties, the carbonate constituents were repreddry the minerals of dolomite-
ankerite composition. Their removal did not bringrtarked increase of MgO and
iron, however their concentrations remained witihi@ compositions of lamproite
series rocks. The treatment with acid did not bringdissolution of silicate
minerals, otherwise a sharp oxidation of FeO wdwge taken place. In some
samples, disintegrated pyroxene was removed, #adirlg to decrease in CaO
contents in rocks. Apatite was also dissolved, reo ghosphorus concentrations
were not heightened. It is hardly probable thaeratarbonate wasremoved the
rocks were totally recovered. However, this wadigeht for a true diagnostics of
rocks of the lamproite series.

To prove that after acid treatment the rocks of dtieer series did not
acquire lamproite composition, Table 3 yields cosifpons of treated pyroxenite
(analyses 29-30) and melilite-bearing rocks (arey27-28). After the acid
treatment their chemical compositions differ fronote of lamproites. Selective
dissolution of carbonate and a sharp increase mespetrogenic elements are
evident on the plot of paired correlations of sopetrogenic elements (Fig. 5).
Dissolution does not distort trends of differengatof elements and in a general
trend lamproites of the Tomtor massif are notedéht from lamproites of the
Aldan shield and classical lamproites worldwides.g®en from
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Fig. 5.Paired correlations of petrogenic elements in lamproites ohe Tomtor massif.
Captions: empty squares — original rocks, black — after HCI treatrant.

diagram of triple correlations of the main petrageelements the trends of
compositions of the Anabar and Aldan lamproitescwse (Fig. 3),although TiO
contents in the Tomtor lamproites are consideralper than those of Aldan and
are comparable with Australian ones..

In mineral composition the lamproites of the Tomtoassif are found to
contain olivine and leucite varieties. After theogess of carbonatization takes
place, only some crystal forms are left from oleviand leucite. In the less altered
olivine lamproites, olivine is commonly replacedthwiserpentine. The olivine
lamproites consist of phenocrysts of olivine arathytoid micaceous-pyroxene
mass covering early phenocrysts. In places thk todk contains 80% of mica.
Secondary minerals are apatite, perovskite andnareeral. In places garnet
concentrations are high, which is not typical ohjpaoites. Garnet is inferred to be
formed by the process of lamproite carbonatizaggarticularly when pyroxene is
replaced.
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Leucite varieties occur in the core of only two eThey differ from olivine
lamproites in very viscous mechanical propertidse Teucite lamproites -treated
samples the contents of theslements are raised, those of Sr increase not so
markedly as such of Ba, which is associated witbsalution of strontium
contained in carbonate. The Pb contents, availeblearbonate, fall drastically.
Some samples display lowered Cr and Ni contentss T probably due to
removal of these elements from broken pyroxenes. Témtor lamproites have
high scandium and yttrium, which is common for otmecks as well, thus
indicating their affinity. In addition, like with Astralian lamproites, the Zr and
REE concentrations are fairly high (Table 5). ABoles from diagram in Fig. 4,
the TR spectra of the Preanabaria lamproites, riaedaafter chondrite, ideally
coincide with the spectra of diamond-bearing okviamproites of Australia, both
in sloping of spectra and ratio of TR elements,clvhs pretty rare in the lamproite
group of rocks. In contrast to the Aldan lamprsjtdne TR spectral lines are more
sloped. Absence of Eu fractionation indicates mohegree of differentiation in the
period from melt origination to its crystallizatiowhich is a positive

Table 4
Contents of rare elements (ppm) of lamproites from Tomtor masif.

boil 2417 2446 2447 48/8 0868873 1625 2425| 3225
| 4855 | 68 | 20:30| 164 | >o- | 50| 95| 150188 tho | St
NoNe | 1 2 3 4 5 6 7 8 9 10 11 12 13 14 16
Ba [2710296Q 960 12203540482(01140159(Q 4000 |2190111162903650 1470 | 1210
Sr 120632194172017103658328510491254 4129|3096 912 (43934126 2756 | 5056
Zr | 235 274|244 396|357 487|300 470| 483 | 541 581|544|404| 427 | 403
Cr | 800 840|530 800|260 350|800 1500 830 | 940/ 580| 270|410 740 | 620
Ni |570 800|530 920 90 130700 800| 500 | 780 560| 140|220, 500 | 500
Co | 41 ©62| 42 56 24 3% 47 78 90 61 B8 (39 |37 44 31
V |250 300|360 440|230 310|290 610| 550 | 4401 420|280|240| 400 | 370
Sc | 22 25| 22 40 30 383 30 17 201 46 PR3 (25 |5,43 40
Sn | 3,2 3433 4833 46(24 3,7{ 63 | 55/56| 5 | 33| 47 6,8
Pb | 53 52 15 10| 22 6,715 15| 24| 16 6,54,4|15| 4,2 7,4
Zn | 230 210|100 110|140 170| 96 140 180 | 150 160|140|270| 83 160
Cu | 66 84 49 78 52 9fY 87 1y(0l50 | 110} 54 | 100 37 84 60
Mo | 11 15| 9,7 25 2,1 3208 16| 33 | 32| 1| 21 3,2 32 15
B |25 32/ 2 31| 8 11|58 12| 17| 3410 | 12| 2,1} 2,7 4.4
Ag |0,06 0,07,0,06 0,06/0,11 0,14/0,07 0,09 0,25 | 0,090,09/0,07|0,04| 0,05 | 0,06
Be | 63 14, 15 18 43 5[/24 56| 30| 45 14 8 12 35 15

are distinguished by lattice-like structure of thieea crystal location. The bulk of
leucite lamproites contain separations of K-feldspa spite of heightened
contents of sodium in some samples, plagioclasetigiscovered.
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RARE ELEMENTS IN LAMPROITES OF THE TOMTOR MASSIF

Tables 4 and 5 provide concentrations of rare gmectsa of rare-earth
elements in carbonatized and acid-treated rOocks. [@mproites of the Tomtor
massif show heightened amounts of Ba, Sr, Cr, andwNich is common for

lamproites, and distinguishes them from the rodkstlwer series. In the acid
Table 5

Contents of REE and Y(ppm) of lamproites from Tomtor massif
boil 59| 71 (101/08410865162524413125793214/8114/81av-1/3|av-1/4

depth (m)137|100| 24 | 38 | 114| 86 | 66,5 121| 38 | 117| 20
La [105/135(215/160|113|125| 63 | 360| 150| 200 | 170| 145 | 315
Ce |190270/400|290|230| 245|130/ 600| 270| 390| 320| 280 | 570
Pr 21|34 (44| 33| 27| 29, 15 60 24 45 37y 383 6D
Nd 79(125(145 113/ 100{ 106| 61 | 190/ 105| 155| 120| 115 | 190
Sm 12/ 21120| 16| 16| 18| 11| 213 19 21 1Yy 16 2P
Eu 3,3/52/44/38|45[53(28|48]| 5 5 145| 34| 6,7
Gd 9| 15/ 13| 12| 12| 15| 9| 12 12 13 1% 11 1
Tb 103 2|15 14|15/19|12|15|16|16| 23| 1,35 1,4
Dy (4,4/89/6,3/6,1/66/|8,7|53|58|7,100 6 | 13| 53| 4,6
Ho |0,671,461,140,99/1,03 1,4|0,93/0,93/0,95/0,89| 2,2 | 0,84| 0,73
Er 16(35(3,1{26|25(34(23/23|25|23| 55| 21| 1,7
Tm |0,220,540,520,41/0,41| 0,5|0,34/0,41/0,31| 0,33/ 0,87| 0,28 | 0,25
Yb |1,012,7/125 2 |22/25/18|2221|17| 42| 154 13
Lu ]0,150,360,360,25/0,28/0,32/0,24/0,31/0,32| 0,24| 0,55| 0,2 | 0,2
Y 19(44|33|30| 31| 42| 29 31 23 27 74 25 21

Note: the last two analyses represent lamproites of Aiastdd3 — olivine massive lamproites,

Argyle; 1/4- olivine lamproites of Ellendale-11.
Data obtained from ICP MS, analysts Smirnova E.V. , Mitrofanova A.Yu..

N

PROBLEMS OF DIAMOND-BEARING CAPACITY

It was inferred that the study rocks are refermethe lamproite series rocks,
and in some parameters are close to lamproitesusfrélia. In addition to sills and
dyke bodies, they compose destroyed lava flowdshaaccias of diatremes which
encompass the tuff varieties. Considering duradioesh complexity of origination of
magmatism of the Tomtor massif and its volcanogplid character, the plentiful
ore-bearing massifs of carbonatite tuffs and besceind the volume of lamproite
formations, it is assumed that explosion of a $icgmt amount of lamroite tuffs
was also the case. Generally the tuff “clouds” suattered to different sides from
acting volcanoes at a distance of 200 km. The fofduse Tomtor volcano was of
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the area about 200 Km So it is supposed that the Ebelyakh diamondep)es0
km away from the Tomtor massif, could have formedvashing out in place of
lamproite tuffs of Tomtor. They are broken and ad contain minerals of high
pressures of kimberlite association which is regmestive of the Ebelyakh placer.
Porshnev has found a diamond in a picrite diatrehMBomtor. Besides, diamonds
of the Ebelyakh placer are “dirty” and often contalentiful small inclusions
which is explained by their tuff origin.

The first data on xenoliths in rocks of the kimiierlamproite association,
obtained by Ashepkov 1.V., suggest their dunite addnite-harzburgite
composition. The following parameters of the manilere derived from the
diagrams of the xenolith mineral compositiofisCt= 1000 - 1204 P = 50-68 kb,
depth about 200 km. With these parameters in ntiredpotential diamond-bearing
capacity of picrite-lamproite-carbonatite assoomtof Preanabaria rocks may be
assumed. The major problem of diamond-bearing aiypaf these rocks is
preservation of diamonds in their transportation ttee surface and rock
crystallization. In this geological situation theosh promising should be tuff
varieties of rocks. With the Sr/Nd isotope ratioig(F2) picrites of Eastern
Preanabaria and carbonatites of the Tomtor falthe transitional area of the
enriched mantle between EM - 1 and EM - 2,

CONCLUSIONS

1. In eastern Preanabaria and the Tomtor massif, &liat basaltoids are
referred to the group of lamproites. Olivine, leéaciand sanidine varieties have
been found.

2. The rocks of diatremes and geophysical anomalieBastern Preanabaria
produce kimberlite-picrite-lamproite-carbonatites@zation. All these rocks are
genetically associated with and have the same maatirce. With increasing mica
amount (to 80%) in the bulk mass of rock kimbeslisge gradually transformed
into lamproites.

3. The Ilamproite rocks, like all rocks of diatremesndergo intense
carbonatization with

complete pseudomorphoses of carbonate after oliaimgk leucite crystals, thus
making their diagnostics difficult. When carbonate dissolved the primary
chemical composition of lamproite is regained.

4.  As regards the petrochemical parameters, lamproft€seanabaria are close
to lamproites of Australia and other lamproites.

5. The lamproites of the Tomtor massif, against thosdiatremes, are more
voluminous and produce sills, lava, and tuff flow&ey are more differentiated
and crystallized. Considering a large volume obhfie and lamproite magmas of
the Tomtor massif, the intensity of volcanic praessin the massif and proximity
of the Ebelyakh river issue, it appears that thelygkh placer was formed by the
wash-out of lamproite tuffs of the Tomtor massif.
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6. The data on geochemistry of isotopes and P-T pdesimef mantle xenoliths
from the rocks of the kimberlite-lamproite assaoiatindicate the deep-seated
origin of their primary magma.
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Abstract Far East region of Russia comprising Sikhote-Alin and Sak(@is) underwent
lithospheric extension during late Tertiary events relateitié Japan Sea formation. Within
the SAS volcanism, the Eocene-Oligocene (EO, 55-24 Ma) laeasharacterized by both
large ion lithophile element and rare earth element enrichngtiisrespect to depleted
Early Miocene (EM, 23-15 Ma) tholeiites, which also shows aletiep in high-field
strength element (HFSE). The EO basalts and EM basalts skgnificant positive
correlations of®’Srf°Sr with La/Yb. This suggests that the sites of magma gtaer
beneath SAS region have moved from the subduction-related eniiitiosgpthere down into
the MORB-type asthenosphere as Japan Sea spreading progressédteTMeocene to
Pliocene (LMP) samples are alkali basalts and subdbeasialts, including the most recent
post-Japan Sea opening (14-5Ma) samples from the SAS regiobhMFhé&avas encompass
wide ranges in trace element abundances that vary betweenstimatdend-member types.
The relatively minor LMP alkali basalts are found at the latgestd the lava sequences, and
they have high Nb/La and Sr-Nd-Pb isotope compositions that fddinwthe field for the
OIB consistent with melting of asthenospheric mantle at depth. By contrast|Kali quartz
and olivine tholeiites from the other extreme have concémtsabf the HFSE that are much
lower than elements of similar incompatibility. The relativeldéons in HFSE are not a
feature of crustal contamination processes, but rather of their manttesegions.

INTRODUCTION

Far East Russia consisting of Sikhote-Alin and S8k SAS) (Fig. 1) was
affected by subduction since the Mesozoic, andxXpgnsion to produce the Japan
Sea during the Cenozoic. Basaltic rocks in theoregnay bear imprints of both
processes. Until recently, little was known abdwe themistry of the Cenozoic
volcanic rocks from SAS region, although chemical asotopic studies of
Sikhote-Alin have suggested that there was a chénoge subduction-related to
intraplate magmatism as the Japan Sea openinggsseyt [3, 6, 11]. However, the
genetic relationship between such subduction-r@lab@agmatism and intraplate
magmatism remains unsolved. Petrological studyhete¢ rocks can be used to
constrain the nature of the source region andithimg of the magmatic events
that are responsible for the evolution of this gwerital margin. In this paper we
present geochemical analyses on suites of samptes Sikhote-Alin and
Sakhalin, and discuss the implications of all of data for the origin of Cenozoic
magmatism along the northeast Eurasian margin #delation to those of
northeast China.
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GEOLOGY

The Cenozoic volcanism of the SAS region is coredosf the distinct
stages: (1) active continental-margin volcanisnhim Eocene-Oligocene (EO, 55-
24 Ma) along the northeastern edge of Eurasia, wogat with continental-rift
basalts associated with northeast-trending grabemortheast China; (2) Early
Miocene (EM, 23-15 Ma) volcanism surrounding theempg Japan Sea in
Sikhote-Alin, Sakhalin, and the frontal Japanesant arc, yielding subduction-
zone volcanism; (3) Late Miocene to Pliocene (LNI®5 Ma) volcanism in SAS,
yielding plateau basalts filling interfluves. Thade of the plateau basalt sequence
iIs unconformable on the Early Miocene to Eocenerfadions.

1+t {LATE MIDCENE-PLIOCENE(RUSSIR)
" IPLIOCENE-QUATERNARY(JAPAN)

@ EARLY-LATE MIOCENE
- EOCENE-EARLY MIOCENE

AN
SAKHALIN

OKHOTSK SEA

S Thtar \
Strait )

JAPAN SEA

208KM o X o

Fig. 1.Generalized map of the Sikhote-Alin and Sakhalin region. Abbreviations & BK,
Bikin Plateau; NI, Nelma Plateau; SK, Shukotovo Plateau; SU, Shufan Platea&V,
Sovgavan Plateau. SG: Sovgavan, KH: Khabarovsk, KA: Kavalerovo, NA: Nakhodka.
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PETROLOGY AND GEOCHEMISTRY

Cenozoic volcanism within SAS includes alkali atigi basalts, olivine
basalts, and basaltic andesites lavas. CIPW norenatariation ranges from
tholeiite (gz- and ol-normative) to alkali basate{ up to 5%) and basanite (ne-
normative>5%) . For simplicity, basanite is inclddeith alkali basalt. The EM
lavas cluster ol- to gz-normative tholeiites, wizerdcO and LMP lavas exhibit a
more uniform distribution across the range of rmegz-normative compositions.
More than 70% of the LMP basalts are gz- and otrmative with the remainder
mildly to moderately ne-normative. The LMP alkakdalts contain ultramafic
xenoliths and crustal xenocrysts.

Late Miocene-Pliocene
——o— alkali basalts
—=— ol tholeiite
—=— 2z tholeiite

Rocks/Primitive mantle

Eocene-Oligocene
——s— ol tholeiite
—=—qz tholeiite

Rocks/Primitive mantle

—=— Early Miocene tholeiite

8.1

Fig.2. Primitive-mantle-normalized incompatible element diagrams for skected samples
from the SAS region. Primitive-mantle values are from Hofmann (1988).

Within the SAS volcanism, a distinct subset of BB tholeiites is
identified by their generally lower trace elememncentrations. The greatest
depletions occur at Nb on mantle-normalized diagrgfig. 2), such as that
commonly observed in island-arc volcanics. The B@a$ are characterized by
both large ion lithophile element (LILE) and raaath element (REEnrichments
with respect to depleted EM tholeiites, which abows a depletion in high-field
strength element (HFSE) even though Nb shows a meédative anomaly
compared to adjacent elements.
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The LMP lavas from all the plateaus encompass vwadges in trace element
abundances and patterns that vary between twactighd-member types. At one
extreme, alkali basalts and high alkali olivineléiites have fairly smooth mantle-
normalized patterns that are convex upwards, aeyl generally have maxima at
either Ba or Nb (Fig. 2). These patterns are neadystinguishable from ocean
island basalts (OIB) [10], suggesting that high allkbasalts have an
asthenospheric source and have not been significacdntaminated by
lithospheric mantle or crustal material. By contrdsw alkali quartz and olivine
tholeiites from the other extreme have concentnatiof the HFSE, particularly
Nb, that are much lower than elements of similaompatibility. Samples in this
group display an irregular mantle-normalized patttrat typically peaks at Ba.
The greatest relative depletions occur at Nb ontl@arormalized diagrams, such
as that commonly observed in island-arc volcani#k Their most striking
geochemical feature is the relatively low abundapicthe HFSE with respect to
the LILE and the light rare earth element (LREEpa8 troughs at Th, U, and Nb
are common and most of the mantle-normalized dmagralso display a step
between elements considered to be more or lessnpetible than Ti. The
incompatible element patterns of the LMP basalés racognized as a common
features in some late Cenozoic basalts from the BBSin and Range province [7,
1].

DISCUSSION
CRUSTAL ASSIMILATION VERSUS ENRICHED LITHOSPHERE

The SAS basalts lack significant correlation betw&8rf°Sr and Rb/Sr (Fig.
3). The decoupled systematics is thus unlikelyetfbect wall rock reaction, but
probably attributable to effects of differentialripal melting prior to and during
magma formation. Some EO basalts exhibit a trenéhakasing®’Srf°Sr with
increasing RDb/Sr ratios, particularly among thertutholeiites. Such trends are
consistent with a role for crustal contamination timese rocks. Based on
incompatible-element abundances, it is evident thatpetrogenesis of the LMP
tholeiites was unlike that of oceanic island thitdsi There are twa@rincipal
scenarios that can explain the isotopic and treemaent variations exhibited by the
LMP basalts. They may represent (1) mixing betwasthenospheric melts (e.g.,
alkali basalt lavas) and metasomatized/enricheceantthosphere, or (2) mixing
between asthenospheric melts and continental cdusterod et al. [7] argued that
the low Nb contents of the U.S. Basin and Rangadd¥0-20 ppm) could not be
generated by any crustal contamination scheme vmgl an OIB-type
(asthenospheric) parental magma (~50 ppm) sincetbomy of the order of 150-
400 % crustal material would have to be assimilal@dreduce the concentration
of Nb in the LMP OIB-type magma from a range of ZDppm to the 4-20 ppm
range characteristics of the LMP quartz tholeitasalts, therefore, would require
the addition of large amounts of crustal mateaakuming the latter were entirely
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devoid of Nb. Thus the relative depletions in HFSIEs not a feature of crustal
contamination processes, but rather of their maaigce regions.

Moreover, The additional of modern pelagic sedinnt not explain all the
variation in the data. A component with very [0WNd/**Nd and low La/Nb is
also required. Such a component could only evaive low Sm/Nd (i.e., light rare
earth element enriched) environment over long perend ancient. The chemical
and isotopic characteristics of the SAS volcanicksocan not, therefore, be
entirely due to the effects of relatively recenbduction on the lithosphere.
Subduction-related
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Fig.3.%’SrF°Sr versus Rb/Sr and La/Yb for SAS volcanic rocks

enrichment of the lithosphere at the time of cduatxretion is one possibility
supported by isotopic data. The isotopic and tedement data presented here are
best interpreted as reflected variable contribgtidrom a lithospheric mantle
source which has a lowNd/**Nd that low Sm/Nd and U/Pb ratios can coexist
over long periods of time within the subcontinentantle lithosphere [2], but
Rb/Sr ratios may be more

IDENTIFICATION OF SOURCE COMPONENTS

Comparison of the average compositions of the E€allmwith the LMP
basalts indicates that they are generally higheceotrations of Ba, Rb and Zr.
These differences can be further explored by cenisig the covariation of Nb and
Zr contents, as an indication of mantle source cortipasi Figure 4 suggests that
the SAS basalts form two major trends with différ@n/Nb ratios. The LMP
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basalts show overlapping to lower values of Zr/N#)(relative to the Hannuoba
and the Mudanjian basalts from northeastern Chieat rio Sikhote-Alin.
Significantly higher Ba/Nb and Rb/Nb ratios in tB® basalts are characteristics
that long have been associated with subductionedleocks. These similarities
suggest that subduction processes have playe@ anrtile petrogenesis of the EO
basalts. The chemical signature inherited from lith@sphere is very clear. It
implies that the lithospheric mantle is enrichedBia, and sometimes in Sr, and
depleted in Nb. Fluids driven off a subducting staby inherit their elemental
characteristics from pelagic sediment and couldefioee be very similar to those
inferred to have affected the lithospheric man#adath the SAS region. These
fluids will infiltrate and variable so must be m&banatize the overlying mantle
wedge which will eventually become accreted togiecontinental mantle, just as
island arc material eventually becomes accretetthé¢ocontinental crust [8]. The
EO basalts and EM basalts show significant positiveelations of’Srf°Sr with
La/Yb (Fig. 3). They indicate mixing with an incoatfple-element-depleted
component with a trace element signature similai@RB (low La/Yb,®'Srf°Sr
and high**Nd/**/Nd). This suggests that the sites of magma geoerdigneath
SAS region have moved from the subduction-relatadcleed lithosphere down
into the MORB-type.asthenospheras Japan Sea spreading progressed.
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Fig. 4.Nb versus Zr for SAS volcanic rocks as well as Mudanjian and Hannuoba basalts
[Zhi et al., 1990].

The decoupling of trace element and isotopic radim®ng the SAS lavas,
and their decoupling from patterns observed in plusdated OIB, suggests that
local enrichment processes operating over varyimg scales played a role in their
origin. The relatively minor LMP alkali basalts aieeind at the late stage of the
lava sequences in the LMP lavas, and they haveNigba and Sr-Nd-Pb isotope
compositions that fall within the field for the OlBasalts [6]. The normalized
trace-element abundances of the LMP alkali basa#ianore similar to Hawaiian
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alkali basalts. OIB is the product of melting oveml components within the
mantle [13]. However, OIB undoubtedly representgyma generated within the
asthenosphere, with or without additions from loweaintle plumes. The trace
element and isotope characteristics of the uncantted LMP alkali basalts are
similar to those of the Hannuoba alkali basalts siant with melting of
asthenospheric mantle at depth [9], and we carohédent that deviations from
OIB composition must represent input from additis@urces. The LMP tholeiitic
magmas are characterized by I6%Pbf**Pb coupled with higf°’Pb/*Pb and
29%ppF%Ph, typical features of the oceanic DUPAL isotopiovince [6]. Similar
Pb isotope characteristics, and broadly similaar® Nd isotope compositions, are
seen in the nearby contemporaneous East Asiantfasath as Hannuoba [9].
Thus, by inference, it appears that the fS%bF*Pb characteristic of the LMP
magmas is a mantle feature.
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This paper presents a summary of both previously published and wwheabli
mineralogical (including mineral compositions) and geochendeh on lamproitic rocks
from three regions of East Antarctica. Ordovician (480-460 Maptaite dykes crop out in
Enderby Land and the Prince Charles Mountains, and Gaussbergl(iVilhcoast) is a
Pleistocene subglacial olivine leucitite volcano. Most ralesphlogopite-rich, and contain
sanidine or leucite, or late-stage minerals developedthftee minerals. Available isotopic
ratios (Sr, Nd, Pb) indicate derivation from highly enriched teastdurce(s). In general, the
Antarctic lamproites bear some features typical of Wegtastralian or Spanish lamproites.
Apart from the Gaussberg lavas, they are located in aréash wnderwent some late
Neoproterozoic to early Palaeozoic tectonic reactivatiormady €recambrian cratons, which
is believed to reflect a distal respond to the waning stages ofifpabty intraplate) orogeny
in adjacent regions.

INTRODUCTION

Lamproites constitute a volumetrically minor, bwtrelogically important,
magmatic suite in all East Gondwana continents, aredmostly believed to have
been emplaced in intracratonic tectonic environsiefibe antarcticlamproites are
even more scarce, but nevertheless formed the fothee dirst Antarctic rocks (at
Gaussberg) discovered in 1902 by the German AmntaEsipedition led by E. von
Drygalski. A number of papers have been publishadAatarctic lamproites,
presently known from, the three areas (Enderby |ath@ Prince Charles
Mountains, and Gaussberg, Fig. 1), providing gdollg petrographic,
geochemical, and isotopic data on these unusuéisrddowever, most of these
publication are not easily available for Russiaadexs. The main goal of this
report is to present a compilation of the availaddéa on the Antarctic lamproites,
and to summarise the petrogenetic and tectonidi@omis.

GEOLOGICAL FEATURES AND MINERAL COMPOSITION
ENDERBY LAND

Lamproite dykes are known from a few localitiesEnderby Land, namely
the Priestley Peak, Tonagh Island, and Hydrograpdiands, all within 70 km.
Lamproite forms dykes and thin veins intruding giée-facies metamorphic rocks
of the Archaean Napier Complex. Dykes at PriestlPgak also cut
unmetamorphosed Mesoproterozoic mafic dykes, wBerdaose on the
Hydrographer Islands cut late shear zones and masy Cambrian pegmatite
bodies.
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The Priestley Pealkdykes consist primarily potassic magnesio-arfvaidso
(8-37%), phlogopite (5-47%), ferrian K-feldspar ¢naicline, 26—-48%), apatite
(4-10%), quartz (up to 5%), titanite (up to 4%) anuhor rutile (intergrown with
small amounts of opaque minerals), zircon, andd{i]. The rocks are markedly
heterogeneous, mainly because of variations imptbportions of phlogopite and
amphibole in rather irregular, discontinuous layeatthough there are also
considerable variations in the abundances of Ksfed, quartz, and titanium
minerals.
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Fig. 1. Locality map.

Contacts between zones of different composition tu@ few decimetres
across) are fairly sharp, with abrupt changes amngsize, suggesting intrusion of a
heterogeneous magma and possibly multiple intredi@h]. Slightly pleochroic K-
arfvedsonite and orange-brown phlogopite are th@mmaafic minerals. Rounded
aggregates of secondary, fibrous pale green K-dstwate, up to 1 cm across and
mantled by phlogopite, may represent altered pyrexghenocrysts or xenocrysts,
although they are of similar composition to the Ivegystallised amphibole
throughout the rock. Barite occurs as grains ud tmm across, commonly in
association with quartz in late felsic segregatio@paque minerals include
pyrrhotite and chalcopyrite. Chilled dyke margingnt@in phenocrysts of
phlogopite and apatite.

A Rb-Sr isochron (phlogopite, K-feldspar, K-arfvedsonitgpatite, and
whole-rock) for a Priestley Peak dyke defined aa afj482+3 Ma, with theinitial
ratio of 0.70852+ 0.00007 [2].

Dykes on theHydrographer Islandscontain richterite, aegirine-augite, and
barite [19].

Lamproite at th&onagh Island11] forms nortk-south-trending, thin
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Table 1
Chemical compositions of rock-forming minerals
Mineral | Bt (1=9)| nEit3) K-rcht (n=14) | K-rcht (n=16) gflpz) ('rf':fgg) Phi Phi Phi PhI Phi
Sample | TM9901 | TM9901 TM9901 TM9901 TM9901 | TM990113| 7728 7728 7328 7328 | 35647-
# 13-0l1a 13-01F 13-0l1a 13-01F 13-0l1a -01F 3949b 3951a 1545 1545 3
Locality Tonagh | Tonagh Tonagh Tonagh Tonagh Tonagh Priestley | Priestley Mou_nt Mou_nt Mou_nt
Island Island Island Island Island Island Peak Peak Bayliss | Bayliss | Rubin
Sio, 43,02 44,34 55,53 55,08 64,55 63,84 40,48
TiO, 2,80 3,70 0,33 0,38 9,56
Al,0O5 8,77 5,51 0,24 0,08 16,09 15,60 9,14
Cr,0s 0,22 0,54 0,16 0,01 0,17
Fe,03 2,54 3,22
FeO 14,58 16,28 12,18 12,56 11,81
MnO 0,16 0,09 0,29 0,24 0,19
MgO 16,09 15,35 15,73 15,29 17,81
CaO 4,25 3,12 0,04 0,02
Na,O 0,65 0,62 5,08 5,47 0,80 0,46
K0 10,31 10,18 3,97 5,04 16,43 16,46 10|58
NiO
Total 96,60 96,64 97,76 97,27 100,45 99,60 P9,8
@) 22 22 23 23 8 8 22 22 22 22 22
Si 6,324 6,569 8,069 8,097 3,004 3,004 6,654 6/4 576, 6,125| 5,767
Ti 0,309 0,412 0,036 0,042 1,308 0,214 0,961 4,631,024
Al 1,519 0,967 0,041 0,015 0,882 0,865 1,19 1,698,002 | 1,294| 1,535
Cr 0,0025 0,063 0,018 0,002
Fe** 0,089 0,114
Fett 1,792 2,017 1,48 1,544 1,518 1,616 0,837 2,8594071
Mn 0,02 0,012 0,036 0,03 0,016 0,024 0,023
Mg 3,525 3,391 3,408 3,35 3,74 3,98 3,992 2,713783
Ca 0,662 0,491 0,002 0,001 0,028 0,006
Na 0,184 0,178 0,736 0,946 0,97p 0,988
K 1,933 1,925 1,43 1,56 0,072 0,042 2,024 2,004 88,7 1,94 1,923
Ni
Total 15,631| 15,534 15,916 16,077 5,024 5,014

subvertical veins ranging from a few centimetresrte meter in thickness and up
to several meters in length. The lamproite is hgist@alline and ranges from
medium to dark green. Some specimens contain spamjl biotite up to 2 cm
across, and others have centimeter-scale layemfigedl by variations in grain
size and mineral proportion. Feldspar megacrystisaaroliths, up to 3 cm across,
are locally present.. The lamproite consists maioflymicrocline, K-richterite,
biotite and apatite. Trace amounts of quartz aesent in most samples. Rounded
titanite and small rutile grains are relatively alant, and carbonate, zircon, and
monazite are additional accessories. Microclinengrgypically show characteristic
cross twinning, as well as fine zoning and anonmlanterference colours
(probably due to the relatively high J& contents). Subhedral biotite, K-
richterite, and apatite grains are surrounded gllsmcrocline grains. Some
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Table 1 finished

Mineral Phl ((/:AoTe) (ﬁrr:) (P;:f;g) (0] Cpx Lc Bt
Sa?ple 35347- 35347- 35247- 35247- n= 12 n= 10 n=11 =4
Locality '\R/I,ng '\R/I,ng '\Fgﬁglr:]t '\Fgﬁglr:]t Gausshberg Gaussherg Gaussberg Gaussberg
Sio, 41,41 55,29| 51,500 63,84 40,30 53,60 55,00 40,60
TiO, 9,13 1,04 1,74 0,04 0,97 0,21 9,00
Al,O4 7,03 0,03 18,43 0,44 21,40 6,90
Cr,0s 0,09 0,11 0,21 0,03 0,82
Fe,0; 0,69 0,96
FeO 12,26 19,93 27,54 0,44 10,50 2,60 11,90
MnO 0,10 0,86 0,65 0,22 0,19 0,10 0,05
MgO 18,92 11,24 5,85 0,55 48,20 17,20 0,28 17,60
CaO 0,64 2,91 0,33 22,80
NaO 5,27 4,64 0,51 0,10 0,41
K,0 10,75 5,50 5,06 17,40 21,80 9,30
NiO 0,38 0,08 0,04
Total 99,69 99,88 99,84 99,92 99,30 99,81 *99.85 96*80
O 22 23 23 8 4 6 6 22
Si 5,895 8,407 7,908 0,995 1,961 2,014 5,958
Ti 0,953 0,119 0,202 0,027 0,006 0,993
Al 1,179 0,013 | 0,006 0,019 0,925 1,193
Cr 0,01 0,026 0,001 0,024
Fe* 0,117 0,134 0,019 0,026
Fet 1,342 2,077 | 3,424 0,217 0,078 1,496
Mn 0,012 0,11 0,085 0,004 0,003 0,006
Mg 4,015 2,548 1,347 1,773 0,938 0,015 3,85
Ca 0,104 | 0,482 0,009 0,894
Na 1,554 | 1,389 0,036 0,007 0,117,
K 1,952 1,067 0,997 1,019 1,741
Ni 0,008 0,002 0,005
Total 3,007 4,001 4,015 15,417

Bt - biotite, Phl - phlogopite, K-fsp - alkali feldspar, Am - amphibole, K-rcht - potassian
richterite, Ol - olivine, Cpx - clinopyroxene, Lc - leucite.
* Includes 0.09% BaO; ** Includes 1,0% BaO
biotite crystals are mantled by K-richterite corenaK-richterite and
microcline become finer-grained toward the dyke gmes, whereas biotite and
apatite do not. Autoliths consist largely of themsaminerals, but are coarser
grained. Barite is present in one such autolithneévtl compositions are listed in
Table 1. The rock-forming minerals generally hageyMow AlLOs, which reflects
the peralkaline composition of the bulk rock (setotr). The amphibole is largely
potassic richterite, but some analyses correspomd potassic magnesio-
arfvedsonite. Microcline has high Fe (calculatedra©s). Biotite is characteristic
high in TiG, (2.5-3.7%), although K-amphibole contains much
less TiQ than the typical lamproite amphiboles [9]. Miyamast al. [11]
suggested that amphiboles were depleted in Ti dudooling, the Ti being
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incorporated in rutile and titanite.Rb-Sr internsdchrons (biotite, K-richterite,
non-magnetic fraction, and whole-rock) defined anfe$66+4 and 4766 Ma, with
initial ratios of 0.070949+0.00010 and 0.709660010, respectively [11].

SOUTHERN PRINCE CHARLES MOUNTAINS

A 5 meter-thick dyke aMount Bayliss,and a moraine specimen collected
nearby are described in detail by Sheraton & Emgl@d]. The massive medium-
grained dyke rock comprises K-feldspar (52%), afmplei (39%), phlogopite +
biotite (3%), and apatite (3%). Opaque phases, aaaaiprobably replacing
ilmenite), zircon, and calcite are minor constitiserK-feldspar (microcline with
near-maximum obliquity) forms untwinned grains op2t mm across. Amphibole
includes both K-richterite and K-arfvedsonite. Zdne

K-richterite forms subhedral crystals-2 mm long, and K-arfvedsonite
occurs mostly as rims and overgrowths on K-rickeebark reddish-brown mica
grains are up to 1 mm long, and are locally int@ngr with amphibole. The
moraine specimen is petrographically similar, buwichnfiner grained. It contains
more phlogopite (13%) and less amphibole (K-arfeeds, 17%); anatase,
ilmenite, and zircon are minor constituents. The

groundmass is largely K-feldspar (microcline), wiabout 4% of calcite.
Rounded to subhexagonal aggregates of turbid Ksfald up to 0.4 mm across,
appear to pseudomorph leucite, although they docoaosist of pseudoleucite.
Relatively larger (up to 6 mm) leucocratic ocelhich contain quartz, K-feldspar,
calcite, zircon, anatase, and minor K-arfvedsomtepably represent the droplets
of an immiscible liquid.

Mineral compositions are listed in Table 1. Markaghing in amphibole
reveals a trend of O and Fe-enrichment. Early allygtd K-richterite is relatively
magnesianmg = atomic Mg/(Mg+Fe) = 0.74), and poor in°Fécalculated). K-
arfvedsonite rims on K-richterite have lowmg (less than 0.52) and appear to be
richer in F&" and Na. These rims may have been produced bye#ution between
the early formed amphibole and the late, more omygsh fluid phase. All
amphiboles are poor in Al and exceptionally rickKinMicas ranges from Ti-rich
phlogopite to late-crystallized Al-poor biotite.

K-richterite has given Silurian K—Ar ages of 413daf14+10 Ma, and K-
arfvedsonite 430+12 Ma [21], but these ages prgbadilect cooling stages rather
than emplacement.

A 3 to 4 meter-thick, east—west-trending lampraoiy&e crops out atlount
Rubin It is a massive fine-grained dark greenish-giegky with abundant small
rounded grains of K-feldspar and a few large (0.83-€In) felsic ocelli. The rock
consists of K-feldspar (40 %), alkali amphibole £26%), phlogopite (20-25%),
and opaque minerals (up to 5%). Accessory apateon, and titanite make up
about 2-3 volume percent. Phenocrysts comprisaneliand alkali amphibole.
Secondary minerals (sericite, chlorite, and cart®neonstitute up to 5 percent of
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the rock.

K-feldspar occurs as rounded, pseudohexagonal,ooe marely elongated,
grains, 0.1-0.8 mm across. It is characterized mynhomogeneous, sieve-like
texture, and was probably formed by replacemerewdite at the late-magmatic
stage. Opaque mineral inclusions are abundantiw#bme inner zones. The unit
cell parameters of the feldspar indicate sanidBle The sanidine has very low
8’Srf°sr (0.702) and Rb/Sr (0.002), which are presumabéy features of the
mantle source. It is partly replaced by microclimdnich was probably formed at
the subsolidus stage. Small flakes and aggredates).3 mm across, of randomly
oriented high-Ti phlogopite (Ti© 9-10%, mg 73-75) partly fills interstices
between the sanidine grains. The phlogopite is astipnally similar to that in
the West Kimberley volgidites [10]. Fibrous aggresgaof brownish-green (with a
bluish tinge) amphibole make up the remainder efgloundmass. The amphibole
comprises low-Ti potassic varieties of ferrorichiteland magnesian arfvedsonite,
similar to lamproitic amphiboles [10], but beindfdrent in much lower Ti® (1-
2%) and higher total FeO (20-27%) and.®d4.6-5.7%). The grains are zoned,
with cores enriched in MgQr(g 52-55) and N#&, and rims enriched in Fe@¢
28-39) and Ti@and depleted in N®.

The ocelli are made up of coarse-grained aggregdtesrbonate, opaque
minerals, barite, chlorite, nepheline, alkali fgdds and plagioclase in various
proportions. Their outer zones, up to 0.5 mm thane distinguished by a brown
colour that is due to the development of fine-gedirunidentified minerals. The
ocelli are generally rounded, with complex retitedh outlines. Small angular
fragments of the same composition were also fowliich might suggest that the
ocelli represent reworked country rock fragmentse Tow initial *’SrP®Sr ratio of
plagioclase recovered from these ocelli (0.7048)éwer, does not support this
suggestion.

The compositions of minerals from the Mount Rubamproite indicate
crystallization from an evolved melt at low pressand temperature [10], but the
petrographic features suggest that crystallizadidmot occur entirely after magma
emplacement. Strong zoning of amphibole is consisteh a high degree of melt
fractionation.

Bulk-rock and mineral individual(microcline and pgbpite) compositions
define the Rb—Sr isochron age of 461+23 MaH8r716) [8]. This date may reflect
igneous crystallization or autometasomatic (decfemlteration, which was
accompanied by the formation of the microcline,, beither way, probably
approximates the emplacement age.

A compositionally similar dyke crops out at the thern Webster Peak
the Northern Prince Charles Mountains [12].
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WILHELM Il COAST

Lamproites (olivine leucitites of Sheraton & Cunda0]) of late Cainozoic
age form the extinct volcano @aussbergon the coast of the Antarctic ice sheet.
Gaussberg is a fairy regular volcanic cone aboGt@7igh, with out a crater. It
consists largely of pillow lavas, although muchioé mountain is covered by lava
fragments and talus. Pillows are mostly 0.5-2 nos&r They have a well-defined
black glassy crust about 3-5 cm thick, and theasarfcommonly has a ropey
texture. However, a submarine origin for the pilbke structures at Gaussberg
was questioned by Tingey et al. [23], who likenednh to pahoehoe structures.
They argued for a subglacial eruption, perhapssargs of pulses to account for a
number of terraces distinguished on the mountad, [@though these could also
be erosional features due to changes in the regmnkevels.

Much of the lava is vesicular, the vesicles in piiw core being generally
larger than those near the margins. Most vesigkedirred with black glass which
also occurs in irregular veinlets about 1 mm thitkin layers of palagonite tuff
are locally present. Fused crustal xenoliths, ud%ocm across and mostly of
quartzo-feldspathic gneiss and rapakivi graniteg &irly common. Mantle
xenoliths are much less common and comprise sjineetolite. The Gaussberg
lava is dark, massive, and almost aphyric with apbenocrysts of leucite, olivine,
and phlogopite. It is composed essentially of akyiclinopyroxene, and leucite up
to 1 mm across in a yellow-brown glassy matrix,egalty full of quench crystal
growth. The latter is largely confined to the inparts of the pillow and consists
of very fine-grained (0.01-0.1 mm) leucite, diogsideddish-brown mica, and
small amounts of reddish-brown amphibole. lImemtel chromite occur in the
groundmass of some samples. One specimen contaismafl (2.5x1 cm)
ultramafic nodule composed of olivine, orthopyroeanlinopyroxene, and spinel.
Modal compositions include olivine (7-10%), clinopyene (6-10%), leucite
(22-29%), and glass (53-67%). Mineral compositi@ne listed in Table 1.
Leucite crystals are generally twinned indicatingslaw rate of cooling. The
compositional range is small and very close toideal leucite stoichiometry. No
significant differences in chemistry were found viben the leucite crystals
occurring in the lava and those in the cognateusichs. Significant Ba (up to 0.3
wt. % BaO) is present. Olivine compositions aréhiemrange Fg_g with high NiO
(0.3-0.6%) and CaO (0.2-1.0%). Clinopyroxene is pside, low A}O;
(0.3-0.7%) and high Cr203 (up to 1.1%) and NiO {(0®.16%), reflecting the
Mg-rich nature of the lavan{g 0.69-0.71). Mica and amphibole occur as late-
crystallizing phases. The mica is titaniferous gblate, containg very high BaO
(1.0%).

K-Ar dating gave the average age of 56000+5000 sy¢aB]|, which is
believed to reflect the time of eruption.
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CHEMICAL COMPOSITION

Major and trace element compositions of the Antadeimproites are listed in
Table 2. These rocks have distinctive chemicalufest e.g., Niggli mg, Niggli k,
molar K;O/N&O, and molar KO/AI,O;, all fitting the criteria cited by Mitchell &

Table 2
1 2 3 4 5 6 7 8 9 10 11
Sample # 1202 1205 1206 1301 1302 1510 160Q5a 160%@?3{2 T1I\39(§)10bl Tll\ggoglocl
Locality Tonagh | Tonagh | Tonagh| Tonagh| Tonagh | Tonagh| Tonagh| Tonagh| Tonagh | Tonagh | Tonagh
Island | Island | Island | Island Island Island | Island | Island Island Island Island
Sio, 53,64 51,09 54,43 54,6p 52,19 53,15 47)66 41,74 535 57,36 55,83
TiO, 2,18 2,74 2,14 2,34 2,6p 2,90 4,95 4,93 1,87 193 2,34
Al,05 8,29 8,41 9,26 8,14 7,66 8,48 8,41 8,52 9,05 9,15 10,15
FeOs; 3,42 2,83 3,18 3,47 3,68 3,24 3,14 3,16 *6]12 85/8 *5.09
FeO 2,69 2,79 2,09 2,6p 3,02 2,60 177 1,79
MnO 0,12 0,09 0,09 0,1 0,1p 0,12 0,07 0J07 0,12 120, 0,10
MgO 6,05 7,22 5,64 5,26 6,10 5,31 8,12 8/09 5,21 235, 5,59
CaO 6,22 6,83 5,75 5,41 5,46 5,85 5,30 5,15 519 36 b, 4,76
Na,O 1,95 1,45 1,81 1,64 1,98 1,34 1,03 108 1,70 1,71 1,62
K20 9,47 9,52 10,30 9,56 9,33 9,40 10,45 10,46 10,43 10,49 11,66
P05 2,90 4,21 3,08 2,66 2,88 2,68 3,80 3,29 2,87 2,99 2,84
CO, 0,37 0,11 0,26 1,58 1,44 2,21 0,89 074
H,O 0,13 0,17 0,19 0,24 0,28 0,31 0,23 0,22
H,O" 0,33 0,44 0,32 0,43 0,4 0,62 0,68 0,67
Rest
Total 97,76 97,90 98,5 98,17 98,01 98,21 96,00 9%, 100,09 100,20 99,96
Trace elements, ppm
Li 105,5 187 54,1 26,4 3 61,8 24|3 23,1
Be 11,9 12,4 6,6 15,2 18,6 11{4 9,4 L0
B 30 30 24 20 30 <2( 28 2p
F 11900 12900 1060 9000 10500 7700 14400 13300
Cl 264 220 215 117 20 226 319 314
S 136 160 168 264 520 1260 3790 3560
Sc 26 24 26 24 24 24 1p 16
\ 116 114 68 92 124 74 98 M
Cr 188 232 158 160 224 138 416 4p8 126 111 139
Ni 166,4 199,8 1449 146, 1938 120,4 339,3 345,2
Cu 39,6 115,7 49 92,1 92,2 78{1 59 67,3
Zn 130,9 108,4 89 107,5 137 84,3 89,1 87,8
Ga 4,5 14,8 15,6 14 118 16|8 16,8 15,4
Ge 0,4 0,9 1,8 1,1 1,9 <.6D <.60 a,5
As 4,5 2 4,2 1,4 2 1 <.90 <[
Se <.40 <.30 <.30 <.40 0,p <.40 0,6 <.40
Br 1,7 14 3,1 1,1 19 1,7 08 1{8
Rb 282,5 320,1 297.7 263,56 252/5 280,4 478,7 458,6 321 313 353
Sr 2374 3306 2423 2506 2547 2976 2505 2469 2331 9 239 2788
Y 7,7 42,1 75 39,9 34,8 444 18}9 18 156 158 82
Zr 1690 1310 157(Q 1710 1860 2130 2400 2380 1175
Nb 91,9 89 91,7 112,2 1511 97(2 198,5 20p,1 127 2 11 25
Mo 0,8 0,9 2,1 15 0,1 1,9 i 2,4
Ag 0,3 0,3 0,2 <.10 <.2( <.20 <.30 <.30
Cd <.10 <.10 <.20 <.10¢ <.2p <.20 0(6 q,6
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Table 2 continued

1 2 3 4 5 6 7 8 9 10 11
Sn 5,8 4,4 3,4 55 f 8,V 10)6 10,5
Sb <.10 <.10 <.2Q <.1 <.20 <.20 2\6 3,5
Te <.30 <.30 <.30 <.30 <.30 <.30 10,6 9,8
Cs <.60 <.60 <.7Q <.7( <.8D <.90 15,6 13,5
Ba 931 815 1197 173y 2901 3376 13359 12992
La 274 298 510 272 242 286 2712 282
Ce 828,1 774,8 114 6252 538,9 701,2 599,5 624
Pr 124,2 101, 157 76,8 676 101,5 138,3 135,4
Nd 380 325 405] 245 225 300 195 195
Hf 49,2 34 42,4 41,3 50, 53,6 59|6 61,9
Ta 4,5 6,1 5,2 5,3 < T 9,1 11{9
Tl 1,3 2,3 2,3 1,5 2 2,9 1,8 27
Pb 400 48 76| 92 20 90 66 18
Bi 2,9 1,5 1,4 2 2,1 2,3 2,¥ P
Th 13 13 33 52| 26 14f 28 69
U 10 13 37 17 14 16 B
Table 2 continued
12 13 14 15 16 17 18 19 20 21
AR A AR A
) Tonagh | Tonagh Hydrog- | Hydrog- | Hydrog- Priestley | Priestley | Priestley | Priestley | Mount
Locality Island Island rapher rapher rapher Peak Peak Peak Peak Bayliss
Islands | Islands | Islands Y
SiG, 57,40 54,44 48,58 59,07 68,31 52,6 49,4 50,4 52 ,9062
TiO, 2,36 2,40 1,31 1,07 0,930 3.4 3,27 3,57 2,85 4,45
Al, O3 9,21 8,21 12,23 9,55 10,24 8,67 9,1 8,95 8,74 8,92
FeO; *5.61 *6.40 *9.75 *8.29 *7.10 2,03 2,45 1,97 3,19 2,64
FeO 4,12 4,06 4,63 3,39 5,30
MnO 0,12 0,11 0,190 0,090 0,09(¢ 0,09 0,08 0,1 0,11 0,11
MgO 5,36 6,19 9,06 2,81 1,20 7,43 8,77 8,51 7,29 955,
CaO 5,09 5,48 9,06 3,59 1,79 4,97 5,32 5,47 4,54 00 4,
Na,O 1,44 1,93 1,78 0,72 0,28 0,73 0,89 0,84 1,9 2,05
K.O 10,80 10,18 4,42 9,62 8,34 8,32 9,83 8,49 8,34 3509,
P05 2,82 3,12 1,40 1,81 0,684 3,05 3,28 3,33 2,76 1,75
CO; 0,21 0,21 0,10 0,16 0,02 0,02 0,06 0,24
H,O 0,41 0,20 0,29 0,05 0,06 0,02 0,04
H,O" 1,30 0,52 0,44 0,77 0,84 0,86 0,88 0,89
Rest 0,99
Total 100,20 98,47 99,67 97,54 99,77 100,56 100,82100,67 100,09 99,55
Trace elements, ppm
Li 11,4 32,4 16,8
Be 14 12,9 115
B <20 <20 <20
F 840 4900 1280 2800
cl 487,7 433,2 166,2
S 0,063 0,198 0,045 360
v 161 72 40 168 143 152 170 94
Cr 125 207 360 56 10 274 348 362 249 215
Ni 164 35 7 243 298 300 220 131
Cu 28 45 9 7 80 27 94 43
Zn 112 133 120 82 86 85 78 140
Ga 16 17 17 13 15 15 12 20
Ge 1,7 <0.8 <0.9
As <0.5 <1.9 <0.6
Se 0,4 0,4 <0.5
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Table 2 continued

b 363 266 153 213 176 252 314 284 186 21
Sr 2643 2642 470 1528 518 2910 295 2950 2350 1779
Y 111 58 36 88 93 32 36 39 29 32
Zr 1388 493 1099 1578 1770 1420 178( 169D 1582
Nb 82 150 54 16 27 59 43 63 49 145
Mo 0,5 <1.4 <1.3
Ag 0,2 <0.3 <0.2
Cd 0,3 0,7 0,5
Sn 3,1 7,2 4,8
Sb 0,2 53 2,0
Te <0.3 9,3 2,8
Cs <0.8 6 <11
Ba 3085 11130 4863 15100 9700 10100 13600 412
La 128 332 317 172 138 173 153 162
Ce 270 750 630 294 268 335 273 276
Pr 9 102 56
Nd 80 260 180
Hf 14 35 43
Ta 5 <3.6 9
T 0,9 2,1 2,2
Pb 24 433 41 24 58 28 83 28
Bi 1,0 1,8 2,0
Th 19 59 145 7 48 21 10 14
U 2 9 38 7 6 10 8 2,0
Table 2 continued
22 23 24 25 26 27 28 29 30 31 32
kLA AFAV AL AN AN
Locality Mou'nt Mount Webster | Gauss-| Gauss- | Gauss- Gauss- Gauss- | Gauss- | Gauss-| Gauss-
Bayliss | Rubin Peaks berg berg berg berg berg berg berg berg
SiG, 50,30 50,40 51,87 50,80 50,2 50,70 50,50 50,10 ,6051 51,60 51,00
TiO, 5,43 5,38 2,51 3,43 3,36 3,34 3,28 3,34 3,47 3,50 3,50
Al,O, 8,90 7,35 12,16 9,95 9,79 9,95 10,04 9,9P 10,00 ,0510 9,98
Fe0s 2,72 *4.44 4,2 2,47 2,40 2,32 2,77 3,12 2,38 2,12 2,48
FeO 6,00 3,2 3,76 3,85 3,84 3,39 3,14 3,84 4,00 83 3,
MnO 0,11 0,09 0,12 0,09 0,09 0,09 0,09 0,0p 0,08 080, 0,09
MgO 5,56 7,57 7,14 8,09 7,92 8,34 8,19 8,21L 783 507, 781
CaO 5,06 541 5,01 4,78 4,72 4,76 4,84 4,91 448 504, 481
Na,0O 1,75 1,86 0,92 1,78 1,64 1,70 1,53 1,1 2,19 1,85 1,55
K,0 8,90 8,44 9,99 11,49 11,54 11,54 11,30 10,p7 011}5 11,87 11,68
P,Os 1,85 1,36 0,68 1,46 1,46 1,44 1,46 1,46 1,49 1,48 1,50
CO, 1,45 0,44 0,09 0,07 0,03 0,02 <0.01L 0,18 0,02 40,0
H,O 3,81 1,41 0,07 0,07 0,06 0,03 0,04 0,0p 0,03 0,04
H,O" 1,06 0,16 1,24 1,03 1,09 1,13 2,72 0,84 0,65 1,14
Rest 1,05 0,53
Total 100,14 96,65 99,81 99,50 98,14 99,20 98,51 ,199| 99,53 99,25 99,45
Trace elements, ppm
F 3300 3100 3200 3400 3400 3000 2800 3500 3400
Cl 600 530 870 300 275 720 770 700
S 400 680 480 400 480 320 440 44 400
Sc
vV 133 97 119 112 108 110 108 107 107 104 107
Cr 180 339 234 308 333 311 324 338 3038 27p 315
Ni 128 153 153 223 231 234 243 234 231 249 226
Cu 34 30 29 31 27 28 26 32 29 28
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Table 2 continued

Zn 116 81 77 93 83 73 72 89 74 75
Ga 22 22 18 17 18 18 18 18 17 17
Ge

As 4 3 3 3 2 3 3 3

Se

Br

Rb 149 142 303 309 305 311 311 313 316 316 307
Sr 1259 972 571 1870 1890 1830 186D 1940 1740 17601840

Y 37 36 16 19 19 18 18 18 19 19 18
Zr 1242 1185 515 903 915 901 890 893 95y 972 943
Nb 102 138 101 88 89 88 87 88 87 90 93
Mo
Ag

Cd

Sn 2 4 2 2 1 <1 2 2

Sb

Te

Cs

Ba 1320 1043 4706 5550 5440 5620 5850 5970 5640 0 548 5380

La 156 214 207 211 213 215 212 206 204
Ce 270 348 334 339 341 338 33§ 331 321
Pr

Nd

Hf

Ta

Tl

Pb 19 52 9 36 37 36 35 36 37 38 35
Bi
Th 19 41 17 29 29 28 28 30 29 28 29
U 2,0 1 3 3 2 2 3 3 2 3

Bergman [9]. Noteworthy are some significant devrad from the average
composition given by Rock [17], e.g., greater dmment of some rocks (especially
those from Tonagh Island) in,&, N&O, RP.Os, F, Cl, Sr, Zr, LREE, Y, Pb, and U.
Many samples are lower in T3aMgO, Cr, and Ni.

The Mounts Bayliss and Rubin rocks belong to the wtrapotassic mafic rock
suite which includes the leucite lamproites of Wiest Kimberley area of Western
Australia [16] and the volcanic rocks of the LeacHills, Wyoming [3]. Such
extreme compositions are though reflect small degref melting of highly
enriched (metasomatised), phlogopite-bearing mauatlece regions, with much of
the LILE and probably some of the LREE having u#tiely been derived by
dehydration and/or partial melting of subductedmsedts [14, 18].

A highly enriched mantle source for the Mount Rubyike is evidenced by its
very low gy (T= 460 Ma) of —15 [8]. Model dy ages for two samples are 1270
and 1330 Magyy(460)= —-7.6 and —8.7, respectively), which may tterpreted as
the time of mantle enrichment processes correspgridithe major crust
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Table 2 continued formation event in this
33 34 35 36* area. The high Zr
Sample| 7728 | 7728 | 7728 | 77284876 contents of dykes from
# | 4893A|4893B| 4894 | (glass) | both  Southern  Prince
Locality Gauss{ Gauss{ Gauss{ Gauss- | Charles Mountains
berg | berg | berg berg occurrences are
Si0, | 51,20| 51,50 51,00 53,6 | comparable to the typical
TiO, | 3,44 | 354| 342 6.2 | lamproites [10], but some
Al,O; 9,42 9,49 9,89 6,9 other incompatible
FezO'g, 2’54 2131 2’15 elements. (Ba, Sr, and Sm)
FeO 3.86 412 3.94 95 are relatively low, so that
MnO | 0,09 | 0,09| 0,08 0,11 | Rb/Sr and Rb/Ba are
MgO | 810 | 795 | 776 54 | I (TS GNS A0°
Cao 435| 438 4,37 3.3 small negative Nb andyP
N30 1,53 1,65 1,53 2,6 anomalies. Some of these
K20 11,73 12,16 11,89 104 features a}e similar to the
P20s 148 | 1,53 1,50 Western Australian
COZ_ 0,03 0,02 0,05 lamproites [1], but the
H20+ 006 | 007] 0,08 much lower Ba and Rb
H,0 1,17 0,92 0,96 are more typical of
Rest , | lamproites
Total | 99,09| 99,73 98,62 **98.96 fromSoutheastern Spain
_ [15]. The negative Sr and
Li Ba anomalies, as well as
Be relatively low Ni and Cr
B of the Antarctic dykes are
F 3100 | 3400| 3600 consistent  with  the
Cl 570 630 580 mineralogical evidence of
S 360 320 400 extensive melt evolutio
Sc during ascent through the
Table 2 finished crust. In view of
V 100 101 107 diversity and complexity
Cr 287 284 288 of the processes probably
Ni 240 223 228 involved in petrogenesis
Cu 31 31 30 of lamproites, including
Zn 80 78 75 small degrees of melting
Ga 18 18 17 with a variety of major
Ge and accessory residual
Table 2 continued Phases, fluid activity,
As 4 5 3 source metasomatism,
Se etc., it is not surprising
Br that there should be such
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Rb 336 330 313 a range of trace-element
Sr 1710 | 1720| 1720 abundances. Perhaps
Y 18 19 18 more surprising are the
Zr 1350 | 1360 955 geochemical similarities.
Nb 96 97 87 The Webster Peakslyke
Mo differs in being silica
Ag undersaturated (Ol, Lc,
Cd and Ne-normative), and
Sn 2 7 2 having higher Ba and Rb,
Sb and lower Ti, Na, P, Sr,
Te and Zr than the Mounts
Cs Bayliss and Rubin
Ba | 5450| 5340 5320 dykes([12].
la | 211 | 211 | 204 The  gaussberg
Ce 343 343 334 Iampr0|_tes, like the other
Pr Antarctic examples, are
NG noteworthy for their very
ot high Ti, K, P, F, Rb, Sr,
Zr, Nb, Ba, La, Ce, Pb,
Ta Th, and U. Al, Ca, and Na
Tl are relatively low, anang
PP 42 66 37 values are high (0.69-
BI 0.71). Cr and Ni contents
Th 33 35 28 are  moderately high,
U 3 4 3 similar to the values in

Data sources: 1-13, Miyamoto et al. (2000); 14418, i niti ey
unpublished data by M.Sandiford & E.Grew: 17-ppPrimitive, little

Sheraton & ~“fractionated basal_tlc
* - by microprobibg; ** - includes 0,89 BaO and 0,06"0cks.  Compared W_|th
NiO. other Antarctic

England 1980; 23, Mikhalsky et al. (1994); 24Jamproites, the Gaussberg
Munksgaard et al. (1992); 25-35, unpublished data kycks (which are  much

J.Sheraton; :
’ . younger) are relatively
36, Sheraton & Cundari (1980). enriched in K, but

Data obtained mostly by XRF in different )
laboratories; F¥ by wet chemistry (when depleted in P, CQ Sr,
determined); Yr, Nb, and, to lesser

* total Fe as Fe203; Li, Be by ICP-MS, B by ICP-extents, Pb and U, but not
QOEOSO,)F by ion-sensitive electrode (Miyamoto et al.Th, Gaussberg lamproites
show the pronounced enrichment in+8p and SmNd isotopic systemsing(0)=
-13 to —-15, S&= 0.7092-0.7109 [4]. Ju the model ages of 1280-1220 Ma are
thought reflect the minimum age of the mantle seuemrichment processes,
whereas Williams et al. [25] calculated enrichmages of 1.4-1.8 Ga employing
Pb isotopic assumptions. Crustal xenoliths yielgh Thodel ages of 2.4-2.5 Ga.
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The Gaussberg lamproites show distinctive lead oot characteristics
(*PbF*Pb= 17.5895°°"Pbf*Pb= 15.66Z°°PbF*Pb= 38.440) similar to those of
the Western Australian lamproites [13]. These awthooncluded that the
lamproites from both areas were derived from aneextly ancient mantle source
region which had high U/Pb early in its historylldoved by a more recent
lowering of U/PDb, relative to the array shown bga island basalts and MORB.

Comparisons between the Antarctic lamproites fréma &reas described
above show that there are significant systemafferénces in rock composition.
Thus, Tonagh Island rocks are characterised bylynegther in Ca, Cu, Pb, and U;
Hydrographer Islands rocks by higher in Si, Al, &w®] but lower in P, Ni, Rb, and
Sr; and Priestley Peak rocks are higher in V anda@d lower in La and Ce; the
Prince Charles Mountains rocks tend to be highijmaid low in Sr, La, and Ce.

A number of hypotheses have been proposed to acdourthe very unusual
chemistry of potassium-rich mafic rocks. Probalilg tmost favoured are those
involving low degrees of partial melting of the Kreched (phlogopite-bearing)
mantle source, some authors suggesting that Kdeased from the subducted
oceanic crust. In any case, it seems necessarystulate the mantle source
enriched in K and other lithophile elements to artdor the observed lamproite
compositions.The presence of phlogopite can exdlanextreme enrichment of
some elements (K, Ba, Rb), but the high conceptratiof others can only be
accounted for if the phases such as apatite (FSrF.Th, U, and LREE) and
perovskite, ilmenite, or rutile (Ti, Nb, Ta) aresalpresent in the mantle source.
The melt composition is generally regarded as beilggpendent on fluid
composition and partial pressure. Tht carbonateifigpaAntarctic lamproites
(except Gaussberg) were probably derived undeeldheated CQpressures. Most
of the observed geochemical differences betweervdhieus Antarctic lamproite
groups may be due to mineralogical differences betwthe source regions,
together with varying fluid composition and deptbt melt segregation and
crystallization.

None of the Antarctic lamproites seems to have mepeed significant
crustal contamination, although fractional crystalion is likely to have modified
most of rock compositions to some extent, only@&aeissberg rocks representing
near-primary magmas.

In general, lamproites have been recognized in imbtacratonal (either old
stable cratons or recently stabilized ones) anatively mobile (young fold-belt
terranes) tectonic environments, in some casesighpssvolving subduction
processes. It is noteworthy that the western péarttheEnderby Land has
experienced some Late-Neoproterozoic to Early Batsie thermal activation, as
evidenced by pegmatite intrusion and resettingatoipic systems, and much more
pronounced tectonothermal activity (ductile defdiores, high-grade
metamorphism, and granite emplacement) of thisiageell documented in the
neighbouring terranes to the west (Lutzow-Holm B&gr-Rondane Mountains,
central Dronning Maud Land [7, 22, and referendexdin]. These areas are
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intruded by Early Palaeozoic high-K dykes of langdrgric, rather than lamproitic,
affinities [5, 6]. This fact may provide some irglit evidence for the Enderby
Land lamproites being related to Pan-African attiim the Mozambique Belt and
its continuation in theAntarctica. Lamproites iretlPrince Charles Mountains
cannot be so readily related to orogenic procesdégugh their compositions are
generally similar to those in Enderby Land. Howewerecent years evidence has
emerged confirming Pan-African tectonic activitythe Prince Charles Mountains,
especially in its eastern portion. Thus, it is gassthat only the Gaussberg
lamproite was generated in a truly stable withiatg@ltectonic environment, in
spite of the puzzling fact that it is located rigtitthe edge of the East Antarctic
shield, on a possible continuation of the Kergudien

Acknowledgements'he authors thank E. Grew and M. Sandiford favping
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HIGH-MAGNESIAN VOLCANIC ROCKS
OF THE PRECAMBRIAN IN RUSSIAN FENNOSCANDIA

V.S .Kulikov, V.V.Kulikova
Karelian Research Centre of RAS, Petrozavodsk, Russia

A broad range of high-magnesian volcanic rocks of differgiet @Palaeoarchean,
Mesoarchean, Paleoproterozoic, Mesoproterozoic) and belonging tereniff series
(boninite, komatiite, tholeiite-picrite, meimechite, kamafugite) reesrded from the eastern
part of the Fennoscandian shield (Russian Fennoscandia). Theseanatkheir intrusive
comagmatic rocks are linked to deposits and ore occurenazpér, nickel, chromites,
PGE, diamonds and other minerals. Recent data on the geochemisggachronology of
high-magnesian magmatic rocks [21, 34, 36, 37] enable their correlation and ideotifaf
their connection to certain geological events of the regionaglmbeél scale. Analysis of the
chemical compositions of Precambrian magmatic greenstonedneltsift zones from the
Fennoscandia showed that three elements such as Al, Ti and lfigearelated, permanent
antagonism between the first two elements being characteristic.

INTRODUCTION

Geology of the South-East Fennoscandian Shieldased on a broad
spectrum of Precambrian magmatic rocks ranginggm from the Early Archean
to the Phanerozoic.

Some relics of the oldest strata were dated byopsotmethods on the
southeastern margin of Fennoscandia. Its eastetnspach in magmatic rocks of
the Upper Archean greenstone belts overlain byBaedy Proterozoic volcanic-
sedimentary complexes that form various structfires rifts to gently dipping
trough-like depressions and evolved through the dveis. The western and
southwestern parts of Fennoscandia consist of Reeellan and Riphean
complexes. Phanerozoic magmatic rocks are knowherScandinavian and Kola
peninsulas. Cenozoic ore nodes have been datedagaCstructure. It is advisable
to discuss the composition of SE Fennoscandian ratgmocks, their origin and
evolutionary characteristics using a new geochugiodél scale based on galactic
years (Table 1) and to combine the national stapigic scale accepted for the
Precambrian in Russia, Finland, Sweden, and Nomthythe chronometric scales
accepted for the Archean and the Proterozoic byntieenational Sub-Commission
on Precambrian Stratigraphy [11]. In the scale psep by the authors, numerous
geological events described and published in differcountries and dated by
various isotope methods are taken into consideralibeir scale has no substantial
discrepancies with the main boundaries used inrtenational Scale. The quasi-
uniform motion of the solar system in the galaxgn@ with a period of revolution
of ca. 215 million years is postulated [27]. Thelsecis based on the cyclic
repetition of planetary-scale diastrophism in adeoce with the laws of
synergetica that reflect the dependence of a systeank on cosmic effects. It
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comprises "a multi-level hierarchical system ofsatilon cycles differing in
rank and duration" [16]. Each galactic year falidoi four periods: summer
(apogalactic - 85 Ma) rich in disastrous eventsriang everywhere (meteorite
bombardments, planetary-scale structure-forminggsses, and indicator mantle
magmatism); autumn (50 Ma) with indications of xeld tectonomagmatic
processes (various facies of metamorphism, graniieore formation, etc.); winter
(perigalactic -30 Ma); and spring (50 Ma) with apuadance of sediments of
various facies (from pelites and dolomites to conwgdrates), large-scale
gladatonsand active magmatism. Each year one or another ébrcarbon such as
black shale, shungite, oil or kimberlites is masiéel. Two pregeological and
twenty-two geological galactic cycles (years) aistigiguished. The authors
propose the term "galacton" for a combination ofolggical structures,
magmatites, sedimentary complexes, etc., forméldamalactic year. According to
the model of heterogeneous Earth accretion, the& fivo galactic years are
characterized by the consecutive fractionation aftgplanetary matter at the
meteorite level from coaly to ferruginous [2, 3, 15,](See Table 1). Since Earth
formation time, galactons have been reflectingabmplex differentiation history
of this matter, which condensed and accumulatedhé& same order to form
protogeospheres: the nucleus = iron meteoritedpier mantle == iron and iron-
stone meteorites; the upper mantle = chondrites emaly chondrites. The
evolution of magmatic parent melts formed in theggperes has a certain pattern
and can easily be traced by studying Precambriargnmatites of the
Fennoscandian Shield that occurs in the complexXedifterent Archean and
Proterozoic galactons.

Principles of designing a galactic scale of geaabiime:

1) Geological time is divided into equal interv&%5 Ma long, which
correspond to an average sidereal galactic yeal).(Ghe initial GY ages in the
basis of aeons and eras must be in the maximumbpossgyreement with the
accepted geochronological boundaries of the latter.

2) The names of the GY are derived from Greek {shancient Greek)
words the meanings of which reflect the global ¢év@onsidered characteristic for
the time in question.

Benefits of the new scale in relation to the IC8&es Geological time in the
new scale is divided into intervals on the scigcdify - founded (astronomical)
basis. In the ICSP scale the division was made meafly and lacked
geochronological data. The new scale is divided imare fractions in its pre-
Proterozoic part. It is relevant to the presentgetan the development of
Precambrian geology and geochronology and enselieble correlation of global
geological events at the galactic year (superpgriedel. The new scale is
common forthe whole geological time and eliminates the exgsitontradictions
between Precambrian and Phanerozoic scales. Thescedes offers great promise
in the study of the Precambrian (cycles, trends amibrmalities in the Earth's
evolution, etc.) regarding a different approacthdivision of geological time.
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THE MAIN CHARACTERISTICS OF THE GEOLOGICAL
STRUCTURE OF SW FENNOSCANDIA

Paleoarchearf> 3.15 Ga) time (in Karelia - Saamian, Chudianglfn)
supracrustal

complexes, descrided from different shield all otrex world, are preserved
solely as relics in younger granitoids. The Volotskite recognized in the
Vodlozero gneiss complex is proposed as the EArlghean stratotype of the
Fennoscandian Shield. This is due to the geologis@lcture, detailed
stratification, composition, and isotopic age &f amphibolite constituents which
iIs more than 3.2 Ga.

Their reconstruction is possible in soareas unaffected by late deformation
and anatexis such as Lake Volotskoye in the Arcéiskgdistrict where the
Volotsk suite isrecognized [9]. The ca. 4-km - thick suite congzbsnainly of
amphibolites after basic to ultrabasic volcanicsuos largely in the northeastern
part of the Vodlozero block. Structurally, it fasnthe Cherevsky greenstone belt,
which is discordant with the Mesoarchean (Lopian)m8zero-Kenozero
greenstone belt [7]. The isotopic age of the abnglies determined by the Sm-
Nd method is 3391+76 Ma [18]. It probably indicatesertain metamorphic
episode. The isotopic age of the tonalites, whightlee amphibolites is estimated
to be 3.2-3.5 Ga mainly from zircons using the U-Riethod [13]. The
stratigraphic subdivision of the Volotsk suite iasbd on the composition and
texture as theseeaters most conservative characteristics of rocks durregional
metamorphism. The suite is divided into thin amphib units after tholeiitic
basalts (1-2 flows) and komatiitic basalt flows eTkomatiites, seeis 0,1 — 1,5 m
- thick flows witha distinct top zone, form four units occurring iretiower part of
the sequence. Although the units are apparentigegran a uniform manner, the
komatiitic basalts pass clearly into tholeiitic balés, and the amount of total iron
as well as titanium increases. 40% of the rock mallgradually increase in size
toward the lower part of the augen zone. Less dfiere are flows in which the
largest augen are observed in the central parhefzbne, their size decreasing
toward the top and bottom. Finally, the augen mayapproximately of the same
size throughout the thickness. Downsection, theaugne gives way to a massive
zone with uniform texture. The contact between eéhssnes is always sharp and
usually is traced by the fusiform segregationsunfesn material. In some flows, the
massive zone may be absent. (60-80%) and serpefiir¢5%); hornblende,
chlorite, and magnetite are present in small anguftie augen structure of the
underlying zone is caused by the presence of fusifand lenticular blebs of
antigorite, 0.2-0.8 1-4 cm in size, oriented subparallel to the cantdéndividual
'bodies and the
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Table 1.
GEOLOGICAL TIME SCALES

(A - after the International Subcommission on Precambrian Stratigraphy [1
B - V. S. Kulikov and V.V. Kulikova [11]

B
GALAYEAR Comments to the names of galayeprs
EON ERA PERIOD EON ERA |(SUPERPERIOD) (translated from Greek)
Quaternary NOETIAN **2  NOETIAN - intelligencs
Cenozoi Tertiary Cenozoic understanding  (noetis):  plaiaey
65 NT rifing was accompanied by dh
144 emergence of primates, the ionosp
Mesozoic Cretaceous Mesozoic [140" and the information sphere
Jurassic PHYTONIAN **PHYTONIAN - plant  (phyton)
®) 245 Triassic @) "plant revolution”
O Permian o) PT *PHOSPHATIAN — phosphates:
8 360 8 355 accumulation of phosphoritic
5 ~ [Carboniferous 5 _ formations, “skeletal revolution”
<ZE Paleozoic De_vo.n'an <z( Paleozoic PHOSPHATIAN *QRYOGENIAI\!-lce (cryos) and
T Silurian T origin (genesis): evolution of globa
o Ordovician o PP glaciation
570 Cambrian 570 *TONIAN-extension (tonos):
65d CRYOGENIAN ormat_ion of extension zones and rift
Neo-  |CRYOGENIAN Neo-proteroCG genesis _
proterozoic 85( zoic  [785 STENIAN-narrow (stenos):
formation of narrow, intensely
TONIAN deformed and metamorphosed zongs
% 1000 TONIAN S 1000 TN *ECTASIAN-distribution (ectaxis):
N 8 videning of platform cover
8 STENIAN 8 STENIAN *CALLYMIAN - cover (callymma):
w w Meso- SN accumulation of platform cover
o) 120q |5 | protero-zoi1215 *STATHERIAN - stable (statheros)
o Meso- | ECTASIAN | |x ECTASIAN stabilization of cratong/epsian)
Proterozoic 1404 |* ET *OROSIRIAN — mountain range
CALLYMMIAN 1430 (orosira): orogenic processes
1645 (ludikovian-kalevian)
1600 gﬁL'—YM'AN *RHYACIAN-lava flow (rhyax):
intrusion of layered massi{gatulian)
STHATERIAN STHATERIAN [*SIDERIAN —iron (sideros):
180d ST accumulation of iron formations
1860 (sumian-sariolian)
OROSIRIAN
g OROSIRIAN OR
N Paleo- 2075
5 205 protero-zoid
2 RHYASIAN
g RHYACIAN RC
T 2290
o
SIDERIAN
230( SD
SIDERIAN
2500 2505

! Figures (Ma) indicate the geochronological bosder

2*. The Name after the International SubcommissinrPrecambrian Stratigraphy [19];
** - The Name after V. S. Kulikov and V.V. Kulikovd 1].
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Continue of Table 1.

2500 2505/ Neo- [CRATONIAN **CRATONIAN-hard, rigid ’I‘
Neoarchear archean (crathos): completion of Archea
2720 CT sialic crust formation
280(¢ (emian)
CHABOUSIAN
CB ** CHABOUSIAN-waterbody,
Meso- Meso- 2935 basin (chabousa): first big
archean archean CHLORO- _ |Witwatersrand-type platform
PETRIAN basins(vesian)
cP *CHLOROPETRIAN — green
3204 3150 (chloros) and rock, stone (petra):
global greenstone belts
(lopian)
<Z£ ** GNEISSIAN — gneiss
Paleoar- w GNEISSIAN (gneissose): formation of gneisgc
chean 5 GS textured rocks,
g:: 3365 including some “grey
360( Paleo- MAGNESIAN gneisses(skoltian)
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cummingtonite schistosity within the sequence. €higlebs constitute 10 to
40% of the zone volume and are embedded in a giastiab aggregate of
cummingtonite and hornblende. The massive lowee zairthe flows is relatively
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uniform and consists of a granoblastic aggregateuaimingtonite and antigorite
(serpophite?). The content of the latter increfses 40-50 to 70-80% toward the
lower part of the massive zone of the flows anadh isereduced again to 30-40% at
the very base. The textures apparently were prablasea result of at least three
stages of metamorphic transformations. In the §tage, the igneous structures of
the augen and massive zones, probably, corresppninthe spinifex and
cumulate zones of classic differentiated komafimgs, were pseudomorphously
replaced by serpentine. In most regions where Bathean komatiite lavas are
developed, alteration went no farther than thigestdn the second stage, one of
prograde metamorphism, probably under high-temperaamphibolite-facies
conditions, the primary textures were deformed ahd pseudomorphs of
serpentine were recrystallized, forming lenticutaganoblastic blebs of olivine
embedded in a matrix of fine grains of cumming®@m@Ehd hornblende. In the final
stage of retrograde transformation, the lentichlabs of granoblastic olivine were
again serpentinized and blue-green hornblende hludite were developed at the
expense of cummingtonite and high-temperature hendle. Relics of
pseudomorphously replaced granoblastic olivinepaeserved very clearly in the
massive zone and less clearly in the zone with rawggricture. Komatiitic and
tholeiitic metabasalts, which constitute most oé thection of the supracrustal
sequence, form flows with massive or pillow struetuAs a rule, the pillowed
upper part of the flows is highly schistose, defedmand abundantly injected with
silicic material. The lower massive part of thewfis much better preserved. In
petrographic respects, the metabasalts are a famifprm group of rocks; their
mineralogical composition apparently reflects aitlth range of composition of
their igneous protoliths, and in part is relateduperposed processes. They consist
of a granoblastic aggregate of blue-green hornlg@leddveloped after early brown
hornblende, and plagioclase, more or less saugedgriand albitized. Quartz, an
opaque mineral, epidote, sphene, and apatite arelfas accessories. The super-
posed processes are manifested in chloritizatidnotitization, actinolitization,
and epidotization.

In_Meso- Neoarchean (_Lopiar(B.15 - 2.505 Ga)(in Karelia — Lopian,
Vesian, Emian) time, high-magnesian magmatism efipminantly komatiite and
lesser tholeiite series is related to the protatételopment stage of greenstone
belts [5, 25]. Best preserved are KamennoozeroTakgha (Sumozero-Kenozero
greenstone belt) [7,10], Koikary in Vedlozero-Segoz greenstone belts [23],
Kostomuksha [1 et al.]. The reconstructed thickne$s komatiite-tholeiite
assemblages varies from 1.6 km in Kostomukshaddk# in Kamennoozero. At
that time magmatism was mainly remarkable for tlieuaence of spinifex-
structured komatiitic basalts, most common at the032935 Ma super period, and
the low metamorphic grade of basic to ultrabasaksd5]. Intrusive comagmatic
rocks are usually represented either by ultramafis and stocks (e.g., the
Kamennoosero) within the belts. Some contain Cotlideposits (e. G. Vozhma).
The emergence of sodium granites-trondjemites (Z¥Z» Ma) and potassium
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granites (2720-2505 Ma - neoarchaean) in acid magmas also noteworthy.
Another important event of that in water bodiesuatabn conditions changed to
oxidationconditions [1].

The Sumozero-Kenozero greenstone belt in the SBdseandian Shield is
~400 km long and up to 50 km wide and includes tmain units with a total
thickness of ~5 km [7]. The lower unit consistsogEanic plateau-type submarine
mafic-ultramafic lavas [10]. Lopian rocks form ediof local greenstone structures
which are included in the Sumozero-Kenozero andh¥iazVygozero greenstone
belts [25]. Best preserved are the KamenoozeroTakgha structures, which are
dominated by meta-effusives and meta-sedimentheoMozhma series having a
total thickness of 5-6 km.

This sequence includes numerous flows of komatates$ komatiitic basalts.
Lopian komatiites with well-preserved spinifex terds have been found in the
region of the Kumbuksa river [10]. Layered lavaw$o with well-developed
cumulate, spinifex and flow-top breccia zones arposed in this region.
Greenschist-facies metamorphism has resulted inplsten replacement of the
magmatic minerals; however, the texture is welspreed and readily enables the
primary mineralogy to be reconstructed. The lowanez which is several metres
thick, is composed of a serpentinized peridotitthwelics of cumulative texture.
The gradual upward transition to the spinifex zenmarked by the appearance of
blade-like olivine aggregates up to 1.3 mm in langlongside the euhedral and
pointed crystals of clearly cumulative olivine. Theres of these olivine blades
were often filled with glass, which is now represehby fine aggregates of talc
and tremolite. The spinifex-textured zone couldsiddivided into four layers,
each about 25 cm thick. The first and third layérem base to top) have a
lenticular appearance. These lenses, which are (g®tcm long and 12-15 cm
thick contained blades of olivine oriented approxtiety normal to the layering.
Inside the blades magnetite crystals occur alorgtdres. These lenses are
bordered by olivine blades up to 50 cm in lengthe Tsecond layer contains
extremely large (up to 1 m long) feather-like biaaé olivine with a thickness of
not more than 1.5 mm. Usually these blades forndlasnsituated subparallel to
the layer boundaries. Dendritic crystals of madeetnd chromite sometimes form
lattices on the olivine faces. The uppermost lapethe spinifex-textured zone
contains angular fragments 1.5-25 cm in size. Tlfreggnents consist of euhedral
or less commonly elongated olivine crystals surdmehby a completely altered
glassy groundmass. The material between the fragmemnsists of spinifex-
textured komatiite, with packets of olivine crystal -3 cm in length and 0.5-1 mm
in width. Magnetite crystals form chains within tbevine plates. Between the
plates, small (1 XO.l mm) needles of clinopyroxeeglaced by actinolite occur at
an acute angle to the olivine crystals. The tofhefflows consists of breccias with
rounded clasts 1-12 cm in size, only slightly dasgld with respect to each other.
Within the clasts rounded grains of olivine up tonin in size are observed. This
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breccia zone is about 10-25 cm thick. In additionhie layered flows with a well-
developed spinifex texture, others with only a v&@ganing are also present.

These Lopian rocks are intruded by ultra-maficsbbgas and the later
plagiogranites, which are accompanied by rhyolitd gnyodacite veins as well as
small granitoid intrusives, the zircon ages of whare about 2.8 Ga [25]. The
upper unit is made up of island arc-type volcan&DIR (basalt-andesite-dacite-
rhyolite)-series rocks anddakite-series subvolcanic rhyolites. Both units are
separated from the 3.2 Ga TTG-gneisses of the VBthak microcontinent by
major thrust zones [9, 34]. U-Pb zircon age of 2&87%/a for the upper unit
BADR-series felsic volcanic rocks, and Pb-Pb andNBimages of 2892+130 and
2916+£117 Ma for the lower unit komatiites and bissale in good agreement and
correspond to the time of emplacement of both secpse Komatiites of the lower
unit were derived from a liquid containing ~30% Mg®at erupted at a
temperature of ~1570°C. The komatiite liquid begmmelt at depths of 300-400
km in a mantle plume. The plume was some 250°Gzhttan the ambient mantle
and had the thermal potential to produce oceanist evith an average thickness of
~35 km, which was at least in part unsubductalie. [dwer unit mafic-ultramafic
lavas have higheNd(T) of +2.7+0.3, relatively unradiogenic Pb iso¢o
compositions |f; = 8.73+0.20) are depleted in highly incompatiblenents and
show Nb-maxima (Nb/Nb* = 1.2+0.2, Nb/U = 43+6) [31hese parameters are
similar to those found in a number of early Precaamb uncontaminated
greenstones and in recent Pacific oceanic floodltsag hey are regarded as plume
source characteristics.

The Sumozero-Kenozero greenstone belt revealsograstence of fragments
of unsubductable oceanic crust represented by diverl unit mafic-ultramafic
volcanic sequences, and the products of subduotiated magmatism of the
upper unit. This observation is reconciled withirsiagle model implying that
overthickened plume-generated oceanic crust was ifitruded and overlain by
mafic and intermediate-felsic melts coming from baubducting slab and
overlying mantle wedge and, later on, accreted no abducted onto the
microcontinent of the Vodla Block.

In_Proterozoic time (2.505 - 1.65 Gdjennoscandia was a part of the
Laurasian craton, and the evolution of magmatisifleced their common
evolutionary trends. The Paleoproterozoic is regwesd by the following
galactons (on regional stratigraphic scale) - pgegperiods: Sumian-Sariolian - 2.5
- 2.29 Ga; Jatulian - 2.29 - 2.075 Ga; Ludicoviaad¢ian - 2.075 - 1.85 Ga, and
Vepsian - 1.85 - 1.65 Ga.

In the Sumian-Sariolian (2505-2290 Maine high-magnesian magmatism
was apparent at the protorift evolutionary stagthefFennoSarmat protoplatform.
Volcanics of the komatiite series have been maiaported from the Pechenga-
Varsuga, Lapland, and East Karelian (Vetreny) pift¢o The most abundant lavas
in the region are the komatiitic basalts, which exposed over 5000 Kithe total
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thickness in some places exceeding 6 km. They phplmuilt up a single rift zone
extending for more than 1000 km. Unlike those dbedr above these rocks are
quite fresh in places and contain abundant reliceagmatic minerals. Lava, tuff,
and vent facies are distinguished [20].

The layered peridotite-gabbro-norite terrains, WhaontainCr, Ni, Cu, V and
PGE, and widespread in the Kemi — Koilismaa - Kuazero, Burakovsko-
Monastyrskaya, Koitelainen, and Pechenga — Monchéarsuga, Kiy should,
probably, be viewed as intrusive facies of high-nesgjan magmas. The above
magmatic units are thougi be either the boninite or komatiite series. $mal
scale magmatism was apparent (Lehta structure). idteeny belt in the SE
Fennoscandian Shield is a large volcano-sedimebi@sin containing a 4 to 8 km
thick sequence of basaltic to komatiitic lavas,ahhivere erupted ~ 2.45 Gy ago in
a continental rift setting during the interactionaomantle plume and the Archean
continental crust of the Karelian granite greenstmamrane.

In the central Vetreny Belt, an extensive 110 mpd¥etoria’s lava lake is
exposed consisting of remarkably fresh differeatiakomatiitic basalt. During
eruption, the liquid had a temperature of 1380-2@08nd contained ~15% MgO.
The lava was ponded in a large topographic demessoon after eruption. The
differentiation of the lava lake was controlleddsttling of transported olivine and
chromite phenocrysts and caused the prominentialtéayering. The last portions
of the trapped liquid crystallized at temperatucéds1250-1070°C. A Sm-Nd
isochrone of 2410+34 Ma for whole rock samplesyioné, augite and pigeonite
separates from the lava lake provides a relialdienate for the time of formation
of the uppermost sequences in the Vetreny BeltOReasotope data for olivine
cumulate samples and chromite separates from tlheoni4 lava lake and the
Golets flow 3 define isochrones with ages of 2387#nd 2432+34 Ma,
respectively. This age is in good agreement with$m-Nd and Pb-Pb isochrone
ages of 2449+35 and 2424+178 Ma for the volcanicksofrom the same
stratigraphic level in the northwestern VetrenytB&6]. Modeling of Nd-isotopes
and major and trace elements shows that the kdimdiasalts at Lion Hills may
have had a komatiite parent depleted in highly imgatible elements.

It can be shown that this initial liquid was contaated with 7-9% of
Archean upper crustal material from the adjacerdl¥@and Belomorian Blocks en
route to the surface, thus acquiring the observedclygemical and isotope
signatures including relative enrichment in Zr, Bad LREE, negative Nb- and
Ti-anomalies, andNd (T) of -1.

The Kalja flow described below is taken as an exarpthe lower Karelian
komatiites, which have not all been studied in itleTdis flow, which is named
after its exposure located near the Kalja rivethe Archangelsk district, is up to
100 m thick and has been chosen for its resemblemdbe layered komatiitic
flows of Canada in particular the "Fred Flow". Ashwthe previous group, the
primary rock textures have survived the metamomhwhich has destroyed all
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the primary minerals with the exception of a fevinapyroxene relics in the
komatiitic basalts. The following list shows fromptto base the subdivisions of
the flow, indicating where possible the relatiopshbetween the metamorphic
rock and its igneous precursor: brecciated konmatbasalt (5.0m); komatiitic
basalt with spinifex texture relics (50.0 m); nitsalt (10.0m); mafic metabasalt
(6.0m); metabasalt (6.0m); carbonate-chlorite-tdgmorock (3.5m); chlorite-
tremolite rock, komatiite (7.0m); komatiite with npdyritic texture (8.0m);
chlorite-tremolite rock, komatiite (0.5m)

The lava facies is composed of about 95% by volofie Vetreny Poyas
suite and includes numerous non-layered and spalagtred flows. The non-
layered flows Shapochka are composed of komati&salts with massive or
pillow structures 1.5-80 m thick. The layered floumially consist of the following
units (from top to base): 1) breccias and pumices-1.5 m; 2) komatiitic basalts
with olivine and clinopyroxene spinifex - 5-65 B8); basalts, olivine absent - 3-40
m; 4) cumulative layer - 0 — 15 m; 5) komatiiticsadt - 0.1-0.2 m.

Several varieties of komatiitic basalts and basatts distinguished which
differ in their mineral and textural features wghadual transitions between them.
Basalts are divided into plagioclase-free and plelgse-bearing varieties. The
major mineral in the rocks of the first group isnopyroxene (up to 40 vol.%)
often displaying chemical zoning with a high-magagsgeonite as the core. The
remaining part of the rock consists of the devédfglassy groundmass with
accessory Fe-chromite and sometimes sulphides.rMimounts of olivine (0-5%)
are occasionally present. The rocks have masseeddal, variolitic and rarely
amygdaloidal structures. Spinifex-like textures are this case formed by
clinopyroxene crystals. The plagioclase-containbagalts do not significantly
differ from typical basalts in their mineral compms and textures. Major
minerals are clinopyroxene and plagioclase (51-6frf% An), rarely olivine. Fe-
chromite, pyrrhotite, pyrite and chalcopyrite aocairid as accessories. The rocks
are characterized by their massive structure amphyatic, tholeiitic or pyroxene
spinifex textures. Komatiitic basalts consist oiviole (10-25 vol.%), acicular
clinopyroxene (0-20 vol.%), and glassy groundmagst¢ 80 vol.%). Fe-chromite
Is the most common accessory. These rocks havaveapslow or amygdaloidal
structures and olivine spinifex textures. Olivirteepocrysts are often characterized
by chemical zoning from kgin the core to Fg in the rims.

New isotope and trace element data are presentéariaatiitic basalts and a
related peridotite Vinela Dike from the large VeatyeBelt in the southeastern
Fennoscandian Shield [36]. The MgO contents ottiupted and intruded magmas
are inferred to increase from 13 to 17% towards déeter of the belt, which
implies the respective increase in liquidus temjpees from 1370 to 1440°C. The
elevated liquidus temperatures suggest that thesaif the komatiite magmas had
a substantially higher potential temperature (1€30than the ambient mantle
(1480°C) and are regarded as evidence for the eexist of a mantle plume
underlying the region at ~2.45 Ga. Magmas pardotahe lavas and the Vinela
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Dike were shown to have komatiite composition aretemderived from a long-
term LREE-depleted mantle source watld(T) of ca. +2.6. The obtained Sm-Nd
internal isochrone ages of 2449435 and 2410+34 dddHe lavas, 2430+174 Ma
for the Vinela Dike, and a whole-rock Pb-Pb age2424+178 Ma for the lavas
together with a U-Pb zircon age of 2437+3 Ma aeniatal to the reported U-Pb
zircon and baddeleyite ages for numerous mafieuul#fic layered intrusions in
central and northern Karelia. From their chemiaadl asotope similarities, it is
likely that these rocks had allied parental magriigse magmas may have been
emplaced in a continental rift setting during theeraction of a mantle plume and
continental crust. Impinging of a plume head beméhé continental lithosphere
resulted in its thinning, stretching, and riftifmt failed to open a new ocean. This
extensive magmatic event was responsible for ataotisl contribution of early
Proterozoic juvenile material to the Archean cosnital crust in the Fennoscandian
Shield.

In Jatulian (2290-2075 Ma) timea platform regime with terrigenous
sedimentation and plateau basalt volcanism atnit&li stage existed over the
entire territory [22].

In Ludicovian (2075-1940 Ma) time high-magnesian magmatism
manifested itself at the protoplate developmerttdes of the protoplatform during
the rift-forming epoch in the Lapland, Pechengaziga, Onegozersko-Rybinsk,
and Outokumpu-Kainuu protorift structures. Intr@esicomagmatic rocks are
represented by numerous mafic and ultramafic, a@caby nickel-bearing bodies,
associated with the picrite series. The Ludikoviagks constitute the lower
Zaonega suite and the upper Suisaarian suite. dbeefa suite has a thickness of
up tol800 m and is composed submarine volcanic, volcaniclastic and
sedimentary including clay-carbonate rocks, dolesjitshungite-bearing basalt
tuffs and tuffites with “black smokers” massivellgy and variolitic basalts. The
Suisaarian suite is up to 500 m thick (5 membard)ia made up of volcanic rocks
accumulated at shallow-water depths (basalt tuffel duff-conglomerates,
hyaloclastites, pillow and variolitic basalts, ies and picrobasalts). The rocks
were metamorphosed under the prehnite-pumpellytte gteenschist facies
conditions.

The parental magmas of the Suissaarian lavas oedltail0% MgO and were
derived from melts generated in the garnet stgldikid at depths 80-100 km. Sm-
Nd mineral and Pb-Pb whole-rock isochrone age®9@6124 and 1980+57 Ma for
the upper part of the plateau and a SHRIMP U-Rtpmilage of 19769 Ma for its
lower part imply the formation of the entire seqeemwithin a short time span [37].
These ages coincide with those of picrites in theheénga-lmandra belt (the Kola
Peninsula) and komatiites and basalts in the Kekasittild belt (Norway and
Finnmark). Average liquidus temperature of the kgra komatiite magmas is
1520+20C [32]. This implies that the ascending mantle matewhich was the
source of the Karasjok komatiites, was about®@5Botter than the surrounding
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mantle. The Karasjok komatiites share the same ald HREE-depletion
characteristics with the Suisaarian picrobasalts Rechenga picrites suggesting
that their parental magma formation also occurrethé garnet stability field. The
calculated depth of the komatiite melting initistiovas 240+40 km [31]. We
believe that the Karasjok komatiites were formea inot plume tail, whereas the
Onega plateau and Pechenga-Imandra Belt basaltpralbably the products of
melting in a cooler plume head [28]. The Ludikoviame head might have had a
diameter of ~2000 km, comparable to the head dizbenlargest extant plumes
such as the Iceland plume [29].

On the other hand, modern analysis of its geolbgsucture has
demonstrated: 1) “encircling” of the Onega platesamme 150 km in diameter by
carbonaceous rocks — dolomites; 2) wide distrilbutod shungites owing to the
reducing environments of unclear nature, in clossoaation with basic rocks,
predominantly dolerite sills; 3) development in ssuth-western part of a narrow
zone of the so-called “Solomenskaya breccia” fadescribed by F. Levinsong-
Lessing [5]; 4) lamproite-like rock bodies in thentre of the plateau [26]; 5)
repeatedly rejuvenated Se-U-V ore deposit througltbe ring structure area.
These facts can be interpreted as the formatioth@fOnega astroblemn the
Suisaarian period that had considerable effectuothdr evolution of the whole
region. If the search for stress-minerals and otheicator elements in the
“Solomenskaya breccia”, as well as new dating gretiying of the formation
sequence of the “reduced carbon (shungites) — nademus carbon (dolomite)”
are successful, then it may notably change oursiadg¢aboth the genesis of the
Onega plateaand the mechanism of the Ludikovian plume initiatio

In Kalevian (1940-1860 Ma) timenafic-ultramafic magmatism was most
apparent as the intrusions in the Svecofennianipecevof the Fennoskandia and
was more limited in the Kola — Lapland - Kareliaroynce. The polyphase
alkaline-ultramafic rocks with Fe, Ti, P and otheccurrences and deposits
(Gremyakha-Vyrmes, Yeletozero-Tiksheozero) areriotstl to a NNE-striking
line, which shifts the above suture and probabdlydates a transform fault.

In Vepsian ( 1860-1645 Ma) tinrmeafic magmatism was apparent as gabbro-
dolerite sills and islandite (?) and others in 8waith Onega trough.

In the Riphean (1645-650 Ma) tinadkaline magmatism of alkaline series is
apparent as thin lamproite and kimberlite veinsthe (Girvas-?), Zaonezhie,
Kostomuksha, Vetreny Poyas, and Ladoga zones.

PETROCHEMICAL SERIES OF MAGMATIC ROCKS

The chemical compositions of Precambrian magmaticks from the
Fennoscandian Shield and other regions were arthlydegese magmatic rocks
suffered mineral alterations over a broad rangemetamorphic facies from
greenschist to granulite. Therefore, their primaomposition is preserved and
represerved by the chemical composition of the.rétlere are various factors that
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characterize magmatic complexes and are responsislethe evolution of
magmatism. However, the behavior of the most iaknnents such as Al, Ti, Mg,
REE, etc. is one of the main factors. Three impadrpgetrogenic elements such as
Al, Ti, and Mg, characterized by the consistentagohism of the first two
elements, were found to be interrelated.

The shortcomings of modern classifications of hygimlagnesian volcanites
[4, 17, 12] do not allow adequate division of tBgamined formations in
Northwest Russia. The authors suggest new binagsification diagrams: Ig
(Al,03:TIO,) - Ilg MgO [12] and AJO,/TIO, - MgO. The latter one is suitable for
the rocks with the MgO content > 9%. The boundaoiethe rock kinds within the
series in the basic-ultrabasic composition areeh wespect to Mgo content
(recalculated for anhydrous basis) obtained byissizdl treatment of the
representative body of the data (several thousasid)tare 9, 14 and 24% [5, 6].
Al,05:TiO, ratio is relatively stable and shows some signthefmodulus, which
has a certain value for rocks of different petrpbia series in the MgO content
range of 9-45%, olivine control being predomindatlivalitic - >70; boninitic —
70-30; komatiitic - 30-20 and 15-10; picritic — 60-and 6-4 (subalkaline);
alkaline-ultrabasic (meimechitic, kimberlitic) —148; lamproitic — 1.8 — 0.8). The
term "alumotitanium modulus" (ATM), which can beedsas an indicator at both
rock and mineral levels, is proposed forL@d:TiO, ratio. The above series are
well-defined in both the ternary diagram,@t-10x TiO, - MgO [6] an the binary
diagram ATM-MgO. A diagram, IgATM-IgMgO (recalcutd for anhydrous
basis) [12], is proposed to analyze and subdivigeentire spectrum of magmatic
rocks from acid to ultrabasic rocks, where the elets have nonlinear distribution.
It can be used to study the dynamics of changdhancomposition of igneous
complexes in individual structures on the basisawdilable information and to
forecast the differentiation of new, kenningitiadaierroalkali series. As the melts
evolve, all the elements, including the most iremes, are subjected to the multi-
factor effect of the system. Therefore, the mosjeaive characteristics are
revealed in logarithmic nonlinear space (in coaamtes) Ig(Ab0s:TiO,) - IgMgO
(mass. %, dry precipitate). Logarithmic scale iases the scope of the graphic
representation of the series spectrum: an anotiho@ienningitic) series is
distinguished at ATM>100 and a ferroalkaline sergedistinguished at ATM< 1.
ATM, established in the magma, persists in the sekes derived from it. If the
MgO content ranges from 5 to 9% with the moduleynvay from 3 to 25, a range,
which marks a boundary for all the above magmadrees, is established. In that
range, olivine control gives way to other mineralages (pigeonite, augite and
plagioclase). The ATM for rocks with Mg0<9% is imgely proportional to
magnesia and clearly reflects calc-alkaline andertmagma clans (Bowen
tendency).

The following relation is revealed at 45-9% MgOthe basis of experimental
data. The boninitic series is characterized by ftllewing association: olivine,
olivine - orthopyroxene, olivine — orthopyroxenglagioclase (analysis of deep-
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seated inclusions showed that spinel is an indicatomeral in kimberlites);
komatiitic series for Al-depleted (chondritic) wetres: olivine, olivine - spinel,
olivine — orthopyroxene - clinopyroxene (garnetars indicator mineral); picritic
series: olivine, pigeonite — augite - plagioclasagnetite is an indicator mineral);
alkaline - ultrabasic series: two olivines, twovole — spinel, two olivines —
orthopyroxene - spinel, two olivines - clinopyroger orthopyroxene - spinel,
olivine - melilite, olivine — spinel - melilite with magnetite as an indicator
mineral); ferroalkaline series: olivine - spinelivime — spinel - plagioclase (with
ilmenite and armalcolite as indicator minerals).ghdi- and moderate - Mg
magmatic rocks are separated by a combinationeottimposition trends for the
Skaergaard and other layered intrusions as wdlhag dike complexes reflecting
iron accumulation and a decline in ATM value frorhetanorthositic to
ferroalkaline series (Fenner tendency). The ovpitaptrend range is subdivided
on the basis of indicator minerals into the follogiizones (in terms of decrease in
MgO): spinel, pigeonite, and plagioclase zonesenes; augite and plagioclase
zones in the tholeiite-picritic series; pigeonipaégeonite-augite, and plagioclase-
pigeonite zones in the ferroalkaline series, wiieedatter is the composition zone
of magnetite, ointo two zones on the basis of the presence of laatite. The
minerals that have the same (pyroxenes, chromelgsn etc.) in corresponding
series have their specific alumotitanium modulusilocmed with the series (melt)
modulus. When experimental data on rock meltingeandrious conditions and
the results of the homogenization of gas-liquidusmons in intermediate and acid
rocks are plotted on the diagrams@d-10x TiO,-MgO and IgATM-Ig MgO, they
can successfully be used for the petrological staflymagmatic rocks. ATM
reveals the graded structure of any igneous bddg. & universal phenomenon.
The model is controlled by PT-conditions and thespnce of fluids, and MgO
content directly affects the melting temperatur¢hef melt. Based on experimental
data and information on deep xenoliths from theleanite pipes on the IgATM-
IgMgO diagram, the consecutive succession of rarkpiexes in the lithosphere
and asthenosphere and the dependence of their stimpoon substrate
composition can be modeled.

The high-magnesian rocks (Mg > 9%) of the Fennadiean Shield were
subdivided in terms of ATM into four petrochemicakries with specific
mineralization and ore deposits.

1. A Dboninitic series: ATM>30; magmatic rocks founoh some
Paleoproterosoic layered intrusions in North Karedin the Kola Peninsula, and in
Finland; deposits of Ni, Cu, Cr, PGE.

2. A komatiitic series: ATM - 30-10; some volcaniasd plutonics and
plutonic rocks occurring in the Archean greenstbaks of Fennoscandia and the
Paleoproterozoic rift of Vetreny Poyas in East Kard.apland in North Finland,
and Imandra-Varsuga on the Kola Peninsula; Ni déposu mineralization. There
Is in the komatiitic series of the Vetreny Poyashat average rock ATM: 17-19 in
clinopyroxene,10-20 in chrome, and 18-28 in spinel.
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3. A picritic series: ATM - 10-4 (3.5); volcanic @rplutonic rocks of the
Suissaarian (Karelia) and Pechenga (Kola Peninsalaplexes; deposits of Cu,
Ni, Ti. ATM of Onega structure picrobasalt is 5H7at of pyroxene is 3-5, and that
of chrome-spinel is 5-8.

4. A kimberlitic and lamproitic series: - ATM<3.8;Riphean diamondiferous
lamproite dike complex, (West Karelia, Zaonegye).

CONCLUSION

The magmatic series distinguished in Fennoscandiaracterize the
Precambrian evolution of the Earth most complet¢hge Table 1) and the
Phanerozoic time to a limited extent. The use ef ghoperties of the most inert
components Al, Ti and Mg as well as their relatlops for the study of the
composition of magmatic fluids has made it possible

1) to find the position of any Fennoscandian magmatck in the global
community of magmatic rocks and to determine c@aading petrochemical
series;

2) to elucidate the formation pattern of magmaitnplexes over a long
segment in the Earth's history with regards for #dl-known trends in the
formation of deep-seated intrusive units (Fennedéacy) and crustal units under
oxidation conditions (Bowen tendency);

3) to assess rapidly the approximate PT-conditadribe liquidus-solidus
range of magmatic rock.
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Based on available geological and geochemical information dratieeCretaceous to
Cenozoic magmatism of the Korean Peninsula, a regular chang®dhegnical signatures
of the basaltic magmas from the typical subduction-relateddia Cretaceous time) to the
typical within-plate ones (in Quaternary time) is shown. dé obtained suggest that there
existed two main basaltoid magmas sources pertaining to subdaciibio within-plate
processes. According to geochemical and isotopic evidence, the witlhén source was
located in the heterogeneous subcontinental lithosphere and deteth@nammposition of
basalts of various age. The proportion of the subduction componentgimargeneration
abruptly reduced at the boundary of the Cenozoic. This combined witlgeclva character
of volcanism from essentially felsic to essentially madE well as a migration of the
volcanic activity toward the east and northeast of the pewmiragidrd ground for suggestion
that in the Early Paleogene the style of tectonic environmethisrarea became different,
subduction was completed and rifting was starting to develop. Allofeinthe previously
published literature on the East Sikhote-Alin volcanic belt, data are suggestive of a
necessary correction for all current concepts on the tecerotution of the Eurasian
continental margin in the Cenozoic, timing and mechanism of the Japan Seaopeni

INTRODUCTION

The detailed geological and petrological studiethefEast Sikhote-Alin volcanic
belt carried out during the last decades [18, P].et al.] suggest that the present
views on the geodynamic evolution of the easternag&a margin in Cenozoic
time, including timing of the subduction cessatamm opening of the Japan Sea as
well as the cause and magma sources of the basallcanism should be
corrected. To understand these problems, the datgeology and geochemistry of
volcanogenic sequences of the Korean Peninsulaevheslogical setting in the
Late Mesozoic and Cenozoic was in many respectdasito those in the East
Sikhote-Alin region are of great importance. Begugnin the 1980s, the careful
geological investigations of both the northernl&l] and southern [13-17, 24 - 35]
parts of the Korean Peninsula have been carryuiy ldowever, the results
obtained were primarily published in the local stifec papers and are little
known to a foreign reader.
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The purpose of the present paper is to examineiatiuand summarise the
published geological and geochemical informatiorLate Cretaceous to Cenozoic
magmatism of the Korean Peninsula, with attempsdtve some controversial
points regarding petrogenesis and geodynamic regifhe main attention is
focused on the basaltic volcanism, as the mostnmdtve field of geology in

solving problems of magmatic sources and geodyreamic

GEOLOGICAL CHARACTERISTICS OF MESOZOIC TO
CENOZOIC VOLCANOGENIC SEQUENCES OF THE KOREAN
PENINSULA

Since the Middle Jurassic (180 - 155 Ma), after ¢b#ision of the Sino-
Korean, Sobaeksan-Hida, and Honshu continentalkkb]aihe Korean Peninsula
was a stable craton that has not been subjectetmunced rotational or spatial
displacements [20, 12, 17, et al.]. Most of theipsma belongs to the Sino-
Korean platform, only the northeastern and northeresits parts are incorporated
into the Sikhote-Alin and Catasiatic fold beltsspectively [5]. Volcanic activity
within the peninsula is traced from the Late Jucagbout 135 Ma), when, with
the beginning of suduction of the oceanic Kulaglaéneath Eurasian continent,
the Late Jurassic -Early Cretaceous volcanic deNarth Korea was developed
[4]. In Early Cretaceous time, the oblique suductresulted in breaking of the
volcanic structure, a displacement of its sepafi@gments and formation of a
series of syn-strike-slip basins, including the @ysang basin [17].

In Late Cretaceous time, with the beginning of sudhidn of the Pacific
oceanic plate, the South Korea - Japanese voltafti¢dormed in the southern part
of the Korean Peninsula. This belt is considerech asegment in the chain of
continent-marginal volcanic belts extending aloing ¢ast margin of Eurasia. The
occurrences of the Late Cretaceous effusives avekiin the southeastern portion
of the peninsula. Its K-Ar age ranges from 79 toMd, the youngest volcanites
occurring in the southmost part of the basin [9je lower part of the volcanic
section is composed of basaltic lava and aglontetaff that are underlain and
overlain by tuffogenic argillite [10]. More uppeeguence consists of basalts and
andesibasalts that are overlain by chemically maficanogenic conglomerates
and aglomeratic tuffs. The uppermost part of tleistisn is made up of andesitic,
and toward the top, of dacitic and rhyolitic volanocks. The total thickness of
the Late Cretaceous volcanogenic sequence is 1jed€rs [24], with the thickness
of the felsic constituent between 1,000 and 1,56€ers.

The formation of volcanic rocks in a regular sust@s from mafic to felsic
effusives and the predominance of the latter ovafiarvolcanites are among the
typical peculiarities of the Late Cretaceous voisam While, in individual cases,
for instance, within the Chugaryong rift valley dtltentral part of the Korean
Peninsula), green tuffs, tuff breccia, andesitémletitic and alkaline basalts
dominate [15].
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Eocene volcanic rocks are of limited occurrencey.(B). They are mainly
found within the Kilchu-Myocgchon rift graben ingmortheast of the peninsula
[1] as well as in the Pohang basin in the southigdstn the Kilchu-Myocgchon
rift graben, the bottom of the Late Paleogene secis represented by the
relatively thin (up to 150 m thick) bed of coal-beg terrigenous deposits
containing Late Eocene -Oligocene flora [1]. Thgher level of the section is
made up of volcanogenic sequence of about 1000ick which is conformable
on the underlying bed. Effusive facies are compadanassive lava flows in the
lower part of the volcanogenic sequence and of aapgdal, with a minor
amount of pyroclastics, in its upper part. Basglitsvail, but toward the top,
plagiophyric andesibasalts are found also.

Within the Pohang basin, the Middle Eocene stageotifanism (46-44 Ma)
includes basaltic lava flows and north-east treqdigkes of mafic composition
[24].

Japan Sea

126° 128° 130° 132
Fig. 1 Location scheme of (1) Late Cretaceous and (2) Bagene-to-Miocene volcanic rocks in

Korea. After [5], with the small supplements.

Up to the Early Miocene, a lull in volcanic actywibccurred in the area. The
Early Miocene effusives are mainly found in thécKu-Myongchon rift graben, at
some places of North Korea (the Pectusan, Voisajui¢e, Charien areas) as well
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as in the southern part of the Korean Peninsula Rbhang, Zhangi and other
basins) [1, 28].

In the central part of the Pectusan area the fratgnaf the Miocene section
(12-20 Ma), 40-50 m in thickness, are representethé alternating basaltic lava
flows and aglomeratic mafic tuffs [1]. The middlarpof the section (30-40 m) is
largely composed
of bedded terrigenous-tuffaceous deposits with esBamon basaltic flows. The
Miocene section is completed by mafic lavas (20a8@hick) represented by its
amygdaloidal, fine-porphyritic to subaphyric vaiest with the dominant
plagioclase phenocrysts.

In the southeast part of the peninsula, the Mioseheanic rocks are found in
the Pohang basin [24, 26]. They are composed oligxte andesites and dacitic
flows that are dated at 23 to 21 Ma and are chenaed by intercalation with
terrestrial clastic rocks [26]. The overlying dep®sconsist of marine and
terrestrial sediments alternating with sparse mafid felsic lava flows. The K-Ar
age of basalts is in the range of 21 - 18 Ma. §bidion is completed with marine
sedimentary rocks which are overlain by basalté alisolute age of 13.6 - 15.2
Ma and cut by felsic dykes [28].

Tha character of these basalts section is somediffatent from place to
place owing to changing voluminous proportionsuith &nd lava facies.

The final stage of the volcanism on the Korean i®ana began in the
Pliocene [6, 1, 5]. The volcanic activity continuedler the whole Quaternary
period. Its recent occurrences were recorded irvitirity of the Pectusan mount
and the Cheju Island. Relatively small volcaniddgemade up by young basalts
are met throughout the peninsula. The study of gdugsalts areas indicates that
there occurred eruptions of central type, but, withe Chugaryong rift valley as
well as in the Kilchu-Myongchon rift graben, th@rss of fissure type eruption are
present [5]. The special feature of the Quaterbasalts is a predominance of lava
facies over pyroclastics, essential variationssncompositions which are mainly
alkaline. Discrete sections differ structurally andhickness. In the north-east of
the peninsula, the Pliocene - Quaternary volcammpiex is represented by
bimodal assemblage consisted of basalt, andesipaasahyte, trachyrhyolite with
some variations in the voluminous proportions ddieeand mafic volcanics in the
different structures [1]. To illustrate, within tHeectusan area, the predominent
rocks are basalts which make up lava plateau, abereithin the Kilchu-
Myongchon rift graben, the bulk of the Quaternaggt®n is composed of alkaline
persilicic rocks which are overlain, and locallpderlain by basalt flows.

In the south part of the peninsula, the Quatereéffigives were examined in
detail within the Chugaryong Rift Valley and on t@&eju Island. In the former
case, volcanites of a K-Ar age of 0.27 Ma formaarow and extended (up to 95
km) lava plateau that is considered as the re$dilling with the lava material of
the ancient the Khantan River valley [30]. An agerahickness of the section
made up only of basalt ranges from 10 to 40 m. (Ttmckness increases slightly
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with approaching a volcanic activity centre. In fkeju area, the section of the
Quaternary effisives (0.9 - 0.035 Ma) is charaztstiby lava facies predominance
over pyroclastic material.

THE BRIEF CHARACTERISATION OF PETROLOGICAL
FEATURES

According to main petrochemical (low titanium did&i contents and high
contents of alumina) and geochemical (enrichmefdnge-ion lithophile elements
(LILE) and depletion in high field strength elemerfHHFSE) characteristics, the
Late Cretaceous volcanogenic formations of the &oreeninsula belong to high-
potassium calc-alkaline series [7, 13, 33, et @ahk characteristic feature of rocks
under discussion is weak negative Eu anomaly. Bakatated in lower parts of
the section have high Sr concentration and lowesdndf magnesium. The values
of S’/ SF° ratios range from 0.7054 to 0.7062 [35]. The digait ranges id *°
O values (from 3.1 to 7.6 %0) in andesites are preged to be the result of
meteoric water effect on oxygen isotope compositic).

Basalts of Eocene age are relatively depleted @, 0.7 - 1.3 wt. %) and
enriched in AJO; (17 - 21wt. %). Hence, they may be classifiedragenic series.
Total alkalis make possible to consider these bmsad transitional varieties
between alkaline and calc-alkaline series, whehggis K;O content (2.5-3.5 %)
and KO/ NgO ratios in range of 0.8-1.1 suggest that theyshoshonite [1]. High
ratios between light rare earth elements and heeug earth elements
(LREE/HREE), higher LILE contents, together with hagh-charged cations
deficiency (Ba/Nb=270 - 280; La/Nb=6.7 - 7.0), pd®v/evidence in support of the
last-named proposition. The pronounced Nb anomay typical of the
multycomponent diagram normalised to MOR basalt [1]

From TiG, contents (1.2 - 1.7 %), the Early Miocene basaithe Pectusan
area hold an intermediate position between theamiogand within plate series [1].
Basalts and andesibasalts are characterized bygla dikalinity in which Na
dominates in content @O/ NgO = 0.4 - 0.8). In comparison with the Paleogene
basaltoids, LILE enrichment and the higher cont€@B&sNb=37 - 47; La/Nb=2.1 -
2.7) of high fusible elements (HFSE) are the charastic features of the Early
Miocene basalts. The absolute REE contents and IREEE ratios are relatively
high (Lan/Smy = 2.3 - 3.3). In the Pohang basin located in théleast part of
the Korean Peninsula, the Early Miocene basaltsegmeesented by toleiites among
which the olivine, olivine-augite, and olivine-titaugite varieties have been
identified [26]. According total alkalinis, theseadalts are classified as high
alkaline toleiitic series. Although the contentsT00, and BOs are higher than
those in island-arc-related tholeiites, they shibe similarity with the latter in
enrichment in LILE and depletion in HFSE. The negatu anomaly suggests
that the plagioclase fractionation took plat&rf°sr and™**Nd/**/Nd ratios range
from 0.70385 to 0.70463 and from 0.512843 to 0.8528espectively [26]. The
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Late Neogene to Quaternary basalts known in théheast part of the Korean
Peninsula are represented by the titanium dioxcle-varieties. They involve
toleiitic and alkaline lavas characterised by sodiferences in contents of
incompatible elements and in LREE/HREE ratios. Toleiitic basalts exhibit
relatively high HFSE contents, whereas the alkalmel subalkaline varieties
display a small Nb deficiency [1].

According to geochemical signatures, the volcardmseloped in the south of
the peninsula are belonging to toleiitic and alkaliseries, the first-named
prevailing [34]. The alkaline lavas range composislly from alkaline basalt,
hawaiite, mugearite to trachyte and again to mutgear the upper parts of the
section [20, 16]. The toleiitic and alkaline basa#tre geochemically close to
within-plate lavas [32].

GEOCHEMICAL INDICATORS OF MAGMATIC SOURCES OF
BASALTIC MAGMAS

Petrogenesis problems of the Late Cretaceous tooZboen volcanic
formations of Korea were described in detail byPauclet with the co-authors
[24]. Analysis of the radioisotopes distributionables these authors to conclude
that there existed three main magmatic sources:d€pleted magma source
(DMM) and two enriched ones - (2) EM | and (3) EMThe origin of the Late
Cretaceous to Miocene high alumina basalts anche@fRliocene to Quaternary
within-plate lavas are considered as the resulmofing of DMM and EM I
isotopic components and DMM and EM | isotopic comgats, respectively.
DMM source is related to astenospheric mantle akidl Bnd EM Il sources are
associated with various levels of heterogeneouscasuimental lithosphere
reworked by subduction processes predated theQrataceous subduction.

This investigation technique is widely used in demuical researches to
solve the problem of petrogenesis. But it is nategworkable approach, as the
long-lived radioisotopes do not register or poamdgister the relatively young
subduction processes. In French scientists’ ma2i], for example, there is no
place for Late Cretaceous subduction, though dpubtedly, played the important
role in magmagenesis and formation of the stuctpattern on the Korean
Peninsula, at least, during Late Cretaceous tirhes paper concerns the problem
of magmatic sources of basaltoid magmas from tleevpoint of trace element
abundance in volcanic rocks of Korea.

Numerous geological and geochemical data on thee L@tetaceous
volcanogenic formations of the southern part of erean Peninsula are
indicative of its relation to subduction processgRrding basaltic effusives,
among the geochemical signatures are its higheniahucontents, low FeO (table
1, Fig. 2), TiQ, Nb contents , low Ti/V and Ni/Co ratios (Fig. 8)is important to
point out that though the formation of the basaltsurred within the continental
crust, they are compositionally similar to highraloa basalts of recent mature
island arcs.
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Table

Major (wt %) and trace (ppm) element analysis of representative Cenozobasaltic
samples from Korea and East Sikhote-Alin

K-2 | K-1 | YB25]| 62 |155/1837/2| K-3 19 [307/7 K-4a | K-4b
#
Age (Ma)| 73.1 ] 100 65 | 54.4131.45] - | 453] 211 -] 19§ 185
1 2 3 4 5 6 7 8 9 10 11
Si0, | 50.01] 50.66] 54.68 53./%0.13]50.3853.29| 49.65| 53.4650.06| 49.38
TiO, 1.03 | 098] 1.03] 138137 |11 113 | 0.86] 1.3] 143 | 1.66
Al,Os | 16.72] 16 | 17.19 17.8317.74|17.2B15.72] 18.61] 18.018.94| 14.91
Fe0s 1.2 | 093] 862 -] 336 1.370.97 - 1.1] 1.13] 1.45
FeO 7.98| 6.21 0| 7.3%*5.89 | 8.0 6.44 | 9.39*] 5.6Q 7.54 | 9.66
MnO 0.15| 0.12] o0.16] 0.140.17 | 0.17 0.14 | 0.19] 0.13 0.15 | 0.18
MgO 6.5 | 7.03] 3.84 3.7p565] 467 644 ]| 59| 459 4 4.75
CaO 4.94| 657 841 84592 |7.44 535 11.29] 64 954 9.1
NaO | 4.11| 3.91| 3.52] 3.863.69 | 3.20 3.89 | 2.52| 4.12 3.47 | 3.13
K,0 221 3.04] 1.14] 183125351 232 | 0.82] 2.34 087 | 1.07
P.Os 0.18 | 0.47] o021] 048 - Jo0.44] 036 | 0.17] 052 0.31 | 0.34
LOI 3.55 | 3.34 - -] 0.36] 0.843.79 - 1.1] 1.71] 3.16
Cr 239 | 163] 532 63 75 - - 59 - 76 77
Ni 51 26 | 18.2] 55/ 70 - 70 26] 102 53 52
Co 42 45 - 28] 39 - - 33 - 62 77
v 174 | 177 | 309 14% 158 | - - 279 -] 256] 319
Rb 53 75 38 | 48 35 | 155) 829 | 16 | 45 18 22
Ba 825 | 597| 337] 57B - |850| 677 | 203 | - | 228] 265
Sr 1092| 737] 515] 76p 597 | 612] 938 | 594 | 63d 529 | 394
Nb 8 7 39 | 154 15 3| 117 2 20 7 7.5
Hf - - 33 | - - - - - - - -
Zr 145 | 169 65 | 23% 118 | 154] 218 54 | 232 137 | 142
Y 25 23 | 23.7] 26.4 30 - 27 27 | 36/ 29 35
Th 5.5 6 42| - - -] 57 - - 1.7 2
U 0.6 0.8 1 - - - - - -] 05 0.6
La 219 ] 313] 159] -] 174 2p 31p - 34 122 135
Ce 52.7] 65.6] 367 - 40] s5p e67B 175 12809 | 36.4
Nd 28.3| 288| 19.7] - - 29 384 114 37 184 20.1
Sm 6.3 6 44| - -] 54 6.7 3 1 47 5.6
Eu 1.7 1.7 | 141] - 1] 12 19 -] 25 16 1B
Gd 64 | 44| 466] - -] 471 68 -] 75 43 5
Dy 5.6 35| 463] - - 5.1 - -l 43 5
Er 2.1 2 254 - - 1.4 2 -] 36 24 2.7
Yb 2 2 229 -] 27| - 2 -] 26 25 2.6
Lu 0.3 03] 033 -] 041 - 03 - { o079 0.4
8'SrPosr 10.711710.709480.70510 - ]0.70389 - [0.7045%0.70336 - |0.7043(0.7043¢
“Nd/"*Nd|0.512160.51270 - - |0.51284 - |0.5127%0.51291 - [0.05128 -
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Table: continued

3 1120 68 221 48 | CB-10| 25-4 | KW-17] K-62b*
Age (Ma) 6.43 6.84 - - 0.27 - - -
12 13 14 15 16 17 18 19
Sio, 51.8 | 49.88| 46.09 50.09 486 49.J5 5218 51.88
TiO, 1.77 2.12 1.31 2.34 1.92 3.1 1.7[7 2.05
Al,O, 17.2 | 17.68] 16.8] 16.04 156 164 1462  13.92
Fe0, 2.14 7.2 1.55 1.77 - 13.081* - 1.49
FeO 8.02 3.51 7.89 9.09 11.46* - 12.0h*  9.9]
MnO 0.15 0.14 0.15 0.16 0.16 0.14 0.1p 0.15
MgO 7.8 3.22 7.38 4.96 8.73 4.01 8.5p 6.1
CaO 6.52 6.39] 11.24  8.69 8.14 7.45 7.43 8.16
Na,O 2.87 4.15 3.21 3.63 2.65 3.8% 2.5B 3.2
K,0O 1.3 2.23 0.15 1.67 1.71 1.4¢ 0.3b 1.0
P,0Os 0.47 0.74 0.16 0.58 0.54 0.6% 0.1B 0.36
LOI 0.07 2.47 3.66 - 0.01 0.53 0.07 0.3
Cr 123 47 - - 227 9 219 199
Ni 95 - 176 85 177 20 211 160
Co 45 - - - 80 - 66
Vv 140 - - - - 188
Rb 27 94 5 27 20 26 8 28
Ba 355 953 122 282 484 161 243
Sr 558 1409 249 572 558 579 311 32/
Nb - - 6 11 31 39 28.67 39.3
Hf 2.77 5.1 - - 3.74 5.48 2.23 0
Zr 102 - 99 119 173 238 37 167
Y - - 25 17 27 29 23 25
Th - - - - 3.01 4.73 1.84 3.1
U - - - - - 0.98 0.35 0.9
La 14.2 38.9 5 24 22.7] 39.1h 1175 18.7
Ce 28.5 62.9 14 55 46.59 68.45 24 425
Nd 17.9 27.5 - 29 22.74 4001 14.76 25.2
Sm 5.28 5.8 35 5.8 5.35 9.28 4.1B 6.5
Eu 1.84 2.32 1 2.5 1.74 3.0/ 1.4 2.2
Gd 5.3 4.3 - 5 5.91 9.36 4.8 6.5
Dy - - - - - 7.27 4.27 4.6
Er - - - 1.2 0.75 3.28 2.06 1.8
Yb 2.01 1.7 - - 2.27 2.76 1.64 1.6
Lu - - - - 0.25 0.36 0.19 0.2
8Srf°sr | 0.703840.70380 - - - - - 0.704583
Nd/A*Nd | 0.512840.51273 - - - - - -

* - the total Fe as a FeO; ** - the total Fe as &P;.

1-3 — Late Cretaceous basalts of the southern foant the Korean peninsula [24, 16]; 4-7 — Paleogbssalts: 4 -
East Sikhote- Alin (unpublished data of MartynovAY)y 5 — Earst Sikhote-Alin, the northern part {3 - the
northern part of the Korean peninsula [6]; 7 — tkeuthern part of the Korean peninsula [24]; 8-11Farly
Miocene basalts: 8 — Earst Sikhote-Alin, the cdnpart (unpublished data of Martynov Yu.A); 9 — tharthern
part of the Korean peninsula [6]; 10, 11 - the dwamn part of the Korean peninsula [24]; 12-19 — Qeraary
basalts: 12 — Earst Sikhote-Alin, Samarga river;[3B — Earst Sikhote-Alin, Sovgavan plato [3]; 15 — the
northern part of the Korean peninsula [6]; 16- tBeuthern part of the Korean peninsula [30]. 17 —4heiju
island [18, 34, 24].
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T Fig. 2.Discriminant diagrams
KO (wt %) A K,0 - SiG; and SiG, — FeO*/FeO for
4t ] volcanites of the the Korean Peninsula.
1 - Late Cretaceous; 2 -
Paleogene; 3 - Early Miocene; 4 -
Quaternary.
Filled field — compositions of
1 Paleogene-Early Miocene high-alumina
medium-K basalts in the Sikhote-Alin region, after
/ [19]. Data used in diagram are taken
from: [1, 7, 13, 14, 16, 21, 24, 26, 28, 30,
32, 34].

high-K

low-K

65 75
SiO, (Wt%)

Change in volcanism style
from predominantly felsic to
essentially mafic one and the
displacement of the volcanic
80 [ - - . : . activity toward the north-east and
- S0, (Wt %) 5 ] east (Fig.1) were associated with a

] regular change in geochemical
signatures of basalts. The first who
have paid attention to this fact were
A.V. Fedorchuk and N.I. Filatova
[1]. The Paleogene alumina-rich

75

70 _ calc-alkaline
65

60 : toleiite

] . ] basalts differ from the Late
a o x ® ; Cretaceous basalts by lowkadiogenic
50 | - - strontium content (Fig. 4). The

F FeO* / MgO

; . : | . _ Early Miocene basaltic lavas
9 1 2 3 4 5 display also higher contents of Nb,
Ti and a number of other trace

B1 A2 3 x4

elements. In such situation, most of data for thessaltic rocks plot between the
field for the Late Cretaceous subduction-related #or Quaternary within-plate
lavas in the discrimination diagrams (Fig.2, 3)sies, the Late Miocene lavas
display a specific EM lisotopic signature whichtypical of within-plate basaltic
series of China, Korea and the East Sikhote-Algiae. The Quaternary alkaline
and toleiitic volcanics of the Korean Peninsularespond to typical volcanites of
within plate geochemical series [32] characterisgdignificant variations in

total alkalis content, higher FeO contents (Fig.Htyh HFSE abundances, and
high Ni/Co, Ti/V (Fig. 3) La/Th, La/Ba ratios. Th&rean Peninsula volcanics are
peculiar by marked enrichment in LILE and their gfie EM | isotopic
signature.The same geochemical features are typicaithin-plate basaltic series
in active continental margins, in particular, withthe East Sikhote-Alin volcanic
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belt [19], thus

indicating an

involvement of subtoental

lithosphere

metasomatized during anterior subduction processeiting.

The regular change in geochemical signatures of Kbeean Peninsula
basaltic rocks from typical of subduction-relatexk@lts to typical of within plate
ones during Cenozoic period suggests that two nmagmatic sources —
subduction-related and of within-plate nature revavolved in the generation of
these rocks. The within-plate source was of deeishportance for composition
of basaltic magmas as of various ages. This assdrtis been substantiated by the
resemblance of elemental patterns and the sitgilafinormalized concentrations
of incompatible elements in the multicomponent daags (Fig. 5) as well as by

close isotope

T T T
600 19, 1 200 ~ 1 .
- il NI (ppR)#E 1 x
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= T s 1 HT
o ) 50 150 |- 1
S400 : s AP ..' “+HAW *
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Fig. 3.Discriminant diagrams Ti vs.V (after
[25]), Ni vs. Co (after [18]), and Th-Hf-Nb (after
[31]) for Late Cretaceous-to-Cenozoic basalts of

the the Korean Peninsula, with author's

supplements
C See Fig. 2 for explanation of the symbols.

Compositions of basalts are shown by appointed
fields. In diagrams 2A and 2B: field (IA) —basalts
composition of island arcs; (HAW) - basalts from
Hawaiian Isls; (SAH) and (SAP) — Paleogene-
Early-Miocene basalts and Late Miocene-Early
Pliocene basalts from the Sikhote-Alin region,
respectively. In diagram 2C: (A) — basalts from
midocean ridges; (B) - basalts from midocean
ridges and within-plate environments; (C) - -
basalts from within-plate environments; (D) —
basalts from island arcs and active continental
margins.
Data used in diagram are taken from: [19, 1, 7,
13, 16, 21, 24, 30, 32, 34].

Hf/ 3

Th Nb /16
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Fig. 4.Variations in isotopic (A) and geochemical (B) chaacteristics of the Korean Peninsula basalts
relative to timing of its eruption.

See Fig. 2 for explanation of the symbols.

Filled field represents the range of compositions for Cenozoic high-alumina and within-
plate basalts from the East Sikhote-Alin region, after [3]. Data used in diagram are taken fro
[24, 35].

composition for rocks of all types, except Late t&eeous rocks (Fig. 4). High
radiogenic strontium content and the relationshipstween very highly
incompatible (VHI), highly incompatible (HI), andauderatly incompatible (Ml)
elements in the normalized diagrams (“VHI >> BIMI” is typical of Late
Cretaceous lavas and “VHI > > HI > MI” is typicdl Genozoic lavas) suggest that
the above mentioned source was more enriched ilogaidic isotopes and in
incompatible elements than enriched mantle in nedac ridges (FMM)
[23]. These data, together with specific EM | isatogpignature and relatively high
concentration of LILE in the Quaternary within-gatavas, indicate that the
within-plate source was located within subcontiaéhithosphere.

The relatively low normalized concentrations of Mhd Zr in the Late
Cretaceous subduction-related basalts (Fig. Sindieative of comparatively high
degree of subcontinental mantle melting. When cadipbith information on the
peculiarities in distribution of a number of traelements and radioisotopes this
will allow us to assume the fluid nature of the dudtion component. Figure 6
shows the correlation between trace element coratent ratios and bulk partition
coefficients for basalts of various ages. For latkfractionation among such
elements in simple magmatic systems, it is evideait their proportions should be
constant in the rocks formed under melting of glsirsource material. The Korean
basalts of various age display about the samesratioincompatible elements
(La/Ce, Sm/Z, Hf/Zr, Yb/Y) which were immobile ilhé& presence of aqueous
fluid. This is considered as supplementary veriitza of the proposal that there
existed common magmatic source for all rock tyg@ésmpared to the younger
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lavas, the Late Cretaceous subduction-related nmsaare characterized by
relatively low values of TiIgEu, Nb/KO ratios.

0.5135 _
DMM
0.5132 | Ho6aeneHne MOpCKoi BoAbI
_— >

D 05129
L= HIMU
q
b [
©
D 0.5126 |
" EM II
<
- e

05123

EM I
|
05120 [ [ L 1 1
0.702 0.704 0.706 0.708 0.710 0.712
87 gy 86 Sr
Fig. 5. Correlation of Sr and Nd isotopes in Late Cretaceous basaltsf Korea (filled
squares ).

Fields represent the range of isotope compositfondasalts of different age in the Sea-of Japagiar: Po
= Paleogene basalts, predated to opening of thgafaSea; So = Miocene basalts, synchronous witmiogeof
the Japan Sea; Pso = Late Miocene-to- Quaternargalia postdated opening of the Japan Sea. Aftéf, [2
simlified version.

Having the similar bulk partition coefficients inly” systems, niobium and
potassium behave variously in the presence of aguitoid. Potassium and other
large-ion lithophile elements are readily extrabgdluid phase, whereas niobium
remains relatively immobile under these conditiggg, 23]. The determining
factor in Ti behaviour is redox potential that,ts turn, depends upon amounts of
water in the system. Expanding of crystallizatibeld for water-containing
minerals (primarily for amphibole) as well as faanimagnetite produce a buffer
effect on Ti content. As a consequence, a melt édrruring melting of water-
saturated and metasomatized mantle should be edrinhpotassium and large-ion
lithophile elements and depleted in Ti. Anomaloatues of radiogenic strontium
in the Late Cretaceous subduction-related volcamibgh do not correlate to
either immobile incompatible elements ratios (F.or to ratios of Nd isotope
(Fig. 7) are indicative of the fluid nature of tlsetbduction component. It is
believed in connection with this that sharp decies¥SrFSr ratios in basalts at
the boundary of Cenozoic time is testimony to atramiion of the proportion of
the subduction component in basaltic magmogenesis.
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Fig. 6. Distribution of incompatible
elements in Late Cretaceous —Cenozoic
basalts of Korea normalized to the
composition of enriched mantle of

B midocean ridges (FMM) [23].
See Fig. 2 for explanation of the symbols.
Filled field - compositions of Late
Cretaceous subduction-related basalts of
Korea.
Data used are taken from: [19, 1, 7, 13, 16,
21, 24, 30, 32, 34].

Nb ZrTi Y YbcCaAl Ga V Sc MnFe Co Mg Cr Ni

GEODYNAMIC ASPECTS OF THE CENOZOIC BASALTIC
VOLCANISM AT THE EURASIAN CONTINENTAL MARGIN

The most important result of tectonic resettingtlod Eurasian margin in
Cenozoic time was the Japan Sea opening and th@fion of modern Japanese
iIsland arc system. At the present time most ingastrs look upon this event as
being Middle and Late Miocene in age (20-12 Ma) asdssociated with back-arc
spreading, receding of subduction zone towardrechr@as well as with intrusion of
depleted asthenosphere diapir into the extensior.Zbhe large-scale extensional
stage that had occurred in the Late Cenozoic (B0Ma) was followed by the
formation of basaltic plateaus widespread at malaggs of China, Korea and
southwest Japan.

The geological, geophysical, and petrological gesidaining to Japan Islands
and in some respects to the Japan Sea supportigbeof opening of marginal
basin in the Miocene [8,29, 27, et al.] but do fiowvell to the peculiarities of
geological evolution of continental part of east&urasia. Indeed, the structural
rearrangement started since the Paleogene (bun tiseé Miocene) in the areas of
east and northeast China. In the Eocene, recordesl dre the activization of
ancient faults and development of new northeasbtdhwest -trending strike-slip
fault systems followed by the formation of synistrslip sedimentary basins and
by intense within plate-type basaltic volcanism.
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Flg 7.Correlation of incompatible elements with similar bulk distribution coefficients in
the Korean basalts of various ages.
Fields (SAH) and (SAP) = high-alumina and withinplate basalts in the Sikhiote-gion,
respectively.
See Fig. 2 for explanation of the symbols.

The tectonic activization is interpreted to be thesult of collision of the
Indian continental plate and of the variationsrentl of the Pacific oceanic plate
convergence [9, 10].
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The Paleogene tectonic event is also recordedmiki@ Eurasian continental
margin - namely, on the Korean Peninsula and inBast Sikhote-Alin region.
Here, the change in tectonic regime became appaireghanging the volcanic
rocks composition and in an initiation of long ryractically over the entire
period of the Cenozoic, basaltic volcanic activiGompositionally, the basaltic
rocks of these areas are different from those efitkerior parts of China. Within
the continent-marginal structures, up to the Latedéine, eruption of high alumina
calc-alkaline basalts considered by the majoritgedlogists as subduction-related
occurred. However, on some geological and geocls#rmewdence, these rocks are
distinguished from arc-related rocks. Petrologichbracteristic features of the
Cenozoic high-alumina basalts from the East SiklAdit® region were discussed
in an earlier paper [19]. On the Korean Peninghlese features are usually very
much more pronounced. Admitting a model of the dapaa opening in Miocene
time, A. Pouclet et al. [24] recognize two majaages in the volcanic activity on
the Korean Peninsula, namely subduction-related afidelated ones. The
subduction-related volcanics include the Late @extas to Paleogene effusives,
whereas the Miocene to Quaternary volcanites ansidered as rifting-related.
Among the rifting-related effusives, in its turthetMiocene calc-alkaline basalts
which were synchronous to opening of the JapanaBddhe Pliocene- Quaternary
toleiitic and alkaline lavas formed upon completmnthe main extensional stage
are distinguished. This classification should metégarded as wholly satisfactory
one because it does not provide an explanatioma fwdden change in volcanism
character at the boundary of the Cenozoic. Besitles, assignment of the
Paleogene and Miocene alumina-rich basalts to teenct tectono-magmatic
stages of the Korean Peninsula development is sistamt with their localization
features and the isotopic data. As a matter of, fiacspite of some distinctive
geochemical characteristics, the Paleogene andeMemafic effusives form the
common volcanic fields that do not frequently cadec with the areas of
occurrences of the Late Cretaceous subductiorecklablcanites (Fig. 1). The
Cenozoic AJOsrich basalts make up actually its own volcanic eomxtending
along the Japan Sea coast from the Pohang badineirsouth to the Khasan
volcanic field (the Primorye territory) in the nlertDue to the subduction-related
volcanics, in view of the peculiarities of magmagegs, are always located parallel
to zone of convergence of the oceanic and conthgpites (a trench), the
presence of the Paleogene to Miocene basalts dlengapan Sea coast seem
contrary to their subduction nature, whilst agadms fact points to the postulated
important contribution of the tectonic processesamted with the marginal basin
opening to their formation.

The post-subduction character of the Paleogep®s:Alch basalts in Korea is
supported by isotopic- studies. From fi8rf°Sr ratios range, the basalts under
consideration are similar to the Miocene and Quaigr effusives and are
markedly different from the Late Cretaceous suliduetelated basalts.
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Thus, geological and geochemical data obtainedndutihe study of the
Cenozoic basalts on the Korean Peninsula and inEde Sikhote-Alin area
complement each other nicely and indicate that®eozoic tectonic evolution of
the continental margin structures in east Euragsia v many ways similar to the
evolution of the interior parts of China. The tigiof subduction cessation should
be attributed to at least Eocene period, but ndilitacene one. At later time the
prevailing process in the formation of structurattern of this region was rifting.

The analysis of the isotopic data obtained for aoic rocks of Korea, the
East Sikhote-Alin area, and Japan allows us tandigish the main stages of
structural evolution within the marginal part of resia. Among the features
peculiar to the geological structures adjacenhtoapan Sea, noteworthy are so-
called “isotopic jumps” “representing the great dei changes in isotope
composition of volcanites over the short lengthgimie. These “isotopic jumps®
inferred to mark changing magma generation conustio

Such the earliest “isotopic jump”, with the shagzkasing ifi’SrP°Sr ratios
from = 0.7093 t0=0.7050, is recorded in basalts of the Korean Paftanat the
boundary of Late Cretaceous-Paleogene time (4)s Tjump”, as mentioned
earlier, has evolved from an abrupt reduction ofsubduction component
contribution to basaltic magma genesis. The cessati active subduction of the
oceanic plate beneath the Asia continent wouldabeddat this period of time.

The isotopic characteristics for the PaleogengOAtich basalts from the
Korean Peninsula and the region of East Sikhota-Ale similar to those for the
Late Cenozoic within-plate lavas. This providessmrato assume that these rocks
were generated by subcontinental lithosphere ngeltivithout the essential
contribution of the depleted asthenosperic martlence, the initial stage of
transition from the subduction-type interactioncohtinental and oceanic plates to
the interaction of a transform nature was not agaomed by the essential
extensional process in continental lithospherefandation of slab windows.

An increase in the isotopic depletion of alumingiribasalts in the East
Sikhote-Alin region in a time interval of 40 - 35aMthe decline ifi’Srf°Sr ratios
from 0.705 to 0.7037) coincides in time with intemmagmatism resuming [3],
thereby suggesting that subcontinental lithosphess intruded by the hot and
depleted asthenospheric matter. The timing ofaitniin of the Japan Sea opening
Is presumably of the same period of time.

The Miocene “isotopic jump” found in back-arc basalf Japan (20 - 15 Ma)
and in the basalts of the East Sikhote-Alin rededvout 25 Ma) implies a decrease
in 8’Srf°Sr ratios from= 0.7037 to= 0.703, i.e., to the value that is typical of
MOR basalts. This is testimony to the prevailingntabution of depleted
asthenosphere in basalt genesis. The asthenosphettier inferred to be intruded
into subcontinental lithosphere during the mostssatial final period of the
marginal basin of Japan Sea opening.
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CONCLUSIONS

The geological and geochemical data on the LatéaCzeus to Cenozoic
basaltic volcanism of the Korean Peninsula andethiier reported data on the
East Sikhote-Alin volcanic belt suggest that someexrtions must be made for the
present geodynamic models concerning evolutioh@fitbntinental margin of East
Asia in Cenozoic time. Rifting-related processas (ot subduction-related ones)
play a key role in the formation of volcanic stwes and opening of the Japan
Sea. Changing isotopic characteristics typicalhef tate Cretaceous - Cenozoic
basalts of Japan, Korea, and the East Sikhote4&lgon served the ground for
identifying three main stages of tectonic evolutioh the eastern margin of
Eurasia: (1) the Early Paleogene stage which &eadlto subduction termination;
(2) the Eocene -Oligocene stage which involvedlibginning of destruction of
subducted slab and the intrusion of the depletatienssphere matter into
subcontinental lithosphere thereby initiating opgnof the marginal basin; and (3)
the Miocene stage in which the final phase of tapad Sea marginal basin
formation is recorded.

This reseach was supported by the Russian FoundfdroBasic Research
(grantNe98-05-65337).
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EVIDENCE FOR THE RESEMBLANCE OF THE
SUBCONTINENTAL LITHOSPHERIC MANTLE IN THE AREAS OF
KIMBERLITE-LAMPROITE MAGMATISM: CONSTRAINTS ON THE
EVOLUTION OF THE SIBERIAN CRATON

Z. V. Spetsius

Institute of Diamond Industry, Mirny, Yakutia, 678170, Russia, Spetsius@yna.alrosa-
mir.ru

Petrologic data indicate that kimberlite and lamproite magmasriginated at a great
depth of subcontinental lithosphere mantle (SCLM). An ancieginofor the SCLM of the
Siberian and other cratons is supported by Re-Os and Sm-Nd agefelof eclogite and
peridotite xenoliths from kimberlite pipes, obtained by different authors.

This paper tries to combine our and other published data on the caompasid
evolution of the lithosphere mantle beneath the Siberian cratom &odipare it with that of
other cratons. Main results have been obtained from studiesafs€ and ultramafic
xenoliths from kimberlites. We used original data on distributiondifferent types of
xenoliths and inclusions in diamonds in main industrial kimbegipes of the Yakutian
kimberlite province. Some original trace element and isotogig ith minerals from eclogite
and peridotite xenoliths and Re-Os determination of olivine meggigcfrom kimberlites
have been used to estimate the age of formation and time of depeénts in the Siberian
lithosphere mantle and to compare it with the results for thehSfuican and Canadian
cratons.

The role and importance of mantle metasomatism, partial medtirdy coupled
deformation in the evolution of the SCLM, origin of vertical anteria heterogeneity
beneath kimberlite province and subsequently under Siberian craton arecofigainterest.

The SCLM of different cratons showing the kimberlite-lamproitegmatism was
formed in the Archaean and is similar to other petrograpiiest of mantle xenoliths and
coupled crustal rocks. The evolution of the SCLM of differeatars as well of different
regions inside kimberlite province could be different both fromvila/point of tectonics
and abundance of mantle metasomatism, partial melting and deformation.

INTRODUCTION

Due to intensive field works industrial pipes hdeen discovered and started
to be exploited not only in the Siberian and SoAfincan platforms but in
different places around the world. Industrial kimive pipes and lamproite
deposits with diamonds have been discovered in &hiwustralia, Canada and
other regions. A brief review of tectonic-geograpketting of kimberlites and
lamproites indicate that they mainly occur on sadites of platforms [e.g., 5, 15].
Great amount of petrologic data show that kimkerdihd lamproite magmas are
originated at a greater depth of subcontinentabdphere mantle (SCLM). Hence,
from this point of view, deep seated xenoliths, awygsts and diamonds are
representatives of SCLM, which are trapped by kirileeand lamproite pipes.

Thus, we can infer that xenoliths, megacrysts aachdnds contain important
and real information about composition, geochemiaitid other peculiarities of the
SCLM. Comparison of these xenoliths from differezgions and provinces allow
the estimation of the similarity and differencetbé upper mantle from different
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platforms, as well of the SCLM of different cratoss such a detailed analysis
could be done only using abundant data we havengare only the data on the
composition of SCLM of Siberian craton as well ame results on the inclusions
in diamonds.

Intensive investigations of Re and Os distributiormantle xenoliths from
kimberlites, as well in xenocrysts and diamondsnfrSouth Africa, Canada and
Siberia [e.g., 10, 18, 23] took place within thstl&wo decades. From Re/Os
determinations the modal age of diamonds varies 28-3.5 Ga while the age of
mantle eclogite and peridotite xenoliths variesrfrd.0 to 3.5 Ga The above data
help to understand the formation and differentrataf lithosphere mantle and
coupled crust as well as subsequent evolutioneoSGLM.

SAMPLES

More than 3000 samples of mafic and ultramafic mheamenoliths from
kimberlite pipes situated in different parts of tMekutian kimberlite province
were studied. A modal analyses have been perforfoedhe major part of
xenoliths. Rock composition was determined. Majerrent analyses were
performed for the rock-forming and minor mineralsace element composition
was obtained for some minerals. All samples weaesified into different varieties
of eclogites and ultramafites according their pgtaphic and chemical features. A
phase composition and element content of ore arfidesuminerals were
investigated in many samples. All xenoliths werearaied by petrographic,
chemical and partly isotope methods to identify alashetasomatic minerals or
other evidences of mantle metasomatism. These sarlude different varieties
of eclogites and ultramafic xenoliths from depletédnites and harzburgites
through coarse grained and sheared Gt-peridotitegtio- and clino-pyroxenites.

DIAMONDS

Radiometric ages of silicate and sulfide inclusishew that diamonds are
xenocrysts in kimberlite magmas and they could joie\a valuable information
not only concerning the conditions of their formati but also about the
environment of mantle rocks giving rise to diamofelg., 4, 18, 19].

Speaking about the morphology of diamonds it shda@doointed that main
varieties of different forms are available in kimlie pipes around the world.
Spectrum of morphology varies from pipe to pipe. lateral heterogeneity in
distribution of different morphological groups frothe south to the north of
province is found for populations of diamonds frim Yakutian kimberlites. It is
explained by a complementary behavior showing erdétpetrographic mantle
heterogeneity and partly the intensity of resorptamd solution of diamonds in
kimberlite magmas and in the process of mantle soatatism [28]. Such a
difference in the distribution of some diamonds fprphology is found for
kimberlites of South Africa. For example, cubicstgls are abundant in the Mbuiji-
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Mayi pipe. In addition Ky-eclogites [8], which atbe parent rocks for such
diamonds should be present.

Inclusions in diamonds worldwide include two popigias of eclogitic and
peridotitic paragenesis. The distribution of syrggeninclusions in main well
investigated kimberlite pipes of Yakutia is shownTiable 1, the data are taken
from the papers by Sobolev N.V and Bulanova G.P4][24].

Table 1.

Paragenises of inclusions in diamonds from the Yakutian kimberlites

Pipe Eclogitic Peridotitic
Mir Gt, Cpx, Cs, Po Ol, Chr, Gt, Cpx, Opx, Mag, Mss
Udachnaya Gt, Cpx, Cs, Po Ol, Chr, Gt, Cpx, Mss, Phl, Pn, Wu, Tae
23d Party Congres. Gt, Cpx, Ru, Po Ol, Mss, Wu, Fe
Yubileinaya Gt, Po Chr, Gt, Ol, Mss
Zarnitsa Gt, Cpx, Po Ol, Chr, Gt, Mss

Abbreviations: Mag-magnesite, Wu-vustite, Tae-&ritte-native iron, Po-
pyrrhotite, Pn-pentlandite, Mss-monosulfide sobtugon.

The well-known data by M. Henry and others [14] arederences for
inclusions in diamonds from kimberlites of Southriéd are similar both by the
presence of the same eclogitic and peridotitic gemesses and by the composition
of included minerals. There is still a discussidmow abundance of sulfide
inclusions in diamonds and their significance for tiamond formation. However,
it is another topic and we only stress that suffidee widespread in crystals from
all kimberlite and lamproite pipes [e.g., 2, 29]itNih the last 10 years substantial
discoveries resulted from successful investigatmnaclusions in diamonds. New
minerals such as the majorite component in garaetsphases of ferropericlase
and MgSi-perovskite have been described. These manerals are found in
diamonds from Brazil, South Africa and Canada [Illese data suggest the
possibility of the formation of such inclusions aell hosting diamonds in the
deep mantle probably lower mantle. The data algygest thicker SCLM and
roots under these areas of kimberlite magmatismspiie of the fact that
inclusions in diamonds from Yakutia are well stubdsaich deep-seated inclusions
haven’t been found for Yakutian kimberlites. linfioms slightly different history
and evolution of the SCLM of the Siberian cratomoldably continental roots
under South Africa and other cratons containindusions at a great depth of the
upper mantle or lower mantle are sicker than rbaiseath the Siberian craton.
Such an idea was demonstrated by W.Griffin usirsgilte on the distribution of
garnets and other macrocrysts in kimberlites déedgint cratons [9].

The age of diamonds is studied from inclusions gissm-Nd method for
garnets or Re-Os for sulfides. A set of Ar/Ar data also available. However, we
will not discuss these results because of theih higriation and most likely
inadequacy of all estimations. The most precisengaif zircons is made only for
one sample because of rare and unique finding o saclusions. To compare
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ages of diamonds from different deposits we ussdli® and compilation data of
G.Pearson [15, 18, 19, 23]. As Table 2 demonsttaeage of diamond formation
varies from 2.0 to 3.3 Ga. These estimations aadatrons are similar for

diamonds from the Siberian and South African plat® and suggest similar time
of diamond formation in different areas as welpasbable multistage formation of
diamonds in mantle rocks as was demonstrated R9y.,

Table 2.

Radiogenic isotope systems, localities, inclusions minerals ages farrdiadating studies

Isotope Locality Minerals and Approach Age (Ma)

system paragenesis

Sm-Nd Kimberley, SA Gnts (P-HZ) Model age (comp) 0a8100

Sm-Nd Finsch, SA Gnts (P-HZ) Model age (comp) K 7(11)

Sm-Nd Finsch, SA Gnts+Cpx (E) Isochrone (comp) 1580

Sm-Nd Finsch, SA Gnts (E) Model age(single di) 165607

Sm-Nd Finsch, SA Gnts (E) Model age(single di) BVES

Sm-Nd Finsch, SA Gnts (E) Model age(single di) 158!

Sm-Nd Finsch, SA Gnts (E) Model age(single di) 248

Sm-Nd Finsch, SA Gnts (E) Model age(single di) 24081

Sm-Nd Finsch, SA Gnts (W) Model age(single di) 24120

Sm-Nd Orapa, B Gnts+Cpx (E) Isochrone (comp) s 0)0)

Sm-Nd Argyle,Aus Gnts+Cpx (E) Isochrone (comp) 158D

Sm-Nd Premier,SA Gnts+Cpx (E) Isochrone (comp) #6680

Sm-Nd Premier,SA Gnts+Cpx(P-LZ) Isochrone (comp) 3040

Sm-Nd Udachnaya,Ru Gnts (P-HZ) Isochrone (comp) 0260

Sm-Nd Jwaneng, B Gnts+Cpx (E) Isochrone (comp) 1300

U-Pb Mbuji Mayi,Zaire| Zircon 2%ph 8 Usingle crystal 62812

Pb-Pb Finsch, SA Sulfides(?) Pb-Pb model age(compy2000

Pb-Pb Kimberley, SA Sulfides(?) Pb-Pb model age@om >2000

Pb-Pb Premier,SA Sulfides(?) Pb-Pb model age(comp)1200

Re-Os Koffiefontein, SA| Sulfides(P) Isochrone(single di) 680

Re-Os Koffiefontein, SA Sulfides(E) Isochrone(single di-s) 13420

Re-Os Udachnaya, Ru Sulfides(P) Model age(singtetal) | 3100 - 3508300

Re-Os Udachnaya, Ru Sulfides(P) Model age(sinyigtal) | 3502100

Re-Os Wellington, Aus Sulfides(P) Model age(singiestal)| 3609300

COMPOSITION OF THE SCLM OF THE SIBERIAN CRATON

Investigations of deep-seated xenoliths from d#iferkimberlite pipes of
Yakutia show that the subcontinental lithospherattea(SCLM) of the Siberian
craton is differentiated both vertically and latgrde.g., 9, 33]. The vertical
heterogeneity is exhibited in a widespread specttidifferent types of mafic and
ultramafic xenoliths in all kimberlite pipes of tipeovince (Table 3). First of all,
the vertical heterogeneity of the SCLM is the resol differentiation and
formation of the primary mantle substance during Anchean [e.g., 10]. As show
by these data, the SCLM of Siberian platform wasix and stabilized between
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3.4-2.9 Ga. The mantle was added? Through the stibduafter the main

differentiation. A probable subduction of the adeacrust in the central

Daldynsky terrane of kimberlite province is confedhby Ky- and Cs-eclogites in
the Udachnaya, Sytykanskaya and other pipes (T3ble is also verified by Sm-

Nd and Rb-Sr isotope data for the eclogite xemslitom the Udachnaya and Mir
pipes [26, 27 ].

Table 3.
Distribution of mantle xenoliths from kimberlite pipes of Yakutia
Mir [nterna- |Sytykans- |Yubiley- [Udach- |Zarnitsa Botuo-
Type of xenoliths zional kaya naya | naya binskayal

Eclogite-like rocks - - + + + + +
Phlogopitites - - + + +
lIm-peridotites + + + + -
Pyroxenites + + - +
Sp-peridotites + + + + + +
Gt-pyroxenites with Phl + + + + +
Gt-llm-peridotites + + - + +
Gt-Sp-lherzolites + + + + + + +
Gt-lherzolites + + + + + +
Gt- coarse-grained lherzoliteg H+ + + + 4 - +
Gt-lherzolites porphyric + - + + + +
Gt-pyroxenites porphyric + + - - -
Gt-llm-peridotites + - + - +
Grospydites?, Ky-eclogites - - + - + +
Cr-pyrope dunites,
Harzburgites, Iherzolites + + + + + +
Gt-wehrlites + - + - + +
Sheared Gt-lherzolites + -
Cs-eclogites, eclogites + + + + + +
DI-dif.dunites, harzburgites 1 - - - +
DI-dif.Ilm-Gt-lherzolites - - - - + - -
DI-dif.pyroxenites + - - - +
Diamondiferous eclogites + - + - +

The horizontal heterogeneity of the mantle redutisy the presence of highly
aluminous rock suite in the central area of kimbegprovince. These rocks and
particularly the Ky- and Cs-eclogites, alkremitesd acouplet with them lower
crustal rocks such as eclogite-like rocks with kieare present in the Udachnaya
and other kimberlite pipes from the central areab(& 3) However, they are not
available on the south and north.

Rock chemistry and trace element data indicate itiafic and ultramafic
xenoliths from the pipes located in the centralt pérthe Yakutian province are
divided into three distinguished groups: peridd®jtpyroxenites and eclogites
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[28]. This pattern changes for other areas and sumioliths are rather less
distinguished between each other and divided graupsverlapped.

COMPOSITION OF THE SCLM IN DIFFERENT AREAS OF
KIMBERLITE MAGMATISM

Comparison and analysis of petrographic featurescamposition of mantle
xenoliths from kimberlites of Yakutia and South B& show a significant
compositional resemblance and in some cases adegdity in terms of the set of
main types of mantle mafic and ultramafic rocks i@ present as xenoliths in
kimberlites.

Almost a complete spectrum of mantle xenolithsrisspnted in a detailed
monograph on Siberian kimberlites [1]. Such spectwas earlier obtained for the
South African kimberlites [6 and references thdt€line list of data was extended
by adding diamondiferous eclogites and peridotitdgare and unusual mantle
xenoliths such as grospydites, alkremites and sssnplith coesite were later
discovered in Siberian and South African kimbeslife.g., 5, 33 and references
thereir]. The petrographic spectrum of mantle rocks inS&.M of different areas
of kimberlitic magmatism is similar.

Moreover, similar petrographic types of the rockant different cratons are
found not only for the mantle level but also fore tlower crust and for the
intermediate lower crust-upper mantle zone. Ebtdslijke rocks are abundant
among xenoliths in kimberlites of Yakutia. They smh of the clinopyroxene,
garnet and plagioclase. Rare samples from this murlade eclogite-like rocks
with the kyanite. Such rocks were described inUldachnaya and Zarnitsa pipes
[1, 33] and are found also in kimberlite Mbudji-Majpe, South Africa [8]. The
chemistry and mineralogy of these rocks in botlvipces are the same.

Xenocrysts and megacryst assemblages in kimbedit&outh Africa show
the association Ol+Opx+Cpx+Ilim+Phl+Zr that is foumdmany pipes of South
Africa. Only the kimberlite Mir pipe contains a cplate set of these mineral
phases. Zircon is absent or scarce in pipes of yDafdakitsky region.
Orthopyroxene megacrysts are also rare. The lastéald be partly explained by
an unstable behavior of this mineral in hydrothdrpracesses and its intensive
replacement by secondary minerals.

GEOCHEMISTRY AND EVOLUTION OF REPRESENTATIVES OF
THE SCLM OF SIBERIAN CRATON

Geochemical features of substance in the SCLMrobkrlite-lamproite areas
are discussed and compared using the data on tartdndistribution of trace
elements in mafic and ultramafic xenoliths as wadl the data for megacryst
assemblage. The results of proton probe and p&/MS data on the content and
distribution of the trace elements in eclogite X#¢hs from the Udachnaya pipe
and such pipes of South Africa as Monastery andrethre very similar [31]. The
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main difference is high enrichment of eclogitesyirthe Udachnaya pipe by Sr and
Ga and depletion of garnets and clinopyroxenes bwnd Zr. But eclogitic
clinopyroxene of Udacnaya pipe are more LREE-depl@ind less radiogenic than
those from South Africa and garnet enriched in LREB, 26, 34]. Such a
difference could result from more intensive metagtic processes. ICPMS data
for the eclogites from the Udachnaya pipe permitteddivision into three groups
in terms of trace element distribution [34]. Simiteata were taken for the eclogites
of Roberts Victor and Mbuji-Mayi [8, 22]. It shoulte emphasized that eclogites
of the Udachnaya and Roberts Victor are very simmidath in terms of rock
petrographic, chemical and geochemical featuresaifs.

The data on the distribution of trace element ffedent types of ultramafites
mainly from the Yakutian kimberlites are scarcewdwer, we tired to discuss the
features of ultramafite geochemistry on the basalaih obtained from Re-Os
systematics of sulfides from the olivine macrocysif the Udachnaya pipe.
Macrocryst grains with sulfide inclusions were st&de from coarse (5-8 mm)
heavy-mineral concentrate. Before studying the ratesef annealing and cracks
were checked in sulfide inclusions. Grains were mbed individually in epoxy and
polished to reveal sulfide inclusions ranging iardeter from 20 te300 microns.
All inclusions were polished just a little from th@p to open enough for study of
their composition by microprobe. After that we obéal a detailed Re/Os isotope
composition of sulfides. In case two or more si@finclusions are present in one
given grain they were repolished for the next asialy If after Re/Os
determinations some material of sulfides was lgfey were studied for trace
element content of PGE-group using methods frdbh [2

All these determinations were obtained using Mantdla LUV266 laser
microprobe with a modified ablation cell, attachtd the Nu Plasma multi-
collector ICPMS at GEMOC. All ablations were cadrigut using He as the carrier
gas. Most analyses were done at 4 Hz repetitienanatl energies of ca 2 mJ/pulse;
typical pit diameters were 50-80 microns. The ati@y procedures for in situ Re-
Os isotope analysis are described in detail [1(, Die selected analyses are given
partly in Table 4 and variations of modal ages idwstrated on figure 1. More
detailed results and full data are presented ieipd®].

Sulfides in olivine macrocrysts from the Udachngipe mainly involve
finely interfingered Ni-poor and Ni-rich monosuléidsolid solution (MSS) with
addition of pentlandite and chalcopyrite phasesoime cases. 5 groups of sulfides
are detected according to trace element data of&@Eent and Pe-Os distribution
[10]. Only 2/3 from all investigated sulfide inclass give a reliable modal age.
The modal age of about 60 sulfide inclusions vafties1 2.4 to 3.5 Ga [10]. The
main peaks are found between 2.9 and 3.2. Ga.ipubkulfide inclusions have
been found and analysed in 10 olivines. In mosesa®mbinations of different
sulfides within a single olivine cannot yield Re-@schrones with meaningful
ages and initial ratios. It suggests that thestusons represent trapping of
different sulfides generations in one olivine griq].
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Table 4.
Re-Os Analyses of sulfide inclusions in olivines from the Udachnaya gp
Sample | 187Re/1880s +2se | Ppm Osppm Pt|Os/Pt| T(RD) | T(MA) | +2sd
Ud-Ol-1 0.00638 | 0.00015 650 115 57| 3.096 3.144 0.030
Ud-Ol-2 0.02390 | 0.00092 150 10 15.00 2.921 3.1001 0.025
Ud-0OI-3 0.00076 | 0.00010 550 110 5.0/ 3.218 3.224 0.076
Ud-Ol-4 0.00553 | 0.00012 240 15 16.00 2.991 3.031 0.135
Ud-Ol-5 0.13828 | 0.00168 15 15 1.0| 1.031 1.564 0.280
Ud-Ol-6 0.01092 | 0.00096 400 145 2.8| 2.819 2.895 0.211
Ud-Ol-7 0.03333 | 0.00054 30 5 6.0| 2.685 2.921 0.311
Ud-0lI-9 0.01845 | 0.00034 60 30 20| 2552 2.672 0.086
Ud-0l-9-2 0.00452 | 0.00008 67 0.3 | 256.0 3.038| 3.071| 0.020
Ud-0I-13 1.08125 | 0.02600 5 5 1.0 8.500
Ud-Ol-14 0.00282 | 0.00004 151 5 28.4| 3.114 3.136 0.0{19
Ud-0I-16 0.04319 | 0.00380 50 70 0.7 0.935 1.04Y 0.117
Ud-0I-17 0.05339 | 0.00074 350 220 1.6| 2.473 2.843 0.198
Ud-0l-18 0.58921 | 0.02200 15 95 0.2 11.600
Ud-0I-19 0.03440 | 0.00200 56 6 9.0| 2.968 3.238 0.092
Ud-0l-20 0.00738 | 0.00026 2600 325 8.0 3.1283 3.180 0.163
Ud-0l-21 0.04057 | 0.00260 3 0.3 10.0 2.122 2.356 1.2p0
Ud-0l-22 0.09657 | 0.00064 85 15 57| 1.818 2.382 0.083
Ud-OlI-23 0.05163 | 0.00018 111 7 14.9] 2.639 3.018 0.016
Ud-0l-24 0.05973 | 0.003Q0 530 140 3.8| 2.230 2.611 0.069
Ud-0Ol-26 0.02150 | 0.00164 10 0.5 20.00 2.276 2.402 0.289
ud-0l-27 0.01415 | 0.00048 330 20 16.5/ 2.839 2.940 0.030
Ud-0Ol-28 0.07975 | 0.00140 135 150 0.9| 1.627 2.028 0.362
Ud-0l-29 0.21020 | 0.02400 5 1.5 3.3 neg neg
Ud-0I-30 0.00160 | 0.000Q7 2750 2000| 1.4 1960 1.968 0.177
Ud-0I-31 0.03121 | 0.00030 2800 575 49| 2480 2.684 0.046
Ud-0l-32 0.24655 | 0.00860 10 35 0.3 neg neg
Ud-OI-32-2| 0.05757 | 0.00144 81 58 1.4 2.208 2570 0.044
Ud-0I-33 0.00251 | 0.00020 130 5 26.0 3.191 3.210 0.4p7
Ud-0I-34 0.22172 | 0.01320 40 5 8.0 neg neg
Ud-0I-35 0.10994 | 0.001582 150 40 3.8| 1.760 2.410 0.047
Ud-0OI-36 0.01583 | 0.00028 2100 365 5.8 3.321 3.453 0.171
Ud-OI-35-2| 0.19798 | 0.00640 100 110 0.9 neg neg
Ud-OI-36-2| 0.00809 | 0.00007 600 5 120.0 2.860| 2.917| 0.014
36-2 dup 0.00757 | 0.00082 212 7 28.6| 2.954 3.009 0.038
Ud-OI-37-2| 0.03481 | 0.00050 450 105 43| 2.672 2.919 0.081

The majority of Re-Os determinations belong to tfaing of sulfides in
mantle xenoliths and diamonds from kimberlites. Tharacteristics for isotope
distribution of Re and Os isotopes in mantle xehsliare obtained for the whole
rock samples and provide ages from 2.8 to 3.2 Ganfafic and ultramafic
xenoliths from Yakutian kimberlites [15, 17]. Re-Gsotope ratio of sulfide
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inclusions in diamonds gives the model ages foer@ln kimberlites varying from
2.8 to 3.5 Ga [19 and references therein]. As shioywresults of in-situ Re-Os

Udachnaya Sulfides (Grp 1+2) N

(N=39)

Relative Probability

1.6 2.0 2.4 2.8 3.2 3.6 4.0

T(MA), Ga

Fig..1.Cumulative probability plots of sulfide modal age data

analysis of sulfide inclusions in olivines from tbelachnaya kimberlite pipe
their model age varies from 2.4-3.5 Ga with the peaks at 2.9 and 3.2 Ga. It
most likely shows main events in the lithospherenthieaunder Siberian platform
[10]. It should be noted that similar ages wereawt#d form investigation of Re-
Os in sulfide inclusions from olivines of Canadi@mberlites with Tya ranging
from 2.6 to 3.3 Ga [20].

Using the above data we can suggest that mucheoS@®LM beneath the
Udachnaya pipe as well beneath Siberian cratonddrbetween 3.4 and 2.9 Ga
ago by one or more major melting events. The resfltRe-Os isotope study of
sulfide inclusions in the mantle megacrysts from ¥akutian kimberlites show
that the SCLM beneath the Siberian craton was|statipredominantly between
3.0 and 2.8 Ga ago. The major peak Qf Values of sulfides in olivines around
2.9 Ga coincides with the time of the cratonizatand the termination of the
SCLM formation as well with the eclogite formati@amd remelting [10, 17, 21,
23]. Several sulfide inclusions in olivines witwdre/Os and s 2.4-2.6 Ga may
represent new additions to the lithosphere and¢anaected with the late tectonic
events and disturbing of Re-Os systematics. Theselts clearly demonstrate a
complicated history of the Siberian SCLM. YoungeotBrozoic Re depletion ages
are interpreted to be predominantly the resultpdrosystem behavior during the
late igneous activity and probable metasomatisrh R0Och a possible scenario of
a complicated history of Re-Os systematics confithes long living lithosphere
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mantle under the Siberian craton. This scenareprsistent with the limited data
on crustal formation in the Daldyn and other teesaf21].

PARTIAL MELTING OF MAFIC XENOLITHS

World-wide, most eclogite xenoliths from kimbersitelisplay evidences of
partial melting processes [e.g., 5, 29, 33, 35]sTh particularly well observed in
eclogites from Udachnaya, Mir, and other Yakutianberlites. The crystallization
products of these incomplete reactions, typicalyresented as a “spongy” texture
around primary omphacite, include secondary clinoxgne (with lesser Na20),
spinel, feldspar, and glass. In intergranular phrtelt veins, orthopyroxene,
plagioclase, amphibole, and phlogopite are alssgmte With such melting of
kyanite eclogites, corundum and mullite are encenaat. Primary garnet may be
partially melted giving rise to orthopyroxene, sginolivine, and glass, forming
portions of typical kelyphitic rims on garnet [33].

The chemistry of the systems involved indicate ttet melting was not
isochemical, but brought about by the introductocdrmetasomatic fluids rich in
alkalis, mainly K, and probably volatiles. Theree andications from secondary
assemblages that similar but different reactionsuoed, as a function of the
chemistry of the primary minerals and that of tretasomatic fluids.

Detailed petrographic investigations of xenolitheni pipes in the Daldyn-
Alakit and Malo-Botuobia regions, Yakutia demontdrghat the partial melting

occurred in the majority of xenoliths, especialiyeclogites, as well as garnet
Table 5.
Modal Compositions of Eclogites from the Udachnaya pipe and Partiddelt Products

Total Eclogite Modes Modal Compositions of Partial-Melt Products

Sample| Gt | Cpx | Ky | Prt/ml. | Cpx | Plag.| Sp | Glasg Opx | Q+K- | Cor+ |Amph+

product Fldsp | Mull | Phlog

U-2045| 59.5| 26.7 | - 13.8 83.8 1.8 128 1.6 - - - -
U-2110|67.6| 8.7 - 22.8 - 19.7 25.3 - 54.p - - -
U-720 | 37.3| 446 | - 18.1 546 20% 9.5 - 2.8 - - 10.
U-26 | 32.8| 49.4| 0.9 16.9 66.9 219 112 + - - . -
U-9 |46.7| 42.7| 1.1 9.5 424 30.Yy 94 17,5 - - -
U-1 28 | 309| 84 32.7 43 + 84 13]1 - 12.2 12.9 2
U-947 | 25.5| 47.8 | 4.8 21.9 31.6 + 1.3 432 - 233 + 0.
U-820 | 34.6| 30.1| 1.3 34 35.9 + 51 128 - 25.6 154 5.
U-228 | 17.9| 22.6 | 3.5 56 9.5 - 9.1 104 + 1.7 35 65

websterites and pyroxenites. Such evidence isdbke in both eclogites and
kyanite eclogites, including diamondiferous vaastiPartially devitrified glass
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and other products of melting are evident betweeneaj and clinopyroxene +
mineral present as a single grain.

grains, sometimes in the form of veinlets that $eanh these minerals. The
degree of partial melting varies between xenoliths, well as the modal
abundances of the melt products, as shown in Table

The modal abundances of the partial-melt productshaghly variable (see
Table 5). The intergranular melt typically consist newly formed clinopyroxene,
plagioclase, and spinel, and more rarely, orthopgme and amphibole, with
possible phlogopite and/or amphibole. The accgssmmerals include calcite and
sulfides. K-feldspar, with minor quartz, is presamong the products in kyanite
eclogites. Glass is typically available, and selawy corundum and mullite occur
around kyanite. Primary omphacite is replaced byixdure of glass, plagioclase,
clinopyroxene, and often by veinlets of glass. Temary garnets and
clinopyroxenes of these eclogites are well knovimerefore, we will characterize
mainly the minerals formed by crystallization of Itee Selected representative,
major-element analyses of the products of the gdarielt assemblage are given in
Table 6.

Table 6.

Representative compositions of mineral assemblage of partiaielt products in eclogite xenoliths
from the Udachnaya pipe

Selected microprobe analyses of primary omphacites of eclogite tkasnoli

1 2 3 4 5 6 7 8 9

U-26 U-720 u-9 U-388| U-947  U-2290 Ud-45 Ud-16Ud-200

SiO, 55.56 56.45 55.3 57.08 56.21 56.46 56.24 56|56 568.36
TiO, 0.21 0.29 0.23 0.17 0.3 0.22 0.3 0.4f7 0.46

Al,O3 17.4 12.31 14.83 13.24 16.5

N

16.88 11.12 10/66 921

Cr,03 0.04 0.05 0.05 <0.03 0.06 0.05 <0.03 <0.p3  <0J/03
FeO 2.52 2.15 2.82 1.83 1.98 1.77 4.72 4.78 4.86
MnO <0.03 0.02 <0.03 <0.03 - 0.01 <0.03 <0.03 <0.p3
MgO 5.63 8.56 7.05 8.35 5.8 6.56 8.5 9.1 10.54

CaO 10.06 12.14 13.12 13.24 10.0p 9.98 11.55 12{26 12.56
Na,O 7.72 6.95 4.02 6.51 8.88 8.04 6.73 6.56 5.88

K-0 0.03 0.15 0.07 - 0.22 0.03 - - -

Total 99.20 99.07 97.52| 100.48 100.03 100.00 99,27 100.51 99.93

1-2 — bimineral? eclogites, 3, 5-6 — Ky—eclogites, 4, 7-9 — diamondiferousteslogi
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Microprobe analyses of secondary clinopyroxenes of partial-melt prodadite (@, continued)

1 2 3 4 5 6 7 8 9

Uu-26 |U-9 U-720 | U-388 | U-947 | U-2290 Ud-45| Ud-161 Ud-200
SiO, 55.89 |44.59 54.2 53.33 54.58 55.97 53.21 52.78 54.4
TiO, 0.19 0.67 0.38 0.15 0.49 0.26 0.36 0.54 0.46
Al,O3 16.71 |13.13 4.4 6.15 5.02 14.14 2.21 4.02 2.47
Cr,0; 0.03 0.05 0.06 0.16 <0.03 | 0.03 <0.03 <0.03 <0.08
FeO 2.71 10.49 3.15 2.56 6.81 2.65 6.72 6.29 6.48
MnO <0.03 |<0.03 | 0.02 <0.03 <0.03| 0.02 <0.03 <0.03 <0.08
MgO 6.02 7.02 15.33 14.54 13.6 7.52 15.3 15.24 16.78
CaO 10.64 | 21.05 20.09 20.69 16.43 12.14 19.78 18.55 17.9
Na,O 4.37 1.16 15 0.86 2.78 4.74 1.22 1.37 1.57
K>0 0.1 0.03 0.09 - - 0.1 - - -
Total 96.69 |98.22 99.22 98.47 99.77 97.57 98.86 98.85 100;.32

Secondary spinels of partial-melt products (Table 6, continued)

1 2 3 4 5 6 7 8 9

uU-26 |U-26 uU-9 U-947 Ud-114 | Ud-114 | Ud-161|Ud-162 L_Jd-162

Core |[rim Core rim core rnm
SiO, 0.17 0.15 - 0.25 n.d. n.d. n.d. n.d. n.d
TiO, 0.16 0.21 <0.03 | 0.14 <0.03 <0.03 0.35 0.3 0.17
Al,O4 55.55 |57.81 63.43 60.09 | 62.45 61.49 60.74  62.4p 63.17
Cr,03 0.18 0.09 <0.03 | 0.09 0.21 0.16 <0.03] 0.73 0.23
FeO 36.07 |27.94 17.12 23.25 | 21.56 23.57 20.08 15.39 16.95
MnO 0.18 0.12 <0.03 | 0.17 <0.03 0.21 0.16 <0.03 0.21
MgO 8.03 12.26 17.49 14.87 15.97 14.49 16.64  20.43 19.33
CaO 0.08 0.06 - 0.07 n.d. n.d. n.d. n.d. n.d.
Na,O <0.03 |<0.03 n.d. n.d. n.d. n.d. n.d n.d. n.d.
K,0 <0.03 |0.01 n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Total 100.49 | 98.68 | 98.13 | 99.93 100.25 99.95 98.00 99.34 10Q.06

Clinopyroxene is the most abundant melt product, usually forming
xenomorphic grains about 0.01-0.4 mm long, sometimgpearing “sieve-like”
due to spinel inclusions. Secondary clinopyroxgfieble 6) are always lower in
NaO (to < 3 wt%) and AlD; (to < 1 wt%) and contain scarce Jadeite component.
Relative to the primary clinopyroxenes, they camtasually more MgO [12 to 16
wt% versus 8-11 wt%] and have variable Mg# fromt@®B7. CaO-contents are
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similar to those in the primary omphacites. Pyr@xésn sometimes enriched in
TiO,-content (up to 1.2 wt%).

In some eclogites, secondary pyroxene includesmatisally elongated
crystals up to 0.2 mm long and with green-yellovegghroism. This phase
typically shows high-Ng> content £10 wt%), but low AJO; (<1 wt%)
concentration. This phase exhibits significantyhier FeO content (>20 wt%) and
corresponds to a large amount of an aegirine commofNaF&'Si,Og). This
drastic increase in Beindicates a large increase in oxygen activityha tate-
stage of metasomatizing fluids. Such aegiringibgaclinopyroxene is also
present in diamondiferous xenoliths [30].

There are two possible sources for the fluids théticed the partial melting
of the eclogites. The difference between these le® in the timing of the
metasomatismThese two hypotheses are: 1) kimberlite metasomatmath the
alteration of captured xenoliths by fluids from tkienberlitic magma; and 2) pre-
kimberlite metasomatism, with melting brought abbyt metasomatism in the
mantle before entrapment of the xenoliths by timebarlite.

Virtually all mantle xenoliths have undergone sofoan of metasomatism
while resident in the mantle, mostly long beforeitlentrainment in the kimberlite.
Several observations are applicable here: a) aitinquartial melting occurred in
samples of deep-seated xenoliths, little such exideseems to have been noted
from crustal rocks; b) eclogites, which show evidesof extensive melting often
bear traces of deformation (cataclasis, mylonitrgt etc.), supposedly only
formed in the mantle before the kimberlite; c) ats&d connection between the
intensity of melting versus the surface of the igén® does not seem to appear; d)
an inhomogeneous distribution of the degree ofiglanelting within a given
sample is available; e) intersecting veinlets aftipemelt products as well as
evidences for two or more types of melting evepé&haps closely related in time
are the case; f) there is a rim on the extericsashe eclogites; it is a direct result
of interaction with the kimberlite, as opposed e partial melting which takes
place throughout the xenolith , g) differences texims the intensity of partial
melting of similar xenoliths in the same pipe; d)dhe degree of partial melting
in eclogites varies from pipe to pipe within a giviimberlite field. Based upon
the above factors and others [33], a possible smenauld have the first stage of
the overall partial-melting process ,,begin as meamietasomatism under the
influence of fluids that originated in deep manfessibly associated with a slight
reduction in pressure. This process could haventgitace close just preceding
kimberlite eruption

The overall effects of metasomatism on mantle xtéhwland their trace-
element fingerprints on the chemistry and minenalofjeclogites were described
by Ireland at al. [13]. In addition, there are sgatorrelations with the presence of
some diamonds and the presence of partial-melttathyation products. The
partial-melting process was most likely connecteith Whe formation of last-stage
fibrous diamonds and some microdiamonds [29, 30].

185



Deep- seated magmatism, magmatic sources and the problem of plumes.

METASOMATISM OF ULTRAMAFIC XENOLITHS

Many of the mantle peridotites from Yakutian kimlies have been
subjected to a different stage of metasomatism hichvnew visible phases are
developed; this tape has been referred to as “PGaten“modal” [6, 12 and
references therein]. Separate ultramafic xenolithh obvious occurrence of
phlogopite or other metasomatic minerals are foand described in all well
studied pipes of Yakutia [33] but in comparisonhMhe data for kimberlites of
South Africa (e.g., 7, 12 and references therdiaild is no systematic data on their
distribution in different pipes.

“Cryptic” metasomatism is less investigated in th&amafic xenolith from
Yakutian kimberlites. It is possible to find in map only some evidence about
zoning of minerals or more rare data on trace etesndistributions that suggest
the enrichment of rocks or minerals [e,g., 25, B&re we have systematized the
results on xenoliths from main investigated andleweide known pipes. We tried
to make the first attempt to estimate the relath&ribution of metasomatized
rocks in different pipes, subsequently in differgratrts of Siberian craton and
intensity of metasomatic processes and coupledmeateon of rocks.

Petrographic examination and set of data on majmmistry and trace
elements distribution suggest that ultramafic x#ghsl from the Yakutian
kimberlites undergone the metasomatic enrichmedtiate partial melting in rare
cases. The most impressive this is evidenced bgspictad flogopitization of the
mantle ultramafic xenoliths and kelephytisatiorgafnet. Phlogopites in xenoliths
are highmagnesian with the wide variations of JJi@l,0; Cr,0O; and FeO.
Content of phlogopites varies from separate gramso 80% of volume of the
rock.

Partial melting processes are observed in rareomyiroxenite xenoliths.
Decrystallized and partly the glassy state produdtamelting are developed
between rockforming minerals. Besides they fornticgtveins, pockets and blebs
up to 10-20 mm in size occupying sometimes abo@b #@e initial rock volume.
To a lesser extent, a partial melting has its singenoliths of the peridotites and
in the first place it is expressed in general kbiiypation of the garnet. The
ultramafic rocks are subjected to cataclasis aforeh@tion shears. It is confirmed
by the presence of porphyritic and porphyroclastdures, fluidality and partial
decrystallization of olivine matrix in xenolithsofm all kimberlite pipes.

The cryptic metasomatism is recorded by the presehthe major and trace
element zoning in garnets of sheared peridotiteis fthe Udachnaya pipe and in
garnets of pyroxenites from the Mir pipe. Some gbartic xenoliths from the
Siberian craton have uniquely extreme Nd and Qspso characteristic indicative
of ancient incompatible element enrichment [10]e lhedominant Archaean ages
of mantle xenoliths from kimberlites indicate thendgievity of the SCLM under
Siberian platform and long term coupling betweamstiand mantle. Evidence for
the cryptic metasomatism is incompatible trace el@ntoncentrations in garnets
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of fertile harzburgites and garnet peridotites frdme Udachnaya pipe that was
established by ICPMS-data for minerals more thasdlfples.

Summarizing the results of investigations of metasic processes in
ultramafic xenoliths from the Yakutian kimberlitéss possible to combine next
evidence: i) modal metasomatic minerals or traeeeht enrichment occur in the
almost all varieties of ultramafic xenoliths; ile most prominent features of the
modal metasomatism are replacement of early pHaseslogopite with addition
of spinel and other ore minerals and developmenthefkelyphitic rims. Trace
elements determination by ICP-MS in garnet and rthalyphitic rims in
peridotites from the Udachnaya have suggest a degmp for the kelyphitization
[32]; iii) another evidence for modal metasomatismperidotite xenoliths are
replacement of orto-and clinopyroxene by hydrousd aore phases and
development of partial melting blebs consistin@afew hydrous phases in garnets
of coarse grained pyroxenites; iv) the metasomaiiocesses usually are
synchronized or very close to the stage of mamib deformation; v) according
Re-Os determination of sulfide inclusions in olesnfrom the Udachnaya pipe the
disturbing of Os systematic by igneous and metatore&ents took place after
forming SCLM of the Siberian craton from 2.8 til02Ga [10]. One of the last time
of the mantle metasomatism of the Siberian SCLMiadol.8 Ga is confirmed by
U-Pb SHRIMP-dating of zircon from metasomatized p§toxenite from the
Udachnaya pipe; vi) the metasomatic and deformapoocesses are more
intensive manifested in xenoliths from the cenpait (Daldyn-Alakitsky region)
of the kimberlite province.

CONCLUSION

According to Re-Os and Sm-Nd dating the SCLM of &ieerian platform
was formed in the Archaean. The vertical and lategterogeneities of the SCLM
are the results of primary differentiations of thantle substance and late addition
of the oceanic crust during subduction in centralt pof the platform and
subsequent development of mantle by the procedsemmtle metasomatism and
couplet tectonic deformation.

In Yakutian kimberlites and worldwide, the mafiowdths display evidences
of partial melting processes. Modal and cryptic asetmatism are abundant in
ultramafic mantle xenoliths from kimberlites. Oftdrey are couplet with tectonic
deformation of mantle rock and in rare cases with partial melting. These
processes took place repeatedly in SCLM of therkibecraton and were more
intensive in the central part of the kimberlite ywnze and are connected with the
major tectonic-magmatic events observable in theeuprust.

The SCLM of cratons with the kimberlite-lamproiteagmatism worldwide
was formed in Archaean and has a resemblance idistrébution of petrographic
types of mantle xenoliths and coupled crustal rotke evolution of the SCLM of
different cratons as well of different regions desikimberlite provinces could be
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different in terms of timing of tectonic-magmativeats as well in intensity of
mantle metasomatism, partial melting and tectoefomnation.
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Abundances of trace elements (Nb, Zr, Hf, Ti, La, Ce, Nd, Sm, EUEDY,b
u Y) were determined by the secondary-ion mass-spectromethyoché garnets
and clinopyroxenes of coarse-grained low-temperature garnet and [spiitkltites
(7 samples) from the Udachnaya kimberlite pipe. The mantlasmigiatism has an
effect on peridotite minerals. However, this effect is of variotsnsity. The least
metasomatized samples of garnet and clinopyroxene were usechddaton of the
melting and reconstruction of rock origin settings. Sp and Gr perigldtiben the
Udachnaya kimberlite pipe could originate as Ol+Opx residues @hlariegrees of
the polybaric fractional melting of PM in the 60-27 kbars range Sp and Cpx in
peridotites result from granule exsolution from the primary orthopyroxene.

INRODUCTEION

Deep xenoliths from kimberlites provide the infotroa on the composition,
structure, and origin of the continental mantlede®p as 200 km and more.
However, the interpretation of geochemical datanf@jor and trace elements is
complicated as after the origin the samples wergjested to metamorphic
recrystallization and mantle metasomatism [7, 8], 1

In terms of structural-petrographic features oksychemical peculiarities of
minerals, and PT-characteristics two main groupperidotite xenoliths in the
kimberlites are distinguished. They include coays@ned low-temperature and
deformed high-temperature peridotites [3, 4, 6, 1B]. Many investigators
consider that the grained spinel, spinel-garnety garnet harzburgites and
Iherzolites form the rigid mantle lithosphere cdtons.

As compared with a primitive mantle (PM) and ocedithosphere mantle
these rocks are characterized by a significantetiepl by such oxides as TiO
Al,O3 FeO, CaO, N#® [4,12]. Two main hypotheses are in competitionewh
explaining this fact. The most widely used viewpatonsiders the grained low
temperature peridotites as restite remained afterremoval of fluid with the
komatiitic composition when the primitive mantle nselted [21]. The second
model suggests them to be olivine-orthopyroxenewates [5, 9,13]. The rock
texture and the presence of spifialinopyroxene (in the spinel facies) and garnet
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+ clinopyroxene (in the garnet facies) are due t® dginanule exsolution from
primary high CaO and AD; orthopyroxene.

The present article gives the simulation of restritedel based on using
concentrations of incompatible elements in the giaemd clinopyroxene from 5
grained garnet Iherzolites and 2 grained spinelziiiges of theUdachnaya
kimberlite pipe.

PETROGRAPHY

Studied spinel and garnet Iherzolites from the bidaga kimberlite pipe are
grained peridotites of a common type, forming a angpart of the mantle
lithosphere under ancient cratons [4, 6, 18].

The rocks possess granoblastic texture and a manmkeckation of minerals.
A textural pattern of rocks is owing to subhedraline grains (2-8 mm, in cases
to 10-12 mm) and orthopyroxene (2-5 mm). Small-@rBm) anhedral garnet and
clinopyroxene or spinel and clinopyroxene in spihelrzolites are found between
these subhedral grains. Samples 48/82, 2/84, 343@itain rare relict
orthopyroxene megacrysts (10-17 mm). Megacrystssaangly deformed and
separated into blocks and domains. The blocks amgaohs partially preserve a
common orientation and include rare tabular ortlhopgne growths and chains of
small garnet grains, oriented in orthopyroxeneemmts of the cleavage or system
of subparallel fissures. The rocks show uncleadimgd which is derived from
discontinuous chains, containing #&px and Gntx Cpx grains, located
conformably to the common cleavage The above indicates a possible
recrystallization of Sp, Gnt, and Cpx coming frohe tprimary orthopyroxene

exsolution. The modal mineral composition of theksois given in Table 1.
Table 1.
Modal mineral composition of spinel and garnet peridotites

Sample ol Opx Cpx Sp Gar
48/82 58,5 38,5 2,5 0,5 -
47182 80,2 18,9 0,5 0,4 -

43/82 74,7 18,9 3,0 - 3,4
2/84 68 25,0 2,0 - 5,0
325/87 52,4 27,1 1,9 - 18,4
343/87 69,0 20,0 0,3 - 10,7
42/82 62,0 28,5 2,5 - 7,0

Notes. Ol — olivine, Opx — orthopyroxene, Cpx — clinopyroxene,Sp — spinel, Gar- garnet.

All studied samples exhibit prekimberlite metasasmt and secondary
transformations of post-pipe stage. Minerals, aasedt with metasomatism
include fine rims on the primary minerals: darkykdlitic rims on the garnet with
micrograins of phlogopite and Al-Cr-spinel in theter part; fibrous amphibole +
secondary clinopyroxene +Ti-spinel and Ti-magnewe the orthopyroxene;
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narrow zones of lightening with Ti-spinel and Tignetite ore on the
clinopyroxene; and Ti-magnetite rims on the spirgdmple 343/87 contains a
large (3mm) weakly PhIl curved plate, which moskely indicates the
premetamorphic metasomatism.

The post-pipe changes. Samples 2/84, 343/87 aBBBZxhibit serpentine
alteration (from 5 to 25%). Samples 48/82 and 4382not have serpentine
alteration. All samples include fine calcite seleag& 0,5 %) and point
impregnations<0,1%) along the mineral grains. The X-ray analgbisws that the
latter involve scarce Al-Cr-spinel, troilite, magnaferrite, and periclase phases.

GEOCHEMISTRY: RESULTS AND DISCUSSION

Investigations of minerals via microprobe JEOL Sppebe 733 showed the
absence of zoning for petrogenic elements withengtain except for very narrow
(= 50 um) marginal zones. It can be caused by tHaemnfe of pre-kimberlite
metasomatism. The concentrations of trace elen@isZr, Hf, Ti, La, Ce, Nd,
Sm, Eu, Dy, Er, Ybu Y) in garnets and clinopyroxenes were measuredhby
secondary-ion mass-spectrometry following the pilace from [14]. This
procedure provided the precision of determinatimnbe not lower than 10% for
trace elementsvith concentrations of 0.1 ppm and not lower than 15-20% for
contents < 0.1 ppniable 2 gives contents of trace elements in misef@arnets
from various samples show sharp variations bothterms of content and
distribution pattern of rare elements (Fig. 1, @arnets from samples 42/82 and
43/82 exhibit low REE concentrations (0.006-0.015 chondrite level for La, Ce
and Nd and 1,2-2 chondrite level for Yb). Garnemnirsample 2/84 shows the
same level of average/and heavy rare earths whaleand Ce contents sharply
increase# 0.6-0.7 chondrite level). The concentrations avyerare earths and Ti
in garnets from samples 42/82, 43/82 and 2/84 andas to those in the most
depleted purple garnets from low-temperature hagitas of the Udachnaya pipe
[17] - fig.1A. In terms of light and middIREE, Zr and Hf, garnets from samples
42/82, 43/82 are the most depleted ones amongnhigzed garnets from garnet
peridotites in kimberlites. A specific feature bese garnets is maximal on curves
for Zr and Hf.

Garnet from sample 325/87 exhibits REE content lamiio that in purple
garnets from low-temperature garnet harzburgiteb wiinopyroxene [17] - fig.
1B. Hf content in garnet 325/87 shows a sharp mamim

Garnet from sample 343/87 (Fig. 1A) has higher eatations of all rare
elements except for Nb and a characteristic sialdidce curve for REE. The curve
is plotted in the field of purple garnets from higimperature garnet lherzolite of
the Udachnaya pipe [17]. In terms of the compasiiiois similar to the central
parts of garnet grains from the low-temperaturedogites of the Vesselton pipe,
South Africa [7]. Marked minima are found for Zrf &d Ti as compared with

192



Deep- seated magmatism, magmatic sources and the problem of plumes.

Table 2.
Abundances of trace-elements (ppm) in minerals from peridotiteof the Udachnaya
kimberlite pipe.

48/82 | 47/82 43/82 2/84 325/87 343/87 42/82

Cpx Cpx Cpx Gar Cpx Gar Cp Gar Cpx Gar Cpx Gs

-

Nb | 0.342| 0.011] 0.352 0.33 0.376 0.672 925 0222385 | 0.360 0.349 0.302

La | 1.772| 0.002] 0.04q 0.002 14.761 0.14 .665 0{082.214| 0.048 0.001 0.004

[l I O R B ]

Nd | 4.443| 0.003] 0.042 0.0Q 0.047 0.00 597 0J086.030| 3.195| <0.002 | 0.003

8
2 D
Ce | 5.662| 0.005 0.125 0.008 10.070 0.429 009 0.06.829| 0.676 0.004 0.009
5 3
7 4

Zr | 5517 | 0.166| 0.294 0.22 0.315 0.25; 3.8317 0/298.345| 21.363 0.263 0.178

Hf | 0.078 | <0.002| <0.002| 0.006| 0.115| <0.002| 0.093 0.195 1.288 0.39k0.002 | 0.012

Sm| 1.073| <0.002| 0.012 | 0.006 0.004 0.011 0.224 0.014 4.770 1.1780.002 0.003

Eu | 0.194| 0.001] 0.001 0.003 0.003 0.124 0.010 0.909 0.260 <0.0005 <0.0p04

Ti 183 16.1 31.8 29.0 13.3 16.7 84{4 1155 489 601 27.9 19.3

Dy | 0.348 | 0.005| 0.003 0.026 0.024 0.01 0.125 0.289693)| 0.497 0.002 0.04

Y | 1.945| 0.041| 0.018 0.530 0.015 0.160 0.427 4978219 | 3.972 0.031 0.701

Er | 0.226| 0.003| <0.001| 0.058| 0.047 0.037 0.055 0.806 0.385 0.464 0.007 360.1

Yb | 0.290| 0.022| 0.006 0.229 0.006 0.118 0.034 1381218 | 0.624| 0.017 0.366

Notes. Abundances of trace-elements were determined by the secandargss-spectrometry
method at the Institute of Microelectronics and Informatics, RAS, in 2001ygana S.G.
Simakin)

REE Samples with three types of rare earth elehstribution in garnet preserve
individual specific features in terms of clinopyeme geochemistry (Fig. 2 A, B).
Clinopyroxenes from garnet Iherzolites 42/82 antB2&nd spinel lherzolite 47/82
(Fig. 2A) contain low concentrations of all raremkents and show a significant
increase of concentrations from Dy to Yb. Zr, Hf, miaxima are typical of all
three samples. Except for high concentrations obhd Ce, clinopyroxene from
garnet lherzolite 2/84 is similar to these threm@as. Clinopyroxenes from the
considered samples contain less rare elementsthiganlinopyroxene from low
temperature garnet harzburgites (100/91), beingribst depleted in rare elements
[17].

The distribution pattern and concentrations of r@ements in clinopyroxene
from garnet Iherzolite 325/87 are similar to that clinopyroxenes from low-
temperature garnet harzburgitestaining clinopyroxene of the Udachnaya pipe [17] - fig.
2 B. Clinopyroxene 325/8xhibits the enrichment with light and middle raarth
elements as compared with heavy ones. They aradtlearzed by minimal Zr, Hf
and Ti.
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Garnet / Chondrite
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Fig. 1.Chondrite-normalized distributions of rare elements in garnetdrom coarse-grained
low-temperature peridotites of the Udachnaya kimberlite pipe.
Cross — 343/87 sample, star — 42/82 sample, filled circled — 43/82 sampliedutiomb — 2/84

sample, filled rhomb — 325/87 sample.

1 —field of purple garnets from high-temperatuegigotites of the Udachnaya pipe [17]; 2 — fieldmfrple garnets
from low-temperature coarse-grained harzburgitethait clinopyroxene, the Udachnaya pipe [17]; 3iled of
purple garnets from low-temperature coarse-graihedzburgites with clinopyroxene, the Udachnaya pipg.
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Fig. 2. Chondrite-normalized distributions of rare elements in clinopyroxeom fcoarse-
grained low-temperature peridotites of the Udachnaya kimberlite pipe.

Unfilled circle — 47/82 sample; oblique cross — 48/82 sample. Other syratkimilar to those

on Fig. 1.

Clinopyroxenes from garnet lherzolite 343/87 apohal Iherzolite 48/83 are
marked by higher concentrations of rare elements ¢FB). Nb, Zr, Hf and Ti are
minimal. The concentrations and distribution paitef rare elements are similar to
those for clinopyroxenes from high-temperature ghltmerzolites [17].

The above data indicate that garnets and clinogyres from coarse-grained
garnet Iherzolites of one and the same type shaspghdifferentiated contents
and distribution of incompatible rare elements.céin result from a possible
influence of fluids or melts with high abundance inEompatible elements on
rocks generated due to melting [1, 7, 8,.1@Garnet and spinel Iherzolites 343/87

195



Gornova M.A., Solovjeva L.V.

and 48/82 are the most metasomatized rocks inttltkesl series. lagrees with
occurrence of the primary phlogopite plate in sang13/87.

The distribution of rare elements in garnets amdoplyroxenes from garnet
and spinel lherzolites (samples 42/82, 43/82, 47¢8n be regarded as the most
similar to the primary ones. According to the moalethe mantle metasomatism of
peridotites [2, 17], LREE concentrations in theédatan exceed the content in the
interacting melt/fluid while the content of heaviZR is not changed.

-Clinopyroxene in sample 325/87 approximates thepasiions of the most
metasomatized samples while the garnet is lessgeldanClinopyroxene from
sample 2/84 is more changed as compared with gafimet disequilibrium of
garnet and clinopyroxene representing differentas@mhatic stages and more rapid
reaction of clinopyroxene with the melt were foufod low-temperature garnet
harzburgites of the Udachnaya pipe [17].

Partition coefficients of rare elements [23] sudggesgative Ti anomaliesn
spider diagrams in primary garnets and clinopyreseariginated from melting
while they provide positive Hf and Ti anomaliesarthopyroxene. The maxima
for Zr, Hf and Ti on spider diagrams of incompatibhre elements both for garnets
and clinopyroxenes can result from the origin adséh minerals through granule
exsolution from high-temperature orthopyroxenethis case the anomalous curve
of rare element distribution in garnets and climoggnes is inherited from the
primary orthopyroxene [1, 8]. The “primary” inhexit from the orthopyroxene and
metasomatic distribution of incompatible rare elataas found both in the spinel
and garnet zones of the lithosphere mantle unéedttachnaya kimberlite pipe.

MODELLING OF MELTING. DISCUSSION

As opposed to melting in the mid-oceanic ridgesjctwthad formed the
oceanic lithosphere, the processes responsibli®ffiming the Precambrian craton
lithosphere have been poorly studied. As the dyosimsi not clear, models of both
isobaric or polybaric batch melting to be expedimdsites with buoyant mantle
upwelling and polybaric fractional melting typicaf settings with a passively
upwelling mantle [20] are to be calculated.

The analysis of experimental investigations [21] Rftlicates that MgO
content increases relative to the composition whiiwe mantle while AJO;, CaO
concentrations decrease proportionally to the mgliiegree. The concentration of
>FeO is directly correlated with the pressure thatyy it is less in restites formed
under higher pressures. $i€bntent in residues shouldn’'t exceed the compositi
of the primitive mantle (~ 45 wt.%) and it insigodntly decreases with melting.
Abundant interactions of restite peridotites wittilirating melts and fluids can
lead to an additional formation of orthopyroxengrease of SiO2 content, and
decrease of FeO in a rock that hinders the detatioim of parameters of the
primary melting from the petrochemical compositafrihe rock.
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Considered peridotites from the Udachnaya pipe. (B)gshow lowZFeO
concentrations and variations in,@k and MgO contents that suggests that these
rocks originated under high pressure and varialdgrekes of melting. The
comparison of petrochemical rock composition witasidue composition,
calculated by Walter [22] using the experimentahdarovides the estimation of
melting parameters. The rocks could originate asdues from the polybaric
fractional melting of the primitive mantle in th@-20 kbars pressure range or from
the equilibrium melting of the primary mantle und& kbars and degrees of
meltingfrom 20 to 40%.

Rare earth and HFS elements are sensitive indgcatbrmagmatic and
metasomatic processes thus they were selectedstqassible mechanisms of
formation of peridotite from the Udachnaya kimhkerlipipe. The partition
coefficients of rare elements for high-pressurarggs are taken from Xie [23].
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Fig. 3. Oxide variation diagrams (weight %) showing low-
temperature coarse-grained peridotite data from the
50 —
i Udachnaya relative to the residues of model batch and
48 — polybaric fractional melt extraction [22]. Thin solid
1 lines are isobaric batch melt extraction contours and
46 —
i dashed lines give percent batch melt extraction. The
o
§U7 44 — filled circles connected by thick solid contours are the
2 | residues of polybaric fractional melt extraction and
J are labeled according to the pressure range of melt e
40 xtraction. Symbols for peridotites are the same as for
1 minerals on figs. 1 and 2.
38 ]
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Fig. 4. Chondrite-normalized calculated distributions of rare elements in regtitetg4A) and
clinopyroxenes (B) for polybaric fractional melt extraction from PM in@®e4 kbars interval.
A: solid line — 60-44 kbars, point-dashed line — 60-44 kbars, dashed line — 60-38 kbars. B: solid
line — 60-44 kbars, point-dashed line — 60-37 kbars, dashed line — 60-34 kbars. Filled rhomb —
325/87 sample.
Table 3.

Parameters used in polybaric fractional melting model (0.1 GPa — 1% melt).

Modal mineral composition of melting solid (M)

Crystal / Liquid partition coefficients P, GPa and melting reaction (P)

w | Opx | Cpx | Gr PM 6.44 | M:05401+031Cpx+0,15 Gar

001 |001 |005 |0,005 0713 | P: 0,22 Ol + 0,26 Cpx + 0,52 Gar = 1L
ta_ |0,005 | 0,002 | 0054 | 001 | 0,687
Ce 0,005 | 0,003 | 0,098 | 0,02 | 1,775 44_ | M:060I+032Cpx+0,08Gar
Nd 0,005 | 0,007 | 0,21 | 0,08 | 1,354 37 P: 0,07 Ol + 4,3 Cpx + 1,14 Gar = 4,51
zZ {001 |001 |0233 |025 |112 Opx + 1L
Hf 0,005 | 0,03 |02 0,23 | 0,309 |

3,7 - M: 0,64 Ol + 0,34 Opx + 0,02 Cpx

Sm

0.005 | 0,01 | 026 0.22 0,444 3,4 P: 0,32 Ol + 0,02 Opx + 0,66 Cpx = 1L
Eu 0,007 | 0013 | 0,31 | 0,32 | 0,168
i 0,006 101 101 0.1 1300 3,4— | M:0,64 Ol + 0,35 Opx
ed | 0006 10016103 105 10,5% 20 | P:0,030I+097 Opx =1L
vb 0,002 | 0,049 | 0,28 |4 0,493

Notes.PM — primitive mantle, L - melt.

Equations for calculating residual balk compositions taken froang16]: G°= [1- PF/D"""x C;
% (1-F). Equations for calculating the composition of residemherals taken from and Johnson [10]: C
mn = [1-PF/D*Px [D; ™™ DP- PF)] x C,°. C°— composition of bulk solid, ¢° — composition of
melting solid, initial composition is PM, > bulk solid partition coefficient, P — bulk melt coefficient, F
— degree of melting, &" — composition of mineral, "™ —mineral partition coefficient. €, D; ° and
P are recalculated according to melting reaction.

The quantitative reactions of the polybaric fracéib melting of PM were
calculated for the 60-20 kbars range using experiatevorks on the peridotite
mantle melting [21] and following the idea that IP&lt is extracted for each 1
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kbar in an upwelling “column” of mantle materidlhe parameters, used in the
melting model are given in Table 3.

If the fractional polybaric melting of PM startifigpm 60 kbars is the case, then
garnet doesn’t occur among residuimerals beyond 37 kbars and clinopyroxene is
not available beyond 34 kbars. Calculated compsitf residual garnets and
clinopyroxenes in the range from 60 to 34 kbars gnen on Fig.4. The
corresponding minerals of peridotites from the Uuhaya pipe contain markedly
less HREE. Thus, garnet and clinopyroxene coulidmit in. uch settings and are
not primary restite minerals. Beyond 34 kbars tesiduecontains olivine and
orthopyroxene. Petrographic observations and geoicla analysis of
concentrations of rare element in garnets and gjiraxenes in peridotites from
the Udachnaya pipe indicate that these mineralddctarm from exsolution
structures in orthopyroxene. Thus, compositionsestite orthopyroxene for the
melting in the range from 60 to 25 kbars were daled first and then
compositions of garnet and clinopyroxene were dated using partition
coefficients and real ratio of r, Opx, Cpx in sae®lCalculations are given on
figure 5. It should be noted that due to abundasmtie metasomatism heavy rare
earths are to be considered for the comparisoralfaompositions of peridotite
minerals with the calculated ones.

HREE distribution in garnets (Fig. 5A) from lesstasmmatized peridotites
(sample 2/84, 43/82, 42/82, 325/87) well agree$ whte calculated curves for
garnets originated from exsolution structures aideal orthopyroxene resulting
from fractional polybaric melting of the primitiveantle occurring within 60 to 30
kbars range. A successive decrease of HREE coatiens in garnet is associated
with Al,Os; decrease in rocks that reflects the increase ttingedegree. Zr, Hf,
and Ti concentrations are in less agreement \wehctlculated values, which can
be derived from imprecise, selected partition doigfits of these elements and
possible metasomatic influence.

Er and Yb concentrations idinopyroxene(Fig. 5B) also conform to the
calculated values. They decrease with the decr@adé0O3 content in the rock.
The disturbance of this regularity in the clinopygoe from the most depleted
sample of spinel peridotite (47/82) is apparents Idue to the exsolution of the
most depleted orthopyroxene into spinel and climoygne but not into garnet and
clinopyroxene like in other samples.

Thus, Sp and Gr peridotites from the Udachnaya piie most likely the residues
of melting of variable degrees (from 25 to 33%)eiflpresence in one and the
same pipe can be account ed for polybaric meltintp® upwelling “column” of
mantle material when small increments of the mafiticuously extracted from the
residues. Composite melts, complementary to suctqies are to be komatiitic
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Fig. 5. Chondrite-normalized calculated distributions of rare elements in garneaadA)

clinopyroxene (B), originating from exsolution structures in the restik®pyroxene for
polybaric fractional melt extraction from PM in the 60-27 kbar range. F -ngeléegree given

in %. Al203 — content in the rock, in weight %. Dotted line — calculated curves, line —

compositions of minerals from peridotites in the Udachnaya pipe. Symbols on the cinee of t
real mineral and compared calculated curve are the same and similar tortltegs. 1 and 2.

CONCLUSIONS

1. The mantle metasomatism has an effect on peridaotiberals. However, this
effect is of various intensity. Thus, the least asematized samples of garnet and
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clinopyroxene can be used for simulation of thetimglfrom HREE and for
reconstructing the setting of rock formation

2. Sp and Gr peridotites from the Udachnaya kimbegdipe could originate as
Ol+Opx residues from the polybaric fractiomaélting of PMin the 60-27 kbars
range.

3. Gr, Sp, and Cpx in peridotites from the Udachnapa pesult from the granule
exsolution from primary orthopyroxene.

The investigations were supported by RFBR (grad2#85-64746).
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Garnets, clinopyroxenes, spinels and ilmenites from the concerdfatel-1
kimberlite pipe, (Kelsey lake) Front Range, State Line fielérewanalyzed to
reconstruct the mantle section and the processes in the mantléhb@nheaning
craton. Garnets show a trend up to 12%QGgrwithin the |herzolite field with
decreasing frequency for deeper garnets. SevergD;CiTiO, trends suggest
multistage pulses of melt percolation. Their amount coincides twéhamount of
groups for Cr- diopsides and spinels. Deformed garnets — clinopyroxergrawths
higher in TiQ give more heated TP conditions (to 40-45 nfy/then individual
grains. llmenites showing a long (polybaric) differentiatiomdreecoming more Cr-
rich in Fe-part but spinels increase Ti content in Al-richl(gWalevel) varieties.
Trace elements for Cr-diopsides suggest participation of subductiatedrenaterial
with high U content. Increase of HREE and U decrease is ordedath AFC with
garnet dissolution. The Ti enrichment took place in the surroundindseafising
evolving pre-erruption kimberlite liquid produced megacrystalline association.

INTRODUCTION

Colorado kimberlites are located at the south banndf the Wyoming
craton. This region concentrate the deep seatedhwisim for a long time starting
from Late Precambrian to the Cenozoic (Leucite)Hil 9]. State Line district of
include several diamondiferous kimberlite groupsv@nian ages reported for the
most of State Line diatrems. More ancient 80000 fa were determined for Iron
mountain and other kimberlites. Pipes containtaofdhe megacrysts and nearly
completely serpentinized mantle xenoliths. Pyroged ilmenites are abundant at
and near the pipes and in the placers sometimesthtgwith diamonds. Iron
Mountain kimberlites carry abundant and variousopgs [7] belonging mainly to
the lherzolite field according to N.V.Sobolev diagr [15] though the subcalcium
harzburgitic garnets from diomondiferrous groupsXB9vere also found.

Kimberlites and deep seated inclusions were studietktail for many years
[7]. In this paper we represent the material frév®a €Colorado KL1 (Kelsey Lake
kimberlites, Front range group). The heavy conegetr(fraction +1+-) was
analyzed by EPMA and selected minerals by LAM IC&hud in UIGGM SD
RAS. Studied mineral: pyropes, chromites, lImenitdisopyroxenes were used to
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reconstruct the processes taken place at the mafdire lithospheric keel of the

Wyoming craton.

RESULTS

GARNETS (fraction +1) from this pipe reveal a long treon the CyO; —
CaO diagranfup to 12% C40s). (Fig.1) (Table.1).From the beginning to 1% the
pyropes with the elevated usually starts from th8% CrO; what refer according

1.2

10 Ca0, wi%

Cr,0, wt%

Figl.Cr,03s-CaO —FeO- TiG; (wt%)
plots and Cr frequency histograms for the
garnets from KI-1 pipe. 1- separate grains;
2. - intergrowths with clinopyroxenes and

garnets; 3.garnet from Ilm —
serpentine nodules.

to Ryan [13] barometry to the
pressures close to diamond stability
boundary. The separate ,05 —
CaO trends usually corresponds to
the garnets from different in size
fractions and morphology. The Iron
Mountain pyropes demonstrate the
lower angle inclination of this trend
of much higher proportion of
subcal cic garnets that were
possibly analyzed from a finer
fraction. The garnets found in the
serpentinized ilmenite harzburgites
drop to the Iherzolite field but
lower then the main part of garnets.

Deviation to lower CaO
values corresponds to the deformed
garnet grains found in intergrowths
with the clinopyroxenes and
spinels. They are also more
ferriferous and their higher Fe#
can't be explained by heating
(Fig.1).

Proportion of the Cr -less
pyroxenites and eclogite garnets in
the KL1 pipe is much lover then
for Iron Mountain kimberlites [7].

The interesting features of
KL -1 pyropes is presence of 4
Cr,O; -TiO, trends in which Ti
valuesFe# correspond to gently
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Table 1.
Continuation
Oxides Kl1- Kl1- Kl1- Kl1- Kl1- Kl1- Kl1- Kl1- Kl1- Kl1-
1-16 1-21 1-22 1-23 1-26 1-28 1-29 1-30 1-31 1-32
Cr-Spinels
TiO2 0.24 5.27 1.67 0.47 0.28 0.29 1.63 1.64 2.60 0.78
Al203 | 18.79 6.58 6.65 2.11 19.05 26.01 7.00 9.14 6.54 7.22
Cr203 | 39.20 44.12 57.22 62.32 4269 37.11 5857 53.85 59.20 60.05
FeO 27.76 36.87 22.22 25.11 2479 2210 2124 26.35 20.34 19.68
MgO 13.62 6.91 11.26 10.06 13.43 15.65 12.15 9.80 9.61 12.25
Total 99.61 99.76 99.02 100.0 100.2 101.1 100.5 100.7 98.28 99.97
8 5 7 9 8
Fe/(Fe | 53.36 74.96 5254 58.34 50.88 44.21 4951 60.13 5430 47.42
+Mg)%
Kl1- Kl1- Kl1- Kl1- Kl1- Kl1- Kl1- Kl1- Kl1- Kl1-
5-76 5-79 5-88 5-89 5-90 5-91 5-93 5-39 5-40 5-78
IImenites Rutiles
58.76 59.59 5590 58.73 52.22 49.67 50.36 52.01 | 96.46 95.98
0.96 1.07 1.15 0.96 0.67 0.65 0.66 0.63 0.06 0.17
1.56 2.55 4.98 1.20 0.44 0.80 0.67 0.46 0.66 0.13
2756 2425 2464 27.21 39.18 42.25 42.21 38.34 0.69 2.80
1293 1154 13.72 12.16 4.82 7.06 543 7.54 0.03 0.34
101.7 99.01 100.3 100.2 97.33 100.44 99.33 98.98 | 97.91 99.42
8 9 6
5447 54.11 50.19 55.65 82.02 77.05 81.35 74.06| 91.94 82.37
IImenites and Rutiles
**7 Nowt% , 12| %7 MnO wt%
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Fig.2. Composition of limenites from KI-1 pipe and the frequency histogram for major components.
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(exponentially?) rise with the Cr decrease. Thagdrthrough all the interval of
Cr,O; values. The garnets were analyzed in three diffeseries and the general
features and configuration of the fields was simila

Clinopyroxenes found in concentrate occurs in two main varietib®st
common are the individual bright grains of Cr-diapes have relatively low
concentration NgO, AbOs;, Cr,O; and FeO but are much higher in Ti©Gontent.
Those found in intergrowth with the fractured gamare evidently enriched in the
Fe, Al, and Na(Fig.2)(Tabl.1) On the variation diagram one can find also 4
positive FeO- N#D, AbOs;, TiO, and negative GOs trends.

IImenites from this pipe have Ti values which sometimes egcéd in
structural formulgFig.3)(Tabl.1) Polycrystalline ilmenite fine grained nodules are
common. Larger ilmenites contain irregular rutibes@utions and seems to be
cemented by more fine grained material. All thekeenites came from the
desintegrated larger polycrystalline nodules (5 or more). Polycrystalline
equal fine grained aggregates often include roundetile grains in
intergranularspace between polygonal ilmenites. eMmarely these aggregates
contain apatite and perovskite. One quartz gramedice originally) was found in
contact with ilmenites.

In the variation diagrams limenite demonstrate darafed behavior of Ni,
Al and Cr contents. Main tendency is common: ris&&0 ALO; concentrations
and decrease of MgO, NIO, £x, TiO, but it is evident that this is not a
continuous trend but consisting from several braschith the similar tendencies.
Very high admixture of MnO (to 12%) in ilmenitesdatwo lines of rapid decrease
of this component with the FeO is uncommon featdithis pipe.

Table
Representative analyses of the minerals from the KI-1 pipe, Colorado
Intergrowths
Oxides KI1-33 KI1-37
KI1-39 KI1-48 KI1-45

Cpx | Gar Sp | Cpx | Gar Ga | CPx | Cpx| Ga | Cpx| Ga
Sio2 55.33 42.36 | 0.05 54.24 41.74 4171 5529 5425 40.78 | 54.19 41.27
Tio2 007 002 | 093 036 022 | 001 005 | 014 0.08 | 0.02 0.02
Al203 525 21.00 | 763 228 17.11 | 1851 343 | 439 1846 | 3.33 1894
Cr203 386 354 |5808 341 862 | 696 419 | 380 628 | 3.71 5.78
FeO 287 839 [1941 271 669 | 7.31 221 | 265 755 | 241 7.47
MnO 010 063 | 063 007 039 | 050 0.06 | 010 055 | 007 0.51
MgO 12.44 20.48 | 12.95 1593 20.12 | 19.43 13.97 | 13.45 20.32 | 14.21 20.69
CaO 1506 3.97 | 000 1875 6.01 | 6.08 17.64 | 1511 4.34 | 1752 4.40
Na20 523 0.06 | 004 252 004 | 003 371 | 429 0.09 | 359 0.06
Total 100.21 | 100.44 | 99.72 | 100.26 | 100.95 | 100.53 | 100.55 | 98.17 | 98.46 | 99.06 | 99.14
Fe/(FetMg)% | 11.46 | 18.69 | 4568 | 871 | 1572 | 17.43 | 815 | 9.96 | 17.25 | 8.69 | 16.85
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Table 2 finished

Oxid Kl1-46 KlI1-88 KI1 -82 KI1-85
XI0ES Cpx | Gar | Sp im | Ga Q | im | Im [ Rut
Si02 5432 41.14 0.78 | 0.13 41.04(98.25 0.30 | 0.26 0.85
TiO2 0.00 0.00 0.02 |[56.98 0.15 | 0.02 56.79 | 55.96 97.19
Al203 3.28 19.11 9.69 | 0.83 1581 | 047 1.10 | 0.92 0.10
Cr203 342 564 5567 180 997 | 0.02 1.72 | 0.14 0.05
FeO 236 7.21 20.07|26.99 6.75 [ 0.07 29.12 3198 041
MnO 009 045 072 | 084 043 | 002 165 | 0.39 0.03
MgO 1442 20.39 11.23 1187 19.09| 0.02 792 | 9.37 0.11
CaO 1711 458 0.04 6.24 | 0.02 0.27
Na20 3.12 0.02 0.05 0.036 | 0.02 0.14
Total 98.12 | 98.54 | 98.26 | 99.43 | 99.52 | 98.92 | 98.60 | 99.01 | 99.14

Fe/(Fe+tMg)% | 8.41 | 16.56 | 50.08 | 56.06 | 16.56 | 70.95 | 67.34 | 65.69 | 67.39

garnets are located exactly on the mantle array slmmvs rather restricted
compositional range (55-60% Lx,) that refers here to 5-7% in coexisting garnets.

Tp conditions for mantle peridotites were determined using clyrogene
thermobarometry [11] and new Jd-Di barometer [3]eBate grains of Cr-
diopsides are located close to 35 nfv/and between 35-40 mvfngeotherms
within the 30-50 kbar interval, but the clinopyro®s in intergrowths with garnets
produce the more heated branch (or branches) ot® mv/m.(Fig.5).

Trace elements determined by LAM ICP MS for four clinopyroxenes
demonstrate common REE patterns for lithospheriatimaperidotites patterns
with high La/Yh, ratios and divergent HREE. Trace element spidergia not
show strong minima in HREE except for Ta and smdbie Nb but they reveal
evident peak in U, Ba, Sr which is typical for thebduction processd§ig.6,
Table 3)

DISCUSSION

The CpO; frequency histogram for the garnets probably otifig the amount
of the deep peridotite material carried by the lentite. Presence of separate clots
(5 or 8) in this trend probably reflect separatespure intervals and mantle
sections since the Cr- content is variable. Thédsg peak may correspond to the
location of the main intermediate magmatic chanadset may be explained by the
dissolving or loss of the more deeper Cr-rich g&rred rocks during magma
upwelling or/and possibly may correspond to thegpessive depletion of the
lithospheric keel in the depth what is common foellwstudied pipes like
Udachnaya [4] etc. Different inclination of the Ca trends may be found even at
the same kimberlite pipe what is evidently seethim garnet diagrams from the
nearby located Iron Mountain kimberlite [7]. It mdikely reflects the TP gradient
variations and/or variations in lithology.

The Cr-Fe-Ti relationgFig.1) for garnets suggests that even in the same
pressure interval the lithology of the mantle stdistwas not homogeneous and
the rocks from the same interval were probably fnediiby several stages of melt
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percolation (Cr-Ti-trends). Relative amount of et rocks commonly rises with
the depth. Looking on the Cr-Ti trends one can sagdghe mixing process
supposing the interaction of evolving megacrysiiog melts with mantle peri
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Fig. 4. Variations of the
clinopyroxenes from KI-1 pipe. 1-2 the
same as for Fig.3.

The lower Ti varieties an opposite
are more Cr-rich and slightly
lower in FeO. Polycrystalline
aggregates containing garnets and
essential amount of serpentine
have very high GO3
concentration in ilmenite ( >7% )
and garnet (~11%) Two
serpentine varieties— with high
(56%) and low (~40%) SiO
content substitute Opx and Ol
respectivelyTable 2)(Fig.3).

Fig. 5. TP plot for the
clinopyroxenes determined by Nimis
and Taylor, 2001 method: 1.
separate grains; 2 intergrowths;
determined by the Jd-Di barometer
Ashchepkov, 2001. 3- single grains;
4- intergrowths.

Chromites from concentrate of
this pipe reveal two main modes
(Fig.4)(Tablel ) but a more
detailed histogram shows that
there are at least 4-5 peaks as
well as for the pyroxenes and
garnets. The Ti and Al rise
together in the chromian spinels
in this pipe and other
kimberlites also. The chromites
found in the intergrowth with
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100.00 100.00+ TRE in Cr-diopsides from
: A concentrate of Colorado
kimberlite KL-1
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Fig.6 TRE patterns for the clinopyroxenes and some garng in intergrowth with Cpx and Spinels and TRE
patterns for the melts parental for this phases.

grains spinels for Suggestion about the interactions in a short prastemeal is against
common Cr-barometry [13]. Cr-rich subcalcic garnet usuallyereto depleted
harzburgite affinity. In this concentrate these ateformed garnets with
intermediate GOz concentration lower in CaO and TLifound in intergrowth with
spinels. They show a flat FeO trend on theOgziFeO diagram and are derived
from the heated depleted Iherzolites or harzbusgigtatively enriched in Fe but
low in Ti.

The Cr content in the spinels usually is reguldtgthe pressure in common
mantle peridotites. This feature is proved by goodtelations between the
calculated pressures and Cr in Udachnaya [4] amer pipes. The highest contents
of Cr,0; (65-50%) probably refer to the minerals entraifrech the deeper part of
the mantle section (50-60 kbar) while 30-50%3rshould come from the rocks
from the middle part, which refer to 3-5%,0¢ in garnets locating in the
beginning of the ascending Ls-CaO trend for the pyropes. Ti enrichment in the
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spinels most likely has the same nature as fogdneets and means the interaction

of the pre-eruptional kimberlite liquid with the lveock mantle peridotites.

Table 3.
Composition of majorand trace elements from the clinopyroxenes and gaeh from KL-I
KomnoneHm 12KL1 14KL1 20KL1 48KL1 48KL1 72KL1
Cpx Cpx Cpx Cpx Garnet(kel) Garnet
Sio2 54.98 54.72 55.06 54.25 40.78 40.2
Tio2 0.08 0.22 0.15 0.14 0.08 0.21
AI203 3.76 1.78 0.57 4.39 18.46 14.25
Cr203 3.94 3.20 3.08 3.80 6.28 11.41
FeO 2.52 2.48 2.26 2.65 7.55 7.59
MnO 0.11 0.11 0.06 0.10 0.55 0.475
MgO 13.61 16.48 16.17 13.45 20.32 17.42
CaO 16.61 18.79 20.64 15.11 4.34 7.77
Na20 4.49 2.37 2.14 4.29 0.09 0.055
Cymma 100.10 100.15 100.13 98.17 98.46 99.38
Ba 0.55 0.22 2.29 0.61 0.33 0.07
La 1.00 1.30 0.27 0.06 1.20 0.16
Ce 2.10 3.10 0.86 0.23 3.60 0.32
Pr 0.33 0.39 0.18 0.03 0.53 0.06
Nd 1.20 1.70 0.76 0.19 2.10 0.66
Eu 0.04 0.05 0.08 0.05 0.11 0.59
Sm 0.21 0.24 0.24 0.11 0.38 0.26
Gd 0.19 0.10 0.26 0.17 0.27 1.61
Tb 0.01 0.01 0.04 0.03 0.03 0.38
Dy 0.07 0.03 0.21 0.14 0.13 3.90
Ho 0.01 0.00 0.04 0.02 0.02 0.88
Er 0.01 0.01 0.10 0.06 0.04 2.50
Tm 0.00 0.00 0.01 0.01 0.00 0.51
Yb 0.01 0.00 0.08 0.04 0.02 2.87
Lu 0.00 0.00 0.01 0.01 0.00 0.52
Hf 0.08 0.09 0.08 0.02 0.16 0.60
Ta 0.00 0.01 0.02 0.01 0.01 0.07
Pb 1.68 1.48 1.26 0.22 1.05 10.85
Th 1.20 0.90 0.51 0.09 0.16 0.46
U 1.50 0.09 0.70 0.13 0.04 0.92
Sr 202.04 278.50 60.90 2.70 438.00 0.00
Y 0.77 1.13 14.50 7.00 5.89 23.57
Zr 22.65 30.97 85.95 27.95 71.16 21.88
Nb 0.05 1.62 2.82 0.74 0.86 0.91

kimberlite pipe Colorado Separate grains

Note. Major components are determined on Camebahiperator (O.S.Khmelnikova) TRE by LAM ICP MS,
analyst Garanin V.G., Analytic Center UIGGM, SDSRA

About the evolution of the melts forming the megatalline association in
this pipe we can judge only by the ilmenites megstsr and most ferriferous
garnets. limenite chemistry is usually explainedioy fraction crystallization [6].
But unlike the rather simple trends found for therdstery [10] and several other
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pipes with the single crystallization lines theneKL-1 pipe it consists from at
least three separate lines.

Trends with the different AD; concentration suggest the differentiation of
the liquid derived varying proportion of garnetsiff€rent CrOs-enrichment
suggests diverse degree of contamination in walk noeeridotites and possibly
varying lithology. The most enriched in Ti varietieith high Cr content are less in
Fe and probably means the crystallization of thmaiaing portion of the melts
within the thin veins in peridotites according be tAFC process.

Origin of other Cr- bearing groups suggests severaénts of the
contamination during differentiation. This usualyassociated with the migration
of the parental magmatic liquid [1]. Intermediatenpositions between rutiles and
iimenites are explained by tiny exsolutions.

TP conditions determined with the clinopyroxeneantm@barometry suggest at
least two heating events which are associated twélpercolation and interaction
with the melts of different geochemistry. It isdlig that nearly all studied mantle
column was subjected to the interaction with map#edotites and heated. The
last stage suppose local and very irregular heating

The deformed and more ferriferous associations (@r@ntal melts) were
enriched in NgO but were lower in Ti@ This features may correspond to the
remelting of the subduction eclogites. The locad aery high MnO content in
ilmenites also may mean a contamination in thensedis subducted from the
ocean floor.

Some fluctuations near Eu in one Cpx and other ralsemay also suggest
participation of the subducted material in meltiagd pyroxenite generation.
Pyroxene found in intergrowth with garnets reveatdr HREE and lack Sr and
other peaks, which suggest the dissolution of ggrassibly by AFC process. The
peaks in the U, Ba, Sr also most likely has thedsatbon nature and were
determined for mantle peridotites from Somersanglkimberlite [14].

CONCLUSIONS

Mantle section beneath the pipe KlI-1 was subjetdeseveral (at least two)
stages of melt percolation that produced also #wdig of mantle column. The
earliest one was followed by Ti- enrichment in maie and should be produced by
plume- related evolving melts while the latest viedowed by the Na, Al, Cr
enrichment in pyroxenes and deformations in garnéke Ti rich trends are
associated with the creation of the megacrystalissociations and took place at
the wall rocks of the protokimberlite pre-eruptibneery enriched and highly
differentiated liquid.

In this section study of coarse grained materiahdiofound the minerals with
the signs of the sheared lherzolites typical fer ltesotho [12] or Udachnaya pipe
[4]. Mantle section consists from at least 3 or &anunits but seems to be more
layered. It was nearly continuously captured byhbst kimberlites but the main
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portion of xenoliths was carried from 30-50 kbatemal where the lenses of
coarse eclogite — like pyroxenites similar to thantke beneath Jericho pipe [8],
Chompolo field Aldan [2] should exist. Subductiemelated material participated
in generation of Al-rich Cr- bearing pyroxenitesdarontaminated the melts that
produced the megacrystalline association.

Thus the enrichment and heating of the lithosphkeel of the Wyoming
craton and other region was produced by the stegidyyrising of several portions
of the evolving melts with different geochemicaldagenetic nature. Comparison
with the other pipes in this kimberlite group shltbshow lateral scale of is this
process.
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ESSENTIAL TYPES OF MANTLE SUBSTRATE
IN THE ZIMNY BEREG REGION
IN CONNECTION WITH THE FORMATION
OF KIMBERLITE HOSTING ROUNDED
AND FLAT-FACED DIAMONDS

Sablukov S.M?!, Sablukova L.I.*, Verichev E.M?
! Central Research Institute of Geological Prospegfior Base and Precious Metals, Moscow
2 ZAO “Arkhangelskgeolrazvedka”, NovodvirSk Sablukov@g23.relcom.ru

Two main types of mantle substrate have been ifishtior the Zimny Bereg kimberlite
district. Examination of more than 3500 mantleolghs and their host igneous rocks from the study
area revealed that some of the xenoliths are telate homogeneous, dunite-type mantle substrate,
while other samples suggest a relationship to @rbgéneous mantle substrate represented by
eclogite-peridotite and eclogite-clinopyroxeniterietite varieties (subtypes). The two substrate
types differ markedly, primarily by the presence ihenite ultramafics in the heterogeneous
substrate. Based on local kimberlite geochemistrig suggested that the central part of the study
area is characterized by a heterogeneous mantlstratdy and the homogeneous substrate is
characteristic of the marginal zones of the districThe zone of water-alkaline (K-Na) mantle
metasomatism covers much of the study area, ingudhe homogeneous dunite substrate and
eclogite-peridotite heterogeneous substrate vaiietptype). Kimberlite rocks from this zone are
characterized by amphibolization of mantle ultramabdules (xenoliths), presence of melilite (more
rarely, nepheline), and predominance of roundedalifh-type" diamond crystals, which may be due
to the dissolving action of Na-enriched kimberliteelts. Abyssal inclusions from the V.Grib pipe
show no evidence of mantle amphibolization, howeslgropyroxene-phlogopite metasomatites are
abundant there, which suggests that the study iackades a zone of water-limy-alkaline (K-Ca)
mantle metasomatism related to the eclogite-clinmpgnite-peridotite heterogeneous substrate
subtype. The specific mantle metasomatism chaisiits of this substrate variety, with no suppfy o
highly active, dissolving Na component to kimberlinelt, could have favored the survival of most
diamond crystals as flat-faced octahedral.

INTRODUCTION

Arkhangelsk geologists have discovered the Zimnge&&imberlite district
in the 1970s to 1980s. This district is uniquethbia great diversity of igneous
rocks and abandant information on the relationshgiween compositional
characteristics of these rocks and compositionaulgities of their mantle
source.

The Zimny Bereg kimberlite district is located letsoutheastern White Sea
shore area, in the zone of junction of the Rusplate and the Baltic shield. More
than 60 eruptive bodies (pipes, dykes and sills)karown in this district [9,13].
Twenty-four of these entities consist of Fe-Ti sgrkimberlites [8] (analogues to
Group 1 of South African kimberlites [5,24]). Ahetr 26 occurrences are
composed of Al series kimberlites [8], unique rosksilar to "isotopic transitional
type" kimberlites (rocks with isotopic charactaastintermediate between those of
Group 1 and Group 2 South African kimberlites [5223). Lately, another 12
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occurrences consist of tholeitic and subalcalinsalia [9]. The Zimny Bereg
kimberlites represent two full rock series, cortiregy different in structure end
composition.  Showing a broad spectrum of rock etes, from highly
diamondiferous kimberlites to non-diamondiferoudilititees and picrites [8,9,21],
these rock series have even more contrasting cotgoad characteristics as
compared with Group 1 and Group 2 of South Afriganberlites [24]. Besides,
there are sharp distinctions in diamond morphologyst of the kimberlite
occurrences of both kimberlite series are charaeigiby a sharp predominance of
"Uralian-type" diamonds (rounded dodecahedroids tatchhexahedroids) [17],
whereas the recently discovered V.Grib pipe shdwsptedominance of flat-faced
octahedral diamonds [12,16]. Peculiarities of nenbdules from local kimberlite
and kimberlite-related rock occurrences with premhating rounded diamonds
have been studied previously [11]. Of prime irgerr the study are mantle
xenoliths from the V.Grib pipe, which would yielthet information about the
mantle source composition for the new Zimny Beregmdnd deposit type, the
upper mantle structural features for the whole ZirBereg district, the probable
effect of the mantle rock composition on composiél characteristics of
kimberlites being formed as a result of these neartttks melting, and the role of
mantle metasomatism in the formation of diamondodap with predominantly
flat-faced diamonds and those with predominant lleimatype" rounded diamond
crystals in the Zimny Bereg district.

EXPERIMENTAL STUDIES

We examined a set of mantle nodules collected frmre than 30,000 m core
(including approximately 5000 m of the core frone ti.Grib pipe), of 58, i.e.
almost all presently known, igneous rock occurrenge the Zimny Bereg
kimberlite district during 1982-2002. The collecticonsisted of more than 3500
mantle nodules (including more than 500 sampla® fite V.Grib pipe), excluding
numerous xenocrysts. Examination of deep-seatgdsiions involved 1300 X-ray
spectral microanalyses of minerals, and more ti#htBin and polished sections
of abyssal rock samples have been studied. Iniaddd2 chemical analysis of
nodules and 35 instrumental neutron activation yaesl have been made.
Concurrently with examination of deep-seated inols, we studied the structure
and compositional characteristics of all known e rock occurrences in the
region under study. The results of this researche Haeen published in our
previous works [7-10,21].

EVIDENCE OF CONSANGUINITY OF ZIMNY BEREG
VOLCANUTES

Although the Zimny Bereg igneous rocks varry in Iggecal structure and
composition, they do form a common magmatic famiyl the local igneous rock
occurrences are located close to each other, wtitas shape, size, morphological
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characteristics (pipes with craters, sills, dykasd structure-textural features.
Besides, all these rock occurrences are of nehdysame age, and they show
similar distribution of geochemical parametersrémath having similar tectonic
controls.

Age. Based on paleofloristic data (Callixylon sp., Aglpteris sibirica Zal.,
Xenocladia cf. medullosina Arnold., Leptophleum)djpom diatreme and crater
rocks of volcanic pipes, all local volcanites (ttveo kimberlite series and the
basalts) were dated as the Late Devonian, or, wékimal accuracy, 367+/-7 Ma
[7,9,18].

Geochemical zoning. The fact the different compositional features afalo
igneous rocks are characterized by quite regulsiribution within the Zimny
Bereg district confirms the consanguinity of theseks [9,10,11]. In particular,
Ta distribution in igneous rock autoliths throughdbhe area under study is
regular, with central-type symmetry. Ta is theigatbr of ilmenite ultramafics for
the deep-seated substrate such as picroilmenitey B essential high-pressure
Ta-concentrating mineral in kimberlites [4,8,9].hel Ta concentration contours
form a well defined concentric pattern within thendy Bereg area, with peak Ta
concentrations in the central part of the area amtimal Ta contents in the
marginal zones, which agrees well with local voltamineralogy features (Fe-Ti
series kimberlites occur in the central part ofshely area, and the marginal zones
are dominated by Al series kimberlites and basaticks [9,10,22], Figure 1A).
The Ta concentration contour map has been compileti990. All the pipes
discovered during the recent few years well falbithe pattern described above,
both petrologycally and geochemically. This proviee described zoning to be
realistic and may be useful for the mapping of thantle substrate rocks
distribution. In particular, the presumed/provea content (ppm) ratio is 2.0/0.8
for the Vesennyaya pipe (discovered in 1992), 85/r the V.Grib pipe (1996),
1.0/0.89 for the Ozernaya pipe (2001), and 1.0/@71he Letnyaya pipe (2001).

The distribution of compatible elements in the gtiatea shows much
different, linear type of symmetry. This is reldt® the W-E trend of decrease in
ultramaficity of local igneous rocks, from the hegi-Mg kimberlites of the
Zolotiza field through Fe-Ti series kimberlitesmgicrites and kimmelilitites to
typical basalts [9,10]. In this direction, i.eofin west to east, AD; content of
rocks increases (Figure 1B), while Ni content, Nhglex, deep-seated material
content and diamond potential of the rocks tendetrease.

Tectonic controls. The spatial distribution of eruptive bodies in thenny
Bereg area shows a pronounced symmetry pointinghéed common tectonic
controls (fracture zones) which inferably formed (enewed) in response to a
common regional tectono-magmatic activity cycle.

Igneous rock occurrences are heterogeneouslyaligtd in the Zimny Bereg
area. Some of them are arranged in chains, soms¢éecdd in groups, and some
occur as isolated bodies. The overall pattern eir ttistribution is geometrically
regular, with well defined symmetry, which callg fexplanation. The chains of
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eruptive bodies are oriented along the main diwesti of global jointing
(longitudinal, latitudinal, NE and NW), and theylléav the tectonically controlled
directions of hydrographic outlines of the studgarincluding the White Sea
wave-cut niche, the Dvina Gulf, the Kuloy River ce®, and the lines symmetric
about the outline of the western cape of Zimny Begfeigure 2). Basically, the
following chains of eruptive bodies are evident:

Two sublongitudinal chainsl) Mela - Pervomayskaya - Snegurochka -
Chidvinskaya - Izhma - Letnyaya, and 2) Anomaly-7Zhomaly-721.

The sublatitudinal chain Pomorskaya - Shocha - Oktyabrskaya - Rusalka -
Pobeda - Anomaly-796 - Anomaly-711.

The NW chain Mela - Megorskaya - Anomaly-685 - Anomaly-734 -
Anomaly-713.

The NE chain: Vesennyaya - Aprelskaya - Anomaly-840 - Anomaly-7#48
Anomaly-713.

All these chains of eruptive bodies are arrangemnsgtrically about the
subaltitudinal chain (through which the symmetrsin@d goes), such that even the
entities complicating the geometrically regulartpat (the V.Grib pipe and the
pipes of the Verkhotinsky cluster on the north #melKlyuchevaya group of pipes
on the south) are also located symmetrically abloeitsame subaltitudinal chain.
The recently discovered Vesennyaya, V.Grib, Ozarand Letnyaya pipes do not
disturb the overall symmetric distribution patt&ineruptive bodies in the region
under study
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Fig. 1. Isolines (A) of Ta (through 1 ppm) and (B) of AlO3 contents (through 1 wt.
%) in the autoliths of the Zimny Bereg volcanic rocks.
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The similar situation is proved by detailed anaysf the eruptive bodies
distribution. In particular, the pipes involvedthre Zolotiza field are also arranged
in chains along the main global directions:

Two sublongitudinal chainsl) Pervomayskaya - Koltsovskaya, and 2)
Karpinskogo-1 - Snegurochka.

TheNW chain Koltsovskaya - Lomonosovskaya - Pomorskaya.

TheNE chain Karpinskogo-2 - Pionerskaya - Pomorskaya.

For these pipes, the arrangement pattern is alesmsyric about the regional
subaltitudinal chain: Pomorskaya - Anomaly-711.

In general, almost all the pipes known in the ameder study well fall into
the symmetric pattern, except for the kimberlitpasi Suksoma and Olginskaya
and the basaltic pipes in the southeastern patteoflistrict (Anomaly-781, 782,
753, 754, 1040, 1042 and 1026)

The symmetric distribution of eruptive bodies wilffering composition in
the study area still calls for explanation, butyvaay, it represent an additional
argument in favor of consanguinity of these rocksis evident that local igneous
rocks with widely varying composition are confingal the common structural
controls. This suggests that compositional vanmetioof kimberlite rocks are
primarily due to different sets and compositionnséntle substrate rocks, from
which the kimberlites formed during the common oegi tectono-magmatic
activity cycle.

To summarize, the spatiotemporal relationships sindlarity of geological
structure of all Early Hercynian volcanites in tiegion under study suggests their
consanguinity. Therefore, it would be quite corréx map the zones with
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inferredly differing mantle substrate based on tharacteristics of mantle rock
fragments found in kimberlite pipes and on compas#l peculiarities of the rocks
marking up the pipes, themselves because thesedamponents of eruptive bodies
reflect the compositional features of mantle roak$or acommon'time section”.

Mantle rock xenoliths in kimberlites hosting rounded diamonds.

Results of a detailed study of mantle nodules fraé kimberlite and
kimberlite-related bodies of the study district @luptive bodies with deep-seated
inclusions, except for the V.Grib pipe) are presdnin [11,22]. There was
revealed and substantiated almost complete agrédratmeen the composition of
mantle substrate in the area under study (detedmimethe basis of deep-seated
inclusions analysis) and compositional peculiagited kimberlite rocks hosting
rounded diamonds. Mineral composition features ahthe rock xenoliths were
found to specify geochemical characteristics oirthest kimberlites. Two types
of mantle substrate have been identified for tharg Bereg area: homogeneous,
dunite-type substrate, and e heterogeneous, eslpgridotite substrate, as sources
of, respectively, Al series and Fe-Ti series kinibey [11,22]. It has been shown
that ultramafic rocks of local mantle substrate eveitensively affected by water-
alkaline (K-Na) infiltration-type metasomatism w20 to 110 km depth interval,
which resulted in great abundance of amphiboleggmte) and phlogopite in these
rocks. Partial melting of metasomatized mantleezoenriched the kimberlite melt
in Na and K, which in turn could be responsible tloe development of melilite
and nepheline in the most differentiated kimbentdek varieties, both of the Al
series and of the Fe-Ti series, and also for patissolution of diamond crystals,
which imparted to them a rounded shape typical iamdnds from the Zimny
Bereg kimberlite district (pipes of the Lomonos@pdsit and the Pachuga field).

The V.Grib pipe still is the only deposit B&t-faceddiamonds in the Bereg
district. Therefore, deep-seated rock nodules ftlois pipe are of prime interest
for researchers.

Mantle rock xenoliths in kimberlites from the V.Grib pipe.

A tentative study of deep-seated inclusions fromderlites of the V.Grib
pipe revealed the following peculiar features.

Mantle xenoliths are abundant (by Zimny Bereg pigtemdards) in the rock
of the V./Grib pipe, being very unevenly distribditen different rock varieties.
They are most common in diatreme tuffisites, witimaentrations as high as up to
five xenoliths per meter of core. For comparisonpipes Anomaly-688 and
Arkhangelskaya having the highest deep-seated xlermaincentrations among the
Zimny Bereg area pipes, the values of this paranaete respectively, 0.9 and 0.5
xenoliths per meter of core. Deep-seated inchssi@ry in size from 1-2 cm to 15
cm, with a sizeable proportion of 5 to 8 cm noduleich noticeably diffrentiate
the V.Grib pipe from the rest of the Zimny Berepgs (Figure 3).

Varieties of deep-seated inclusons. The deep-seated inclusions in the
V.Grib pipe kimberlites represent a broad spectofimock varieties.
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Among ultramafics, the most abundant angyrope dunitesand pyrope
Iherzolites Macroscopically, these rocks are medium crysmlllight green to
dark gray, with brightly colored phenocrysts of eat@-green chrome-diopside
and violet or purplish-red pyrope. Olivine is coomy replaced by serpentine,
however almost unalted peridotite inclusions douoctt deep horizons. Pyrope
concentration varies from single phenocrysts to 18%d the shape of pyrope
segregations varies from oval to irregular, subdrgu Pyrope shows a wide
variation in composition, primarily in gd; content (Figure 4). Chrome-diopside
occurs as single grains in essentially olivine reakieties, while in Iherzolites its
concentration varies from 10 to 15%. Xenolithgr@nomineralic olivinites also
occur. None of the studied pyrope ultramafic xghslshowed any evidence of
metasomatic amphibolization so typical of ultramabck xenoliths from pipes of
the Zolotiza and Pachuga field®yrope clinopyroxenitesomposed of chrome-
diopside (70%), violet pyrope (20%) and olivine (ol0%) occur more rarely.

Some of large xenoliths have a complex, zoned @dndtructure with
discernible pyrope Iherzolite and pyrope clinopwoite zones, where the color of
pyrope gradually changes from purplish-red to oearapd the color of chrome-
diopside grades from emerald-green to grass-green.

limenite ultramafic rockenoliths occur quite rarely (more rarely tharmpipe
Anomaly-688). They are represented ilbgenite and pyrope-ilmenite peridotite
nodules f moderate size (usually 1-2 cm, up to &4 rarely up to 8 cm),
composed of serpentinized

olivine, irregular picroilmenite segregations, pafgeen diopside and,
occasionally, orange pyrope. llmenite ultramafce characterized by a higher
than average proportion of sheared rocks.

Metasomatic rocksenoliths form a specific and abundant group ofpde
seated inclusions, consisting predominantly of mmedcrystalline phlogopite
aggregate with a varying proportion of clinopyrogefmore rarely, garnet). In
addition, there are almost purely phlogopite amdra-phlogopite rock xenoliths

Among mafic rock xenoliths, the most common agelogite-like rocksand
granulitescomposed of orange garnet, pale green clinopyexe plagioclase,
with varying proportion of biotite, amphibole andgamue minerales (rutile,
ilmenite). Xenoliths of these rocks are largest atf (up to 18 cm), not
uncommonly with markedly zoned structure, and Wy in mineral composition
from nearly bimineral garnet-pyroxene rocks (witmenor amount plagioclase) to
garnet- and pyroxene-bearing, essentially plagsactack varieties (granulites). In
addition, there aréblack series" clinopyroxenitesonsisting of microcrystalline,
tobacco-green clinopyroxene aggregate with minorowarts of amphibole,
magnetite and, occasionally, plagioclase. Manythafse inclusions are likely
fragments of rocks of crystalline basement and togvast horizons, unrelated to
mantle formations.
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Much rarer in occurrence are the typita@nineral Mg-Fe eclogitesvith a
coarse- to medium-grained texture, consisting @nge pyrope-almandine and
light-green omphacite, occasionally with a varymigor proportion of phlogopite.

Xenocrysts and megacrystare abundant in rocks of the V. Grib pipe. They
occur mostly as oval, subangular, very large grahwiolet and purplish-red
pyrope(2 to 16 mm), orang&i-pyrope(2 to 30 mm)pyrope-almanding2 to 20
mm), chrome-diopsidg2 to 20 mm), pale greediopside (2 to 16 mm), pale
yellow orthopyroxeng10 to 30),picroilmenite(2 to 30 mm) phlogopite(2 to 20
mm), anddeformed phlogopité4 to 50 mm). Many pyropes have kelyphitic rims;
orange garnet grains mostly have "clean" surfaggsroilmenite grains have thin,
light brown leucoxene rims on their surfaces. €hmecur picroilmenite inclusions
in orange garnet grains and orange garnet inclasiopicroilmenite grains.

The abundance of diverse clinopyroxene, phlogogitepyroxene and
phlogopite rocks among the xenoliths may be thelenge of intense mantle
water-limy-alkaline (K-Ca) metasomatism in abyssabstrate (source) rocks of
kimberlites from the V.Grib pipe.
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Fig.4. Composition of garnets from the Grib pipe mantle nodules (diagramQ0])

The distribution of various deep-seated xenolith¥ iGrib pipe kimberlites is
shown in Figure 5. The xenoliths are dominatedelsjogite-like rocks and
granulite inclusions (mantle origin of which is natubitable), but undoubtedly
mantle rock inclusions are also abundant.

The set of mantle rocks present in the V.Grib pipastically differs from
those of pipes of the Lomonosov deposit, and istmsiogilar to that of pipe An-
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688 (Fe-Ti series kimberlites of Zimny Bereg). TW&rib pipe differs from pipe
An-688 by its higher concentration of nodules, loweoportion of ilmenite
peridotite inclusions, and greater abundance ofoplyroxenite, clinopyroxene-
phlogopite metasomatic rocks and megacrysts ofgliroxene and deformed
phlogopite.

In general, kimberlites of the V.Grib pipe are sanito diamondiferous
kimberlites from the southern Yakutian diamond jmmoe as they have the same
set of mantle xenolith varieties, and are charedr by large size and high
concentration of xenoliths, a sharp predominancpyodpe xenolith varieties and
predominance of flat-faced octahedra among the ahais
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Fig.5. Distribution of various mantle nodules in the kimberlites of the Zmny Bereg
area: A - Grib pipe; B - Anomaly-688 pipe; C - name M. Lomonosov deposit pige

1 - olivinites, 2-10 - ultrabasites of the Mg-Al-series [00]: dinel-pyroxene "B" facies, 3
- spinel-pyropic "C1" subfacies, 4,5 - grospydite "C2" subfacies, 6,7 - coesite "CatieshB,9
- diamond-pyrope "D" facies, 10 - garnetized orthopyroxenites (3, 5, 7, 9, 10 - pgsopwy
varietes); 11-12 - ultrabasites of the Fe-Ti-series [00]: 1Indiitic rocks, 12 - pyrope-ilmenitic
rocks; 13 - eclogites, 14 - eclogite-like rocks and granulites; 1b5nemyroxene-phlogopite
metasomatites; 16 - pyrope clinopyroxenites.

compositionalGeochemically, the V.Grig pipe kimberlites are eluderized by
a very high ultramafic index and a generally lowlean average proportion of
incoherent elements. In composition they are smwdaultramafic mantle rocks of
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melting substrate [16], which is in complete agreetmwith the high mantle
material content of kimberlites. These

features make the V.Grib pipe kimberlites similarAl-series kimberlites of the
Zolotitza field of pipes, whereas their higher trearerage TiQ Ta, Co contents,
moderate Nb, LREE, O contents and very low Ma and A}O; contents make
these kimberlites similar to the kimberlites of th@chuga pipe cluster of local Fe-
Ti series. This geochemical ambiguity of the ViQuipe kimberlites is due to the
fact that these kimberlites are extremely ultramafiembers of the Zimny Bereg
Fe-Ti series rock family, very similar in compaoaitito the mantle substrate rocks,
such as geochemical distinctions between Al-semesFe-Ti series kimberlites in
this compositional field are minimal [8,16].

ESSENTIAL TYPES OF MANTLE SUBSTRATE IN THE ZIMNY
BEREG DISTRICT

Overall examination of the Zimny Bereg kimberlitegmposition revealed
their petrological, geochemical and mineralogicadydiarities to completely agree
with concentration and mineral composition of manttenoliths in these
kimberlites [8,9,11]. This allowed us to identifye main types to map, although
only tentatively, the distribution of these subsrgypes in the Zimny Bereg area,
with compositional characteristics of kimberliteentaining only single high-
pressure mineral species is also involved.

In general, two essential types of mantle substregee identified basing on
the correlation between compositional charactegstof mantle xenoliths and
petrological, geochemical and mineralogical feausé local kimberlites. These
two substrates, the difference between which is tdutrinsic heterogeneity of
mantle rocks and to heterogeneous action of wiéitathae (K-Na) and water-
limy-alkaline (K-Ca) metasomatic processes, werentified as follows: 1)a
homogeneous, dunite-type substraad 2)a heterogeneous, eclogite-peridotite
substrate with the following two subtypes: 2Assentially eclogite-peridotite
substrate, and 2Belogite-clinopyroxenite-peridotiteubstrate.

1. The homogeneous, dunite substrate. The set of mantle rock varieties is
very limited. These rocks are mostly almost pumdiyinic dunites, with minor or
accessory clinopyroxene, orthopyroxene, pyrope @mdme spinel. Lherzolites
are rare, and harzburgite and orthopyroxenites roaa single fragments.
Ultramafics represent the full set of depth facfesm diamond-pyrope to spinel-
pyroxene [3,14]. Chrome spinel rock varieties plyapredominate, with a minor
amount of pyrope ultramafics and lacking ilmenitegamafic rocks. Rocks with
typical porphyroclastic texture occur very rarely.Mantle metasomatism
(amphibolization and phlogopitization) is intenBewever, it is only manifested in
grospydite subfacies and lower-pressure rocks. idvtaicks are minor, most of
them being eclogite-like, with typical eclogitescaaing very rarely. The mantle
substrate of this type is a source of Al-seriesbiartite. Fragments of dunite-type
substrate are most fully represented in kimbegifes of the Zolotiza field (the
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Lomonosov  deposit): Lomonosovskaya, Pionerskaya, rpidskogo-1,
Karpinskogo-2, Arkhangelskaya and Snegurochka.

2. The heterogeneous, eclogite-peridotite substrate type includes the
following two subtypes:

2A. The essentiallyeclogite-peridotite substrate. The spectrum of mantle
rock varieties is very rich. The Mg-Al magmaticries ultramafics [6] are
dominated by pyrope rock varieties (from diamondepg depth facies to spinel-
pyrope subfacies), with single fragments of chrapael ultramafics of spinel-
pyroxene facies. Pyrope peridotites of grospysditbfacies show intense mantle
metasomatism (amphibolization). Shared (cataclasicks are rare, with a minor
omount of garnetized breakdown orthopyroxenitescdntrast to dunite substrate,
the essentially eclogite-peridotite substrate absuwith ilmenite and pyrope-
ilmenite olivinites, peridotites, pyroxenites (natcommonly phlogopite-bearing),
and Fe-Mg and Mg-rich eclogites. Eclogite-like kecand granulites are also
abundant. Substrate of this subtype is a sounc&deli series kimberlites. Its
rock fragments are most fully represented in pgyesmaly-688, 751, 748 and 734
of the Pachuga field.

2B. The eclogite-clinopyroxenite-peridotite substrate. The spectrum of
mantle rock varieties is very rich. The Mg-Al maajin series ultramafics are
sharply dominated by pyrope rock varieties (fromnadond-pyrope depth facies to
grospydite subfacies): pyrope dunites, lherzoldaed clinopyroxenites. Pyrope-
free chrome spinel peridotites and low-pressureedpperidotites, which are so
typical of the dunite-type substrate, occur aslsifiggments. limenite and, more
rarely, pyrope-ilmenite olivinites, peridotites apgroxenites are abundant. Even
more abundant are bimineral Fe-Mg eclogites, etdddie rocks and granulites.
Shared varieties ultramafics are rare. In conttasthe two substrate types
described above, the eclogite-clinopyroxenite-pmaiid substrate abounds with
diopside, chrome-diopside, orthopyroxene and defdrphlogopite megacrists
and chrome-diopside-phlogopite metasomatic rocgnients, but no evidence of
metasomatic amphibolization of peridotites (so agpiof mantle substrate types 1
and 2A) has been found here as yet. Mantle substfahis type is a source for
Fe-Ti series kimberlites, and, as of now, fragmesftsts rocks are most fully
represented in the V.Grib pipe only.

The two main types of mantle substrate (homogenamdsheterogeneous)
differ drastically. Thus, the heterogeneous sutestmounds with diverse ilmenite
ultramafic rock varieties which might representmiseated intrusive rocks of Fe-
Ti series [6] intruded into different levels of thegper mantle. Pronounced
geochemical peculiarities of Fe-Ti series kimberlitvhich formed as a result of
melting of the heterogeneous mantle substrate §oilyn Ta content of autoliths
higher than 8 ppm pointing to the presence of ilikeenltramafics in melting
substrate rocks), allows us to map the heterogeneantle substrate in the central
Zimny Bereg area and the homogeneous mantle stéstrthe marginal zones of
the area (Figure 6) [11].
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Direct evidence of water-alkaline (K-Na) mantle astmatism is seen in
amphibolization of mantle ultramafic rocks (in pspaf the Zolotiza and Pachuga
fields), whereas indirect evidence of this metag@macan be found in the
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(and more rarely and in minor amounts, nephelinelli series kimberlites
and in the -majority of Fe presence of Ti seriegamic rocks [11]. This allows us
to outline a zone of water-alkaline (K-Na) mantletasomatism which covers a
large portion of the Zimny Bereg area (Figure 6).this zone, the kimberlites of
both series are characterized by predominance wifded (partially dissolved)
“Uralian-type” diamonds, which may be due to dissa action of Na-enriched
kimberlite melts [11]. The only exception in theQrib pipe are deep-seated
xenoliths, which show no evidence of mantle amidailon, whereas
clinopyroxene-phlogopite metasomatites are abundant

Basing on these features, we mapped a zone of dimtealkaline (K-Ca)
mantle metasomatism in the Zimny Bereg area, amthtiited the eclogite-
clinopyroxenite-peridotite subtype of the hetercgmrs mantle substrate type for
the study area. melilitelt is probable, that thlstantially peculiar character of
mantle metasomatism, in this zone with no supplhighly active dissolving Na
component into the kimberlite melt, favored thevswal of the majority of
diamonds as flat-faced, oktahedral crystals.

COMPOSITIONAL FEATURES OF ROCKS OF THE
HOMOGENEOUS, DUNITE SUBSTRATE

While the heterogeneous eclogite-peridotite andgia-clinopyroxenite-
peridotite substrates of the Zimny Bereg kimberliistrict generally involve
mantle rock varieties that are common to other kirnie provinces worldwide,
the mantle rocks of homogeneous dunite substrateeoZimny Bereg stand out as
being extremely depleted in basaltic components¢twehows up in their almost
purely olivinic composition with very low pyrope @npyroxene contents as
compared to the similar mantle rocks from otheinarsg (Yakutiya, South Africa
and some others [2]). The Al series kimberlitesijclr formed as a result of
melting of this dunite-type mantle substrate, awtreenely impoverished in
incompatible elements as compared to Fe-Ti seimabdrlites. The Zimny Bereg
homogeneous dunite substrate may thus be considsrin@ standard dithotype
of “depleted mantle”, and its geochemical charasties, when the calculated as
average composition parameters for xenoliths ofnfest common mantle rocks
would be of great petrological importance, togethéh the average composition
parameters of “primitive mantle” [19,20]. Tablesahd 2 list the results of
chemical and INA analyses of ultramafic rock xetidlifrom kimberlites of the
Zolotiza field pipes and the corresponding averagdues which could be
tentatively considered as average composition petens for “depleted mantle”.
Although many of the examined xenoliths are conghyeserpentinized and some
xenoliths are saponitized, at least some of theacgemical parameters may be
close to the original.
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The great petrological importance of the “depleatahtle” is illustrated in a
set of geochemical diagrams plotted for the Zimngrdg “depleted mantle”
volcanic rocks (Figure 7). Compositional trendsibkimberlite varieties, even of
the geochemically enriched Fe-Ti series kimberlitagginate in the field of the
calculated average composition of “depleted marnégfier than from the field of
average composition of “primitive” (or “fertile”) amtle. This suggests that the
main role in the formation of kimberlites with wiglevarying petrological
characteristics was played by the zones of geodadmi(but not isotopically)
depleted lithospheric mantle, even though isotop@racteristics of some of these
kimberlites may point to asthenospheric origin le¢it magmatic source [5] or
suggest that this source is isotopically enrichéithe assumption that different
kimberlite varieties have a common type of the nmaantle source is strengthened
by geochemical similarity of the least differentidt extremely ultramafic
kimberlite varieties and lamproites, and, in addifiby the fact that the sets of
minerals occurring as inclusions in diamonds arechmthe same in different
kimberlite varieties and in lamproites [15]. Thentradiction between the
geochemical “depledness” of kimberlites and th®itopic “enrichedness” (and
vice versa) may testify that the last named effeatresult of secondary process.

CONCLUSIONS

The evident spatiotemporal relationships, geoldgstaicture similarity and
regular changes of geochemical characteristicsooks throughout the Zimny
Bereg district may be the evidence of consanguioityall Early Hercynian
volcanites in the study area. Proceeding froms, tilhe mantle substrate mapping
can be based both on characteristics of the maontle fragments occurring in
kimberlite pipes and on compositional featureshaf tocks making up the pipes
themselves, as these two components of eruptiveedodflect the compositional
peculiarities of the mantle rocks in a common "tseetion”.

Two essential types of mantle substrate have bdemtified for the Zimny
Bereg kimberlite district: homogeneous, dunite-tgobstrate and heterogeneous,
eclogite-peridotite substrate. They differ dradtic primarily in that the various
ilmenite iltramafic rock varieties are abundanthaterogeneous substrate. The
pronounced geochemical peculiarities of Fe-Ti sekienberlites, which formed as
a result of melting of the heterogeneous mantlestsate, allowed us to outline a
zone of heterogeneous substrate in the centralopdine Zimny Bereg kimberlite
district and a zone of homogeneous mantle substratee marginal parts of the
area. This regularity might reflect the geometiryhe intruded mantle diapir.

The zone of water-alkaline (K-Na) mantle metasosmaticovers a large
portion of the Zimny Bereg area, including the hgeeous, dunite-type substrate
and the eclogite-peridotite heterogeneous subssalype. In this zone, the
kimberlites of both series are characterized bgnpunced amphibolization of the
mantle ultramafic rock nodules, the presence oflitee(more rarely, nepheline),
and predominance of rounded "Uralian-type" diansprmehich may be due to
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dissolving action of Na-enriched kimberlite melidéo evidence of mantle
amphibolization was found in abyssal inclusionshef V.Grib pipe. On the other
hand, clinopyroxene-phlogopite metasomatites auen@nt among the abyssal
inclusions in rocks of this pipe. Basing on thes¢a, we outlined the zone of
water-limy-alkaline  (K-Ca) mantle metasomatism  withtheeclogite-
clinopyroxenite-peridotite subtype of heterogeneaumntle substrate within the
Zimny Bereg area. It is probable that the speciiture of mantle metasomatism
in this heterogeneous substrate subtype, which snearsupply of highly active
dissolving Na component into the kimberlite melydred the survival of the
majority of diamond crystals as flat-faced octalédthis habit is typical of
diamonds).

The main role in the formation of kimberlites witlvidely varying
petrological characteristics was played by zonegemfchemically impoverished,
"depleted” lithospheric mantle. The homogeneousjtd substrate of the Zimny
Bereg kimberlite district can be considerelitlaotypeof this depleted mantle, and
the geochemical characteristics of this substrgie,twhen calculated as average
composition parameters for xenoliths of the moshimmn mantle rocks, would be
of great petrological importance along with the rage composition of
the"primitive mantle”.

This study was supported by the Russian FounddborBasic Research,
grant no. 01-05-64257.
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LATE VENDIAN AERIAL ALKALINE VOLCANISM OF RIFT TYPE IN
THE ZIMNY BEREG KIMBERLITE AREA
(ARKHANGELSK DIAMONDIFEROUS PROVINCE)

Shchukin V.S.!, Sablukov S.M 2, Sablukova L.I.2, Belousova E.A2, Griffin W.L. 3

1 ZAO “Arkhangelsk diamons”, Arkhangelsk
% Central Research Institute of Geological Prospecting for Base and Precious MetatewWos
3 ARC National Key Centre GEMOC, Sidney, Australia

Within the Zimny Bereg kimberlite area, where Late Devorbasic and alkaline-
ultrabasic volcanites including commercial kimberlites arelyi spread, numerous eruptive
manifestations of the new type for the northern part of thesiRusPlatform were
discovered: Late Vendian lavas and tuffs of potassic dikddiae lamprophyres close to
minettes. Volcanites are characterized by large-scalendacy alteration, homogeneous
mineral composition (kaolinite, hydromica of montmorrilonite miagered formation,
hematite, and goetite), by relict porphyric or vitroclastic uext extremely low
concentrations of ultrabasic coherent elemeNis Co, Ci), higher concentrations of alkali
(K, Rb, Cs, b, Ba, and very high concentrations @f, Hf, Y, Th, REE Petrographic
composition and chemical composition of phenocrysts and biotite ciystacheochemical
properties of rocks in general do not contradict the studiekls rpcoximity to various
structural and genetic derivatives of melted magmatic-al&kdine lamprophyre of minette
type. Absolute age of the studied volcanites determined usingrdefind in zircon is 570

+ 5 Ma that corresponds to Late Vendian and actually coincidgs Ribterozoic/
Phanerozoic boundary. The discovered volcanites of this new type dochain of the
northeastern trend and are probably correlated with faukksmi@ixig in transversal direction
relatively the Riphean Kola-Dvina paleorift system that coalthracterize them as
«transform» faults and the related alkaline aerial volcanism eleanism of the rift type.

INTRODUCTION

The Zimny Bereg kimberlite area is located in tbae of intensive Riphean
rift-formation within the Kola-Dvina paleorift systn [1, 7] that has become active
again in the Early Hercynian. The fact is proved wyque diversity of Late
Devonian rocks composed of basic and ultrabasicawnites, diamondiferous
kimberlites of commercial value inclusive [2]. Théove situation suggests the
earlier, i.e. the Late Proterozoic, specific igreacactivity of rift structures.
Evidences of Late Vendian igneous activity (Redkwe)e earlier found in the Ust’
Pinega Upper Vendian deposits within the Zimny Be[8] as “interbeds of
pellepelitic tuffs of montmorillonitic compositionthat are “regional markers”
extended for significant distances. One of suclkrsaygan be traced near Moscow
[8]. These volcanites are not useful for petrolagjiaterpretation as their specific
occurrence and structure do not allow evaluatiorgneapproximate, of either
location or composition of magmas resulting in éheslcanic systems.

In February 2000, the Joint Stock Co. ZAO “Arkhasgediamonds” worked
in the western Zimny Bereg kimberlite area and onrse of the test drilling of
local magnetic anomalies numerous volcanic showseweund in Vendian
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terrigenous rocks. They were of the type new lier morthern Russian Platform
and contained the Late Vendian lavas and tuffsotéigsium calcareous / alkaline
lamprophyres close to minette. They were found iwith chain of anomalies
extending north-eastward parallel to the White Setaance up to 70 km (Fig.1).
According to the comments of the geologists frolmeottcompanies who worked in
the Zimny Bereg area in different periods, simuausual rocks might be wider-
spread.

0 100 km
e |

Fig 1. Sheme of structure of the Kola-Dvina palerift sy'em [1] and location
Late Vendian lamprophyre volcanic rocks.
1 - Riphean poleorift system; 2 - "transform” faults; 3 - Late Vendian
lamprophyre volcanic rocks.

ANALYTICAL METHODS AND OBJECTIVES

Our results are based on the examination of 10G@rsef the core sampled
in 11 holes drilled on 5 magnetic anomalies (928,32, ZB-11, ZC-14, ZG-46)
and composed of volcanic and sedimentary rocks. th#® and 30 polished
sections were examined,with the following analysbsing fulfillrd: x-
diffractometry (36 runs.), silicate analysis (38nsy, ICP-MS (42 runs.),
mineralogical analysis (8 runs), electron microgr@¢b7 runs.), LAM-ICPMS of
zircon grains by U-Pb (18 runs).
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GEOLOGICAL STRUCTURE OF VOLCANIC COMPLEXES

Volcanic bodies of the new type were found as bdds in terrigenous
rocks of the Mezen deposits of Kotlin Regional $tédpper Vendian) represented
by horizontal interbedding of greenish-gray anddrglstbrown thin parallel-
laminated mudstones and siltstones with subordiinaegrained sandstones of the
same colouring. X-diffractometry showed that tezngus rocks of the Mezen
sequence were composed mainly of illite, chlompeartz, feldspar, sometimes of
hydromica/monmorillonite mixed and bedded rocks.

Actually any anomaly contained almost all the nstictural and genetic
types of volcanic rocks located in different levelf the same cross-section
(intersections). They are effusive rocks (lavass lava breccia), magmaclasts and
sedimentary/ magmaclastic rocks (tuffs and tuffitesicanic sedimentary rocks
(tuff siltstone and tuff mudstone). Volcanic rock$ effusive type form the
subhorizontal Vendian flows and the covers 1-18tlitk (1-4 interbeds in each
hole) conformable to the Vendian terrigenous rock3ccasionally, lavas form
intersecting subvertical branching and split th@usions (veins) of irregular shape
and 1-12 mm thick (fragments or offshoots of imeat canals?). Tuffs and tuffites
also occur as subhorizontal covers 0.5-5 cm thitlere also is contamination of
lava and tuff layers with terrigenous rocks, anchtaand tuffs upward grading to
volcanic and sedimentary rocks (tuff siltstones aoff mudstones) and to
sedimentary rocks without volcanic component. ¥aolc rocks alternate with the
Vendian sedimentary terrigenous units forming tleenglex units of volcanic
rocks. Terrigenous rocks in such units are chariaetd by relatively poor grading
and irregular lenticular, undulated, and poorly deti textures. In contrast to the
Vendian terrigenous rocks the host volcanic uméscharacterized by well-sorted,
thin, and parallel bedded textures. Just withinesavfirst centimetres of the
hanging and flat walls of these volcanic units thexdding is of irregular and
disturbed type: discontinuous, undulated, and $telemticular with microfolds
and almost breccia-like textures development.

In general, within the anomalies, volcanic roclckimesses vary from 0.5
to 4 meters, while the incomplete lateral extensibmolcanic complex checked by
drilling comes to 150 m. Interbeds of volcanic dafmhave local expansion — they
are quite quickly pinched out and are mainly repnésd by subagqueous and
exposed eruptions of igneous matter along fract{imesontrast to the regional tuff
markers of Vendian deposits of the Redkin sequeri8g¥he changes in
terrigenous deposits, both underlying and overlagppine volcanic rocks, indicate
that tectonic movements (earthquakes) not only mpemied magma eruptions in
the area (that is proved by irregular, disturbedute@s of volcanic rocks) but also
formed just prior and after eruptions.
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PETROGRAPHICAL COMPOSITIONS OF VOLCANIC ROCKS

Macroscopically, the discovered volcanic rocks jaoerly consolidated,
soft, wax-like, schistose deposits of brownish-gcajor, tinged with violet and
pink (lavas) or greenish-grey and bluish-grey coftuffs and tuffites), of
heterogeneous small-spotted (due to small inclgsadrbiotite and leaching) and
indistinctly banded (due to subconforming zonulésvarious shades) coloring.
Schistosity is of subhorizontal trend. Accordingktdiffractometry data, the rocks
completely shaly, kaolinite and hematite (rare gide} dominate, illite, chlorite,
and hydromica/montmorillonite occur in less amourdgly in LT-32 rocks
hydromica/montmorillonite makes up to 70% of thekrgolume.

Despite very high alteration, typical features olfcanic rocks are sufficiently
well preserved, their primary mineral compositiande reliably reconstructed.
The rocks are characterized by stable paragenésisnoary minerals:biotite +
changed glass +/- apatite +/- zircon +/- feldspaitth® +/- oresin the deposits of
lava habit (in tuffs glass is altered by basal canfiermed as a result of fine-ashy
material destruction).

Rocks of lava habitateffusive rocks) are characterized by relict porphy
structure caused by the development of idiomorg@md subidiomorphic biotite
phenocrysts (packets) differently changed and sudpedlein apovitreous matrix of
plicated and fluidal texture, sometimes with tracésamygdaloidal texture. In
general, the rock texture is massive, sometimeddlubreccia-like texture of lava
breccias also occurs. Crystallization of lavasather insignificant; the rocks of
aphyric and spodarophyric structure (with tracegloimeroporphyric structure)
dominate. In fact, they are represented by volcglass, altered by shaly minerals
and hematite aggregates, and by the rocks of pogoagd plesiophyric structure.
Content of biotite phenocrysts in schistose apewits matrix varies from single
and occasional grains (occasional grains conteésfo=within anomalies 929, LT-
32, ZB-11) to 10-35% of rock volume (anomaly ZC-14)patite, zircon, ore
mineral (magnetite), and feldspathoids are contained in rocks in secondary or
accessory amounts; they form idiomorphic inclusiais0,005-0,1 mm size,
occasional twins and aggregates with biotite,together with biotite they form
paragenetic association of primary magmatic minera.

Biotite is represented mainly by hexagonal tabular crystals amount of
crystals (in tuffs) is represented by flakes okgular shape. Biotite grains are
typically of 0,05-0,2 mm in size, occasionally t@p0.8 mm, often the aggregates
of 2-5 grains totally being 0,5-1,00 mm in size (gpl.5 mm) occur. Biotite is of
dark greenish-brown to black color, with large tajs Biotite is mainly fresh,
often altered by thin plates of white silica andocite along jointing, sometimes
up to formation of complete chlorite-quartzine pg@morphs with typical network
structure of alteration. Mica grains are of rathemogeneous composition and of
the same typ&able 1.
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Table 1
Composition of biotite phenocrysts and crystoclasts from lamprophyres ohe Zimny
Bereg (wt. %)

No| Sample | RocKSio2|Tio2 A|§o Cr§O FeO [MnO [Mgo |cao[Na20|k20 | Total
1 LT'3%//31'66'5' lava |33.07 5.31| 12.82| 0.00 | 29.600.22| 4.31|0.00| 0.37|8.86| 94.56
2 33.475.22| 13.05 0.00 | 29.310.25| 4.55|0.00| 0.37|8.71| 94.93
3| ZC-14/2-50 | lavd37.54 5.86| 13.97| 0.00 | 19.480.14|12.240.02| 0.55|9.82| 99.60
4 38.166.33| 13.48 0.03 | 19.880.16(12.440.00| 0.66 |9.74 105'8
5 | ZC-14/3-51.8| lava36.6d5.71| 13.52| 0.01 | 19.680.20|13.260.02| 0.70|9.41| 99.22
6 (vein}37.04 5.65| 13.17| 0.00 | 19.420.13|12.280.00| 0.57 | 9.33| 97.57
7 36.935.32| 13.12| 0.00 | 23.320.25| 9.76/0.00| 0.49|9.56| 98.75
g | #C125804 it |35.51 5.48( 14.13] 0.00 | 24.960.28| 5.99(0.00 0.54|7.84) 94.73
9 35.306.17| 12.65| 0.00 | 26.600.23| 6.83]0.00| 0.71 |8.97| 97.46
10 36.975.17| 15.96| 0.07 | 24.950.08| 5.75|0.02| 0.347.78| 97.09
11 35.314.85| 13.85| 0.00 | 24.350.24 6.37|0.00| 0.54 | 7.90| 93.41
12| ZC-14/6-95.6| tuff| 38.284.64| 17.42| 0.02 | 15.320.05| 9.67|0.00| 0.60|7.50| 93.50
13 36.995.41|13.36| 0.00 | 19.760.12|11.400.00| 0.59 | 9.60| 97.23
14 35.745.91| 13.80| 0.00 | 27.880.18| 6.62|0.00| 0.44|9.27|99.82
15| ZC-46/2-59-1tuffite|33.69 5.73| 12.89| 0.00 | 26.160.11| 6.26|0.00| 0.42 | 8.69| 93.95
16 32.945.71|12.99| 0.00 | 26.860.17| 5.99|0.00| 0.28|8.47|93.41
17 32.965.88| 13.78| 0.00 | 28.000.23| 6.38|0.00| 0.417.97|95.61
18 34.245.23| 13.58 0.00 | 25.980.16| 6.27|0.02| 0.417.88|93.68
19 33.115.41|13.23| 0.00 | 26.990.17| 6.33(0.00| 0.32|8.75| 94.31
20 33.635.66| 13.28 0.00 | 25.920.09| 6.48|0.01| 0.45|8.89| 94.41
21 33.345.66| 13.68| 0.00 | 26.950.15/ 6.42(0.01| 0.40 | 8.41| 95.02

Electron microprobe analysis (Micro Beam Camera analyser), IMGRE Laboratory, thetanalys
[.M.Kulikova, 2000.

as lava phenocrysts and tuff crystoclasts (Tapl¢hky are characterized by
stable high content of TiKJ4,64-6,33%) and AD; (12,65-17,42%), lack of @Ds
(0,00-0,07%) with unstable but high content of F&®,35-27,88%) and low
content of MgO (5,75-13,28%) that allows to defitleem as Ti-biotite
(occasionally as magnesian biotite). The studraghgcompositions shown on the
Mitchell’s graphs [4] partly fall within the fieldf biotites from minettes, and
partly they drift towards the field of higher ircontent.

Apatite forms well cut crystals of prismatic, elongatedpratic, less short-
prismatic habit with hexahedral prism, dipyramidand pinacoid habit
development. Crystal size by the long axis varresf0.15 to 0.4 mm, the short
axis is less than 0.05 mm (rarely up to 0.10 mmijystals are transparent,
colorless, with the finest non-defined dust-likelusions; the higher content of
these inclusions make crystals semitransparent wu-white. Apatite is
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characterized by very simple composition (Tablew2Zh minimum content of
REE; however, with stable Sr-admixture (0,11-0,15860) and moderate
admixture of LREE (0,13-0,57% &®s).

Table 2.
Composition of apatites from the Vendian lamprophyres of the Zimny Beregwt. %)

1| Sample #| RockSiO2[FeO[MnO [MgO|CaO |Na20|K20 |P205 Ce20 SrO|Total

3
chll‘g& lava | 0.63(0.21/ 0.05| 0.0754.35 0.00 [0.02|41.55 0.57 | 0.1597.64

(vein) 0.35|0.18 0.07| 0.10|54.43 0.00 {0.00{42.25 0.46 | 0.1597.99
0.34/0.23 0.05( 0.10{54.63 0.020.00{42.42 0.52 | 0.1198.42
0.20/0.16| 0.05| 0.07|54.71 0.03|0.00|41.75 0.41 | 0.1697.6(
5 0.22(0.18) 0.07| 0.06|54.94 0.06 |0.00{42.30 0.13 | 0.1298.08

Electron microprobe analysis (Micro Beam Camera analyser), IMGRE Laboratory, thetanalys
[.M.Kulikova, 2000.

Zircon, as well as apatite, is of -0,10 mm in size, ocred grains are of 0,2-
0,4 mm along the long axis and the short axispgsto 0.05 mm. Zircon is
represented by elongated prismatic (to needle;lwe3matic, rare short-prismatic,
well-cut crystals with dipyramidal ends. Zircon sigls are transparent, almost
colorless, slightly tinged with yellow and pink. i8e crystals are saturated with
various (including melt) inclusions and are charaged by zonal structure
underlining their magmatic nature. Elongated pristn#o needle-like, pointed
zircon crystals occur usually in magmatic rocksstaitized under conditions of
fast cooling that properly conforms the generallggical setting and petrographic
properties of the studied lamprophyre lavas. U-eoihin lamprophyric zircon of
the sample ZC-14/3-51.8 is of 100-200 g/t thatyidal of zircons of non-
kimberlite magmatic rocks, in particular, of si@sitand carbonatites.

Magnetitewas found as individual grains of black, flat o&dfal crystals of
<0.1mm in size, quite often it is pseudomorphicaltered by hematite (martite).

Hematiteis represented by very small grains of irregulaape and <0.1mm
in size. Lustre is intensive, metallic; hematitebisick, brownish-red when in
powder.

Feldspathoid®ccur as small (0.05-0.07 mm in size), close torbrphic or
irregular grains of potassic feldspar of N<N c.hd avith strike joints, probably, as
potassium feldspar grains. Occasional subidiomerpgrains of isotropic
potassium (presumably) feldspar (?) of 0/03-0.066 size with two orthogonal
jointing systems.

In primary light minerals contained in some typésawa occasional grains of
quartz 0.2-0.4 mm in size occur. Quartz grainsrapgesented by very well cut
crystals of hexagonal dipyramide shape and commetence of prism faces.
Crystals are transparent, the largest crystalsacohtansparent melt (?) inclusions.
Crystals of the similar shape are paramorphs oftEwmperaturex-quartz by high-
temperature quartz that forms earlier segregatbhigquid magma. Quartz crystals
are characterized by significantly pure chemicahposition and actually do not
contain contaminants (Table 3).

A WON
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Tuffs and tuffites are of bluish-gray or greenish-gray color, of
lithocrystoclastic aleuropsammitic structure andistinctly undulatory / bedded
texture, sometime with elements of gradational uext Crystoclasts are
represented by biotite packets (occasionally dyshasimilar to biotite phenocrysts
of effusive rocks in size, composition, and alteratype, but of fresher habit, and
also by the same accessory minerals (apatite,rgifetdspathoids, ore mineral) as
contained in lavas. Lithoclasts are usually altdrgdjuartzine aggregates. Tuffites
of the anomaly ZG-46 are of unusually fresh hdiat is indicated by the presence
of packets of unaltered biotite in aggregation \aigiatite and zircon and, that is the
main thing, in the presence of lithoclasts androffagments of scopria and
various amygdaloidal lavas, and microdoleritesfgutly preserved and variable in
structure.

Volcanic sedimentary rocks (tuff siltstones and tofidstonesare usually
developed in lava and tuff cover tops — within #ane of gradual transfer of
volcanic rocks to sedimentary rocks. They areeafdish-brown color and differ
from the usual sedimentary rocks of the area in ghesence of occasional
fragments of lava material, particularly of typicakeudomorphs of network
structure in biotite pakets.

In general, in respect of petrographical compasitithe studied volcanic
rocks are close to different structural-geneticivddives of magma melts of
calcareous/ alkaline lamprophyre of minette type.

The heavy fraction of the studied rocks is compdsed great extent of fine-
grained aggregates of clayey minerals saturated fertic oxides, of less biotite,
and occasional zircon. No accessory minerals occur.

GEOCHEMISTRY

All studied volcanic rocks are highly changed unclemditions of weathering
crust, therefore, their primary chemical compositis significantly distorted.
Chemical composition of volcanic rocks is charazezt by predominating
development of two rock-forming components: Si&hd AbO; (Table 3). SIQ
content is quite stable, low: 40,73-46,48% in rookdava type, ca.44% in tuffs
conforming composition of ultrabasic rocks or rothkssitional to basites (picrite-
picrobasalt). In this respect, volcanic rocks diffeeatly from sedimentary rocks
of the region. Very high content of Al203 (22,99:22%) may be likely
explained by its accumulation under weathering.d3ép are potassic (R+NgaO
>4), Ti-content is low to moderate (0.16-1.32% oDJ). Rocks are characterized
by extremely low content of ultrabasic coherentéralements (Ni, Co, Cr), their
content is lower than in country terrigenous robigshigher content of alkali (K,
Rb, Cs, and especially Li), Ba, and very high contd Zr, Hf, Y, Th, REE (Table
4).

In general, macrocomponents and trace elementsibdisbtn does not
contradict the suggestion that the studied rocles cose to lamprophyres of
minette type, and in Zr-Nb relation they are evieser to lamproites. Lavas of
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different anomalies are rather different in composi

Differences between the studied volcanic and sediang rocks lie in higher
content of Zr, Hf, Th, Y, REE, Li and lower contesft Si0,, Rb, Cs, total K in
volcanic rocks. The studied volcanic rocks diffesm tuffites of the Vayzits
deposits in higher content of Li, Th, Zr, Hf, Y,daEER (less contrasting) and
lower content of U, Sc, V.

In petrographic properties, especially in the tomtaineral, macro- and
microelement composition the volcanic rocks of ldabit and tuffs are quite
close, however, they distinctly differ from sedirteey rocks of the area and from
tuffites of the Vendian Ust’ Pinega sequence.

ABSOLUTE AGE

Location of volcanic rocks in the section of Vendsedimentary rocks in the
Mezen sequence mostly shows their formation coeatigr with country rocks. In
some cases volcanic rocks occur as intersectings \geiggesting their younger age.
For the purpose of the absolute age determinaéiammlcanic body representing a
vein-like intrusion of 1-12 mm thickness intersegti the Vendian rocks
(potentially the youngest body, sample ZC —-14/8bivas selected. This body
was formed by lamprophyric lava of plesiophyricusture (up to 35% of biotite
phenocrysts) with high content of accessory miseddl large sizes (apatite +
zircon content = ca.0.1%). With high alteratiorra@tk taken into account, absolute
age was determined using U-Pb dating of zircorcadi is characterized by small
(0.2-0.4 mm length) idiomorphic grains, zonalitypresence of numerous melt
inclusions, magmatic nature of crystals inclusive.

Determination of absolute age with the use of Uadthod of zircon dating
was carried out in the ARC National Key Center GEBICBidney, Australia.
Optimal dating of the studied magmatic rock cryation is 570+ 8 Ma that
corresponds to the Late Vendian and actually cdexi with the
Proterozoic/Phanerozoic boundary.

CONCLUSIONS

Discovery of a new type of alkaline magmatism ia sloutheastern part of the
White Sea area is a very significant result of psgful prospecting works in the
western part of the White Sea - Kuloy Plateau.

The studied volcanic rocks are characterized bytygogimineral composition
(kaolinite, hydromica- montmorillonite, hematitepeghite), relic porphyric and
vitroclastic structure. Petrographical composititable paraganesis biotite +
changed glass apatitet zircon+ feldspathoidst ores), chemical composition of
biothite phenocrysts and crystoclasts, geochenpcaperties of rocks (basic/
ultrabasic composition, potassic type with very logntent of ultrabasic coherent
elements (Ni, Co, Cr), higher content of alkali &, Cs, and especially Li), and
very high Zr, Hf, Y, Th, EER content in generalmut contradict the studied rocks
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closeness to various structural and genetic deresmtof magmatic melt of
calcerous/ alkaline lamprophyre of minette type.

Occasional lava bodies and lamprophyric tuffs dfiette type exposed within
the anomalies indicate rather wide developmenteoiah (subaguaeous) alkaline
volcanism concurrent to sedimentation in the Vemdi@a basin within the studied
area. Data on absolute age of stratified volcawicks verify stratigraphical
location of the Mezen deposits and, probably, wordduire amendments to
stratigraphical section of the overlying Vendiam&®asequence.

The discovered volcanic rocks of a new type malahain of northeastern
trend, parallel to the White Sea entrance, aloegZimny Bereg of the White Sea.
They possibly correlate with the faults parallethe fault system of the White Sea
entrance graben and transversal to the Kola-Dviphdan paleorift system that
could characterize them as “transform” faults, atheé associated alkaline
(specifically potassic) aerial volcanism — as tyfte volcanism.

These are the first magmatic rocks of another [mgrcal type and age
different from the well-known Late Devonian explmsipipes and kimberlite sills,
picrites, melilithites, and basalts discoveredhia Zimny Bereg volcanic area. On
the one hand, inaccurate diagnostics of similacaruk rocks of the new type
could result in the wrong trend of Late Devoniamkerlites prospecting; on the
other hand, potassic type of these volcanic rocksmgesumed relations with the
active rift “transform” faults may indicate the ntennature of their magmatic
sources, that in its turn suggests possible ocsceref the Late Vendian mantle
melts and other bodies including kimberlites witthie Zimny Bereg area.
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Comparison of data obtained on the mantle xenofithh® SovGavan plateau with those from
other localities in Primorie reveal that the lasttpns of basalts containing large Sp-lherzoldes
lower in temperature and more Al-rich (700-80P comparing with common close to primitive
Iherzolites (900-110) and Cr-Di Amph (900-100Q) bearing websterites. In Shkotov plateau more
ancient basalts (13ma) the xenoliths are the hethegzolites. Mantle xenoliths from Anui picrite-
basalts [4] refer to relatively shallow depletedieties. Oxygen fugacity for SovGavan xenoliths
gently rises from -4 to + 4. In mantle magmatiedmias Fe-Al clinopyroxenite cement several
peridotite pieces that reveal at the contacts raghidnge in the petrographic and chemical
compositions, local associations are equilibratéthinv 1000-10460C, 6-12 kbar. Geochemistry of
clinopyroxenes reveal the patterns that suggesédudibration with the relic garnet or mixing with
the melts passing from garnet facie. Amph Cr-Dingeieveal more humped patterns then Al rich
Iherzolites which parental melts are very closéast basalts differing in Sr and HFSE. The REE
distributions of all the clinopyroxenes from Sov@avxenoliths sharply differ from highly inclined
LREE- rich patterns of clinopyroxenes from Podgatiizhny volcano [8].

INTRODUCTION

Mantle inclusions from the Pacific margin of ther&sia are studied in detail
by many investigators [3, 24 etc and ref. therebinf for the Russian Far East a
geochemical data are more restricted [8]. Pereloténoliths compositions and
variations in Far East [ 4, 5, 8, 12, 17, 19 esuyjgest rather heterogeneous
mantle substrate [8,12,17,19] studied more detail Sovgavan Plateau [5].
Xenoliths were mainly investigated in the easteabcanic branch (fig.1) [13]
while geochemistry of xenoliths from western brarecless described in literature.
This paper presents some new data on the chenoiktryinerals and bulk rocks
from SovGavan flood basalt plateau in comparisoth Whose from several other
localities of mantle xenoliths in Primoirie. (Caited by S.V. Esin, L.V.
Cheremnykh., Safonova I.Yu in Sovgavan plateau lapd5.V. Rasskazov in
Shkotov Plateau.)

BASALT

Miocene -Pliocene basalts of Sovgavan plateau beighg Nelma and
Bikin plateaus and some close regions reveal rathallow conditions of origin
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and fractionation (fig.2). As it were originatedmantle conditions while tholeites
seem to be differentiated in shallow magmatic chemnipossibly within the crust
revealing an increase of the Fe# and silica dudaminating Ol fractionation

common the level of the basalt generation (magmaaten) became deeper in
time reflecting the decrease of the plume magmatism intensity. Alkdlsub alkaline basaltss
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Fig.1.Location of the basaltic plateau in Primorie and nearest regions.
1 - Volcanic rocks. 2. Volcanic belts 3. Plateau studied

PERIDOTITE XENOLITHS

Mantle spinel peridotites were collected from thepWly river. Kurgan
mountain, Sanky river. They are commonly equal-fitee mean- grained spinel
peridotites without the signs of brittle deformatithough the signs of plastic
motion are common [4]. Commonly, the more lightigetites are more fine
grained. Lherzolites contain the glasses in thergranular space and rarely pink
kelyphite-like aggregates similar to kelyphitessafyjarnet. Darker coarse grained
websterites contain interstitial amphiboles alwpggly molten.

Clinopyroxenedrom the all localities in Late Miocene basaltsSivgavan
plateau are very similar revealing two main trerfésttile peridotites as well as
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more depleted varieties show the common regulardieCr decrease and basaltic
component increase with the Fe#. These Cr-diopsaesclose to the xenoliths
from the other localities in Sovgavan plateau beinige lower in CsO; content
(fig.3). Comparing to Anyui peridotites from Mesazpicrite basalts [4] the

TP estimates on the basalts from
Sovgavan and Nelma plateau

(data after Esin,1993)

900 1100 1300 1500

T°C
Hokkaity &
Lachama

10

Alkali upper str.
Sanku r.

15

20

P(kbar) RS

25

Fig. 2 TP estimates according to (Albarede, 1992) for the basalts of SovGavan Plateau an

close located volcanic regions.

TiOPW%

Fig.3Variation diagram for the clinopyroxenes from Primorie.

1. SovGavan — xenoliths from the latest volcanics. 2. SovGavan all togethé. ABlyui
[4] 4. Shkotov Plateau

clinopyroxenes in xenoliths from the volcanic I&msl and latest bubbled
basalts from Sanky and Koppy rivers are more feoiis and enriched in all
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basaltic components. But they are slightly mordeted then clinopyroxenes from
the massive alkali basalts and rarely]. displaytact relationships with the black
and transitional series pyroxenites which are comfbo

Xenolithsfrom Shkotov plateau are referred to so called Ikerzolite type
and are divided on to two group according to Fe @mdcontent. The most
ferriferous varieties represent direct contacth whe pyroxenites of black series.

Spinelsare Al- rich and locate mainly within the mantleagr (fig.4). Those
from the large xenoliths in bubbled aphyric lavas ahore Cr -rich then in
common l|herzolite xenoliths [5]. Spinels from Sltowtplateau are enriched in
hercynite minal.

2 PT ESTIMATES FOR
Cr,0,wi% PERIDOTITES.

20 . Temperatures and pressures for
studied mantle  xenoliths  were
determined using monomineral
- thermometers and barometers.

% Clinopyroxene — based [15] estimates
o o & correlates with those obtained with the

SR orthopyroxene thermometer [2] but the
ALO, W% later give the 100-180 higher

c

-

20

0 SLER

0 20 40 60 80

Fig. 4. Composition of the spinels from
the mantle xenoliths of Primorie. The signs
are the same

temperature. The Cr in Cpx barometer
[15] and the Na-Al [1] variant of Cpx

barometer used to find the pressure
thought these values are not correct
because they are calibrated on Ga-

peridotites. We also used Opx — based
estimates [16] suggesting the pyroxenes to be wiliequm with metastable
garnets. The CPx -based estimates [1,15] suggattsrrlow pressures for some
peridotites up to 5-6 kbar that should correspmndery thin crust at least beneath
the volcanic plateaus. All the methods suggeseratiot mantle geotherms (fig.5)
beneath Primorie which coincides with the conclasifor East China [3,24].
Oxygen conditions The oxygen conditions determined using clinopyneaxe
thermometer [15] and OI-Sp oxygen barometer [22]ea¢ rather oxidized
conditions for SovGavan mantle peridotites up to Hde later are referred to Ni-
magnetites found in rare xenoliths and Fe-rich epinThis data support the
conclusion about relatively oxidized mantle xerdifrom Primorie [7], possibly
influenced by oxidized subducted material. Nearigdl trend for these peridotites
suggest continuous processes of mantle peridatitesaction with the hot (and
deep) mater appeared to be mantle melts possibhkanated by subducted slab
material. Small break between the trends seemsetdobmed due to direct
interaction with basaltic related melts. Large X#hs found as the volcanic
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bombs are less oxidized and lower in temperatwge those from common basalts
(fig.6).

Dependence of the bulk rock compositions from the estimated temperature and
pressure. Using the Terra55 program dependence of the pérdbulk rock
compositions from the Opx- and Cpx- based temperat@and pressures was
checked for 15 association. Both methods give #imesresult: Si¢) MgO, FeO,
TiO, and less evident (CaO, p@) in general rises with the calculated
temperatures (and pressures) whilgQ3ldecreases. This means decomposition of
Al,O3 rich phase and migration of alumina to the topghaf mantle column and
interaction of peridotites with the hot Fe- richltadrom the bottom.
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Fig.5. TP estimates for the xenoliths from Primorie

Magmatic breccias. Rare xenoliths represent fragments of magmatic deep
seated breccias. Studied xenolith 9/1 contain sépezces of lherzolites cemented
by essentially pyroxenite material with rare idiawiac olivine and alkali feldspar
grains incrusting small gaseous cavities. The opgat of peridotites display
evident zonation in modal (Ol-Opx-Cpx) and chemicaimpositions (fig.7).
Peridotite fragments referring to Fe lherzolitestamn varying in CGO; content
spinels and varying in Cr, Ti, Al, Fe pyroxenes eated by the clinopyroxenites
formed by basaltic magma containing Ol with Fe#selto that in basalts (19-17%
FeO). The TP estimates with the CPx thermometef §b8l CPx barometer [1]
give nearly equal values ~6 kbars for differentpaf cementing vein pyroxenite
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and variations within 6-11 kbars interval for petites. Estimated temperatures
for peridotite clinopyroxenes in sample 9/1 aregiag within 1000-104€C.

TRACE ELEMENT GEOCHEMISTRY

Trace elements were determined for 6 clinopyroxérmes mantle xenoliths
(Sanky and Koppy rivers) by LAM ICP method in th@alytic center UIGGM
were compared with 4 CPx

compositions

published [8] (fig. 8).
Clinopyroxenes from
Koppy river are
divided into three
groups. Slightly
depleted Koppy river
demonstrate typical
patterns with the
depletion in LREE. ‘ ‘ ‘
Th ey h ave th e 700 800 900 1000 1100 1200

. . TOC Nimis&Taylor, 2000
depressions in Zr, Hi Fig. 6.

Nb, Ta what is Oxygen conditions determined for the mantle xenoliths from
common for some Primorie

subduction related mantle melts. But this compas#tiare spinel Iherzolites from
even relatively higher in REE.Clinopyroxenes frole tmore dark xenoliths
display slightly humped REE patterns correspondmgthe rocks with minor
garnet. They are more primitive in compositionsingwery small depletions in Zr
but deeper in Ta. Clinopyroxenes from Amph- beavimdpsteritic are more closer
in REE to those from the garnet- bearing IherzslifEheir TRE spidergrams are
nearly primitive and even enriched in some HFSEe Ginthem demonstrate rather
strong peak in U and Th. Two clinopyroxenes fromoti#hs of Podgelbanochny
volcano [8] reveal LREE - enriched distribution s#oto craton mantle keel being
even more enriched, Pb minima suppose sulfide ptaton while high Th, U,
Nb, Ta content and small Zr minimum is typical the enriched or primitive
mantle in garnet facie.

The compositions of host plume basaltic lavas datexd by LAM ICP are
close to published in previous works [8, 12, 13nawon compositions of plum
basalt corresponding to melting of the primitiventt@ source [14], deviating only
in Sr (peak) and demonstrating small fluctuationZn- Hf.

Reconstructed with clinopyroxene KD [6] composig8oof the coexisting
magmatic liquids for spinel Iherzolites of the Kgppver basin vary in inclinations
(La/Yb,ratios). They are close to lavas erupted to thiaser The later are slightly
lower in LILE content. The compositions of the rseftarental for Cr- Di in the
xenoliths from Podgelbanochny [8] differ much fralme even most enriched

-d(QMF) LogFO2 (Taylor et al, 1998)
L
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composition of the lavas from the Western volcamianch in Sikhote Alin [13]
having much more elevated TRE patterns derived fnoone primitive source in
garnet facie.

DISCUSSION

Determined TP conditions for the basalts demorestcaimmon regularities
for the stages of volcanism like in Baikal rift zothat seems to be common also
for the oceanic plum basaltic plateaus [23]. Xdhselifrom Shkotov plateau
demonstrate thermal impact of the plum magmas c¢fosiene to the beginning of
new plume volcanic circle. Late Miocene -Pliocecanics in SovGavan plateau
contain xenoliths with Al- rich Cr-Di compositioriat are typical for relatively
low -temperature intergranular melts crystallizatio peridotites usually found in
volcanoes from the top of lava plateau and begmnoinvalley basalts creation.

All general temporal and lateral variations dematst strong interaction of
mantle substrate beneath Sikhote Alin and Primattb the plum melts. Nearly
continuous trends for clinopyroxenes in variatiomgdams showing the
enrichment in basaltic components with temperatun@ increase of the (La/Yb)
ratios suggest the reactions of the basalt- relatelts passing from garnet to
spinel facie directly through the lherzolites. Tlisaccompanied by general rise of
TRE due to intergranular differentiation resultednfi partial melt crystallization.
Crossing REE lines for CPx’s parental melts suppamgenly simple interaction of
basalt melts came from Ga-facies percolated thrdgtzolites but also suggest
decomposition of the garnet in the source whickcselre found now rarely as
kelyphite like masses.

Difference in composition of lavas from Western aBdstern zones in
Sikhote Alin [13] is not proved by the trace elemndiversity due to lack of data
for mantle peridotites from the Western zone. fideson of the appearance of two
volcanic branches can be recognized in interndimental zones of the Asia are 1)
decomposition of amphibole at the depth 120 kmaltanic front [11] and then
Phl melting near 400 km [18] producing two peakshe metasomatism [21] at
the distance of ~300 one from another if to sugties#5 angle of subduction, 2)
it may be the decomposition of the serpentine édarieties in subducted plate
giving two peaks of the dehydration being submeaygin mantle [9]. An
explanation is the superposition of the volatilexfis derived from the two
subducting plates [10], seems to not realistihts tegion. Plume interaction with
theses hydrated lithosphere regions may regulage sipatial distribution of
volcanics in continental margins and also in intatinental zones. Lateral mantle
geochemistry variation may be caused by the diyersf the slab- derived
metasomatic agencies [11]. It may be also the imaof two partly molten layer -
asthenosphere ~120 km and 420 km boundaries usgiymulating rising plume
melts as it seen in tomographic models to the pb®e subducted slab.
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Fig. 7.The profile across the margin of the xenoliths in deep seated magn@abreccia.

Possible reasons of the geochemical difference {@BJthe two volcanic
branches: 1) initial diversity of lithospheric bks — when the Western one
represent the continental mantle while the Eastegenerated by melts passed
through the subduction wedge; 2) the differentramd reaction of hydrous melts
derived initially from the eclogites in subductdals
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Two stage process: passage of the subduction deta¢dts and then thermal
impact and percolation of the plum melts with tieeamposition of early amphib

oles is a common probable model for the mantlewgarl in the continental
margins [21].

CONCLUSIONS

1. The difference in the compositions between the bhirsofrom
the late stages of volcanic activity and spatialateon in mantle xenoliths
compositions was found in Russian Primorie.

2. Trace element and chemical features of peridotiteerals and
erupted basalts including the difference betweenwestern and Eastern
branch is determined by the vertical and spatiatiatians of the
construction of mantle column.

3. All the regularities found for the mantle xenolgkippose the

regeneration of mantle wedge by the slab deriveldpdum melts came from
the depth.

Cr-Diopsides
from SovGavan mantle xenoliths

100.00
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Fig. 8. Trace element patterns for the peridotite xenoliths from SovGavan platu in
comparison with those from Podgelbanochny volcano [8]
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MEYMECHITES IN CENTRAL SIKHOTE ALIN

Voinova |.P.and Prikhodko V.S.

Institute of Tectonics and Geophysics, Far Eastern Branch of Russadeg of Sciences,
Khabarovskyladimir@itig.as.khb.ru

In Mesozoic accretionary nappe-fold Central Sikhote Alin systémo groups of
meymechite were recognized. One group is spatially asssociatiedpetassic and the
second one with sodic intraplate oceanic basalt which correlalswith data on their
petrochemistry, geochemistry and mineralogy. Ultramafic vodsaassociated with sodic
basalt have compositional characteristics almost simil&@itberian platform meymechite.
The second group, which is more widespread, is similar to theénallseries meymechite
occurring in fold areas. Geological setting of ultramafic &pics occurrence, shapes of their
bodies (volcanic pipes), sets of xenoliths in them, petrogeochempeéculiarities, regular
associations of meymechite with accreted oceanic basaéree that those rocks formed at
the post-accretionary stage of prism evolution. For the appeasbnteymechite, especially
that which is similar to platform analogues, thick and "coitffiosphere had to be formed
causing generation of very deep ultramafic melts. Only usirgjleétisotopic-geochemical
and age data it is possible to solve a question about causes afaappeaf two types of
meymechite, about their place in the accretionary system geodynamitiavol

INTRODUCTION

In the Central Sikhote Alin there are known [1,3,8,8,9] the occurrences of
ultramafic volcanics (meymechite) spatially confineo the accretionary
complexes of the Mesozoic nappe-fold accretionaygtesn. Its geological
structure formed as a result of accretion of fragtsef paleo-oceanic plate during
the subduction process near the eastern marginsiaf #hd subsequent tectonic
transformations among which the left-shift dislo@as having replaced oblique
subduction played a leading role. First of all, #pecific features of meymechite
are that having originated from very deep magmatalts they are atypical of
oceanic magmatism. To understand their nature amdation conditions, at what
stage of the accretionary prism evolution they fednmand what are the basic
factors having caused the ultramafic magmatism festations geological,
petrological and geochemical studies of meymechrite necessary. We studied
such rocks in the Anyuisk, Barakhtinsk and Katelmglations of the Samarkinsk
and Bikinsk accretionary prisms. Geological infotima on ultramafic volcanic
rocks from the Alchansk [8] and Khutu-Buginsk reggavas used.

GEOLOGICAL SETTING

In the Central part of the Sikhote Alin ridge, la¢ watershed of the Khor and
Anuyi rivers upstreams (Anyuisk location), amondcamogenic-cherty deposits
recognized within the Dzhaursk suites{), there occur subvolcanic sills, dikes
and volcanic pipes of meymechite. Volcanogenicghimrmations make up a lens
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within Jurassic-Early Cretaceous terrigenous ramkasrlain by its south-western
part. We studied magmatic formations outcroppingaaband trending north-
eastward. Terrigenous rock masses of interlayenéidtose and sandstone
tectonically contact them in the north-west andlis@ast.

In the middle part of the Anyui river (Barakhtindkcation) within a
terrigenous-volcanogenic-cherty association the@ioultramafic volcanic rocks
having similar habits and petrographic charactiesswith the rocks from the
Anyui river upstream. According to data by I.P. BniM.V. Martynyuk and B.G.
Matveev there was mapped a volcanic structure soingi of sills of diabase,
amygdaloidal basalt and hyaloclastite. Dikes anld ®f meymechite are
widespread near a supposed center of volcanicienupt

The Katensk location is composed of cherty CRrnian-Norian andql,),
siltstone (4-K; Tithonian-Berriasian), mixtite (its groundmass teoms Late
Jurassic-Early Cretaceous microfauna) and sandgtg#e Tithonian-Berriasian)
formations. Geological setting is characterizedgogdual transition from silica
accumulation to terrigenous sediment accumulatimh @ distinct west-eastward
alteration from near-continental mixtite (olistmghe) formations and sandstone to
hemipelagic and then pelagic facies. Massifs ahblsite are confined to a near-
subduction zone. Volcanic rocks are mainly assediatith cherty deposits and are
represented by flows of spilite and hyaloclast@®cks and dikes of meymechite
occur within the zone of development of massifslofbasite.

In the Barakhtinsk and Katensk locations, as welinathe Alchansk region,
the meymechite represented by sills and dikessected with potassic intraplate
oceanic basalt. In the Anyuisk location, as wellimghe Khutu-Buginsk one,
ultramafic volcanics are spatially associated wahdic intraplate oceanic
basaltoids, and they occur as volcanic pipes.

Therefore, the available geological data suggest dkistence within the
Central Sikhote Alin, together with two types ofeaaic basalt [6,7] of two types
of meymechite, respectively:1) the Anyuisk and KhBuginsk and 2) the
Alchansk, Barakhtinsk and Katensk occurrences.

PETROGRAPHY

On the whole, ultramafic volcanic rocks in theio&g described have similar
petrographic characteristics. Meymechite is dadegrmagnophyric amygdaloidal
rock of lumpy habit. The structure of rocks is magimyric, the texture is
amygdaloidal. Olivine and chrome-spinellid, sometgnclinopyroxene, refer to the
paragenesis of minerals-phenocrysts making up 40-80rock. Phenocrysts of
olivine are represented by idiomorphic crystalgpo$m habit 1 cm in size. Often
they are completely substituted by serpentine aednuneral. Chrome-spinellid
mineral inclusions in olivine grains. Rare grain§ monoclinic pyroxene
belonging to the paragenesis of phenocrysts havealit of short-prism
idiomorphic crystals. The groundmass of meymedhkiteade up by glass, ore
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material (ilmenite and occurs
as idiomorphic crystals from 0.1 to
1.0 mm in size, often rimmed by
magnetite or as  magnetite),
microlites of clinopyroxene in
various volume proportions due to
which  the structure of the
groundmass varies from vitrophyric
(glass IS serpentinized) to
sideronitic. It has lava or,

sometimes, conchoidal habit.
Amygdules are composed of
serpentine, chlorite, amphibole
(tremolite). Secondary minerals are
represented by kersutite, biotite,
serpentine, chlorite, sphene,
leucoxene and calcite. Serpentine
substituting olivine is represented by
chrysotile, and the glass in the
groundmass by lizardite and
serpophite.

Together with magmatic rocks
of lava habit there occur eruptive
breccias. Clastic material in eruptive
breccias of meymechite is
represented by host magmatic
(dominating), cherty and terrigenous
rocks as well as fragments of
isolated crystals. Clasts of magmatic
rocks contain: 1) serpentinized high-
magnesium volcanic rocks,
sometimes clasts of breccias
themselves; 2) amygdaloidal augite
picrobasalt of various degrees of
crystallization and porphyrity
(similar to lava in flows and dikes

Fig. 1. Spider-diagram of average geochemicalfrom volcanogenic-terrigenous-
compositions normalized to chondrite. Average cherty association). Clasts of rocks
compositions of meymechite in Central Sikhote 5ve rounded and subrounded. from

Alin - dots; average "standard" compositions

(in squares): M - meymechite, K - kimberlite.

microscopic to clumpy ones in size,
from 15 to 50 cm in diameter.
Fragments of picrobasalt are
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enriched in carbonate both in amygdules and groasdmand, probably, in
dolomite sometimes making up large crystals (psewiphs?). Fragments of
crystals in breccias are represented by olivinmoplroxene and ore minerals.
Groundmass of eruptive breccias is heterogenegufavh habit; 2) serpentine
(lizardite); 3) ore-serpentine; 4) serpentine-cadie (probably secondary?); 5)
sideronite composed of titanium magnetite.

The transition from one type of groundmass to asmotne takes place at macro-
and microscopic levels. The groundmass is charaeteby globular or conchoidal
structure (globular or ocellar structures). GloBublre made up by serpentine,
serpentine+calcite, chlorite, chlorite+sericite.y@ocrystalline glass contains
extracts of sphene along which (similar to ore aa)ndeucoxene develops.
Secondarychanges of cement are in the development of calsiéepentine,
chlorite, sphene, secondary ore, leucoxene.

PETROGEOCHEMISTRY

Petrochemical characteristics of the ultramafiksoconsidered are given in

Table. In the meymechite studied, $ontents range within 37-45% (the
Table

Average concentrations of rock-forming oxides (weight %)
and trace elements (ppm) in Central Sikhote Alin meymechite

Anyuisk | Barakhtinsk | Katensk
location location location
SIO, | 42,57 42.72 41.8
TiO, 1,98 1.03 0.96
Al,O; | 4,16 4.59 3.79
FeO 14,00 12.69 13.73
MnO 0,13 0.34 0.18
MgO | 31,58 33.22 34.08
CaO 3,58 4.46 3.39
Na,O 0,15 0.16 0.15
K,O 0,06 0.18 0.05
P,O3 0,26 0.11 0.11
n 32 6 3
Rb <3 14 15
Ba 160 38
Sr 108 43 42
Th <3 1.4 -
Nb 26 29 8
Zr 130 46 50
Y 7 10 7
n 24 2 3

Note: Sum of rock-forming oxide concentrations is 100 %; FeO* = FeO+&0s. n -
number of analyses. Chemical analyses of rock-forming elementanaeee by method of wet
chemistry at the Institute of Tectonics and Geophysics FEB RAS (avialgsZazulina) in 1995.
Trace element concentrations were determined by X-Ray spectraddra Central Laboratory
of Khabarovsk State Geological Mining Enterprise (analyst V.A.Mishina) in 1995
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varieties with Si@=41-43% prevail), MgO - 27-36%,; FeO - 13-17%, Ti®- 1-
3%, ALO; - 3-6%, CaO - 2-9%y alkalis - less than 1%. On the whole, the
meymechite studied has similar petrochemical coitipos. Still, there were
observed different Ti@contents in two types of ultramafic volcanics (Kreyuisk
meymechite is characterized by enriched titaniunmtex@s). Meymechite is
characterized by rather low trace element contesdmpared to standard
meymechite, kimberlite, lamproite, and more simttathe MORB contents. On a
spider diagram (Fig.1) meymechite has more expdepssitive Ba, Th, Nb, Ti,
and negative Sr, Y, and K anomalies. At the same, ithe nature of trace element
distribution in the meymechite studied is similarthat in rocks of a kimberlite-
meymechite series. Some variations in Sr, Zr and@dribents were observed in the
meymechiteof both groups (see Table).

MINERALOGY

Olivine phenocrysts in meymechite are representgdhigh-magnesium
varieties withz FeO /X Feo + MgO within 12-15%. A majority of analyzedagrs
of olivine are weakly zoned. In the instances wgrains of olivine are zoned, the
external rimX FeO /X Feo + MgO is up to 20%. CaO content is within 0.2%
and NiO within 0.2-0.05%. Chrome-spinellid phenatsyin the meymechite
studied are characterized by wide compositionahtians from titanium chrome-
picotite to chrome-ulvospinel. They have in commanhigh and relatively stable
Cr,0O; and FgO; contents, b) high contents of TiQup to 10%), c) a stable
negative correlation between ;05 and TiQ, d) a weak positive correlation
betweerCr,Os; and AbO;. Chrome-spinellids from volcanic ultramafic rocksthe
Anyuisk location are stably depleted in aluminumd a@nriched in titanium
compared with the

Barakhtinsk and Katensk minerals of meymechite. Tioemer are
characterized by more intense accumulation ofititarwith decreasing chromium
content in a mineral (Fig.2).

Compositionally, rare grains of monoclinic pyroxeaee close to titanium
diopside with small amount of AD;and CpO3; Minerals are zoned, a direction of
the evolution of the compositions is in increasfiderrosilite minal, titanium and
aluminum. The compositions of the cores of clingpgne phenocrysts in the
meymechite studied are similar. In clinopyroxenanfrthe Anyuisk meymechite
there was observed a more intense accumulatiortaofum in the course of the
magmatic system evolution (Fig.3).

Clinopyroxene in the meymechite groundmass is caiipoally similar to
the external rim of the mineral phenocrysts zoneding. Ilimenite in the
groundmass is enriched in MnO (up to 5 weight %).

261



Voinova |.P.and Prikhodko V.S.

FeO%

-
o
)

TiO,
© = N W »h O O N ® ©
P

N
(4]

30 35 40 45 50
Cr,0;

T T T 1
5 TiO%

Fig. 3.Monoclinic pyroxene of meymechite in Anyuisk (M) and Barakhtinsk (Mg) locations

DISCUSSION OF RESULTS

Recognition of two groups of ultramafic volcaniacks in the Sikhote Alin
nappe-fold system, spatially associating, on theeltand, with potassic and, on the
other hand, with sodic oceanic intraplate basaltetates well with the data on
their petrochemistry, geochemistry and mineralogya CaO-TiQ-A,0; diagram
(Fig.4) figurative points of compositions afltramafic volcanics in the Anyuisk
location are situated near the field of composgiayf the Siberian platform
kimberlite and meymechite [2], and the points ofmpositions of meymechite in
the Barakhtinsk and Katensk locations tend to itfld bf compositions of Archean
komatiite. This similarity is also stressed by theineralogical characteristics.

Accessory minerals of meymechite are characteim@edide compositional
variations caused by varying contents of practycall basic components. Still,
chrome-spinellids of ultramafic volcanic rocks iold and stable areas are
characterized by certain typomorphic compositiggeduliarities. Thus, accessory
minerals in the Siberian platform ultramafic volcanare characterized by stable
high concentrations of TiDand depleted AD; opposite to similar minerals of
volcanic rocks in fold areas (Kamchatka, Koryakiakhalin, Japan, etc.).
Chrome-spinellids of meymechite in the Anyuisk koma are compositionally
similar to the platform meymechite minerals, andessory minerals in the
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Barakhtinsk and Katensk rocks are practically imaht with chrome-
spinellids of ultramafic volcanic rocks in fold ase[4].

CONCLUSIONS

In the Central Sikhote Alin Mesozoic nappe-fold rationary system there
were found two types of meymechite, one of whiclsimmilar to the Siberian
platform meymechite by its petrogeochemical andemnalogical characteristics.
The second, more widespread, group is similar & dlkali series meymechite
from fold areas [4]. Geological setting of the aitrafic volcanics occurrences,
shapes of their bodies (volcanic pipes), sets ohokt#s in them, and
petrogeochemical characteristics, regular assoosif meymechite with accreted
oceanic basalt [6,7] evidence that those rocks dédrat the post-accretionary stage
of the prism evolution. For the appearance of meynte, thick "cold" lithosphere
had to be formed causing the generation of verp déteamafic melts. Shapes and
small sizes of meymechite occurrences testify whart duration of ultramafic
magmatism in that accretionary system. To decideestion about the causes of
appearance of two types of meymechite (whether éineyhe products of the same
evolutionary magmatic source or of two differentgmetic chambers), about their
place in the accretionary system geodynamic ewsius possible only by using
detailed isotopic-geochemical and age data.

Work is supported by RFBR grant 01-05-65006.
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Concentrations and relations of helium and argon isotopes in flcligsians, rocks,
and minerals as a whole from the Paleozoic Lovozero nephelindesymassif and the
coupled rare-metal deposits were studied. Great variatios®tiope-gas indices have been
revealed. They were determined by mixing of the trapped fluid ierdift proportions, that
is in turn a mixture of mantle and atmospheric components, and eadiogas isotopes
produced in situ. Combined data, on noble gas isotope compositions in particafam or
provide the ground to suggest (i) the mantle source of ore ifil@parineralization, just of
the rocks of the whole massif, (ii) the earliest magmerystallization of a greater part of
loparite relative to associating minerals, (iii) the shortiene interval and smaller
temperature gradient between the crystalline matrix andl ithclusions formation of the ore
rocks and minerals, if compared with the non-ore ones, and (iiii) ppegsrtial formation
(transformation) of ore ledges or outside zones of some logayitals during a relatively
low-temperature postmagmatic stage under meteoric water partoipati

INTRODUCTION

Rare-metal (loparite) deposits within the Lovozegpaitic massif of
feldspathoid (mainly nepheline) syenites and fatdel are characterized by
relatively simple geology. They, like the host plut have been investigated to a
rather good extent. The research of different ggodd, petrological, and
geochemical features of the massif and, to a legse@, the related ore deposits
are described in numerous publications includingnogoaphs and recent
encompassing papers in popular editions [7,33,6,18,21,11,4,3,17]. The
Devonian age of the pluton (~ 370 Ma) was more txatefined [18]; the 3-D
density model of the massif's deep structure was/ek [3,4]; the initial mantle
substrate composition was estimated and the maaeis suggested [18,2,11,3] for
the parent melts origin without or with a greailyited contribution of a crustal
source into genesis of the rocks and ores; eskeatiations in loparite chemical
composition including its regular changes throuflk tross-sections of main
complexes of the massif were revealed [21,16,11th@& magmatic origin of rare-
metal mineralization and the dominant role of ailgtation differentiate
processes in the formation of both ores and rhytHayering of the massif as a
whole were argued [16,11,17]. Nevertheless, itl$® amecessary to study some
aspects of loparite ore genesis, especially ticoseerning the fluid regime and
possible participation of relatively low-temperaufluids in post-magmatic
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transformation of ore mineralization, since cerfaicts and field observations have
not been coordinated yet in between.

Meanwhile, at present, the geochemical tracersasfy geological processes
such as noble gas isotopes, are recognized by mes®archers. Thus, these
indicators were successfully used to identify angbrdify different source
contributions and to determine a degassing patitemelts, which were parental
for the Paleozoic alkaline and carbonatite com@exé the Kola province
[19,29,30]. This research revealed that the Devomikaline magmatism pulse
within the province was initiated by a deep mantleme. The low-mantle
component is determined in
the plume for sure. Though the mantle gas-isotapessiave been preserved in the
Lovozero rocks and ores to a less extent in corspanvith other complexes, joint
trends of figurative points of samples from all #veamined massifs in different
coordinates of the U-Th-He system suggest the cammelt sources for these
intrusions [23]. There are several papers, whiceduthe noble gas isotope
compositions to display the sources and evolutibrore-forming or attendant
fluids in some rather young (Mesozoic-Cenozoic)as#s [28,8,5].

In this paper we made an attempt to reveal anyifestof the Lovozero rare-
metal deposits and the host pluton formation onngasn He and Ar isotope
distributions in rocks and minerals.

Abbreviations and symbols used in the text andrfégu

ASW - air-saturated (meteoric) water

cal (subscript) - calculated

CM (subscript “m”) - crystalline matrix

DC - differentiated complex

DM - depleted mantle

EC - eudialyte complex

FI (subscript “fi”) - fluid inclusions

meas (subscript) - measured

WR and WM (subscript “tot”) — rock(s) and minera)(espectively, as a whole

Superlinear index “ * “ means a radiogenic isotope

BRIEF GEOLOGY, SAMPLES AND METHODS

The Lovozero agpaitic nepheline-syenite massif tlaaiks the second
world’s alkaline complex in size, like as the ne@uated and the larger Khibina
pluton, has formed during the peak tectonic-magrattivation of the eastern part
of the Fennoscandian shield. The Archean gneisseésgeanite-gneisses are the
country rocks. On the basis of the data availainhe, can distinguish three main
intrusive phases in the massif formation. The fipftase rocks are mainly
represented by poikilitic and inequigranular noseashnevite, nepheline and
sodalite syenites. They occur as relics of varghape and size (up to 1 km) in the
rocks of much later phases and, possibly, predamimathe deepest zones of the
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massif. Some poikilitic feldspathoid syenites, th&nall bodies above all (occur
among the second-phase rocks), with their goodlqgnty included into the third-
phase rocks, seem to belong to the correspondimgplezes. The so-called
differentiated (layered, loparite-bearing) compl®C) comprises numerous (to
200) gently dipping, rhythmically alternating lageof lujavrites, foyaites and
urtites composing the binary and trimembral packetsformed during the second
phase. Some layers range from first centimeterens of meters in thickness.
Besides the main types of rocks mentioned abowe,cttmplex comprises, in
subordinate amount, juvites, ijolites, malignitesl aome other rocks. The main
rock-forming minerals are nepheline, alkaline (gstersodic) feldspar and
clinopyroxene (mainly aegirine). In its greatesttppae DC is overlaid by the third

intrusive phase rocks that form a funnel-shapedybafdthe Eudialyte complex

(EC). The complex is composed of inequigranulariayt lujavrite with some

separate foyaite and juvite layers and isolatiohgakilitic nepheline-sodalite

syenites. Eudialyte is one of the main rock-formmigerals. In the EC and upper
DC there occur the massif roof's pendants of thesth@omposed of the Paleozoic
volcanic-sedimentary series. Ore loparite-beariageis, being, along with the
others, the guide horizons, are mainly concentratédin the DC, the largest

complex of the massif. Loparite usually forms besemination zones of 0.5 - 2.5
m thick, which are concordant with general (subizwntal) stratification of the

complex at the low levels of the trimembral layeckets, with its maximal

concentration along the contact between urtite @amderlying lujavrite layers. A

nomenclature is taken for the guide horizons, whiatludes the number of a
series (the accessible for observation DC partistsnsf 5 series numbered top-
down) and the sequence horizon number beginnimg fhe upper series border. In
the EC is only one layer (horizon) of loparite pevivith a commercially potential

mineralization and local loparite-enriched aredsiswn.

He and Ar isotope abundances have been studie® isaBiples taken
from the massif's  host rocks (Table 1), includifejdspathoid syenites of,
probably, the first phase, the most important reaketies of phases | and Il, the
basic commercial loparite ledges of the DC (1-44,lll-7, 11l-14) and a loparite
juvite ledge of the EC. The studied also are thenpdas taken from the
hydrothermal veins associated with rocks of phdkesd Ill, the rocks of the
massif’'s contact zone (nepheline syenites, femites fenitized gneisses) and roof
pendants (aleurolites and augitic porphyrites).

The helium and argon measurement technique has lemgatedly
described earlier [e.g., 19,29,30]. The only thaguld be noted that rare gases
were extracted from rocks and minerals by two pilaces: by melting of samples
in high vacuum electrical furnace and by millingetttn in pumped out glass
ampoules. In the former, the total gas is extratiaa the whole volume of a rock
or mineral sample (WR or WM); in the latter, it ngainly released from fluid
micro-inclusions (FI). Subtracting the second fribra first, one get the gas content
in the sample’s crystalline matrix (CM). Belowtime text and Figures these types
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of gas occurrences are marked by “tot”, “fi” and™'nThe noble gas isotope
compositions were analyzed by mass-spectrometerl2@l: No. 22-78.
Comparison of WR and WM abundances of He and Atomes, and the
theoretical values with the ones calculated fromcemtrations of parental (U, Th,
Li, K) elements, rock age and the assumptions lfmseness of the system, allows
to quantify the trapped gas constituent. In FI eahgaminerals the isotopic ratio of
trapped gases may be preserved for a long timeglmoser to the initial ratio and
with less admixture of a radiogenic component ifnpared with gases in a
crystalline matrix.

To interpret the results obtained, the recent egémof the isotope ratios
in the Earth’s reservoirs have been usete/'He (the most informative indicator
of deep-seated fluid sources) in the crust 4@®, in the upper mantle ~ 1:1.0°,
in the lower mantle ~ 1.110°; “°Ar/*°Ar in the atmosphere — 295.5, in the upper
mantle ~ 40,000, in the lower mantle ~ 5.000-6.[310.

RESULTS AND DISCUSSION. BULK NOBLE GAS ISOTOPE
ABUNDANCES

Concentrations and ratios of He and Ar isotope®/R and WM are given
in Table 2. The greatest variations (up to 5 orad¢nsmagnitude) are characteristic
of ‘He whose abundances are mainly determined by ifieactive U and Th
concentrations in samples. The maximum amoufiHefis measured therefore in
loparite and loparite ores. The highdde/He ratio has been found in villiaumite
from the DC foyaite. The increased ratios are foumdphase | feldspathoid
syenites, in some (mainly from the deep part of @@ juvites and foyaites, EC-
lujavrite, ussingite and quartz from hydrothermaing, in augitic porphyrite and
fenite. All other samples, primarily the ore onasg characterized by typically
crustal radiogenic values of He isotope ratio. Cangon between the measured
(meas) and calculated (cal) He isotope concentrat{dable 3) shows that the
majority of the Lovozero rocks have lost the maatt gup to 99 %) of radiogenic
“He (He*). Hydrothermolites, relatively late villiaumiteom the DC-foyaite, the
rocks of the EC and the massif endocontact zoneetuout to be the most
degassed. Only in some samples (juvite and fojfaite the DC | owest
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Brief characterization of samples

Table 1.

Tabular Author's Rock, mineral Geological position
number code

1 4223-4 Nosean syenite poikilitic | phase ?

2 709-12 Nepheline syenite poikilitic | phase ?

3 903-1131 Nepheline syenite uneven-grained | phase ?

4 II-2a Juvite-urtite sodalite-and villiomite-bearind®C, 1-1

5 UG-19 Loparite urtite DC, I-4

6 UuG-41 Juvite-urtite with sodalite DC, I-4

6a UG-41P Clinopyroxene from juvite-urtite DC, I-4

6b UG-41FS | K-Na feldspar from juvite-urtite DC, I-4

6c UG-41N Nepheline from juvite-urtite DC, I-4

6d UG-41S Sodalite from juvite-urtite DC, I-4

7 L-136 Juvite DC, series |

8 MGTS-4 Urtite sodalite-bearing, zeolitizated DC, 1I-4

9 MGTS-1 Loparite malignite DC, II-4

9a MGTS-1L | Loparite from malignite DC, 1I-4

9b MGTS-1WL | Separate without loparite DC, lI-4

10 S-447-48 Urtite zeolitizated DC, II-5
lla L-10-2L Loparite from urtite DC, II-7
11b L-10-2P Clinopyroxene from urtite DC, 1I-7
1llc L-10-2A Apatite from urtite DC, II-7

12 904-1480 ljolite-urtite DC, series V

13 S-904-2 Juvite trachytoid DC, series V

14 S-904-3 Juvite with eudialyte DC, series V

15 S-904-3d Juvite DC, series V

16 IL-4 Foyaite villiomite-bearing DC, above I-2
17 IL-11 Foyaite zeolitizated DC, above I-2
18 447-17 Foyaite DC, lI-1

19 IL-5 Foyaite with villiomite and eudialyte DC, II-3

20 MGZ-7 Foyaite analcite-bearing DC, 1I-4

21 MGZ-5 Juvite-foyaite albitizated DC, II-4

22 80-2 Foyaite zeolitizated DC, below 1I-4
23 TSSH-8-2 | Foyaite DC, below 1I-4
24 TSSH-18-2 | Foyaite with sodalite and cancrinite DC, below 11-4
24a TSSH-18-2\ Villiomite from foyaite DC, below 1I-4
25 S-447-1 Foyaite eudialyte-bearing DC, above II-5
26 S-447-2 Foyaite eudialyte-bearing DC, above II-5
27 S-447-19 Foyaite eudialyte-bearing DC, above II-5
28 S-215-31 Foyaite apatite-and eudialyte-bearing DC, above llI-1
29 S-215-31d | Foyaite with eudialyte DC, above llI-1
30 709-10 Juvite-foyaite villiomite-bearing DC, llI-14

31 724-18 Foyaite villiomite-bearing DC, 11I-14

32 S-215-159 | Foyaite eudialyte-bearing DC, below 111-16
33 215-159d Foyaite eudialyte-bearing DC, below 11I-16
34 447-1249 Foyaite DC, below V-5
35 904-1496 Foyaite DC, series V

36 UG-18 Lujavrite zeolitizated DC, I-4

Table 1. (End)
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37 UG-20 Loparite lujavrite zeolitizated DC, I-4
38 L-18-12 Lujavrite DC, series Il
39 L-10-12 Lujavrite with amphibole DC, lI-7
40 49-11 Amphibole lujavrite DC, series li
41 724-7 Lujavrite DC, lll-14
42 706-2 Lujavrite DC, lll-14
43 702-1 Loparite lujavrite with villiomite DC, llI-14
44 724-8 Loparite juvite-lujavrite DC, 1ll-14
44a 724-8L Loparite from juvite-lujavrite DC, llI-14
44b 724-8P Clinopyroxene from juvite-lujavrite DC, 11I-14
44c 724-8NFS | Nepheline+feldspar from juvite-lujavrite DC, llI-14
45 L-15-13 Nepheline syenite uneven-grained DC, endocontact zone
46 L-15-12 Nepheline syenite uneven-grained DC, endocontact zpne
47 L-15-11 Nepheline syenite uneven-grained DC, endocontact zpne
48 L-15-1 Nepheline syenite pegmatoidal DC, endocontact zgne
49 L-13-6 Eudialite juvite with loparite Eudialyte complex
50 L-16-19 Loparite-eudialyte juvite sodalite-bearing Eudialyte complex
51 179-249 Eudialyte foyaite Eudialyte complex
52 L-16-11 Eudialyte lujavrite Eudialyte complex
53 L-16-26 Eudialyte lujavrite Eudialyte complex
54 179-185 Eudialyte lujavrite Eudialyte complex
55 L-16-6 Murmanite-eudialyte lujavrite porphyritic Eudialyte complex
56 657-B-2 Sodalite syenite poikilitic Eudialyte complex
57 L-16-16 Albitite Eudialyte complex
58 731-1a Ussingite hydrothermolite Hydrothermal vein
59a LA-1v Zeolites from hydrothermolite Hydrothermal vein
59b LA-1ab Quartz from hydrothermolite Hydrothermal vein
60 L-17-14 Aleurolite Roof pendant
61 L-17-15 Aleurolite Roof pendant
62 L-19-11 Tuff of augitic porphyrite Roof pendant
63 L-19-13 Augitic porphyrite Roof pendant
64 L-19-15 Augitic porphyrite Roof pendant
65 L-15-2 Pyroxene-feldspar fenite Exocontact zone
66 L-15-3 Pyroxene-feldspar fenite Exocontact zone
67 L-18-6 Amphibole-pyroxene-feldspar fenite Exocontact zone
68 L-18-1 Gneiss fenitizated Exocontact zone
69 L-15-4 Gneiss fenitizated Exocontact zone
70 L-15-5 Gneiss fenitizated Exocontact zone
71 L-15-6 Gneiss fenitizated Exocontact zone
72 L-15-9 Biotite gneiss Country rock
Notes. DC — Differentiated Complex; I-1 = 1lI-16 are series numbsequence number

of the reference layer within series
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Table 2. Bulk noble gas isotope abundances

Sample Rock/mineral *He *He/'He “Ar OAr/ *Ar
ucm’/g 10° ucm’/g
1 Nosean syenite 74 22.9 33.6 3743
2 Nepheline syenite 185 9.4 80.7 7326
5 Loparite urtite 9800 1 52 4930
6 Juvite-urtite 374 6 150 601
6a Pyroxene 715 7.4 22.7 2991
6b Feldspar 269 7.8 89.7 6720
6c Nepheline 469 6.7 78.2 6751
6d Sodalite 528 7.4 21.3 1270
8 Urtite 382 2 122 7830
9 Loparite malignite 28000 1 17 4085
9a Loparite 40200 1 9.8 360
9% Minus loparite fraction 1910 1 49 7550
1la Loparite 17860 0.2 2 504
11b Pyroxene 570 4.7 6.5 953
1llc Apatite 1013 0.3 1 393
12 ljolite-urtite 199 12.3 69.6 8315
13 Juvite 372 9.1 46 7823
15 Juvite 777 15 48.5 18110
17 Foyaite 73 4 75.3 6341
20 Foyaite 127 9.2 98 11000
21 Juvite-foyaite 367 2.5 109 8800
22 Foyaite 1980 0.5 44 6830
24 Foyaite 115 7 59 7171
24a Villiomite 44 56.3 1.3 437.7
28 Foyaite 148 3.6 82 6116
29 Foyaite 110 6.4 103 5473
32 Foyaite 254 7.4 71 11700
33 Foyaite 99 14 59 14100
36 Lujavrite 195 4 76 6100
37 Loparite lujavrite 1060 1 49 2136
44 Loparite juvite-lujavrite 1600 0.3 75 11514
44a Loparite 24560 0.2 5.8 316
44b Pyroxene 1092 1.9 9.2 436
45 Nepheline syenite 58 45 43.5 14726
47 Nepheline syenite 233 3.2 39 3432
49 Eudialyte juvite 39 4.3 54.3 12921
50 Loparite-eudialyte juvite 2142 0.3 76.1 3234
51 Eudialyte foyaite 55 4.2 55.1 6527
52 Eudialyte lujavrite 73 9.2 66.4 8986
53 Eudialyte lujavrite 825 1.7 36.7 4768
55 Eudialyte lujavrite 278 1.1 57.1 11470
57 Albitite 225 6 82 3513
58 Hydrothermolite 108 16.8 14 1072
59a Zeolites 14 4.3 2.2 410
59b Quartz 0.4 27 2.9 310
64 Augitic porphyrite 313 7.7 12.1 3600
66 Fenite 23.2 10.2 26.9 6432

Note. The mass-spectrometer measurements have been mostly performed by &ndriskig
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Table 3.
A comparison between bulk measured and calculated He and Ar concentrahs

Sample Rock/mineral Measured Calculated
"He *He “CAr "Hex Her | “OAr
ucmg | pem®g | pcm®g | pem¥g | pcm’g | pecm’g

1 Nosean syenite 74 16.9 30.9 480 3.2 564
2 Nepheline syenite 185 17.4 77.4 483 3.4 777
5 Loparite urtite 9800 98.0 48.9 10906 249 521
6 Juvite-urtite 374 22.4 76.2 1302 27.2 70.4
8 Urtite 382 7.6 117 1356 10.8 39.0
9 Loparite malignite 28000 280 15.8 14020 54.0 19,8
lla Loparite 17860 35.7 0.8 54666 0.18 0.7
12 ljolite-urtite 199 24.5 67.1 220 2.0 44.5
13 Juvite 372 33.9 44.3 352 4.6 72.0
15 Juvite 777 117 47.7 760 2.1 54.0
20 Foyaite 127 11.7 95.4 1359 14.8 93.8
21 Juvite-foyaite 367 9.2 105 1174 9.1 84.5
22 Foyaite 1980 9.9 42.1 954 7.0 46.8
24 Foyaite 115 8.1 56.6 1448 11.4 84.7
24a Villiomite 44.3 24.9 0.4 1448 101 1.2
28 Foyaite 148 5.3 78.0 1203 17.4 92.4
29 Foyaite 110 7.0 97.1 890 10.6 96.8
32 Foyaite 254 18.8 69.2 894 8.1 66.5
33 Foyaite 99 13.9 57.8 1103 10.6 66.5
36 Lujavrite 195 7.8 72.0 1245 15.9 92.4
37 Lopatrite lujavrite 1060 10.6 42.2 1583 21.4 52/1
44 Juvite-lujavrite 1600 4.8 73.1 12134 39.8 64,5
44a Loparite 24560 49.1 0.4 37333 0.16 0.5
44b Pyroxene 1092 20.7 3.0 569 2.4 2.6
45 Nepheline syenite 58 2.6 42.6 834 9.0 85/8
a7 Nepheline syenite 233 7.5 35.6 286 4.0 78,0
49 Eudialyte juvite 38.8 1.7 53.1 925 1.7 0.5
50 Loparite-eudialyte juvite = 2142 7.3 69.1 7088 19,5 51.7
51 Eudialyte foyaite 54.8 2.3 52.6 2932 58.4 854
52 Eudialyte lujavrite 73 6.7 64.2 2213 16.7 82.0
53 Eudialyte lujavrite 825 14.0 34.4 1712 32.6 522
55 Eudialyte lujavrite 278 3.1 55.6 1747 16.2 710
57 Albitite 225 135 75.1 2840 55.0 83.4
58 Hydrothermolite 108 18.1 10.1 8007 658 3.8
64 Augitic porphyrite 313 24.1 11.1 224 1.4 8.9
66 Fenite 23.2 2.4 25.7 164 0.7 32.2

Note. * - aradiogenic isotope.
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and middle parts, pyroxene from juvite-lujavritedaugitic porphyrite) the
*He ool He., is 1-2, which does not exceed the maximal possidtleulation error
and does not allow us to confidently speak abcaieisential amounts tfie*
trapped. As forHe, its loss is much less in all samples and raitgr (5 —297)
He el Hegy ratios in many samples imply significambount of the
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Fig. 1.Interrelation between the whole-rock(mineral) aburdances of parent and daughter species in the
U-Th-He system.

Samples: poikilitic feldspathoid syenite and endocontact zone nepheline syenitat€lanakt
juvite (2), loparite urtite and malignite (3), mineral separates from loparite-bgaurtite and
malignite (4), foyaite (5), lujavrite (6), loparite lujavrite (7) and minesaparates from loparite
lujavrite (8) of the Differentiated complex; non-metalliferous (9) and ore @€Ksrof the
Eudialyte complex; hydrothermolite (11); rocks from the massif roof’'s pendantddazgs and
gneisses of massif exocontact zone (13).

mantle fluid enriched in the light helium isoto@de maximal portion of trapped
*He has been preserved in loparite. Moreovele was apparently trapped by
foyaites and, especially, juvites of the DC lowgsdrt, by ore malignite,
feldspathoid syenites (Phase I), pyroxene fromaoiby augitic porphyrite.
Helium loss from rocks and significant contributiohradiogenic isotope into
its balance are testified by the fact that mostp@asiare located lower than the
evolution line calculated over the age of 370 Mahat plot showing the relations
between parental U and Th and helium isotopes HigThe figurative points of
rocks, the closest to the evolution line and with towest'He/He ratios, which
have been plotted in the same co-ordinates butimear scale (Fig. 2), allowed us
to determine the possible range #e/He ratio for the trapped fluid, being equal
to (7-25)10°. These values, being by a factor of $010° lower than the initial

273



Nivin V.A. and lkorsky S.V

ratio alkaline-ultrabasic complexes of the provinappear to be underestimated
for the Lovozero rocks. Changes file/'He ratio in the trapped fluid could have
taken place due to both the postmagmatic loss ofisdmpes and due to the
permanent addition of radiogeniele whose concentrations, to a greater extent
than those ofHe, here condition °fe/He) ratio [23], which also can be
concluded from the negative correlation betwéda and®He/He and from the

absence of any correlation betwéete and®He/He.
determined earlier [29,30] for
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Fig.2.Relationship between the whole-rock abundances ofpent and daughter species in the
U-Th-He system (linear scales).

Rocks: 1 — nepheline syenites; 2, 3, and 4 — juuitites, foyaites and lujavrites, respectively tlod Differentiated
complex; 5 — albitite from the Eudialyte complexmm®le numbers correspond to tabular numbers in @athland?2.

“%Ar concentrations in the studied rocks and mineratge from 1 to 150
ncn/g and “°Ar/*Ar ratios vary from 310 (close to that in the @@)18110 (Table
2). The minimal ratios are characteristic of lofgrpyroxene from ore ledges and
hydrothermolites. A collation between the measued calculated concentrations
of “°Ar* (Table 3) shows that in most samples a lessadwount has been lost if
compared with that of He. The increas8alr ..{*°Ar., ratios being equal 3 and
2.6, for urtite 11-4 and ussingite hydrothermolitespectively, suggest that some
amount of this isotope has been trapped. In th@dugen diagram of K-Ar
systematics (Fig. 3) most samples are near théangoe appropriate to age of 370
Ma. This Figure also confirms possibility of Arp@ing by some samples, with the
isotope ratio being higher than that in the aire Tdegree of the Ar loss is the
highest in nepheline syenite of the contact zora laparite-bearing juvite from
the EC.

Dominating loss irfHe*, if compared with that of’Ar*, and the addition
of radiogenic isotopes generated in situ are astified by the position of the
samples in the diagram showing the relations betwke parental elemental (U,
Th, K) and daughter isotop&He/°Ar*) ratios (Fig. 4).
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Conventional signs are the same as in Fig. 1.

Most samples are located below concordia. In ¥de/*He

— *HefHe

diagram (Fig. 5) non-ore rocks form a trend sugggsthe mantle (DM) and
crustal end members mixing influenced somehow bieare water saturated with
dissolved air (ASW). Due to addition &fle*, loparite ores are shifted up-left in
this diagram. An appreciable contribution of &ir into non-metalliferous rocks
in particular is also evidenced by a positive datren being outlined between
“OAr/*°Ar and 17°Ar ratios (Fig. 6). No similar dependence betwesnrocks and
minerals from ores has been observed.
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Fig. 5.%°Ar/ *He vs.*He/’He for non-metallic (1 and 3) and ore (2 and 4) rocks of the DC
and EC respectively, and hydrothermolites (5).

Sample numbers correspond to tabular numbers in Tables 1 and 2.
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Fig. 6.°Ar/*®Ar vs. 17°Ar for rocks and minerals as a whole.
Samples: poikilitic feldspathoid syenite and nepheline syenite of the endocontact zone (1);
non-metallic (2) and ore (3) urtites, juvites and malignite and mineral separates of DC; DC
foyaites (4); non-metallic (5) and ore (6) lujavrites of DC; EC non-metallic (7) and ore (8)
rocks; hydrothermolites (9).

HE AND AR ISOTOPES IN FLUID INCLUSIONS.

Fluid inclusions (FI) observed in the minerals bé tLovozero rocks are
predominantly gaseous — hydrocarbonaceous in essamt secondary in origin
[15,14,22,9,26]. MosfHe amount and significant part 8fle, extracted from
samples by milling, are supposed to be in the smtlesions like hydrocarbon
components [9,24]. Thi#e concentrations and Ar isotope
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Table 4.
He and Ar isotope abundances in fluid inclusions
Sample Rock/mineral “He *Hel'He “OAr “OAr/ A
ncm’/g 10°® ncm’/g

1 Nosean syenite 1.2 110 2.2 491

2 Nepheline syenite 27 27 n.d. n.d.

3 Nepheline syenite 0.5 12.7 n.d. n.d.
4 Juvite-urtite 2.1 4.2 n.d. n.d.

5 Loparite urtite 190 1 n.d. n.d.

6 Juvite-urtite 260 7.2 n.d. n.d.

7 Juvite 2.3 2.2 0.8 590

8 Urtite a7 3 n.d. n.d.

9 Loparite malignite 632 1 n.d. n.d.
9a Loparite 960 0.7 n.d. n.d.
10 Urtite 2.4 4 n.d. n.d.
1la Loparite 693 0.5 0.13 343
11b Pyroxene 8.2 17.9 0.3 357
1llc Apatite 15.2 2.9 0.08 311
12 ljolite-urtite 64.8 19.2 13.9 3602
13 Juvite 63.7 15.8 n.d. n.d.
14 Juvite 329 16 n.d. n.d.
15 Juvite 295 20 2.2 491
16 Foyaite 3.2 4.9 n.d. n.d.
17 Foyaite 1.2 4.9 3.5 394
18 Foyaite 1.6 4.1 14 461
19 Foyaite 4.9 3.8 n.d. n.d.
20 Foyaite 37 4.5 n.d. n.d.
21 Juvite-foyaite 25 2.3 n.d. n.d.
22 Foyaite a7 1.2 n.d. n.d.
23 Foyaite 2.2 4.3 n.d. n.d.
24 Foyaite 21.9 5.2 n.d. n.d.
25 Foyaite 1.1 6.5 n.d. n.d.
26 Foyaite 1.4 3.7 n.d. n.d.
27 Foyaite 0.8 8.6 n.d. n.d.
28 Foyaite 6 24 n.d. n.d.
29 Foyaite 7.7 26.8 n.d. n.d.
30 Juvite-foyaite 29.5 25.3 5.9 1672
31 Foyaite 6.8 25.2 2.7 792
32 Foyaite 32 25 n.d. n.d.
33 Foyaite 24 30.2 n.d. n.d.
34 Foyaite 26.7 27.4 8.8 1432
35 Foyaite 149 12.2 21.8 4634
36 Lujavrite 4.4 1.6 n.d. n.d.
37 Loparite lujavrite 145 0.5 n.d. n.d.
38 Lujavrite 2.15 55 n.d. n.d.
39 Lujavrite 6.3 3.2 n.d. n.d.
40 Lujavrite 14.4 2.1 n.d. n.d.
41 Lujavrite 7.6 10.9 6.6 1579
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Table 4 (End)

42 Lujavrite 13 15 6.1 1123
43 Lopatrite lujavrite 49.5 1.6 5 1572
44 Loparite juvite- 70 1 3.9 1731
lujavrite
444 Loparite 515 0.5 0.08 347
44b Pyroxene 17.7 11.2 0.5 338
44c Nepheline+feldspar 4 13 1.6 811
45 Nepheline syenite| 1.47 4.8 n.d. n.d.
46 Nepheline syenite 6 4.8 n.d. n.d.
47 Nepheline syenite| 0.84 4.4 n.d. n.d.
48 Nepheline syenite 1.01 3.7 n.d. n.d.
49 Eudialyte juvite 0.9 12 2.5 524
50 Loparite-eudialyte 41.3 0.4 n.d. n.d.
juvite
51 Eudialyte foyaite 0.8 10.2 3.4 378
52 Eudialyte lujavrite 0.6 175 3.3 603
53 Eudialyte lujavrite 2.4 6.4 n.d. n.d.
54 Eudialyte lujavrite 3.3 5.8 15 496
55 Eudialyte lujavrite 1.8 5.5 n.d. n.d.
56 Sodalite syenite 31.4 5.6 n.d. n.d.
57 Albitite 4.4 10.2 5.9 368
60 Aleurolite 2.6 20.1 n.d. n.d.
61 Aleurolite 1.3 17 2.3 2059
62 Tuff of augitic 20.8 1.4 n.d. n.d.
porphyrite

63 Augitic porphyrite 2 176 1.8 890
64 Augitic porphyrite 5.9 118 n.d. n.d.
65 Fenite 0.5 85 n.d. n.d.
66 Fenite 0.5 111 n.d. n.d.
67 Fenite 1.7 3.3 n.d. n.d.
68 Gneiss 1.4 7.8 n.d. n.d.
69 Gneiss 0.8 78 n.d. n.d.
70 Gneiss 7 93 n.d. n.d.
71 Gneiss 0.7 54 n.d. n.d.
72 Gneiss 0.7 17.4 n.d. n.d.

Notes. Isotopic analyses were mostly performedry.D Kamensky under participating of authors;dn- not
determined.

composition in Fl are in a smaller range, fi=/He ratio, on the contrary, is
notable for its wide range, if compared with thoseocks and minerals as a whole
(Table 4). The maximum possible mixing of valuéthe *He/He ratio exceeding
10° have been measured in nosean syenites (Phase fnite of the massif
exocontact and in augitic porphyrites. These vagxeged as well those evaluated
above for the massif as a whole, verifying thushbig®He/'He ratios in the
magmatic and high-temperature postmagmatic fluakifig into consideration that
the most probable temperature for syenite fenitenddion is as high as 800-600°
C [27], the present-day He isotope composition imsinrocks under study has
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originated under the lower temperatuféere is a tendency forHe/"He ratio in
rocks of the same type to increase with depth (Fi@.). Ore rocks characterized
by low radiogenic values of the same ratio not onlyn WR and WM but in FI
as well, however, do not follow this tendency.
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Fig. 7.Systematicvariations in *He/*He ratios for fluid inclusions of the DC rocks.

The increase of sampling depth is shown by arrows. Sample numbers correspabdlan
numbers in Tables 1 and 4. Solid (black) bars are ore (loparite) rocks.

“%Ar/*°Ar ratio in FI (Tables 4, 1) also tends to increasth depth. A much
weaker, than in the case with WR, but appreciabdsitipe correlation of
(U+0.24Th)’He and’HefHe ratios (the Figure is not supplied) is indicatiof
some contribution of in situ producéde* to the helium inventory in Fl as well.
The positive, in general, correlation betwéete and®He (Fig. 8) and between
“%Ar and *°Ar (Fig. 9) in FI suggests that the role of additbradiogenic isotope
amounts resulted from the parental elements ddtaryansolidation of the rocks,
is not determinative. A direct interrelationshiptween *Hef°Ar and *°Ar/*°Ar
ratios (Fig. 10) implies two end members in a tegpfluid: i.e. atmospheric and
mantle constituents with low and high values ofstheatios, respectivelyihe
mineral separates from loparite rocks charactertredather high®He/°Ar ratio
and by nearly atmospheric ratios of Ar isotopes, @t of the trend again. ASW
exerts a stronger effect on the noble gas isotopgositions in Fl than on those in
rocks as a whole (Fig. 11, cf. Fig. 4). Accordimgtiie above saidHe in Fl is
predominantly mantle antfAr is mainly atmogenic, *Hef®Ar ratio can be an
informative index characterizing the mixture ofgeeend members and can reflect
the fluid evolution both in time and in space. lede there outlined are the
tendencies in decreasing the given ratio in commecks from much deeper parts
of the pluton o the surface and from the earli@sexisting minerals to the later
ones (Fig. 12). In the latter case the lowdef°Ar ratio in feldspar-nepheline
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fraction, if compared with clinopyroxene, whosenfation under agpaitic order of
crystallization should occur later than that ofestimain rock-forming minerals,
does not seem to follow the regularity mentionedakt, however, it is determined
perhaps by the later completion of postmagmatic helepe and feldspar
transformation, if compared with that of pyroxerkhe maximal values (the
intermediate between crustal and mantle ones)HsfF°Ar ratio, being the closest
to those in the mantle, are characteristic of lb@apyroxene, foyaite of Series IV,
augitic porphyrite, and the minimal values (intedna¢e between typically crustal
and ASW) are characteristic of foyaite from the emppart of DC and the EC-
rocks.

COMPARISON OF HE AND AR ISOTOPE COMPOSITIONS IN
FLUID INCLUSIONS AND CRYSTAL MATRIXES.

Juxtaposition of He and Ar isotopes in FI and CMNM{IE 5) shows that (1)
*He and®Ar concentrations in FI are, as a rule, less bgwa fens than those in
CM, being in average of 16 and 8 %, respectivelythe latter; (2) the portion of
*He in FI is much higher (on the average 36 % of Caf)d the®Arq/*°Ar,, ratio
changes within the widest range (from 0.01 to 3) ttie®*He/He
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Fig. 8 Interrelation.
Conventional signs are the same as in Fig. 1

ratio is greater in between helium isotopes indflinclusions most cases,
sometimes by far, in FI than in the matrix, and f#e/*°Ar ratio is almost always
lower. In so doing, ores and loparite in particuéae characterized more often by a
relatively small amount of He isotopes in Fl if quamed with that in CM, and by
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Fig. 9.Relationship between argon isotopes in fluid inclusns.

Samples: nosean syenite (1); juvite-urtites (2pheral separates from ore juvite-urtites (3), fogai(4), lujavrites
(5), ore lujavrites (6) and mineral separates frore lujavrite (7) of the Differentiated complex; BGn-metallic
rocks (8); hydrothermolite (9); rocks from the nifssof's pendant (10).
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Fig. 10.%°Ar/*°Ar vs. *He/*°Ar in fluid inclusions.

Conventional signs are the same as in Fig. 9.
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